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PBS phosphate buffered saline 

RT room temperature 

TLC thin layer chromatography 

TSA tryptic soy agar 

TSB tryptic soy broth 

VRE vancomycin-resistant enterococci  

WTA wall teichoic acid 
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ABSTRACT 

 Antibiotic resistance has become a major threat to human health. For instance, globally, it 

is estimated that more than 700,000 people die annually from infections caused by drug-resistant 

bacterial pathogens. In the United States, antibiotic resistance is also a major issue as the Centers 

for Disease Control and Prevention (CDC) reports that more than 2.8 million antibiotic-resistant 

infections occur each year, resulting in more than 35,000 deaths. At the same time, the antibiotic 

pipeline remains dry – exemplified by the paucity of novel antibiotics introduced into clinical use 

and the number of active pharmaceutical companies working on antibiotic development. Still, 

antibiotics that have either entered clinical trials or have been FDA approved recently are just 

derivatives of other drugs. This means that resistance mechanisms affecting the older drugs will 

likely affect the newer ones as well. Therefore, this is a dire need to develop antibiotics containing 

new chemotypes and novel mechanisms of action to slow down the generation of resistance. 

 Lipoteichoic acid (LTA) is an anionic polymer attached to the cell membrane of Gram-

positive bacteria such as Staphylococcus aureus, Enterococci, Listeria monocytogenes, 

Streptococcus pneumoniae, and Bacillus subtilis. It’s been found that LTA is highly important for 

several bacterial processes such as growth, virulence, biofilm formation, and inflammation. 

Because of this, LTA has been deemed a potential new antibiotic target. Inhibitors of LTA have 

been reported but they contain several unfavorable properties such as low to moderate antibacterial 

activity. 

 This dissertation reports a novel class of sulfonamide containing N-(1,3,4-oxadiazol-2-

yl)benzamides which potently inhibit Staphylococcus aureus (S. aureus) LTA biosynthesis with 

minimum inhibitory concentrations (MICs) of 0.25 µg/mL. Additonally, this dissertation will 

discuss the discovery of trifluoromethoxy (OCF3), trifluoromethylthio (SCF3) and 

pentafluorosulfanyl (SF5) containing N-(1,3,4-oxadiazol-2-yl)benzamides exhibiting strong 

antibacterial activities against a wide-range of clinically important bacterial pathogens such as 

methicillin-resistant S. aureus (MRSA), vancomycin resistant enterococcus (VRE), Clostridioides 

difficile (C. difficile), and Neisseria gonorrhoeae (N. gonorrhoeae) with MICs as low as 0.003 

µg/mL. Halogenated N-(1,3,4-oxadiazol-2-yl)benzamides which eradicate MRSA preformed 

biofilm have also been characterized. 
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 INTRODUCTION 

1.1 Bacterial Infections 

Bacteria are a group of microscopic, unicellular organisms, which are classified as 

prokaryotic cells. Bacteria comprise a physical structure consisting of a cell wall, DNA, RNA, pili, 

flagellum, cytoplasm, and ribosomes. Bacteria can be Gram-positive or Gram-negative and can be 

distinguished based on physical composition or stain. Regarding physical composition, Gram-

positive bacteria contain a thick peptidoglycan cell wall which is decorated with teichoic and 

protects the cell membrane1. In contrast, Gram-negative bacteria contain a thin peptidoglycan cell 

wall which is sandwiched between outer and inner membranes2. Additionally, Gram-positive stain 

a deep violet color, whereas Gram-negative bacteria stain a red or pink color1-2.  

Bacteria have the ability to cause infections. A bacterial infection is when a bacterium 

colonizes in a host and uses the host’s resources as a means for self-replication, which then leads 

to the formation of disease. Germ theory is the scientific principle that attributes certain diseases 

to the infiltration of the body by microorganisms like bacteria. Germ theory became accepted 

among the scientific and general community after careful experimentation by both Louis Pasteur 

and Robert Koch3. Louis Pasteur discovered that pébrine (a protozoa) and flacherie (a bacterium) 

were responsible for the contamination of food spoilage4-5. Robert Koch revealed that a particular 

bacteria (anthrax) could cause a specific disease6-7. Thus, both Pasteur and Koch played a 

significant role in the conception that bacterial infections are a potential threat to human health, 

and they are both the reason why germ theory is globally accepted today. 

Bacterial infections can be detrimental and sometimes fatal to the host. For centuries 

infectious diseases, including bacterial infections, have been a leading cause of death. For instance, 

throughout history bacterial infections have been the culprit for epidemics and pandemics which 

have claimed millions of lives (Table 1.1)8-12. One of the earliest epidemics, The Plague of Athens 

(431-404 BC), was caused by a pathogenic bacterium, Salmonella enterica serovar typhi, leading 

to typhoid fever13. The Plague of Athens caused around 75,000 to 100,000 deaths (25% of the 

city's population)13. Additionally, two of the deadliest pandemics in history, the Plague of Justinian 

and Black Death (both caused by Yersinia pestis), had a detrimental effect to the world’s 

population. In fact, the Plague of Justinian is estimated to have killed around 100 million people 
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in the Roman Empire, while the Black Death killed 200 million people (30% of Europe’s 

population)14. Moreover, cholera, caused by the bacterium Vibrio cholerae, has resulted in seven 

pandemics (see Table 1.1). Cholera was primarily found in Asia until 1817 where it spread from 

India to several other regions of the world. The emergence of these cholera pandemics is attributed 

to contaminated water found in public pumps used for water supply15. Therefore, bacterial 

infections can become quite deadly and wreak havoc on human health. 

Table 1.1 Epidemics and Pandemics Throughout History Caused by Bacterial Infections 

Years Epidemic/Pandemic Pathogen Causes 

431-404 BC The Plague of Athens Salmonella 

enterica serovar typhi 

Overcrowding/poor 

hygiene 

541-750 The Plague of 

Justinian 

Yersinia pestis Fleas from rodents 

1346-1361 The Black Death Yersinia pestis Fleas from rodents 

1817-1824 1st Cholera Pandemic Vibrio cholerae Contaminated water 

1827-1835 2nd Cholera Pandemic Vibrio cholerae Contaminated water 

1839-1856 3rd Cholera Pandemic Vibrio cholerae Contaminated water 

1863-1875 4th Cholera Pandemic Vibrio cholerae Contaminated water 

1881-1886 5th Cholera Pandemic Vibrio cholerae Contaminated water 

1899-1923 6th Cholera Pandemic Vibrio cholerae Contaminated water 

1961-ongoing 7th Cholera Pandemic Vibrio cholerae Contaminated water 

 

Regardless of global advancements in medicine, bacterial infections are still associated 

with high mortality rates, causing almost one million deaths every year16-17. This is due to poverty 

as well as the emergence and re-emergence of bacterial infections. Regarding poverty, a recent 

report found that more than half of the deaths in low income countries were caused from conditions 

like communicable diseases, maternal, prenatal, and nutritional conditions16. However, these 

conditions were less likely to effect high income countries, resulting in less than 7% of total deaths. 

This difference can be credited to the population of low income countries’ increased exposure to 

risk factors such as: unsafe sex, poor hygiene, poor sanitation, unsafe water, and limited supply of 

drugs18-19. 

Several bacterial pathogens have emerged as potential threats to human society. These 

pathogens consist of older bacteria that have re-emerged due to resistance or newer bacteria that 

have arisen (see Table 1.2). The bacterial pathogens that re-emerged include Plasmodium 

falciparum malaria, Mycobacterium tuberculosis, and Neisseria gonorrhoeae. Malaria was 
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neglected due to effective therapeutic treatment with dichlorodiphenyltrichloroethane (DDT) but 

the bacterium has re-emerged due to DTT’s toxicity concerns along with drug-resistance to 

chloroquine and mefloquine20. Like malaria, tuberculosis was also neglected after the therapeutic 

use of isoniazid led to cures and the ability for developed nations to dismantle public health control 

systems. Yet, tuberculosis has re-emerged worldwide due to immune deficiencies of people with 

AIDS and other autoimmune conditions, increase in poverty, and drug-resistant strains21. Neisseria 

gonorrhoeae was also a forgotten pathogen due to therapeutic treatment with ceftriaxone and 

azithromycin but has re-emerged because of unsafe sex practices along with drug-resistance22. 

Emerging pathogens that have become a serious threat include Clostridioides difficile, 

Borrelia burgdorferi, Helicobacter pylori, and Neoehrlichia mikurensis. Clostridioides difficile 

and Helicobacter pylori are both gut pathogens, resulting in pseudo-membrane colitis and gastric 

ulcers respectively23-24. Borrelia burgdorferi and Neoehrlichia mikurensis come from ticks and 

have been shown to cause inflammatory responses as well as vascular and thromboembolic 

events25-26. Recently, because of the threat of emerging bacterial pathogens, large pharmaceutical 

companies like Pfizer, Merck, and Johnson & Johnson have recently created the AMR Action 

Fund, which will invest $1 billion in small antibiotic development companies with hopes of created 

2-4 novel antibiotics by 203027. 

Table 1.2 List of Re-emerging and Emerging Pathogens that Threaten Human Health 

Pathogen Re-emerging/Emerging Transmission 

Plasmodium 

falciparum malaria 

Re-emerging Zoonosis (mosquitoes) 

Mycobacterium tuberculosis Re-emerging Person to person 

Neisseria gonorrhoeae Re-emerging Sexually transmitted 

Clostridioides difficile Emerging Part of normal microflora 

Helicobacter pylori Emerging Person to person 

Borrelia burgdorferi Emerging Zoonosis (ticks) 

Neoehrlichia mikurensis Emerging Zoonosis (ticks) 

 

1.2 History of Antibiotics and Their Development 

 An antibiotic or antibacterial is an agent that kills or inhibits the growth of bacteria. 

Antibiotics can be extracted from nature or synthesized in a laboratory. Contrary to widespread 

belief, humans have been exposed to antibiotics since prehistoric times. For instance, archeologists 

discovered traces of tetracycline in human skeletal remains from ancient Sudanese Nubia (350-
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550) as well as in femoral midshafts of Roman period skeletons from Egypt28-30. Similarly, red 

soils used treat skin infection from ancient Jordan led to the discovery of actinomycete bacteria 

which produce actinomycin C2 and actinomycin C3, polypeptide antibiotics that bind to a pre-

melted DNA conformation present within the transcriptional complex31-32. Still, the widespread 

use of antibiotics for controlling bacterial infections did not start until the 20th century33-34. Prior 

to the widespread use of antibiotics, the global average life expectancy was around 47 years35-36, 

however, the introduction of antibiotics for treatment of bacterial infections resulted in increased 

life expectancy to around 77 years34, 37. 

 The first antibiotic used to treat bacterial infections was pyocyanase. Both Rudolf 

Emmerich and Oscar Low discovered that green bacteria (Pseudomonas aeruginosa) isolated from 

injured patients’ dressings inhibited the growth of other bacterial organisms38. Both Emmerich and 

Low grew the bacteria in batches and used the supernatant (pyocyanase) as a treatment resulting 

in mixed success due to toxicity, ultimately leading to the abandonment of the drug38. The dawn 

of the antibiotic era really began with Paul Ehrlich’s idea of a “magic bullet” which would 

selectively target disease causing bacteria but not the host33, 39-40. This idea was based on his 

observation that aniline based dyes could stain specific bacteria but not others. Thus, Ehrlich began 

a systematic screening program for the treatment of syphilis. In collaboration with chemist Alfred 

Bertheim and bacteriologist Sahachiro Hata, they synthesized hundreds of organoarsenic 

derivatives (based off the highly toxic drug atoxyl), leading to the identification of compound 606 

which cured syphilis-infected rabbits and showed significant promise for the treatment of patients 

with this disease in human trials. The drug was marketed as salvarsan and was used until it was 

replaced by penicillin in the mid-1940s41. 

  Probably the most famous story of antibiotic development is Alexander Fleming’s 

serendipitous discovery of penicillin. Fleming found that petri dishes contaminated with mold 

came from the penicillium genus. Fleming isolated the bacterium and found that the ingredient in 

the mold juice, penicillin, had antibiotic activity against a variety of bacteria42. However, Fleming 

had much difficulty trying to purify penicillin until a team of scientists at Oxford led by Howard 

Florey and Ernest Chain published a paper describing the purification of penicillin in quantities 

necessary for clinical testing43. This protocol led to penicillin’s mass production and distribution 

in 1945.  
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 The discovery of these first antibiotics salvarsan and penicillin, set up the ideas for future 

antibiotic drug discovery research. Research aimed at replicating the work put forth by Ehrlich and 

Flemming resulted in several new antibiotics, some of which made their way to the patients’ 

bedside. The period between the 1950s-1970s was indeed the golden era of discovery of novel 

antibiotics classes (see Figure 1.1) but the years following showed an increase in antibiotic 

resistance and only few new classes of antibiotics discovered (Figure 1.1). 

 

Figure 1.1 History of Antibiotic Drug Discovery. Image provided by Elsevier 

https://doi.org/10.1016/j.mib.2019.10.008 

1.3 Rise of Antimicrobial Resistance 

 The discovery of antibiotics has benefited healthcare significantly since several bacterial 

infections that were considered deadly can now be adequately treated44-45. However, the rise of 

antibiotic resistant strains has led to the unsuccessful treatment of bacterial infections by 

antibiotics46. Consequently, antibiotic resistant infections impact millions of people annually, 

resulting in thousands of deaths. In 2017, the Centers for Disease Control and Prevention (CDC) 

reported that on average 2.8 million people are inflicted with an antibiotic-resistant infection every 

year, resulting in at least 35,000 deaths47 as well as more than $20 billion in healthcare costs48-49. 

Globally, the World Health Organization (WHO) predicts that if antimicrobial resistance is not 



 

 

33 

tackled now then annual deaths from drug-resistant bacterial infections could reach 10 million by 

the year 205050. 

 The increase of antibiotic resistant bacteria has been partially credited to the lack of 

development of antibiotics with novel mechanisms of action as well as well the irresponsible 

prescription of current antibiotics46. The current antibiotic pipeline is dry as pharmaceutical 

companies believe that there is a low profitability of developing antibiotics due to the fact that it 

costs millions of dollars to conduct clinical trials, but it is guaranteed that resistant strains will 

emerge against any antibiotic agent45-46. Thus, pharmaceutical companies believe that the “safe” 

way to develop antibiotics is to concentrate on drug classes that have a high likelihood of being 

approved. Because of this, newer antibiotics that have been recently approved or in clinical trials 

are analogs of existing drugs (Figure 1.2). Since the compounds share both structural and 

mechanistic similarities, it is likely that the resistance mechanisms that inactivate the old drugs are 

likely to affect the newer analogs. For example, both tetracycline and ciprofloxacin are inactivated 

by bacterial enzymes tetracycline monooxygenase and DNA gyrase, respectively51. Therefore, it 

is likely that newer versions of these drugs, omadacycline and delafloxacin, will suffer from same 

mechanisms of resistance. As a result, antibiotic discovery must be focused on developing new 

antibacterial agents with novel chemical scaffolds and new mechanisms of action45.  

 A large number of FDA approved antibiotics target either the cell membrane52 or cell wall 

synthesis53-54. Still, these drugs target only a minor number of proteins involved in cell wall 

synthesis or sections of the cell wall. Several macromolecules attached to cell wall components or 

cell membranes have been found to be essential for bacterial growth and/or virulence, making 

these superb targets for new antibiotics.  
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Figure 1.2 Old vs. Recently FDA-Approved Antibiotics. 

1.4 Persistent Infections 

Many bacterial infections can persist in the host for long periods of time, even during 

antibiotic treatment. Various factors in both the pathogen and host are thought to aid in the 

establishment and maintenance of persistent infections, infective clearance by host or antibiotics. 

Ineffective clearance by the host can arise due to failure of the host’s immune system to detect the 

bacterial pathogen. For instance, Borrelia spp. can alter the expression of surface antigens during 

infection55. Similarly, Mycobacterium tuberculosis and Listeria monocytogenes vary the host 

immune response which triggers an improper anti-inflammatory response and decreases the chance 

of clearance56-57. Regarding ineffective clearance by antibiotics, this can be due to several factors 

including antibiotic tolerance58. Antibiotic tolerance is considered either inability of bacteria to be 

killed by a bactericidal antibiotic or an increased time for a bacteria population to be eradicated58. 

Antibiotic tolerance can happen among an entire bacteria population or in a subpopulation with 

phenotypic heterogeneity known as persister cells59. 
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1.4.1 Persister Cells and Biofilm 

Persister cells are thought to be ubiquitous among bacterial species and have been well 

described in Escherichia coli, Pseudomonas aeruginosa, Mycobacterium tuberculosis, Salmonella 

enterica subsp. enterica serovar Typhimurium and Staphylococcus aureus60-62. Persisters are in an 

inactive or dormant state which grow slowly or not at all63. Since persister cells are metabolically 

inactive, they show decreases in activity of many antibiotic drug targets (i.e., DNA, RNA, cell 

wall, and protein synthesis) which allows them to escape eradication63. Additionally, persister cells 

have been found to make up around 1% of biofilms64. Biofilm is the organization of bacteria into 

matrix-enclosed aggregates65. Biofilms grow on immobile surfaces, or on dead tissue, like medical 

devices or dead bone which can lead to infections like osteomyelitis or endocarditis66. Moreover, 

biofilm are 10-10,000 times more resistant to antibiotics than planktonic bacteria67. Much of this 

is because of the presence of persister cells, particularly in the middle of the biofilm. Biofilms 

form a shield for persisters, protecting them from both antibiotics and the host’s immune system68. 

The ability for bacteria to form persister cells as well as biofilm fosters the challenge in treating 

chronic bacterial infections. 

1.4.2 Bacterial Membrane as Antibacterial Target for Persisters and Biofilm  

 Bacterial membranes have become an attractive target to eradicate persisters and biofilm 

because they can be disrupted independently of growth69. There have been several reports that 

demonstrate the synthesis of membrane targeting small molecules that kill persister cells and 

eradicate biofilm (Figure 1.3). Synthetic retinoids have shown the ability to kill persisters. For 

instance, the synthetic retinoid PPARγ partial agonist nTZDpa was found to have potent 

antimicrobial activity against persistent S. aureus (Figure 1.3)70. nTZDpa was also shown to 

disrupt lipid bilayers, permitting it to kill S. aureus. Moreover, nTZDpa did not develop resistance 

and synergized with aminoglycosides against MRSA70. Likewise, the synthetic retinoid Analog 2 

showed potent activity towards methicillin-resistant S. aureus (MRSA) persisters. Analog 2 was 

discovered to selectively target bacterial membranes and possess low toxicity to mammalian cells 

(Figure 1.3)71. Analog 2 synergized with gentamicin in a MRSA mouse deep-seated thigh infection 

model71.  
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 Moreover, the FDA approved anthelmintic bithionol showed potent antimicrobial activity 

against drug-resistant Gram-positive bacterial pathogens (Figure 1.3)69. Additionally, bithionol 

selectively targets bacterial membranes which contributes to its activity against MRSA persisters. 

The compound showed efficacy in combination with gentamicin in a mouse model of chronic 

deep-seated MRSA infection69. 

 

Figure 1.3 Small molecules that show highly potent activity against MRSA biofilm and persister cells. 

1.5 Teichoic Acids in Bacteria 

 Teichoic acids (TAs) located all over the cell envelope in Gram-positive bacterial 

pathogens like Staphylococcus aureus, Listeria monocytogenes, enterococci, Streptococcus 

pneumoniae, and Bacillus subtilis72. TAs contain a repeating alditol phosphate backbone paired 

with D-alanyl and glycolyl components73-78. TAs are split into two types: lipoteichoic acids (LTAs) 

and wall teichoic acids (WTAs). LTA is a membrane-anchored anionic polymer containing 1,3-

glycerolphosphate; whereas WTA is a glycopolymer that is located within the cell surface and 

covalently linked to peptidoglycan which expands beyond the cell wall75, 79. Both LTA and WTA 

undergo different biosyntheses (Figure 1.4). For instance, the biosynthesis of LTA begins when 

the α-phosphoglucomutase PgcA converts glucose-6-phosphate to glucose-1-phosphate. Then, 

uridyltransferase GtaB activates UTP to produce UDP-Glc. YpfP transfers two glucose molecules 

from UDP-Glc to DAG producing Glc2-DAG. Glc2-DAG is flipped to the outer membrane by the 

flippase LtaA followed by LtaS catalyzing the addition of glycerol phosphate to Glc2-DAG, 
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generating LTA80-81. WTA biosynthesis begins in the cytoplasm where the diphospho-ManNAc-

GlcNAc-GroP polymer is made using TarO as a key enzyme. Next, TarGH  transfers the WTA 

polymer to the cell membrane and LCP forms the covalent bond between the peptidoglycan and 

WTA. DltABC then adds D-alanine to LTA or WTA75, 79.  

 

Figure 1.4 Teichoic Acid Biosynthesis in Gram-positive Bacteria. 

 Regarding LTA, there exitsit four distinct types (Figure 1.5A-D). Type I LTA is most 

frequently encountered polymer as it is found in several Gram-positive bacterial species like 

Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis, Listeria monocytogenes, 

Streptococcus agalactiae, and Streptococcus pyogenes82. Type I LTA is comprised of roughly 15 

to 50 repeating 1,3-polyglycerolphosphate (poly(Gro-P)) units anchored to Glc2DAG83 (Figure 

1.5A).  Additionally, Type II and III LTAs have repeating units of glycosylalditol-phosphate84. 

Type II and III LTA is found in Lactococcus garvieae and Clostridium innocuum as these bacteria 

contain repeating units (Gal-Gal-Gro-P)n and (Gal-Gro-P)n, respectively84-85 (Figure1.5B and C). 

Furthermore, Type IV LTA is typically found in Streptococcus pneumoniae and is among the most 

diverse of all the LTA types86. For instance, Type IV LTA is substituted with choline and consists 

of repeating unit such as: pseudopentasaccharide 2-acetamido-4-amino-2,4,6-trideoxygalactose 
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(AATGal), glucose, and ribitol-phosphate along with two N-acetylgalactosamine moieties87 

(Figure 1.5D).  

 

Figure 1.5 Structure of the four types of LTA found in Gram-positive bacteria. (A) Type I LTA. (B) Type 

II LTA. (C) Type III LTA. (D) Type IV LTA. Image provided by the American Society for Microbiology 

(ASM) https://doi.org/10.1128/JB.01155-13. 

1.5.1 Teichoic Acids as an Antibacterial Target 

 TAs have been deemed a potential antimicrobial target due to their importance in the 

existence of Gram-positive bacterial pathogens. For example, LTA and WTA are vital for bacterial 
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cell wall physiology, growth, membrane homeostasis, virulence, and biofilm formation88. In 

particular, bacteria which lack WTAs have been found to grow slower and show clumping in 

solution when compared wildtype strains. WTA mutant strains also show many abnormalities like 

cell wall thickening, increased cell size, and defects in septal positioning and number89-90. Likewise, 

deletion of LtaS in S. aureus results in cell division and cell wall defects as well as in growth 

arrest80.  

 Regarding virulence, TacL is an important ligase involved in LTA assembly. S. 

pneumoniae mutants lacking TacL demonstrate reduced virulence in mouse models of acute 

pneumonia infections91. Additionally, the Agr system increases the expression of virulence factors 

during the transition from late-exponential to stationary growth phase in Gram-positive bacteria92-

93. Wanner et. al showed that S. aureus strains lacking agr had little WTA content in their cell wall 

compared to wild-type strains, demonstrating that the agr system regulates the WTA biosynthesis 

gene tarH94. Furthermore, D-alanyl-TA deficient S. agalactiae (DltA mutant) show impaired 

virulence in mouse and rat models because of cell wall charge disruption95. The DltA mutant is 

also more susceptible to antimicrobial peptides95 as well as killing by mouse macrophages and 

human neutrophils than the wild-type strain. 

 TAs have also been found to be vital for biofilm formation. S. aureus YpfP mutants show 

considerably less surface charge. For instance, YpfP mutants show little to no detectable biofilm 

while the wild type clearly forms biofilms on polystyrene plates96. YpfP mutants had less biofilm 

formation than the PIA deficient ica mutant with a known biofilm defect97. Moreover, TA mutants 

lacking D-alanine showed decreased colonization of both MRSA and VRE, as well as reduced 

adherence of these bacterial pathogens to nasal epithelial cells74, 98-99. LTA’s and WTA’s essential 

responsibilities in biofilm formation come from altered hydrophobicity resulting in disruption of 

the bacterial cell wall’s negative charge100. 

1.5.2 Inhibitors of Teichoic Acid Biosynthesis 

 Since TAs have been shown to be important to Gram-positive bacterial pathogens, 

inhibitors of these essential molecules have been developed. One of the first inhibitors of TAs 

developed. 5′‐O‐[N‐(D‐alanyl)‐sulfamoyl]‐adenosine (Compound 5) was discovered to prevent the  

D‐alanyl carrier protein ligase (DltA) in B. subtilis. Compound 5 demonstrated potent activity 
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against B. subtilis with a MIC of 0.01 µg/mL and potentiated vancomycin against vancomycin-

resistant B. subtilis (Figure 1.5)101. 

 Furthermore, inhibitors of WTA have been developed as well (Figure 1.5)102-103. Targocil, 

a novel antibiotic, was found to inhibit TarG which is a protein that is a major part of the ABC 

transporter TarGH89, 102. Similarly, tunicamycin, a natural product, was found to inhibit TarO 

which is an enzyme  involved in the first step of the WTA biosynthesis pathway103. Interestingly, 

targocil and tunicamycin have been found to potentiate antibiotics against drug-resistant bacteria 

as well as have biofilm formation inhibition102-104.  

 Inhibitors of LTA biosynthesis have also been described (Figure 1.5). Compound 177 was 

the first LTA biosynthesis inhibitor reported and was shown to have moderate antibiotic activity 

with a MIC of 5.34 µg/mL against S. aureus105. Furthermore, the Susan Walker group showed that 

the probe like molecule Congo red specifically targeted LtaS, therey contributing to its LTA 

biosynthesis inhibition106. Still, Congo Red possessed little to no antimicrobial activity with a MIC 

of 1024 µg/mL against S. aureus106.  

 

Figure 1.6 Previously Reported Teichoic Acid Biosynthesis Inhibitors. Compounds are separated by the 

process they inhibit (i.e., DltA, WTA, or LTA). 
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 ANTIBACTERIAL SMALL MOLECULES THAT 

POTENTLY INHIBIT STAPHYLOCOCCUS AUREUS LIPOTEICHOIC 

ACID BIOSYNTHESIS 

This chapter was reprinted with permission from John Wiley and Sons. Original article can be 

found at Naclerio, G. A., Karanja, C. W., Opoku-Temeng, C., & Sintim, H. O. Antibacterial Small 

Molecules That Potently Inhibit Staphylococcus aureus Lipoteichoic Acid Biosynthesis. 

ChemMedChem 14, 1000–1004 (2019). 

2.1 Abstract 

 The rise of antibiotic resistance, especially in Staphylococcus aureus (S. aureus), and the 

increasing death rate due to multi-resistant bacteria have been well documented. The need for new 

chemical entities and/or the identification of novel targets for antibacterial drug development is 

high.  Lipoteichoic acid (LTA), a membrane attached anionic polymer, is important for the growth 

and virulence of many Gram-positive bacteria and interest has been high in the discovery of LTA 

biosynthesis inhibitors. Thus far only a handful of LTA biosynthesis inhibitors have been 

described with moderate (MIC = 5.34 µg/mL) to low (MIC = 1024 µg/mL) activities against S. 

aureus. Here we describe the identification of novel compounds that potently inhibit LTA 

biosynthesis in S. aureus, displaying impressive antibacterial activities (MIC as low as 0.25 µg/mL) 

against methicillin-resistant S. aureus (MRSA). Under similar in-vitro assay conditions, these 

compounds are 4X more potent than vancomycin and 8X more potent than Linezolid against 

MRSA. 

2.2 Introduction 

 The rise of antibiotic resistance and the increasing death rate due to infections with 

multidrug-resistant bacteria and Staphylococcus aureus (S. aureus) have been well documented. 

S. aureus, a Gram-positive bacterial pathogen, is one of the leading causes of community- and 

hospital- acquired bacteremia107. The rise of antimicrobial resistance strains partly contributes to 

the increasing death rate associated with S. aureus infection108. Methicillin-resistant S. aureus 

(MRSA) bacteremia is accompanied by higher mortality rates compared to methicillin-sensitive S. 

aureus (MSSA) bacteremia109. In 2013, the Center for Disease Control and Prevention (CDC) 

estimated that bacterial infections kill at least 23,000 annually in the US alone with MRSA being 
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responsible for nearly half of the mortalities110-111. Vancomycin, a glycopeptide antibiotic, is used 

for the treatment of severe MRSA infections. However, emergence of vancomycin intermediate 

and resistant S. aureus (VISA/VRSA) strains further limits therapy 112. The discovery of 

antimicrobial agents with a novel mode of action is vital for the successful treatment of S. aureus 

infections.  
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Figure 2.1 HSGN-189 has potent antibacterial activity and inhibits LTA biosynthesis in S. aureus. (A) 

The biosynthesis of LTA takes place at the cell membrane. UDP-Glc is produced by the conversion of 

glucose-6-phosphate to glucose-1-phosphate by the α-phosphoglucomutase PgcA, followed by activation 

of UTP:α-glucose-1-phosphate by uridyltransferase GtaB. The glycosyltransferase YpfP transfers two 

glucose molecules from UDP-Glc to diacylglycerol (DAG), generating the glycolipid Glc2-DAG. Glc2-

DAG  is then displaced to the outer membrane by LtaA. LtaS uses glycerol phosphate as a substrate to 

repeatedly transfer glycerol phosphate to the Glc2-DAG anchor, producing LTA. (B) Previous LTA 

biosynthesis inhibitors include Compound 1771 and the probe-like molecule Congo Red. These 

molecules exhibit moderate to low antimicrobial activity with MIC values of 5.34 µg/mL and 1024 

µg/mL against S. aureus respectively. (C) We previously identified F6-15 as a weak antibacterial agent 

against MRSA.11 With further optimization, HSGN-189 was indentified to be a potent anti-MRSA agent 

(MIC = 0.25 µg/mL) and LTA biosynthesis inhibitor.glycolipid88, 113. 

 The Gram-positive bacteria cell envelope consists of a membrane and a peptidoglycan cell 

wall with anchored anionic polymers (teichoic acids). Teichoic acids include wall teichoic acids 

(WTA), which are covalently linked to the peptidoglycan, and lipoteichoic acids (LTA), which are 

anchored together via a glycolipid88, 113. Both polymers are vital components of the cell envelope 



 

 

44 

involved in bacterial growth, replication, colonization and virulence74, 114. LTA in S. aureus, is 

composed of a 1,3-glycerol phosphate polymer linked by a diglucosyl diacylglycerol glycolipid 

anchored to the membrane88. The LTA varies greatly amongst Gram-positive bacteria. Yet, several 

Gram-positive pathogens, including Bacillus subtilis, Enterococcus faecalis, and Listeria 

monocytogenes, produce the same polyglycerol phosphate polymer as S. aureus 88, 114. LTA is 

synthesized by lipoteichoic acid synthase (LtaS) from phosphatidylglycerol. Depletion of ltaS 

(gene for LtaS) and LTA in S. aureus results in growth arrest, cell wall envelope and cell division 

defects80. The essential nature of LTA in S. aureus, along with the fact that it is not present in 

eukaryotic cells, makes LTA an ideal antimicrobial target. 

 Thus far, there have been efforts to develop potent LTA biosynthesis inhibitors with 

antibacterial activity by few groups. However, the compounds developed to date are significantly 

less potent than vancomycin. For example, the first LTA biosynthesis inhibitor, Compound 1771 

possessed a minimum inhibitory concentration (MIC) of 5.34 µg/mL against S. aureus.115 

Compound 1771 contains an ester moiety, a potential liability due to esterase hydrolysis in blood. 

In a more recent publication Walker et al. demonstrated that Congo red inhibits LtaS activity116, 

however exhibited very low antimicrobial activity (MIC of 1024 µg/mL) against S. aureus116. 

 Due to the essential nature of LTA, we have been interested in developing antibacterial 

agents that inhibit LTA biosynthesis. Our group has demonstrated that N-(1,3,4-oxadiazol-2-

yl)benzamides are potent antibacterial agents with MIC values of 2 µg/mL against MRSA117. Here, 

we report a new generation of N-(1,3,4-oxadiazol-2-yl)benzamides, exhibiting MIC values as low 

as 0.25 µg/mL against MRSA and are more potent than frontline antibiotics used for MRSA 

infections (4X more potent than vancomycin and 8X more potent than linezolid). 

2.3 Results and Discussion 

2.3.1 Oxadiazole as a Privileged Scaffold in Medicinal Chemistry 

 Our group has embarked on the generation of proprietary compounds for evaluation against 

drug resistant bacteria. As a strategy to increase the chances of advancing a hit molecule to the 

clinic, we have prepared a library that is enriched with moieties typically found in other clinical 

compounds. Several compounds containing the 1,3,4-oxadiazolyl unit have demonstrated 

interesting biological activities, as exemplified by the drugs such as furamizole118-119 
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(antibacterial), nesapidil118-119 (antiarrhythmic), raltegravir (HIV antiviral)120 and zibotentan 

(underwent clinical trials for prostate cancer)121 (see Figure 2.2). 

 

Figure 2.2 Clinical compounds containing 1,3,4-oxadiazole unit. 

2.3.2 Synthesis and Antibacterial Evaluation of New N-(1,3,4-oxadiazol-2-yl)benzamides 

 We previously discovered that compound F6-15 displayed weak antibacterial properties 

with a MIC of 32 µg/mL against S. aureus. Remarkable enhancements in the activity of the lead 

compound were obtained upon strategic methyl group substitution (the methylation effect)122. The 

installment of the 3,5-dimethyl groups on the piperidine ring gave rise to F6, which displayed MIC 

of 2 µg/mL117 Notably F6 was well tolerated in mice and capable of reducing bacterial burden in 

a wound infection model[11].  While a MIC of 2 µg/mL is respectable, we desired to further 

optimize this compound by the synthesis of new analogues, which were initially screened for their 

ability to inhibit the growth of S. aureus at 16 µg/mL (ESI, Figure S1). 

 For compounds that showed inhibitory activity, we determined the MIC (Table 2.1). For 

synthesis of compounds see ESI Figure S1. Four types of compounds were made (series 1-4, Figure 

2.3). The compounds contained four rings (labeled rings A, B, C and D, see Figure 2.3). Series 1 

was made up of compounds with various substitution (halogens, CF3, CN, OMe, tetrazole, NH2, 

OH, Me, hydroxyamidine) to phenyl ring D. Halogen substitutions (especially the Cl, F or CF3 

groups) resulted in the most active compounds. Hydrophilic substituents, such as the NH2, CN, 
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OH and tetrazole were not active. For the halogen substituents, the position on the ring was also 

important. For example, the MIC for para-CF3 (12, HSGN-94) was 0.25 µg/mL, whereas that for 

the meta-analog (5) was 1 µg/mL against MRSA (Table 2.1). In series 2, we investigated other 

heteroaromatics, such as pyridinyl (25 and 26), chlorothiophenyl (27), dimethylthiazolyl  (28), 

pyrazolyl (29) as ring D. For these compounds, the chlorothiophenyl analog 27 was the most potent 

(MIC = 2 µg/mL against MRSA). Series 3 explored structure-activity-relationships (SAR) of the 

sulfonamide moiety (ring A). Here both the methyl substituted piperidine and N-substituted aniline 

substituents were highly active (MIC for compounds 30, 31, 32, and 35 are 0.5, 0.25, 1 and 0.5 

µg/mL respectively). Considering that the 3,5-dimethyl piperidine sulfonamide (HSGN-94) was 

one of the best compounds, we proceeded to investigate how substitution of ring B and/or position 

of the 3,5-dimethyl piperidine sulfonamide (series 4) affected antibacterial activity. Replacement 

of the phenyl group with thiophenyl (37) or pyridinyl (39) led to a small reduction in antibacterial 

activity (MIC = 1 µg/mL and 2 µg/mL for compounds 37 and 39  respectively). Addition of a 

methyl group to the 3 position of ring B (36, HSGN-189) did not effect activity (MIC = 0.25 

µg/mL). Changing the position of the 3,5-dimethylpiperidine sulfonamide moiety from para to 

meta, (compounds 38 and 40) on ring B resulted in reduced activity against MRSA (compare MIC 

of 0.25 µg/mL for HSGN-94 and HSGN-189 with 8 µg/mL and 1 µg/mL for compounds 38 and 

40  respectively). 
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Figure 2.3 Series of 1,3,4-oxiadizolyl-based compounds synthesized for study. 
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Table 2.1 MIC (µg/mL) of HSGN-94, HSGN-189, analogs, vancomycin, and linezolid against a 

panel of Gram-positive bacterial pathogens. † Samples were done in triplicate and performed at 

least 3-4 times with reproducibility each time. 

Compounds/ 

Control 

Antibiotic 

S. 

aureus 

ATCC 25923 

MRSA 

ATCC 33592 

E. faecalis 

ATCC 29212 

VRE. faecalis 

ATCC 51575 

L. 

monocytogenes 

ATCC 19115 

F6-15 32 32 16 64 32 

F6 2 2 4 4 4 

1 4 4 16 8 8 

2 32 32 64 64 32 

3 2 4 16 8 4 

5 2 2 4 8 2 

6 1 0.5 1 2 1 

7 2 0.5 2 2 2 

8 4 2 8 4 4 

9 16 8 32 16 8 

11 16 16 64 32 32 

12, HSGN-94 0.25 0.25 2 1 0.5 

13 2 1 4 2 2 

14 2 4 4 4 4 

15 4 4 4 4 4 

16 4 4 4 4 4 

17 32 16 64 32 32 

20 16 8 32 16 16 

21 2 1 4 2 2 

22 16 16 16 8 16 

23 0.5 0.25 2 1 1 

24 8 8 32 32 32 

26 16 32 64 64 32 

27 2 2 64 32 32 

28 16 8 32 64 16 

29 8 4 16 128 8 

30 1 0.5 4 4 2 

31 0.25 0.25 2 2 1 

32 1 2 8 8 4 

33 4 4 8 8 8 

35 1 0.5 4 4 2 

36, HSGN-

189 

0.25 0.25 8 8 4 

37 0.5 1 16 16 8 

38 8 8 >16 >16 >16 

39 2 2 4 4 2 

40 2 1 8 4 4 

Vancomycin 1 1 2 >128 1 

Linezolid 2 2 2 2 2 
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2.3.3 HSGN-189 Potently Inhibits LTA Biosynthesis 

 HSGN-189 appears more selective than HSGN-94 (see Table 2.1 for comaprision of MICs 

against other Gram-postive bacteria), thus we proceeded to identify its mode of action. Traditional 

ways to do this are to generate bacteria that are resistant to the compound and use global 

sequencing to identify genes that are mutated in the presence of the compound or to use affinity 

probes to identify binding proteins123-125. Despite many attempts, we have been unable to generate 

resistant strains towards HSGN-189 (which looks promising for the eventual translation of this 

compound or analogs thereof). Given that HSGN-189 and the known LTA biosynthesis inhibitor, 

Compound 1771, both contain aryl substituted 1,3,4-oxadiazolyl unit, we investigated the effects 

of selected compounds on LTA levels in S. aureus Excitingly, when we investigated the effects of 

F6-15, F6 and HSGN-189 on LTA biosynthesis in S. aureus, following the protocol utilized by 

Walker and Richter, we observed potent inhibition of LTA by these compounds (Figure 2.4 and 

ESI, Figure S2). Interestingly, the degree of LTA biosynthesis inhibition correlated with the MIC 

values, strongly hinting that LTA biosynthesis inhibition is responsible (at least in part) for the 

antibacterial activities of the compounds. Vancomycin and Congo Red were used as negative and 

positive controls respectively (see Figure S2). Whereas Congo Red reduced LTA biosynthesis in 

S. aureus, vancomycin increased LTA content (see Figure S2). 
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Figure 2.4 LTA biosynthesis inhibition by 1,3,4-oxadiazolyl –based compounds. The MIC of HSGN-189 

(0.25 µg/mL) is lower than F6-15 (32 µg/mL) and F6 (2 µg/mL). At lower concentrations (0.25 µg/mL), 

only HSGN-189 significantly inhibited the biosynthesis of LTA. Yet, at the MIC concentration of F6-15 

(32 µg/mL) and F6 (2 µg/mL), LTA biosynthesis was inhibited. 
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2.4 Conclusion 

 In conclusion, we have identified potent inhibitors of LTA biosynthesis. These compounds 

potently inhibit MRSA with MIC values that are 4X lower than vancomycin and 8X lower than 

linezolid, two antibiotics commonly used to treat MRSA infections. However, both traditional 

antibiotics have many disadvantages. For vancomycin, it is not orally bioavailable and displays 

nephrotoxicity. Likewise, linezolid can cause serious side effects like bone-marrow suppression, 

lactic acidosis, peripheral and optic neuropathy, etc126. Thus, alternatives to vancomycin and 

linezolid are needed. Future work will focus on the activities of the potent compounds (MIC less 

than 0.5 µg/mL) in mice infection models. We will also investigate which of the many enzymes 

involved in LTA biosynthesis is/are the targets of the described compounds. This work adds to the 

increasing number of reports that have attempted to address the anti-bacterial resistance issue with 

novel small molecules16, 70, 127-130. 

2.5  Supplementary Information 

 For experimental procedures, compound syntheses, characterization data, 1H and 13C NMR 

spectra, please see the electronic supplementary information located on the ChemMedChem 

website. 

2.6 Author Contributions 

 G. Naclerio synthesized all compounds in study, performed MIC assays, and did western 

blot experiments. C. Karanja performed western blot experiments. C. Opoku-Temeng performed 

MIC assays. G. Naclerio and H. Sintim wrote the manuscript. 
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 LIPOTEICHOIC ACID BIOSYNTHESIS INHIBITORS 

AS POTENT INHIBITORS OF S. AUREUS AND E. FAECALIS GROWTH 

AND BIOFILM FORMATION 

This chapter was reprinted with permission from MDPI. Original article can be found at Naclerio, 

G. A., Onyedibe, K. I., & Sintim, H. O. Lipoteichoic Acid Biosynthesis Inhibitors as Potent 

Inhibitors of S. aureus and E. faecalis Growth and Biofilm Formation. Molecules 2020, 25(10), 

2277. 

3.1 Abstract 

 Methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 

Enterococcus faecalis (VRE) have been deemed as serious threats by the CDC. Many chronic 

MRSA and VRE infections are due to biofilm formation. Biofilm are considered to be between 

10–10,000 times more resistant to antibiotics, and therefore new chemical entities that inhibit 

and/or eradicate biofilm formation are needed. Teichoic acids, such as lipoteichoic acids (LTAs) 

and wall teichoic acids (WTAs), play pivotal roles in Gram-positive bacteria’s ability to grow, 

replicate, and form biofilms, making the inhibition of these teichoic acids a promising approach to 

fight infections by biofilm forming bacteria. Here, we describe the potent biofilm inhibition 

activity against MRSA and VRE biofilms by two LTA biosynthesis inhibitors HSGN-94 and 

HSGN-189 with MBICs as low as 0.0625 µg/mL against MRSA biofilms and 0.5 µg/mL against 

VRE biofilms. Additionally, both HSGN-94 and HSGN-189 were shown to potently synergize 

with the WTA inhibitor Tunicamycin in inhibiting MRSA and VRE biofilm formation. 

3.2 Introduction 

 Antimicrobial-resistant bacteria have become a serious global health issue. The World 

Health Organization (WHO) acknowledges that every year 700,000 people die from drug-resistant 

infections worldwide. It has been estimated that deaths from drug-resistant infections will reach 

10 million people per year by 2050, surpassing deaths due to cancer 131. The Centers for Disease 

Control Prevention (CDC, US) has reported that on average 2 million people are inflicted with an 

antibiotic-resistant infection every year, and at least 23,000 people die from these infections 132. 

Of these drug-resistant bacteria, methicillin-resistant Staphylococcus aureus (MRSA) and 

vancomycin-resistant Enterococcus faecalis (VRE) are recognized as serious threats by the CDC. 
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MRSA accounts for 80,461 infections and 11,285 deaths annually; while VRE accounts for 20,000 

infections and 1,300 deaths per year 132.  

 The majority of chronic MRSA and VRE infections are due to biofilm formation. Biofilm 

is a group of bacterial pathogens that anchors to a biological (lung, intestine, tooth) or non-

biological (medical devices) surface and biofilm bacteria are 10-1,000 times more resistant to 

antibiotics than planktonic bacteria 67. Currently, treatment for MRSA and VRE biofilm infections 

involves long-term antibiotic therapy, which leads to increased persistence and destruction of 

inflamed tissue 133. Thus, new agents that eradicate or inhibit MRSA and VRE biofilm formation 

via novel mechanisms are needed. 

 Teichoic acids are abundant throughout the cell envelopes of Gram-positive bacterial 

pathogens such as S. aureus, enterococci, Listeria monocytogenes, Streptococcus pneumoniae, and 

Bacillus subtilis.  72. Teichoic acids are divided into two classes: lipoteichoic acids (LTAs) and 

wall teichoic acids (WTAs) (Figure 3.1A). Both LTA and WTA play major roles in Gram-positive 

bacterial cell processes that are vital to their survival 72. Specifically, LTA is an anionic 1,3-

glycerolphosphate containing polymer anchored to the cell wall; while WTA is a cell surface 

glycopolymer that is covalently linked to peptidoglycan and expands beyond the cell wall 75, 79. 

Both LTA and WTA are very important for bacterial growth, cell wall physiology, membrane 

homeostasis, and virulence 88. Regarding biofilm formation, both LTA and WTA are vital. For 

instance, teichoic acids lacking D-alanine showed decreased colonization of both MRSA and VRE, 

as well as reduced adherence of these bacterial pathogens to nasal epithelial cells 74, 98-99. Both 

LTA’s and WTA’s important roles in biofilm formation have been linked to disruption of the 

negative charge of the bacterial cell wall resulting in altered hydrophobicity 100. Therefore, both 

LTA and WTA can be potential targets in the development for new antibacterial agents against 

biofilm forming Gram-positive infections. 

 WTA inhibitors have been developed 102-103. Tunicamycin, a natural product, is an inhibitor 

of TarO, a biocatalyst in the first step of WTA biosynthesis (Figure 3.1). Likewise, the novel 

antibiotic targocil, inhibits TarG, a main component of the ABC transporter TarGH (Figure 3.1) 

89, 102. Both tunicamycin and targocil possess antibiofilm activities as well as potentiate the effects 

of other antibiotics 102-104.  

 Very few LTA biosynthesis inhibitors exist 105-106. Recently, we reported novel N-(1,3,4-

oxadiazol-2-yl)benzamide containing LTA biosynthesis inhibitors with MIC values as low as 0.25 
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µg/mL and 1 µg/mL against MRSA and VRE respectively (Figure 3.1) 117, 134. In this follow-up 

study, we sought to determine the activity of our two most potent LTA biosynthesis inhibitors, 

HSGN-94 and HSGN-189, against MRSA and VRE biofilm formation. Here, we report HSGN-

94 and HSGN-189 as having potent biofilm inhibition activity against MRSA and VRE with 

minimum biofilm inhibition concentrations (MBICs) as low as 0.125 µg/mL and 0.5 µg/mL 

respectively. Additionally, HSGN-94 and HSGN-189 showed potent synergism or additivity when 

tested in combination with tunicamycin and targocil against MRSA and VRE strains and biofilms. 
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Figure 3.1 Teichoic Acid Biosynthesis and Reported Inhibitors. A) LTA biosynthesis occurs at the Gram-

positive bacterial cell membrane. The α-phosphoglucomutase PgcA converts glucose-6-phosphate to 

glucose-1-phosphate, then uridyltransferase GtaB activates UTP to produce UDP-glc. Glc2-DAG is then 

produced from YpfP transfering two glucose molecules from UDP-Glc to DAG. Glc2-DAG is moved to 

the outer membrane by LtaA followed by LtaS adding glycerol phosphate  to Glc2-DAG generate LTA. 

WTA biosynthesis begins in the cytoplasm where TarO plays a key role in generate the diphospho-

ManNAc-GlcNAc-GroP polymer. TarGH then exports the WTA polymer to the cell membrane where 

LCP catalyzes the covalent bond between the WTA and peptidoglycan. The D-alanine moieties are added 

by DltABC. B) HSGN-94 and HSGN-189 inhibit LTA biosynthesis. Tunicamycin and Targocil inhibit 

WTA biosynthesis via inhibition of TarO and TarGH respectively. 

3.3 Results and Discussion 

3.3.1 Biofilm Inhibition Activity of HSGN-94 and HSGN-189 Against MRSA and VRE 

Strains: 

 The synthesis and characterization of both HSGN-94 and HSGN-189 have been previously 

described134. Additionally, HSGN-94 and HSGN-189 were found to have potent antibacterial 

activity against both MRSA and VRE with MICs as low as 0.25 µg/mL and 1 µg/mL respectively. 
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Furthermore, both compounds proved to be the most potent LTA biosynthesis inhibitors 

published134. As mentioned above, since LTA plays a major role in biofilm formation of both 

MRSA and VRE, we aimed to test whether HSGN-94 or HSGN-189 could have antibiofilm 

activity. Both HSGN-94 and HSGN-189 showed potent biofilm formation inhibition against 

MRSA and VRE with minimum biofilm formation inhibition concentrations (MBICs) at or below 

their MIC values. For instance, the MBIC of HSGN-94 against MRSA ATCC 33592, MRSA 

USA300, and VRE ATCC 51575 was found to be 0.125 µg/mL, 0.5 µg/mL, and 0.5 µg/mL 

respectively (compare with MICs of HSGN-94 to these strains being 0.25 µg/mL, 2 µg/mL, and 1 

µg/mL respectively; see Figure 3.2). Similarly, HSGN-189 also had potent MBIC values against 

MRSA ATCC 33592, MRSA USA300, and VRE ATCC 51575 and was found to be 0.0625 

µg/mL, 0.5 µg/mL, and 1 µg/mL respectively, which are all below the reported MIC values (see 

Figure 3.2). Both HSGN-94 and HSGN-189 did not disperse established biofilms. Since the MBIC 

values of the compounds are lower than MIC (for example HSGN-189 inhibits biofilm formation 

of MRSA ATCC 33592 at a concentration that is 4X lower than MIC (MIC = 0.25 µg/mL and 

MBIC is 0.0625 µg/mL), we conclude that the mode of biofilm inhibition is not entirely due to 

bacterial death. We do not discount that some bacterial death also accounts for biofilm formation 

inhibition since at the MBIC concentrations, some bacterial death (not 100%) was also observed, 

see Figures 3.2A and 3.2C.  Thus, it appears that although LTA is critical for initial biofilm 

formation, other factors are also important for biofilm maturation and persistence135-136. 

Established biofilms contain many adhesive and connective compounds, including DNA, proteins 

and polysaccharide137-140. Thus, agents that degrade these would also be needed to eliminate 

established biofilms. In any case, combining LTA and WTA inhibitors with biofilm degraders, 

such as proteases141, DNAses142-143, β‐hexosaminidases144-145 could lead to enhanced biofilm 

clearance and worthy of future investigations. 
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Figure 3.2 Biofilm inhibition of HSGN-94 and -189 against Gram-positive bacteria. A) Biofilm Inhibition 

Curves for HSGN-94 and HSGN-189 against MRSA ATCC 33592. B) Biofilm Inhibition Curves for 

HSGN-94 and HSGN-189 against MRSA USA300. C) Biofilm Inhibition Curves for HSGN-94 and 

HSGN-189 against VRE ATCC 51575. 
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3.3.2 HSGN-94 and HSGN-189 Synergize with Tunicamycin and Targocil Against MRSA 

and VRE strains 

 Tunicamycin’s and targocil’s effect on WTA biosynthesis has been linked to their ability 

to synergize with cell-wall targeting antibiotics89, 146. For instance, Tunicamycin was shown to 

synergize with β-lactam containing antibiotics such as cefotaxime, ceftazidime, methicillin, 

oxacillin, and cephradine; tunicamycin enhanced the activities of these antibiotics by 4 to 64 times 

89. Similarly, targocil was also tested in combination with representative antibiotics of different 

classes but only synergized with methicillin (the cell-wall targeting antibiotic) with a ∑FICI of 0.4 

146. Considering that HSGN-94 and HSGN-189 act on the cell-wall via inhibition of LTA 

biosynthesis, we wondered if our compounds would be synergistic with targocil or tunicamycin 

against MRSA and VRE. Using the checkerboard assay described above, we probed interactions 

between HSGN-94 and HSGN-189 in combination with WTA inhibitors against drug resistant 

MRSA ATCC 33592, MRSA USA300 and VRE ATCC 51575 strains (Table 3.1).
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Table 3.1 HSGN-94 and -189 synergy with WTA inhibitors. (A) The cumulative fractional inhibitory concentration index (∑FICI) range of HSGN-94 and 

HSGN-189 in combination with Tunicamycin and Targocil against MRSA ATCC 33592. (B) The cumulative fractional inhibitory concentration index (∑FICI) 

range of HSGN-94 and HSGN-189 in combination with Tunicamycin and Targocil against MRSA USA300. (C) The cumulative fractional inhibitory 

concentration index (∑FICI) range of HSGN-94 and HSGN-189 in combination with Tunicamycin and Targocil against VRE ATCC 51575. Note: ∑FICI 

was interpreted as follows: ∑FICI of ≤0.5 is considered to demonstrate synergy (SYN). An ΣFICI of >0.5–1.25 was categorized as additive (ADD). ΣFICI of 

>1.25–4 was considered as indifference (IND), while ΣFICI values of >4 were categorized as antagonistic. 

A 
MRSA ATCC 33592 

MIC Alone Combination MIC 
∑FICI SYN/ADD/IND 

MIC Alone Combination MIC 
∑FICI SYN/ADD/IND 

Antibiotic Antibiotic HSGN-94 Antibiotic HSGN-94 Antibiotic HSGN-189 Antibiotic HSGN-189 

Targocil 16 0.5 2 0.25 0.6 ADD 32 0.5 16 0.5 1.5 IND 

Tunicamycin 256 0.5 64 0.125 0.5 SYN 256 0.5 32 0.25 0.6 ADD 

B 
MRSA USA300 

MIC Alone Combination MIC 
∑FICI SYN/ADD/IND 

MIC Alone Combination MIC 
∑FICI SYN/ADD/IND 

Antibiotic Antibiotic HSGN-94 Antibiotic HSGN-94 Antibiotic HSGN-189 Antibiotic HSGN-189 

Targocil >1024 2 16 2 1.0 ADD >1024 2 16 2 1.0 ADD 

Tunicamycin 32 2 2 1 0.6 ADD 64 2 4 0.5 0.3 SYN 

C 
VRE Faecalis ATCC 51575 

MIC Alone Combination MIC 
∑FICI SYN/ADD/IND 

MIC Alone Combination MIC 
∑FICI SYN/ADD/IND 

Antibiotic Antibiotic HSGN-94 Antibiotic HSGN-94 Antibiotic HSGN-189 Antibiotic HSGN-189 

Targocil >1024 2 16 2 1.0 ADD >1024 2 16 2 1.0 IND 

Tunicamycin 16 2 4 0.5 0.5 SYN 16 2 0.5 1 0.5 SYN 



 

 

60 

 HSGN-94 or HSGN-189 in combination with targocil resulted in additivity or 

indifference for all three strains. Combining HSGN-94 with targocil against MRSA ATCC 33592 

resulted in an eight-fold decrease in MIC for targocil, from 16 µg/mL to 2 µg/mL while also 

decreasing the MIC for HSGN-94 from 0.5 µg/mL to 0.25 µg/mL (Table 3.1A). Although, either 

HSGN-94 or HSGN-189 did not show significant synergy in combination with targocil, there was 

remarkable reduction in targocil’s MIC against MRSA USA300 or VRE, from >1024 µg/mL to 

16 µg/mL (approximately a hundred-fold decrease in targocil’s MIC) (See Table 3.1B and 3.1C). 

However, HSGN-94 in combination with tunicamycin resulted in synergy against MRSA ATCC 

33592 and VRE ATCC 51575. Against MRSA ATCC 33592, tunicamycin’s MIC decreased from 

256 µg/mL to 64 µg/mL while HSGN-94’s MIC went from 0.5 µg/mL to 0.125 µg/mL (Table 

1A). Against VRE ATCC 51575, tunicamycin’s MIC went from 16 µg/mL to 4 µg/mL, resulting 

in a 4-fold change (Table 1C). Combining HSGN-94 with tunicamycin against MRSA USA300 

resulted in additivity with tunicamycin with a 16-fold change in MIC (Table 3.1B). Likewise, 

combinations with HSGN-189 and tunicamycin resulted in synergy when tested against MRSA 

USA300 and VRE ATCC 51575. Against MRSA USA300, synergy between HSGN-189 and 

tunicamycin resulted in a 16-fold decrease in MIC for tunicamycin (Table 3.1B). Similarly, for 

VRE ATCC 51575, combinations with HSGN-189 and tunicamycin resulted in tunicamycin’s 

MIC decreasing from 16 µg/mL all the way down to 0.5 µg/mL (Table 3.1C). Against MRSA 

ATCC 33592, combinations between HSGN-189 and tunicamycin resulted in additivity with 

tunicamycin experiencing an 8-fold change in MIC (Table 3.1A). 

3.3.3 HSGN-94 and HSGN-189 Shows Synergy with Tunicamycin in inhibiting MRSA and 

VRE biofilms 

Tunicamycin has been previously reported to inhibit S. aureus and L. monocytogenes 

biofilm formation. Since HSGN-94 and HSGN-189 showed synergistic activity with tunicamycin, 

we sought to determine if these compounds could synergize with tunicamycin to inhibit MRSA 

and VRE biofilms. Thus, following a previously reported procedure147, we determined the MBIC 

values of HSGN-94 and HSGN-189 in combination with tunicamycin against clinically relevant 

MRSA USA300 and VRE ATCC 51575 biofilms. Interestingly, both HSGN-94 and HSGN-189 

showed synergy with tunicamycin in inhibiting MRSA USA300 and VRE biofilm formation. 

Alone, the MBIC of tunicamycin was found to be 64 µg/mL against MRSA USA300 biofilms but, 
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in combination with HSGN-94, the MBIC of tunicamycin decreased 32-fold to 2 µg/mL, resulting 

in a ∑FICI of 0.5 (Table 3.2A). HSGN-94 also showed potent synergy with tunicamycin against 

inhibiting VRE biofilms (Table 3.2B). Additionally, HSGN-189 showed synergy with 

tunicamycin against MRSA USA300 biofilm formation. Tunicamycin’s MBIC went from 64 

µg/mL to 4 µg/mL when combined with HSGN-189 (Table 3.2A). Furthermore, combinations 

with HSGN-189 and tunicamycin resulted in synergism in inhibiting VRE ATCC 51575 biofilm 

formation resulting in a ∑FICI of 0.3 (Table 3.2B). 
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Table 3.2 HSGN-94 and -189 MBIC synergy with WTA inhibitors. (A) MBIC of HSGN-94 and HSGN-189 in combination with 

Tunicamycin against MRSA USA300 biofilms. (B) MBIC of HSGN-94 and HSGN-189 in combination with Tunicamycin against 

VRE ATCC 51575 biofilms. ∑FICI was calculated and interpreted as follows: ∑FICI of ≤0.5 is considered to demonstrate synergy 

(SYN). An ΣFICI of >0.5–1.25 was categorized as additive (ADD). ΣFICI of >1.25–4 was considered as indifference (IND), while 

ΣFICI values of >4 were categorized as antagonistic. 

A 

MRSA USA300 

MBIC Alone 
Combination 

MBIC 
∑FICI SYN/ADD/IND 

MBIC Alone 
Combination 

MBIC 
∑FICI SYN/ADD/IND 

Antibiotic Antibiotic 
HSGN-

94 
Antibiotic 

HSGN-

94 
Antibiotic 

HSGN-

189 
Antibiotic 

HSGN-

189 

Tunicamycin 64 2 2 1 0.5 SYN 64 2 4 0.5 0.3 SYN 

B 

VRE Faecalis ATCC 51575 

MBIC Alone 
Combination 

MBIC 
∑FICI SYN/ADD/IND 

MBIC Alone 
Combination 

MBIC 
∑FICI SYN/ADD/IND 

Antibiotic Antibiotic 
HSGN-

94 
Antibiotic 

HSGN-

94 
Antibiotic 

HSGN-

189 
Antibiotic 

HSGN-

189 

Tunicamycin 32 2 8 0.06 0.3 SYN 32 2 8 0.06 0.3 SYN 
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3.4 Materials and Methods 

3.4.1 Bacterial strains and chemical compounds 

Bacterial strains used in this study were obtained from the American Type Culture Collection 

(ATCC). Tunicamycin and targocil were purchased from Cayman Chemical (Cayman Chemical 

Company, 1180 East Ellsworth Road, Ann Arbor, Michigan 48108, USA). HSGN-94 and HSGN-

189 were previously synthesized from commercial sources in our laboratory. 

3.4.2 Synergistic interactions of HSGN-94 and HSGN-189 with Tunicamycin and Targocil 

The checkerboard assay148-149 was used to determine synergistic interactions of antibiotic-

compound combinations against MRSA ATCC 33592, MRSA USA300 and VRE ATCC 51575. 

Tunicamycin and targocil were tested in combination with compounds HSGN-94 or HSGN-189. 

The ΣFICI was calculated for each combination as follows:   

 

FICI compound = MIC of HSGN-94 or HSGN-189 in combination/MIC of HSGN-94 or HSGN-189 

alone 

FICI antibiotic = MIC of antibiotic in combination/MIC of antibiotic alone 

The cumulative FICI (∑FICI) was then calculated as: 

∑FICI = FICI compound + FICI antibiotic 

 

Interactions where the ΣFICI was ≤ 0.5 were categorized as synergistic (SYN). An ΣFICI of >0.5-

1.25 was categorized as additive (ADD). ΣFICI of >1.25-4 was considered as indifference (IND), 

while ΣFICI values of > 4 were categorized as antagonistic150. 

3.4.3 Biofilm Inhibition Assay and Minimum Biofilm Inhibition Concentration (MBIC): 

MRSA and VRE biofilm inhibition were performed in tissue culture treated 96 well plates. 

Overnight cultures of MRSA ATCC 33592, MRSA USA300, and VRE ATCC 51575 were diluted 

1 : 100 in tryptic soy broth (TSB) supplemented with 1% glucose. The diluted culture was 

inoculated into wells with 1 mg/mL stock solution of compound in DMSO (at 4 μg/mL to 0.0078 
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μg/mL). DMSO content in the 4 μg/mL and 0.0078 μg/mL wells was 0.8% and 0.002% 

respectively. The growth control contained diluted bacteria inoculum with 0% DMSO. The 

sterility control contained only media (TSB supplemented with 1% glucose) with 0% DMSO. The 

plates were incubated at 37 °C for 48 h after which the minimum biofilm inhibition concentration 

(MBIC) was read as the minimum concentration of the compounds that completely inhibited the 

visual growth of biofilm. Next, medium was carefully discarded, and the unattached cells washed 

away. The biofilms were stained with 0.5% crystal violet for 30 min. The crystal violet was 

discarded, and wells washed. The dye was solubilized with 100% ethanol for 1 h and the biofilm 

mass was quantified by measuring absorbance at 595 nm on a BioTek Cytation 5 Cell Imaging 

Multi-Mode Reader (BioTek, 100 Tigan St, Winooski, VT 05404, USA). The A595 value for any 

absorbance reading, A was normalized to the no compound (AT) and broth (Ao) controls using the 

equation: 

% 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐴595 = (
𝐴 − 𝐴0 

𝐴𝑟 −  𝐴0
) 𝑋 100 

3.4.4 Biofilm Eradication Assay and Minimum Biofilm Eradication Concentration 

(MBEC): 

MRSA and VRE biofilm eradication were performed in tissue culture treated 96 well plates. 

Overnight cultures of MRSA ATCC 33592, MRSA USA300, and VRE ATCC 51575 were diluted 

1 : 100 in tryptic soy broth (TSB) supplemented with 1% glucose and further incubated to OD600 

0.2. Next, the culture was diluted 1: 10 in TSB supplemented with 1% glucose and inoculated into 

wells. The plates were incubated at 37 °C for 24 h. Then, the medium was carefully discarded, and 

the unattached cells washed away. 10 mg/mL stock solutions of compound in DMSO, at 256 

μg/mL to 0.5 μg/mL in TSB supplemented with 1% glucose, was added to the preformed biofilm. 

DMSO content in the 256 μg/mL and 0.5 μg/mL wells was 5% and 0.01% respectively. The growth 

control contained diluted bacteria inoculum with 0% DMSO. The sterility control contained only 

media (TSB supplemented with 1% glucose) with 0% DMSO. The plates were incubated at 37 °C 

for 24 h after which the minimum biofilm eradication concentration (MBEC) was read as the 

minimum concentration of the compounds that completely eradicated the preformed biofilm. Next, 

medium was carefully discarded, and the unattached cells washed away. The biofilms were stained 

with 0.5% crystal violet for 30 min. The crystal violet was discarded, and wells washed. The dye 
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was solubilized with 100% ethanol for 1 h and the biofilm mass was quantified by measuring 

absorbance at 595 nm on a BioTek Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, 100 

Tigan St, Winooski, VT 05404, USA). The A595 value for any absorbance reading, A was 

normalized to the no compound (AT) and broth (Ao) controls using the equation: 

% 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐴595 = (
𝐴 − 𝐴0 

𝐴𝑟 −  𝐴0
) 𝑋 100 

3.4.5 MBIC Synergy with Tunicamycin: 

The checkerboard assay was utilized as described above. However, tryptic soy broth (TSB) 

supplemented with 1% glucose was used as the primary medium and the plates were incubated at 

37 °C for 48 h. After, the medium was discarded, and the unattached cells washed away. The 

biofilms were stained with 0.5% crystal violet for 30 min. The crystal violet was discarded, and 

wells washed. The ΣFICI was calculated for each combination as follows:   

 

FICI compound = MBIC of HSGN-94 or HSGN-189 in combination/MBIC of HSGN-94 or HSGN-

189 alone 

FICI antibiotic = MBIC of antibiotic in combination/MBIC of antibiotic alone 

The cumulative FICI (∑FICI) was then calculated as: 

∑FICI = FICI compound + FICI antibiotic 

 

Interactions where the ΣFICI was ≤ 0.5 were categorized as synergistic (SYN). An ΣFICI of >0.5-

1.25 was categorized as additive (ADD). ΣFICI of >1.25-4 was considered as indifference (IND), 

while ΣFICI values of > 4 were categorized as antagonistic150.  

3.5 Conclusion 

 We previously identified HSGN-94 and HSGN-189 as novel LTA biosynthesis inhibitors. 

Here, we demonstrate that these compounds have potent inhibition of MRSA and VRE biofilms 

with MBICs well below compounds’ MICs. Additionally, these compounds showed synergistic 

activity when combined with WTA inhibitors tunicamycin and targocil. Furthermore, HSGN-94 

and HSGN-189 also showed potent synergy with tunicamycin in inhibiting MRSA and VRE 
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biofilms; significantly decreasing the MBIC of tunicamycin from 64 µg/mL to 2 µg/mL against 

MRSA. Therefore, we demonstrate that potent inhibitors of LTA biosynthesis (such as HSGN-94 

and HSGN-189) can be used to inhibit biofilm infections from Gram-postive bacterial pathogens 

either alone or in combination with WTA inhibitors. Opoku-Temeng et al. reported that 

compounds containing the N-(1,3,4-oxadiazol-2-yl)benzamide moiety, as found in HSGN-189 and 

HSGN-94 were efficacious in vivo and reduced bacterial load in a mouse wound infection model. 

Future work will be focused on making HSGN-94/189 analogs thereof and evaluating these 

compounds in vivo117. 
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 MECHANISTIC STUDIES AND IN VIVO EFFICACY OF 

THE OXADIAZOLE-CONTAINING ANTIBIOTIC, HSGN-94, WHICH 

INHIBITS LIPOTEICHOIC ACID BIOSYNTHESIS IN 

STAPHYLOCOCCUS AUREUS 

4.1 Abstract 

 Methicillin-resistant Staphylococcus aureus (MRSA) is considered a serious threat that 

requires development of new therapeutics. MRSA affects around 330,000 patients every year, 

resulting in almost 11,000 deaths. Despite the availability of FDA-approved therapeutics to combat 

this pathogen, there is a need for new chemical entities. The oxadiazole-containing compound, 

HSGN-94, has been shown to reduce lipoteichoic acid (LTA) in S. aureus, but the mechanism that 

accounts for LTA biosynthesis inhibition remains uncharacterized. Here, we report the elucidation 

of the mechanism by which HSGN-94 inhibits LTA biosynthesis via utilization of global 

proteomics, activity-based protein profiling, and lipid analysis via multiple reaction monitoring 

(MRM). Our data suggest that HSGN-94 inhibits LTA biosynthesis via direct binding to PgcA and 

downregulation of PgsA. We further show that HSGN-94 reduces MRSA load in a murine model 

of skin infection and reduced the pro-inflammatory cytokines in MRSA infected wounds. 

Collectively, these results indicate that HSGN-94 merits further consideration as a new therapeutic 

option for treatment of staphylococcal infections. 

4.2 Introduction 

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

bacteremia, surgical site infections, osteomyelitis,  pneumonia, and skin infections107. The rise of 

antimicrobial-resistant S. aureus strains largely contributed to the increasing death rate associated 

with S. aureus infections108. For instance, methicillin-resistant S. aureus (MRSA) bacteremia leads 

to higher mortality rates as compared to methicillin-sensitive S. aureus (MSSA)109. Although there 

are several antibiotics used to treat MRSA such as trimethoprim–sulfamethoxazole, clindamycin, 

tetracycline, doxycycline, minocycline, daptomycin, rifampin, linezolid, or vancomycin151, 

resistance to these agents has been documented, attributing to the fact that 14% of patients who 

get serious MRSA infections die151-155. Additionally, newer antibacterial agents developed to treat 

drug-resistant bacterial pathogens like MRSA are only derivatives of existing drugs. This means 
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that resistance mechanisms affecting the older drugs would likely alter the activity of the newer 

ones156. Consequently, there is a dire need for development of antibacterial agents with novel 

scaffolds and new mechanisms of action. 

 

Figure 4.1 LTA biosynthesis in S. aureus involves both Glc2DAG and PG. (A) PgcA converts glucose-6-

phosphate to glucose-1-phosphate. Next, GtaB activates UTP to produce UDP-glc. Glc2-DAG is then 

produced from YpfP via the transfer of two glucose molecules from UDP-Glc to DAG. Then, Glc2-DAG 

is flipped the outer membrane by LtaA where LtaS catalyzes the addition of glycerol phosphate to Glc2-

DAG, generating LTA80.  (B) LtaS synthesizes LTA via utilization of catalytic T300. PG transfers 

phosphoglycerol units to T300 formig a covalent intermediate. Then, phosphoglycerol units are 

transferred to Glc2DAG through a reaction with the covalent intermediate, giving rise to GroP-Glc2DAG. 

Repeat units are then added to the polymer, producing LTA. (C) HSGN-94 is a highly potent 

antimicrobial agent discovered to inhibit LTA biosynthesis. 

 The Gram-positive bacterial cell envelope is decorated with lipoteichoic acid (LTA), a 

membrane-anchored anionic 1,3-glycerolphosphate containing polymer. LTA is abundant in 

several Gram-positive pathogens like S. aureus, enterococci, Listeria monocytogenes, 

Streptococcus pneumoniae, and Bacillus subtilis72. In S. aureus, LTA has been shown to play an 

important role in the bacteria’s growth80, cell wall physiology157, membrane homeostasis73, 

virulence158-159, and biofilm formation88.  LTA synthesis begins in the cytoplasm where the α-

phosphoglucomutase PgcA converts glucose-6-phosphate to glucose-1-phosphate. Next, 
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uridyltransferase GtaB activates UTP to produce UDP-glucose. Then, YpfP transfers two glucose 

molecules from UDP-Glucose to DAG to give Glc2-DAG. Glc2-DAG is flipped to membrane by 

the flippase LtaA where it then acts as a starting unit for LTA. Lastly, the synthase LtaS catalyzes 

the addition of glycerol phosphate to Glc2-DAG, thereby generating LTA80-81 (Figure 4.1A). The 

mechanism by which LtaS generates LTA involves the use of catalytic threonine (T300)114, 160-161. 

Phosphatidyl glycerol (PG) transfers phosphoglycerol units to T300, realeasing diacylglycerol 

(DAG) to form a covalent intermediate. Then, phosphoglycerol is transferred to Glc2DAG via 

reaction with the covalent intermediate to give GroP-Glc2DAG. Repeat units are then added to the 

glycerol tip, giving rise to LTA (Figure 4.1B). Since LTA is essential to S. aureus for many of the 

organism’s biological processes, it has been deemed a potential antimicrobial target162. 

 Our lab has focused on the development of N-(1,3,4-oxadiazol-2-yl)benzamides as 

antimicrobial agents117, 134, 163-166. We recently reported that the sulfonamide containing N-(1,3,4-

oxadiazol-2-yl)benzamide HSGN-94 was a highly potent antimicrobial agent against drug-

resistant Gram-positive bacteria with minimum inhibitory concentrations (MICs) ranging from 

0.25 µg/mL to 2 µg/mL134 (Figure 4.1C). Additionally, HSGN-94 was found to be a highly potent 

small molecule inhibitor of LTA biosynthesis in S. aureus134. We also demonstrated HSGN-94’s  

ability to inhibit MRSA and vancomycin-resistant Enterococci biofilm formation166.  

 Building upon our previous studies, this study investigated the antibacterial profile of 

HSGN-94 including structure-activity relationship studies, MICs against a panel of multidrug-

resistant Gram-positive bacteria, cytotoxicity assessment, and the resistance development assay.  

We also elucidated the mechanism by which HSGN-94 inhibits LTA biosynthesis in S. aureus, 

utilizing several mechanistic studies, including global proteomics, activity-based protein, and 

transcriptional profiling, lipidomics, and macromolecular synthesis inhibition. Finally, we 

evaluated HSGN-94’s in vivo efficacy in a MRSA murine wound infection model as well as its 

ability to inhibit the expression of pro-inflammatory cytokines and the effect of HSGN-94’s 

treatment on the histopathological features of the mice skin. 

4.3 Results and Discussion 

4.3.1 Structure-activity relationship studies 

We established structure-activity-relationship (SAR) studies of HSGN-94, which has 

indicated important structural features of the molecule that account for its potent antibacterial 
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activity. The synthetic schemes of these new analogs can be found in the supporting information 

(Appendix A; Schemes A.1-A.8). The results of the initial screening of the synthesized analogs 

against S. aureus ATCC 25923 and MRSA ATCC 33592 are included in Table A.1. We discovered 

that the size of the sulfonamide ring A (Figure 2, Series 1) and nature of substitution were all 

critical for antibacterial activity. For instance, while HSGN-94 (3,5-dimethylpiperidine) had an 

MIC of 0.25 µg/mL (0.5 µM), the analog 2-azabicyclo [2.2.1]heptane (5) had an MIC value of 2 

µg/mL (4.1 µM). Furthermore, monomethyl substituted analogs 6, 7, and 8, also had less 

antibacterial activity with MICs of 1 µg/mL (2 µM), 2 µg/mL (4 µM), and 2 µg/mL (4 µM) 

respectively. Analogs containing smaller ring systems (1, 2, 3, and 4) showed less activity than 

HSGN-94 as well, with MIC values ranging from 2 µg/mL (4.2 µM) to 16 µg/mL (36.3 µM) (Table 

A.1).  

 Moreover, we determined that an unsubstituted phenyl moiety of the benzamide (ring B) 

was optimal for the antibacterial activity, as replacing ring B with other heterocycles (Figure 2, 

Series 2) or substituting ring B with electron-donating or electron-withdrawing groups (Figure 2, 

Series 3) showed a decrease in the antibacterial activity by 4 to >256 times (Table A.1). Likewise, 

both the amide bond and trifluoromethylphenyl group (ring C) were imperative for antibacterial 

activity. Conversion of the amide to a tertiary amide (17) or reversion of the amide (18) completely 

abrogated the anti-S. aureus activity (MICs of >64 µg/mL). Substitution of ring C with alkyl-

containing groups (19 and 20) showed a reduction in antibacterial activity (MICs = 64 - >64 µg/mL) 

(Table A.1). Altogether, our SAR investigations demonstrated that HSGN-94 displayed the most 

potent activity against staphylococci. Therefore, it was selected for further characterization. 
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Figure 4.2 Summary of structure-activity-relationship study of sulfonamide-containing N-(1,3,4-

oxadiazol-2-yl)benzamides. 

4.3.2 Profiling the antibacterial activity of HSGN-94 

 We investigated the antibacterial activity of HSGN-94 against a panel of multidrug-

resistant bacterial strains, including methicillin-sensitive, methicillin-resistant, and vancomycin-

resistant S. aureus, S. epidermidis, Streptococcus pneumonia, S. pyogenes, vancomycin-resistant 

Enterococcus faecium and E. faecalis, and Listeria monocytogenes. As reported in our study 

before134, HSGN-94 exhibited potent activity against the tested staphylococcal strains with MIC 

values ranging from 0.25 µg/mL (0.5 µM) to 1 µg/mL (2 µM) (Table A.2). The potent activity of 

HSGN-94 was extended to include drug-resistant S. pneumoniae and S. pyogenes as well (MICs 

ranging from 0.06 µg/mL (0.1 µM) to 0.25 µg/mL (0.5 µM), outperforming the activity of linezolid 

and vancomycin (Table A.3). S. pneumoniae causes infections ranging from ear and sinus 

infections to fatal pneumonia, bloodstream infections, and meningitis167-168. S. pneumoniae is a 

leading cause of bacterial pneumonia and meningitis in the United States. It has been reported that 

over 2 million pneumococcal infections occur annually in the United States, resulting in more than 

6,000 deaths and $4 billion in total health-care costs. In addition, more than 30% of pneumococcal 
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infections are resistant to one or more clinically relevant antibiotics169-170. Consequently, this 

pathogen is classified by CDC as a serious threat bacterium for which new effective agents are 

sought170. Additionally, the compound maintained the same potency against vancomycin-

resistance enterococci (MIC = 0.25 µg/mL (0.5 µM)), a serious threat pathogen that critically 

requires development of new drugs171-173. HSGN-94 was also superior to linezolid and vancomycin 

against L. monocytogenes with an MIC of 0.06 µg/mL (0.1 µM) (Table A.3). These results 

suggested that HSGN-94 demonstrated a broad spectrum of activity against the Gram-positive 

bacterial strains.  

 The cytotoxicity profile of HSGN-94 was assessed against human keratinocyte (HaCaT) 

cells (Figure A.1). The compound was tolerable to HaCaT cells at a concentration as high as 64 

µg/mL, which represents 64 to 256 times its MIC values against staphylococcal strains. 

 Moreover, we assessed MRSA USA300’s ability to form resistance to HSGN-94, using the 

multi-step resistance selection assay. Excitingly, the compound displayed low propensity to 

develop resistance to MRSA USA300, where its MIC remained unchanged over 65 passages 

(Figure A.2). In contrast, MRSA formed rapid resistance to ciprofloxacin where its MIC 

progressively increased after following passages reaching 128-fold increase in the MIC by the end 

of the experiment (Figure A.2).  

4.3.3 Effects of HSGN-94 on global proteomics in S. aureus 

 Since we could not obtain HSGN-94 resistant-mutants via serial passaging (Figure A.2), 

we decided to use global proteomics in order to evaluate the pathways and proteins that are 

impacted by the treatment with this compound. We treated S. aureus with HSGN-94 for 2 hours 

and extracted the total protein for profiling using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Samples treated with HSGN-94 were compared with samples treated 

only with DMSO (control). Proteomics data was filtered using label-free quantitation (LFQ) and 

analysis was pursued for proteins showing LFQ reponse in all 3 samples tested. From the analysis 

of the proteomics data, we indentified a total number of 1475 proteins. Yet, out of these proteins, 

1431 proteins (97.0%) were observed to be shared by both DMSO and HSGN-94, while 30 

proteins (3.0%) were only identified in DMSO, and 14 proteins (1.0%) were only identified in 

HSGN-94 (Figure 4.3A). Stringent filtration using statistical analysis of the 1475 total proteins 

(where p <0.05) gave423 proteins which demonstrated that the control and treatment samples 
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clustered into two differentially expressed groups (Figure 4.3B). From those 423 significant 

proteins, 198 were downregulated, while 225 were upregulated. We then filtered this data set using 

p-value (p) and fold change (Log2FC). Based on this analysis, 30 proteins were considered 

downregulated (p ≤0 .05 and Log2FC ≤ −2) whereas 7 proteins were upregulated (p ≤ 0.05 and 

Log2FC ≥ 2) after HSGN-94 treatment (Figure 4.3B & 4.3C). 

 

Figure 4.3 Global proteomics analysis of S. aureus cells treated with HSGN-94. (A) A Venn diagram was 

constrcuted to compare proteins found in DMSO-treated cells alone, HSGN-94-treated cells alone and in 

both groups. (B) Heatmap analysis of significant proteins (p <0.5) demonstrating differentially expressed 

proteins between DMSO- and HSGN-94-treated S. aureus. (C) Volcano plot of significant proteins 

displaying the Log2 fold change (Log2FC, x-axis) vs. p-value (y-axis).  Most down and upregulated 

proteins have been labled. The differential expression was defined as p ≤0 .05 and Log2FC ≤ −2 for 

downregulated proteins or p ≤ 0.05 and Log2FC ≥ 2 for upregulated ones. The Perseus software was used 

to analyze data174. OriginPro 2017 Software (OriginLab, Massachusetts, USA) was utilized to construct 

the volcano plot. 

 Evaluation of the 30 downregulated proteins (those with Log2FC ≤ −2) demonstrated that 

S. aureus treatment with HSGN-94 impacted several bacterial processes such as transcription, 
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translation, nucleotide metabolism, amino acid biosynthesis, and carbohydrate biosynthesis (Table 

A.4). Impotrantly, HSGN-94 seemed to have the most significant impact on virulence (Figure A.3 

and Table A.4). For instance, thermonuclease (Nuc) which is an important virulence factor in S. 

aureus as it is vital for DNA and RNA degradation, a crucial part of the organism’s denfense 

mechanism175-176, was the most downregulated protein (Log2FC = -5.1) (Figure A.3 and Table A.4). 

Likewise, other virulence factors were also downregulated such as gamma-hemolysin subunit B, 

LukS-PV (Log2FC = -3.7), leucotoxin LukD (Log2FC = -2), Nitrate reductase subunit alpha NarG 

(Log2FC = -2), Lipoyl synthase LipA (Log2FC = -2), and hydrolase SdrD (Log2FC = -2) (Figure 

A.3 and Table A.4). Additionally, HSGN-94 appears to substantially affect the type VII secretion 

system (T7SS) of S. aureus which is an essential pathway for bacterial virulence177. The T7SS 

consists of four membrane-associated proteins (EsaA, EssA, EssB, and EssC), three cytosolic 

proteins (EsaB, EsaE, and EsaG), and five virulence factors that are produced (EsxA, EsxC, EsxB, 

EsxD, and EsaD)178. S. aureus treatment with HSGN-94 showed downregulation of several 

proteins in the T7SS pathway like EsaA (Log2FC = -2.0), EsxA (Log2FC = -2.0), and EssB 

(Log2FC = -3.3) (Figure A.3 and Table A.4). Similarly, both EssC and EsaB were also 

downregulated by HSGN-94 treatment as they were only identified in the DMSO-treated group 

(Table A.5). The fact that HSGN-94 downregulates important proteins in the T7SS pathway was 

very interesting to us because it has been shown that T7SS activation requires incorporation of cis-

unsaturated fatty acids into S. aureus lipid molecules such as phospholipids, lipoproteins, 

cardiolipin, and LTA179. Thus, we speculate that downregulation of this pathway can be due to 

HSGN-94’s inhibition of LTA. 

 Furthermore, we also analyzed the 30 proteins that were only detected in the DMSO-treated 

group (see figure Figure 4.3A and Table A.5). Detection of these proteins in the DMSO group only 

indicates that they were massively downregulated by HSGN-94. In this group of proteins, we 

utilized the comprehensive list of S. aureus essential genes developed by Charles et al180 to identify 

essential proteins that were only found in the DMSO-treated group. We discovered that HSGN-94 

downregulated CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase (PgsA). 

PgsA is an essential protein in S. aureus because it is vital for the synthesis of phosphatidyl glycerol 

(PG), the most abundant membrane phospholipid in the bacteria181. PgsA synthesizes 

phosphatidylglycerol phosphate (PG-P) from cytosine diphosphate diacylglycerol (CDP-DAG) by 

exhanging glycerol-3-phosphate (Gro-3-P) for cytosine monophosphate (CMP). Then, 
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phosphatidylglycerol phosphate phosphatase (PgpP) rapdily dephosphorylates PG-P to give PG. 

Next, cardiolipin synthase (Cls) synthesizes cardiolipin (CL) via the condensation of two PG 

molecules182. Additionally, as mentioned above, LtaS also uses PG to synthesize LTA. PgsA is 

essential for the synthesis of PG and PG is important for LTA biosynthesis (Figure 4.4A). Next, 

we sought to validate that HSGN-94 does indeed downregulate PgsA. Therefore, we performed 

RT-qPCR which demonstrated that S. aureus treated with HSGN-94 showed a decrease in mRNA 

expression levels of PgsA (Figure 4.4B), which confirmed our global proteomics analysis. 

 

Figure 4.4 HSGN-94 downregulates PgsA. (A) PgsA synthesizes phosphatidylglycerol phosphate (PG-P) 

from cytosine diphosphate diacylglycerol (CDP-DAG) by exhanging glycerol-3-phosphate (Gro-3-P) for 

cytosine monophosphate (CMP). Phosphatidylglycerol phosphate phosphatase (PgpP) rapdily 

dephosphorylates PG-P to give PG. Cardiolipin synthase (Cls) synthesizes cardiolipin (CL) via the 

condensation of two PG molecules. LtaS also uses PG in order to synthesize LTA. (B) The effect of 

HSGN-94 (0.25 µg/mL) treatment on the transcription of pgsA. Experiments were performed in triplicate 

and normalized with 16S RNA. Error bars represent standard-deviation. Statistically significant 

differences between DMSO-treatment and HSGN-94-treatment were established by Student's t-test 

analysis (unpaired, two-tailed) and is represented as *p ≤ 0.05. 

4.3.4 HSGN-94 inhibits Glc2-DAG in S. aureus 

 The global proteomics analysis demonstrated that HSGN-94 had an effect on numerous 

biological processes in S. aureus (Figure A.3 and Table A.4) and the levels of several proteins 

(~80) were impacted by HSGN-94. However global proteomics does not reveal the actual binding 

protein(s) to the compound, so we further performed activity-based protein profiling to identify 
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the putative targets of HSGN-94183-186. An affinity probe (HSGN-probe) was synthesized in 3 steps 

via click chemistry between the biotin azide and an alkynyl oxadiazole benzamide (I11) (Figure 

4.5A). Then, a pull-down assay was performed. To ensure that proteins being captured with 

the HSGN-Probe also bind the unlabeled compound HSGN-94, we used a competition strategy, 

vide infra, to identify proteins that putatively bind to HSGN-94. Briefly, S. aureus ATCC 25923 

cells (at the exponential phase) were incubated with HSGN-Probe only (sample A) or with HSGN-

Probe plus 50 µM HSGN-94 (sample B) for 4 hours at 25ºC with gentle agitation (Figure 4.5B). 

Then, cells were lysed, and the biotinylated probes were captured with streptavidin beads, and 

enriched proteins were evaluated via SDS-PAGE. The bands that show on sample A lane but not 

on sample B lane (i.e., unique to the HSGN-probe without HSGN-94 competition) would be the 

proteins that bind to HSGN-94. 

 

Figure 4.5 Probe Synthesis and Pull-Down Assay. (A) Synthesis of HSGN-Probea. aReagents and 

Conditions: (a) MeOH, rt, 12 h 53% (b) BOP Reagent, DIPEA, DMF, rt, 12 h, 24% (c) CuSO4·5H2O, Na 

Ascorbate, DMF: H2O (10:1), 60°C, 12 h, 77%. (B) Schematic of pull-down assay experiment to identify 

target(s) of HSGN-94. 
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 Phosphoglucomutase (PgcA), a protein inlvoled in LTA biosyntheis, was one of the 

proteins unique to HSGN-Probe group (Table A.6). PgcA converts glucose-6-phosphate to 

glucose-1-phosphate (the first step in the LTA biosynthesis pathway, Figure 4.1A) which later 

gives rise to Glc2-DAG. Thus, since HSGN-94 inhibits PgcA, it would also inhibit Glc2-DAG 

formation. To test this hypothesis, we treated S. aureus ATCC 25923 with HSGN-94 (0.25×, 1×, 

and 8×MIC) for 5 hours and then extracted total membrane lipids using a similar procedure 

outlined by Scheewind et al187. The lipids were then separated by thin layer chromatography (TLC) 

and visualized by α-naphthol/sulfuric acid staining. The TLC indicated that HSGN-94 treatment 

reduced the amount of the α-naphthol-reactive species, which we tentatively assigned as Glc2-

DAG and further characterized (Figure 4.6A). To verify the identity of this stained species, lipids 

were extracted from TLC plates and analyzed by MALDI-TOF mass spectrometry, and spectra 

were recorded in the positive ion mode. The mass-to-charge (m/z) ratio of the major ion signal of 

the stained species was in agreement with the predicted mass of Glc2-DAG [M + H]+ adduct 

harboring fatty acids with chain lengths ranging from C15 to C18 (Figure 4.6B). For instance, the 

predicted m/z for the [M + H]+ of Glc2-DAG harboring C18 and C15 acyl chains was 907.63 and the 

observed m/z for DMSO and HSGN-94 treated samples were the same as that of the 

predicted m/z  (907.62 -907.63) (Figure 4.6B and SI for mass spectra). In summary, our results 

reveal that, compared to DMSO-treated S. aureus, HSGN-94 (0.25×, 1×, and 8×MIC) inhibits 

Glc2-DAG which we hypothesize is a result of HSGN-94’s direct binding to PgcA. 
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Figure 4.6 HSGN-94 inhibits Glc2-DAG. (A) TLC analysis of S. aureus glycolipids. Membrane lipids 

were extracted from S. aureus ATCC 25923, treated with either DMSO (control) or HSGN-94 (0.25×, 1×, 

and 8×MIC). Glycolipids were separated from TLC and assessed via MALDI mass spectroscopy. 

4.3.5 Multiple reaction monitoring profiling (MRM-Profiling) of lipids demonstrates 

HSGN-94 selectively effects phosphaditlyglycerol (PG) in S. aureus 

 It has been shown that even in the absence of Glc2-DAG, LTA can still be made as LtaS 

uses PG as an alternative starter unit157. Polymers formed on PG to make the alternative PG-LTA 

are much longer than polymers formed on Glc2-DAG157, 187. Additionally, S. aureus cells that make 

these longer polymers have cell division defects157, 188, are less virulence159, 187, and are more 

sensitive to β-lactam antibiotics as well as other cell envelope stresses157. However, since 

inhibition of Glc2-DAG would not completely deplete LTA, but HSGN-94 potently depletes LTA 

from S. aureus, we hypothesized there must be another mechanism by which HSGN-94 inhibits 

LTA biosynthesis. Since global proteomics and RT-qPCR shows HSGN-94 downregulates PgsA, 

an essential protein in S. aureus for PG synthesis, we wondered if HSGN-94 also had an effect on 

PG. To determine this, we proceeded to perform multiple reaction monitoring profiling189 (MRM-

Profiling) to differentiate lipid profile differences among S. aureus ATCC 25923 treated with 

DMSO (control) or HSGN-94 (1× and 8× MIC) for 5 hours. Lipids were extracted and analyzed 
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using electrospray ionization MS (ESI-MS). MRMs were filtered by ion counts and false discovery 

rate (FDR) adjusted p-value in ANOVA, and then analyzed by differentiated using principal 

component analysis (PCA). Our experiment focused on analyzing differences in 

glycerophospholipids and total membrane lipids in S. aureus treated cells. After obtaining this data, 

PCA scores plots were generated to evaluate HSGN-94’s effects on PG (Figure 4.7A), total 

membrane lipids (Figure 4.7B), phosphatidylcholine (PC) (Figure 4.7C), and 

phosphatidylethanolamine (PE) (Figure 4.7D). Each point in the PCA plot represents an individual 

lipid extract sample from the staphylococci and the elliptical shaded area is the calculated 95% 

confidence region for each group. Interestingly, we discovered that HSGN-94 seemed to effect PG 

(Figure 4.7A). However, HSGN-94 did not affect total lipids, PC or PE (Figures 4.7B-D). 

 

Figure 4.7 PCA scores plots of S. aureus treated with DMSO (control) or HSGN-94 (1× and 8× MIC). (A) 

Effects on PG synthesis. (B) Effects on total membrane lipids. (C) Effects on PC synthesis. (D) Effects on 

PE synthesis. 
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4.3.6 Proposed Mechanism for HSGN-94’s Inhibition of LTA Biosynthesis 

 Since our data demonstrates that HSGN-94 directly binds to PgcA as well as downregulates 

pgsA, we hypothesized that HSGN-94 inhibits LTA biosynthesis in two distinct manners (Figure 

4.8). First, HSGN-94 directly binds to PgcA thereby inhibiting the synthesis of Glc2-DAG. 

Secondly, HSGN-94 downregulates PgsA expression, which causes an effect on PG synthesis 

 

Figure 4.8 Proposed Mechanism for HSGN-94 Inhibition of LTA Biosynthesis. We hypothesize that 

HSGN-94 inhibits LTA biosynthesis in a dual-mechanistic way. 

 In addition to LTA inhibition, the global proteomics data (Tables A.4 and A.5) also showed 

that treatment of S. aureus with HSGN-94 downregulated proteins involved in translation (mtaB), 

transcription (SarR and GntR), and nucleotide metabolism (GloB, PyrF, and CarB). Furthermore, 

we performed GO function analysis using Metascape™ software of the 423 significant proteins (p 

< 0.05) and identified that nucleotide metabolic and small molecules catabolic processes, as well 

as precursor metabolites and energy were the most significantly regulated biological processes 

identified (-log10(p) >10, see Figure A.4). Likewise, the proteomics data using affinity HSGN-

probe (Table A.6) indicated that HSGN-94 interacted with proteins involved in protein synthesis 

(miaB, rplD, PheT, rplJ, and trmFO), DNA/RNA synthesis (SigA, rpiA, Xpt, RecA, adk, and 

guaA), as well as cell-wall synthesis (IsaA). Therefore, to further evaluate this, we performed a 
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macromolecular biosynthesis inhibition assay to analyze the incorporation of radiolabeled 

precursors into the biosynthesis of macromolecules (DNA, RNA, cell wall, and proteins).  As 

expected from data outlined in Tables A.4, A.5, and A.6, HSGN-94 inhibited the biosynthesis of 

each macromolecule assayed with similar or better potencies than the corresponding antibiotics 

(Figure A.5A-D). It thus appears that the potent antimicrobial activity of HSGN-94 is derived from 

LTA biosynthesis inhibition and the inhibition of other essential processes in bacteria. This multi-

pronged inhibition of essential processes in bacteria explains why attempts to generate resistant 

clones towards HSGN-94 failed. It has emerged that successful antibiotics used in the clinic, while 

developed against single targets, are successful because they indeed target other pathways190. For 

example, daptomycin, which has long been categorized as mainly acting via depolarization of 

bacterial membrane has now been shown to also target cell wall biosynthesis via a mechanism that 

involves complex formation with undecaprenyl-coupled intermediates and membrane lipids191. 

Recently, it was also reported that tetracyclines, long thought of as mainly acting via ribosome 

inhibition, also act via bacterial membrane targeting192. 

4.3.7 In vivo Efficacy of HSGN-94 in a MRSA Murine Skin Infection 

 Based on its potent antibacterial activity, interesting mechanism of action, and the fact that 

HSGN-94 was not toxic to HaCat cells at concentrations as high as 64 µg/mL, the compound was 

evaluated for its in vivo efficacy in a MRSA murine skin infection model. MRSA-infected wounds 

were treated as either clindamycin I.P. (25 mg/kg once daily), 2% HSGN-94, 2% mupirocin, or 

the vehicle alone (petroleum jelly) for five days. twice daily with either 2% HSGN-94, 2% 

mupirocin, or the vehicle alone (petroleum jelly). It was observed that HSGN-94 (93.84% 

reduction) performed similarly to FDA-approved antibiotics clindamycin (93.39% reduction) and 

mupirocin (98.77% reduction) in reducing the burden of MRSA in the wounds of infected mice 

after (Figure 4.9). 
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Figure 4.9 Reduction of MRSA USA300 in infected wounds of mice. The data are presented as average 

percent reduction of MRSA CFU/mL in murine skin wounds. A one-way ANOVA with post-hoc 

Dunnet’s multiple comparisons found no statistical difference between mice treated with mupirocin or 

clindamycin and mice treated with HSGN-94 (2%). 

4.3.8 HSGN-94 Reduces Pro-Inflammatory Cytokines 

 The clinical severity of S. aureus skin infections is driven by the excess host pro-

inflammatory cytokines193. Several reports have shown that in S. aureus infected wounds, LTA 

contributes to the increased development of inflammation and skin barrier defects194-197. Since 

HSGN-94 is a potent LTA inhibitor and effectively reduced MRSA USA300 in infected wounds, 

we proceeded to examine its effect on pro-inflammatory cytokine expression in the treated wounds. 

As depicted from Figure 4.10A-C, HSGN-94 significantly reduced the levels of the pro-

inflammatory cytokines, interleukin-1 beta (IL-1β), monocyte chemo attractant protein-1 (MCP-

1), and tumor necrosis factor-α (TNF-α) in MRSA USA300 skin lesions. Additionally, HSGN-94 

was superior to mupirocin and clindamycin in reducing the levels of IL-1β and MCP-1 (Figure 

4.10A and 4.10B). it was reported that prolonged inflammation especially due to inflammatory 

cytokines such as TNF-α, and MCP-1, greatly delays healing in chronic wounds198.  Therefore, 

HSGN-94 treatment resulted in the reduction of pro-inflammator cytokines, which could result in 

acceleration of wound healing.  

 To further evaluate HSGN-94’s effect on pro-inflammatory cytokines, we performed 

histopathology (Figure 4.10D-G). It is evident that MRSA infected wounds treated with mupirocin 

(Figure 4.10E), clidamycin (Figure 4.10F), or HSGN-94 (Figure 4.10G) demonstrate evidence of 
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necrosis, hemorrhage, and a chronic inflammatory response. However, the response is less 

pronounced than the  than vehicle treated group (Figure 4.10D). However, HSGN-94 showed 

resolution of  inflammation and necrosis which was similar to clidamycin treatment but was much 

superior than mupriocin treatment (see Figure 4.10E-G). Therefore, MRSA infected wounds 

treated with HSGN-94 show reduced levels of pro-inflammatory cytokines which is superior to 

that of wounds treated with clindamycin or mupirocin and may be a result of HSGN-94’s ability 

to inhibit LTA biosynthesis. 

 

Figure 4.10 HSGN-94 Reduces Pro-Inflammatory Cytokines in MRSA Infected Wounds. (A) Level 

(pg/mL) of IL-1β in MRSA infected wound treated with vehicle, mupirocin, clidamycin, or HSGN-94. 

(B) Level (pg/mL) of MCP-1 in MRSA infected wound treated with vehicle, mupirocin, clidamycin, or 

HSGN-94. (C) Level (pg/mL) of TNF-α in MRSA infected wound treated with vehicle, mupirocin, 

clidamycin, or HSGN-94. (D) MRSA infected wound treated with vehicle with diffuse necrosis, chronic 

inflammation, edema and bacterial colonization present. (E) MRSA infected wound treated with 

mupirocin with moderate necrosis, chronic inflammation, and hemorrahge. (F) MRSA infected wound 

treated with clidamycin demonstrated epithelial hyperplasia on wound periphery, with moderate chronic 

inflammation and necrosis. (G) Histopathology of MRSA infected wound treated with HSGN-94 

demonstrated resolution of inflammation within the deep dermis and subcutis. 

4.4 Conclusion: 

 In conclusion, using a panoply of techniques, including global proteomics, activity-based 

protein profiling, lipid analysis, and MRM profiling experiments, we have been able to propose 
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how HSGN-94 inhibits LTA biosynthesis. We propose that HSGN-94 inhibits LTA in two ways: 

direct binding to PgcA which causes inhibition of Glc2-DAG; and downregulation of PgsA, which 

leads to a reduction in PG synthesis. Excitingly, HSGN-94 showed high efficacy in reducing the 

burden of MRSA in a murine skin infection model and also reduced the pro-inflammatory 

cytokines in MRSA infected wounds. Antimicrobial resistance is a growing threat and many 

groups have disclosed new chemical scaffolds that inhibit bacterial growth199-209. Detailed 

mechanistic work to uncover how each of these unique compounds killing bacteria would likely 

reveal many novel tactics to tackle this global health challenge. 

4.5 Experimental Section 

4.5.1 Chemistry: 

 All reagents and solvents were purchased from commercial sources and utilized without 

purification. The 1H, 13C, and 19F NMR spectra were obtained in DMSO-d6, chloroform-d, or 

methanol-d4 as solvent using a 500 MHz or 800 MHz spectrometer with tetramethylsilane as the 

internal standard. 1H NMR spectra data are reported as chemical shift (δ ppm) (multiplicity, 

coupling constant (Hz), integration). High resolution mass spectra (HRMS) were taken using 

electron spray ionization (ESI) and a TOF mass analyzer. Characterization of compounds was done 

using 1H NMR, 13C NMR, 19F NMR, and HRMS data. The purity of compounds was determined 

to be ≥95% by measuring the absorbance at 280 nm with high performance liquid chromatography 

(HPLC). HPLC spectra were recorded on an Agilent 1260 Infinity system using a ZORBAX SB-

C18 column. 

4.5.2 Synthetic Procedures: 

4.5.3 General Procedure I: Synthesis of Sulfonamide-Containing Intermediates S1-S10, 

E1-E2, I5, I6, I8, and I10 

 To a solution of chlorosulfonyl-containing intermediate (1 eq) in methanol (25 mL) was 

added amine (3 eq). This mixture was stirred overnight at room temperature. Next, the mixture 

was concentrated under reduced pressure, diluted with ethyl acetate (20 mL), washed twice with 

water (10 mL), once with brine (10 mL), dried over Na2SO4, and concentrated under reduced 

pressure. The crude mixture was then purified via column chromatography using hexanes: ethyl 

acetate (80:20) as solvent system to give pure product. 
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4.5.4 General Procedure II: Synthesis of Aromatic 1,3,4-oxadiazol-2-amines A1: 

 The synthesis of A1 was performed using a literature-reported 

procedure210. Obtained 1H, 13C, and 19F spectra were in agreement with literature-reported data. 

4.5.5 General Procedure III: Sandmeyer Reaction for the Synthesis of I1, I3, and I4 

 Thionyl chloride (5.5 eq) was added dropwise to water (15 mL) at 0°C and then stirred for 

18 hours at room temperature. CuCl2 (0.05 eq) was added at 0°C and the mixture was stirred for 

15 minutes. In a separate flask, a solution of NaNO2 (1.5 eq) in water (5 mL) was added to a stirred 

solution of 4-amino-3-nitrobenzonitrile (1 eq), 4-amino3-methoxybenzonitrile (1 eq), or 5-

aminonicotinic acid (1 eq) in concentrated HCl (5 mL) at 0°C, over 15 minutes. The diazonium 

salt solution was added dropwise to the thionyl chloride/CuCl2 solution at 0°C and stirred for 1 

hour. Over this time, a precipitate formed which was collected via vacuum filtration and washed 

with water (10 mL) which gave the sulfonyl chloride intermediates I1, I3, or I4. These 

intermediates were used in the next step without purification or characterization. 

4.5.6 General Procedure IV: Hydrolysis of Benzonitriles I5-I7 to Benzoic Acids S13, S14, 

and S15 

 To a mixture of benzonitriles I5-I7 in ethanol (10 mL) was added sodium hydroxide (2M 

in H2O) (16.6 mL) and the solution was refluxed at 100°C overnight. After, the reaction was cooled 

to room temperature and concentrated under reduced pressure. The crude material was dissolved 

in H2O and acidified to pH = 1 with 6 M HCl to give an off-white precipitate which was collected 

via vacuum filtration to give desired product which was continued without further purification or 

characterization. 

4.5.7 General Procedure V: Hydrolysis of Esters E1 and E2 to Carboxylic Acids S11 and 

S12 

 To a solution of methyl ester E1 or E2 (1 eq) in MeOH: H2O (2:1) was added LiOH (22 

eq) and the solution was stirred at room temperature for 12 hours. After, the mixture was 

concentrated under reduced pressure and the crude product was dissolved in H2O and acidified to 
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pH = 1 with 6 M HCl to afford the carboxylic acid intermediate as an off-white solid which was 

collected via vacuum filtration. 

4.5.8 General Procedure VI: Reduction of Nitro for the Synthesis of 15 and I9: 

 To a 50 mL round-bottom flask charged with nitro containing compound 13 (1 eq) or 

intermediate I8 (1 eq) was dissolved in DMF: H2O (9:1). Na2S2O4 (3.5 eq) was added, and the 

reaction was run at 90°C for 12 hours. After, the reaction mixture was concentrated under reduced 

pressure and diluted with ethyl acetate (20 mL). The organic layer was washed twice with H2O 

(10 mL) and once with brine (10 mL). The organic layer was separated, dried over Na2SO4, and 

concentrated under reduced pressure to give a crude mixture which was purified via column 

chromatography (hexanes/ethyl acetate 70:30). 

4.5.9 General Procedure VII: Synthesis of Alkyl containing 1,3,4-oxadiazol-2-amines A2 

and A3: 

 The synthesis of A2 and A3 was performed using a literature-reported 

procedure211. Obtained 1H, and 13C spectra were in agreement with literature-reported data. 

4.5.10 General Procedure VIII: Amide Coupling for the Synthesis of Compounds 1-14, 16, 

18, and I11 

To a round-bottomed flask was added benzoic acid (1 eq), amine (1 eq), BOP reagent (2.7 eq), and 

DIPEA (1.5 mL) in DMF solvent (5 mL) was stirred at room temperature for 24 h. After 

completion, the reaction mixture was concentrated under reduced pressure. The crude reaction 

mixture was purified by flash column chromatography (hexanes/ethyl acetate 90:10 to 70:30) to 

give the desired product. 

4.5.11 General Procedure IX: Synthesis of Compounds 19 and 20: 

 To a round-bottom flask with acyl chloride (1.4 eq) and 1,3,4-oxadiazol-2-amine (1 eq) in 

1,4, -dioxane (5 mL) was added N-methylimidazole (5.5 eq). The mixture was stirred at 90°C for 

2 hours and then concentrated under reduced pressure. The crude mixture was diluted in ethyl 

acetate (20 mL), washed twice with water (10 mL), once with brine (10 mL), dried over Na2SO4, 
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and concentrated under reduced pressure. Column chromatography (hexanes/ethyl acetate 70:30) 

gave desired product. 

4.5.12 Synthesis of Intermediate I2: 

 To a round-bottomed flask containing thiophene-2-carboxylic acid was slowly added 

chlorosulfonic acid (10 mL) at 0°C. After addition, the reaction was stirred at room temperature 

overnight. Then, the mixture was slowly poured over ice and extracted with ethyl acetate (3 x 30 

mL). The combined organic layer was dried over Na2SO4 and concentrated under reduced pressure 

to give chlorosulfonyl containing intermediate I2 which was proceeded to the next step without 

further purification or characterization. 

4.5.13 Synthesis of Intermediate I7: 

 To a round-bottom flask containing I6 (1 eq) in anhydrous DCM (10 mL) under argon gas 

was slowly added BBr3 (5 eq) at -78°C. The mixture was stirred at -78°C for 1 hour and then 

warmed to room temperature to continue stirring for 12 hours. After, the reaction was cooled to 

0°C and quenched slowly with iced water (10 mL). Next, the two layers were separated, and the 

water layer extracted twice with DCM (10 mL). The organic layers were combined and washed 

once with NaHCO3 (10 mL), once with brine (10 mL), dried over Na2SO4, and concentrated under 

reduced pressure to give a crude mixture which was purified via column chromatography (hexanes: 

ethyl acetate (95:5) to give intermediate I7 as an off-white solid. 

4.5.14 Synthesis of Analog 17: 

 To a solution of HSGN-94 (1 eq) in dry DMF (5 mL), sodium hydride, NaH (3 eq), was 

added, and the reaction mixture was allowed to stir for 30 min at room temperature. Then, methyl 

iodide (2 eq) was added dropwise, and the mixture was stirred for 2 h at room temperature. The 

reaction mixture was concentrated under reduced pressure and the residue was treated with 

aqueous NH4OH (30% in water, 10 mL). The crude product was extracted with Et2O (3 × 15 mL) 

and purified by silica gel column chromatography using hexanes: ethyl acetate (70:30) to give 

desired product. 
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4.5.15 Synthesis of HSGN-Probe: 

 To a solution of I11 (14 mg, 31.1 µmol) and biotin-PEG3-N3 (20 mg, 45 µmol, 1.5 eq) in 

DMF (2 mL) was added a mixture of CuSO4·5H2O (3 mg) and sodium ascorbate (3 mg) in water 

(0.2 mL). The solution was allowed to stir at 60°C for 12 hours. The solvents were evaporated, 

and the product was purified by column chromatography using DCM/MeOH (90/10) as eluent to 

obtain HSGN-Probe (77% yield) as a clear oil. 

4.5.16 Characterization Data: 

4-(Piperidin-1-ylsulfonyl)benzoic acid (S1): 

Off-white solid (190 mg, 71% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (d, J = 8.3 Hz, 2H), 

7.8 (d, J = 8.2 Hz, 2H), 2.9 (d, J = 5.4 Hz, 4H), 1.5 (t, J = 5.7 Hz, 4H), 1.4 (d, J = 3.7 Hz, 2H). 13C 

NMR (126 MHz, DMSO-d6) δ 166.7, 139.8, 135.1, 130.6, 128.1, 47.0, 25.1, 23.2. HRMS (ESI) 

m/z calcd for C12H16NO4S [M + H]+ 270.0794, found 270.0793. 

4-(Pyrrolidin-1-ylsulfonyl)benzoic acid (S2): 

Off-white solid (154 mg, 44% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 7.9 – 

7.9 (m, 2H), 3.2 – 3.1 (m, 4H), 1.7 (q, J = 3.7 Hz, 4H). 13C NMR (201 MHz, DMSO-d6) δ 166.5, 

140.8, 135.1, 130.5, 127.8, 48.2, 25.1. HRMS (ESI) m/z calcd for C11H14NO4S [M + H]+ 256.0644, 

found 256.0646. 

4-(N-Cyclopropylsulfamoyl)benzoic acid (S3): 

Off-white solid (166 mg, 51% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 8.0 Hz, 2H), 

7.9 – 7.9 (m, 3H), 2.2 – 2.1 (m, 1H), 0.5 (dd, J = 7.0, 2.1 Hz, 2H), 0.4 (t, J = 3.1 Hz, 2H). 13C NMR 

(201 MHz, DMSO-d6) δ 166.6, 144.6, 134.7, 130.3, 127.4, 24.5, 5.5. HRMS (ESI) m/z calcd for 

C10H12NO4S [M + H]+ 242.0487, found 242.0484. 

4-(N,N-Dimethylsulfamoyl)benzoic acid (S4): 

Off-white solid (177 mg, 57% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 (dd, J = 8.4, 1.8 Hz, 

2H), 7.9 (dd, J = 8.4, 1.7 Hz, 2H), 2.7 (s, 6H). 13C NMR (201 MHz, DMSO-d6) δ 166.5, 139.4, 

135.2, 130.5, 128.0, 37.8. HRMS (ESI) m/z calcd for C9H12NO4S [M + H]+ 230.0487, found 

230.0488. 
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4-((2-Azabicyclo[2.2.1]heptan-2-yl)sulfonyl)benzoic acid (S5): 

Off-white solid (210 mg, 55% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.9 – 

7.9 (m, 2H), 4.1 (s, 1H), 3.1 – 3.0 (m, 1H), 3.0 (d, J = 9.0 Hz, 1H), 2.5 (s, 1H), 1.6 – 1.5 (m, 3H), 

1.3 – 1.3 (m, 1H), 1.2 (d, J = 9.9 Hz, 1H), 0.8 (d, J = 10.0 Hz, 1H). 13C NMR (201 MHz, DMSO-

d6) δ 166.5, 142.5, 134.9, 130.5, 127.7, 60.3, 54.7, 37.4, 36.6, 31.2, 27.1. HRMS (ESI) m/z calcd 

for C13H16NO4S [M + H]+ 282.0800, found 282.0801. 

4-((4-Methylpiperidin-1-yl)sulfonyl)benzoic acid (S6): 

Off-white solid (235 mg, 61% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 7.9 – 

7.8 (m, 2H), 3.6 (d, J = 12.1 Hz, 2H), 2.3 (td, J = 12.1, 2.7 Hz, 2H), 1.7 – 1.6 (m, 2H), 1.4 – 1.3 

(m, 1H), 1.1 (qd, J = 12.2, 4.0 Hz, 2H), 0.9 (d, J = 6.5 Hz, 3H). 13C NMR (201 MHz, DMSO-d6) 

δ 166.5, 140.4, 135.2, 130.5, 127.9, 46.3, 33.3, 29.6, 21.5. HRMS (ESI) m/z calcd for C13H18NO4S 

[M + H]+ 284.0957, found 284.0956. 

4-((3-Methylpiperidin-1-yl)sulfonyl)benzoic acid (S7): 

Off-white solid (227 mg, 59% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 7.9 – 

7.7 (m, 2H), 3.5 (ddd, J = 16.2, 11.9, 6.1 Hz, 2H), 2.3 (td, J = 11.5, 3.2 Hz, 1H), 2.1 – 2.0 (m, 1H), 

1.7 – 1.6 (m, 3H), 1.5 (dt, J = 12.9, 3.9 Hz, 1H), 0.9 – 0.9 (m, 1H), 0.8 (d, J = 6.4 Hz, 3H). 13C 

NMR (201 MHz, DMSO-d6) δ 166.5, 140.4, 135.1, 130.5, 127.9, 52.9, 46.4, 31.6, 30.5, 24.5, 18.9. 

HRMS (ESI) m/z calcd for C13H18NO4S [M + H]+ 284.0957, found 284.0959. 

4-((2-Methylpiperidin-1-yl)sulfonyl)benzoic acid (S8): 

Off-white solid (247 mg, 64% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.9 – 

7.9 (m, 2H), 4.1 (d, J = 4.8 Hz, 1H), 3.6 (dt, J = 13.2, 3.2 Hz, 1H), 3.0 (td, J = 13.1, 2.7 Hz, 1H), 

1.6 – 1.5 (m, 2H), 1.5 – 1.4 (m, 3H), 1.2 (qt, J = 12.5, 4.2 Hz, 1H), 1.0 (d, J = 7.0 Hz, 3H). 13C 

NMR (201 MHz, DMSO-d6) δ 166.5, 145.1, 134.7, 130.6, 127.2, 48.8, 40.5, 30.2, 25.1, 18.0, 15.8. 

HRMS (ESI) m/z calcd for C13H18NO4S [M + H]+ 284.0957, found 284.0957. 

5-(3,5-Dimethylpiperidin-1-yl)sulfonyl)nicotinic acid (S9): 

Off-white solid (173 mg, 53% yield). 1H NMR (800 MHz, DMSO-d6) δ 9.3 (s, 1H), 9.1 (s, 1H), 

8.4 (d, J = 1.8 Hz, 1H), 3.7 – 3.6 (m, 2H), 1.9 (t, J = 11.3 Hz, 2H), 1.7 (tdd, J = 17.8, 15.2, 7.5, 3.8 

Hz, 3H), 0.8 (d, J = 6.5 Hz, 6H), 0.6 (q, J = 12.1 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 165.3, 
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153.9, 151.1, 135.7, 133.8, 127.9, 52.3, 40.9, 31.0, 18.9. HRMS (ESI) m/z calcd for C13H19N2O4S 

[M + H]+ 299.1066, found 299.1067. 

4-(3,5-Dimethylpiperidin-1-yl)sulfonyl)thiophene-2-carboxylic acid (S10): 

Off-white solid (220 mg, 66% yield). 1H NMR (500 MHz, DMSO-d6) δ = 8.5 (d, J = 1.6, 1H), 7.7 

(d, J = 1.6, 1H), 3.7 – 3.5 (m, 2H), 1.8 (t, J = 11.2, 2H), 1.7 – 1.6 (m, 3H), 0.8 (d, J = 6.4, 6H), 0.6 

– 0.5 (m, 1H). 13C NMR (126 MHz, DMSO-d6) δ = 162.4, 137.7, 137.6, 136.7, 130.7, 52.5, 40.9, 

31.0, 19.2. HRMS (ESI) m/z calcd for C12H18NO4S2 [M + H]+ 304.0677, found 304.0676. 

3-((3,5-Dimethylpiperidin-1-yl)sulfonyl)thiophene-2-carboxylic acid (S11): 

Off-white solid (121 mg, 59% yield). 1H NMR (800 MHz, DMSO-d6) δ 7.8 (d, J = 5.1 Hz, 1H), 

7.4 (d, J = 5.2 Hz, 1H), 3.8 – 3.7 (m, 2H), 2.1 (t, J = 11.8 Hz, 2H), 1.7 (d, J = 12.9 Hz, 1H), 1.6 – 

1.5 (m, 2H), 0.8 (d, J = 6.7 Hz, 6H), 0.6 (q, J = 12.2 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 

161.4, 139.7, 136.3, 130.3, 130.2, 130.1, 130.0, 52.5, 41.3, 31.0, 19.0. HRMS (ESI) m/z calcd for 

C12H18NO4S2 [M + H]+ 304.0677, found 304.0678. 

5-((3,5-Dimethylpiperidin-1-yl)sulfonyl)furan-2-carboxylic acid (S12): 

Off-white solid (171 mg, 60% yield). 1H NMR (800 MHz, DMSO-d6) δ 7.3 – 7.3 (m, 1H), 7.2 (d, 

J = 3.6 Hz, 1H), 3.7 – 3.6 (m, 2H), 2.2 (t, J = 11.7 Hz, 2H), 1.7 – 1.7 (m, 1H), 1.6 – 1.6 (m, 2H), 

0.8 (d, J = 6.8 Hz, 6H), 0.6 (q, J = 12.3 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 158.8, 149.8, 

148.1, 118.0, 117.6, 52.2, 40.9, 30.9, 18.9. HRMS (ESI) m/z calcd for C12H18NO5S [M + H]+ 

288.0906, found 288.0907. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-nitrobenzonitrile (I5): 

Yellow solid (280 mg, 61% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.3 (d, J = 2.1 Hz, 1H), 7.8 

(dd, J = 8.9, 2.2 Hz, 1H), 7.3 (d, J = 8.9 Hz, 1H), 3.3 – 3.2 (m, 2H), 2.5 – 2.5 (m, 2H), 1.8 (d, J = 

12.1 Hz, 1H), 1.7 – 1.6 (m, 2H), 0.8 (d, J = 6.5 Hz, 6H), 0.8 (q, J = 12.2 Hz, 1H). 13C NMR (126 

MHz, DMSO-d6) δ 147.8, 138.7, 136.7, 131.8, 121.6, 118.4, 99.6, 57.3, 41.4, 31.1, 19.1. HRMS 

(ESI) m/z calcd for C14H18N3O4S [M + H]+ 324.1018, found 324.1015. 

4-((3,5-dimethylpiperidin-1-yl)sulfonyl)-3-methoxybenzonitrile (I6): 

Off-white solid (273 mg, 51% yield). 1H NMR (500 MHz, DMSO-d6) δ 7.9 (d, J = 8.1 Hz, 1H), 

7.8 (d, J = 1.5 Hz, 1H), 7.5 (dd, J = 8.1, 1.4 Hz, 1H), 3.9 (s, 3H), 3.6 (dd, J = 12.1, 4.0 Hz, 2H), 
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2.2 – 2.0 (m, 2H), 1.7 (ddt, J = 13.2, 4.1, 2.2 Hz, 1H), 1.5 (dq, J = 11.0, 3.6 Hz, 2H), 0.8 (d, J = 

6.6 Hz, 6H), 0.6 (q, J = 12.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 157.0, 131.8, 131.4, 

124.7, 118.1, 117.4, 117.0, 57.2, 52.3, 41.3, 31.4, 19.1. HRMS (ESI) m/z calcd for C15H21N2O3S 

[M + H]+ 309.1273, found 309.1270. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-hydroxybenzonitrile (I7): 

Off-white solid (158 mg, 72% yield). 1H NMR (500 MHz, Chloroform-d) δ 9.1 (s, 1H), 7.6 (d, J 

= 8.2 Hz, 1H), 7.3 (d, J = 1.6 Hz, 1H), 7.3 (dd, J = 8.2, 1.6 Hz, 1H), 3.8 – 3.6 (m, 2H), 1.9 – 1.8 

(m, 2H), 1.8 – 1.7 (m, 3H), 0.9 (d, J = 6.5 Hz, 6H), 0.6 – 0.4 (m, 1H). 13C NMR (126 MHz, 

Chloroform-d) δ 155.4, 129.4, 129.4, 124.3, 123.2, 123.2, 122.8, 122.7, 118.2, 117.0, 52.4, 41.0, 

30.9, 18.9. HRMS (ESI) m/z calcd for C14H19N2O3S [M + H]+ 295.1116, found 295.1116.  

3,5-Dimethyl-1-((4-nitrophenyl)sulfonyl)piperidine (I8): 

Yellow solid (214 mg, 53% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.4 (d, J = 8.4 Hz, 2H), 8.0 

(d, J = 8.4 Hz, 2H), 3.8 – 3.6 (m, 2H), 1.9 (t, J = 11.4 Hz, 2H), 1.8 – 1.5 (m, 3H), 0.8 (d, J = 6.6 

Hz, 6H), 0.5 (q, J = 12.0 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 150.4, 142.6, 129.2, 129.1, 

125.0, 124.9, 52.4, 41.0, 30.9, 18.9. HRMS (ESI) m/z calcd for C13H19N2O4S [M + H]+ 299.1066, 

found 299.1065. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)aniline (I9): 

Off-white solid (115 mg, 64% yield). 1H NMR (800 MHz, DMSO-d6) δ 7.4 (d, J = 9.1 Hz, 2H), 

6.7 (d, J = 8.3 Hz, 2H), 5.8 (s, 2H), 3.5 (dd, J = 11.1, 3.3 Hz, 2H), 1.7 – 1.5 (m, 5H), 0.8 (d, J = 

6.1 Hz, 6H), 0.5 (q, J = 11.9 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 153.3, 129.6, 129.5, 

121.6, 113.3, 113.2, 52.8, 41.3, 30.8, 19.2. HRMS (ESI) m/z calcd for C13H21N2O2S [M + H]+ 

269.1324, found 269.1326. 

4-(N-(Prop-2-yn-1-yl)sulfamoyl)benzoic acid (I10): 

Off-white solid (173 mg, 63% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 (t, J = 6.0 Hz, 1H), 8.1 

– 8.1 (m, 2H), 7.9 – 7.9 (m, 2H), 3.8 (d, J = 3.6 Hz, 2H), 2.9 (s, 1H). 13C NMR (201 MHz, DMSO-

d6) δ 166.6, 144.8, 134.7, 130.3, 127.3, 79.6, 75.0, 32.3. HRMS (ESI) m/z calcd for C10H10NO4S 

[M + H]+ 240.0331, found 240.0328. 
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4-(N-(Prop-2-yn-1-yl)sulfamoyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)benzamide (I11): 

Off-white solid (45 mg, 24% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.4 (t, J = 5.9 Hz, 1H), 8.2 

– 8.1 (m, 4H), 8.0 – 7.9 (m, 4H), 3.8 (dd, J = 5.9, 2.5 Hz, 2H), 3.0 (t, J = 2.5 Hz, 1H). 13C NMR 

(201 MHz, DMSO-d6) δ 164.5, 160.3, 158.7, 144.8, 136.1, 132.0 (q, J = 34.2 Hz), 129.5, 127.5, 

127.4, 127.3, 127.1, 126.9, 126.8, 126.6, 126.2, 124.8 (q, J = 273.4 Hz), 79.6, 75.0, 32.4. 19F NMR 

(471 MHz, DMSO-d6) δ -62.7 (s, 3F). HRMS (ESI) m/z calcd for C19H14F3N4O4S [M + H]+ 

451.0688, found 451.0690. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)benzamide (HSGN-94): 

The synthesis and characterization of HSGN-94 was demonstrated in our previous report134. For 

in vivo analysis, the compound was scaled up. Purity by HPLC was found to be 98%. 

4-(Piperidin-1-ylsulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (1): 

Off-white solid (53 mg, 30% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.3 – 8.2 (m, 2H), 8.2 – 8.2 

(m, 2H), 8.0 – 8.0 (m, 2H), 7.9 – 7.9 (m, 2H), 3.0 (t, J = 5.5 Hz, 4H), 1.6 (q, J = 5.8 Hz, 4H), 1.4 

(t, J = 5.9 Hz, 2H). 13C NMR (201 MHz, DMSO-d6) δ 165.3, 159.9, 159.0, 140.3, 137.0, 132.0 

(q, J = 32.2 Hz), 129.7, 127.9, 127.5, 127.3, 126.7, 124.8 (q, J = 271.4 Hz), 46.9, 25.1, 23.3. 19F 

NMR (471 MHz, DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C21H20F3N4O4S [M + 

H]+  481.1157, found 481.1155. Purity by HPLC was found to be 98%. 

4-(Pyrrolidin-1-ylsulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (2): 

Off-white solid (32 mg, 18% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.4 – 8.3 (m, 2H), 8.2 – 8.1 

(m, 2H), 7.9 – 7.7 (m, 4H), 3.3 – 3.0 (m, 4H), 1.7 (d, J = 6.5 Hz, 4H). 13C NMR (201 MHz, DMSO-

d6) δ 171.4, 168.7, 156.8, 141.8, 139.4, 131.4 (q, J = 32.2 Hz), 129.8, 128.2, 127.5, 126.9, 126.6, 

124.9 (q, J = 271.4 Hz), 48.2, 25.1. 19F NMR (471 MHz, DMSO-d6) δ -62.7 (s, 3F). HRMS (ESI) 

m/z calcd for C20H18F3N4O4S [M + H]+  467.1001, found 467.1000. Purity by HPLC was found to 

be 99%. 
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4-(N-cyclopropylsulfamoyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide 

(3): 

Off-white solid (41 mg, 22% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 8.2 – 8.2 

(m, 2H), 8.0 – 7.9 (m, 4H), 2.2 (tq, J = 6.8, 3.3 Hz, 1H), 0.5 (dd, J = 7.1, 2.2 Hz, 2H), 0.5 – 0.3 (m, 

2H). 13C NMR (201 MHz, DMSO-d6) δ 165.2, 160.0, 158.9, 144.6, 136.5, 132.0 (q, J = 32.2 Hz), 

129.6, 127.5, 127.3, 126.8, 126.2, 124.8 (q, J = 273.4 Hz), 24.6, 5.5. 19F NMR (471 MHz, DMSO-

d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C19H16F3N4O4S [M + H]+  453.0844, found 453.0844. 

Purity by HPLC was found to be 95%. 

4-(N,N-Dimethylsulfamoyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide 

(4): 

Off-white solid (49 mg, 26% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.3 – 8.2 (m, 2H), 8.2 – 8.1 

(m, 2H), 8.0 – 8.0 (m, 2H), 8.0 – 7.9 (m, 2H), 2.7 (s, 6H). 13C NMR (201 MHz, DMSO-d6) δ 165.3, 

160.0, 158.9, 139.4, 137.0, 132.0 (q, J = 32.2 Hz), 129.7, 128.0, 127.5, 127.3, 126.8, 124.8 (q, J = 

271.4 Hz), 37.9. 19F NMR (471 MHz, DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for 

C18H16F3N4O4S [M + H]+  441.0844, found 441.0847. Purity by HPLC was found to be 99%. 

 4-((2-Azabicyclo[2.2.1]heptan-2-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-

2-yl)benzamide (5): 

Off-white solid (26 mg, 15% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.3 – 8.2 (m, 2H), 8.2 – 8.2 

(m, 2H), 8.0 – 7.9 (m, 4H), 4.2 (s, 1H), 3.1 (dd, J = 9.0, 2.8 Hz, 1H), 3.0 (d, J = 9.1 Hz, 1H), 2.5 

(s, 1H), 1.7 – 1.5 (m, 3H), 1.4 – 1.3 (m, 1H), 1.2 (d, J = 9.9 Hz, 1H), 0.9 (dt, J = 9.9, 2.0 Hz, 1H). 

13C NMR (201 MHz, DMSO-d6) δ 165.3, 160.0, 159.0, 142.4, 136.8, 132.0 (q, J = 32.2 Hz), 129.7, 

127.7, 127.5, 127.3, 126.8, 124.8 (q, J = 271.4 Hz), 60.3, 54.7, 37.4, 36.6, 31.3, 27.1. 19F NMR 

(471 MHz, DMSO-d6) δ -62.7 (s, 3F). HRMS (ESI) m/z calcd for C22H20F3N4O4S [M + 

H]+  493.1157, found 493.1156. Purity by HPLC was found to be 98%. 

4-((4-Methylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)benzamide (6): 

Off-white solid (40 mg, 23% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.3 – 8.2 (m, 2H), 8.2 – 8.1 

(m, 2H), 8.0 – 8.0 (m, 2H), 7.9 – 7.9 (m, 2H), 3.7 (d, J = 11.9 Hz, 2H), 2.4 – 2.3 (m, 2H), 1.7 – 1.6 

(m, 2H), 1.4 – 1.3 (m, 1H), 1.1 (qd, J = 12.1, 3.9 Hz, 2H), 0.9 (d, J = 6.6 Hz, 3H). 13C NMR (201 
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MHz, DMSO-d6) δ 165.2, 159.9, 159.0, 140.4, 137.0, 132.0 (q, J = 32.2 Hz), 129.7, 127.9, 127.5, 

127.3, 126.8, 124.8 (q, J = 273.4 Hz), 46.3, 33.3, 29.6, 21.5. 19F NMR (471 MHz, DMSO-d6) δ -

62.8 (s, 3F). HRMS (ESI) m/z calcd for C22H22F3N4O4S [M+H]+ 495.1310, found 495.1306. Purity 

by HPLC was found to be 97%. 

4-((3-Methylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)benzamide (7): 

Off-white solid (36 mg, 21% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.3 – 8.2 (m, 2H), 8.2 – 8.2 

(m, 2H), 8.0 – 8.0 (m, 2H), 7.9 – 7.9 (m, 2H), 3.5 (ddd, J = 16.2, 11.9, 5.7 Hz, 2H), 2.4 (td, J = 

11.6, 2.8 Hz, 1H), 2.1 – 2.0 (m, 1H), 1.7 (dt, J = 13.5, 3.6 Hz, 1H), 1.7 – 1.6 (m, 2H), 1.5 – 1.4 (m, 

1H), 0.9 (dtd, J = 14.8, 11.5, 3.7 Hz, 1H), 0.9 (d, J = 6.4 Hz, 3H). 13C NMR (201 MHz, DMSO-

d6) δ 165.2, 159.9, 159.1, 140.4, 137.1, 131.9 (q, J = 32.2 Hz), 129.7, 127.8, 127.6, 127.3, 126.8, 

124.8 (q, J = 271.4 Hz), 53.0, 46.5, 31.7, 30.5, 24.5, 18.9. 19F NMR (471 MHz, DMSO-d6) δ -62.7 

(s, 3F). HRMS (ESI) m/z calcd for C22H22F3N4O4S [M+H]+ 495.1310, found 495.1312. Purity by 

HPLC was found to be 98%. 

4-((2-Methylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)benzamide (8): 

Off-white solid (24 mg, 14% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 8.2 – 8.2 

(m, 2H), 8.0 – 7.9 (m, 4H), 4.2 – 4.1 (m, 1H), 3.7 – 3.6 (m, 1H), 3.0 (td, J = 13.1, 2.7 Hz, 1H), 1.7 

– 1.5 (m, 2H), 1.4 (dq, J = 9.2, 5.6, 5.0 Hz, 3H), 1.2 (dt, J = 12.8, 4.3 Hz, 1H), 1.1 (d, J = 6.9 Hz, 

3H). 13C NMR (201 MHz, DMSO-d6) δ 165.2, 160.0, 159.0, 145.0, 136.6, 132.0 (q, J = 32.2 Hz), 

129.8, 127.5, 127.3, 127.2, 126.8, 126.8, 124.8 (q, J = 273.4 Hz), 48.8, 30.3, 25.1, 18.0, 15.9. 19F 

NMR (471 MHz, DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C22H22F3N4O4S [M+H]+ 

495.1310, found 495.1311. Purity by HPLC was found to be 99%. 

5-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)nicotinamide (9): 

Off-white solid (37 mg, 22% yield). 1H NMR (800 MHz, DMSO-d6) δ = 9.4 (d, J=2.1, 1H), 9.1 

(d, J=2.1, 1H), 8.7 (s, 1H), 8.2 (d, J=8.1, 2H), 8.0 (d, J=8.2, 2H), 3.7 (dd, J=11.4, 3.8, 2H), 1.9 (t, 

J=11.3, 2H), 1.6 (d, J=10.8, 3H), 0.8 (d, J=6.4, 6H), 0.6 – 0.5 (m, 1H). 13C NMR (201 MHz, 

DMSO-d6) δ 164.1, 159.6, 159.0, 153.3, 150.9, 135.1, 133.7, 132.0 (q, J = 32.2 Hz), 129.8, 127.4, 
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127.3, 126.8, 124.8 (q, J = 273.4 Hz), 52.3, 41.0, 31.0, 19.0. 19F NMR (471 MHz, DMSO-d6) δ -

62.8 (s, 3F). HRMS (ESI) m/z calcd for C22H23F3N5O4S [M+H]+  510.1417, found 510.1415. Purity 

by HPLC was found to be 99%. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)thiophene-2-carboxamide (10): 

Off-white solid (49 mg, 29% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.54 (s, 1H), 8.35 (s, 1H), 

8.15 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.0 Hz, 2H), 3.59 (dd, J = 11.2, 3.8 Hz, 2H), 1.85 (t, J = 11.2 

Hz, 2H), 1.68 – 1.61 (m, 3H), 0.83 (d, J = 6.4 Hz, 6H), 0.64 – 0.44 (m, 1H). 13C NMR (201 MHz, 

DMSO-d6) δ 160.0, 159.6, 159.0, 141.0, 137.5, 131.9 (q, J = 32.2 Hz), 129.4, 127.6, 127.3, 126.8, 

126.2, 124.8 (q, J = 271.4 Hz), 52.5, 41.1, 31.0, 19.1. 19F NMR (471 MHz, DMSO-d6) δ -62.7 (s, 

3F). HRMS (ESI) m/z calcd for C21H22F3N4O4S2 [M+H]+  515.1029, found 515.1029. Purity by 

HPLC was found to be 96%. 

3-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)thiophene-2-carboxamide (11): 

Off-white solid (30 mg, 18% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.0 – 7.9 

(m, 2H), 7.9 (d, J = 5.2 Hz, 1H), 7.4 (d, J = 5.2 Hz, 1H), 3.7 (dd, J = 12.2, 4.0 Hz, 2H), 2.1 (t, J = 

11.7 Hz, 2H), 1.7 (d, J = 13.1 Hz, 1H), 1.6 – 1.5 (m, 2H), 0.8 (d, J = 6.6 Hz, 6H), 0.6 (q, J = 12.1 

Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 159.6, 158.3, 139.5, 136.7, 131.9 (q, J = 32.2 Hz), 

129.5, 127.9, 127.5, 127.3, 126.8, 126.7, 124.8 (q, J = 273.4 Hz), 52.4, 41.2, 30.9, 19.0. 19F NMR 

(471 MHz, DMSO-d6) δ -62.7 (s, 3F). HRMS (ESI) m/z calcd for C21H22F3N4O4S2 [M+H]+  

515.1029, found 515.1026. Purity by HPLC was found to be 96%. 

5-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-

yl)furan-2-carboxamide (12): 

Off-white solid (38 mg, 22% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.0 – 7.9 

(m, 2H), 7.6 (d, J = 3.8 Hz, 1H), 7.3 (d, J = 3.6 Hz, 1H), 3.7 (dd, J = 12.0, 4.1 Hz, 2H), 2.2 (t, J = 

11.7 Hz, 2H), 1.7 (d, J = 13.4 Hz, 1H), 1.6 – 1.6 (m, 2H), 0.9 (d, J = 6.6 Hz, 6H), 0.7 (q, J = 12.3 

Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 159.5, 158.9, 156.3, 150.0, 149.5, 132.0 (q, J = 30.2 

Hz), 127.5, 127.3, 126.8, 124.8 (q, J = 273.4 Hz), 117.9, 117.7, 117.3, 52.3, 40.9, 30.9, 18.9. 19F 
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NMR (471 MHz, DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C21H22F3N4O5S [M+H]+  

499.1263, found 499.1262. Purity by HPLC was found to be 97%. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-nitro-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (13): 

Yellow solid (42 mg, 26% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.5 (s, 1H), 8.2 – 8.1 (m, 2H), 

8.1 – 8.1 (m, 1H), 8.0 – 7.9 (m, 2H), 7.4 (d, J = 8.8 Hz, 1H), 3.4 – 3.2 (m, 2H), 2.5 (t, J = 12.0 Hz, 

2H), 1.8 (d, J = 13.0 Hz, 1H), 1.8 – 1.7 (m, 1H), 0.9 (d, J = 6.6 Hz, 6H), 0.8 (q, J = 12.0 Hz, 1H). 

13C NMR (201 MHz, DMSO-d6) δ 163.4, 160.1, 159.0, 148.2, 139.1, 133.6, 131.9 (q, J = 32.2 Hz), 

127.6, 127.4, 127.2, 126.8, 126.7, 124.8 (q, J = 271.4 Hz), 120.7, 57.7, 41.5, 31.0, 19.0. 19F NMR 

(471 MHz, DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C23H23F3N5O6S [M+H]+  

554.1321, found 554.1322. Purity by HPLC was found to be 95%. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-methoxy-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (14): 

Off-white solid (31 mg, 19% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.0 – 8.0 

(m, 2H), 7.9 – 7.9 (m, 1H), 7.8 (d, J = 1.6 Hz, 1H), 7.7 – 7.7 (m, 1H), 4.0 (s, 3H), 3.6 (dd, J = 12.1, 

4.0 Hz, 2H), 2.2 – 2.1 (m, 2H), 1.7 (d, J = 13.0 Hz, 1H), 1.5 (ddt, J = 14.5, 11.3, 4.6 Hz, 2H), 0.8 

(d, J = 6.6 Hz, 6H), 0.6 (q, J = 12.2 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 164.0, 158.7, 

156.9, 137.9, 131.3 (q, J = 32.2 Hz), 127.4, 127.0, 125.3, 123.1 (q, J = 271.4 Hz), 120.7, 113.3, 

56.8, 52.5, 41.4, 31.4, 19.1. 19F NMR (471 MHz, DMSO-d6) δ -62.7 (s, 3F). HRMS (ESI) m/z 

calcd for C24H26F3N4O5S [M+H]+  539.1576, found 539.1577. Purity by HPLC was found to be 

95%. 

3-Amino-4-((3,5-dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (15): 

Off-white solid (34 mg, 73% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.0 – 7.9 

(m, 2H), 7.4 (d, J = 2.2 Hz, 1H), 7.3 – 7.3 (m, 1H), 7.0 (d, J = 8.1 Hz, 1H), 3.1 (dd, J = 11.3, 3.5 

Hz, 2H), 2.1 (t, J = 11.0 Hz, 2H), 1.9 – 1.7 (m, 3H), 0.9 (d, J = 6.8 Hz, 6H), 0.7 (q, J = 12.0 Hz, 

1H). 13C NMR (201 MHz, DMSO-d6) δ 165.8, 160.3, 159.2, 143.6, 142.4, 131.8 (q, J = 32.2 Hz), 

127.7, 127.5, 127.2, 126.7, 124.8 (q, J = 271.4 Hz), 119.1, 117.9, 114.6, 58.3, 42.3, 31.5, 19.5. 19F 
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NMR (471 MHz, DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C23H25F3N5O4S [M+H]+  

524.1579, found 524.1579. Purity by HPLC was found to be 95%. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-hydroxy-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (16): 

Off-white solid (38 mg, 23% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.0 (d, J 

= 8.4 Hz, 2H), 7.9 (d, J = 8.1 Hz, 1H), 7.8 – 7.7 (m, 1H), 7.6 – 7.5 (m, 2H), 3.7 – 3.6 (m, 2H), 2.2 

– 2.0 (m, 2H), 1.7 (d, J = 13.0 Hz, 1H), 1.6 (q, J = 8.8, 7.7 Hz, 2H), 0.8 (d, J = 6.6 Hz, 6H), 0.6 – 

0.5 (m, 1H). 13C NMR (201 MHz, DMSO-d6) δ 165.3, 160.2, 158.7, 155.8, 138.3, 132.1 (q, J = 

32.2 Hz), 131.1, 128.5, 127.4, 126.7, 123.3 (q, J = 271.4 Hz), 118.6, 117.7, 52.5, 41.3, 31.1, 18.9. 

19F NMR (471 MHz, DMSO-d6) δ -62.7 (s, 3F). HRMS (ESI) m/z calcd for C23H24F3N4O5S 

[M+H]+  525.1420, found 525.1419. Purity by HPLC was found to be 95%. 

4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-methyl-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (17): 

Off-white solid (29 mg, 57% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.4 – 8.4 (m, 2H), 8.1 – 8.1 

(m, 2H), 8.0 – 8.0 (m, 2H), 7.9 – 7.8 (m, 2H), 3.8 (s, 3H), 3.7 (dd, J = 11.3, 3.8 Hz, 2H), 1.8 (t, J 

= 11.4 Hz, 3H), 1.7 – 1.6 (m, 3H), 0.8 (d, J = 6.6 Hz, 6H), 0.5 (q, J = 12.1, 11.5 Hz, 1H). 13C NMR 

(201 MHz, DMSO-d6) δ 170.1, 156.0, 154.3, 140.9, 132.3 (q, J = 32.2 Hz), 130.3, 128.8, 128.0, 

127.1, 126.9, 126.8, 124.7 (q, J = 271.4 Hz), 52.6, 41.1, 34.9, 30.9, 19.0. 19F NMR (471 MHz, 

DMSO-d6) δ -62.8 (s, 3F). HRMS (ESI) m/z calcd for C24H26F3N4O4S [M+H]+  523.1627, found 

523.1629. Purity by HPLC was found to be 95%. 

N-(4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)phenyl)-5-phenyl-1,3,4-oxadiazole-2-carboxamide 

(18): 

Off-white solid (90 mg, 39% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.1 – 8.1 

(m, 2H), 7.8 – 7.8 (m, 2H), 7.7 – 7.7 (m, 1H), 7.7 – 7.6 (m, 2H), 3.7 – 3.5 (m, 2H), 1.8 (t, J = 11.4 

Hz, 2H), 1.7 – 1.6 (m, 3H), 0.8 (d, J = 6.5 Hz, 6H), 0.6 – 0.4 (m, 1H). 13C NMR (201 MHz, DMSO-

d6) δ 165.9, 158.8, 152.3, 141.9, 133.2, 132.4, 129.9, 128.8, 127.6, 123.1, 121.3, 52.7, 41.1, 30.9, 

19.1. HRMS (ESI) m/z calcd for C22H25N4O4S [M+H]+ 441.1591, found 441.1592. Purity by 

HPLC was found to be 96%. 
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N-(5-cyclohexyl-1,3,4-oxadiazol-2-yl)-4-((3,5-dimethylpiperidin-1-yl)sulfonyl)benzamide (19): 

Off-white solid (45 mg, 32% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 7.9 – 7.9 

(m, 2H), 3.7 (dd, J = 11.6, 3.9 Hz, 2H), 2.9 (ddd, J = 10.8, 7.0, 3.8 Hz, 1H), 2.0 (dd, J = 13.2, 4.0 

Hz, 2H), 1.8 (t, J = 11.4 Hz, 2H), 1.8 (dt, J = 13.3, 4.1 Hz, 2H), 1.7 – 1.6 (m, 4H), 1.6 (qd, J = 

11.4, 3.5 Hz, 2H), 1.4 (tdd, J = 15.4, 11.8, 3.6 Hz, 2H), 1.3 – 1.2 (m, 1H), 0.8 (d, J = 6.5 Hz, 6H), 

0.5 (q, J = 12.0 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 166.3, 165.7, 158.2, 140.3, 137.5, 

129.7, 127.8, 52.6, 41.1, 34.6, 30.9, 29.7, 25.6, 24.9, 19.0. HRMS (ESI) m/z calcd for C22H31N4O4S 

[M+H]+ 447.2066, found 447.2062. Purity by HPLC was found to be 95%. 

N-(5-cyclopropyl-1,3,4-oxadiazol-2-yl)-4-((3,5-dimethylpiperidin-1-yl)sulfonyl)benzamide (20): 

Off-white solid (30 mg, 24% yield). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 7.9 – 7.8 

(m, 2H), 3.7 – 3.6 (m, 2H), 2.2 – 2.1 (m, 1H), 1.8 (t, J = 11.3 Hz, 2H), 1.7 – 1.6 (m, 3H), 1.2 – 1.1 

(m, 2H), 1.0 – 1.0 (m, 2H), 0.8 (dd, J = 6.6, 1.3 Hz, 6H), 0.5 (q, J = 12.0 Hz, 1H). 13C NMR (201 

MHz, DMSO-d6) δ 164.8, 157.8, 140.3, 137.2, 129.6, 128.7, 127.8, 52.6, 41.1, 30.9, 19.0, 7.8, 6.2. 

HRMS (ESI) m/z calcd for C19H25N4O4S [M+H]+ 405.1597, found 405.1596. Purity by HPLC was 

found to be 97%. 

4-(N-((1-(13-Oxo-17-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9-trioxa-12-

azaheptadecyl)-1H-1,2,3-triazol-4-yl)methyl)sulfamoyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (HSGN-Probe): 

Clear oil (21 mg, 77% yield). 1H NMR (800 MHz, Methanol-d4) δ 8.3 – 8.1 (m, 4H), 8.1 – 7.9 (m, 

2H), 7.9 – 7.9 (m, 2H), 7.8 (s, 1H), 4.5 (d, J = 4.2 Hz, 2H), 4.3 (dd, J = 7.8, 4.3 Hz, 1H), 4.2 (s, 

2H), 3.8 (t, J = 4.7 Hz, 2H), 3.6 – 3.6 (m, 8H), 3.5 (t, J = 5.4 Hz, 2H), 3.2 (dt, J = 9.5, 4.9 Hz, 1H), 

2.9 – 2.9 (m, 1H), 2.7 – 2.7 (m, 1H), 2.3 – 2.1 (m, 2H), 1.8 – 1.5 (m, 5H), 1.5 – 1.4 (m, 3H), 1.3 – 

1.2 (m, 2H). 13C NMR (201 MHz, Methanol-d4) δ 174.7, 165.1, 164.6, 159.4, 158.8, 144.4, 143.6, 

136.4, 132.8 (q, J = 34.2 Hz), 128.8, 126.9, 126.0, 124.4 (q, J = 271.4 Hz), 123.9, 70.1, 70.0, 69.9, 

69.8, 69.1, 68.8, 61.9, 60.1, 55.5, 49.8, 39.6, 38.8, 37.7, 35.3, 28.3, 28.0, 25.4.  19F NMR (471 

MHz, Methanol-d4) δ -65.7 (s, 3F). HRMS (ESI) m/z calcd for C37H46F3N10O9S2 [M+H]+ 895.2843, 

found 895.2846. Purity by HPLC was found to be 91%. 
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4.5.17 Biological Analysis 

4.5.18 Bacterial strains media, cell lines and reagents 

 Clinical isolates used in this study (Appendix A, Table A.7) were obtained from the 

Biodefense and Emerging Infections Research Resources Repository (BEI Resources) and the 

American Type Culture Collection (ATCC). Cation-adjusted Mueller Hinton broth (CAMHB), 

tryptic soy broth (TSB) and tryptic soy agar (TSA) were purchased from Becton, Dickinson and 

Company (Cockeysville, MD, USA). Human keratinocyte cell line (HaCaT) was obtained from 

AddexBio (San Diego, CA, USA). Dulbecco’s Modified Eagle Medium (DMEM) was obtained 

from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) and phosphate-buffered 

saline (PBS) were purchased from Corning (Manassas, VA, USA). Linezolid and vancomycin 

were purchase from Chem-Impex International (Wood Dale, IL, USA). Compounds were 

synthesized from commercial sources in our laboratory and prepared in stock solutions in DMSO. 

4.5.19 Determination of the MICs 

MICs of 1,3,4-oxadiazol-2-yl benzamides were determined using the broth microdilution 

method as outlined previously212. Briefly, a bacterial solution equivalent to 0.5 McFarland standard 

was prepared and diluted in CAMHB to achieve a bacterial concentration of about 5 × 105 CFU/mL 

and seeded in 96-well plates. Streptococci, enterococci and Listeria were diluted in TSB. Serial 

dilutions of tested agents were incubated with the bacteria aerobically at 37° C for 18-20 hours 

(except for S. pneumoniae which was incubated in presence of 5% CO2). MICs were determined 

as the lowest concentration of the each test agent that completely inhibited the bacterial growth as 

determined visually. 

4.5.20 In vitro cytotoxicity analysis of HSGN-94 against human keratinocytes (HaCat) cells 

Cytotoxicity assessment for HSGN-94 was determined as previously described213-214. 

HSGN-94 was assayed (at concentrations of 16, 32, 64 and 128 µg/mL) against human 

keratinocyte cells (HaCat) to determine its potential toxic effect to mammalian skin cells in vitro. 

Briefly, cells were incubated with the compound (in sextuplicate) at 37 ºC with 5% CO2 for 2 

hours. DMSO was included as a control to determine the baseline measure of the cytotoxic impact 

of the compound. MTS 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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sulfophenyl)-2H-tetrazolium) (Promega, Madison, WI, USA) was subsequently added and the 

plate was incubated for three hours before the absorbance readings (at OD490) were recorded.  

4.5.21 Multi-step Resistance Selection: 

To assess if MRSA USA300 could form resistance to HSGN-94, a multi-step serial passaging 

experiment was conducted for 65 days, as described previously117, 215-216. Resistance was 

considered as a greater than four-fold increase in the MIC as compared to the initial MIC. 

4.5.22 Global Proteomics Analysis: 

Exponentially growing S. aureus ATCC 25923 was treated with 0.25 µg/mL HSGN-94 or an 

equivalent amount of DMSO for 2 hours. After, the cells were pelleted by centrifugation and 

washed twice with PBS. Sample preparation for LC/MS/MS and data acquisition was performed 

as described previously217. Data was analyzed using  the MaxQuant software (v. 1.6.0.16)218-220 

while bioinformatics analysis was done using the Perseus software174, as outlined previously217. 

4.5.23 Total RNA isolation and RT-PCR: 

Exponentially growing S. aureus ATCC 25923 was incubated with 0.25 μg/mL HSGN-94 or 

DMSO for 2 hours at 37 °C in triplicates. The cells were then pelleted by centrifugation. RNA 

isolation, cDNA synthesis, and RT-PCR analysis was performed following a previously reported 

procedure217. A BioRad CFX96™ Touch Real-Time PCR Detection System was used. PCR 

primers were either designed using Primer-BLAST or obtained from the referenced literature 

(Appendix A, Table A.8). The data were normalized against 16S rRNA, as an internal control, and 

the P-values from student's t-test showed * ≤ 0.05. 

4.5.24 Pull-Down Assay: 

The pull down assay and proteomic analysis was performed following a previously reported 

procedure185. Concisely, streptavidin resin and reagents were equilibrated at room temperature and 

then 100 µL of settled resins were added to spin columns and centrifuged at 500 xg for 5 minutes. 

The beads were washed twice with PBS and incubated at room temperature for 30 minutes. Then, 

the beads were again washed twice with PBS, and collected. Next, to exponentially growing S. 
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aureus ATCC 25923 was added 50 µL beads and 50 µL of 10 mg/mL HSGN-Probe or an 

equivalent amount of DMSO (control) and this was incubated at room temperature for 4 hours. 

After, the cells were pelleted by centrifugation and resuspended in PBS. The cells were then lysed 

with freeze-thawed using liquid N2 and cells were then collected via centrifugation. Next, protein 

concentration was determined using BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, 

MA, USA) and normalized. Then, SDS-PAGE was performed using a 12% gel, stained with 

coomassie blue, and gel bands were excised. The gel was then washed with 1:1 100 mM 

ammonium bicarbonate :acetonitile for 10 minutes and dreid in a vacuum centrifuge for 5-10 

minutes. After, the gel was treated with DTT followed by trypsin solution so as to perform 

alkylation and digestion as described in a previous section above. The sample was then extracted 

using 1% formic acid solution in acetonitrile and then collected and transferred to new centrifuge 

tube. This solution then underwent LC/MS/MS analysis using a reverse-phase HPLC-ESI-MS/MS 

system composed of an UltiMate™ 3000 RSLCnano system coupled to a Q-Exactive (QE) High 

Field (HF) Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher Scientific, Waltham, 

MA) and a Nano-spray Flex™ ion source (Thermo Fisher Scientific) was used to analyze the 

samples standard data-dependent mode. Data aqusition was performed using MaxQuant and 

bioinformatic analysis using Perseus as mentioned above.  

4.5.25 Membrane Lipid Extraction and TLC Analysis: 

Exponential growing S. aureus ATCC 25923 was treated with DMSO, 0.0625 µg/mL (1/4X MIC) 

HSGN-94, 0.25 µg/mL (1X MIC) HSGN-94, or 2 µg/mL (8X MIC) HSGN-94 for 5 hours at 37°C. 

The samples were normalized to OD600 0.9 and then centrifuged at 10,000 rpm for 10 minutes. The 

cells were collected and washed twice with 0.1 M sodium acetate (pH 4.7). Next, lipids were 

extracted following the Bligh-Dyer method221 and lipids were isolated and dried over nitrogen 

stream. Detection of glycolipids was performed via TLC using a previously reported procedure187. 

MALDI-TOF analysis  was used to identify glycolipids on TLC.  See Appendix A for MALDI 

mass spectra. 
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4.5.26 Multiple Reaction Monitoring Profiling (MRM-Profiling) of Lipids 

Exponential growing S. aureus ATCC 25923 was treated with DMSO, 0.25 µg/mL (1X MIC) 

HSGN-94, or 2 µg/mL (8X MIC) HSGN-94 for 5 hours at 37°C. The samples were normalized to 

OD600 0.9 and then centrifuged at 10,000 rpm for 10 minutes. The cells were collected and washed 

twice with 0.1 M sodium acetate (pH 4.7). Next, lipids were extracted following the Bligh-Dyer 

method221 and lipids were isolated and dried over nitrogen stream. Experiments were carried out 

following a previously reported procedure189. PCA plots were constructed using MetaboAnalyst 

5.0. 

4.5.27 Macromolecular Biosynthesis Assay: 

The inhibition of macromolecules by HSGN-94 at (0.125–4X MIC) were assayed in triplicate via 

scintillation counting using the previously reported procedure222.  

4.5.28 MRSA Murine Skin Infection Model: 

The mice study was approved by the Purdue Animal Care and Use Committee and 

conducted in accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. Twelve-week-old female Balb/c mice (Jackson laboratories, ME, USA), 

weighing on average 20 grams, were used for this study. Mice were housed in ventilated cages 

with access to water and food ad libitum. MRSA murine skin infection model was performed as 

described in previous reports223-225. One day prior to formation of skin wounds, the fur along the 

dorsal region of mice was shaved and disinfected with 70% ethanol. Thereafter, the dorsal skin 

just caudal to the scapulae was pinched and two excisional 6-mm diameter wounds were made in 

each mouse using a 6 mm-diameter sterile biopsy punch (Sklar instruments, PA, USA) in the 

shaved dorsal regions under isoflurane anesthesia. Mice received a subcutaneous injection of 0.03 

mg/kg buprenorphine immediately before application of biopsy punches to reduce pain. Excisional 

wounds were infected with 20 µL (per each wound) of 4.2×109 CFU/mL MRSA USA300 and 

covered with Tegaderm film (3M, MN, USA) that is fixed with Uro-Bond V silicone adhesive 

(Urocare, CA, USA). The infection was allowed to proceed for two days before initiating treatment. 

On the first day of treatment, mice were randomly divided into groups of five mice, and they 

subsequently received treatments. One group was injected clindamycin I.P. (25 mg/kg once daily). 
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The formed wounds for the remaining groups were treated topically twice daily with either 2% 

HSGN-94, 2% mupirocin, or the vehicle alone (petroleum jelly). Tegaderm was applied over the 

wounds after each treatment to prevent mice from biting, scratching, or grooming the area around 

the wounds. After five days, mice were humanely euthanized, 12 hours after the last dose, via CO2 

asphyxiation and the skin tissue of each wound was harvested aseptically. For each mouse, the left 

wound was fixed in 10% formalin for histopathological analysis (H&E staining) and the right 

wound was homogenized in sterile PBS using an Omni tissue homogenizer (Omni International, 

GA, USA). To determine the bacterial load in the wounds, the homogenate was serially diluted in 

PBS and aliquots of each dilution were plated on mannitol salt agar plates (to select for MRSA 

colonies). The plates were incubated for at least 18 hours at 37°C before bacterial colonies were 

enumerated.  

4.5.29 Expression of Proinflammatory Cytokines: 

Skin homogenates obtained from the right wound of each mouse were centrifuged (10,000 

rpm for 10 minutes) and the supernatant was transferred to a separate tube. For each treatment 

group, 100 µL aliquots from each sample (from all five mice) were pooled together. The total 

protein content for each sample was measured via the bicinchoninic acid assay, standardized, and 

expression of cytokines and growth factors was subsequently determined via the Quantibody 

Mouse cytokine array 4000 kit (RayBiotech Life, Norcross, GA). The concentrations of cytokines 

(pg/mL) in each treatment group was calculated and presented as a bar graph using GraphPad 

Prism 8.0 (La Jolla, CA). 

4.5.30 Evaluation of Inflammation via Histopathology: 

The left wound of infected mice in all the four three groups of diabetic mice (vehicle, 

HSGN-94, mupirocin and clindamycin) were aseptically harvested after mice were euthanized and 

evaluated histologically. Sections of affected skin were removed and placed in 10% neutral-

buffered formalin for 24 hours. Tissues were processed over 10 hours using a Sakura Tissue-Tek 

VIP6 tissue processor. Tissues were processed sequentially in 70%, 80%, 95%, and 100% ethanol, 

followed by xylene and paraffin, and were embedded in Surgipath Paraplast Plus (Leica 

Biosystems, Wetzlar, Germany). Tissue sections, 4-µm thickness, were placed on charged slides, 
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stained with hematoxylin and eosin (H & E), and cover- slipped using a Leica ST5010-CV5030 

integrated workstation.All stained slides were scanned using Aperio® VERSA is a whole glass 

slide scanner. All slides were analyzed by a board certified veterinary pathologist. 
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 POTENT TRIFLUOROMETHOXY, 

TRIFLUOROMETHYLSULFONYL, TRIFLUOROMETHYLTHIO AND 

PENTAFLUOROSULFANYL CONTAINING (1,3,4-OXADIAZOL-2-

YL)BENZAMIDES AGAINST DRUG-RESISTANT GRAM-POSITIVE 

BACTERIA 

This chapter was reproduced from RSC Med. Chem., 2020, 11, 102-110 with permission from the 

Royal Society of Chemistry.  

5.1 Abstract 

 According to the Centers for Disease Control and Prevention (CDC), methicillin-resistant 

Staphylococcus aureus (MRSA) affects about 80,000 patients in the US annually and directly 

causes about 11,000 deaths. Therefore, despite the fact that there are several drugs available for 

the treatment of MRSA, there is a need for new chemical entities. We previously reported that a 

1,3,4-oxadiazolyl sulfonamide F6, was bacteriostatic and inhibited MRSA strains with a minimum 

inhibitory concentration (MIC) of 2 µg/mL. Here, we report the discovery of trifluoromethoxy 

(OCF3), trifluoromethylsulfonyl (SO2CF3), trifluoromethylthio (SCF3) and pentafluorosulfanyl 

(SF5) containing (1,3,4-oxadiazol-2-yl)benzamides exhibiting potent antibacterial activities 

against MRSA. Interestingly, whereas the OCF3 and SO2CF3 containing oxadiazoles were 

bacteriostatic, the SCF3 and SF5 containing oxadiazoles were bactericidal. They exhibited a wide 

spectrum of activity against an extensive panel of Gram-positive bacterial strains, including MRSA, 

vancomycin resistant Staphylococcus aureus (VRSA), vancomycin resistant enterococcus (VRE) 

and Streptococcus pneumoniae. Furthermore, compounds 6 and 12 outperformed vancomycin in 

clearing intracellular MRSA in infected macrophages. Moreover, the tested compounds behaved 

synergistically or additively with antibiotics used for treatment of MRSA infections. 

5.2 Introduction 

 On February 27, 2017, the World Health Organization (WHO) published a list of bacteria 

for which new antibiotics are urgently needed. This first ever list of antibiotic-resistant “priority 

pathogens”, comprises 12 families of bacteria that pose the greatest threat to human health226. 

Methicillin-resistant, vancomycin-intermediate and vancomycin-resistant Staphylococcus aureus 
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were listed as high priority category that requires development of new antibiotics. S. aureus, a 

Gram-positive bacterial pathogen, is one of the leading causes of community- and hospital- 

acquired infection107. The rise in antimicrobial resistant strains partly contributes to the increasing 

death rate associated with S. aureus infection108. For instance, methicillin-resistant S. aureus 

(MRSA) bacteremia is accompanied by higher mortality rates compared to methicillin-sensitive S. 

aureus (MSSA) bacteremia109. Moreover, deadly staphylococcal infections are still a global threat. 

According to the Centers for Disease Control and Prevention (CDC), more than 119,000 people 

suffered from bloodstream S. aureus infections in the United States in 2017, and nearly 20,000 

died. Therefore, the need for novel anti-MRSA therapies cannot be overemphasized.  

 Despite the availability of drugs that are effective against MRSA, such as vancomycin, 

trimethoprim-sulfamethoxazole, clindamycin, tetracycline,  doxycycline, minocycline, 

daptomycin, rifampin or linezolid151, about 14% of patients who get serious MRSA infections 

die132. The majority of the aforementioned drugs used to treat MRSA have limitations that preclude 

certain patient class. For example, vancomycin is not appropriate for patients with reduced kidney 

function (such as elderly or diabetic patients)152. Additionally, S. aureus strains, which are resistant 

to the most commonly used antibiotics such as  vancomycin152, trimethoprim-sulfamethozole153, 

linezolid227, clindamycin228 and daptomycin229 has also been well documented. Therefore, the 

increase in resistance to commonly used drugs for MRSA infections, along with growths in both 

hospital and community acquired MRSA infections demonstrate the vital need for new entities 

that are active against MRSA. 

 We previously reported that F6 was active against MRSA with a minimum inhibitory 

concentration (MIC) of 2 µg/mL117. F6 was found to be bacteriostatic, non-toxic and efficacious 

in a mouse wound infection model. It was determined in the previous report that the 3,5-

dimethylpiperidinyl sulfonamide moiety was essential for antibacterial activity. In this report, we 

revealed that whereas substitution of the 3,5-dimethylpiperidinyl sulfonamide moiety with most 

groups abrogated antibacterial activity, substitution with the trifluoromethylsulfonyl, 

trifluoromethoxy, trifluoromethylthio and pentafluorosulfanyl groups afforded analogs that were 

more potent than F6.  

 A few bioactive compounds, which also bear the trifluoromethoxy, trifluoromethylsulfonyl, 

trifluoromethylthio and pentafluorosulfanyl groups have been reported (Figure 5.1). DSM265 (a 

new antimalarial drug)  completed phase IIa clinical trials (NCT02123290)230. DSM265 is orally 
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bioavailable with favorable pharmacokinetics, revealing that the pentafluorosulfanyl group is 

appropriate to append to potential drugs. Likewise, the pentafluorosulfanyl containing COX-2 

inhibitor has been shown to reduce inflammation and pain in vivo231.   As for trifluoromethylthio-

containing compounds, Triflorex is an FDA approved drug for the treatment of anorexia232.  

Triflorex is given orally, demonstrating that the trifluoromethylthio group can be adequately 

substituted on potentially bioactive compounds. The trifluoromethylsulfonyl and trifluoromethoxy 

groups are increasingly being introduced into bioactive compounds. For example, Rilutek (FDA 

approved for the treatment of amyotrophic lateral sclerosis (ALS)) and Saprisartan (approved for 

hypertension) contain the trifluoromethoxy and trifluoromethylsulfonyl groups respectively 

(Figure 5.1)233-234. 

 

Figure 5.1 Trifluoromethoxy, trifluoromethylsulfonyl, trifluoromethylthio, and pentafluorosulfanyl 

containing bioactive molecules. 

5.3 Results and Discussion 

5.3.1 Synthesis of (1,3,4-oxadiazol-2-yl)benzamides and evaluation of their antibacterial 

activity 

 Our group has been interested in discovering novel chemotypes that are active against drug-

resistant bacteria. F6 and its analogs were readily made in one step via amide coupling. Coupling 

reagents such as 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl), 

hydroxybenzotriazole (HOBt), or (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) were either unsuccessful or low-yielding whereas using 
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benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) reagent 

resulted in product yield up to 43%. Using methylithium to deprotonate the amine, followed by 

coupling with the acid chloride also afforded products in up to 25% yield. Having developed the 

methodology to make F6, we applied the BOP reagent to make a series of analogs bearing electron-

withdrawing and donating groups (Figure 5.2)235.  These compounds were initially screened for 

their ability to inhibit the growth of S. aureus at 16 μg/mL (Figure 5.3). For compounds that 

showed inhibitory activity, we determined the MIC (Table 5.1). From these results, compounds 

bearing, trifluoromethyl (5), trifluoromethylsulfonyl (6), trifluoromethoxy (11), 

trifluoromethylthio (12), and pentafluorosulfanyl (13) groups were active but not others (Figure 

5.3 and Table 5.1). Interestingly, it appears that electron-withdrawing ability alone did not dictate 

antibacterial activity. For example, compounds bearing 4-cyano (2) -nitro (3), and -fluoro (4) 

groups had low to moderate activity. Furthermore, compounds containing hydrophilic electron 

donating groups (7) were not active (Figure 5.3). The degree of fluorination also had an effect on 

antibacterial activity for sulfur and oxygen containing compounds. For instance, MICs for 

methylthio (10), difluoromethylthio (9), trifluoromethylthio (12), and pentafluorosulfanyl (13) 

were 8 μg/mL, 4 μg/mL, 0.5 μg/mL, and 0.5 μg/mL respectively. MICs for 

compounds 8 and 11 were 32 μg/mL and 1 μg/mL respectively. 
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Figure 5.2 A. Synthetic scheme for the synthesis of analogs using BOP reagent. BOP = Benzotriazol-1-

yloxy-tris (dimethylamino)phosphonium hexafluorophosphate; DIPEA = N,N-diisopropylethylamine; 

DMF = dimethylformamide. B. Analogs containing either electron-withdrawing or electron-donating 

groups. 
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Figure 5.3 Inhibition of growth of S. aureus ATCC 25923 by 1,3,4-(oxadiazol-2-yl)benzamides. S. 

aureus, at early exponential growth, was treated with either DMSO or 16 µg/mL of compounds and OD600 

measured after 24h. Error bars represent standard error of the mean of duplicates. 

Table 5.1 Initial screening (MIC, µg/mL) of (1,3,4-oxadiazol-2-yl)benzamides against 

Staphylococcus aureus ATCC 25923 and methicillin-resistant Staphylococcus aureus (MRSA) 

ATCC 33592 

Compound/Control 

Antibiotic 

S. aureus ATCC 25923 MRSA ATCC 33592 

3 4 8 

4 32 32 

5 2 2 

6 0.5 0.5 

8 32 32 

9 4 4 

10 4 4 

11 1 1 

12 0.5 0.5 

13 0.25 0.5 

Vancomycin 1 1 

Linezolid 2 2 
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 After identifying compounds 5, 6, 11, 12, and 13 as being potent against MRSA, we next 

investigated other trifluoromethyl-substituted heteroaromatic compounds (Figure 5.4). 

Unfortunately, this series was not as active as our original hit molecules (compare MICs 

for 5, 6, 11, 12, and 13, Table 4.1, with compounds 14–17, Table 5.2), demonstrating that the 

phenyl group is needed for optimal antibacterial activity. 

 

Figure 5.4 Trifluoromethyl-substituted heteroaromatic compounds synthesized. 

Table 5.2 Initial screening (MIC, in µg/mL) of other trifluoromethyl-substituted heteroaromatic 

compounds against Staphylococcus aureus ATCC 25923 and MRSA ATCC 33592 

Compound S. aureus ATCC 25923 MRSA ATCC 33592 

14 4 2 

15 64 32 

16 16 16 

17 >64 >64 

 

5.3.2 Compounds 6, 11, 12, & 13 are not active against Gram-negative bacteria 

 We next moved to test if compounds 6, 11, 12, and 13 were effective against Gram-negative 

bacteria. Thus, we tested the compounds viability against clinically relevant Gram-negative 

bacterial strains. Compounds 6, 11, 12, and 13 did not inhibit the growth of Escherichia coli ATCC 

25404, Pseudomonas aeruginosa ATCC 27853, and Acinetobacter baumannii 19606 RW4 at 

concentrations of 16 µg/mL (Figure 5.5). 
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Figure 5.5 Inhibition of growth of A) E. coli ATCC 25404; B) P. aeruginosa ATCC 27853; C) A. baumannii 

ATCC 19606 by compounds 6, 11, 12, & 13 at 16 µg/mL. 

5.3.3 Comprehensive antibacterial profile of compounds 6, 11, 12 and 13 against 

multidrug-resistant Gram-positive clinical strains 

After the initial screening of compounds 6, 11, 12 and 13, we assessed their antibacterial 

profile against a panel of multidrug-resistant staphylococcal isolates. Compound 6 inhibited 

growth of the tested strains at concentrations ranging from 4 to 8 µg/mL. Compounds 11, 12 and 

13 exhibited a potent activity inhibiting the tested multidrug-resistant staphylococcal strains at 

concentrations ranging from 0.06 to 2 µg/mL (Table 5.3). Furthermore, compounds 6, 11, 12 and 

13 maintained the same potent activity against other clinically relevant Gram-positive bacterial 

species including vancomycin-resistant enterococci (VRE), multidrug-resistant Streptococcus 

pneumoniae and Listeria monocytogenes (Table 5.4). Compounds 11, 12 and 13 exhibited potent 

activity against S. epidermidis, which represents the most common source of infections on 

implanted medical prosthetic devices due to its huge ability to form strongly adherent biofilms that 

have intrinsic resistance to antibiotics and the host defense systems236-237. Moreover, the 

compounds kept their superiority over vancomycin against vancomycin-resistant enterococci 

(VRE). VRE were indicated as the leading cause of nosocomial infections in the USA, causing 

about 20-30% of hospital-acquired infections and the second major cause of such infections across 

the world 238. Moreover, according to the World of Health Organization (WHO), vancomycin-

resistant E. faecium is categorized as one of twelve bacterial pathogens that urgently need the 

development of new therapeutics and alternative strategies to combat their infections239. 

Additionally, compounds 6, 11, 12 and 13 exhibited a potent activity against S. pneumoniae 

inhibiting the tested strains at concentrations ranging from 0.125 to 2 µg/mL. S. pneumoniae is 

categorized by CDC as a serious threat bacterium that require prompt and sustained action to 

overcome its problems. It is associated with 1,200,000 infections yearly with about 7000 deaths in 
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USA alone. S. pneumoniae is responsible for an estimated $96 million in medical costs per year 

and is the leading cause of bacterial pneumonia and meningitis in the United States. It is also a 

major cause of bloodstream, ear and sinus infections240. 



 

 

114 

Table 5.3 The minimum inhibitory concentration (MIC in µg/mL) of compounds 6, 11, 12 and 

13 against methicillin-sensitive Staphylococcus aureus, methicillin-resistant Staphylococcus 

aureus (MRSA) and vancomycin-resistant Staphylococcus aureus (VRSA) strains. 

Bacterial strains Compounds/ Control antibiotics 

6 11 12 13 Vancomycin Linezolid 

Methicillin-sensitive 

Staphylococcus aureus ATCC 6538 

8 1 0.5 0.5 1 0.5 

Methicillin-sensitive 

Staphylococcus aureus 

NRS 107 

4 1 0.25 0.125 1 0.5 

MRSA NRS 119 8 1 0.5 0.06 1 >64 

MRSA NRS382 (USA100) 8 1 0.5 0.5 2 1 

MRSA NRS383 (USA200) 8 2 0.25 1 1 1 

MRSA NRS384 (USA300) 4 0.5 0.5 0.5 1 1 

MRSA NRS123 (USA400) 4 1 0.5 0.25 1 1 

MRSA NRS 385 (USA500) 8 2 2 0.5 2 1 

MRSA NRS 386 (USA700) 4 1 0.5 0.125 1 1 

MRSA NRS 387 (USA800) 4 2 0.125 0.25 2 1 

MRSA NRS 483 (USA1000) 4 1 0.5 0.25 2 1 

MRSA NRS 484 (USA1100) 4 0.5 0.5 0.5 2 2 

VRSA 10 4 1 0.5 0.25 >64 1 

VRSA 12 8 1 0.5 0.125 >64 1 
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Table 5.4 The minimum inhibitory concentration (MIC in µg/mL) of compounds 6, 11, 12 and 

13 against a panel of clinically important Gram-positive bacterial pathogens including 

Staphylococcus epidermidis, Streptococcus pneumoniae, Enterococcus faecalis, Enterococcus 

faecium and Listeria monocytogenes. 

Bacterial strains Compounds/ Control antibiotics 

6 11 12 13 Vancomycin Linezolid 

Staphylococcus epidermidis 

NRS101 

4 0.5 0.25 0.06 2 1 

Cephalosporin- resistant 

Streptococcus pneumoniae 

ATCC 51916 

2 2 0.25 0.25 0.5 1 

Methicillin- resistant 

Streptococcus pneumoniae 

ATCC 700677 

1 1 0.25 0.125 1 1 

Enterococcus faecalis ATCC 

51299 (VRE)1 

4 8 4 2 32 1 

Enterococcus faecium ATCC 

700221 

(VRE) 

4 4 4 2 >64 1 

Listeria monocytogenes ATCC 

19111 

2 2 0.5 0.125 0.5 0.5 

5.3.4 Compounds 6, 11, 12 and 13 are highly tolerable to human cell lines 

 Selectivity towards prokaryotic cells is an essential attribute for any antibiotic candidate. 

In this regard, compounds 6, 11, 12 and 13 were assessed for toxicity to mammalian cells, and 
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they exhibited an excellent safety profile against human colorectal cells (Caco-2) (Figure 5.6). 

Compounds 6, 11 and 12 were highly tolerable to Caco-2 cells at concentrations higher than 128 

µg/mL. This concentration is 256-times higher than the compound’s corresponding MIC value 

against MRSA ATCC 33592 used in the initial screening. Compound 13 was non-toxic to Caco-2 

cells up to 64 µg/mL, which is 128-times higher than the compound’s MIC against MRSA ATCC 

33592.  
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Figure 5.6 Toxicity analysis of compounds 6, 11, 12 and 13 (tested in quadruplicates at 32, 64 and 128 

µg/mL) against human colorectal cells (Caco-2) using the MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. Results are presented as percent viable 

cells relative to DMSO (negative control to determine a baseline measure for the cytotoxic impact of each 

compound). The absorbance values represent an average of four samples analyzed for each compound. 

Error bars represent sample standard deviation values. The data were analyzed via two-way ANOVA with 

post-hoc Dunnett’s test for multiple comparisons (P<0.05). 

5.3.5 Compounds 6, 11, 12, & 13 do not lyse red blood cells 

 Hemolysis can have serious implications on organ function. For instance, hemolysis has 

been shown to cause reduced nitrous oxide signaling, resulting in higher systolic, diastolic and 

mean arterial blood pressure, as well as cardiovascular and renal dysfunction, inflammation, 

thrombosis, and enhanced susceptibility to infections241. Thus, we sought to determine if our 

compounds would lyse RBCs. All compounds were safe to RBCs at concentration higher than 128 

µg/mL as presented by their HC50; the concentration of each compound causing 50% hemolysis to 

RBCs. Compound 6 caused around 37% hemolysis to RBCs at the concentration of 128 µg/mL 

(256X MIC). Its hemolytic activity dropped to 35% and 23% at the concentrations of 64 and 32 
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µg/mL, respectively. Compounds 11, 12, and 13 caused little hemolysis (20%, 19% and 9%, 

respectively at the concentration of 128 µg/mL) with minimal hemolytic effect at the lower tested 

concentrations (Figure 5.7). Therefore, these results demonstrate that compounds 6, 11, 12, and 13 

will have a minor hemolytic activity to human RBCs when used clinically to treat bacterial 

infections. 

 

Figure 5.7 Hemolytic activity of compounds 6, 11, 12, and 13 (in triplicate) against human RBCs. The 

results are presented as percent RBCs hemolysis for each compound relative to triton-X (positive control 

showing complete hemolysis of RBCs). The absorbance values represent an average of three samples 

analyzed for each compound. Error bars represent sample standard deviation values. 

5.3.6 Compounds 6 & 11 are bacteriostatic, while compounds 12 & 13 are bactericidal 

against MRSA 

 With the growing interest in drugs containing trifluoromethoxy, trifluoromethylsulfonyl, 

trifluoromethylthio, and pentafluorosulfanyl groups242-243, we proceeded to analyze other aspects 

of antibacterial activity for compounds 6, 11, 12, and 13. We previously revealed that the 3,5-

dimethylpiperidinyl sulfonamide, F6 is bacteriostatic117. Thus, we measured the minimum 

bactericidal concentration (MBC) for 6, 11, 12, and 13 against MRSA strain. Curiously, 

compounds 12 and 13 were bactericidal, whereas compounds 6 and 11 were bacteriostatic. 

Compounds’ 12 and 13 MBC values were one-fold higher than their corresponding MICs. On the 

other hand, the MBC values of compounds 6 and 11 were more than 3-folds higher than their 

corresponding MICs (Table 5.3). 



 

 

118 

Table 5.5 The minimum bactericidal concentration (MBC, in µg/mL) of compounds 6, 11, 12, & 

13 and control antibiotics against MRSA ATCC 33592. 

Compounds/ Control antibiotics MBC (µg/mL) 

6 >128 

11 >128 

12 1 

13 1 

Vancomycin 1 

Linezolid >128 

 

 In order to confirm this mode of killing against MRSA, a time-kill kinetics assay was 

performed against MRSA ATCC 33592 (Figure 5.8). In concurrence with the previously shown 

MBC results (Table 5.5), compounds 6 and 11 exhibited a bacteriostatic activity while compounds 

11 and 12 exhibited a bactericidal activity. After 24 hours, compounds 6 and 11 caused a 1.04- 

and 0.69-log10-reduction in the bacterial count, which was similar to linezolid that caused about 

1.7-log10-reduction.  In contrast, compounds 12 and 13 caused a 4.2- and 3.96-log10-reduction in 

CFU/mL respectively, which was similar to vancomycin. There are a few examples in the literature 

whereby researchers have replaced the CF3, NO2 or t-Butyl moieties in drugs or lead compounds 

with the SF5 unit244. Here, we provide a cautionary tale that such replacements are not always 

conservative and could indeed change the mode of action of or response to a drug or lead 

compound. Future work, beyond the scope of this manuscript, will investigate the specific modes 

of actions of these compounds. 
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Figure 5.8 Time-kill kinetics analysis of compounds against MRSA ATCC 33592 using vancomycin and 

linezolid as control antibiotics. 

5.3.7 Compounds 6 and 12 significantly kill intracellular MRSA 

 The rapid and potent antibacterial activity of the (1,3,4-oxadiazol-2-yl)benzamide 

compounds propelled us to investigate whether these compounds could gain entry inside 

macrophages infected with MRSA to reduce the burden of intracellular bacteria. S. aureus is a 

highly successful pathogenic bacteria due to extensive release of different virulence factors and its 

ability to evade host innate immune responses. S. aureus produces toxins, like leukocidin A/B, that 

are able to specifically target and kill phagocytes245. Additionally, it has been reported that 

intracellular MRSA can replicate within the phagolysosome after phagocytosis by macrophages 

thus permitting the organism to survive, escape from phagocytes,  disseminate and cause chronic 

and persistent infections246. Most antibiotics, such as  linezolid, β-lactams, vancomycin, 

aminoglycosides and oritavancin, are unable to target intracellular bacteria247. Consequently, 

antibacterial compounds capable of gaining entry inside infected macrophages are needed. In this 

regard, we tested the activity of compounds 6 (bacteriostatic compound) and 12 (bactericidal 

compound) in clearing intracellular MRSA. First, we tested the toxicity profile of compounds 6, 

11, 12 and 13 against murine macrophages (J774), used for the intracellular infection experiment, 

and they showed excellent safety profile (Figure 5.9A) where they were tolerable at a concentration 

as high as 32 µg/mL. Therefore, we tested two of the compounds at 8 and 16 µg/mL. As depicted 

in Figure 5.9B, after 24 hours incubation, compound 6 generated a 0.5- and 0.6-log10 reduction of 

intracellular MRSA at 8 and 16 µg/mL respectively. On the other hand, compound 12 effectively 
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reduced the intracellular MRSA count where it generated 0.7- and 0.9-log10 reduction of 

intracellular MRSA at 8 and 16 µg/mL respectively.  This activity was superior to vancomycin 

which was unable to reduce the burden of intracellular MRSA. This result indicates that (1,3,4-

oxadiazol-2-yl)benzamides are advantageous over vancomycin in the ability to reduce the burden 

of intracellular MRSA within infected macrophages. 

 

Figure 5.9 A) Toxicity analysis of compounds 6, 11, 12 and 13 (tested in triplicate at 16, 32 and 64 µg/mL) 

against murine macrophage (J774) cells using the MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. The results are presented as percent 

viable cells relative to DMSO (negative control to determine a baseline measure for the cytotoxic impact 

of each compound). The absorbance values represent an average of three samples analyzed for each 

compound. Error bars represent sample standard deviation values. The data were analyzed via two-way 

ANOVA with post-hoc Dunnett’s test for multiple comparisons to determine statistical difference between 

the values obtained for each compound and DMSO (*, P < 0.05). B) Effect of compounds 6 and 12 and 

vancomycin to reduce intracellular MRSA present inside murine macrophages (J774). Data are presented 

as log10 colony forming units of MRSA USA400 per mL inside infected murine macrophages after 

treatment with 8 and 16 µg/mL of either compounds 6, 12 or vancomycin (tested in triplicates) for 24-hours. 

Data were analyzed via two-way ANOVA, with post hoc Dunnet’s test for multiple comparisons (P < 0.05), 

utilizing GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). The asterisk (*) represents a significant 

difference between the treatment of J774 cells with compounds 6 or 12 in comparison to vancomycin. 

5.3.8 Synergistic interactions of Compounds 6, 11, 12, & 13 with standard antibiotics 

 Combination therapy is commonly used in the clinic to treat bacterial infections. For 

instance, beta-lactams like piperacillin, ceftaroline, and oxacillin are consistently combined with 

either vancomycin or daptomycin for the treatment of MRSA infections248. Therefore, we 

investigated the synergistic interactions of our compounds with 4 antibiotics. Interestingly, we 

discovered that compounds 12 and 13 synergize with methicillin, reducing the methicillin’s MIC 

from 128 µg/mL to 32 µg/mL against MRSA 33592 (Table 5.6) with fractional inhibitory 

concentration index (FICI) of 0.5. Compounds 6 and 11 showed additivity when combined with 

methicillin, with compound 6 reducing methicillin’s MIC to 4 µg/mL. Curiously, the 32-fold 
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reduction in methicillin’s MIC when combined with compound 6 can be later explored in 

synthesizing analogs that can resensitize MRSA to methicillin. Furthermore, compound 11 

demonstrated synergy with daptomycin, reducing its MIC from 0.5 µg/mL to 0.125 µg/mL. 

Daptomycin can cause nephrotoxicity and hepatotoxicity249 so the potential to reduce the dosage 

needed for daptomycin could be clinically important. Compounds 6, 12, and 13 demonstrated 

additivity with daptomycin but these same compounds did not synergize with either linezolid or 

vancomycin (Table 5.6). Collectively, the results shed valuable insight into (1,3,4-oxadiazol-2-

yl)benzamides  that could serve as potential future partners with anti-MRSA agents.
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2
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Table 5.6 The cumulative fractional inhibitory concentration index (∑FICI) range of compounds 6, 11, 12, and 13 in combination with 

antibiotics against MRSA ATCC 33592. ∑FICI was interpreted as follows: ∑FICI of ≤0.5 is considered to demonstrate synergy 

(SYN). An ΣFICI of >0.5-1.25 was categorized as additive (ADD). ΣFICI of >1.25-4 was considered as indifference (IND), while 

ΣFICI values of > 4 were categorized as antagonistic. 
 

MIC 

alone 

Combination MIC ∑FICI Combination MIC ∑FICI Combination MIC ∑FICI Combination MIC ∑FICI 

# Antibiotic Antibioti

c 

Antibioti

c 

6 Antibioti

c 

11 Antibioti

c 

12 Antibiotic 13 

1 Linezolid 2 2 0.062

5 

1.0 2 0.25 1.3 2 0.062

5 

1.1 2 0.5 1.5 

2 Methicillin 128 4 1 0.5 16 0.5 0.6 32 0.25 0.5 32 0.25 0.5 

3 Daptomycin 0.5 0.25 0.25 0.6 0.125 0.25 0.5 0.25 0.125 0.6 0.25 0.25 0.8 

4 Vancomycin 1 1 0.062

5 

1.0 1 0.062

5 

1.1 0.5 0.5 1.0 0.5 0.5 1.0 
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5.4 Experimental Section 

 Please see the electronic supplementary information located on the RSC Medicinal 

Chemistry website for the following: Synthesis and characterization data of compounds (1H, 13C 

NMR and HRMS). Bacterial strains, media, cell lines and reagents used. Protocols for the 

determination of the MICs and MBCs against bacteria, synergy of compounds with standard 

antibiotics, in vitro cytotoxicity analysis of compounds 6, 11, 12 and 13 against human colorectal 

and murine macrophage cells, hemolysis assay, time-kill kinetics analysis, intracellular infection 

of J774 cells with MRSA and treatment with compounds 6 and 12. Table of bacterial isolates used 

in this study. 

5.5 Conclusion 

 We have identified promising trifluoromethoxy, trifluoromethylsulfonyl, 

trifluoromethylthio, and pentafluorosulfanyl (1,3,4-oxadiazol-2-yl)benzamides with potent 

antibacterial activity against MRSA, VRSA and S. pneumoniae. Additionally, they showed a 

highly acceptable tolerability to human cell lines and did not lyse RBCs. Furthermore, compounds 

6 and 12 outperformed vancomycin in clearing intracellular MRSA in infected macrophages. 

Moreover, compounds 12 and 13 behaved synergistically when combined with methicillin 

exhibiting ΣFICI of 0.50 against MRSA ATCC 33592 while compound 11 behaved synergistically 

with daptomycin exhibiting ΣFICI of 0.50 against the same strain. Consequently, these compounds 

could be potentially used alone or in combination with antibiotics against multidrug-resistant 

staphylococci. Overall, this work adds to the increasing number of reports that have attempted to 

address the anti-bacterial resistance issue with novel small molecules70, 127-129, 250-256. 
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experiments. G. Naclerio and H. Sintim wrote the manuscript. G. Naclerio, N. Abutaleb, H. Sintim, 
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 ULTRAPOTENT INHIBITOR OF CLOSTRIDIOIDES 

DIFFICILE GROWTH, WHICH SUPPRESSES RECURRENCE IN VIVO 

Reproduced with permission from J. Med. Chem. 2020, 63, 20, 11934–11944. Copyright 2020 

American Chemical Society. Publication can be found at  

https://doi.org/10.1021/acs.jmedchem.0c01198. Further permission related to publication should 

be directed to the ACS. 

6.1 Abstract 

 Clostridioides difficile (C. difficile) is the leading cause of healthcare-associated infection 

in the U.S. and considered an urgent threat by the Centers for Disease Control and Prevention 

(CDC). Only two antibiotics, vancomycin and fidaxomicin, are FDA-approved for the treatment 

of C. difficile infection (CDI) but these therapies still suffer from high treatment failure and 

recurrence. Therefore, new chemical entities to treat CDI are needed. Trifluoromethylthio 

containing N-(1,3,4-oxadiazol-2-yl)benzamides displayed very potent activities (sub-µg/mL 

minimum inhibitory concentration (MIC) values) against Gram-positive bacteria. Here, we report 

remarkable antibacterial activity enhancement via halogen substitutions, which afforded new anti-

C. difficile agents with ultrapotent activities (MICs as low as 0.003 µg/mL (0.007 µM)) that 

surpassed the activity of vancomycin against C. difficile clinical isolates.  The most promising 

compound in the series, HSGN-218, was non-toxic to mammalian colon cells and is gut restrictive. 

In addition, HSGN-218 protected mice from CDI recurrence. Not only does this work provide a 

potential clinical lead for the development of C. difficile therapeutics but also it highlights dramatic 

drug potency enhancement via halogen substitution.  

6.2 Introduction 

 Clostridioides difficile (C. difficile) is a spore-forming Gram-positive anaerobic bacterium 

and the leading cause of nosocomial infections as well as antibiotic-associated diarrhea in the 

United States257. In 2017, the Centers for Disease Control and Prevention (CDC) determined that 

in the U.S., 223,900 patients were hospitalized with C. difficile infection (CDI), resulting in 12,800 

deaths and more than $1 billion in healthcare costs47. CDI causes severe diarrhea along with life-

threatening complications such as toxic megacolon, pseudomembranous colitis, and systemic 
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inflammatory response syndrome258. Manifestations of the disease are credited to the toxin-

mediated damage produced by two major toxins: toxin A (TcdA/enterotoxin) and toxin B 

(TcdB/cytotoxin), which catalyze the inactivation of Rho GTPases, ultimately causing intense 

inflammation of the gut, accompanied by necrosis and apoptosis of colonic mucosal cells259-260. 

Furthermore, C. difficile’s ability to produce spores hinders the clinical management of CDI 

because these spores are very resistant to environmental conditions, antibiotics, and disinfection 

processes. C. difficile spores can spread throughout the environment and once ingested by 

vulnerable hosts, they develop into vegetative cells that colonize the intestines, thereby producing 

toxins and establishing infection261-262. Therefore, C. difficile spores serve as the major cause of 

CDI circulation and recurrence.  

 CDI is typically caused from the use of antibiotics, which disrupts the reproduction of 

normal and protective gut microbiota, ultimately allowing C. difficile to grow in the colon and 

produce infectious toxins263. Although the overuse of antibiotics is one of the main reasons 

contributing to CDI, the management of CDI requires antibiotic treatment. Currently, there are 

only three drugs used to treat CDI: metronidazole, vancomycin, and fidaxomicin. Yet only 

vancomycin and fidaxomicin are approved by the FDA for treatment of CDI. Although, 

metronidazole was previously recommended as a first-line therapy for CDI, its use is now only 

limited to non-severe CDI cases when patients are unable to be treated with vancomycin or 

fidaxomicin264. Moreover, other limitations with metronidazole treatment are its potent activity 

against a wide spectrum of protective normal microbiota, as well as its high absorption (100% 

bioavailable) from the intestinal tract, restricting its concentrations in the colon265-266. Although 

oral vancomycin is minimally absorbed into the systemic circulation267, it has broad spectrum 

activity against Gram-positive bacteria, leading to a reduction in microbiome diversity268. 

Furthermore, both vancomycin and metronidazole treatments are inadequate due to high treatment 

failure (14% with vancomycin and 22% with metronidazole) and high recurrence rates (25% to 

30%). This is because both antibiotics are ineffective against spores and also they cause disruption 

of the beneficial gut microbiota269-270. Fidaxomicin is the only new drug approved for CDI in the 

last 30 years. Fidaxomicin has lower recurrence rates compared to vancomycin and metronidazole 

because of its selectivity towards C. difficile; however, its high cost limits its use271-273. Even 

though vancomycin and fidaxomicin are FDA-approved therapies for CDI, emerging resistance or 

reduced susceptibility are evident to these antibiotics272, 274. In addition, one emerging alternative 
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non-antibiotic therapy for CDI is fecal microbiota transplant (FMT), which restores the disrupted 

normal microbiome, leading to renovation of the colonization resistance to C. difficile275. While 

FMT appeared to be successful in the treatment of some CDI cases, it has many restrictions and 

poses a serious risk of transmitting infectious pathogens to the patients; especially 

immunocompromised and elderly patients276-277. Therefore, due to the increase in treatment failure 

and recurrence rates with the commonly used anti-CDI drugs, along with growths of CDI, efforts 

to develop novel anti-CDI therapeutics have intensified156. 

 Our program focuses on the discovery of new N-(1,3,4-oxadiazol-2-yl)benzamides  to 

combat the urgent threats of antibiotic-resistant bacteria117, 134. We previously reported the 

trifluoromethylthio-containing (1,3,4-oxadiazol-2-yl)benzamide, compound 12, as a potent anti-

MRSA agent164. Compound 12 was found to have bactericidal activity as well as being non-toxic 

to mammalian cells164. Compound 12 was however not evaluated in vivo as it was not deemed an 

ideal lead due to the presence of a potential thiophene toxicophore (Figure 6.1). In this report, we 

describe the generation of a new series of trifluoromethylthio containing (1,3,4-oxadiazol-2-

yl)benzamides, which leads to the identification of N-(5-(3,5-dichlorophenyl)-1,3,4-oxadiazol-2-

yl)-4-((trifluoromethyl)thio)benzamide (HSGN-218), which does not contain a thiophene (Figure 

6.1). HSGN-218 was tested for its activity against a panel of clinical pathogenic C. difficile strains. 

Cytotoxicity against mammalian cells, bi-directional Caco-2 permeability and activity against 

normal gut microbiota were also investigated. Moreover, the activity of HSGN-218 treatment was 

evaluated in an in vivo CDI mouse model and its ability to prevent C. difficile recurrence in vivo 

was also investigated. 
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Figure 6.1 Compound 12 contains a potential thiophene toxicophore but was found to be potent against C. 

difficile. Utilization of halogen substitution led to the discovery of an ultrapotent anti-C. difficile agent 

(HSGN-218) with a 70-times imporvement in potency (from 0.5 µg/mL (1.4 µM) to 0.007 µg/mL (0.02 

µM). 

6.3 Results and Discussion 

6.3.1 Halogenation, a High-Level Medicinal Chemistry Design Strategy 

 Halogens (X = F, Cl, Br, and I) are commonly used substituents in medicinal chemistry 

and drug discovery278-281. For instance, around 40% of the drugs currently FDA-approved or in 

clinical trials are halogenated and about 25% of the published medicinal chemistry papers and 

patents contain the late stage addition of halogen atoms279. Likewise, 35% of the top-15 selling 

drugs from 2010 to 2016 are halogenated282 (Figure 6.2A). Of the halogenated drugs, 57% contain 

fluorine, 38% contain chlorine, 4% contain bromine, and only 1% contain iodine279.  The addition 

of halogen substitutents has been shown to have a major effect on a drug’s potency and 

pharmacological properties. Regarding pharmacological properties, addition of halogen 

substituents to lead compounds has been shown to increase lipophilicity, permeability, membrane 

binding and metabolic stability283-284. Likewise, insertion of halogen atoms into lead-like 

compounds also showed enhanced drug metabolism because the carbon-halogen bond is not easily 

metabolized by cytochrome P450279. Concerning potency, halogen atom substitution’s effect has 

been documented. For example, L86-8276, a cyclin-dependent kinase 2 (CDK2) inhibitor was 

shown to have an IC50 value of 2.4 µM (Figure 6.2B)285. Yet, the addition of a chlorophenyl group 
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to give Flavopiridol showed a six-fold improvement in potency to give an IC50 of 0.4 µM against 

CDK2 (Figure 6.2B)285. 

 

Figure 6.2 Importance of the addition of halogen substituents to lead compounds. A. Examples of 

the top-15 selling drugs that are halogenated. B. Addition of chlorophenyl to CDK2 inhibitors 

led to a six-fold enhancement in potency. 

6.3.2 Synthesis and Anti-C. difficile Activity of Trifluoromethylthio Containing (1,3,4-

oxadiazol-2-yl)Benzamides 

 We previously reported that compound 12 was potent against a panel of clinically 

important Gram-positive bacteria164. Based on its broad-spectrum Gram-positive activity, we 

wondered if it would be active against C. difficile. Compound 12 inhibited C. difficile ATCC BAA 

1801 with an MIC of 0.5 µg/mL (1.4 µM) (see Figure 1 and Table 1), which is comparable to 

vancomycin. However, compound 12 contains an unsubstituted thiophene moiety, which can lead 

to toxicity concerns (Figure 6.1). For instance, thiophene metabolism, caused by cytochrome P450 

mediated oxidation, can lead to the formation of reactive metabolites, thiophene-S oxides286-287, 

thiophene epoxides287, and sulphenic acids288, which have a high propensity to react with 

nucleophiles such as water and glutathione289. We were however encouraged that compound 12 

showed good activity against C. difficile, so we proceeded to make new analogs, which did not 

contain thiophene but instead substituted phenyl groups. 
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Scheme 6.1 General Route for the Synthesis of trifluoromethylthio-containing N-(1,3,4-

oxadiazol-2-yl)benzamidesa. aReagents and Conditions: (a) Semicarbazide hydrochloride, 

NaOAc, MeOH:H2O (1:1), rt, 30 min, 95% (b) Bromine, NaOAc, AcOH, 60 °C, 1 h, 40% - 70% 

(c) BOP Reagent, DIPEA, DMF, rt, 12 h, 16% - 33%. 

 In our previous report164, we determined that the 4-(trifluoromethylthio)phenyl group is 

vital for optimal activity so we kept this constant. The synthesis of the compounds began with a 

substituted benzaldehyde followed by the addition of semicarbazide and sodium acetate to give 

the corresponding semicarbazone. Then, using bromine and sodium acetate, the semicarbazone 

was cyclized into the subsequent 1,3,4-oxadizol-2-amine (Scheme 6.1). Amide coupling between 

the 1,3,4-oxadiazol-2-amine and 4-trifluoromethylthio benzoic acid using benzotriazol-1-

yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) reagent gave the desired 

trifluoromethylthio containing (1,3,4-oxadiazol-2-yl)benzamides (Scheme 6.1). 

 With the compounds in hand (see Table 6.1), we proceeded to evaluate them against C. 

difficile. Halogen substitutions (especially the Cl, F or CF3 groups) resulted in the most active 

compounds. Substitution with OMe, Me, and i-propy groups showed only moderate to no actvity 

(see Table 6.1 for MICs of compounds 6, 11, 12, and 13 against C. difficile ATCC BAA 1801). 

For halogen substituents, the position on the phenyl ring was also important. For example, the MIC 

for meta-Cl (5) was 0.03 µg/mL (0.08 µM), whereas that for the ortho- (3) and para- (9) analogs  

were 4 µg/mL (10.0 µM) and 2 µg/mL (5.0 µM) respectively against C. difficile ATCC BAA 1801 

(Table 6.1). Additionally, for di-substituted halogen containing compounds, the position of the 

halogens affected actvity. For instance, the 3,5-dichlorophenyl analog (15, HSGN-218) was more 

than four times more potent than the 2,4-dichlorophenyl (14) analog (MIC = 0.06 µg/mL and 0.007 

µg/mL for 14  and 15  respectively). We also proceeded to investigate subsitution of the phenyl 

group with heteroaromatics, such as pyridinyl (17) which had only moderate activity (Table 6.1) 

allowing us to conclude that the phenyl ring is needed for optimal activity. 
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Table 6.1 MICs in µg/mL (µM) of HSGN-218, analogs, and vancomycin, against C. difficile 

ATCC BAA 1801. 

 
 

Compound/Control 

Antibiotic 

-R1 -R2 -R3 -R4 X MICs in   

µg/mL 

(µM) 

Compound 12 - - - - - 0.5 (1.4) 

1 H H H H CH 2 (5.5) 

2 F H H H CH 4 (10.4) 

3 Cl H H H CH 4 (10.0) 

4 H F H H CH 0.03 

(0.08) 

5 H Cl H H CH 0.03 

(0.08) 

6 H OMe H H CH 4 (10.1) 

7 H CF3 H H CH 0.015 

(0.04) 

8 H H F H CH 4 (10.4) 

9 H H Cl H CH 2 (5.0) 

10 H H CF3 H CH 0.125 

(0.29) 

11 H H OMe H CH 4 (10.1) 

12 H H CH3 H CH 4 (10.5) 

13 H H i-Propyl H CH 128 

(314.2) 

14 Cl H Cl H CH 0.03 

(0.07) 

15; HSGN-218 H Cl H Cl CH 0.007 

(0.02) 

16 OMe H H Cl CH 2 (4.7) 

17 H H H H N 8 (21.8) 

Vancomycin - - - - - 1 (0.7) 

Metronidazole - - - - - 0.25 

(1.46) 

Fidaxomicin - - - - - 0.06 

(0.06) 
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6.3.3 Comprehensive antibacterial profile of HSGN-218 against various C. difficile clinical 

isolates 

 After the initial screening of HSGN-218, we assessed its antibacterial profile against a 

panel of C. difficile clinical isolates. As depicted in Table 6.2, HSGN-218 exhibited exceptional 

actvity against C. difficile clinical isolates with MICs ranging from 0.003  µg/mL (0.007 µM) to 

0.03 µg/mL (0.07 µM). Vancomycin displayed MICs ranging from 0.25 µg/mL (0.2 µM) to 1 

µg/mL (0.7 µM) against all the tested strains (Table 6.2). With regard to micromolar 

concentrations, HSGN-218 is between 2.5 to 100 times more potent than vancomycin in inhibiting 

clinically relevant C. difficile growth in vitro. Metronidazole inhibited the growth of the tested C. 

difficile strains at concentrations ranging from 0.125 µg/mL (0.7 µM) to 0.25 µg/mL (1.46 µM). 

Fidaxomicin displayed MIC values ranging from 0.015 µg/mL (0.01 µM) to 0.06 µg/mL (0.06 

µM). 

Table 6.2 MICs in µg/mL (µM) of HSGN-218 and vancomycin against various C. difficile 

clinical isolates. 

Compound/Control 

Antibiotic 

C. 

difficile 

NR-

13432 

(isolate 

6) 

C. 

difficile 

NR-

13435 

(isolate 

9) 

C. 

difficile 

NR-

32883 

(P2) 

C. 

difficile 

NR-

32891 

(P13) 

C. 

difficile 

NR-

32895 

(P19) 

C. 

difficile 

NR-

32904 

(P30) 

C. 

difficile 

ATCC 

43255 

HSGN-218 0.03 

(0.07) 

0.003 

(0.007) 

0.007 

(0.02) 

0.007 

(0.02) 

0.007 

(0.02) 

0.007 

(0.02) 

0.015 

(0.04) 

Vancomycin 0.25 (0.2) 1 (0.7) 0.5 (0.4) 0.5 (0.4) 1 (0.7) 1 (0.7) 1 (0.7) 

Metronidazole 0.25 

(1.46) 

0.125 

(0.7) 

0.125 

(0.7) 

0.125 

(0.7) 

0.25 

(1.46) 

0.25 

(1.46)  

0.25 

(1.46) 

Fidaxomicin 0.06 

(0.06) 

0.06 

(0.06) 

0.03 

(0.03) 

0.015 

(0.01) 

0.03 

(0.03) 

0.015 

(0.01) 

0.015 

(0.01) 
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6.3.4 Antibacterial profile of HSGN-218 against vancomycin-resistant enterococci and 

Gram-negative bacteria 

 Next, the antibacterial activity of HSGN-218 was assessed against vancomycin-resistant 

enterococci (VRE) and Escherichia coli that are highly common bacteria in the gut. The 

overgrowth of VRE and colonization of the gut are one of the major issues associated with the 

vancomycin and metronidazole treatment of CDI290-291. Thus, anticlostridial agents capable of 

inhibiting the growth of VRE are highly desirable. On the other hand, E. coli is the predominant 

aerobic bacteria colonizing in the gut which remains resident throughout the life of the host292. As 

depicted in Table 6.3, HSGN-218 exhibited potent actvity against VRE clinical isolates with MICs 

ranging from 0.06  µg/mL (0.14 µM) to 0.125 µg/mL (0.29 µM) outperforming vancomycin and 

metronidazole. When tested against E. Coli, HSGN-218 was found to be inactive against E. coli 

BW25113 (wild-type strain). Conversely, the compound showed moderate activity (MIC = 4 

µg/mL (9.2 µM)) against E. coli JW55031 which is deficient in AcrAB-TolC efflux pump. Thus, 

the lack of activity against the wild-type E. coli could be attributed to that HSGN-218 may be a 

substrate for AcrAB-TolC efflux pump. 

Table 6.3 MICs in µg/mL (µM) of HSGN-218 and control antibiotics against vancomycin-

resistant enterococci (VRE) and Escherichia coli isolates. 

Compound/Control 

Antibiotic 

E. faecium 

ATCC 

700221 

E. faecalis 

ATCC 51299 

E. coli 

JW55031 

(TolC 

Mutant 

E. coli 

BW25113 

(wild-type 

strain) 

HSGN-218 0.125 (0.29) 0.06 (0.14) 4  (9.2) >16 (>36.8) 

Vancomycin 32 (22.1) >64 (>44.2) >64 (>44.2) >64 (>44.2) 

Metronidazole >64 (>373.9) >64 (>373.9) NT1 NT 

Linezolid 1 (3.0) 1 (3.0) 16 (47.4) >64 (>189.7) 

Gentamicin NT NT 0.25 (0.52) 0.25 (0.52) 

NT1, not tested 
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6.3.5 HSGN-218 is highly tolerable to human cell lines 

 Prokaryotic cell selectivity is a vital attribute for any antibiotic candidate. Thus, HSGN-

218 was assessed for toxicity to mammalian cells. HSGN-218 showed an excellent safety profile 

against human colorectal cells (Caco-2) (Figure 6.3). It was highly tolerable to Caco-2 cells at 

concentrations higher than 64 µg/mL. This concentration is more than 9,000-times higher than the 

compound’s corresponding MIC value against C. difficile ATCC BAA 1801 used in the initial 

screening.   
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Figure 6.3 In vitro cytotoxicity assessment of HSGN-218 (tested in triplicate) against human colorectal 

cells (Caco-2) using the MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) assay. Results are presented as percent viable cells relative to DMSO 

(negative control). Error bars represent standard deviation values. A one-way ANOVA, with post hoc 

Dunnet’s multiple comparisons test, determined statistical difference between the values obtained for the 

compound and DMSO (denoted by the asterisk) (P < 0.05). 

6.3.6 HSGN-218 demonstrates low Caco-2 permeability 

 In order to treat CDI, it’s vital that a compound does not cross the gastrointestinal tract but 

instead stays localized in the gut. Thus, we assessed whether HSGN-218 would permeate across 

the gastrointestinal tract via a Caco-2 bidirectional permeability assay293. The assay (performed as 

a service at Eurofins Panlabs (MO, USA) demonstrated that HSGN-218 showed limited ability to 

permeate across Caco-2 bilayers (Papp = 0.2 × 10−6 cm s−1 from the apical to basolateral and Papp = 

0.1 × 10−6 cm s−1 from the basolateral to apical, see Table 6.4). This permeability is comparable to 

rinitidine (Papp = 0.5 × 10−6 cm s−1 from the apical to basolateral and Papp = 1.3 × 10−6 cm s−1 from 

the basolateral to apical, see Table 6.4), a drug that is known to have low permeability across Caco-
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2 bilayers. Propranolol was used as a high permeability control as its Papp = 37.2 × 10−6 cm s−1 from 

the apical to basolateral and Papp = 22.7 × 10−6 cm s−1 from the basolateral to apical (Table 6.4). 

Therefore, the Caco-2 permeability results indicate that HSGN-218 will not cross the 

gastrointestinal tract and instead concentrate in the gut, the site for C. difficile infections. 

Table 6.4 Caco-2 Permeability Analysis for HSGN-218 and Control Drugs. 

Compound/Control Drug Mean A → B Papp 

(cm s−1) 

Mean B → A Papp 

(cm s−1) 

Notes 

HSGN-218 0.2 x 10-6 0.1 x 10-6 Low Permeability 

Ranitidine 0.5 x 10-6 1.3 x 10-6 Low Permeability 

Control 

Propranolol 37.2 x 10-6 22.7 x 10-6 High Permeability 

Control 

6.3.7 In vitro antibacterial evaluation of HSGN-218 against normal microflora 

 Antibiotics administration (especially broad-spectrum ones) causes alteration of the normal 

intestinal microbial composition, resulting in gut colonization by opportunistic pathogens like C. 

difficile294. Consequently, we investigated whether HSGN-218 has a deleterious effect on 

important representative members of the normal gut microbiota such as Lactobacillus spp and 

Bacteroides spp. Bacteroides spp comprise a large proportion of the intestinal microbiota, which 

were reported to contribute to bile acid-mediated inhibition of C. difficile and prevent CDI in 

mouse model295-296. Additionally, lactobacilli were reported to interfere with C. difficile both in 

vitro and in vivo297-298. As depicted in Table 6.5, HSGN-218 exhibited weak antibacterial activity 

against Lactobacillus strains (MIC = 16 µg/mL (36.8 µM)) and inhibited growth of species of 

Bacteroides (MIC=1-2 µg/mL (2.3-4.6 µM)). Similarly, vancomycin inhibited Lactobacillus 

strains (MICs = ≤1-2 µg/mL (0.7-1.4 µM)) and exhibited weak activity against Bacteroides spp 

(MICs = 32-64 µg/mL (22.1-44.2 µM)). Although HSGN-218 was similar to vancomycin, the anti-

CDI drug of choice, in inhibiting the growth of certain species of the normal microbiota, it must 

be noted that HSGN-218 inhibits C. difficile at concentrations that are 100-times less than what is 

needed to inhibit Bacteroides (compare Table 6.2 with Table 6.5). On the other hand, vancomycin 
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inhibited both C. difficile and Lactobacillus strains with comparable MIC values of 1-2 µg/mL. 

Metronidazole and fidaxomicin (to a lesser extent) also inhibit certain members of the normal 

intestinal microbiota299-301. 

Table 6.5 MICs in µg/mL (µM) of HSGN-218 and vancomycin against human normal gut 

microbiota. 

Bacterial strains HSGN-218 Vancomycin Metronidazole Fidaxomicin 

Lactobacillus 

gasseri HM-400 

16 (36.8) ≤1 (≤0.7) >64 (>373.9)  >64 (>60.5) 

Lactobacillus 

crispatus HM-103 

16 (36.8) 2 (1.4) >64 (>373.9)  >64 (>60.5) 

Lactobacillus 

crispatus HM-371 

16 (36.8) 2 (1.4) >64 (>373.9)  >64 (>60.5) 

Bacteroides fragilis  

HM-711 

2 (4.6) 64 (44.2) ≤1 (5.84) >64 (>60.5) 

Bacteroides fragilis  

HM-709 

1 (2.3) 32 (22.1) 2 (11.68) >64 (>60.5) 

Bacteroides dorei  

HM-719 

2 (4.6) 64 (44.2) ≤1 (5.84) >64 (>60.5) 

6.3.8 Frequency of Mutation 

 The promising results of HSGN-218 led us to investigate the likelihood of C. difficile to 

develop resistance to HSGN-218. No resistant mutants were isolated at a concentration of 15 × 

MIC and 20 × MIC in the presence of a high inoculum of C. difficile (Table 6.6), indicating that 

C. difficle is unlikely to form rapid resistance to HSGN-218. Likewise, vancomycin exhibited low 

frequency of mutation (<1.1× 10-9) and no resistant mutants were isolated, in agreement with a 

previous report302. 
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Table 6.6 Frequency of mutation of HSGN-218 against C. difficile ATCC 43255. 

Test agent Frequency of mutation 

15  MIC 20  MIC 

HSGN-218 <1.1× 10-9 <1.1× 10-9 

Vancomycin <1.1× 10-9 <1.1× 10-9 

6.3.9 In vivo efficacy of HSGN-218 in a CDI mouse model303 

 The potent antibacterial activities of HSGN-218 against C. difficile prompted us to 

investigate its efficacy in a CDI mouse model and its potential to protect mice from CDI 

recurrence, as described before. As shown in Figure 6.4, vancomycin (10 mg/kg) protected 100% 

of mice up to 5 days, as previously reported304-305. HSGN-218 (50 mg/kg), was able to significantly 

protect 66.7% of the mice against C. difficile during the 5-days treatment period. 
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Figure 6.4 In vivo efficacy of HSGN-218 in a CDI mouse model. Kaplan–Meier survival curves were 

analyzed using a log-rank (Mantel–Cox) test. Asterisks (*) denote statistically significant difference 

between mice treated with either HSGN-218, or vancomycin in comparison with the vehicle-treated mice. 

 After testing the efficacy of HSGN-218 in the CDI mouse model, we sought to investigate 

this promising activity of HSGN-218 in preventing C. difficile recurrence. C. difficile recurrence 

is challenging to treat. In addition to the subsequent prolongation of C. difficile shedding and 

transmission, 1 out of every 5 patients experienced C. difficile recurrence episode died within 30 

days of diagnosis132. Therefore, we sought to investigate this promising activity of HSGN-218 in 
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preventing C. difficile recurrence. Mice were infected and treated for 5 days and then they were 

monitored for survival and possible C. difficile recurrence until the 21st day. Vancomycin-treated 

mice survived the first 5 days (similar to prior reports)304, but in accordance with previous 

studies303, 305, mice treated with vancomycin were susceptible to C. difficile recurrence and 83.3% 

of vancomycin-treated mice died after stopping vancomycin treatment. In contrast, HSGN-218 (50 

mg/kg), significantly protected mice from CDI recurrence with 100% survival after 5- days 

treatment period (Figure 6.5). 
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Figure 6.5 In vivo efficacy of HSGN-218 against CDI recurrence. Mice were treated with HSGN-218 (50 

mg/kg), vancomycin (10 mg/kg) or the vehicle for 5 days and treatments were stopped thereafter. Kaplan–

Meier survival curves were analyzed using a log-rank (Mantel–Cox) test. Asterisks (*) denote statistically 

significant difference between mice treated with either HSGN-218, or vancomycin in comparison with the 

vehicle-treated mice. Pound (#) denotes statistically significant difference between mice treated with 

compound HSGN-218 in comparison with vancomycin-treated mice. 

6.4 Conclusion 

 In conclusion, we have identified HSGN-218 as a highly potent small molecule inhibitor 

of C. difficile growth. HSGN-218 is up to 100-times more active (MICs ranging from 0.003 µg/mL 

(0.007 µM) to 0.03 µg/mL (0.07 µM)) against C. difficile clinical isolates than vancomycin, the 

drug of choice for CDI. The compound is also non-toxic to mammalian cells as well as 

demonstrates low Caco-2 bidirectional permeability, indicating that HSGN-218 would have 

minimal systemic absorption. Even though HSGN-218 inhibited the growth of certain 

representative members of normal microbiota, excitingly, HSGN-218 protected mice from CDI as 
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well as it showed significant efficacy against C. difficile recurrence. Therefore, compound HSGN-

218 is considered as a lead compound to develop as anti- C. difficile therapeutic and deserves 

serious consideration. 

6.5 Experimental Section 

6.5.1 Chemistry 

 General Information: unless noted otherwise, all reagents and solvents were purchased 

from commercial sources and used as received. The 1H, 13C, and 19F NMR spectra were obtained 

in DMSO-d6 as solvent using a 500 MHz spectrometer with Me4Si as an internal standard. 

Chemical shifts are reported in parts per million (δ) and are calibrated using residual undeuterated 

solvent as an internal reference. Data for 1H NMR spectra are reported as follows: chemical shift 

(δ ppm) (multiplicity, coupling constant (Hz), integration). Multiplicities are reported as follows: 

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, or combinations thereof.  High 

resolution mass spectra (HRMS) were obtained using electron spray ionization (ESI) technique 

and as TOF mass analyzer. Compounds were characterized by 1H NMR, 13C NMR, 19F NMR, and 

HRMS data. The purity of compounds was determined to be greater than 95% by measuring the 

absorbance at 260 nm with high performance liquid chromatography (HPLC) (See supprting 

information). HPLC spectra were recorded on an Agilent 1260 Infinity system using a ZORBAX 

RR Eclipse Plus C18 column. The mobile phase gradient went from 50% H2O : 50% MeOH over 

5 minutes and then 40% H2O : 60% MeOH for 5 minutes, followed by 10% H2O : 90% MeOH for 

2 minues and lastly 50% H2O : 50% MeOH for 3 minutes at a 1 mL/min flow rate. 

6.5.2 Synthesis of 1,3,4-oxadiazol-2-amines [I.1 – I.17] 

The synthesis of I.1-I.17 was performed using a literature reported procedure210. Obtained 1H, 13C, 

and 19F spectra were in agreement with literature reported data. 

6.5.3 Amide Coupling Procedure for the Synthesis of Compounds 1-17 

 A 20 mL screw caped vial, charged with the corresponding acid (1 eq.), amine (1 eq.), BOP 

reagent (2.7 eq.) and diisopropylethylamine (1.5 mL) in DMF solvent (5 mL) was stirred at room 

temperature for 16 h. After completion, the reaction mixture was concentrated under reduced 



 

 

139 

pressure, followed by flash column chromatography (hexanes:ethyl acetate 90:10 to 70:30) to give 

the desired product. 

6.5.4 Characterization Data 

N-(5-Phenyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (1): 

Off-white solid (46 mg, 28%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 – 7.9 (m, 2H), 

7.9 (m, 2H), 7.6 (m, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.6, 161.1, 158.6, 136.0, 135.8, 

132.2, 131.1 (q, J = 308.7 Hz), 130.1, 129.8, 128.6, 126.6, 123.8. 19F NMR (471 MHz, DMSO-d6) 

δ -42.4 (s, 3F). HRMS (ESI) m/z calcd for C16H11F3N3O2S [M + H]+ 366.0524, found 366.0522. 

Purity by HPLC was found to be 96%. 

N-(5-(2-Fluorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (2): 

Off-white solid (38 mg, 22%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 (td, J = 7.6, 1.8 

Hz, 1H), 7.9 (m, 2H), 7.7 (tdd, J = 7.4, 5.1, 1.8 Hz, 1H), 7.5 – 7.4 (m, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 165.6, 160.6 (d, J = 257.0 Hz), 158.7, 157.7, 136.1, 135.7, 134.5 (d, J = 8.82 Hz), 

131.1 (q, J = 308.7 Hz), 130.1, 129.7, 128.6, 125.8, 117.6 (d, J = 20.2 Hz), 112.2 (d, J = 11.3 Hz). 

19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F), -112.0 (d, J = 5.7 Hz, 1F). HRMS (ESI) m/z calcd 

for C16H10F4N3O2S [M + H]+ 384.0430, found 384.0429. Purity by HPLC was found to be 96%. 

N-(5-(2-Chlorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (3): 

Off-white solid (41 mg, 23%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 – 7.9 (m, 1H), 

7.9 (m, 2H), 7.7 (m, 1H), 7.6 (td, J = 7.8, 1.6 Hz, 1H), 7.6 (t, J = 7.6 Hz, 1H). 13C NMR (126 MHz, 

DMSO-d6) δ 165.2, 159.2, 158.8, 136.1, 135.6, 133.5, 132.3, 131.6, 131.5, 131.1 (q, J = 308.7 Hz), 

130.1, 128.7, 128.3, 123.0. 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd 

for C16H10ClF3N3O2S [M + H]+ 400.0134, found 400.0135. Purity by HPLC was found to be 96%. 

N-(5-(3-Fluorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (4): 

Off-white solid (55 mg, 32%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 7.9 (m, 2H), 7.8 (m, 

1H), 7.7 – 7.6 (m, 2H), 7.5 (td, J = 8.5, 2.7 Hz, 1H).13C NMR (126 MHz, DMSO-d6) δ 165.3, 

163.7 (d, J = 245.7 Hz), 160.2, 158.7, 136.0, 135.5, 132.4 (d, J = 8.82 Hz), 131.1 (q, J = 308.7 

Hz), 130.2, 128.7, 125.9 (d, J = 8.82 Hz), 122.8, 119.3 (d, J = 21.4 Hz), 113.3 (d, J = 25.2 Hz). 19F 
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NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F), -112.5 (q, J = 8.5 Hz, 1F). HRMS (ESI) m/z calcd for 

C16H10F4N3O2S [M + H]+ 384.0430, found 384.0429. Purity by HPLC was found to be 98%. 

N-(5-(3-Chlorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (5): 

Off-white solid (35 mg, 19%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 7.9 – 7.8 (m, 4H), 

7.7 (dd, J = 23.9, 7.9 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 165.4, 159.8, 159.0, 136.1, 134.6, 

132.0, 132.0, 131.1 (q, J = 308.7 Hz), 130.2, 128.9, 128.5, 126.0, 125.8, 125.2. 19F NMR (471 

MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd for C16H10ClF3N3O2S [M + H]+ 400.0134, 

found 400.0135. Purity by HPLC was found to be 96%. 

N-(5-(3-Methoxyphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (6): 

Off-white solid (42 mg, 24%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 7.9 (m, 2H), 7.6 – 

7.5 (m, 2H), 7.4 (s, 1H), 7.2 (d, J = 7.9 Hz, 1H), 3.8 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 

165.5, 160.9, 160.2, 158.6, 136.0, 135.7, 131.2 (q, J = 308.7 Hz), 130.1, 128.7, 128.6, 125.0, 118.9, 

118.3, 111.5, 55.9. 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd for 

C17H13F3N3O2S [M + H]+ 396.0630, found 396.0632. Purity by HPLC was found to be 98%. 

N-(5-(3-Trifluoromethylphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (7): 

Off-white solid (53 mg, 27%). 1H NMR (500 MHz, DMSO-d6) δ 8.2 (d, J = 7.9 Hz, 1H), 8.2 – 8.1 

(m, 3H), 8.0 (m, 1H), 7.9 (m, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.4, 159.8, 159.1, 136.1, 

135.8, 131.4, 131.1 (q, J = 308.7 Hz), 130.8 (q, J = 31.5 Hz), 130.5, 130.4, 130.1, 128.6, 125.2 (q, 

J = 272.2 Hz), 125.0, 122.8, 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F), -62.8 (s, 3F). HRMS 

(ESI) m/z calcd for C17H10F6N3O2S [M + H]+ 434.0398, found 434.0399. Purity by HPLC was 

found to be 98%. 

N-(5-(4-Fluorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (8): 

Off-white solid (43 mg, 24%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 (dd, J = 8.7, 5.5 

Hz, 2H), 7.9 (m, 2H), 7.4 (t, J = 8.7 Hz, 2H).13C NMR (126 MHz, DMSO-d6) δ 165.5 (d, J = 250.7 

Hz), 160.4, 158.6, 136.1, 135.7, 131.1 (q, J = 308.7 Hz), 130.1, 129.3 (d, J = 8.82 Hz), 128.6, 

120.5, 117.2 (d, J = 22.7 Hz). 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F), -108.8. (s, 1F). 
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HRMS (ESI) m/z calcd for C16H10F4N3O2S [M + H]+ 384.0430, found 384.0431. Purity by HPLC 

was found to be 96%. 

N-(5-(4-Chlorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (9): 

Off-white solid (36 mg, 20%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 – 7.9 (m, 2H), 

7.9 (m, 2H), 7.7 – 7.6 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 164.5, 160.4, 158.6, 137.0, 

136.1, 135.6, 131.1 (q, J = 308.7 Hz), 130.1, 128.6, 128.4, 127.2, 122.7. 19F NMR (471 MHz, 

DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd for C16H10ClF3N3O2S [M + H]+ 400.0134, found 

400.0132. Purity by HPLC was found to be 97%. 

N-(5-(4-Trifluoromethylphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (10): 

Off-white solid (42 mg, 22%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (dd, J = 14.0, 8.0 Hz, 4H), 

8.0 (m, 2H), 7.9 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 165.2, 160.0, 159.0, 136.1, 135.6, 

132.0 (q, J = 31.5 Hz), 131.1 (q, J = 308.7 Hz), 130.1, 128.7, 127.6, 127.4, 126.9, 125.3 (q, J = 

272.2 Hz).19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F), -62.8 (s, 3F). HRMS (ESI) m/z calcd 

for C17H10F6N3O2S [M + H]+ 434.0398, found 434.0397. Purity by HPLC was found to be 99%. 

N-(5-(4-Methoxyphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (11): 

Off-white solid (48 mg, 27%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (d, J = 8.0 Hz, 2H), 7.9 – 7.8 

(m, 4H), 7.1 (m, 2H), 3.8 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 164.0, 162.5, 161.4, 158.1, 

136.1, 131.1 (q, J = 308.7 Hz), 130.1, 128.4, 127.3, 116.1, 115.4, 115.1, 56.0. 19F NMR (471 MHz, 

DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd for C17H13F3N3O2S [M + H]+ 396.0630, found 

396.0631. Purity by HPLC was found to be 99%. 

N-(5-(4-Methylphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (12): 

Off-white solid (35 mg, 21%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 7.9 (m, 4H), 7.4 (m, 

2H), 2.4 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 165.7, 161.3, 158.4, 142.5, 136.1, 135.8, 131.1 

(q, J = 308.7 Hz), 130.4, 130.1, 128.5, 126.6, 121.1, 21.6. 19F NMR (471 MHz, DMSO-d6) δ -42.4 

(s, 3F). HRMS (ESI) m/z calcd for C17H13F3N3O2S [M + H]+ 380.0681, found 380.0682. Purity by 

HPLC was found to be 98%. 
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N-(5-(4-Isopropylphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (13): 

Off-white solid (39 mg, 21%). 1H NMR (500 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 7.9 (dd, J = 

8.3, 2.5 Hz, 4H), 7.5 (m, 2H), 3.0 (h, J = 6.9 Hz, 1H), 1.2 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 165.5, 161.2, 158.4, 153.1, 136.1, 135.8, 131.2 (q, J = 308.7 Hz), 130.1, 128.5, 127.9, 

126.7, 121.4, 33.9, 23.9. 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd 

for C19H17F3N3O2S [M + H]+ 408.0994, found 408.0993. Purity by HPLC was found to be 97%. 

N-(5-(2,4-Dichlorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (14): 

Off-white solid (35 mg, 18%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 (m, 1H), 7.9 – 

7.8 (m, 3H), 7.7 (dd, J = 8.5, 2.1 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 165.1, 158.8, 158.5, 

137.5, 136.1, 135.5, 133.3, 132.6, 131.2, 131.1 (q, J = 308.7 Hz), 130.1, 128.7, 122.0. 19F NMR 

(471 MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) m/z calcd for C16H9Cl2F3N3O2S [M + H]+ 

433.9745, found 433.9747. Purity by HPLC was found to be 99%. 

N-(5-(3,5-Dichlorophenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (15, 

HSGN-218): 

Off-white solid (37 mg, 19%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 7.9 (m, 5H). 13C 

NMR (126 MHz, DMSO-d6) δ 165.4, 159.7, 158.7, 136.1, 135.7, 131.4, 131.2 (q, J = 308.7 Hz), 

130.1, 128.4, 127.2, 126.3, 124.9. 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) 

m/z calcd for C16H9Cl2F3N3O2S [M + H]+ 433.9745, found 433.9744. Purity by HPLC was found 

to be 99%. 

N-(5-(5-Chloro-2-methoxyphenyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide 

(16): 

Off-white solid (46 mg, 24%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 7.9 (m, 2H), 7.8 (d, 

J = 2.7 Hz, 1H), 7.6 (dd, J = 9.0, 2.8 Hz, 1H), 7.3 (m, 1H), 3.9 (s, 3H).13C NMR (126 MHz, 

DMSO-d6) δ 165.8, 158.7, 156.8, 136.1, 135.8, 133.3, 131.2 (q, J = 308.7 Hz), 130.1, 129.4, 128.6, 

126.3, 124.9, 115.4, 114.4, 57.1. 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F). HRMS (ESI) 

m/z calcd for C17H12ClF3N3O3S [M + H]+ 430.0240, found 430.0241. Purity by HPLC was found 

to be 97%. 

N-(5-(Pyridin-2-yl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (17): 
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Off-white solid (26 mg, 16%). 1H NMR (500 MHz, DMSO-d6) δ 8.8 (d, J = 4.7 Hz, 1H), 8.1 (dd, 

J = 8.2, 2.7 Hz, 3H), 8.0 (td, J = 7.8, 1.8 Hz, 1H), 7.9 (m, 2H), 7.6 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 164.9, 160.8, 159.0, 150.7, 143.2, 138.3, 136.1, 135.5, 131.1 

(q, J = 308.7 Hz), 130.1, 128.7, 126.6, 122.9. 19F NMR (471 MHz, DMSO-d6) δ -42.4 (s, 3F). 

HRMS (ESI) m/z calcd for C15H10F3N4O2S [M + H]+ 367.0477, found 367.0475. Purity by HPLC 

was found to be 98%. 

6.5.5 Bacterial strains media, cell lines and reagents 

 Bacterial strains used in this study (Table 1S) were obtained from the Biodefense and 

Emerging Infections Research Resources Repository (BEI Resources) and the American Type 

Culture Collection (ATCC). E. coli BW25113 and JW25113 were obtained from the Coli Genetic 

Stock Center (CGSC), Yale University, USA. Brain heart infusion broth was purchased from 

Becton, Dickinson and Company (Cockeysville, MD, USA) and was purchased from Fisher 

Scientific. Yeast extract, L-cysteine, vitamin K, hemin and phosphate buffered saline (PBS) were 

all obtained from commercial vendors. Human colorectal adenocarcinoma epithelial cells (Caco-

2) (ATCC HTB-37) was obtained from the American Type Culture Collection (ATCC) (Manassas, 

VA, USA). Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS) and 

phosphate-buffered saline (PBS) was purchased from Corning (Manassas, VA, USA). 

Vancomycin hydrochloride (Gold Biotechnology, St. Louis, MO, USA), linezolid and gentamicin 

sulfate (Chem-Impex International, Wood Dale, IL, USA), metronidazole (Alfa Aesar, Ward Hill, 

MA, USA), and fidaxomicin (Cayman Chemical, Ann Arbor, MI, USA) were purchased 

commercially. Compounds were synthesized from commercial sources in our laboratory. 

6.5.6 Determination of the MICs against C. difficile clinical isolates 

 The minimum inhibitory concentrations (MICs) of tested compounds and control drug; 

vancomycin, were determined using the broth microdilution method, as previously described306-

309 against C. difficile clinical isolates. Briefly, 0.5 McFarland bacterial solution was prepared and 

diluted in brain heart infusion supplemented (BHIS) broth (to an inoculum size ~5 x 105 CFU/mL). 

Test agents were added and serially diluted before plates were incubated anaerobically at 37°C for 
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48 hours. MICs reported are the lowest drug concentration that completely suppressed the growth 

of bacteria, as observed visually.  

6.5.7 Determination of the MICs against vancomycin-resistant enterococci (VRE) and 

Escherichia coli strains 

The MICs of HSGN-218 and control drugs were determined using the broth microdilution method, 

according to guidelines outlined by the Clinical and Laboratory Standards Institute (CLSI212) 

against Enterococcus faecium, Enterococcus faecalis and Escherichia coli strains. Bacterial strains 

were grown aerobically overnight on tryptone soy agar (TSA) plates at 37° C. Afterwards, a 

bacterial solution equivalent to 0.5 McFarland standard was prepared and diluted in cation-

adjusted Mueller-Hinton broth (CAMHB) (for E. coli) or tryptone soy broth (TSB) (for 

enterococcal strains), to achieve a bacterial concentration of about 5 × 105 CFU/mL. Test agents 

were added in the first row of the 96-well plates and serially diluted along the plates. Plates were 

then, incubated as previously described. MICs reported in Table 3 are the minimum concentrations 

of the test agents that completely inhibited the visual growth of bacteria. 

6.5.8 In vitro cytotoxicity analysis of HSGN-218 against human colorectal cells.  

Compounds were assayed for potential cytotoxicity against a human colorectal adenocarcinoma 

(Caco-2) cell line310-311304-305304-305304-305304-305304-305304-305304-305304-305304-305304-305304-305301-302299-

300299-300299-300299-300297-298297-298297-298297-298297-298297-298297-298297-298296-297289-290289-290289-290289-290290-

291. Briefly, tested compounds were incubated with Caco-2 cells for 2 hours. Then, cells were 

incubated with MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) reagent for 4 hours before measuring absorbance values (OD490). 

6.5.9 Caco-2 permeability assay 

Assay and data analysis were performed by Eurofins Panlabs (MO, USA) according to a previously 

reported protocol312-313. The apparent permeability coefficient (Papp) of the tested agents was 

calculated using the equation below:  
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where VR is the volume of the receiver chamber. CR,end is the concentration of the test compound 

in the receiver chamber at the end time point, Δt is the incubation time and A is the surface area 

of the cell monolayer. CD,mid is the calculated mid-point concentration of the test compound in the 

donor side, which is the mean value of the donor concentration at time 0 minute and the donor 

concentration at the end time point. CR,mid is the mid-point concentration of the test compound in 

the receiver side, which is one half of the receiver concentration at the end time point. 

Concentrations of the test compound were expressed as peak areas of the test compound. 

6.5.10 In vitro antibacterial evaluation of HSGN-218 against normal microflora.  

The broth microdilution assay was utilized to determine the MICs of HSGN-218 against 

commensal organisms that compose the human gut microflora, as described elsewhere212, 299, 314. 

A bacterial solution equivalent to 0.5 McFarland standard was prepared and diluted in BHIS broth 

(for Bacteroides) or in MRS broth (for Lactobacillus) to achieve a bacterial concentration of about 

5 × 105 CFU/mL. Test agents were added and serially diluted along the plates. Plates were 

incubated for 48 hours at 37°C before recording the MIC by visual inspection of growth. 

6.5.11 Frequency of spontaneous mutation.  

HSGN-218 was tested against C. difficile to determine the likelihood of development of 

spontaneous mutation as previously described302, 315. Briefly, HSGN-218 and vancomycin were 

added to BHIS agar to achieve a final concentration of 15 × MIC and 20 × MIC and poured in 

plates and left to dry out. An inoculum of ~ 109 CFU/mL of C. difficile ATCC 43255 was spread 

over the plates and incubated anaerobically at 37°C for 48 hours before plates were checked for 

the possible bacterial growth.  

6.5.12 Preparation of C. difficile spores for mice infection 

C. difficile spores were prepared as described earlier 316,303. Briefly, C. difficile ATCC 43255 was 

inoculated onto BHIS agar and incubated anaerobically for 5 days. Spores were collected 

anaerobically using PBS containing 10% bovine serum albumin, heated at 70°C for 20 minutes to 

get rid of vegetative cells and counted by dilution and plating onto BHIS supplemented with 0.1% 

taurocholic acid. Spores were then, stored at 4℃ overnight before infecting mice. 
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6.5.13 C. difficile infection (CDI) mouse model  

The study was reviewed, approved and performed following the guidelines of the Purdue 

University Animal Care and Use Committee (PACUC) and according to the recommendations in 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Mice 

were housed in individually ventilated autoclaved cages and received sterile food and water ad 

libitum throughout the duration of the experiment. CDI mouse model was performed as described 

previously303. Eight-week-old female pathogen-free C57BL/6 mice (Jackson, ME, USA) were pre-

treated with an antibiotic cocktail in sterile drinking water to disrupt the mice normal intestinal 

microflora, reducing the colonization resistance and facilitating infection with the toxigenic strain 

of C. difficile. Afterwards, mice were switched to regular autoclaved water for 2 days and they 

received a single dose of clindamycin (10 mg/kg) intraperitoneally 1 day prior to C. difficile 

challenge. For infection, mice were restrained and infected via oral gavage with 1.3 x 106 spores 

of C. difficile ATCC 43255. Following infection, mice were randomly allocated into groups (n=6) 

for treatment. Two hours post-infection, one groups were treated orally with HSGN-218 (50 

mg/kg), one group was treated with vancomycin (10 mg/kg) via oral gavage, and one group was 

treated orally with the vehicle (10% DMSO, 10% tween 80, 80% PBS). Treatments were continued 

once daily for five days and mice were closely monitored for disease signs (including weight loss, 

behavioral changes, hunched posture, decreased activity, wet tail and diarrhea).  

6.5.14 In vivo efficacy of HSGN-218 in C. difficile recurrence 

In order to investigate the activity of HSGN-218 in preventing C. difficile recurrence, mice were 

infected, as described above and one group was treated orally with HSGN-218 (50 mg/kg), one 

group was treated with vancomycin (10 mg/kg) via oral gavage, and one group was treated orally 

with the vehicle for 5 days. Treatments were stopped after 5 days, and mice were monitored for 

disease signs and recurrence of infection till the 21st day. Then, mice were humanely euthanized 

using CO2 asphyxiation. 

6.6 Statistical analyses 

The survival data were analyzed by Log-rank (Mantel-Cox) test utilizing GraphPad Prism version 

6.00 for Windows (GraphPad Software, La Jolla, CA, USA). 
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6.7 In Silico PAINS Analysis 

All synthesized analogs were subjected to PAINS filters by using the SwissADME 

program317.  Molecular formula strings of analogs were manually entered into the program, which 

indicated no PAINS were found. 

6.8 Supplementary Information 

Please refer to the supplementary information located on the ACS website to see various bacterial 

strains used in this study, 1H NMR, 13C NMR, and 19F NMR spectra, and HPLC traces of analogs 

6.9 Author Contributions 

G. Naclerio synthesized all compounds in study. N. Abutaleb performed all in vitro and in vivo 

studies. G. Naclerio & H. Sintim wrote the manuscript. 
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 N-(1,3,4-OXADIAZOL-2-YL)BENZAMIDES AS 

ANTIBACTERIAL AGENTS AGAINST NEISSERIA GONORRHOEAE 

This chapter was reprinted with permission from MDPI. Original article can be found at Naclerio, 

G. A., Abutaleb, N. S., Alhashimi, M., Seleem, M. N., & Sintim, H. O. N-(1,3,4-Oxadiazol-2-

yl)Benzamides as Antibacterial Agents against Neisseria gonorrhoeae. Int J Mol Sci  2021, 22(5), 

2427. 

7.1 Abstract 

 The Centers for Disease Control and Prevention (CDC) recognizes Neisseria gonorrhoeae 

as an urgent-threat Gram-negative bacterial pathogen. Additionally, resistance to frontline 

treatment (dual therapy with azithromycin and ceftriaxone) has led to the emergence of multidrug-

resistant N. gonorrhoeae which has caused a global health crisis. The drug pipeline for N. 

gonorrhoeae has been awfully scant as new antibacterial agents have not been approved by the 

FDA over the last twenty years. Thus, there is a need for new chemical entities active against drug-

resistant N. gonorrhoeae. Trifluoromethylsulfonyl (SO2CF3), trifluoromethylthio (SCF3) and 

pentafluorosulfanyl (SF5) containing N-(1,3,4-oxadiazol-2-yl)benzamides are novel compounds 

with potent activities against Gram-positive bacterial pathogens. Here, we report the discovery of 

new N-(1,3,4-oxadiazol-2-yl)benzamides (HSGN-237 and -238) with highly potent activity 

against N. gonorrhoeae. Additionally, these new compounds were shown to have activity against 

clinically important Gram-positive bacteria such as methicillin-resistant Staphylococcus aureus 

(MRSA), vancomycin-resistant enterococci (VRE) and Listeria monocytogenes (minimum 

inhibitory concentrations (MICs) as low as 0.25 µg/mL). Both compounds were highly tolerable 

to human cell lines. Moreover, HSGN-238 showed outstanding ability to permeate across the 

gastrointestinal tract, indicating it would have high systemic absorption if used as an anti-

gonococcal therapeutic. 

7.2 Introduction 

Drug-resistant bacterial infections have become a serious global threat. Neisseria gonorrhoeae 

is a Gram-negative bacterial pathogen which causes gonorrhea, a sexually transmitted infection 

(STI) 318. N. gonorrhoeae infects a variety of mucosal surfaces (i.e. the urethra, endocervix, 

pharynx, and rectum) 319 and, if left untreated, can cause drastic complications such as pelvic 
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inflammatory disease, ectopic pregnancy, and increased susceptibility to HIV infections 320. The 

Centers for Disease Control and Prevention (CDC) considers N. gonorrhoeae an urgent threat as 

it accounts for 550,000 infections per year and $133.4 million dollars in medical costs in the United 

States alone 170. Globally, N. gonorrhoeae is also quite devastating. The World Health 

Organization (WHO) listed N. gonorrhoeae as a priority 2 (high) pathogen as it is attributed to 87 

million new cases as well as an estimated total treatment cost of $5 billion dollars 321-324.  

Efforts to develop novel antibiotics against urgent threat pathogens, especially N. 

gonorrhoeae, have intensified 156. For instance, former front-line therapies to treat N. gonorrhoeae 

such as penicillin, fluoroquinolones, and cefixime are now resistant to this bacterial pathogen and 

deemed ineffective as treatment options 325. This increased resistance rate prompted a global health 

scare, leading the CDC to recommend treating N. gonorrhoeae with dual therapy involving 

ceftriaxone and azithromycin 318, 326. Yet, resistance to this dual therapy has been reported, leading 

to the rise of multidrug-resistant N. gonorrhoeae (commonly referred to as super gonorrhea) 319. 

To make matters worse, no new classes of antibiotics to treat N. gonorrhoeae have been FDA 

approved over the last two decades warranting the public health concern that once easily treated 

gonorrhea infections will soon become deadly 327 328-329. Therefore, the rise in multidrug-resistant 

N. gonorrhoeae infections necessitates intense research efforts to identify and develop new 

antibiotics. 

Our program focuses on the development of N-(1,3,4-oxadiazol-2-yl)benzamides to treat 

drug-resistant bacterial pathogens117, 134. We recently reported the discovery of 

trifluoromethylsulfonyl (SO2CF3), trifluoromethylthio (SCF3) and pentafluorosulfanyl (SF5) 

containing N-(1,3,4-oxadiazol-2-yl)benzamides that exhibited potent antibacterial activities 

against clinically important Gram-positive bacterial pathogens 164. These agents were found to be 

active against clinical isolates of drug-resistant Gram-positive bacteria, were non-toxic to 

mammalian cells, and effectively reduced the burden of intracellular methicillin-resistant 

Staphylococcus aureus (MRSA) 164. Here, we describe a new generation of N-(1,3,4-oxadiazol-2-

yl)benzamides with potent activity against N. gonorrhoeae. The antibacterial activity against N. 

gonorrhoeae, cytotoxicity against mammalian cells and bi-directional Caco-2 permeability were 

investigated. 
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Figure 7.1 Previously reported analogs as well as newly synthesized N-(1,3,4-oxiadizol-2-yl)benzamides 

for this study. Note: CLogP was calculated using SwissADME. 

7.3 Results and Discussion 

7.3.1 Synthesis and Antigonococcal Activity of N-(1,3,4-oxadiazol-2-yl)benzamides 

 We previously reported that trifluoromethylsulfonyl (SO2CF3), trifluoromethylthio (SCF3) 

and pentafluorosulfanyl (SF5) containing N-(1,3,4-oxadiazol-2-yl)benzamides (compounds 6, 12 

and 13 respectively) were potent against a panel of drug-resistant Gram-positive bacteria 164. We 

wondered if these compounds would be active against N. gonorrhoeae and discovered that 

compounds 6, 12, and 13 have quite potent activity against N. gonorrhoeae strain 181 with 

minimum inhibitory concentrations (MICs) of 0.5 µg/mL, 0.06 µg/mL, and 0.06 µg/mL 

respectively (see Table 7.1). While all three compounds have favorable CLogP values, they also 

contain an unsubstituted thiophene moiety (Figure 7.1) which can cause toxicity. For example, 

cytochrome P450 mediated oxidation of thiophene moeities can lead to reactive metabolites such 
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as thiophene epoxides287, thiophene-S oxides286-287 and sulphenic acids288 which can react with 

nucleophiles like glutathione and/or water289. However, since Compounds 6, 12, and 13 showed 

excellent activities against N. gonorrhoeae, as well as adequate CLogP vales we desired to further 

optimize these compounds via the synthesis of new analogs. We proceeded to use computational 

methods to guide our synthetic strategy. We began to substitute the benzamide ring with the 

trifluoromethoxy (OCF3) group due to its importance in medicinal chemisty330-331. For instance, it 

was reported that the electronegativity of the OCF3 group allows for enhanced in vivo uptake and 

transport in biological systems330. Thus, utilizing this strategy led to the synthesis of HSGN-235 

which contained a fluoro atom ortho to the OCF3 group as well as a trifluoromethyl phenyl. Yet, 

HSGN-235 was found to contain a much larger CLogP value compared to previously synthesized 

analogs (Figure 7.1). Since LogP shows a positive correlation between low aqueous solubility and 

compromising bioavailability (an extremely important attribute when creating antibacterial agents 

against N. gonorrhoeae)332, we replaced the thiophene moiety with substituted thiophene or phenyl 

group as unsubstituted thiophene could be a toxicophore, as mentioned above. Considering that 

the addition of halogens to compounds has been shown to improve drug properties and metabolic 

stability278-280, 283-284, our new analogs were made up of compounds with halogen substitutions to 

a phenyl ring (Figure 7.1). 

 The synthesis of these compounds started with a substituted aryl aldehyde followed by the 

addition of semicarbazide and sodium acetate to give the corresponding semicarbazone. Then, 

using bromine and sodium acetate, the semicarbazone was converted into the subsequent aryl 

1,3,4-oxadizol-2-amine. Amide coupling between the aryl 1,3,4-oxadiazol-2-amine and 4-

trifluoromethoxy benzoic acid using benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate (BOP) reagent gave the desired N-(1,3,4-oxadiazol-2-yl)benzamides 

(Scheme 7.1).  
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Scheme 7.1 Synthesis of N-(1,3,4-oxadiazol-2-yl)benzamidesa. aReagents and Conditions: (a) 

Semicarbazide hydrochloride, NaOAc, MeOH:H2O (1:1), rt, 30 min. (b) Bromine, NaOAc, AcOH, 60°C, 

1 h. (c) BOP Reagent, DIPEA, DMF, rt, 12 h. 

 Trifluoromethoxy containing (1,3,4-oxadiazol-2-yl)benzamides with substitution of the 

thiophene moiety with a fluorophenyl (HSGN-237) or chlorothiophenyl (HSGN-238) groups had 

potent activity against N. gonorrhoeae strain 181 with MICs of 0.125 µg/mL (Table 1). 

Interestingly, substitution of the 4-trifluoromethoxy phenyl group with a fluorine, as well as 

substitution of the thiophene moiety with trifluoromethylphenyl (HSGN-235) only had moderate 

activity when tested against N. gonorrhoeae strain 181 (Table 7.1).Since both HSGN-237 and 

HSGN-238 contained aromatic rings bearing a halogen atom, we speculate that the loss of activity 

for HSGN-235 is due to the addition of the fluorine atom ortho to the trifluoromethoxy group (see 

Figure 7.1 and Table 7.1 for comparisons). 
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Table 7.1 MICs (µg/mL) of the previously reported analogs (compounds 6, 12 and 13) and the 

new compounds (HSGN-235, -237 and -238) against N. gonorrhoeae strain 181. The experiment 

was repeated for 3 independent times. 

Compound/Control Drug N. gonorrhoeae strain 181 

Compound 6 0.5 

Compound 12 0.06 

Compound 13 0.06 

HSGN-235 16 

HSGN-237 0.125 

HSGN-238 0.125 

Azithromycin 256 

Tetracycline 2 

 After the initial screening against N. gonorrhoeae 181, the anti-gonococcal activity of 

HSGN-235, -237 and -238 was explored against a panel drug-resistant pathogenic N. gonorrhoeae 

strains including one WHO reference strain (N. gonorrhoeae WHO L) which has a well-

characterized antibiogram, phenotypic and genetic markers333. As depicted in Table 7.2, HSGN-

237 and -238 exhibited potent activity against the tested strains inhibiting their growth at 

concentrations ranging from 0.03 µg/mL to 0.125 µg/mL. Both were superior to azithromycin and 

tetracycline against the tested isolates. On the other hand, HSGN 235 inhibited the growth of the 

tested strains at concentrations ranging from 1 µg/mL to 2 µg/mL. Interestingly the minimum 

bactericidal concentration (MBC) values of HSGN235, -237 and -238 were the same as or one-

fold higher than their corresponding MIC values indicating that the compounds exhibit bactericidal 

activity against the tested N. gonorrhoeae strains. 
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Table 7.2 MICs and MBCs (µg/mL) of HSGN-235, -237 and -238 against N. gonorrhoeae 

clinical isolates. The experiment was repeated for 3 independent times. 

Bacterial 

Strains 

HSGN-235 HSGN-237 HSGN-238 Azithromycin Tetracycline 

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

N. 

gonorrhoeae 

165  

2 2 0.06 0.125 0.125 0.25 1 4 4 8 

N. 

gonorrhoeae 

166 

2 2 0.06 0.06 0.125 0.25 0.5 1 2 8 

N. 

gonorrhoeae 

194 

1 1 0.03 0.06 0.125 0.125 0.25 0.5 1 4 

N. 

gonorrhoeae 

197 

1 2 0.03 0.06 0.125 0.125 0.5 2 2 4 

N. 

gonorrhoeae 

200  

2 2 0.06 0.06 0.125 0.125 0.5 0.5 2 8 

N. 

gonorrhoeae 

WHO L 

1 2 0.06 0.06 0.06 0.125 0.5 1 0.5 2 

7.3.2 Antibacterial activity of N-(1,3,4-oxadiazol-2-yl)benzamides against other bacterial 

species 

 While the focus of these new N-(1,3,4-oxadiazol-2-yl)benzamides is towards N. 

gonorrhoeae, we proceeded to test their activity against other Gram-positive and Gram-

negative pathogens. Intriguingly, HSGN-235, HSGN-237, and HSGN-238 had potent activity 

against the tested Gram-positive bacterial pathogens. For instance, all three compounds had 

potent activity against the staphylococcal strains with MICs ranging from 0.25 µg/mL to 1 

µg/mL (Table 7.3). Furthermore, HSGN-235, HSGN-237, and HSGN-238 maintained potent 

activity against clinically relevant Gram-positive bacterial pathogens like vancomycin-

resistant enterococci (VRE) and Listeria monocytogenes (Table 7.3). Additionally, we moved 

to test if HSGN-235, HSGN-237, and HSGN-238 were active against other Gram-negative 

bacterial pathogens. These compounds were found to be inactive against E. coli BW25113. 

This lack of activity against Gram-negative bacteria appears to be due to HSGN-235, HSGN-

237, and HSGN-238 being a substrate for efflux. This can be seen by the shift in the MICs 
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observed for HSGN-235, HSGN-237, and HSGN-238 against wild-type E. coli BW25113 

(MIC >8 µg/mL for all compounds; Table 7.3) in comparison to a mutant strain (E. coli 

JW55031) where the AcrAB-TolC multidrug-resistant efflux pump is knocked out (MIC for 

HSGN-235, HSGN-237, and HSGN-238 improves to 4 µg/mL, 0.25 µg/mL, and 0.06 µg/mL 

respectively; Table 3). A similar result was observed with linezolid, an antibiotic known to be 

a substrate for the AcrAB-TolC efflux pump in Gram-negative bacteria, as reported in 

previous reports334-335. Interestingly, HSGN-235, HSGN-237, and HSGN-238 appeared to be 

bacteriostatic agents as their MBCs were more than three-folds higher than their 

corresponding MICs against the tested bacterial strains (Table 7.3)



 

 

1
5
6
 

Table 7.3 MICs (µg/mL) and minimum bactericidal concentrations (MBCs, in µg/mL) of HSGN-235, HSGN-237, and HSGN-238 and 

control drugs (vancomycin, linezolid, and gentamicin) against a panel of clinically important Gram-positive and Gram-negative 

bacterial pathogens including: Staphylococcus aureus, methicillin-resistant Staphylococcus aureus (MRSA), Enterococcus faecalis, 

Enterococcus faecium, Listeria monocytogenes, and Escherichia coli. The experiment was repeated for 3 independent times. 

 

HSGN-235 HSGN-237 HSGN-238 

 

Vancomycin 

 

Linezolid 

 

Gentamicin 

Bacterial 

Strains 

MIC MBC 

 

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

S. aureus 

ATCC 25923 

1 >64 0.25 >64 0.25 >64 1 1 2 64 NT NT 

MRSA 

USA300 

0.5 64 0.25 32 0.25 16 1 2 1 16 NT NT 

E. faecalis 

ATCC 29212 

4 32 1 >64 1 32 1 1 2 64 NT NT 

VRE. faecalis 

ATCC 51575 

2 >64 1 >64 1 32 >64 >64 2 64 NT NT 

VRE. faecalis 

ATCC 51299 

1 64 0.5 16 0.25 8 >64 >64 1 32 NT NT 

VRE. faecium 

ATCC 700221 

1 32 0.5 8 0.25 8 32 32 2 64 NT NT 

L. 

monocytogenes 

ATCC 19115 

1 64 0.5 64 0.5 32 1 1 2 64 NT NT 

E. coli 

BW25113 

(wild-type 

strain) 

>8 >8 >8 >8 >8 >8 >64 >64 >64 >64 0.25 0.25 

E. coli 

JW55031 

(TolC Mutant) 

4 >64 0.25 16 0.06 32 >64 >64 8 >64 0.25 0.25 

1 NT: Not tested
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7.3.3 Antibacterial Activity of N-(1,3,4-oxadiazol-2-yl)benzamides against N. gonorrhoeae 

in presence of serum 

 An increase in MIC due to antibiotics being highly protein bound has been documented in 

several classes of antibiotics336-338. Therefore, we evaluated our compounds’ activity against N. 

gonorrhoeae in presence of different concentrations of fetal bovine serum (FBS). As presented in 

Table S2, the activity of HSGN-235, -237, and -238 was reduced in presence of FBS. Addition of 

1%, 5%, and 10% FBS to the media increased the MIC of HSGN-237 to 0.125 µg/mL, 1 µg/mL, 

and 4 µg/mL respectively (See Table S2). Similarly, the MIC of HSGN-238 also changed to 0.25 

µg/mL and 1 µg/mL in the presence of 1% and 5% FBS respectively but stayed at 1 µg/mL with 

addition of 10% FBS (Table S2). The MIC of HSGN-235 did not change in the presence of 1% 

FBS, but increased to 4 µg/mL and 8 µg/mL in the presence of 5% and 10% FBS respectively 

(Table S2). On the other hand, the MIC values of azithromycin and tetracycline remained the same 

or one-fold higher than their corresponding MIC values in absence of FBS (Table S2). Yet, 

hydrophobic antibiotics such as antimicrobial peptides and lipopeptides have been found to show 

an increase in MIC upon the addition of serum to media339-340. Therefore, we predict that the 

hydrophobicity of these N-(1,3,4-oxadiazol-2-yl)benzamides contributes to the rise in MIC in the 

presence of FBS. 

7.3.4 N-(1,3,4-oxadiazol-2-yl)benzamides are highly tolerable to human cell lines 

 Prokaryotic cell selectivity is highly important for an antibiotic candidate. Therefore, since 

HSGN-237 and -238 were found to be the most potent analogs against N. gonorrhoeae, they were 

assessed for toxicity to mammalian cells over a 24- and 48-hour period (Figure 7.2A & B). Both 

compounds showed excellent safety profiles against human colorectal cells (Caco-2). For instance, 

HSGN-237 was non-toxic at concentrations higher than 64 µg/mL which is 512-times higher than 

the compound‘s corresponding MIC values against N. gonorrhoeae (Figure 7.2A & B). 

Additionally, HSGN-238 was non-toxic at concentrations up to 16 µg/mL which is 128-times 

higher than the compound‘s corresponding MIC values against N. gonorrhoeae (Figure 7.2A & 

B). 
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Figure 7.2 In vitro cytotoxicity assessment of HSGN-237 and -238 (tested in triplicate) against human 

colorectal cells (Caco-2) after: A) 24 hours, and B) 48 hours, using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Results are presented as percent 

viable cells relative to DMSO (negative control). Error bars represent standard deviation values. A two-

way ANOVA, with post hoc Dunnet’s multiple comparisons test, determined the statistical difference 

between the values obtained for the compound and DMSO. Asterisks denote statistically significant 

difference between treatment of cells with either HSGN-237 or -238 as compared to DMSO-treated cells. 

The experiment was repeated for 3 independent times. 

7.3.5 HSGN-238 demonstrates high intestinal permeability 

 Oral bioavailability is a highly important consideration when developing bioactive 

molecules as therapeutic agents341. A critical factor of oral bioavailability is human intestinal 

absorption. The Caco-2 bidirectional permeability assay is the most widely used in vitro model for 

predicting if a bioactive molecule can have adequate systemic absorption 342-343. Thus, we selected 

HSGN-238 to act as a model to analyze the drug-like properties of newly synthesized N-(1,3,4-

oxadiazol-2-yl)benzamides. The assay demonstrated that HSGN-238 showed outstanding ability 

to permeate across Caco-2 bilayers (apparent permeability, Papp = 82.3 × 10−6 cm s−1 from the 

apical to basolateral and Papp = 32.9 × 10−6 cm s−1 from the basolateral to apical, see Table 7.4). 

This permeability is comparable to propranolol (Papp = 37.2 × 10−6 cm s−1 from the apical to 

basolateral and Papp = 22.7 × 10−6 cm s−1 from the basolateral to apical (Table 7.4), a drug that is 

known to have high permeability across Caco-2 bilayers. Ranitidine was used as a low 

permeability control as its Papp = 0.5 × 10−6 cm s−1 from the apical to basolateral and Papp = 1.3 × 

10−6 cm s−1 from the basolateral to apical. Therefore, the Caco-2 permeability results indicate that 

HSGN-238 has a high potential to be strongly absorbed after being administered orally. 
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Table 7.4 Caco-2 Permeability Analysis for HSGN-238 and control drugs. 

Compound/Control 

Drug 

Mean A → B 

Papp (cm s−1) 

Mean B → A 

Papp (cm s−1) 

Notes 

HSGN-238 82.3 x 10-6 32.9 x 10-6 High Permeability 

Ranitidine 0.5 x 10-6 1.3 x 10-6 
Low Permeability 

Control 

Propranolol 37.2 x 10-6 22.7 x 10-6 
High Permeability 

Control 

7.4 Materials and Methods 

7.4.1 Chemistry 

 General Considerations: All reagents and solvents were purchased from commercial 

sources. The 1H, 13C, and 19F NMR spectra were acquired in DMSO-d6 as solvent using a 500 

MHz spectrometer with Me4Si as an internal standard. Chemical shifts are reported in parts per 

million (δ) and are calibrated using residual undeuterated solvent as an internal reference. Data for 

1H NMR spectra are reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant 

(Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, or combinations thereof.  High resolution mass spectra (HRMS) were 

obtained using electron spray ionization (ESI) technique and as TOF mass analyzer. New 

compounds were characterized by 1H NMR, 13C NMR, 19F NMR, and HRMS data. 

7.4.2 Synthesis of 1,3,4-oxadiazol-2-amines [A.1-A.3] 

The synthesis of A.1-A.3 was performed following a literature reported procedure210. 1H, 13C, and 

19F NMR spectra were in agreement with literature reported data. 

7.4.3 Amide Coupling Procedure for Synthesis of Compounds 

A 20 mL screw caped vial, charged with the corresponding acid (1 eq.), amine (1 eq.), BOP reagent 

(2.7 eq.) and diisopropylethylamine (23 eq.) in DMF solvent (3 mL) was stirred at room 

temperature for 16 h. After completion, the reaction mixture was concentrated under reduced 
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pressure, followed by flash column chromatography (hexanes:ethyl acetate 80:20 to 60:40) gave 

the desired product. 

7.4.4 Characterization Data 

3-Fluoro-4-(trifluoromethoxy)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide 

(HSGN-235): 

Off-white solid (34 mg, 18%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (m, 2H), 8.0 (m, 2H), 7.8 

(m, 2H), 7.5 (m, 1H). 13C NMR (126 MHz, DMSO-d6) δ 161.9, 160.1, 158.4, 153.0 (d, J = 258.3 

Hz), 136.3 (d, J = 12.6 Hz), 132.0 (q, J = 32.8 Hz), 129.7, 127.5, 127.4, 126.9 (d, J = 3.78 Hz), 

126.8, 126.0 (d, J = 5.04 Hz), 125.3, 123.1 (q, J = 288.5 Hz), 121.5 (q, J = 259.6 Hz). 19F NMR 

(471 MHz, DMSO-d6) δ -59.0 (s, 3F), -62.9 (s, 3F), -132.1 (s, 1F). HRMS (ESI) m/z calcd for 

C17H9F7N3O3 [M + H]+ 436.0532, found 436.0531. 

N-(5-(3-fluorophenyl)-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (HSGN-237): 

Off-white solid (42 mg, 24%). 1H NMR (500 MHz, DMSO-d6) δ 8.2 (dd, J = 8.5, 3.6 Hz, 2H), 7.8 

(dd, J = 7.9, 3.6 Hz, 1H), 7.7 – 7.6 (m, 2H), 7.5 (ddd, J = 34.6, 10.1, 6.0 Hz, 3H). 13C NMR (126 

MHz, DMSO-d6) δ 165.0, 163.7 (d, J = 245.7 Hz), 160.2, 158.8, 151.9, 132.4 (d, J = 8.82 Hz), 

132.2, 131.3, 125.9 (d, J = 8.82 Hz), 122.8, 121.5 (q, J = 259.6 Hz), 121.1, 119.3 (d, J = 21.4 Hz), 

113.3 (d, J = 23.9 Hz). 19F NMR (471 MHz, DMSO-d6) δ -57.8 (s, 3F), -112.5 (q, J = 8.1 Hz, 1F). 

HRMS (ESI) m/z calcd for C16H10F4N3O3 [M + H]+ 368.0658, found 368.0659. 

N-(5-(5-chlorothiophen-2-yl)-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (HSGN-

238): 

Off-white solid (45 mg, 24%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (d, J = 8.5 Hz, 2H), 7.6 (d, 

J = 4.1 Hz, 1H), 7.5 (m, 2H), 7.3 (m, 1H). 13C NMR (126 MHz, DMSO-d6) δ 164.8, 158.0, 

156.5, 151.9, 133.5, 131.9, 131.3, 129.9, 129.1, 123.7, 121.4 (q, J = 258.3 Hz), 121.1. 19F NMR 

(471 MHz, DMSO-d6) δ -57.8 (s, 3F). HRMS (ESI) m/z calcd for C14H8ClF3N3O3S [M + H]+ 

389.9927, found 389.9925. 
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7.4.5 Bacterial strains, media, reagents and cell lines 

Neisseria gonorrhoeae clinical isolates (Table 1S) used in this study were obtained from the CDC. 

S. aureus, MRSA, E. faecalis, E. faecium, and L. monocytogenes strains were obtained from the 

American Type Culture Collection (ATCC). E. coli BW25113 and JW25113 were obtained from 

the Coli Genetic Stock Center (CGSC), Yale University, USA. Media and reagents were purchased 

from commercial vendors: Brucella broth, chocolate II agar, cation-adjusted Mueller Hinton broth, 

tryptic soy broth (TSB) and tryptic soy agar (TSA) (Becton, Dickinson and Company, 

Cockeysville, MD, USA); yeast extract and dextrose (Fisher Bioreagents, Fairlawn, NJ, USA), 

proteose-peptone, nicotinamide adenine dinucleotide (NAD), agarose and tetracycline (Sigma-

Aldrich, St. Louis, MO, USA); hematin, Tween 80, pyridoxal, linezolid and gentamicin sulfate 

(Chem-Impex International, Wood Dale, IL, USA); Dulbecco’s Modified Eagle Medium (DMEM), 

fetal bovine serum (FBS) and phosphate-buffered saline (PBS) (Corning, Manassas, VA, USA); 

and azithromycin  (TCI America, Portland, OR, USA).  Human colorectal adenocarcinoma 

epithelial cells (Caco-2) (ATCC HTB-37) was obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA, USA). Compounds were synthesized from commercial 

sources in our laboratory. 

7.4.6 Determination of the MICs of compounds and control drugs against N. gonorrhoeae 

strains 

MICs of the tested compounds and control drugs; azithromycin, and tetracycline were determined 

using the broth microdilution as described previously344-346. Briefly, bacteria were grown overnight 

on chocolate agar II at 37° C in presence of 5% CO2. Afterwards, a bacterial suspension equivalent 

to 1.0 McFarland standard was prepared and diluted in brucella broth supplemented with yeast 

extract, neopeptone, hematin, pyridoxal and NAD. Test agents were added in the first row of the 

96-well plates and serially diluted along the plates. Plates were then, incubated at 37° C in the 

presence of 5% CO2 for 24 hours. MICs reported in Table 1 are the minimum concentrations of 

the compounds and control drugs that could completely inhibit the visual growth of bacteria. The 

minimum bactericidal concentration (MBC) of these drugs was tested by plating 4 µL from wells 

with no growth onto chocolate agar II plates. Plates were then, incubated at 37° C in the presence 

of 5% CO2 for 24 hours. The MBC was categorized as the lowest concentration that reduced 

bacterial growth by 99.9%299, 347-348.  
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7.4.7 Determination of the MICs and MBCs of compounds and control drugs against 

clinically important Gram-positive and Gram-negative bacteria  

The minimum inhibitory concentrations (MICs) of the tested compounds and control drugs; 

linezolid, vancomycin, and gentamicin were determined using the broth microdilution method, 

according to guidelines outlined by the Clinical and Laboratory Standards Institute (CLSI)212  

against clinically-relevant bacterial (Staphylococcus aureus, MRSA, Escherichia coli, 

Enterococcus faecalis and Enterococcus faecium strains. S. aureus, MRSA, E. coli, Enterococcus 

faecalis and Enterococcus faecium were grown aerobically overnight on tryptone soy agar (TSA) 

plates at 37° C. Afterwards, a bacterial solution equivalent to 0.5 McFarland standard was prepared 

and diluted in cation-adjusted Mueller-Hinton broth (CAMHB) (for S. aureus, MRSA, and E. coli) 

to achieve a bacterial concentration of about 5 × 105 CFU/mL. Enterococcus faecalis and 

Enterococcus faecium 0.5 McFarland standard solution was diluted in tryptone soy broth (TSB) to 

achieve a bacterial concentration of about 5 × 105 CFU/mL. Compounds and control drugs were 

added in the first row of the 96-well plates and serially diluted with the corresponding media 

containing bacteria. Plates were then, incubated as previously described. MICs reported in Table 

2 are the minimum concentration of the compounds and control drugs that could completely inhibit 

the visual growth of bacteria. The minimum bactericidal concentration (MBC) was tested by 

spotting 4 µL from wells with no growth onto TSA plates. Plates were incubated at 37 ° C for at 

least 18 hours before recording the MBC. The MBC was categorized as the lowest concentration 

that reduced bacterial growth by 99.9%299, 347-348. 

7.4.8 In vitro cytotoxicity analysis of HSGN-237 and -238 against human colorectal cells.  

 HSGN-237 and -238 were assayed for potential cytotoxicity against a human colorectal 

adenocarcinoma (Caco-2) cell line, as described previously117, 349-350. Briefly, tested compounds 

were incubated with caco-2 cells for 24 and 48 hours. Then, cells were incubated with MTS (3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

reagent for 4 hours before measuring absorbance values (OD490). 
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7.4.9 Caco-2 permeability assay 

Assay and data analysis were performed by Eurofins Panlabs (MO, USA) according to a previously 

reported protocol312-313. The apparent permeability coefficient (Papp) of the tested agents was 

calculated using the equation below:  

 

where VR is the volume of the receiver chamber. CR,end is the concentration of the test compound 

in the receiver chamber at the end time point, Δt is the incubation time and A is the surface area 

of the cell monolayer. CD,mid is the calculated mid-point concentration of the test compound in the 

donor side, which is the mean value of the donor concentration at time 0 minute and the donor 

concentration at the end time point. CR,mid is the mid-point concentration of the test compound in 

the receiver side, which is one half of the receiver concentration at the end time point. 

Concentrations of the test compound were expressed as peak areas of the test compound. 

7.5 Conclusion 

We have identified promising N-(1,3,4-oxadiazol-2-yl)benzamides with potent antibacterial 

activity against N. gonorrhoeae. Furthermore, HSGN-237 and -238 exhibited highly acceptable 

tolerability to human colon cells. Moreover, when assessed using a Caco-2 bidirectional 

permeability assay, HSGN-238 showed remarkable ability to cross Caco-2 bilayers, indicating it 

would have favorable systemic absorption. Thus, the potent antibacterial profiles of these N-(1,3,4-

oxadiazol-2-yl)benzamides warrants further investigation and exploration as potential therapeutics 

to treat drug-resistant N. gonorrhoeae infections. OCF3 modified N-(1,3,4-oxadiazol-2-

yl)benzamides add to the list of novel antibacterial agents with novel scaffolds that we have 

reported163, 217, 222, 252. 

7.6 Supplementary Information 

For 1H, 13C, 19F, and HRMS data, please see the supplementary information located on the Int J 

Mol Sci website. 
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 COMPARATIVE STUDIES TO UNCOVER FURTHER 

MECHANISMS OF ACTION OF N-(1,3,4-OXADIAZOL-2-

YL)BENZAMIDE CONTAINING ANTIBACTERIAL AGENTS 

8.1 Abstract 

 Drug-resistant bacterial pathogens still cause high levels mortality annually despite the 

availability of many antibiotics. Staphylococcus aureus (MRSA) is especially problematic and the 

rise in resistance to front line treatments like vancomycin and linezolid calls for new chemical 

modalities to treat chronic and relapsing S, aureus infections. Halogenated N-(1,3,4-oxadiazol-2-

yl)benzamides are interesting class of antimicrobial agents, which have been described by multiple 

groups to be effective against different bacterial pathogens. The modes of action of a few N-(1,3,4-

oxadiazol-2-yl)benzamides have been elucidated. For example, oxadiazoles KKL-35 and MBX-

4132, have been described as inhibitors of trans-translation (a ribosome rescue pathway) while 

HSGN-94 was shown to inhibit lipoteichoic acid. However other similarly halogenated N-(1,3,4-

oxadiazol-2-yl)benzamides neither inhibit trans-translation nor LTA but are potent antimicrobial 

agents. For example, HSGN-220, -218, and -144 are N-(1,3,4-oxadiazol-2-yl)benzamides that are 

modified with OCF3, SCF3 or SF5, and have remarkable minimum inhibitory concentrations 

(MICs) ranging from 1 µg/mL to 0.06 µg/mL against MRSA clinical isolates and show a low 

propensity to resistance to MRSA over 30 days. The mechanism of action (MAO) of these highly 

potent oxadiazoles is however unknown. To provide insights into how these halogenated N-(1,3,4-

oxadiazol-2-yl)benzamides inhibit bacterial growth, we performed global proteomics and RNA 

expression analysis of some essential genes of S. aureus treated with HSGN-220, -218, and -144. 

These studies revealed that the oxadiazoles HSGN-220, -218, and -144 are multi-action antibiotics 

that regulate menaquinone biosynthesis and other essential proteins like DnaX, Pol IIIC, BirA, 

LexA, and DnaC. In addition, these halogenated N-(1,3,4-oxadiazol-2-yl)benzamides were able to 

depolarize bacterial membranes and regulate siderophore biosynthesis and heme regulation. Iron 

starvation appears to be part of the MOA that led to bacterial killing. This study demonstrates that 

N-(1,3,4-oxadiazol-2-yl)benzamides are indeed privileged scaffolds for the development of 

antibacterial agents and that subtle modifications lead to changes to MOA. 
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8.2 Introduction 

 Antimicrobial resistance has become a global crisis and it has been estimated that if 

antimicrobial resistance is not controlled, then by 2050 10 million people each year will die as a 

result, surpassing annual deaths due to cancer131. In the United States, antimicrobial resistance is 

also a problem. The Centers for Disease Control and Prevention (CDC) recently stated that more 

than 2.8 million antibiotic-resistant infections occur in the U.S. each year, resulting in more than 

35,000 deaths170. A Gram-positive bacterial pathogen, Staphylococcus aureus (S. aureus) is one 

of the leading causes of community- and hospital- acquired bacteremia, surgical site infections, 

osteomyelitis,  pneumonia, and skin infections107. The CDC has designated methicillin-resistant S. 

aureus (MRSA) as a serious threat as it causes 323,700 infections per year resulting in 10,600 

deaths170. Yet, MRSA’s continued rise in both infection and death rate has been attributed to the 

shortage of newly approved antibiotics with novel mechanisms of action46. This lack in 

development of novel antibiotics is due to the scarce number of pharmaceutical companies with 

an antibiotic research and development pipeline as it is considered a non-profitable venture 

because of the high likelihood of resistance emerging351. Still, newer antibiotics that have been 

approved or in clinical trials are derivatives of existing drugs so resistance mechanism that affect 

the old drugs will also likely affect the newer ones as well156. Therefore, the generation of 

antibiotics with new chemotypes and novel mechanisms of action is of high priority. 

 Halogenated N-(1,3,4-oxadiazol-2-yl)benzamides have emerged as novel compounds with 

potent activities against several strains of bacteria117, 134, 163-166, 352-354. We recently reported that the 

sulfonamide containing N-(1,3,4-oxadiazol-2-yl)benzamide, HSGN-94 (Figure 8.1), inhibits LTA 

biosynthesis and is a potent inhibitor of MRSA growth (MIC = 0.25 ug/mL)134, 166. Keiler and co-

workers have also reported that a chloro-substituted acylaminooxadiazole (KKL-35, Figure 8.1) 

was an inhibitor of trans-translation in bacteria. the Gillet et al. have argued that trans-translation 

is not the only target for KKL-35 in vivo355. While trans-translation inhibition or LTA 

biosynthesis inhibition might partly explain the antibacterial action of some oxadiazole-containing 

compounds, other halogenated N-(1,3,4-oxadiazol-2-yl)benzamides developed by the Gillet group 

(CT1-115, Figure 8.1)354 and by our group (HSGN-220, -218, and -144)163,164 do not inhibit trans-

translation or LTA biosynthesis. To provide insights into how various halogenated N-(1,3,4-

oxadiazol-2-yl)benzamides inhibit S. aureus, we performed various mechanistic studies, including 

comparative global proteomics, membrane depolarization and membrane permeation assays, to 
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identify pathways that are impacted by the oxadiazole-containing compounds and to investigate 

how subtle modifications affect the biological activities of these interesting antibacterial agents. 

 

Figure 8.1 Structures of previously reported N-(1,3,4-oxadiazol-2-yl)benzamides as potent antibacterial 

agents against Gram-positive bacteria. 

8.3 Results and Discussion 

8.3.1 HSGN-220, -218, and -144 demonstrate potent activity against MRSA clinical 

isolates 

 To evaluate HSGN-220, -218, and -144’s potential as therapeutics against drug-resistant 

bacteria, we proceeded to evaluate their antibacterial profile against a panel of MRSA clinical 

isolates. HSGN-218 was previously reported to have highly potent activities against C. difficile 

but its activity against MRSA was not explored163. However, our analysis demonstrates that 

HSGN-218 has remarkable activity against MRSA clinical isolates with MICs ranging from 0.06 

µg/mL (0.1 µM) to 0.25 µg/mL (0.6 µM) (See Appendix B for Table B.1). Additionally, HSGN-

144 was reported to have activity against MRSA as well as other drug-resistant Gram-positive 

strains164. Here, the compound also demonstrates high potency against MRSA clinical isolates with 

MICs of 0.5 µg/mL (1.3 µM) (Table B.1). Furthermore, HSGN-220 showed potent antibacterial 

activity against MRSA clinical isolates as well with MICs ranging from 0.25 µg/mL (0.6 µM) to 

µg/mL 1 (2.4 µM) (Table B.1). Overall, the compounds performed similarly or better than 

vancomycin (especially HSGN-218) but significantly outperformed the small molecule antibiotic 

linezolid against MRSA clinical isolates. 
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8.3.2 HSGN-220, -218, and -144 have a low propensity to develop resistance to MRSA 

 Based on HSGN-220, -218, and -144’s impressive activity against MRSA, our next step 

was to determine their mechanism of action against S. aureus. A classical method to do this 

involves obtaining resistant mutants via serial passaging and then using genomic mapping to 

identify mutations in the target protein(s)356. Therefore, we performed the multi-step resistance 

selection to generate MRSA resistant-mutants for HSGN-220, -218, and -144. However, we failed 

to generate any resistant mutants after 30 days, indicating that these compounds have a low 

propensity to develop resistance to MRSA as they performed similarly to known antibiotics 

vancomycin and linezolid (see Appendix B for Figure B.1). In contrast, the MIC of ciprofloxacin, 

an antibiotic that targets DNA gyrase, increased four-fold after the fifth passage and continued to 

increase afterward (Figure B.1). MRSA resistance to ciprofloxacin appeared after the ninth 

passage (an eight-fold increase in MIC was detected, see Figure B.1). By the fifteenth passage, the 

MIC of ciprofloxacin increased more than 32-fold from the original MIC value (0.25 μg/mL). The 

development of MRSA resistance to ciprofloxacin agrees with previously reports357-359. 

8.3.3 Effects of HSGN-220, -218, and -144 on global proteomics in S. aureus 

 Since we could not obtain HSGN-220, -218, or -144 resistant-mutants, we decided to use 

global proteomics with the aim of assessing the proteins and pathways that are affected by 

treatment with these compounds. Thus, we treated S. aureus with either HSGN-220, -218, or -144 

for 2 hours and extracted the total protein for profiling using mass spectrometry. HSGN-220, -218, 

or -144 treated samples were compared with samples treated with DMSO only (untreated). For 

each compound, a Venn diagram was constructed to determine the proteins found either in the 

untreated or treated samples (Figure B.1). A total of 1,000 proteins were identified after S. aureus 

treatment with HSGN-220. Of these 1,000 proteins, 781 proteins (78.1%) were observed to be 

shared by both DMSO control and HSGN-220 whereas 157 proteins (15.7%) were only identified 

in DMSO control, and 62 proteins (6.2%) were only identified in HSGN-220 (Figure B.1A). 

Additionally, a total of 982 proteins were identified after S. aureus treatment with HSGN-218. Of 

these 982 proteins, 736 proteins (74.9%) were observed to be shared by both DMSO control and 

HSGN-218 while 202 proteins (20.6%) were only identified in DMSO control, and 44 proteins 

(4.5%) were only identified in HSGN-218 (Figure B.1B). Furthermore, a total of 1,018 proteins 
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were identified after S. aureus treatment with HSGN-144. Of these 1,018 proteins, 825 proteins 

(81.0%) were observed to be shared by both DMSO control and HSGN-144 whereas 113 proteins 

(11.1%) were only identified in DMSO control, and 80 proteins (7.9%) were only identified in 

HSGN-144 (Figure B.1C). Interestingly, heatmap analysis reveals that HSGN-220, -218, and -144 

differentially regulate S. aureus gene expression (Figure 8.2A).  

 The proteomics data were then stringently filtered using label-free quantitation (LFQ) 

intensities and MS/MS counts. Proteins in samples that had LFQs for all three replicates and with 

at least 2 MS/MS counts were included for further analysis. Proteins found in only treated samples 

were considered to be highly upregulated while those found in only DMSO control were 

considered to be highly downregulated. 
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Figure 8.2 Global proteomics analysis of HSGN-220, -218, and -144. (A) Heatmap evaluation of global 

proteomics data displaying differentially expressed proteins between DMSO- and HSGN-220, -144, or -

218-treated S. aureus. (B) Venn diagram for comparison of downregulated proteins identified 

individually, dually, or amongst all three compounds: HSGN-220, -218, and -144. (C) Venn diagram for 

comparison of upregulated proteins identified individually, dually, or amongst all three compounds: 

HSGN-220, -218, and -144. 

 Next, we then sought to compare proteins downregulated by HSGN-220, -218, and -144 

via generation of a Venn diagram (Figure 8.2B). After stringent filtration, 249 proteins were 

identified in DMSO control only when compared to samples treated with HSGN-220, -218, and -

144. Of the 249 proteins, 81 (32.5%) were observed to be shared among all three compounds. 

Individually, 11 proteins (4.4%) were identified in HSGN-144, 77 proteins (30.9%) were detected 

in HSGN-218, and 19 proteins (7.6%) were found in HSGN-220. Furthermore, 40 proteins 
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(16.1%) were shared between HSGN-218 and HSGN-220, while 17 proteins (6.8%) were 

discovered in both HSGN-144 and HSGN-220. Only 4 proteins (1.6%) were detected in both 

HSGN-218 and HSGN-144. 

 During our assessment, we first began by analyzing the 81 proteins that were 

downregulated by all three compounds (see Appendix B for Table B.2). Specifically, we were 

interested in identifying proteins that were essential to S. aureus as these are the most important 

for the bacteria’s growth. We did this by utilizing the comprehensive list of S. aureus essential 

genes developed by Charles et al180. We found that all three compounds had a significant impact 

on DNA synthesis in S. aureus. For instance, all three compounds downregulated DNA 

polymerase III subunit τ/γ (dnaX), DNA polymerase III subunit α (pol IIIC), and the replicative 

DNA helicase (dnaC) (Table 8.1). Both dnaX and polC are required for replicative DNA synthesis 

while dnaC participates in initiation and elongation during chromosome replication360-361. 

Additionally, we found that HSGN-220, -218, and -144 also downregulate the essential proteins 

birA and lexA (Table 8.1). birA is a Group II biotin protein ligase (BPL) which is essential for the 

catalytic attachment of biotin to biotin-dependent enzymes, resulting in the synthesis of important 

lipids that make up the cell wall362. Furthermore, lexA is vital for S. aureus to produce the SOS 

response which modifies transcription in response to environmental stress363. Also, this SOS 

response mediated by lexA has been found to play an important role in antibiotic resistance and 

persistence of S. aureus infections363. 
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Table 8.1 Select essential proteins that were identified to be downregulated by HSGN-220, -218, 

and -144. 

ID Protein Description Essential in 

S. aureus? 

gi|685631628 DnaX DNA polymerase III τ/γ Yes 

gi|685632359 Pol IIIC DNA polymerase III α Yes 

gi|685632567 BirA biotin--acetyl-CoA-carboxylase ligase Yes 

gi|685632450 LexA XRE family transcriptional regulator Yes 

gi|685631229 DnaC Replicative DNA helicase Yes 

 All three compounds downregulated DNA pol IIIC, which has been viewed as a viable new 

target to combat Gram-positive infections364. This is because Pol IIIC is vital for replication of the 

bacterial chromosome as it makes up a major portion of the DNA Pol III core (see Figure 8.3A). 

Additionally, Pol IIIC also interacts with other essential proteins necessary for DNA replication 

like DnaC and DnaX (Figure 8.3B), meaning if Pol IIIC is affected, these other proteins will also 

be altered, and DNA replication will not take place. Furthermore, Pol IIIC is a highly conserved 

enzyme and is exclusive to bacteria whose genomes contain less than 50% guanine and cytosine 

such as: Streptococcus, Enterococcus, Staphylococcus, Bacillus, Clostridioides, Pneumococcus, 

Listeria, and Lactobacillus365. Moreover, Pol IIIC is not found in Gram-negative bacteria and has 

little homology with mammalian DNA polymerase, making it specific for Gram-positive 

pathogens364. Because of the uniqueness of Pol IIIC as well as its ability to be a novel drug target 

to combat Gram-positive bacteria, inhibitors of this enzyme have been developed. For instance, 

the earliest known inhibitors of Pol IIIC contained the anilino-uracil moiety which showed potent 

binding to Pol IIIC in Bacillus subtilis (B. subtilis) but only had moderate activity against Gram-

positive bacteria with MICs between 20 µg/mL – 40 µg/mL366-367. Ibezapolstat (ACX-362E), 

which selectively inhibits C. difficile Pol IIIC is currently in Phase II clinical trials for C. difficile 

infection368. The downregulation of DNA Pol IIIC as well as other proteins essential for DNA 

replication by HSGN-220, -218, and -144 could explain the potency of these compounds against 

MRSA. 



 

 

173 

 

Figure 8.3 (A) DNA replication in S. aureus. The helicase (DnaC) separates the double-stranded DNA into 

two single strands. The leading strand is synthesized continuously by the DNA Pol III core, while the 

lagging strand is synthesized in smaller fragments. Highlighted proteins were found to be downregulated 

by HSGN-220, -144, and -218. (B) Predicted functional protein-protein association networks for Pol IIIC, 

DnaX, and DnaC. All three proteins interact with one another due to their importance in DNA replication. 

Predicted interactions showing evidence of gene neighborhood (green lines), gene fusions (red lines) and 

gene co-occurrences (blue lines) have also been shown. Other interactions showing text mining evidence 

(yellow lines) as well as co-expression evidence (black lines) are shown. Figures were generated by 

STRING v 10.5 online database369. 

 To investigate if the observed modulations of the aforementioned proteins occurred at the 

protein or mRNA level, we performed real-time RT-qPCR analysis for dnaX, pol IIIC, birA, lexA, 

and dnaC (Figure 8.4). In line with the observations from the global proteomics analysis, we 

observed decreased dnaX, pol IIIC, birA, lexA, and dnaC mRNA levels in S. aureus treated with 

either HSGN-220, -144, or -218 (Figure 8.4A). This data suggests that HSGN-220, -144, or -218 

modulates the target mRNA expression or stability, which leads to differential protein abundance. 



 

 

174 

 

Figure 8.4 The effect of HSGN-220, -144, or -218 treatment on the transcription of proteins identified 

from global proteomics data. (A) Effect of HSGN-220, -144, or -218 treatment on transcription  of dnaX, 

pol IIIC, birA, lexA, and dnaC. (B) Effect of HSGN-220 or -218 treatment on the transcription of menA 

and Pth. (C) The effect of HSGN-220 or -144 treatment on the transcription of mvak1. (D) The effect of 

HSGN-218 treatment on the transcription of relA and pgsA. (E) The effect of HSGN-220, -144, or -218 

treatment on the transcription of HarA and IsdA. Total RNA isolated from S. aureus treated with either 

DMSO or 1X MIC HSGN-220 (0.5 µg/mL), -144 (0.5 µg/mL), or -218 (0.06 µg/mL) was reversed 

transcribed and cDNAs were quantified by RT-qPCR using target-specific primers. The data represents 

the mean ± SD of triplicate experiments normalized with 16S RNA. Statistically significant differences 

between DMSO-treatment and HSGN-220, -144, or -218 -treatment was determined by Student's t-test 

analysis (unpaired, two-tailed) and is represented as *p ≤ 0.05 or **p ≤ 0.01. 

 After analyzing the 81 proteins that all three compounds had in common, we then went on 

to evaluate essential proteins downregulated by only two compounds. For example, both HSGN-

218 and HSGN-220 have 40 proteins in common (Figure 8.2B and Table B.3). Yet, both 

compounds downregulate the essential proteins 1,4-dihydroxy-2-naphthoate octaprenyltransferase 

(MenA) and peptidyl-tRNA hydrolase (Pth) (Table 8.2). MenA is important in S. aureus for the 

synthesis of menaquinone370. Menaquinone plays an important role in electron transport and ATP 
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generation in Gram-positive and anaerobically respiring Gram-negative bacteria371-373. It’s been 

shown that inhibition of MenA, leading to loss of menaquinone, causes cell death, thereby 

demonstrating the protein’s potential as a possible drug target371, 373. Pth is an essential enzyme in 

S. aureus as it recycles peptidyl-tRNAs which arise from untimely termination of translation374. 

Pth is found in both Gram-positive and Gram-negative bacteria, and inhibition of this protein leads 

to the buildup of tRNAs that are toxic to the cell due to impairment of protein synthesis375-376. To 

confirm our global proteomics results, we conducted RT-qPCR analysis for menA and Pth 

expression (Figure 8.4B). We detected a decrease of menA and Pth mRNA levels in S. aureus 

treated with either HSGN-220 or -218 (Figure 8.4B). 

Table 8.2 Select essential proteins that were identified to be downregulated by both HSGN-220 

and HSGN-218 treatments, as well as with HSGN-144 and HSGN-220 treatment. 

Essential Proteins Downregulated by HSGN-218 and HSGN-220 

ID Protein Description Essential in 

S. aureus? 

gi|685632127 MenA 1,4-dihydroxy-2-naphthoate 

octaprenyltransferase 

Yes 

gi|685631655 Pth peptidyl-tRNA hydrolase Yes 

Essential Protein Downregulated by HSGN-144 and HSGN-220 

ID Protein Description Essential in 

S. aureus? 

gi|685631744 mvak1 mevalonate kinase Yes 

 Since HSGN-218 and -220 were found to downregulate menA expression (see Figure 8.4B 

and Table 8.2), we hypothesized that treatment of S. aureus with either HSGN-218 or -220 would 

result in a decrease in menaquinone concentration. Both menaquinone 7 (MK-7) and menaquinone 

8 (MK-8) have been found to be the two most abundant menaquinones in S. aureus377-381. 

Therefore, to analyze the impact of HSGN-218 and -220 on menaquinone levels in S. aureus 

growing cells, the concentration of MK-7 and -8 by treatment of S. aureus with 1X MIC of HSGN-
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218 or -220 for 2 hours was quantified by LC/MS/MS using commercially available MK-9 as a 

standard (Figure 8.5). Interestingly, treatment of S. aureus with either HSGN-218 or -220 resulted 

in a drastic decrease in both MK-7 and MK-8 levels. For instance, S. aureus treated with 1% 

DMSO showed an average concentration for MK-7 and MK-8 equal to 407 µg/µL and 1474 µg/µL 

respectively. Yet, treatment of S. aureus with 1X MIC HSGN-218 demonstrated a reduction in the 

concentration of MK-7 (38 µg/µL) and MK-8 (105 µg/µL) (see Figure 8.5). Similarly, treatment 

of S. aureus with 1X MIC HSGN-220 also showed a reduction in MK-7 and MK-8 concentrations 

equal to 36 µg/µL and 79 µg/µL respectively (see Figure 8.5). Therefore, we hypothesize that both 

HSGN-218’s and -220’s downregulation of MenA is responsible for the compounds’ effect on 

menaquinone biosynthesis. 

 

Figure 8.5 Effect of HSGN-218 and -220 on menaquinone biosynthesis. (A) MK-7 concentration (µg/µL) 

after treatment of S. aureus with 1% DMSO, 0.06 µg/mL (1X MIC) HSGN-218, and 0.5 µg/mL (1X 

MIC) HSGN-220. (B) MK-8 concentration (µg/µL) after treatment of S. aureus with 1% DMSO, 0.06 

µg/mL (1X MIC) HSGN-218, and 0.5 µg/mL (1X MIC) HSGN-220. Statistically significant differences 

between DMSO-treatment and HSGN-218 or -220 -treatment was determined by Student's t-test analysis 

(unpaired, two-tailed) and is represented as **p ≤ 0.01. 

 Both HSGN-144 and HSGN-220 downregulate 17 similar proteins (Figure 8.2B and Table 

B.4). However, both compounds only downregulate one essential enzyme, mevalonate kinase 

(mvak1) (Table 8.2). Mvak1 is essential for isoprenoid biosynthesis in S. aureus since it converts 

coenzyme A to isopentenyl diphosphate382. Although humans and plants also contain mevalonate 

kinase, the bacterial mvak1 is much different, making it an ideal drug target382. Additionally, 
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HSGN-144 and HSGN-218 both share 4 proteins in common (Figure 8.2B and Table B.5), yet 

none are essential to S. aureus and will not be discussed in this manuscript. To verify that HSGN-

220 and -144 both downregulate mvak1, we did RT-qPCR analysis for mvak1 expression. The 

results confirmed our proteomics analysis since we witnessed a decrease of mvak1 mRNA levels 

in S. aureus treated with either HSGN-220 or -144 (Figure 8.4C). 

Table 8.3 Select essential proteins that were identified to be downregulated individually by 

HSGN-218 treatment. 

Essential Proteins Downregulated by HSGN-218 

ID Protein Description Essential in 

S. aureus? 

gi|685632815 RelA GTP pyrophosphokinase Yes 

gi|685632378 PgsA CDP-diacylglycerol--glycerol-3-

phosphate 3-phosphatidyltransferase 

Yes 

 Next, we moved to assess essential proteins downregulated by the compounds individually. 

On its own, HSGN-218 downregulates 77 proteins (Figure 8.2B and Table B.6), yet only 2 are 

essential in S. aureus: GTP pyrophosphokinase (RelA) and CDP-diacylglycerol--glycerol-3-

phosphate 3-phosphatidyltransferase (PgsA) (Table 8.3). RelA controls the activation of guanosine 

3′, 5′-bis(diphosphate) when bacteria are under stressful conditions making it essential for bacterial 

survival383-384. Moreover, PgsA is highly important for the synthesis of phosphatidyl glycerol (PG), 

the most abundant membrane phospholipid in bacteria181. Reduction of PgsA causes a decrease in 

PG production and subsequent surface charge alterations, leading to bacterial cell death385. To 

validate that HSGN-218 does indeed downregulate RelA and PgsA, we performed RT-qPCR. Our 

results demonstrated that S. aureus treated with HSGN-218 showed a decrease in mRNA 

expression levels of both relA and pgsA, thereby confirming our global proteomics analysis (Figure 

8.4D). Furthermore, both HSGN-144 and HSGN-220 independently downregulate 11 and 19 

proteins in S. aureus, respectively, however none were considered to be essential to the organism 

(see Table B.7 and Table B.8). 
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 After examining downregulated proteins, we then wanted to compare proteins upregulated 

by HSGN-220, -218, and -144 via generation of another Venn diagram (Figure 8.2C). After 

stringent filtration, 108 proteins were identified in HSGN-220, -218, and -144 treated samples only 

and not in DMSO control. Of the 108 proteins compared, 18 (16.7%) were observed to be shared 

among all three compounds. Individually, 28 proteins (25.9%) were identified in HSGN-144, 14 

proteins (13%) were detected in HSGN-218, and 6 proteins (5.6%) were found in HSGN-220. 

Furthermore, 8 proteins (7.4%) were shared between HSGN-218 and HSGN-220, while 30 

proteins (27.8%) were discovered in both HSGN-144 and HSGN-220. Only 4 proteins (3.7%) were 

detected in both HSGN-218 and HSGN-144. 

 HSGN-220, -218, and -144 appear to have a significant effect on iron transportation in S. 

aureus. Particularly, it appears that treatment of S. aureus with our N-(1,3,4-oxadiazol-2-

yl)benzamides increases heme transport. For instance, proteins involved in heme-mediated iron 

acquisition like IsdA, HarA, HrtA, and SirA are all upregulated by HSGN-220, -218, and -144 

(Table 8.4). IsdA and HarA are part of the S. aureus Isd system inside the cell wall, which mediates 

iron acquisition386. Heme binds to HarA and is passed across the cell wall through the near 

iron transporter (NEAT) domains of IsdA and IsdC which then results in the import of heme into 

the cytoplasm, followed by heme degradation to release free iron to satisfy nutrient needs386. HrtA 

is part of the heme-regulated transport (Hrt) system which regulates the amount of heme being 

transported into the cell to avoid any toxicity387. SirA also controls the amount of free iron 

throughout the bacterial cell by importing S. aureus siderophores staphyloferrin A and 

staphyloferrin B388-389. 

Table 8.4 Select proteins that were identified to be upregulated by HSGN-220, -218, and -144. 

ID Protein Description 

gi|685632908 HarA Haptoglobin-binding heme uptake protein 

gi|685632217 IsdA Iron-regulated surface determinant protein A 

gi|685631802 SirA Siderophore compound ABC transporter binding 

protein 

gi|685632219 HrtA Heme ABC transporter permease 
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 To demonstrate that HSGN-220, -218, and -144 upregulate heme transport in S. aureus, 

we completed RT-qPCR for HarA and IsdA. We witnessed an increase in mRNA levels for both 

HarA and IsdA in S. aureus treated with either HSGN-220, -218, or -144 (Figure 8.4E), further 

verifying our global proteomics results. 

8.3.4 HSGN-220, -218, and -144 cause iron starvation 

 In a beautiful work by Huigens and co-workers, they showed that phenazine antibiotics 

which regulate proteins involved in iron transport, directly bind to iron199, 390. Inspired by this work 

and the fact that HSGN-220, -218, or -144 also regulate proteins involved in iron transport, we 

evaluated whether HSGN-220, -218, or -144 directly bind to iron (II) using UV-Vis experiments 

(Figure 8.6A-C), following Huigens’ protocol199. We found that all three N-(1,3,4-oxadiazol-2-

yl)benzamides chelate to iron (II) and the chelation intensifies over a 3 hour period. 
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Figure 8.6 HSGN-220, -218, and -144 Chelate to Iron (II). (A) UV–vis spectroscopy of HSGN-

218 binding iron (II). (B) UV–vis spectroscopy of HSGN-144 binding iron (II). (C) UV–vis spectroscopy 

of HSGN-220 binding iron (II). 

 Additionally, because treatment of S. aureus with HSGN-220, -218, or -144 appeared to 

upregulate SirA and HrtA, two proteins important for siderophore biosynthesis and heme transport 

respectively, we further evaluated the effect of HSGN-220, -218, and -144 on siderophore 

biosynthesis and heme regulation in S. aureus using plate bioassays391-392 (see Table 8.5). For these 

bioassays, we used iron-restricted Tris-minimal succinate (TMS) agar by adding 25 μM of the 

iron-chelator ethylenediamine-N,N′-bis(2-hydroxyphenylacetic acid) (EDDHA). 1% DMSO 

(untreated control) or HSGN-220, -218, or -144 at concentrations of 0.25X MIC, 0.5X MIC, 1X 

MIC was supplemented into the TMS agar. S. aureus (109 CFU/mL) was incorporated into plates 

and 50 µM of siderophore (ferrichrome, defersal, and 2,3-dihydroxy benzoic acid (DHBA)), 

hemoglobin, or hemin was added onto sterile paper disk and incubated at 37°C for 24 hours. 
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Interestingly, we found that S. aureus treated with 0.5X MIC and 1X MIC of HSGN-220, -218, or 

-144 showed the inability to utilize siderophores, hemoglobin, or hemin to transport iron and 

promote growth (see Table 8.5 and Appendix B). However, in the absence of compound, S. aureus 

was able to use siderophores, hemoglobin, or hemin to promote growth (see Table 8.5 and 

Appendix B). Therefore, we hypothesize that HSGN-220, -218, and -144’s effects on both 

siderophore biosynthesis and heme regulation, which results in up-regulation of SirA and HrtA, 

starves S. aureus of iron and causes bacterial death. 

Table 8.5 Utilization of siderophores (ferrichrome, defersal, and 2,3-DHBA), hemoglobin, or 

hemin by S. aureus in the presence and absence of HSGN-220, -218, and -144. 

 

Siderophore 

Growth Promotion in: 

 

DMSO 

HSGN-220 HSGN-218 HSGN-144 

0.25X 

MIC 

0.5X 

MIC 

1X 

MIC 

0.25X 

MIC 

0.5X 

MIC 

1X 

MIC 

0.25X 

MIC 

0.5X 

MIC 

1X 

MIC 

Ferrichrome + - - - + - - - - - 

Hemoglobin + - - - + - - - - - 

Hemin + - - - + - - + - - 

Desferal + - - - + - - + - - 

2,3-DHBA + - - - + - - - - - 

Note: +, growth; -, no growth. 

8.3.5 Effects of HSGN-220, -218, and -144 on membrane depolarization and permeability 

in S. aureus: 

 We recently reported that the SCF3 or SF5 moiety enhances association with bacterial 

membranes393. Thus, we wondered if HSGN-220, -218, and -144 were membrane-targeting agents. 

Targeting the bacterial membrane has been deemed a potential drug target because it can disrupt 

the membrane’s function and/or physical integrity394. The bacterial membrane is essential because 

it comprises about one third of the proteins in a cell and is the site for highly important processes 

like respiration, active transport of nutrients and wastes, and the formation of the proton motive 

force395. Additionally, the bacterial cell membrane contains an electrical potential difference which 

acts as a source of free energy396. This energy allows for the bacteria to undergo its essential 
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functions396. For instance, membrane potential has been shown to regulate pH homeostasis397-398, 

membrane transport399, motility400, antibiotic resistance401, cell division402, and environmental 

sensing403. Thus, we began by investigating HSGN-220, -218, and -144’s effect on membrane 

depolarization in S. aureus using a fluorescent based assay with DiSC3(5) as a stain. DiSC3(5) is 

a cationic membrane-permeable dye which accumulates in polarized cells resulting in quenching 

of overall fluorescence404. Upon depolarization, DiSC3(5) is rapidly released into the medium 

resulting in dequenching. This dequenching triggers a large spike fluorescence intensity404. All 

three compounds showed potent membrane depolarization activity. For instance, at 10x MIC 

HSGN-220, -218, and -144 showed either equal or greater depolarization when compared to 

daptomycin (5 µg/mL), a known depolarizer of S. aureus membranes405 (Figure 8.7). 

 

Figure 8.7 Effects of HSGN-220, -218, and -220 on membrane depolarization in S. aureus at 10x MIC 

concentrations using DiSC3(5) dye. Increase in fluorescence indicates depolarization. Daptomycin is used 

as positive control while 1% DMSO is used as negative control. 

 Furthermore, disruption of the membrane integrity can lead to leakage of cytosolic content 

and harmful pleiotropic effects, eventually causing cell death394. Therefore, we proceeded to 

determine the effects of HSGN-220, -218, and -144 on membrane permeability in S. aureus via a 

fluorescent-based assay using sytox green as a dye. Sytox green stain was used as it is a high-

affinity nucleic acid stain that does not cross the membranes of live cells but easily penetrates cells 

with compromised membranes, resulting in strong fluorescence406. All three compounds did not 
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cause membrane permeability in S. aureus cells at 10x MIC concentrations as their fluorescence 

was comparative to the negative control (1% DMSO) (see Appendix B for Figure B.3). However, 

bithionol, a known antibacterial that affects membrane integrity69, had a significant influence on 

membrane permeability (Figure B.3). 

8.4 Conclusion  

 In conclusion, HSGN-220, -218, and -144 are potent antibacterial agents with MICs greater 

than or equal to those of vancomycin against MRSA clinical isolates. Additionally, HSGN-220, -

218, and -144 did not develop resistance to MRSA over 30 days, comparing to FDA approved 

antibiotics vancomycin and linezolid. Global proteomic analysis demonstrates that HSGN-220, -

218, and -144 downregulated essential proteins involved in DNA replication. In particular, the 

compounds downregulated DNA Pol IIIC, a novel target to combat Gram-positive bacteria. 

Furthermore, HSGN-218 and -220 downregulated the essential protein MenA and significantly 

decreased the concentration of menaquinones MK-7 and MK-8 in S. aureus. Additionally, HSGN-

220, -218, and -144 starve bacteria of iron which we hypothesize is due to their upregulation of 

proteins involved in heme acquisition and siderophore biosynthesis. We also found that HSGN-

220, -218, and -144 had a significant effect on membrane depolarization but did not alter 

membrane permeability. Therefore, despite their common core, HSGN-220, -218, and -144 

showed several similarities and differences in the pathways they affected, demonstrating that 

subtle changes in a compound’s structure can impact their mechanism of action. N-(1,3,4-

oxadiazol-2-yl)benzamides are interesting new antimicrobials, but it appears that their modes of 

action are more complicated that initially thought. 

 Compounds that act on multiple pathways in bacteria have a better chance of clinical utility 

without bacterial resistance. While the compounds described herein also inhibit multiple pathways 

in bacteria and recent studies have documented that indeed many approved antibiotics also inhibit 

multiple pathways190, medicinal chemists are still not at the stage whereby compounds that are 

multi-targeting without gross toxicity can be developed a priori. Thus far, such compounds are 

found after the fact. We hope that the studies described herein adds to the database, which would 

be needed as training set for future modeling for nodes that when targeted lead to potent 

antimicrobials that resist bacterial resistance. 
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8.5 Materials and Methods: 

8.5.1 Bacterial strains, media, and reagents 

Bacterial strains were obtained from various sources as listed in Tables B.10 and B.11. Cation-

adjusted Mueller Hinton broth, tryptic soy broth (TSB) and tryptic soy agar (TSA) were purchased 

from Becton, Dickinson and Company (Cockeysville, MD, USA). Linezolid (Chem-Impex 

International, Wood Dale, IL, USA), vancomycin hydrochloride (Gold Biotechnology, St. Louis, 

MO, USA), and ciprofloxacin (Sigma Aldrich, St. Louis, MO, USA), menaquinone-9 (Cayman 

Chemical, Ann Arbor, MI, USA), deferoxamine mesylate (Cayman Chemical, Ann Arbor, MI, 

USA), 2,3-Dihydroxybenzoic acid (Sigma Aldrich, St. Louis, MO, USA), ferrichrome (Sigma 

Aldrich, St. Louis, MO, USA), hemin (Sigma Aldrich, St. Louis, MO, USA), hemoglobin (Sigma 

Aldrich, St. Louis, MO, USA), ammonium iron(II) sulfate hexahydrate (Sigma Aldrich, St. Louis, 

MO, USA), and EDDHA (Arctom Chemical, Westlake Village, CA, USA) were purchased 

commercially. Tris-minimal succinate (TMS) was prepared as previously described407. 

Compounds were previously synthesized from commercial sources in our laboratory. 

8.5.2 Determination of the MICs against clinically important Gram-positive bacteria  

The broth microdilution method was utilized to test the antibacterial activity of HSGN-220, -218, 

and -144 against a panel of clinically-important Gram-positive bacteria according to the guidelines 

outlined by the Clinical and Laboratory Standards Institute (CLSI)212. Bacterial strains were grown 

aerobically overnight on tryptic soy agar (TSA) plates at 37° C. Afterwards, a bacterial solution 

equivalent to 0.5 McFarland standard was prepared and diluted in CAMHB to achieve a bacterial 

concentration of about 5 × 105 CFU/mL and seeded in 96-well plates. Compounds and control 

drugs were added in the first row of the 96-well plates and serially diluted along the plates. Plates 

were then incubated aerobically at 37° C for 18-20 hours. MICs reported are the minimum 

concentration of the compounds and control drugs that completely inhibited the visual growth of 

bacteria.  

8.5.3 Multi-step Resistance Selection: 

To investigate if MRSA would be capable of forming resistance to HSGN-220, -218, or -

144 quickly, a multi-step resistance selection experiment was conducted, as described 
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previously117. The broth microdilution assay was utilized to determine the MIC of HSGN-220, -

218, or -144, linezolid, vancomycin, and ciprofloxacin exposed to MRSA USA300 over 30 

passages. Resistance was classified as a greater than four-fold increase in the initial MIC. 

8.5.4 Global Proteomics Analysis: 

Global proteomic analysis was performed as described previously217. Briefly, exponentially 

growing S. aureus ATCC 25923 was treated 0.5 µg/mL HSGN-220, 0.0625 µg/mL HSGN-218, 

0.5 µg/mL HSGN-144, or an equivalent amount of DMSO for 2 hours. After, the cells were 

pelleted by centrifugation and washed twice with PBS. The protein was precipitated from the 

samples through homogenization using 8M urea and the BCA Protein Assay Kit (ThermoFisher 

Scientific, Waltham, MA, USA) was used to determine the protein concentration. Protein (50 μg) 

was reduced with 10 mM dithiothreitol (DTT) at 55 °C for 45 min followed by 

cysteine alkylation with 20 mM iodoacetamide at room temperature under dark for 45 min and an 

additional 5 mM DTT for 20 min at 37 °C. Trypsin/Lys-C Mix (Promega, Madison, WI, USA) at 

1:25 (w/w) enzyme-protein ratio was used to digest the protein at 37 °C overnight and passed 

through C18 silica micro spin columns (The Nest Group Inc., Southborough, MA, USA) to afford 

eluted peptides. Peptide concentration was determined with the BCA assay as above and adjusted 

to 0.2 μg/μL. Data acquisition was performed using a reverse-phase HPLC-ESI-MS/MS system 

composed of an UltiMate™ 3000 RSLCnano system coupled to a Q-Exactive (QE) High Field 

(HF) Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher Scientific, Waltham, MA) 

and a Nano-spray Flex™ ion source (Thermo Fisher Scientific) was used to analyze the samples 

standard data-dependent mode. Acquisition of MS/MS scans were done at a resolution of 15,000 

at m/z 200. To avoid repeated scanning of identical peptides, we set the dynamic exclusion at 30 s. 

Data was analyzed The MaxQuant software (v. 1.6.0.16)218-220 with the Andromeda search engine. 

For protein identification and quantification, the spectra were searched against the S. 

aureus sequences downloaded from NCBI database with a minimal length of six amino acids. For 

bioinformatics analysis, the Perseus software174 was used. Proteins identified in at least two out of 

the three replicates and with at least 2 MS/MS counts were processed for further analysis. 

Differential expression analysis was performed using LFQ intensities. After Log2 transformation 

of the intensities and filtering of the data, a two-sample Student's t-test was used to determine 

differentially abundant proteins using a 5% permutation-based FDR filter. Scatter plots were used 
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to determine the correlation between replicates. The Z-score normalized data was used to perform 

hierarchical clustering and to generate the heat map analysis.  

8.5.5 Total RNA isolation and RT-PCR: 

RNA isolation and RT-PCR was peformed following a previously reported procedure217. Briefly, 

exponentially growing S. aureus ATCC 25923 was incubated with 0.5 µg/mL HSGN-220, 0.0625 

µg/mL HSGN-218, 0.5 µg/mL HSGN-144 or 1% DMSO for 2 hours at 37 °C in triplicates. The 

cells were then pelleted by centrifugation and RNA was isolated using 1 mL TRIzol (Invitrogen, 

Carlsbad, CA) for total RNA according to the manufacturer's protocol. The Turbo DNA-free kit 

(Ambion, Austin, TX) was used to remove residual genomic DNA from the isolated RNA. 1 μg of 

the isolated RNA was then reverse-transcribed using the Superscript II Reverse 

Transcriptase (ThermoFisher Scientific). The subsequent cDNA were analyzed and quantified 

using gene-specific primers (Table B.12) and the QuantiTect SYBR Green PCR Kit (Qiagen, 

Germantown, MD) on a BioRad CFX96™ Touch Real-Time PCR Detection System following the 

manufacturer's protocol. PCR primers were either designed using Primer-BLAST or obtained from 

the referenced literature. The data were normalized against 16S rRNA and the p-values from 

student's t-test showed * ≤ 0.05 or ** ≤ 0.01. 

8.5.6 Quantification of MK Levels 

Quantification of MK levels was performed as previously outlined408. Briefly, exponentially 

growing S. aureus ATCC 25923 was treated with 0.5 µg/mL HSGN-220, 0.0625 µg/mL HSGN-

218, or an equivalent amount of DMSO for 3 hours at 37 °C. Samples were then normalized to 

OD600 0.8 using sterile saline. Next, the cells were pelleted via centrifugation at 5,000 xg for 10 

minutes and washed twice with phosphate buffered saline (PBS). Then, the samples were 

suspended in 0.5 mL of distilled water by vortexing for 30 s. To denature proteins, 0.75 mL of 2-

propanol:hexane (3:2) was added, and the mixture vortexed for 3 min. The mixture was further 

dispersed by sonicating for 1 min and then vortexed for 3 min. After, the mixture was centrifuged 

at 4 °C and 1800 g for 5 min. The upper hexane layer was then aspirated and evaporated to dryness 

under medium heat and nitrogen stream. 5 µL of a suspension of the sample residue in 200 µL 

methanol:methylene chloride (3:1) was injected into an Agilent 1200 HPLC (Agilent 
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Technologies)–AB SCIEX Triple Quad 5500 mass spectrometry system for identification and 

quantification of MKs. MK-7 and MK-8 were detected at the following mass-to-charge ratios: m/z 

m/z 650 (MK-7) and m/z 718 (MK-8). MK-9 was used as a standard for generating a calibration 

curve as previously reported378.  

8.5.7 UV–Vis for HSGN-220, -218, and -144 Binding Iron (II): 

HSGN-220, -218, or -144–iron(II) complex formation was determined using UV–vis spectrometry 

as previously reported199. Ammonium iron (II) sulfate hexahydrate (0.5 equiv) was added to a 

stirring solution of HSGN-220, -218, or -144 (10 mM) in dimethyl sulfoxide. Aliquots of 50 μL 

HSGN-220, -218, or -144 were removed from the resulting mixture and added to 1 mL of dimethyl 

sulfoxide in a cuvette. Spectral scanning was performed from 200 to 800 nm in 2 nm increments 

and a loss of absorbance at λmax (free compound) in the UV–vis spectrum, and apparent formation 

of a N-(1,3,4-oxadiazol-2-yl)benzamide–iron(II) complex was observed over time. 

8.5.8 Plate Bioassays: 

Plate bioassays were performed described previously392. Briefly, 109 cells/mL was added to molten 

TMS agar containing 25 μM EDDHA as an iron-chelating agent. 0.25X to 1X MIC concentrations 

of HSGN-220, -218, or -144 were added to agar. Iron sources to be tested (10 μl of a 50 μM 

solution) were added to sterile 6-mm-diameter paper disks and placed on the surfaces of the plates. 

Growth promotion was determined after 24 hours of incubation. 

8.5.9 Bacterial membrane depolarization assay: 

S. aureus ATCC 25923 was grown in TSB overnight at 37 °C and sub-cultured from the overnight 

broth to achieve exponential phase (OD600 0.2–0.3). For membrane depolarization, cells were 

harvested by centrifugation at 3600xg at 4 °C for 10 min and washed 3× in membrane assay buffer 

at pH 7.0 (5 mM glucose + 10 mM HEPES) and pellets were resuspended in the same buffer to 

OD600 0.2–0.3. Then, DiSC3 was added to a final concentration of 1 μM and incubated in the dark 

at ambient temperature for 15–30 min to allow the loading of the fluorescent dye into the cell 

membranes. After the loading period, potassium chloride (KCl) was added to the S. aureus cell 

suspension to a final concentration of 100 mM. The assay was initiated by adding the 
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antibiotic/compound according to calculated concentrations in triplicate in a black 96 well plate. 

This was immediately read in a Gen5 fluorescent imager at an excitation wavelength of 615 nm 

and emission wavelength of 665 nm for a period of 30 min at 30 s intervals. 5 µg/mL daptomycin 

was used as the positive control while the negative control was suspended cells + DiSC3. The 

baseline sample was a vial with no drug and no DiSC3. 

8.5.10 Bacterial membrane permeability assay: 

For membrane permeability, the Sytox green™ fluorescence assay was used. S. aureus ATCC 

23592 was grown as above, centrifuged, washed in 1× PBS three times and pellets resuspended in 

1× PBS + 10% TSB. Sytox green™ (Invitrogen) was added to achieve a final concentration of 5 

μM. This was incubated for 15–30 min in the dark for fluorescence to stabilize. 100 μL of the 

suspension was then aliquoted in triplicate into a 96 well microtiter plate and read inititally at an 

excitation wavelength of 504 nm and emission wavelength of 522 nm for 10 min before controls 

and compounds at calculated concentrations were added and absorbance read for another 3 h at 3 

min intervals using a Biotek Cytation5 image reader. 4 µg/mL bithionol was used as the positive 

control while the negative control was 1% DMSO + Sytox green™. The baseline sample was a 

vial with no drug and no Sytox green™ 
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 POTENT ANTIMICROBIAL ACTIVITIES OF ALKYL 

OXADIAZOLE BENZAMIDES AGAINST DRUG-RESISTANT GRAM-

POSITIVE BACTERIA 

9.1 Abstract 

 Methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 

enterococci (VRE) affect around 400,000 patients per year, resulting in almost 20,000 deaths. 

Therefore, despite the fact that there are FDA-approved therapeutics to combat these pathogens, 

new effective antimicrobial agents against these pathogens are still needed. Thiophenyl N-(1,3,4-

oxadiazol-2-yl)benzamides bearing pentafluorosulfanyl (SF5)-, trifluoromethoxy (OCF3)- and 

(trifluoromethyl)thio (SCF3) groups have been reported as potent inhibitors of drug-resistant 

Gram-positive bacteria. To make more drug-like analogs, the thiophenyl unit was replaced with 

hydrogen or alkyl groups and the analogs were tested for antimicrobial activities. HSGN-2143 and 

-2192, new analogs without the potentially toxic thiophene unit, displayed potent activities against 

multidrug-resistant Gram-positive pathogens with minimum inhibitory concentration (MIC) 

values as low as 0.25 µg/mL. HSGN-2143 and -2192 also show high tolerability to mammalian 

cells and do not lyse human red blood cells.  

9.2 Abstract 

 The ongoing rise in antimicrobial resistance has rendered current antibiotics ineffective. 

While many drugs exist to treat the majority of infections, the rise of reports detailing infections 

by multi-drug resistant pathogens409, which are resistant to most traditional antibiotics could be a 

warning sign for future pandemics propelled by bacteria. Two Gram-positive pathogens, 

methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci (VRE) 

are particularly problematic as annually MRSA accounts for 323,700 infections resulting in 10,600 

deaths, while VRE causes 54,500 infections and 5,400 deaths170. Linezolid and vancomycin are 

two mainstay drugs used to treat S. aureus infections but resistance to these drugs have become 

increasingly prevalent154, 410-411. Linezolid and a combination of quinupristin and dalfopristin (QD) 

are approved by the FDA to treat VRE infections412. Unfortunately, the efficacy of linezolid is low 

and the reported 30-day mortality rate for patients with VRE blood-stream infection is about 
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30%413. Furthermore, both linezolid and QD have toxicity concerns as well, like neuropathy, renal 

failure, and lactic acidosis414-415. New and effective therapeutics against VRE, especially for blood-

stream infections, would be welcome. 

 Our group has demonstrated that N-(1,3,4-oxadiazol-2-yl)benzamides are highly potent 

small molecule antibiotics against drug-resistant bacteria117, 134, 163-166. Particularly, we have shown 

that introduction of pentafluorosulfanyl (SF5), trifluoromethoxy (OCF3), or trifluoromethylthio 

(SCF3) groups into antibiotics can drastically improve antibacterial activity163-164, 393. Previously, 

we reported the SF5, OCF3, and SCF3 containing N-(1,3,4-oxadiazol-2-yl)benzamides, HSGN-144, 

-145, and -148, as a potent anti-MRSA agents164.  HSGN-144, -145, and -148 were active against 

several strains of drug-resistant Gram-positive bacteria, was non-toxic to mammalian cell lines, 

and cleared intracellular MRSA hidden in macrophages164. Still, HSGN-144, -145, and -148 

contained an unsubstituted thiophene (a potential toxicophore) (Figure 9.1). In this report, we 

describe the generation and antimicrobial testing of a new series of SF5, OCF3, and SCF3 

containing N-(1,3,4-oxadiazol-2-yl)benzamides whereby the potential thiophene toxicophore is 

replaced with hydrogen or alkyl groups. The most active compounds in this new series, HSGN-

2143, HSGN-2192, and HSDP-76 (Figure 9.1), were evaluated for hemolytic activity and 

cytotoxicity against red blood cells and mammalian cell lines, A549 (lung) and MDA-MB-231 

(breast) respectively. 

 

Figure 9.1 HSGN-144, -145, and -148 have antibacterial activity against Gram-positive clinical isolates 

although they contain an unsubstituted thiophene moiety. 
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9.3 Results and Discussion 

 We previously reported that HSGN-144, -145, and -148 showed potent activity against 

several clinical isolates of Gram-positive bacteria. However, HSGN-144, -145, and -148 contain 

an unsubstituted thiophene moiety, which can lead to toxicity concerns in vivo. For example, 

cytochrome P450-mediated oxidation can cause thiophene metabolism and lead to the formation 

of reactive metabolites, thiophene-S oxides286-287, thiophene epoxides287, and sulfenic acids288, 

which can then react with nucleophiles such as water and glutathione289. Thus, we decided to make 

new oxadiazole analogs whereby the thiophene unit is replaced with alkyl groups 

 The synthesis of the analogs began with an alkyl or cycloalkyl containing hydrazide which 

was cyclized into the corresponding 1,3,4-oxadiazol-2-amine (A1-A12) using cyanogen bromide 

(Scheme 9.1). Next, we converted the substituted benzoic acids into the subsequent acid chlorides 

S1-S3 using thionyl chloride (Scheme 1). The acid chlorides were then reacted with the 1,3,4-

oxadiazol-2-amine using N-methylimidazole as a base to give the desired pentafluorosulfanyl or 

trifluoromethylthio containing alkyl or cycloalkyl N-(1,3,4-oxadiazol-2-yl)benzamides (Scheme 

9.1). 

 

Scheme 9.1 General Route for the Synthesis of Alkyl and Cycloalkyl N-(1,3,4-Oxadiazol-2-

yl)benzamidesa. aReagents and Conditions: (a) CNBr, EtOH, 90°C, 2 h (b) SOCl2, 80 °C, 1 h (c) N-

methylimidazole, 1,4-dioxane, 90°C, 2 h, 6-46%. 

 With the compounds in hand, we proceeded to evaluate the new analogs against S. aureus 

ATCC 25923. Interestingly, we found that substitution of the phenyl for either an alkyl or 
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cycloalkyl group did not affect activity. Instead, these compounds were found to have potent 

activity against S. aureus ATCC 25923 Regarding antibacterial activity, we evaluated the effect 

of replacing an aromatic group for hydrogen (1, HSGN-2192) and other alkyl groups like methyl 

(2, HSGN-2143 3, and 4), ethyl (5-7), i-propyl (8-10), t-butyl (11-13), propyl (14 and 15), and 

butyl (16 and 17). These compounds had a minimum inhibitory concentration (MIC) between 4 

μg/mL and 0.5 μg/mL against S. aureus ATCC 25923 demonstrating comparable activity to the 

drugs of choice vancomycin and linezolid. However, for SCF3 and OCF3 containing N-(1,3,4-

oxadiazol-2-yl)benzamides, it appears that addition of a methyl group appeared to result in weak 

antibacterial activity (Table 1, see MIC for analogs 3 and 4, respectively), but this was the opposite 

for the SF5 containing N-(1,3,4-oxadiazol-2-yl)benzamide 2 (see Table 9.1). Additionally, it 

appeared that addition of alkyl groups in OCF3 containing N-(1,3,4,-oxadiazol-2-yl)benzamides 

(analogs 4, 7, 10, and 13) displayed only weak to moderate antibacterial activity against S. aureus 

(see Table 9.1). 

 Additionally, we evaluated the addition of cycloalkyl groups like cyclopropyl (18 and 19), 

cyclobutyl (20), cyclopentyl (21-23), and cyclohexyl (24-26), as well as oxygen heterocycles like 

tetrahydropyran (27). Antibacterial activity against S. aureus ATCC 25923 of these cycloalkyl N-

(1,3,4-oxadiazol-2-yl)benzamides was assessed and found to be between 4 μg/mL to 1 μg/mL 

(Table 1). For OCF3 containing N-(1,3,4-oxadiazol-2-yl)benzamides, addition of cycloalkyl 

groups were more favored as this led to the identification of HSDP-76 (Table 9.1) Interestingly, 

addition of polar rings like tetrahydropyranyl (27) was found to lead to weak antibacterial activity 

(see Table 9.1). 
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Table 9.1 MICs (μg/mL) of HSGN-2143, HSGN-2192, and HSDP-76, Analogs, and Control 

Antibiotics against S. aureus ATCC 25923. Note: cLogP was calculated using the online 

software SwissADME317. 

 

Compound/Control 

Antibiotic 

Y -R MIC cLogP 

1, HSGN-2192 SCF3 H 0.5 2.76 

2, HSGN-2143 SF5 Me 0.5 2.82 

3 SCF3 Me 16 2.82 

4 OCF3 Me 64 2.27 

5 SF5 Et 2 3.08 

6 SCF3 Et 4 3.15 

7 OCF3 Et 8 2.59 

8 SCF3 i-propyl 4 3.44 

9 SF5 i-propyl 1 3.35 

10 OCF3 i-propyl 8 2.90 

11 SCF3 t-butyl 2 3.71 

12 SF5 t-butyl 1 3.59 

13 OCF3 t-butyl 4 3.17 

14 SCF3 propyl 2 3.49 

15 SF5 propyl 1 3.36 

16 SCF3 butyl 1 3.84 

17 SF5 butyl 1 3.67 

18 SCF3 cyclopropyl 2 3.29 

19 OCF3 cyclopropyl 2 2.72 

20 SCF3 cyclobutyl 4 3.63 

21 SCF3 cyclopentyl 2 3.95 
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Table 9.1 Continued 

22 SF5 cyclopentyl 2 3.80 

23 OCF3 cyclopentyl 2 3.40 

24 SCF3 cyclohexyl 1 4.25 

25 SF5 cyclohexyl 1 4.08 

26, HSDP-76 OCF3 cyclohexyl 1 3.71 

27 SF5 tetrahydropyranyl 8 3.16 

HSGN-144 SF5 thiophenyl 0.25 3.89 

HSGN-145 OCF3 thiophenyl 1 3.40 

HSGN-148 SCF3 thiophenyl 0.5 3.97 

Vancomycin - - 1 - 

Linezolid - - 2 - 

9.3.1 Comprehensive antibacterial profile of HSGN-2143 and -2192 against multidrug-

resistant Gram-positive clinical strains 

 After the initial screening of HSGN-2143, HSGN-2192, and HSDP-76 we assessed their 

antibacterial profile against a panel of multidrug-resistant bacterial pathogens. HSGN-

2143 inhibited growth of the tested strains at concentrations ranging from 0.5 to 4 μg/mL (Table 

2). HSGN-2192 exhibited potent activities, inhibiting the tested multidrug-resistant bacterial 

strains at concentrations ranging from 0.25 to 1 μg/mL (Table 9.2). Additionally, HSDP-76 

displayed potent activity with MICs ranging from 0.5 to 2 μg/mL (Table 2). Furthermore, HSGN-

2143, HSGN-2192, and HSDP-76 maintained the same potent activities against other clinically 

relevant Gram-positive bacterial species including vancomycin-resistant enterococci (VRE) and 

Listeria monocytogenes (Table 9.2). Additionally, we also evaluated HSGN-2143, HSGN-2192, 

and HSDP-76’s activity against Gram-negative bacteria as well. However, these compounds did 

not inhibit the growth of E. coli ATCC 25404 as their MICs were >8 μg/mL. 
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Table 9.2 The minimum inhibitory concentrations (MICs in μg/mL) of HSGN-2143, HSGN-

2192, and HSDP-76 against a panel of clinically important bacterial pathogens 

including methicillin-resistant Staphylococcus aureus, Enterococcus faecalis, Enterococcus 

faecium, Listeria monocytogenes and Escherichia coli. 

Bacterial 

Strain 

Compound/Control Antibiotic 

HSGN-

2143 

HSGN-

2192 

HSDP-

72 

Vancomycin Linezolid Colistin 

MRSA ATCC 

33592 

0.5 0.5 1 1 2 NT 

MRSA 

USA300 

4 1 1 4 2 NT 

MRSA ARLG 

1649 

4 0.5 1 0.25 4 NT 

MRSA ARLG 

1644 

4 0.25 1 1 4 NT 

MRSA ARLG 

1663 

1 0.5 1 1 2 NT 

MRSA ARLG 

1570 

2 0.5 1 0.5 2 NT 

MRSA ARLG 

1568 

2 0.25 1 1 4 NT 

MRSA ARLG 

1569 

1 0.25 0.5 1 2 NT 

MRSA ARLG 

1567 

1 0.5 1 0.5 4 NT 

MRSA ARLG 

1561 

4 0.25 1 1 2 NT 

MRSA ARLG 

1665 

2 0.25 1 1 2 NT 

E. faecalis 

ATCC 29212 

0.25 1 1 1 4 NT 
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Table 9.2 Continued 

VRE faecalis 

ATCC 51575 

2 0.5 0.5 >128 2 NT 

VRE faecium 

ATCC 700221 

4 1 2 >128 4 NT 

L. 

monocytogenes 

ATCC 19115 

2 0.25 0.5 1 2 NT 

E. coli ATCC 

25404 

>8 >8 >8 NT NT 0.5 

NT = Not Tested 
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9.3.2 HSGN-2143, HSGN-2192, and HSDP-76 do not lyse red blood cells 

 Hemolysis can cause grave effects on organ function. For example, hemolysis has been 

reported to produce higher systolic, diastolic, and mean arterial blood pressure from reduced 

nitrous oxide signaling. Additionally, hemolysis can cause cardiovascular and renal dysfunction, 

thrombosis, and enhanced susceptibility to infections241. Thus, we examined whether our 

compounds would lyse red blood cells (RBCs). HSDP-76 showed around 30% hemolysis at 100 

μg/mL (100X MIC) and significantly dropped off at 50 μg/mL, 25 μg/mL, 12.5 μg/mL, and 6.25 

μg/mL (Figure 2). Both HSGN-2143 and -2192 showed little to no hemolysis at concentrations up 

to 100 μg/mL which is 200X their MIC (see Figure 9.2). Therefore, these results demonstrate that 

HSGN-2143, HSGN-2192, and HSDP-76 will have a minor hemolytic activity to human RBCs 

when used clinically to treat bacterial infections. 

 

Figure 9.2 Hemolytic activity of HSGN-2143, HSGN-2192, and HSDP-76 (in triplicate) against sheep 

RBCs. The results are presented as percent RBCs hemolysis for each compound relative to Triton-X-100 

(positive control showing complete hemolysis of RBCs) and DMSO (negative control showing no 

hemolysis of RBCs). The absorbance values represent an average of three samples analyzed for each 

compound. Error bars represent sample standard deviation values. 

9.3.3 HSGN-2143 and -2192 are tolerable to human cell lines 

 An important attribute of an antibiotic agent is its selectivity for prokaryotic cells. Since 

HSDP-76 did show some toxicity to RBCs but HSGN-2143 and -2192 showed little to none, we 

proceeded to evaluate HSGN-2143 and -2192 for toxicity to mammalian cells. HSGN-2143 and -

2192 were highly tolerable to A549 and MDA-MB-231 cells at concentrations higher than 32 
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μg/mL (see Figure 9.3A & B). This concentration is 64-times higher than the compounds’ 

corresponding MIC value against S. aureus ATCC 25923 used in the initial screening. 

 

Figure 9.3 In vitro cytotoxicity assessment of HSGN-2143 and -2192 (tested in triplicate) against (A) 

human lung cells (A549) and (B) human breast cells (MDA-MB-231). Results are presented as percent 

viable cells relative to DMSO (negative control). Error bars represent standard deviation values. 

9.4 Conclusion 

 We have identified promising SF5, OCF3, and SCF3 containing alkyl and cycloalkyl N-

(1,3,4-oxadiaozl-2-yl)benzamides, HSGN-2143,  HSGN-2192, and HSDP-76 with potent 

antibacterial activity against MRSA, VRE, and L. monocytogenes. HSGN-2143, HSGN-2192, and 

HSDP-76 did not lyse RBCs and HSGN-2143 and -2192 were highly tolerable to human cell lines. 

In the last few years, the call to action to develop novel antibiotics has been responded to by many 

academic groups and the anticipation is that compounds reported by others or in this report would 

progress to further clinical development200, 202-205, 207-209. 

9.5 Materials and Methods 

9.5.1 Chemistry 

 All reagents and solvents were purchased from commercial sources and used as obtained. 

The 1H, 13C, and spectra were acquired in DMSO-d6 solvent using either a 500 MHz or 800 MHz 

NMR spectrometer with Me4Si as an internal standard. Chemical shifts are reported in parts per 

million (δ) and are calibrated using residual undeuterated solvent as an internal reference. Data for 

1H NMR spectra are reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant 

(Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, or combinations thereof. High resolution mass spectra (HRMS) were 
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obtained using the electron spray ionization (ESI) technique and as a TOF mass analyzer. 

Compounds were characterized by 1H NMR, 13C NMR, and HRMS data. 

9.5.2 General Procedure for Synthesis of Alkyl containing 1,3,4-oxadiazol-2-amines 

 The synthesis of A1-A12 was performed using a literature-reported 

procedure211. Obtained 1H, and 13C spectra were in agreement with literature-reported data. 

9.5.3 General Procedure for the Synthesis of Acid Chlorides 

 In a round-bottom flask was added the desired benzoic acid in thionyl chloride (5 mL). The 

reaction mixture was refluxed for 1 hour. After, the reaction mixture was concentrated under 

reduced pressure and the crude acid chloride was continued onto the next step without purification 

or characterization. 

9.5.4 General Procedure for the Synthesis of Analogs 1-27 

 In a round-bottom flask was added the corresponding acid chloride (1.3 eq), amine (1 eq), 

and N-methylimidazole (5 eq) in 1,4-dioxane solvent (5 mL). The reaction mixture was stirred at 

90°C for 2 h. After completion, the reaction mixture was concentrated under reduced pressure, 

diluted with ethyl acetate (20 mL), washed twice with water (10 mL), once with brine (10 mL), 

dried over Na2SO4 and then concentrated under reduced pressure. The resulting crude mixture was 

purified by flash column chromatography (hexanes:ethyl acetate 80:20 to 70:30) to give the desired 

product. 

9.5.5 Characterization Data 

N-(1,3,4-Oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (1, HSGN-2192): 

Off-white solid (25 mg, 21%). 1H NMR (500 MHz, DMSO-d6) δ 9.1 (s, 1H), 8.1 – 8.1 (m, 2H), 

7.9 – 7.8 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 167.3, 165.1, 158.3, 152.0, 136.2, 131.1 (q, 

J = 308.7 Hz), 130.1, 128.5. HRMS (ESI) m/z calcd for C10H7F3N3O2S [M + H]+ 290.0211, found 

290.0214.  
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N-(5-Methyl-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (2, HSGN-2143): 

Off-white solid (35 mg, 29%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 8.1 – 8.0 (m, 

2H), 2.5 (s, 3H). 13C NMR (201 MHz, DMSO-d6) δ 165.6, 160.7, 158.4, 155.8, 137.1, 129.8, 126.5, 

11.0. HRMS (ESI) m/z calcd for C10H9F5N3O2S [M + H]+ 330.0336, found 330.0335. 

N-(5-Methyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (3): 

Off-white solid (22 mg, 18%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.9 – 7.8 (m, 

2H), 2.5 (s, 3H). 13C NMR (201 MHz, DMSO-d6) δ 165.6, 161.0, 158.3, 135.9, 130.6 (q, J = 307.5 

Hz), 129.9, 128.4, 11.0. HRMS (ESI) m/z calcd for C11H9F3N3O2S [M + H]+ 304.0368, found 

304.0365. 

N-(5-Methyl-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (4): 

Off-white solid (10 mg, 6%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.5 (d, J = 8.3 

Hz, 2H), 2.5 (s, 3H). 13C NMR (201 MHz, DMSO-d6) δ 164.4, 161.4, 158.1, 151.6, 132.0, 131.2, 

121.1, 119.7 (q, J = 257.3 Hz), 11.1. HRMS (ESI) m/z calcd for C11H9F3N3O3 [M + H]+ 288.0596, 

found 288.0597.  

N-(5-Ethyl-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (5): 

Off-white solid (29 mg, 23%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 (d, J = 8.4 Hz, 2H), 8.1 (d, J 

= 8.8 Hz, 2H), 2.8 (q, J = 7.6 Hz, 2H), 1.3 (t, J = 7.5 Hz, 3H). 13C NMR (201 MHz, DMSO-d6) δ 

166.1, 164.4, 158.4, 155.7, 137.1, 129.9, 126.5, 18.8, 10.5. HRMS (ESI) m/z calcd for 

C11H11F5N3O2S [M + H]+ 344.0492, found 344.0492. 

N-(5-Ethyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (6): 

Off-white solid (29 mg, 22%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 8.4 Hz, 2H), 7.9 (d, J 

= 8.2 Hz, 2H), 2.8 (q, J = 7.6 Hz, 2H), 1.3 (t, J = 7.6 Hz, 3H). 13C NMR (201 MHz, DMSO-d6) δ 

166.2, 164.7, 158.3, 135.9, 130.6 (q, J = 307.5 Hz), 129.9, 128.4, 18.8, 10.5. HRMS (ESI) m/z 

calcd for C12H11F3N3O2S [M + H]+ 318.0524, found 318.0527.  

N-(5-Ethyl-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (7): 

Off-white solid (15 mg, 11%). 1H NMR (500 MHz, DMSO-d6) δ 8.1 (d, J = 8.1 Hz, 2H), 7.6 – 7.5 

(m, 2H), 2.8 (q, J = 7.4 Hz, 2H), 1.3 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 164.9, 
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158.4, 151.7, 132.3, 131.3, 128.8, 123.5, 121.4 (q, J = 258.3 Hz), 18.9, 10.7. HRMS (ESI) m/z 

calcd for C12H11F3N3O3 [M + H]+ 302.0753, found 302.0752. 

N-(5-Isopropyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (8): 

Off-white solid (33 mg, 24%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.9 (d, J = 8.0 

Hz, 2H), 3.2 (p, J = 6.9 Hz, 1H), 1.3 (d, J = 7.1 Hz, 6H). 13C NMR (201 MHz, DMSO-d6) δ 167.5, 

166.0, 158.3, 135.9, 130.6 (q, J = 307.5 Hz), 130.0, 128.3, 26.1, 19.8. HRMS (ESI) m/z calcd for 

C13H13F3N3O2S [M + H]+ 332.0681, found 332.0684. 

N-(5-Isopropyl-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (9): 

Off-white solid (22 mg, 17%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 (d, J = 8.4 Hz, 2H), 8.1 – 8.0 

(m, 2H), 3.2 (dq, J = 14.0, 6.9 Hz, 1H), 1.3 (d, J = 7.0 Hz, 6H). 13C NMR (201 MHz, DMSO-d6) 

δ 167.3, 158.3, 155.7, 137.1, 129.8, 126.5, 26.1, 19.8. HRMS (ESI) m/z calcd for C12H13F5N3O2S 

[M + H]+ 358.0649, found 358.0648. 

N-(5-Isopropyl-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (10): 

Off-white solid (64 mg, 46%). 1H NMR (500 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 7.6 – 7.4 (m, 

2H), 3.2 – 3.1 (m, 1H), 1.3 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 167.5, 165.7, 

158.6, 151.7, 132.5, 132.2, 131.3, 121.2, 119.4 (q, J = 257.0 Hz), 26.1, 19.9. HRMS (ESI) m/z 

calcd for C13H13F3N3O3 [M + H]+ 316.0909, found 316.0907. 

N-(5-(Tert-butyl)-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (11): 

Off-white solid (25 mg, 18%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.0 (m, 2H), 7.9 – 7.8 (m, 

2H), 1.4 (s, 9H). 13C NMR (201 MHz, DMSO-d6) δ 169.6, 166.3, 158.4, 135.9, 130.6 (q, J = 307.5 

Hz), 130.0, 128.3, 32.4, 28.0. HRMS (ESI) m/z calcd for C14H15F3N3O2S [M + H]+ 346.0837, 

found 346.0835. 

N-(5-(Tert-butyl)-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (12): 

Off-white solid (37 mg, 27%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 (d, J = 8.5 Hz, 2H), 8.1 (d, J 

= 8.8 Hz, 2H), 1.4 (s, 9H). 13C NMR (201 MHz, DMSO-d6) δ 169.1, 165.6, 158.6, 155.7, 137.4, 

129.9, 126.5, 32.4, 27.9. HRMS (ESI) m/z calcd for C13H15F5N3O2S [M + H]+ 372.0805, found 

372.0807. 
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N-(5-(Tert-butyl)-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (13): 

Off-white solid (9 mg, 6%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 8.3 Hz, 2H), 7.5 (d, J = 

8.3 Hz, 2H), 2.5 (p, J = 1.8 Hz, 1H), 1.3 (s, 9H). 13C NMR (201 MHz, DMSO-d6) δ 170.0, 164.4, 

158.4, 151.6, 131.2, 121.1, 119.7 (q, J = 257.3 Hz), 32.3, 27.9. HRMS (ESI) m/z calcd for 

C14H15F3N3O3 [M + H]+ 330.1066, found 330.1063. 

N-(5-Propyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (14): 

Off-white solid (37 mg, 27%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 7.9 Hz, 2H), 7.9 (d, J 

= 8.0 Hz, 2H), 2.8 (t, J = 7.3 Hz, 2H), 1.7 (h, J = 7.3 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H). 13C NMR 

(201 MHz, DMSO-d6) δ 164.6, 158.0, 135.9, 130.6 (q, J = 307.5 Hz), 129.9, 128.4, 26.9, 19.6, 

13.5. HRMS (ESI) m/z calcd for C13H13F3N3O2S [M + H]+ 332.0681, found 332.0680. 

4-(Pentafluoro-λ6-sulfaneyl)-N-(5-propyl-1,3,4-oxadiazol-2-yl)benzamide (15): 

Off-white solid (22 mg, 17%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 8.1 – 8.0 (m, 

2H), 2.8 (t, J = 7.3 Hz, 2H), 1.7 (h, J = 7.3 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H). 13C NMR (201 MHz, 

DMSO-d6) δ 165.9, 163.6, 158.4, 155.7, 137.1, 129.9, 126.5, 26.9, 19.5, 13.5. HRMS (ESI) m/z 

calcd for C12H13F5N3O2S [M + H]+ 358.0649, found 358.0645. 

N-(5-Butyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (16): 

Off-white solid (28 mg, 20%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.1 (m, 2H), 7.9 – 7.8 (m, 

2H), 2.8 (t, J = 7.4 Hz, 2H), 1.7 (p, J = 7.4 Hz, 2H), 1.4 (h, J = 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 3H). 

13C NMR (201 MHz, DMSO-d6) δ 165.3, 164.1, 158.3, 135.9, 130.6 (q, J = 307.5 Hz), 129.9, 

128.4, 28.1, 24.7, 21.7, 13.7. HRMS (ESI) m/z calcd for C14H15F3N3O2S [M + H]+ 346.0837, found 

346.0835. 

N-(5-Butyl-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (17): 

Off-white solid (36 mg, 26%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 (d, J = 8.4 Hz, 2H), 8.1 – 8.0 

(m, 1H), 2.8 (s, 1H), 1.7 (p, J = 7.4 Hz, 2H), 1.4 (p, J = 7.4 Hz, 2H), 0.9 (t, J = 7.4 Hz, 4H). 13C 

NMR (201 MHz, DMSO-d6) δ 165.8, 163.7, 158.6, 155.7, 137.2, 129.8, 126.5, 28.0, 24.7, 21.7, 

13.7. HRMS (ESI) m/z calcd for C13H15F5N3O2S [M + H]+ 372.0805, found 372.0808. 
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N-(5-Cyclopropyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (18): 

Off-white solid (26 mg, 19%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 7.9 Hz, 2H), 7.9 – 7.8 

(m, 2H), 2.2 (tt, J = 8.7, 4.9 Hz, 1H), 1.2 – 1.1 (m, 2H), 1.0 – 1.0 (m, 2H). 13C NMR (201 MHz, 

DMSO-d6) δ 165.9, 165.0, 157.3, 135.9, 130.6 (q, J = 307.5 Hz), 129.9, 128.4, 7.8, 6.2. HRMS 

(ESI) m/z calcd for C13H11F3N3O2S [M + H]+ 330.0524, found 330.0523. 

N-(5-Cyclopropyl-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (19): 

Off-white solid (10 mg, 7%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 8.3 Hz, 2H), 7.5 (d, J 

= 8.4 Hz, 2H), 2.2 (tt, J = 8.6, 4.9 Hz, 1H), 1.1 – 1.1 (m, 2H), 1.0 – 0.9 (m, 2H). 13C NMR (201 

MHz, DMSO-d6) δ 165.0, 157.8, 151.6, 132.1, 131.2, 128.7, 121.1, 119.7 (q, J = 257.3 Hz), 7.9, 

6.2. HRMS (ESI) m/z calcd for C13H11F3N3O3 [M + H]+ 314.0753, found 314.0754. 

N-(5-Cyclobutyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (20): 

Off-white solid (25 mg, 18%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.9 – 7.8 (m, 

2H), 3.7 (p, J = 8.4 Hz, 1H), 2.4 (dtd, J = 12.5, 8.7, 3.8 Hz, 2H), 2.3 (dq, J = 11.6, 8.8 Hz, 2H), 

2.1 (dq, J = 11.1, 8.7 Hz, 1H), 2.0 (dtd, J = 13.7, 9.0, 4.2 Hz, 1H). 13C NMR (201 MHz, DMSO-

d6) δ 165.9, 164.4, 158.3, 135.9, 130.6 (q, J = 307.5 Hz), 130.0, 128.3, 30.1, 26.4, 18.6. HRMS 

(ESI) m/z calcd for C14H13F3N3O2S [M + H]+ 344.0681, found 344.0680. 

N-(5-Cyclopentyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (21): 

Off-white solid (40 mg, 27%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 – 8.1 (m, 2H), 7.9 – 7.8 (m, 

2H), 3.3 (p, J = 7.8 Hz, 1H), 2.1 (dq, J = 12.8, 6.9 Hz, 2H), 1.9 (dq, J = 13.5, 7.0 Hz, 2H), 1.7 (dq, 

J = 10.9, 4.8 Hz, 2H), 1.7 – 1.6 (m, 2H). 13C NMR (201 MHz, DMSO-d6) δ 166.7, 165.4, 158.4, 

135.9, 130.6 (q, J = 307.5 Hz), 129.9, 128.3, 35.7, 30.6, 25.4. HRMS (ESI) m/z calcd for 

C15H15F3N3O2S [M + H]+ 358.0837, found 358.0837. 

N-(5-Cyclopentyl-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (22): 

Off-white solid (30 mg, 21%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 8.1 (d, J = 8.4 

Hz, 2H), 2.0 (dq, J = 12.8, 6.5, 5.7 Hz, 2H), 1.9 – 1.8 (m, 2H), 1.7 – 1.7 (m, J = 5.0 Hz, 2H), 1.7 

(tdd, J = 12.4, 8.0, 3.9 Hz, 2H), 1.2 (t, J = 7.3 Hz, 1H). 13C NMR (201 MHz, DMSO-d6) δ 166.0, 

159.0, 155.5, 137.6, 129.9, 128.4, 126.5, 35.6, 30.5, 25.4. HRMS (ESI) m/z calcd for 

C14H15F5N3O2S [M + H]+ 384.0805, found 384.0808. 
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N-(5-Cyclopentyl-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (23): 

Off-white solid (52 mg, 44%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 8.3 Hz, 2H), 7.5 (d, J 

= 8.3 Hz, 2H), 3.3 (d, J = 7.9 Hz, 1H), 2.0 (td, J = 9.0, 8.2, 4.5 Hz, 2H), 1.8 (dq, J = 14.2, 7.2 Hz, 

2H), 1.7 (qd, J = 11.1, 5.4 Hz, 2H), 1.6 (th, J = 8.0, 4.7, 3.9 Hz, 2H). 13C NMR (201 MHz, DMSO-

d6) δ 167.2, 164.5, 158.2, 151.6, 132.1, 131.2, 121.1, 119.7 (q, J = 257.3 Hz), 35.6, 30.6, 25.4. 

HRMS (ESI) m/z calcd for C15H15F3N3O3 [M + H]+ 342.1066, found 342.1065. 

N-(5-Cyclohexyl-1,3,4-oxadiazol-2-yl)-4-((trifluoromethyl)thio)benzamide (24): 

Off-white solid (51 mg, 34%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 7.9 Hz, 2H), 7.9 – 7.8 

(m, 2H), 2.9 (t, J = 10.8 Hz, 1H), 2.0 (dd, J = 13.3, 4.1 Hz, 2H), 1.8 – 1.7 (m, 2H), 1.7 – 1.6 (m, 

1H), 1.6 (qd, J = 12.6, 11.8, 3.0 Hz, 2H), 1.4 (q, J = 12.0 Hz, 2H), 1.3 (q, J = 12.1 Hz, 1H). 13C 

NMR (201 MHz, DMSO-d6) δ 167.0, 165.3, 158.2, 135.9, 130.6 (q, J = 307.5 Hz), 129.9, 128.3, 

34.6, 29.8, 25.6, 24.9. HRMS (ESI) m/z calcd for C16H17F3N3O2S [M + H]+ 372.0994, found 

372.0992. 

N-(5-cyclohexyl-1,3,4-oxadiazol-2-yl)-4-(pentafluoro-λ6-sulfaneyl)benzamide (25): 

Off-white solid (56 mg, 38%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 8.1 – 8.0 (m, 

2H), 3.0 – 2.9 (m, 1H), 2.0 (dd, J = 12.7, 4.5 Hz, 2H), 1.8 (dt, J = 13.3, 4.1 Hz, 2H), 1.7 (dt, J = 

13.0, 4.2 Hz, 1H), 1.6 – 1.5 (m, 2H), 1.4 (dtd, J = 15.6, 11.8, 5.9 Hz, 2H), 1.3 (qt, J = 11.6, 3.6 Hz, 

1H). 13C NMR (201 MHz, DMSO-d6) δ 166.1, 158.5, 155.7, 137.4, 129.9, 126.5, 34.6, 29.7, 25.6, 

24.9. HRMS (ESI) m/z calcd for C15H17F5N3O2S [M + H]+ 398.0961, found 398.0960. 

N-(5-Cyclohexyl-1,3,4-oxadiazol-2-yl)-4-(trifluoromethoxy)benzamide (26, HSDP-72): 

Off-white solid (38 mg, 24%). 1H NMR (800 MHz, DMSO-d6) δ 8.1 (d, J = 8.1 Hz, 2H), 7.5 (d, J 

= 8.2 Hz, 2H), 2.9 (t, J = 10.9 Hz, 1H), 2.0 (d, J = 12.7 Hz, 2H), 1.8 – 1.1 (m, 8H). 13C NMR (201 

MHz, DMSO-d6) δ 167.2, 164.2, 157.7, 151.6, 131.2, 121.1, 119.7 (q, J = 257.3 MHz), 34.5, 29.8, 

25.5, 25.0. HRMS (ESI) m/z calcd for C16H17F3N3O3 [M + H]+ 356.1222, found 356.1224. 

4-(Pentafluoro-λ6-sulfaneyl)-N-(5-(tetrahydro-2H-pyran-4-yl)-1,3,4-oxadiazol-2-yl)benzamide 

(27): 

Off-white solid (28 mg, 19%). 1H NMR (800 MHz, DMSO-d6) δ 8.2 – 8.2 (m, 2H), 8.1 – 8.0 (m, 

2H), 3.9 (dt, J = 11.6, 3.7 Hz, 2H), 3.5 (td, J = 11.3, 2.4 Hz, 2H), 3.2 (tt, J = 10.8, 4.1 Hz, 1H), 2.0 

– 1.9 (m, 2H), 1.8 (dtd, J = 13.3, 10.9, 4.2 Hz, 2H). 13C NMR (201 MHz, DMSO-d6) δ 165.6, 
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165.2, 158.6, 155.7, 137.3, 129.9, 126.5, 66.2, 31.9, 29.5. HRMS (ESI) m/z calcd for 

C15H17F5N3O2S [M + H]+ 400.0754, found 400.0752. 

9.5.6 Bacterial strains media, cell lines and reagents 

 Bacterial strains were obtained from various sources as listed in Appendix C Table C.1 and 

Table C.2. Cation-adjusted Mueller Hinton (CAMHB) broth, tryptic soy broth (TSB) and tryptic 

soy agar (TSA) were purchased from Becton, Dickinson and Company (Cockeysville, MD, USA). 

Human lung carcinoma epithelial cells (A549) (ATCC CCL-185) and human breast 

adenocarcinoma epithelial cells (MDA-MB-231) (ATCC HTB-26) were obtained from the 

American Type Culture Collection (ATCC) (Manassas, VA, USA). Dulbecco’s Modified Eagle 

Medium (DMEM), fetal bovine serum (FBS) and phosphate-buffered saline (PBS) was purchased 

from Corning (Manassas, VA, USA). Sheep red blood cells (RBCs) were purchased from 

Innovative Research (MI, USA). Linezolid (Chem-Impex International, Wood Dale, IL, USA), 

vancomycin hydrochloride (Gold Biotechnology, St. Louis, MO, USA), and colistin (AK 

Scientific, Union City, CA, USA) were purchased commercially. Compounds were synthesized 

from commercial sources in our laboratory. 

9.5.7 Determination of MICs 

 The broth microdilution method was utilized as outlined by the Clinical and Laboratory 

Standards Institute (CLSI)212. MICs are reported as the lowest concentration of compound that 

entirely inhibited the growth of bacteria, as observed visually. 

9.5.8 Hemolysis assay 

 Hemolysis assay was performed following the procedure described previously164. Sheep 

red blood cells were used. 1% DMSO acted as negative control, while Triton-X-100 served as the 

positive control. Percent hemolysis was determined from absorbance at 540 nm. 

9.5.9 In vitro cytotoxicity analysis of HSGN-2143 and -2192 against mammalian cell lines 

 HSGN-2143 and -2192 were assayed for potential cytotoxicity against both human lung 

carcinoma (A549) and human breast adenocarcinoma (MDA-MB-231) cell lines as described 
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previously163. Briefly, the tested compounds were incubated with A549 or MDA-MB-231 cells for 

24 hours. Then, cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) for 4 hours before measuring 

absorbance values at 490 nm. 

9.6 Author Contributions 

G. Naclerio, W. Gribble, and D. Pagan synthesized compounds in study. G. Naclerio and W. 

Gribble performed MIC assays. K. Onyedibe performed cytotoxicity and hemolysis assays. G. 

Naclerio and H. Sintim wrote manuscript. 
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 MEMBRANE-TARGETING HALOGENATED N-(1,3,4-

OXADIAZOL-2-YL)BENZAMIDE POTENTLY ERADICATES 

METHICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS BIOFILM 

10.1 Abstract 

 Staphylococcus aureus (S. aureus) is a pathogen that can cause chronic or relapsing 

infections. This is mostly due to the formation of biofilms which are immobile colonies of bacteria 

attached to cell surfaces or medical devices. Biofilms are highly resistant to antibiotic treatment 

and cause 80% of chronic bacterial infections. Therefore, new chemical entities to eradicate 

biofilm is of high priority. We performed a systematic halogenation study on N-(1,3,4-oxadiazol-

2-yl)benzamides leading to the identification of HSGN-2241. The compound displayed a highly 

potent activity against multi-drug resistant Gram-positive bacteria with minimum inhibitory 

concentrations (MICs) ranging from 0.125 µg/mL and 1 µg/mL. Additionally, HSGN-2241 

displayed a rapid killing of MRSA cells as well as the ability to eradicate MRSA pre-formed 

biofilm. Furthermore, HSGN-2241 was non-toxic to mammalian cells and did not lyse human red 

blood cells. Current mechanistic studies demonstrated that HSGN-2241 depolarizes S. aureus 

membranes triggering potassium ion release. Moreover, lipidomics analysis of S. aureus 

membranes treated with HSGN-2241 reveals that the compound affects the synthesis of 

phospholipids and free fatty acids. This work further emphasizes incredible drug potency 

enhancement via halogen substitution. 

10.2 Introduction 

 The increase in antimicrobial-resistant bacteria has become a serious issue as the World 

Health Organization (WHO) recognizes that globally 700,000 people die annually from drug-

resistant infections 409. Consequently, if antimicrobial resistance is not taken care of, annual deaths 

can reach 10 million by 2050131. The Gram-positive bacterial pathogen, Staphylococcus aureus is 

one of the leading causes of community- and hospital-acquired bacteremia, surgical site infections, 

osteomyelitis,  pneumonia, and skin infections107. Methicillin-resistant S. aureus (MRSA) 

bacteremia causes  higher mortality rates compared to methicillin-sensitive S. aureus (MSSA)109. 

In 2019, the Centers for Disease Control and Prevention (CDC) estimated that bacterial infections 
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kill more than 35,000 annually in the U.S. alone with MRSA being accountable for about one-

third of the mortalities with an estimated 11,000 annual deaths111, 170.  

 further complicating the problem, S. aureus can form biofilm which leads to infection 

persistence65. Biofilms are immobile populations of bacteria that grow on a variety of surfaces 

such as medical devices, catheters, sutures, and dental implants416. The bacterial population in 

biofilm is protected by an extra-cellular matrix (ECM) which further possesses bacterial polymers 

like extracellular DNA (e-DNA), amyloidogenic proteins, and exopolysaccharides (EPS)138, 417. 

Regarding persistent infections, biofilm cause about 80% of chronic and recurrent bacterial 

infections418. These infections are difficult to treat due to the fact that biofilm is highly resistant to 

antibiotic treatment and immune responses. Specifically, biofilms show approximately 10–10,000 

times more resistance to antibiotics than planktonic growing bacteria418.  

  Even though antibiotic treatment is the most effective measure for controlling microbial 

infections, they are almost impossible to eradicate biofilm infections419. To combat biofilm 

infections, several antimicrobial agents have been developed 156, 420, but none of these compounds 

have proceeded to clinical trials yet. Therefore, the need to develop new potent anti-biofilm agents 

with low toxicity is of high priority. 

 

Figure 10.1 KKL-35 has moderate activity against MRSA and has been shown to inhibit trans-

translation353. CT1-115 also shows moderate activity against MRSA but has an unknown mechanism 

different than trans-translation354. Performance of a systematic halogenation study led to the identification 

of HSGN-2241 which shows highly potent activity against MRSA and is membrane targeting. 
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10.3 Materials and Methods 

10.3.1 Bacterial strains, media, cell lines and reagents 

Bacterial strains were obtained from various sources as listed in Tables D.1 and 

D.2. Cation-adjusted Mueller Hinton broth (CAMHB), tryptic soy broth (TSB) and tryptic soy 

agar (TSA) were purchased from Becton, Dickinson and Company (Cockeysville, MD, USA). 

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS) and phosphate-buffered 

saline (PBS) were purchased from Corning (Manassas, VA, USA). Human colorectal 

adenocarcinoma epithelial cell line (Caco-2) (ATCC HTB-37) was obtained from the American 

Type Culture Collection (ATCC) (Manassas, VA, USA). Single donor human red blood cells 

(RBCs) were purchased from Innovative Research (Novi, MI, USA). Linezolid (Chem-Impex 

International, Wood Dale, IL, USA), vancomycin hydrochloride (Gold Biotechnology, St. Louis, 

MO, USA), ciprofloxacin (Sigma Aldrich, St. Louis, MO, USA), DiSC3(5) (3,3'-

Dipropylthiadicarbocyanine Iodide) (Thermo Fisher Scientific, Waltham, MA, USA), potassium 

chloride (Sigma Aldrich, St. Louis, MO, USA), Potassium-binding benzofuran isophthalate (PBFI) 

(Sigma Aldrich, St. Louis, MO, USA), sodium acetate (Sigma Aldrich, St. Louis, MO, USA), 

acetonitrile/methanol/300 mM ammonium acetate (Sigma Aldrich, St. Louis, MO, USA) and 

daptomycin (AK Scientific, Union City, CA, USA) were purchased commercially. Compounds 

were synthesized from commercial sources in our laboratory and prepared in stock solutions using 

dimethyl sulfoxide (DMSO) as a solvent. 

10.3.2 Determination of MICs 

The MICs were determined using the broth microdilution method following the guidelines 

of the Clinical and Laboratory Standards Institute (CLSI)212. Briefly, a 0.5 McFarland bacterial 

solution was diluted in CAMHB to reach a bacterial concentration of about 5 × 105 CFU/mL. 

Listeria monocytogenes was diluted in TSB as described. Serial dilutions of test agents were then 

incubated with bacteria at 37° C for 24 hours. MICs reported are the minimum concentrations of 

the test agents that entirely inhibited the visual growth of bacteria. 
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10.3.3 Time-kill analysis 

To determine the mode of bacterial inhibition for HSGN-2241, and HSGN-2263, bacterial 

exponential phase culture was diluted to ~ 2.35 × 106  CFU/mL,  in TSB and exposed to HSGN-

2241, -2263, linezolid, and vancomycin (5× and 10× MIC, in triplicates), and incubated at 37 °C, 

as previously described164, 213. An aliquot from each treatment was collected after the 

corresponding times, serially diluted in PBS, and plated onto TSA plates. Plates were incubated at 

37 °C for 18-20 hours before enumerating colonies to determine the CFU/mL counts. 

10.3.4 In vitro cytotoxicity analysis of HSGN-2241 against human colorectal cells  

HSGN-2241 was assessed for cytotoxicity against a human colorectal adenocarcinoma 

(Caco-2) cell line, as described in previous reports163, 214, 350. Briefly, HSGN-2241 was incubated 

with Caco-2 cells for 24 hours. Then, cells were incubated with MTS 3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent for 4 hours before 

measuring absorbance values (OD490). 

10.3.5 Hemolysis assay 

The hemolytic activity of HSGN-2241 against human red blood cells (RBCs) was assayed 

following a procedure described previously164. 

10.3.6 Biofilm eradication assay 

MRSA USA300 biofilm eradication activity of HSGN-2241, vancomycin, linezolid, and 

daptomycin was performed using the microtiter plate biofilm formation assay as previously 

described 166, 421. 

10.3.7 Scanning electron microscopy for biofilm 

 Pre-formed S. aureus biofilms were grown in 24 well tissue culture plates with sterile 13 

mm glass slides at the base of each well of the culture plates. After 24 hours of treatment with 8 

μg/mL of HSGN-2241, media was removed, and wells were washed with PBS twice. Samples 

were then fixed in chilled 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer and processed 
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further as previously described393. Briefly, samples were post-fixed in 1% osmium tetroxide and 

dehydrated in a series of ethanol with graded concentrations. Subsequently, sample slides were 

processed via three changes of hexamethyldisilazane (HMDS), dried overnight and coated with 

platinum in a Cressington 208HR sputter coater. The coated slides were imaged in the FEI Nova 

Nano-SEM 200 equipment at 5 kV. DMSO was used as the control in this assay. 

10.3.8 RT-PCR on MRSA biofilm genes 

MRSA USA300 biofilm was formed in a 24 well plate as described above. The pre-formed 

biofilm was treated with either HSGN-2241 (8 μg/mL) or DMSO. The plate was incubated at 37 °C 

for 24 h. Next, medium was carefully discarded, and the plate was washed with PBS to remove 

the planktonic cells. Afterwards, 5 mL of the RNAprotect bacteria reagent (Qiagen, Germantown, 

MD) was added to each well of the plate for 5 min, and the biofilm suspension was scraped and 

transferred into 15 mL tubes. The bacterial cells were then pelleted at 7,000 × g for 10 min. RNA 

isolation, cDNA synthesis, and RT-PCR analysis was performed following a previously reported 

procedure217. A BioRad CFX96™ Touch Real-Time PCR Detection System was used. PCR 

primers were either created using Primer-BLAST or acquired from the referenced literature (Table 

D.3). Data were normalized against RNA polymerase subunit β gene (rpoB), as an internal control, 

and the P-values from student's t-test showed * ≤ 0.05 or ** ≤ 0.01. 

10.3.9 Multi-step resistance selection 

To determine if MRSA could form resistance to HSGN-2241 , a multi-step serial passage 

experiment was used, as described previously117, 215-216. Resistance was considered as a greater 

than four-fold increase in the MIC as compared to the initial MIC. 

10.3.10 Bacterial membrane depolarization assay 

Membrane depolarization activity of HSGN-2241, at 1×, 5×, and 10× MIC, was assayed 

in triplicate following a previously reported procedure393 using DiSC3(5) (3,3'-

Dipropylthiadicarbocyanine Iodide) as the fluorometric dye.  Daptomycin at 1× and 10× MIC was 

used as a positive control. 1% DMSO and DiSC3(5) acted as the negative control. 
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10.3.11 Bacterial membrane permeability assay 

Membrane permeability activity of HSGN-2241, at 1×, 5×, and 10× MIC, was assayed in 

triplicate following a previously reported procedure393 using Sytox green (Invitrogen, Waltham, 

MA) as the fluorometric dye. Bithionol (4 µg/mL) was used as the positive control69. 1% DMSO 

and Sytox green served as the negative control. 

10.3.12 Potassium ion release assay 

The ability of HSGN-2241, at 2.5 µg/mL and 5 µg/mL, to cause potassium ion release in 

S. aureus ATCC 25923 was assayed in triplicate following the previously reported procedure405. 

Potassium-binding benzofuran isophthalate (PBFI) was used as the fluorometric dye. Daptomycin 

(5 µg/mL) acted as a positive control in the assay. The negative control consisted of 1% DMSO 

and PBFI.  

10.3.13 Flow cytometry 

Membrane depolarization activity of HSGN-2241, at 5× and 10× MIC, was performed 

following a previously reported procedure393, 405. To-PRO 3 iodide (Thermo Fisher Scientific, 

Waltham, MA, USA) (red dye) served as the membrane-permeable dye, while DiOC2 (Thermo 

Fisher Scientific, Waltham, MA, USA) (green dye) served as the membrane-impermeable dye. 

Daptomycin acted as a positive control for membrane depolarization. Bithionol was used as the 

positive control for membrane permeability. Negative control was 1% DMSO with both To-PRO 

3 iodide and DiOC2. Bacteria were imaged using a BD Fortessa cell analyzer. 
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Multiple reaction monitoring profiling (MRM-profiling) of lipids 

An overnight culture of S. aureus ATCC 25923 was diluted into fresh TSB and incubated at 37°C 

until reached an OD600 of 0.3. Then, the bacterial cells were treated with either 1% DMSO or 

HSGN-2241 (2×, 5×, and 10× MIC) for 2 hours at 37°C. Next, lipids were extracted following the 

Bligh-Dyer method221, and lipids were isolated and dried over nitrogen stream. MRM experiments 

were performed following a previously reported procedure189. PCA plots were constructed using 

MetaboAnalyst 5.0. 

10.4 Results and Discussion 

10.4.1 Synthesis and initial screening of halogen substituted N-(1,3,4-oxadiazol-2-

yl)benzamides 

 Previous reported N-(1,3,4-oxadiazol-2-yl)benzamides, KKL-35 and CT1-115, were 

shown to have moderate activity against MRSA with MICs of 2 µg/mL. Yet, halogenation (X = F, 

Cl, Br, or I) has been shown to enhance drug’s potency and pharmacological properties in several 

instances278-280, 283-284. Therefore, we proceeded to explore the effect of halogenation pattern on the 

antibacterial activity by synthesizing N-(1,3,4-oxadiazol-2-yl)benzamides containing mono- or di-

substituted halogens. 

 

Scheme 10.1 General route for the synthesis of halogen substituted N-(1,3,4-oxadiazol-2-

yl)benzamides. 

  To synthesize the N-(1,3,4-oxadiazol-2-yl)benzamides, we took an aryl aldehyde and 

added semicarbazide and sodium acetate to give the subsequent semicarbazone. We then cyclized 

the semicarbazone into the 1,3,4-oxadiazol-2-amine with bromine and sodium acetate (Scheme 

10.1). Next, we performed amide coupling between the halogen substituted benzoic acid and the 

1,3,4-oxadiazol-2-amine using benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate (BOP) reagent which gave the halogen substituted N-(1,3,4-oxadiazol-2-

yl)benzamides (Scheme 10.1). 
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Figure 10.2 New series and halogen-substituted N-(1,3,4-oxadiazol-2-yl)benzamides synthesized. 

 Four types of compounds were synthesized (Series 1-4, Figure 10.2). Series 1 was made 

up of compounds mono-substituted with a halogen at the 4 position of the benzamide ring (Figure 

2; Series 1). No substitution (1) seemed to have a weak activity against S. aureus ATCC 25923 

and MRSA ATCC 33592 with an MIC of 16 µg/mL (Table 10.1). Addition of fluoro (2), bromo 

(4), iodo (5), and trifluoromethyl (6) gave compounds with moderate antibacterial activity with 

MICs ranging from 1 µg/mL to 4 µg/mL (Table 10.1). However, substitution with chloro (3) 

showed potent activity with MICs = 0.5 µg/mL against S. aureus ATCC 25923 and MRSA ATCC 

33592 (Table 10.1). Series 2 consisted of compounds with mono-substitution at the 3 position of 

the benzamide moiety (Figure 10.2; Series 2). In this series, 3-chloro (8) was the most potent (MIC 

= 0.5 µg/mL; Table 10.1), but antibacterial activity did decrease 2-fold for 3-fluoro (7) and 3-

bromo (9) substitutions (Table 10.1). In series 3, we evaluated the effect of di-halogen substitution 

at either the 3,4 or 3,5 positions of the benzamide ring (Figure 10.2; Series 3). All compounds 

synthesized in this series showed potent antibacterial activity (MICs = 0.5-1 µg/mL), especially 

compounds substituted with 4-fluoro-3-triflouromethyl (16, HSGN-2241) and 4-chloro-3-

trifluoromethyl (17, HSGN-2263) which displayed MICs of 0.25 µg/mL and 0.125 µg/mL, 

respectively against S. aureus ATCC 25923 and MRSA ATCC 33592 (Table 10.1). In series 4, we 
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continued investigating di-halogen substitution but at the 2,4 positions. Interestingly, compounds 

19-23 showed weak antibacterial activity with MICs ranging from 8 µg/mL to 32 µg/mL (Table 

10.1). We suspect that the loss in antibacterial activity may be due to the steric effect from the 

halogen atom being directly next to the amide bond. 
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Table 10.1 Initial screening (MICs, in μg/mL) of halogen-substituted N-(1,3,4-oxadiazol-2-

yl)benzamides against S. aureus ATCC 25923 and methicillin-resistant S. aureus (MRSA) 

ATCC 33592 

Compound/Control Drug S. aureus ATCC 25923 MRSA ATCC 33592 

1 16 16 

2 4 4 

3 0.5 0.5 

4 4 2 

5 2 1 

6 1 1 

7 2 2 

8 0.5 0.5 

9 2 1 

10 1 1 

11 1 1 

12 0.5 0.5 

13 0.5 0.5 

14 1 1 

15 0.5 0.5 

16, HSGN-2241 0.25 0.25 

17, HSGN-2263 0.125 0.125 

18 0.5 0.5 

19 16 16 

20 8 8 

21 32 16 

22 16 16 

23 16 8 

Vancomycin 1 1 

Linezolid 2 2 
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10.4.2 Comprehensive antibacterial profile of HSGN-2241 and -2263 against MRSA 

clinical isolates and multidrug-resistant Gram-positive bacteria 

 After the initial screening of HSGN-2241 and -2263, we assessed their antibacterial profile 

against a panel of MRSA clinical isolates. Both HSGN-2241 and -2263 exhibited highly potent 

activities against the tested strains at concentrations ranging from 0.06 μg/mL to 1 μg/mL (Table 

10.2). Furthermore, HSGN-2241 and -2263 were also quite potent against additional clinically 

relevant Gram-positive bacterial species including vancomycin-resistant enterococci (VRE) and 

Listeria monocytogenes, with MIC values ranging from 0.125 μg/mL to 1 μg/mL (Table 10.2). For 

instance, against these pathogens, the MIC values for HSGN-2241 ranged from 0.25 μg/mL to 1 

μg/mL, while HSGN-2263 had MICs ranging from 0.125 μg/mL to 0.5 μg/mL. Interestingly, the 

antibacterial activity of both compounds was comparable to, one to two-folds more potent than 

that of the front-line therapeutics, vancomycin and linezolid (Table 10.2). 
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Table 10.2 MICs (μg/mL) of HSGN-2241 and -2263 against a panel of clinically important 

Gram-positive bacterial pathogens including MRSA, vancomycin-resistant Enterococcus 

faecalis, vancomycin-resistant Enterococcus faecium and Listeria monocytogenes 

Bacterial Strain Compound/Control drug 

HSGN-2241 HSGN-2263 Vancomycin Linezolid 

MRSA USA300 0.5 0.5 1 2 

MRSA ARLG 

1665 

1 1 0.25 2 

MRSA ARLG 

1663 

0.5 1 1 2 

MRSA ARLG 

1568 

0.25 0.125 0.5 1 

MRSA ARLG 

1664 

1 1 1 2 

MRSA ARLG 

1570 

0.25 0.06 0.5 1 

MRSA ARLG 

1561 

0.25 0.125 1 2 

MRSA ARLG 

1567 

0.125 0.125 1 2 

MRSA ARLG 

1569 

0.25 0.125 1 2 

MRSA ARLG 

1649 

0.5 0.125 2 2 

E. faecalis ATCC 

29212 

1 0.5 2 2 

VRE faecalis 

ATCC 51575 

1 0.25 >128 1 

VRE faecium 

ATCC 700221 

0.5 0.25 >128 1 

L. monocytogenes 

ATCC 19115 

0.25 0.125 2 2 

VRE: vancomycin-resistant Enterococcus 
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10.4.3 HSGN-2241 exhibits rapid bactericidal activity, while HSGN-2263 is bacteriostatic 

against MRSA 

 After identifying HSGN-2241 and -2263 were highly potent against MRSA clinical 

isolates as well as other drug-resistant Gram-positive pathogens, we proceeded to identify their 

mode of inhibition against MRSA. A time-kill kinetics assay was performed against MRSA 

USA300. HSGN-2263 exhibited a bacteriostatic activity while HSGN-2241 exhibited a 

bactericidal activity. After 24 hours, HSGN-2263 at concentrations of 2.5 µg/mL (5× MIC) and 5 

µg/mL (10× MIC) resulted in a 1.1- and 1.4-log10-reduction in the bacterial count respectively, 

which was significant reduction as compared to the negative control (DMSO) (Figure 10.3). This 

reduction was comparable to that of linezolid, at 10 µg/mL (5× MIC) and 20 µg/mL (10× MIC), 

which caused about a 1.3- and 1.7-log10-reduction respectively. In contrast, HSGN-2241, at 

concentrations of 2.5 µg/mL (5× MIC) and 5 µg/mL (10× MIC), exhibited a rapid bactericidal 

activity against MRSA USA300. For instance, 5× MIC of HSGN-2241 completely killed the 

bacteria after 8 hours of treatment. Similarly, HSGN-2241 (10× MIC) required only 4 hours to 

completely eradicate the bacterial burden (Figure 10.3). Vancomycin, as reported earlier, displayed 

a slow bactericidal activity against MRSA as it required 24 hours to generate more than 3-log10-

reduction in the bacterial count. 
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Figure 10.3 Time-kill kinetics analysis of HSGN-2241 and -2263 at: (A) 5× MIC, and (B) 10× MIC. 

Compounds were tested in triplicate using the corresponding concentrations, against MRSA USA300 

using vancomycin and linezolid as control antibiotics. The data are presented as average CFU/mL of 

MRSA USA300 after treatment with each test agent. Error bars represent standard deviation values for 

each drug studied. The data were analyzed via a two-way ANOVA with post-hoc Dunnett’s test for 

multiple comparisons. An asterisk (*) indicates a statistically significant difference (P < 0.05) between 

treatments with compounds HSGN-2241 and -2263 compared to DMSO treatment (negative control). 

10.4.4 Structure-activity-relationship (SAR) study of HSGN-2241: 

Since HSGN-2241 displayed rapid bactericidal activity against MRSA USA300, we decided to 

further pursue the evaluation of this compound over HSGN-2263. Thus, we proceeded to perform 

a SAR study on HSGN-2241. Using the same approach outlined in Scheme 10.1, we synthesized 

a new series of analogs in which we altered the 3-fluorophenyl group in order to assess its 

importance for antibacterial activity (Figure 10.4). Interestingly, we discovered that the 3-

fluorophenyl group was very important for optimal activity against MRSA. For instance, 

substitution for 4-fluorophenyl (24), 2-fluorophenyl (25), and phenyl (26) did show a decrease in 

antibacterial activity with MICs of 1 µg/mL, 0.5 µg/mL, and 1 µg/mL respectively (Table 10.3). 
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Additionally, we investigated addition of other heteroaromatic groups, such as thiophenyl (27), 

dimethylthiazolyl (28), pyrimidinyl (29), and pyridinyl (30-32). Analogs 27, 28, 30, 31, and 32 all 

showed moderate activity against MRSA with MICs between 2 µg/mL to 4 µg/mL. Analog 29 

displayed weak activity with an MIC value of 16 µg/mL against MRSA (Table 10.3). Thus, this 

study allowed us to conclude that the 3-fluorophenyl group of HSGN-2241 was important for the 

compound’s highly potent antibacterial activity. 

 

Figure 10.4 Structure-activity-relationship (SAR) study of HSGN-2241 resulting in the synthesis of 

compounds 24-32. 
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Table 10.3 MICs (μg/mL) of analogs 24-32 against S. aureus ATCC 25923 and methicillin-

resistant S. aureus (MRSA) ATCC 33592 

Compound/Control Drug S. aureus ATCC 25923 MRSA ATCC 33592 

24 1 2 

25 0.5 0.5 

26 1 1 

27 2 2 

28 2 2 

29 16 16 

30 4 4 

31 4 4 

32 4 4 

HSGN-2241 0.25 0.25 

Vancomycin 1 1 

Linezolid 2 2 

10.4.5 HSGN-2241 is non-toxic to mammalian cells and does not lyse human red blood cells 

 Lysis of red blood cells (RBCs) has been shown to have serious repercussions on organ 

function such as inflammation, cardiovascular and renal dysfunction, thrombosis, and enhanced 

susceptibility to infections241. Thus, we sought to determine if HSGN-2241 would lyse human 

RBCs. HSGN-2241 did not cause lysis of human RBCs at concentrations as high as 25 μg/mL 

(Figure 10.5), which is 25 to 100-times higher than the compound’s MIC values against MRSA. 

At 16 μg/mL, HSGN-2241 was also non-toxic to caco-2 cell lines. 
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Figure 10.5 Hemolytic activity of HSGN-2241 (in triplicate) against human RBCs. Error bars represent 

sample standard deviation values. 

10.4.6 HSGN-2241 eradicates the pre-formed MRSA biofilm 

 Since HSGN-2241 showed rapid bactericidal activity against MRSA, we wondered if the 

compound could also eradicate the pre-formed biofilm. Thus, MRSA USA300 biofilm was treated 

with HSGN-2241, vancomycin, linezolid, and daptomycin for 24 hours. Interestingly, vancomycin, 

linezolid, and daptomycin did not eradicate pre-formed biofilms. In contrast, HSGN-2241 did 

show significant biofilm eradication activity at concentrations as low as 8 μg/mL and 4 μg/mL, 

that disrupted about 80% and 75% of the pre-formed MRSA biofilm, respectively (Figure 10.6A). 

To further confirm HSGN-2241’s biofilm eradication ability, MRSA biofilm treated with either 

DMSO, or HSGN-2241 (8 μg/mL) was imaged using the scanning electron microscopy (SEM). 

From our SEM results, at 8 μg/mL HSGN-2241 could penetrate the biofilm matrix and lyse 

bacteria in the biofilm as compared to the untreated control (Figure 10.6B). 
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Figure 10.6 Biofilm eradication activity of HSGN-2241. (A) Percent MRSA USA300 biofilm after 

treatment with vancomycin (128 μg/mL), daptomycin (128 μg/mL), linezolid (128 μg/mL), and HSGN-

2241 (8 μg/mL and 4 μg/mL) for 24 hours. Percent biofilm was determined from absorbance at 595 nm. (B) 

SEM of MRSA USA300 biofilms treated with 1% DMSO (control). (C) SEM of MRSA USA300 biofilms 

treated with 8 μg/mL HSGN-2241. SEM images are at 60,000× magnification. Images were captured using 

the FEI Nova Nano-SEM instrument. 

10.4.7 HSGN-2241 downregulates expression of important biofilm related genes: 

 S. aureus expresses microbial surface components recognizing adhesive matrix molecules 

(MSCRAMMs) which are important for the initial attachment to indigenous tissues and 

biomaterials422. Likewise, the polysaccharide intercellular adhesin (PIA) is the primary adhesin 

responsible for accumulation and stimulates adhesive interactions between bacterial cells423. 

MSCRAMMs and PIA are essential for biofilm formation in S. aureus. Therefore, since HSGN-

2241 eradicated biofilm formation, we wondered if it would influence genes (eno, ebps, fib, cna) 

encoding MSCRAMMs as well as genes (icaA and icaD) encoding PIA. To evaluate this, we 

treated the pre-formed MRSA USA300 biofilm with 8 µg/mL of HSGN-2241 for 2 hours. Then, 

we performed real-time RT-qPCR analysis for eno, ebps, fib, cna, icaD, and icaA (Figure 10.7). 

Interestingly, we discovered that HSGN-2241 significantly downregulated the expression of 

proteins that are important for biofilm formation. For instance, HSGN-2241 downregulated eno, 

fib, icaD, and icaA (Figure 10.7). On the other hand, HSGN-2241 treatment resulted in 

upregulation of ebps, and had no effect on the expression of cna (Figure 10.7). 
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Figure 10.7 The effect of HSGN-2241 treatment on the transcription of genes (eno, ebps, fib, cna, icaA, 

and icaD), that are important for MRSA biofilm formation. All experiments were performed in triplicates 

and normalized with rpoB. Error bars represent sample standard-deviation. Statistically significant 

differences between DMSO-treatment and HSGN-2241-treatment were determined by Student's t-test 

analysis (unpaired, two-tailed) and is represented as *p ≤ 0.05 or **p ≤ 0.01. 

10.4.8 HSGN-2241 does not develop resistance to MRSA 

 Development of rapid resistance remains a challenge in clinical settings. For instance, 

antibiotics like ciprofloxacin are not successful at treating MRSA infections because of resistance 

development424-425. To assess MRSA USA300’s ability to form resistance to HSGN-2241, we 

performed the multi-step resistance selection assay. Advantageously, the MIC of HSGN-

2241 remained unchanged over thirty passages, keeping up with front-line therapeutics like 

linezolid and vancomycin (Figure 10.8). Thus, these results suggest that MRSA is doubtful to form 

rapid resistance to HSGN-2241. However, MRSA did form rapid resistance to ciprofloxacin after 

the eighth passage (four-fold increase in MIC) which increased to thirty-two-fold by the sixteenth 

passage. 
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Figure 10.8 Multi-step resistance selection of HSGN-2241, vancomycin, linezolid, and 

ciprofloxacin against MRSA. MRSA USA300 was serially passaged daily over a 30-day period and 

the broth microdilution assay was used to determine the MICs of HSGN-2241, vancomycin, 

linezolid, and ciprofloxacin (control antibiotics) against MRSA after each successive passage. A four-fold 

shift in the MIC would be indicative of bacterial resistance against the compound. 

10.4.9 HSGN-2241 causes depolarization of bacterial membranes and triggers potassium 

ion release 

  The bacterial membrane is considered vital for bacteria because it encompasses one third 

of the proteins in the cell and is the location for vital processes like active transport of nutrients 

and wastes, respiration, and the development of the proton motive force395. Moreover, the bacterial 

cell membrane contains an electrical potential difference which acts as a source of free energy396, 

which allows the bacteria to undergo essential functions like regulation of pH homeostasis397-398, 

membrane transport399, motility400, antibiotic resistance401, cell division402, and environmental 

sensing403. Additionally, disruption of the membrane integrity caused by membrane-targeting 

agents, can lead to leakage of cytosolic content and harmful pleiotropic effects, eventually causing 

cell death394. 

 Thus, we investigated HSGN-2241’s effects on S. aureus’ cell membrane. First, we 

assessed HSGN-2241’s ability to cause bacterial membrane depolarization or permeabilization. 

The fluorometric dyes DiSC3(5) and Sytox green were used for membrane depolarization and 

permeability, respectively. Daptomycin at 5 µg/mL was used as the positive control for the 

membrane depolarization experiment since it is a known depolarizer of S. aureus membranes405. 

Bithionol at 4 µg/mL was used the positive control for the membrane permeability assay since it 

has been shown to affect membrane integrity 69. We discovered that HSGN-2241 showed potent 
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depolarization at 0.25 µg/mL (1× MIC), 1.25 µg/mL (5× MIC), and 2.5 µg/mL (10× MIC) (Figure 

10.9A). Additionally, HSGN-2241 did not cause membrane permeability as its fluorescence was 

comparative to that of the negative control (1% DMSO) (Figure D.1).  

Because HSGN-2241 causes depolarization of S. aureus membranes and dissipation of membrane 

potential involves ion movement across the cytoplasmic membrane, we investigated its ability to 

trigger potassium ion release using the K+-sensitive fluorescent probe PBFI. HSGN-2241 at both 

2.5 µg/mL and 5 µg/mL performed similarly to daptomycin at 5 µg/mL (positive control), 

triggering potassium ion release from the S. aureus membrane (Figure 10.9B). 

 To further confirm HSGN-2241’s potent depolarization activity, we proceeded to use flow 

cytometry. In this assay, DiOC2 (green dye) served as the membrane-impermeable dye, while To-

PRO 3 iodide (red dye) served as the membrane-permeable dye. The positive control for 

depolarization was daptomycin (5 µg/mL). The ratio of the two dyes (red: green) was assessed and 

HSGN-2241 displayed an overlying red: green ratio with daptomycin, indicating that HSGN-2241 

depolarized S. aureus membranes like daptomycin (Figure 10.9C). 

 

Figure 10.9 Mechanistic studies of HSGN-2241. (A) HSGN-2241 depolarizes S. aureus membranes. 

DiSC3(5) was used as fluorescent probe. (B) HSGN-2241 triggers potassium efflux in S. aureus. PBFI was 

used as the fluorescent probe. (C) Flow cytometry chart demonstrating HSGN-2241 overlaying with 

daptomycin (5 μg/mL). Charts were constructed using FCS Express software, version 7.0. 
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10.4.10 Multiple reaction monitoring profiling (MRM-profiling) demonstrates HSGN-2241 

effects phospholipids in S. aureus 

 Our initial mechanism of action results indicates that HSGN-2241 is a membrane targeting 

antibiotic. Yet, to further evaluate HSGN-2241’s effects on bacterial membranes, we proceeded to 

perform multiple reaction monitoring profiling (MRM-Profiling)189, to differentiate lipid profile 

differences among S. aureus ATCC 25923 treated with either DMSO (control) or HSGN-2241 (2×, 

5×,  and 10× MIC) for 2 hours. Lipids were extracted and analyzed using electrospray ionization 

mass spectroscopy (ESI-MS). MRMs were filtered by ion counts and false discovery rate (FDR) 

adjusted p-value in ANOVA, and then analyzed using principal component analysis (PCA). Our 

experiment focused on comparing differences in glycerophospholipids and free fatty acids in S. 

aureus treated cells. After obtaining this data, PCA scores plots were generated to evaluate HSGN-

2241’s effects on phosphatidylcholine (PC), phosphatidylglycerol (PG), 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), and free fatty acids (FFAs). Each point 

in the PCA plot represents an individual lipid extract sample from staphylococci and the elliptical 

shaded area is the calculated 95% confidence region for each group. Interestingly, we discovered 

that HSGN-2241 appears to affect PG (Figure 10.10B), PE (Figure 10.10C), PI (Figure 10.10D) 

and FFAs (Figure 10.10E), but not PC (Figure 10.10A). Therefore, these results confirm that 

HSGN-2241 effects the membrane components of S. aureus. 
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Figure 10.10 PCA scores plots of S. aureus treated with either DMSO (control), or HSGN-2241 (2×, 5×, 

and 10× MIC). (A) Effects on PC synthesis. (B) Effects on PG synthesis. (C) Effects on PE synthesis. (D) 

Effects on PEI synthesis. (E) Effects on free fatty acids. 

10.5 Conclusion: 

 In conclusion, a systematic halogenation study of N-(1,3,4-oxadiazol-2-yl)benzamides led 

to the identification of HSGN-2241 as a highly potent inhibitor of MRSA growth. HSGN-2241 

displayed MICs between 0.125 µg/mL to 1 µg/mL against MRSA clinical isolates and does not 

form resistance to MRSA. Additionally, HSGN-2241 displayed rapid bactericidal activity against 

MRSA and eradicates MRSA pre-formed biofilm. In addition, HSGN-2241 showed 

downregulation of important biofilm related genes such as eno, ebps, icaA, and icaD. Furthermore, 

HSGN-2241 displayed no toxicity to mammalian cells and does not lyse human RBCs. The 

mechanistic investigation studies of HSGN-2241 on S. aureus revealed that the compound 

depolarizes S. aureus membranes causing potassium ion release. Likewise, MRM of lipids in S. 

aureus confirms HSGN-2241 is membrane acting and affects phospholipids and free fatty acid 

synthesis in S. aureus.  
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APPENDIX A. CHAPTER 4 SUPPORTING INFORMATION 

I. Chemistry: 

i. Synthetic Schemes: 

 

 

 

 

Scheme A.1. General Route for the Synthesis of Analogs 1-8a 

aReagents and Conditions: (a) Semicarbazide hydrochloride, NaOAc, MeOH/H2O (1:1), rt, 30 

min, 95% (b) Bromine, NaOAc, AcOH, 60 °C, 1 h, 40–70% (c) amine, MeOH, rt, 12 h, 50-60% 

(d) BOP reagent, DIPEA, DMF, rt, 12 h, 14–30%. 

Scheme A.2. General Route for the Synthesis of Analog 9a 

aReagents and Conditions: (a) i.) SOCl2, H2O; ii.) NaNO2, HCl, CuCl2, 0°C, 1 h 87% (b) 3,5-

dimethylpiperidine, MeOH, rt, 12 h, 53% (c) BOP reagent, DIPEA, DMF, rt, 12 h, 22%. 
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Scheme A.3. General Route for the Synthesis of Analog 10a 

aReagents and Conditions: (a) HSO3Cl, rt, 24 h, 69% (b) 3,5-dimethylpiperidine, MeOH, rt, 12 h, 

57% (c) BOP reagent, DIPEA, DMF, rt, 12 h, 18%. 

 

 

 

 

Scheme A.4. General Route for the Synthesis of Analogs 11 and 12a 

aReagents and Conditions: (a) 3,5-dimethylpiperidine, MeOH, rt, 12 h, 51-55% (b) LiOH, 

MeOH:H2O (2:1), rt, 12 h, 59-60% (c) BOP reagent, DIPEA, DMF, rt, 12 h, 15-19%. 
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Scheme A.5. General Route for the Synthesis of Analogs 13-16a 

aReagents and Conditions: (a) i.) SOCl2, H2O; ii.) NaNO2, HCl, CuCl2, 0°C, 1 h 85-91% (b) 3,5-

dimethylpiperidine, MeOH, rt, 12 h, 50-55% (c) 2M NaOH, EtOH, 100°C, 12 h, 52-60% (d) BOP 

reagent, DIPEA, DMF, rt, 12 h, 31% (e) Na2S2O4, DMF:H2O (9:1), 90°C, 12 h, 73% (f) BBr3, 

DCM, rt, 12 h, 61%. 
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Scheme A.6. General Route for the Synthesis of Analog 17a 

aReagents and Conditions: (a) MeI, NaH, DMF, rt, 2 h, 57% 

Scheme A.7. General Route for the Synthesis of Analog 18a 

aReagents and Conditions: (a) 3,5-dimethylpiperidine, MeOH, rt, 12 h, 53% (b) Na2S2O4, DMF: 

H2O (9:1), 90°C, 12 h, 64% (c) BOP reagent, DIPEA, DMF, rt, 12 h, 39% 
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II. Biological Analysis 

Table A.1. MICs in µg/mL (µM) of analogs, HSGN-94, vancomycin, and linezolid against 

Staphylococcus aureus ATCC 25923 and methicillin-resistant Staphylococcus aureus (MRSA) 

ATCC 33592 

Compound/Control Drug S. aureus ATCC 25923 MRSA ATCC 33592 

1 2 (4.2) 2 (4.2) 

2 2 (4.3) 2 (4.3) 

3 4 (8.8) 4 (8.8) 

4 16 (36.3) 16 (36.3) 

5 2 (4.1) 2 (4.1) 

6 1 (2.0) 1 (2.0) 

7 2 (4.0) 2 (4.0) 

8 2 (4.0) 2 (4.0) 

9 2 (3.9) 2 (3.9) 

10 1 (1.9) 1 (1.9) 

11 4 (7.8) 4 (7.8) 

12 >64 (>128.4) >64 (>128.4) 

13 2 (3.6) 2 (3.6) 

Scheme A.8. General Route for the Synthesis of Analogs 19 and 20a 

aReagents and Conditions: (a) CNBr, EtOH, 2h, 60°C, 83% (b) N-methylimidazole, 1,4-

dioxane, 2 h, 90°C, 24-32% 
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14 2 (3.7) 2 (3.7) 

15 8 (15.3) 8 (15.3) 

16 1 (1.9) 1 (1.9) 

17 >64 (>122.5) >64 (>122.5) 

18 >64 (>145.3) >64 (>145.3) 

19 >64 (>143.3) >64 (>143.3) 

20 64 (158.2) 64 (158.2) 

HSGN-94 0.25 (0.5) 0.25 (0.5) 

Vancomycin 1 (0.7) 1 (0.7) 

Linezolid 2 (6.0) 2 (6.0) 

 

Table A.2. MICs in µg/mL (µM) of HSGN-94 against methicillin-sensitive Staphylococcus aureus 

(MSSA), methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 

Staphylococcus aureus (VRSA) and Staphylococcus epidermidis strains. 

Bacterial Strains HSGN-94 Linezolid Vancomycin 

MSSA ATCC 6538 0.5 (1) 1 (3) 1 (0.7) 

MSSA NRS 107 0.25 (0.5) 1 (3) 2 (1.4) 

MRSA NRS119 0.5 (1) 32 (96) 2 (1.4) 

MRSA NRS123 (USA400) 0.5 (1) 1 (3) 1 (0.7) 

MRSA NRS384 (USA300) 0.25 (0.5) 1 (3) 1 (0.7) 

MRSA NRS 385 (USA500) 0.5 (1) 2 (6) 1 (0.7) 

MRSA NRS 386 (USA700) 0.25 (0.5) 2 (6) 1 (0.7) 

VRSA 9 0.25 (0.5) 1 (3) >64 (>44.8) 

VRSA 10 0.5 (1) 2 (6) >64 (>44.8) 

VRSA 12 1 (2) 2 (6) >64 (>44.8) 

S. epidermidis NRS 101 1 (2) 1 (3) 2 (1.4) 
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Table A.3. MICs in µg/mL (µM) of HSGN-94 against clinically important Gram-positive bacterial 

pathogens including Streptococcus pneumoniae, Streptococcus pyogenes, Enterococcus faecalis, 

Enterococcus faecium, and Listeria monocytogenes  

Bacterial Strains HSGN-94 Linezolid Vancomycin 

Cephalosporin-resistant 

Streptococcus pneumoniae 

ATCC 51916 

0.125 (0.3) 1 (3) 1 (0.7) 

Methicillin-resistant 

Streptococcus pneumoniae 

ATCC 700677 

0.06 (0.1) 0.5 (1.5) 1 (0.7) 

Streptococcus pyogenes 

MGAS 1882 

0.125 (0.3) 0.5 (1.5) 0.5 (0.4) 

Streptococcus pyogenes 

MGAS 9882 

0.25 (0.5) 0.5 (1.5) 0.5 (0.4) 

Vancomycin-resistant 

Enterococcus faecalis ATCC 

51299 

0.25 (0.5) 1 (3) 64 (44.8) 

Vancomycin-resistant 

Enterococcus faecium 

ATCC 700221 

0.25 (0.5) 1 (3) >64 (>44.8) 

Listeria monocytogenes 

ATCC 19111 

0.06 (0.1) 1 (3) 1 (0.7) 

 

Table A.4. Functional characterization of proteins downregulated in S. aureus after treatment with 

HSGN-94. 

ID Protein Classification Log2FC p-value 

Virulence 

gi|685631952 Nuc Thermonuclease -5.1 0.0010 

gi|685633550 LukS-PV Gamma-hemolysin subunit B -3.7 0.000026 

gi|685631441 EssB Type VII secretion protein EssB -3.3 0.024 
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gi|685631437 EsxA Type VII secretion protein EsxA -2.0 0.00063 

gi|685631438 EsaA Type VII secretion protein EsaA -2.0 0.00011 

gi|685631717 SdrD Hydrolase -2.0 0.00010 

gi|685632604 LukD Leucotoxin LukD -2.0 0.013 

gi|685633523 NarG Nitrate reductase subunit alpha -2.0 0.0021 

gi|685631988 LipA Lipoyl synthase -2.0 0.000029 

Nucleotide metabolism 

gi|685632728 GloB Hydroxyacylglutathione hydrolase -2.0 0.000081 

gi|685632295 PyrF Orotidine 5-phosphate decarboxylase -2.2 0.00010 

gi|685632294 CarB Carbamoyl-phosphate synthase large 

chain 

-2.0 0.000046 

Transcription 

gi|685633415 SarR MarR family transcriptional regulator -2.0 0.000014 

Translation 

gi|685632759 MtaB 30S ribosomal protein S12 

methylthiotransferase 

-2.0 0.0067 

Amino acid biosynthesis 

gi|685633333 Als Acetolactate synthase -2.7 0.0031 

gi|685633124 DapE Succinyl-diaminopimelate 

desuccinylase 

-3.3 0.000044 

gi|685632550 IlvA Threonine dehydratase -2.0 0.0030 

Carbohydrate metabolism 

gi|685631305 AdhE Acetaldehyde dehydrogenase -2.5 0.0039 

 

Table A.5. Proteins found only in DMSO-treatment Group and Considered Downregulated by 

HSGN-94 treatment 

Protein  Biological process 

 DNA recombination protein RecF  Homologous recombination 

 PTS mannose transporter subunit IIABC  Mannose uptake 

 glycerophosphodiester phosphodiesterase  lipid metabolism 
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 copper-translocating P-type ATPase  copper transport 

oxidoreductase 
 

 DNA-binding response regulator  Transcription 

 molybdenum ABC transporter ATP-binding protein Molybdate transport 

threonine synthase  threonine biosynthesis 

 nucleoside permease  nucleoside intramembrane 

transporter 

sodium ABC transporter permease  
 

CDP-diacylglycerol--glycerol-3-phosphate 3-

phosphatidyltransferase 

Phosphatidylglycerol (PG) 

synthesis 

 aureolysin  Virulence factor 

 carboxylesterase 
 

type VII secretion protein EsaB  Virulence factor 

 hydrolase  
 

 signal peptidase II   lipoprotein biosynthesis 

 peptidase 
 

 sodium ABC transporter ATP-binding protein sodium transport 

MAP domain-containing protein Virulence factor 

protein EssC  Virulence factor 

nitrite reductase (NAD(P)H) small subunit  Nitrate assimilation 

glutamyl endopeptidase Virulence factor 

50S rRNA methyltransferase 
 

multifunctional 2,3-cyclic-nucleotide 2-

phosphodiesterase/5-nucleotidase/3-nucleotidase 

Nucleotide catabolism 

site-specific integrase  
 

 holo-ACP synthase  Pantothenate and CoA biosynthesis 

uroporphyrinogen-III C-methyltransferase  Porphyrin and chlorophyll 

metabolism 

peptide ABC transporter permease  
 

orthopoxovirus protein, PF05708 family hydolase 
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Table A.6. Proteins identified from Pull-Down Assay with HSGNbeads group  

Protein Name Gene General Function 

tRNA-2-methylthio-N(6)-dimethylallyladenosine 

synthase 

miaB Protein Synthesis 

Isocitrate dehydrogenase idh Cellular Respiration 

50S ribosomal protein L4 rplD Protein Synthesis 

Adenylate kinase adk Nucleotide Synthesis 

Ribose-5-phosphate isomerase rpiA DNA and RNA Synthesis 

Transglycosylase IsaA Cell-wall Synthesis 

S-ribosylhomocysteine lyase luxS Quorum Sensing 

Nicotinate phosphoribosyltransferase pncB NAD Synthesis 

RNA polymerase σ factor SigA RNA Synthesis 

Phosphoglucomutase PgcA LTA Biosynthesis 

Sucrose-6-phosphate hydrolase scrB Sucrose Synthesis 

Coproporphyrin III ferrochelatase cpfC Heme Biosynthesis 

Phenylalanine--tRNA ligase subunit β PheT Protein Synthesis 

50S ribosomal protein L10 rplJ Protein Synthesis 

Glutamine amidotransferase /GMP synthase guaA Nucleotide Synthesis 

Xanthine phosphoribosyltransferase Xpt DNA and RNA Synthesis 

tRNA (uracil-5-)-methyltransferase trmFO Protein Synthesis 

DNA recombination/repair protein RecA RecA DNA Synthesis 

 

Table A.7. Bacterial isolates used in this study 

Bacterial isolates Isolation Description 

Staphylococcus aureus 

ATCC 25923 

Clinical isolate Quality control strain for media 

testing and water testing. 

Staphylococcus aureus 

ATCC 33592 

Blood  Used in drug discovery and 

emerging infectious disease 

research. 

Gentamicin-resistant. 



 

 

241 

Methicillin-resistant. 

Staphylococcus aureus 

ATCC 6538 

Human lesion Quality control strain for media 

testing, food testing, drug 

discovery and water testing. 

Staphylococcus aureus 

NRS 107 

human skin, Connecticut, 

USA, 1991. 

Resistant to mupirocin, 

rifampicin and novobiocin. 

MRSA NRS 119 Isolated from a patient with 

peritonitis, Massachusetts, 

USA, 2001. 

Linezolid, tedizolid and 

methicillin -resistant 
 

MRSA NRS123 (USA400) Human abscess, Michigan, 

2004. 

Community-associated MRSA 

strain. 

MRSA NRS384 (USA300) Wound, Mississippi, USA Community-acquired MRSA 

strain. 

Resistant to erythromycin and 

tetracycline. 

MRSA NRS 385 (USA500) From a patient with 

bloodstream infection, 

Connecticut, USA. 

Hospital-acquired MRSA strain. 

Resistant to erythromycin, 

clindamycin, levofloxacin, 

gentamicin, tetracycline and 

trimethoprim/sulfamethoxazole. 

MRSA NRS 386 (USA700) From a patient with 

bloodstream infection, 

Louisiana, USA. 

Associated with infections in 

both community and healthcare 

settings. 

Resistant to erythromycin. 

VRSA 9 Left plantar foot wound, 

Michigan, USA, 2007  

Resistant to vancomycin, 

erythromycin and 

spectinomycin 

VRSA 10 Plantar foot wound, 

Michigan, USA, 2009. 

Resistant to vancomycin, 

erythromycin and 

spectinomycin. 
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VRSA 12 Isolated from a foot wound Vancomycin-resistant, positive 

for vanA 

Staphylococcus epidermidis 

NRS101 

From septicemic patient with 

colonized intravascular 

catheters, Tennessee, USA 

Resistant to methicillin, 

erythromycin, kanamycin, 

gentamicin, clindamycin and 

trimethoprim. 

Streptococcus pneumoniae 

ATCC 51916 

Cerebrospinal fluid, 

Tennessee, USA. 

Cephalosporin-resistant. 

Representative strain of the 

Pneumococcal Molecular 

Epidemiology Network. 

Streptococcus pneumoniae 

ATCC 700677 

Human patient, 

Czechoslovakia, 1987 

Resistant to methicillin, 

erythromycin, penicillin, and 

tetracycline. 

Streptococcus pyogenes 

MGAS 1882 

From a patient with post-

streptococcal 

glomerulonephritis, USA, 

1970s. 

Serotype M59  

Susceptible to penicillin 

Streptococcus pyogenes 

MGAS 9882 

From a patient wth with a soft 

tissue infection, Ontario, 

Canada, 2000. 

Serotype M3  

 

Enterococcus faecalis ATCC 

51299 

Peritoneal fluid, Missouri, 

USA. 

Resistant to vancomycin. 

Sensitive to Teicoplanin. 

Positive for vanB 

Enterococcus faecium ATCC 

700221 

Human feces, Connecticut Resistant to Vancomycin and 

Teicoplanin. 

Positive for vanA 

Listeria monocytogenes 

ATCC 19111 

Poultry, England Control strain for media testing, 

enteric research and food 

testing. 
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Table A.8. Sequence of primers used in RT-PCR. 

Primer Name Sequence (5’- 3’) Source 

pgsA Forward ATTGGCTTCCCTTAGCGATT This Study 

pgsA reverse AGAATTGGTTAGTCCTAGTTGCAC This Study 

16S Forward CGGTCCAGACTCCTACGGGAGGCAGCA Opoku-Temeng et 

al.217 

16S Reverse GCGTGGACTACCAGGGTATCTAATCC Opoku-Temeng et 

al217. 

 

 

Figure A.1. Analyzing the toxicity of HSGN-94 (tested in sextuplicate at 16, 32, 64 and 128 µg/mL) 

against human keratinocyte cells (HaCaT) using the MTS; 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. Results are presented as 

percent viable cells relative to DMSO (negative control to determine a baseline measure for the 

cytotoxic impact of each compound). The absorbance values represent an average of six samples 

analyzed for each compound. Error bars represent standard deviation values. Data were analyzed 

via a one-way ANOVA with post hoc Dunnett’s test for multiple comparisons. Asterisks (*) denote 

a statistical difference (P<0.05) between values obtained for the compounds as compared to 

DMSO. 
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Figure A.2. Multi-step resistance selection of HSGN-94 and ciprofloxacin against MRSA. MRSA 

USA300 was serially passaged daily over a 65-day period and the broth microdilution assay was 

used to determine the minimum inhibitory concentration of compounds and control antibiotics 

against MRSA after each successive passage. An eight-fold shift in MIC would be indicative of 

bacterial resistance. 

 

 

Figure A.3. Bar chart representation of downregulated (blue) and upregulated (red) proteins after 

S. aureus treatment with HSGN-94. 
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Figure A.4. GO function analysis of significant (p ≤0.05) proteins in S. aureus treated with HSGN-

94. Analysis was done using Metascape™ software. 

 

 

Figure A.5. Effects of HSGN-94 on macromolecular biosynthesis in S. aureus. Effects of HSGN-

94 at 0.125X to 4X MIC (0.125–2 μg/mL) on relative incorporation of (A) [glucosamine-6-3H]-
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N-acetyl-d-glucosamine for cell wall synthesis, (B) L-leucine [4,5-3H] for protein synthesis. (C) 

[methyl-]-thymidine for DNA synthesis, and (D) [5-3H]-uridine for RNA synthesis. HSGN-94 and 

control antibiotics were examined by scintillation counting. Experiments were performed in 

triplicates, and each bar represents the mean ± SD. 
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III. MALDI Mass Spectra for Glycolipid TLC Samples: 

DMSO: 

 



 

 

248 

HSGN-94 1/4X MIC: 
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HSGN-94 1X MIC: 
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HSGN-94 8X MIC: 
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IV. 1H, 13C, and 19F NMR Spectra for Intermediates and Analogs: 
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V. HPLC Traces: 

Table S9: HPLC Retention Times and Percent Purity for HSGN-94, Compounds 1-20, and HSGN-

Probe 

Compound Retention Time (min) Purity 

HSGN-94 12.5 98% 

1 12.1 98% 

2 11.9 99% 

3 10.9 95% 

4 10.4 99% 

5 11.4 95% 

6 12.1 97% 

7 12.1 98% 

8 11.9 99% 

9 13.0 96% 

10 12.7 96% 

11 11.4 96% 

12 12.5 97% 

13 14.3 95% 

14 12.6 95% 

15 13.5 95% 

16 12.3 95% 

17 13.3 95% 

18 10.5 96% 

19 12.2 95% 

20 12.4 97% 

HSGN-Probe 9.7 91% 
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HPLC Trace at 280 nm for 4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (HSGN-94): 

 

 

HPLC Trace at 280 nm for 4-(Piperidin-1-ylsulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (1): 
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HPLC Trace at 280 nm for 4-(Pyrrolidin-1-ylsulfonyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (2): 

 

HPLC Trace at 280 nm for 4-(N-cyclopropylsulfamoyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (3): 
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HPLC Trace at 280 nm for 4-(N,N-Dimethylsulfamoyl)-N-(5-(4-(trifluoromethyl)phenyl)-1,3,4-

oxadiazol-2-yl)benzamide (4): 

 

HPLC Trace at 280 nm for 4-((2-Azabicyclo[2.2.1]heptan-2-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (5): 
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HPLC Trace at 280 nm for 4-((4-Methylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (6): 

 

 

HPLC Trace at 280 nm for 4-((3-Methylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (7): 
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HPLC Trace at 280 nm for 4-((2-Methylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (8): 

 

 

HPLC Trace at 280 nm for 5-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)nicotinamide (9): 
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HPLC Trace at 280 nm for 4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thiophene-2-carboxamide (10): 

 

HPLC Trace at 280 nm for 3-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)thiophene-2-carboxamide (11): 
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HPLC Trace at 280 nm for 5-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)furan-2-carboxamide (12): 

 

 

HPLC Trace at 280 nm for 4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-nitro-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (13): 
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HPLC Trace at 280 nm for 4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-methoxy-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (14): 

 

 

HPLC Trace at 280 nm for 3-Amino-4-((3,5-dimethylpiperidin-1-yl)sulfonyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (15): 
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HPLC Trace at 280 nm for 4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-3-hydroxy-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (16): 

 

 

HPLC Trace at 280 nm for  4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)-N-methyl-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (17): 
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HPLC Trace at 280 nm for N-(4-((3,5-Dimethylpiperidin-1-yl)sulfonyl)phenyl)-5-phenyl-1,3,4-

oxadiazole-2-carboxamide (18): 

 

HPLC Trace at 280 nm for N-(5-cyclohexyl-1,3,4-oxadiazol-2-yl)-4-((3,5-dimethylpiperidin-1-

yl)sulfonyl)benzamide (19): 
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HPLC Trace at 280 nm for N-(5-cyclopropyl-1,3,4-oxadiazol-2-yl)-4-((3,5-dimethylpiperidin-1-

yl)sulfonyl)benzamide (20): 

 

HPLC Trace at 280 nm for 4-(N-((1-(13-Oxo-17-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)-3,6,9-trioxa-12-azaheptadecyl)-1H-1,2,3-triazol-4-yl)methyl)sulfamoyl)-N-(5-(4-

(trifluoromethyl)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (HSGN-Probe): 
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APPENDIX B. CHAPTER 8 SUPPORTING INFORMATION 

I. Biological Analysis 

Table B.1. MICs in µg/mL (µM) of HSGN-220, -218, -144 and control antibiotics against various 

MRSA clinical isolates. 

Bacterial 

Strains 

Compound/Control Drug 

HSGN-220 HSGN-218 HSGN-144 Vancomycin Linezolid 

MRSA 

USA300 

0.5 (1.2) 0.25 (0.6) 0.5 (1.3) 1 (0.7) 2 (5.9) 

MRSA 

ARLG 1663 

0.5 (1.2) 0.125 (0.3) 0.5 (1.3) 1 (0.7) 2 (5.9) 

MRSA 

ARLG 1568 

1 (2.4) 0.06 (0.1) 0.5 (1.3) 0.5 (0.3) 1 (3.0) 

MRSA 

ARLG 1664 

1 (2.4) 0.125 (0.3) 0.5 (1.3) 1 (0.7) 2 (5.9) 

MRSA 

ARLG 1570 

0.5 (1.2) 0.25 (0.6) 0.5 (1.3) 0.5 (0.3) 1 (3.0) 

MRSA 

ARLG 1561 

0.5 (1.2) 0.25 (0.6) 0.5 (1.3) 1 (0.7) 2 (5.9) 

MRSA 

ARLG 1567 

1 (2.4) 0.125 (0.3) 0.5 (1.3) 1 (0.7) 2 (5.9) 

MRSA 

ARLG 1569 

0.25 (0.6) 0.06 (0.1) 0.5 (1.3) 1 (0.7) 2 (5.9) 

MRSA 

ARLG 1649 

0.5 (1.2) 0.25 (0.6) 0.5 (1.3) 2 (1.4) 2 (5.9) 

 



 

 

353 

Table B.2. Downregulated proteins shared amongst S. aureus treatment with HSGN-220, -218, or 

-144 

ID Number Protein Essential in S. aureus? 

gi|685633647 Glyoxalase No 

gi|685633472 Esterase No 

gi|685632899 Aminotransferase class V No 

gi|1145681322 Nickel ABC transporter substrate-binding 

protein 

No 

gi|685632167 Membrane protein No 

gi|685631821 Peptidase M23B No 

gi|685631658 Nucleotide pyrophosphohydrolase No 

gi|685632732 Rhomboid family intramembrane serine 

protease 

No 

gi|685632742 Nif3-like dinuclear metal center 

hexameric protein 

No 

gi|685633383 Sulfurtransferase No 

gi|685633242 Translation factor Sua5 No 

gi|685631402 2-C-methyl-D-erythritol 4-phosphate 

cytidylyltransferase 

No 

gi|685633459 Ribose 5-phosphate isomerase No 

gi|685632128 Isochorismate synthase No 

gi|685632794 Peptidase U32 No 

gi|685631793 Teichoic acid ABC transporter permease No 

gi|685632458 Nuclease SbcCD subunit C No 

gi|685633050 Hypothetical protein KQ76_09950 No 

gi|685631927 Sporulation regulator WhiA No 

gi|685632079 AI-2E family transporter No 

gi|685631939 Protein-export membrane protein SecG No 

gi|685631628 DNA polymerase III subunit gamma/tau Yes 

gi|685632299 Fibronectin-binding protein No 
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gi|685633507 AraC family transcriptional regulator No 

gi|685632030 ATP-dependent DNA helicase No 

gi|685633026 LuxR family transcriptional regulator No 

gi|685633532 Zinc ABC transporter substrate-binding 

protein 

No 

gi|685633096 Nitric oxide synthase No 

gi|685632325 Ribonuclease III No 

gi|685631783 Sodium:proton antiporter No 

gi|685632992 Restriction endonuclease subunit S No 

gi|685631875 Allophanate hydrolase No 

gi|685633567 Hypothetical protein KQ76_12740 No 

gi|685633762 MarR family transcriptional regulator No 

gi|685632359 DNA polymerase III PolC Yes 

gi|685632881 Hypothetical protein KQ76_08855 No 

gi|685633443 HAD family hydrolase No 

gi|685633338 tRNA pseudouridine synthase TruA No 

gi|685632541 Virulence factor C No 

gi|685633077 23S rRNA (uracil(1939)-C(5))-

methyltransferase RlmD 

No 

gi|685631627 N-acetyltransferase No 

gi|685633878 Replication protein No 

gi|685631557 Hypothetical protein KQ76_01790 No 

gi|685631874 Allophanate hydrolase No 

gi|685633576 2-dehydropantoate 2-reductase No 

gi|685632647 Hypothetical protein KQ76_07650 No 

gi|685633063 Two-component sensor histidine kinase No 

gi|685632708 Hypothetical protein KQ76_07970 No 

gi|685632126 GNAT family N-acetyltransferase No 

gi|685633581 Glycine/betaine ABC transporter ATP-

binding protein 

No 
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gi|685632824 ACT domain-containing protein No 

gi|685632567 Biotin--acetyl-CoA-carboxylase ligase Yes 

gi|685631855 DeoR faimly transcriptional regulator No 

gi|685632379 Damage-inducible protein CinA No 

gi|685632268 Bacillithiol biosynthesis cysteine-adding 

enzyme BshC 

No 

gi|685631900 Bacillithiol system protein YtxJ No 

gi|685632450 XRE family transcriptional regulator; 

LexA repressor 

Yes 

gi|685631447 DUF5085 domain-containing protein No 

gi|685631419 Aryl-phospho-beta-D-glucosidase No 

gi|685631604 Hypothetical protein KQ76_02045 No 

gi|685632862 Transcriptional regulator NrdR No 

gi|685633618 NgoFVII family restriction endonuclease No 

gi|685631561 Sodium:dicarboxylate symporter No 

gi|685631829 LysR family transcriptional regulator No 

gi|685631681 DNA repair protein RadA No 

gi|685633641 Fructose 1,6-bisphosphatase No 

gi|685632472 Phosphatidylglycerol lysyltransferase No 

gi|685632076 Magnesium transporter MgtE No 

gi|685633674 Cysteine methyltransferase No 

gi|685632462 4-hydroxybenzoyl-CoA thioesterase No 

gi|685633451 NAD(P)-dependent oxidoreductase No 

gi|685631229 DNA helicase Yes 

gi|685632989 Lipase No 

gi|685633680 TetR family transcriptional regulator No 

gi|685633431 Hypothetical protein KQ76_12025 No 

gi|685631881 Glycine/betaine ABC transporter 

permease 

No 

gi|685632642 Hypothetical protein KQ76_07625 No 
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gi|685631353 ABC transporter ATP-binding protein No 

gi|685631413 DNA-binding response regulator No 

 

Table B.3. Downregulated proteins shared amongst S. aureus treatment with HSGN-220 and -218 

ID Number Protein Essential in S. aureus? 

gi|685632552 flap endonuclease No 

gi|685632753 endoribonuclease YbeY No 

gi|685632390 DNA mismatch repair protein MutS No 

gi|685632127 1,4-dihydroxy-2-naphthoate 

octaprenyltransferase 

Yes 

gi|685633113 hypothetical protein BWO94_05155 No 

gi|685632459 mechanosensitive ion channel protein MscL No 

gi|685631477 alpha/beta hydrolase No 

gi|685631504 hypothetical protein BWO94_03590 No 

gi|685632660 hypothetical protein BWO94_12940 No 

gi|685632360 ribosome maturation protein RimP No 

gi|685632991 NTPase No 

gi|685631916 hydrolase No 

gi|685632392 glycerol-3-phosphate responsive antiterminator 

GlpP 

No 

gi|685631858 N-acetylglucosamine-6-phosphate deacetylase No 

gi|1145683653 CDP-glycerol--poly(glycerophosphate) 

glycerophosphotransferase 

No 

gi|685633161 carbohydrate kinase No 

gi|685632658 hypothetical protein BWO94_12930 No 

gi|685631815 response regulator GraR No 

gi|685632838 DNA-3-methyladenine glycosylase No 

gi|685632659 hypothetical protein BWO94_12935 No 

gi|685632238 succinate dehydrogenase iron-sulfur subunit No 

gi|685633271 mannose-6-phosphate isomerase No 
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gi|685633703 NmrA family protein No 

gi|685631659 hypothetical protein BWO94_13090 No 

gi|685633020 3-5 exoribonuclease YhaM No 

gi|685632715 octanoyltransferase No 

gi|685633535 protein-disulfide isomerase No 

gi|685632844 hydroxymethylbilane synthase No 

gi|685632210 16S rRNA (guanine(966)-N(2))-

methyltransferase RsmD 

No 

gi|685633237 UDP-N-acetylglucosamine 2-epimerase No 

gi|685633132 CAAX protease No 

gi|685631655 peptidyl-tRNA hydrolase Yes 

gi|1145680072 transcriptional repressor CcpN No 

gi|685632686 oligo-1,6-glucosidase No 

gi|685632205 SCP-like extracellular protein No 

gi|685632031 helicase-exonuclease AddAB subunit AddA No 

gi|685633373 DNA topoisomerase III No 

gi|685632683 ribonuclease Z No 

gi|685632186 spermidine/putrescine import ATP-binding 

protein PotA 

No 

gi|685632144 methicillin resistance protein FmtA No 

 

Table B.4. Downregulated proteins shared amongst S. aureus treatment with HSGN-220 and -144 

ID Number Protein Essential in S. aureus? 

gi|685632980 ImmA/IrrE family metallo-endopeptidase No 

gi|685631343 pyruvate decarboxylase No 

gi|685632729 hypothetical protein BWO94_08630 No 

gi|685631744 mevalonate kinase Yes 

gi|685632072 hypothetical protein BWO94_07345 No 

gi|685633258 hypothetical protein BWO94_04500 No 

gi|685633330 hydrolase No 



 

 

358 

gi|685633508 general stress protein No 

gi|685632574 TPR-repeat-containing protein, component of 

menaquinone-cytochrome C reductase 

No 

gi|685632396 lysophospholipase No 

gi|685632025 argininosuccinate synthase No 

gi|685632793 protease No 

gi|685631708 UDP-glucose 4-epimerase No 

gi|685632355 UDP pyrophosphate synthase No 

gi|685632661 transcriptional regulator No 

gi|685632387 tRNA (N6-isopentenyl adenosine(37)-C2)-

methylthiotransferase MiaB 

No 

gi|685632309 23S rRNA (adenine(2503)-C(2))-

methyltransferase RlmN 

No 

 

Table B.5. Downregulated proteins shared amongst S. aureus treatment with HSGN-218 and -144 

ID Number Protein Essential in S. aureus? 

gi|68563288 DHH family phosphoesterase No 

gi|685631824 MarR family transcriptional regulator No 

gi|1145678368 laccase No 

gi|685631351 type-1 restriction enzyme R protein No 

 

Table B.6. Proteins downregulated in S. aureus treated with HSGN-218 

ID Number Protein Essential in S. aureus? 

gi|685633745 anaerobic ribonucleoside-triphosphate reductase No 

gi|685631513 5-methyltetrahydropteroyltriglutamate--

homocysteine methyltransferase 

No 

gi|685633333 acetolactate synthase No 

gi|685631865 hypothetical protein BWO94_13500 No 

gi|685631952 gi|685631952|gb|AIO20463.1| thermonuclease 

[Staphylococcus aureus subsp. 

No 
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aureus];gi|1145681598|gb|OOC92195.1| 

thermonuclease [Staphylococcus aureus] 

gi|685632777 RNA-binding protein No 

gi|685631656 transcription-repair coupling factor No 

gi|685632815 GTP pyrophosphokinase relA Yes 

gi|685633588 peptidase M28 No 

gi|685631327 alpha-helical coiled-coil protein No 

gi|685631975 CsbD family protein No 

gi|685633014 multidrug ABC transporter ATP-binding protein No 

gi|685632953 autolysin No 

gi|685632398 glutathione peroxidase No 

gi|685631925 RNase adaptor protein RapZ No 

gi|685633538 amino acid ABC transporter permease No 

gi|685632506 4-hydroxy-tetrahydrodipicolinate synthase No 

gi|685631972 methionine ABC transporter ATP-binding protein No 

gi|685632553 dynamin family protein No 

gi|685633305 IucA/IucC family siderophore biosynthesis protein No 

gi|685631259 1-phosphatidylinositol phosphodiesterase No 

gi|685632437 homoserine dehydrogenase No 

gi|685632817 single-stranded-DNA-specific exonuclease RecJ No 

gi|685633509 DUF4889 domain-containing protein No 

gi|685632121 integrase No 

gi|685633332 alpha-acetolactate decarboxylase No 

gi|685632569 N-acetyl-alpha-D-glucosaminyl L-malate synthase 

BshA 

No 

gi|685633380 multidrug transporter No 

gi|685631394 nucleoside hydrolase No 

gi|685632391 DNA mismatch repair protein MutL No 

gi|685631227 DHH family phosphoesterase No 

gi|685633870 hypothetical protein BWO94_04225 No 
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gi|685631918 excinuclease ABC subunit B No 

gi|685632378 CDP-diacylglycerol--glycerol-3-phosphate 3-

phosphatidyltransferase 

Yes 

gi|1145681323 CDP-glycerol--poly(glycerophosphate) 

glycerophosphotransferase 

No 

gi|685631710 HAD family hydrolase No 

gi|685633860 cadmium-transporting ATPase No 

gi|685633008 alpha/beta hydrolase No 

gi|685632190 chitinase No 

gi|685633060 hypothetical protein BWO94_05440 No 

gi|685632706 exodeoxyribonuclease VII large subunit No 

gi|685632509 hydrolase No 

gi|685633216 protein translocase component YidC No 

gi|685632804 luciferase family oxidoreductase No 

gi|685631864 DoxX family protein No 

gi|685632225 RNA methyltransferase No 

gi|685632713 lipoprotein No 

gi|685633749 sulfite reductase [NADPH] flavoprotein alpha-

component 

No 

gi|685632566 ATP-dependent helicase DinG No 

gi|685632357 RIP metalloprotease RseP No 

gi|1145681321 protease PrsW No 

gi|685632814 D-tyrosyl-tRNA(Tyr) deacylase No 

gi|685632239 glutamate racemase No 

gi|685633268 hypothetical protein BWO94_04450 No 

gi|685632900 D-3-phosphoglycerate dehydrogenase No 

gi|685631882 histidinol-phosphate transaminase No 

gi|685633285 hypothetical protein BWO94_04335 No 

gi|685632265 phenol soluble modulin No 

gi|685632000 nitrogen fixation protein NifU No 
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gi|685632571 zinc metallopeptidase No 

gi|685631921 prolipoprotein diacylglyceryl transferase No 

gi|685633620 phosphoglucomutase No 

gi|685631759 hypothetical protein BWO94_10685 No 

gi|685631616 hypothetical protein BWO94_13915 No 

gi|685633476 TetR family transcriptional regulator No 

gi|685632438 threonine synthase No 

gi|685632670 two-component sensor histidine kinase No 

gi|685633214 cardiolipin synthase No 

gi|685632468 sodium:alanine symporter No 

gi|685632281 cell division protein YggT No 

gi|685632473 peptide-methionine (S)-S-oxide reductase No 

gi|685632280 cell division protein SepF No 

gi|685631758 HD domain-containing protein No 

gi|685633000 hypothetical protein BWO94_10060 No 

gi|685632452 DUF896 family protein No 

gi|685632194 inositol monophosphatase No 

gi|685633763 tributyrin esterase No 

 

Table B.7. Proteins downregulated in S. aureus treated with HSGN-144 

ID Number Protein Essential in S. aureus? 

gi|685632671 DNA-binding response regulator No 

gi|685632300 guanylate kinase No 

gi|685632728 hydroxyacylglutathione hydrolase No 

gi|685631435 hypothetical protein BWO94_03970 No 

gi|685631929 malate dehydrogenase No 

gi|685632754 PhoH family protein No 

gi|685632157 phosphoribosylformylglycinamidine synthase 

subunit PurL 

No 

gi|685632760 16S rRNA (uracil(1498)-N(3))-methyltransferase No 
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gi|685632591 L-asparaginase No 

gi|685633137 pathogenicity island protein No 

gi|685633260 amidohydrolase No 

 

Table B.8. Proteins downregulated in S. aureus treated with HSGN-220 

ID Number Protein Essential in S. aureus? 

gi|1145681246 butyryl-CoA dehydrogenase No 

gi|685631724 glucosamine-6-phosphate deaminase No 

gi|685632154 phosphoribosylaminoimidazole-

succinocarboxamide synthase 

No 

gi|685631908 fatty acid-binding protein DegV No 

gi|685632463 hypothetical protein BWO94_11360 No 

gi|685632447 guanosine 5-monophosphate oxidoreductase No 

gi|685633168 ABC transporter ATP-binding protein No 

gi|685632923 DUF1444 domain-containing protein No 

gi|685633432 formate dehydrogenase subunit alpha No 

gi|685633010 protoporphyrinogen oxidase No 

gi|685633475 multidrug efflux protein No 

gi|685632372 transcriptional regulator No 

gi|685633257 type II pantothenate kinase No 

gi|685632211 phosphopantetheine adenylyltransferase No 

gi|685632759 30S ribosomal protein S12 methylthiotransferase  No 

gi|685632527 response regulator ArlR No 

gi|685631586 restriction endonuclease subunit S No 

gi|685632716 rhodanese No 

gi|685632795 methyltransferase No 
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Table B.9. Upregulated proteins shared amongst S. aureus treatment with HSGN-220, -218, or -

144 

ID Number Protein 

gi|685632908 heme transporter HarA 

gi|685631274 2,3-diaminopropionate biosynthesis protein SbnB 

gi|685632217 iron-regulated surface determinant protein A 

gi|685632368 30S ribosomal protein S15 

gi|685632219 heme ABC transporter permease 

gi|685631802 iron-enterobactin transporter ATP-binding protein 

gi|685633225 beta-hydroxyacyl-ACP dehydratase 

gi|685633671 CHAP domain-containing protein 

gi|685632578 nucleoside-diphosphate kinase 

gi|685632267 GNAT family N-acetyltransferase 

gi|685632460 choline transporter 

gi|1145683298 crystallin 

gi|685632331 16S rRNA processing protein RimM 

gi|685632310 protein phosphatase 

gi|685632096 DUF2187 domain-containing protein 

gi|685631997 D-alanyl-lipoteichoic acid biosynthesis protein DltB 

gi|685632820 tRNA guanosine(34) transglycosylase Tgt 

 

Table B.10. Bacterial strains, sources and characteristics 

Bacterial Strain Source Characteristics 

Staphylococcus aureus ATCC 

25923 

ATCC Methicillin susceptible. Reference 

strain for antibiotic susceptibility 

testing 

MRSA USA 300 ATCC/BEI 

resources 

Methicillin resistant. Most prevalent 

MRSA clinical infection strain in the 

U.S  
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MRSA ATCC 33592 William Wuest, 

Emory University 

Methicillin resistant, Gentamicin 

resistant. SCCmec: Type III 

Enterococcus faecalis ATCC 

29212  

ATCC Reference strain for antibiotic 

susceptibility testing. Susceptible to 

most GPC antibiotics 

Enterococcus faecalis ATCC 

51575 (VRE) 

ATCC Presence of vanB. 

Resistant to gentamicin, 

streptomycin, and vancomycin. 

Sensitive to teicoplanin. 

Enterococcus faecium ATCC 

700221 (VRE) 

ATCC Presence of vanA. 

Resistant to vancomycin and 

teicoplanin 

Listeria monocytogenes ATCC 

19115 

ATCC Reference strain for antibiotic 

susceptibility testing. Susceptible to 

most GPC antibiotics 

ATCC = American Type Culture Collection, GPC = Gram positive cocci, ARLG = Antibacterial 

Resistance Leadership Group 

Table B.11. MRSA clinical isolates used in study 

Strain  PFGE 

Pattern / 

MLST 

Type 

spa Type 

eGenomics 

(Ridom) 

SCCmec Other Genetic 

Characterization 

Additional 

Non MRSA 

resistance 

(dru Type) 

Oxacillin 

MIC in 

μg/mL 

ARLG 

1561 

USA 

300 

1 IVa ACME+, pvl 

genes+ 

Ery NT 

ARLG 

1567 

USA 

300 

1 IVa ACME+, pvl 

genes+ 

Ery, Cipro NT 

ARLG 

1568 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro 

NT 
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ARLG 

1569 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro, 

Clinda 

NT 

ARLG 

1570 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro, 

Clinda 

NT 

ARLG-

1663 

ST239 351 (t030) 3A.1.4 ccrC+, dcs+, Hg-

J+, mecl+ 

(dt10a) 512 

ARLG-

1649 

ST1312 351 (t030) 3A.1.4 ccrC+, dcs+, Hg-

J+, mecl+ 

(dt10g) 256 

ARLG-

1664 

ST239 351 (t030) 16691 ccrC+, Hg-J+, 

mecl+ 

(dt9x) 256 

* ACME = arginine catabolic mobile element, PFGE = Pulsed field gel electrophoresis, MLST = 

Multilocus sequence typing, pvl = panton valentin leucocidin, Ery = Erythromycin, Mup = 

Mupirocin, Cipro = Ciprofloxacin, Clinda = Constitutive clindamycin resistance 

Table B.12. Sequence of primers used in RT-PCR. 

Primer Name Sequence (5’- 3’) Source 

dnaX Forward AGAAGAACCTCCAGCACACG This Study 

dnaX Reverse CATCGCCGAAAGCAATAGCC This Study 

pol IIIC Forward TATGGGCTTCATCGACACGG This Study 

pol IIIC Reverse AATACCCGCTGTGTCACCTG This Study 

birA Forward CCGCGACCTTTCGTTTGTTC This Study 

birA Reverse ATCTGGACAAAGCATTGCGG This Study 

lexA Forward GTTCCTATTACCGCAGTA This Study 

lexA Reverse TACCAGCCTCAATCATAC This Study 

dnaC Forward TCTTCCGTTGCTTGTTTCGC This Study 

dnaC Reverse TGAAATGTGAGAGATGTGGAAGTG This Study 

menA Forward TAGGGAAAGGGCCACCTGTA This Study 

menA Reverse TGGTGCAATTGTACGCAACG This Study 

Pth Forward AGCAGTTGCACCGATTATGGA This Study 
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Pth Reverse TCATACCATTGTGACCGCCC This Study 

mvak1 Forward CAAATTGCACATGGTAAACCAAGT This Study 

mvak1 Reverse TTCAACGTTTCAGCATGACCTT This Study 

pgsA Forward ATTGGCTTCCCTTAGCGATT This Study 

pgsA Reverse AGAATTGGTTAGTCCTAGTTGCAC This Study 

relA Forward GCACAGCACCATATGGCAAC This Study 

relA Reverse ATGGAGACCCGCTCGAAATC This Study 

HarA Forward GCCATCAAGCTTTGCTGCTT This Study 

HarA Reverse GCAGCACTGCAACAAATCCA This Study 

IsdA Forward TGCTTTTTCAAATTCCAAATGCGTAGT This Study 

IsdA Reverse GCAGTTGAACCTGGATATAAGAGCTTA This Study 

16S Forward CGGTCCAGACTCCTACGGGAGGCAGCA Opoku-Temeng et 

al.217 

16S Reverse GCGTGGACTACCAGGGTATCTAATCC Opoku-Temeng et 

al.217 
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Figure B.1. Multi-step resistance selection of HSGN-220, -218, -144, ciprofloxacin, vancomycin, 

and linezolid against MRSA. MRSA USA300 was serially passaged daily over a 30-day period 

and the broth microdilution assay was used to determine the minimum inhibitory concentration of 
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compounds and control antibiotics against MRSA after each successive passage. A four-fold shift 

in MIC would be indicative of bacterial resistance. 

 

Figure B.2. Venn Diagrams Constructed. (A) Venn diagram for comparison of proteins identified 

in DMSO-treated cells alone, HSGN-220-treated cells alone and in both treatments. (B) Venn 

diagram for comparison of proteins identified in DMSO-treated cells alone, HSGN-218-treated 

cells alone and in both treatments. (C) Venn diagram for comparison of proteins identified in 

DMSO-treated cells alone, HSGN-144-treated cells alone and in both treatments. 
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Figure B.3. Effects of HSGN-220, -218, and -220 on membrane permeability in S. aureus at 10x 

MIC concentrations using sytox green dye. Increase in fluorescence indicates permeability. 

Bithionol is used as positive control while 1% DMSO is used as negative control. 
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II. Plate Bioassays: 
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APPENDIX C. CHAPTER 9 SUPPORTING INFORMATION 

Table C.1. Bacterial strains, sources and characteristics 

Bacterial Strain Source Characteristics 

Staphylococcus aureus ATCC 

25923 

ATCC Methicillin susceptible. Reference 

strain for antibiotic susceptibility 

testing 

MRSA USA 300 ATCC/BEI 

resources 

Methicillin resistant. Most prevalent 

MRSA clinical infection strain in the 

U.S  

MRSA ATCC 33592 William Wuest, 

Emory University 

Methicillin resistant, Gentamicin 

resistant. SCCmec: Type III 

Enterococcus faecalis ATCC 

29212  

ATCC Reference strain for antibiotic 

susceptibility testing. Susceptible to 

most GPC antibiotics 

Enterococcus faecalis ATCC 

51575 (VRE) 

ATCC Presence of vanB. 

Resistant to gentamicin, 

streptomycin, and vancomycin. 

Sensitive to teicoplanin. 

Enterococcus faecium ATCC 

700221 (VRE) 

ATCC Presence of vanA. 

Resistant to vancomycin and 

teicoplanin 

Listeria monocytogenes ATCC 

19115 

ATCC Reference strain for antibiotic 

susceptibility testing. Susceptible to 

most GPC antibiotics 

ATCC = American Type Culture Collection, GPC = Gram positive cocci, ARLG = Antibacterial 

Resistance Leadership Group 
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Table C.2. MRSA clinical isolates used in study 

Strain  PFGE 

Pattern / 

MLST 

Type 

spa Type 

eGenomics 

(Ridom) 

SCCmec Other Genetic 

Characterization 

Additional 

Non MRSA 

resistance 

(dru Type) 

Oxacillin 

MIC in 

μg/mL 

ARLG 

1561 

USA 

300 

1 IVa ACME+, pvl 

genes+ 

Ery NT 

ARLG 

1567 

USA 

300 

1 IVa ACME+, pvl 

genes+ 

Ery, Cipro NT 

ARLG 

1568 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro 

NT 

ARLG 

1569 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro, 

Clinda 

NT 

ARLG 

1570 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro, 

Clinda 

NT 

ARLG-

1663 

ST239 351 (t030) 3A.1.4 ccrC+, dcs+, Hg-

J+, mecl+ 

(dt10a) 512 

ARLG-

1649 

ST1312 351 (t030) 3A.1.4 ccrC+, dcs+, Hg-

J+, mecl+ 

(dt10g) 256 

ARLG-

1664 

ST239 351 (t030) 16691 ccrC+, Hg-J+, 

mecl+ 

(dt9x) 256 

* ACME = arginine catabolic mobile element, PFGE = Pulsed field gel electrophoresis, MLST = 

Multilocus sequence typing, pvl = panton valentin leucocidin, Ery = Erythromycin, Mup = 

Mupirocin, Cipro = Ciprofloxacin, Clinda = Constitutive clindamycin resistance 
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 1H and 13C NMR Spectra: 
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APPENDIX D. CHAPTER 10 SUPPORTING INFORMATION 

 II. Biological Analysis: 

Table D.1. Bacterial strains, sources and characteristics 

Bacterial Strain Source Characteristics 

Staphylococcus aureus ATCC 

25923 

ATCC Methicillin susceptible. Reference 

strain for antibiotic susceptibility 

testing 

MRSA USA 300 ATCC/BEI 

resources 

Methicillin resistant. Most prevalent 

MRSA clinical infection strain in the 

U.S  

MRSA ATCC 33592 William Wuest, 

Emory University 

Methicillin resistant, Gentamicin 

resistant. SCCmec: Type III 

Enterococcus faecalis ATCC 

29212  

ATCC Reference strain for antibiotic 

susceptibility testing. Susceptible to 

most GPC antibiotics 

Enterococcus faecalis ATCC 

51575 (VRE) 

ATCC Presence of vanB. 

Resistant to gentamicin, 

streptomycin, and vancomycin. 

Sensitive to teicoplanin. 

Enterococcus faecium ATCC 

700221 (VRE) 

ATCC Presence of vanA. 

Resistant to vancomycin and 

teicoplanin 

Listeria monocytogenes ATCC 

19115 

ATCC Reference strain for antibiotic 

susceptibility testing. Susceptible to 

most GPC antibiotics 

ATCC = American Type Culture Collection, GPC = Gram positive cocci, ARLG = Antibacterial 

Resistance Leadership Group 
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Table D.2. MRSA clinical isolates used in study 

Strain  PFGE 

Pattern / 

MLST 

Type 

spa Type 

eGenomics 

(Ridom) 

SCCmec Other Genetic 

Characterization 

Additional 

Non-

MRSA 

resistance 

(dru Type) 

Oxacillin 

MIC in 

μg/mL 

ARLG 

1561 

USA 

300 

1 IVa ACME+, pvl 

genes+ 

Ery NT 

ARLG 

1567 

USA 

300 

1 IVa ACME+, pvl 

genes+ 

Ery, Cipro NT 

ARLG 

1568 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro 

NT 

ARLG 

1569 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro, 

Clinda 

NT 

ARLG 

1570 

USA 

300 

1 IVa ACME+, pvl 

genes+, MupA 

gene+ 

Mup, Ery, 

Cipro, 

Clinda 

NT 

ARLG-

1663 

ST239 351 (t030) 3A.1.4 ccrC+, dcs+, Hg-

J+, mecl+ 

(dt10a) 512 

ARLG-

1649 

ST1312 351 (t030) 3A.1.4 ccrC+, dcs+, Hg-

J+, mecl+ 

(dt10g) 256 

ARLG-

1664 

ST239 351 (t030) 16691 ccrC+, Hg-J+, 

mecl+ 

(dt9x) 256 

* ACME = arginine catabolic mobile element, PFGE = Pulsed field gel electrophoresis, MLST = 

Multilocus sequence typing, pvl = panton valentin leucocidin, Ery = Erythromycin, Mup = 

Mupirocin, Cipro = Ciprofloxacin, Clinda = Constitutive clindamycin resistance 
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Table D.3. Sequence of primers used in RT-PCR. 

Primer Name Sequence (5’- 3’) Source 

eno Forward AAACTGCCGTAGGTGACGAA Kot et al.426 

eno Reverse TGTTTCAACAGCATCTTCAGTACCTT Kot et al.426 

ebps Forward ACATTCAAATGACGCTCAAAACAAAAGT Kot et al.426 

ebps Reverse CTTATCTTGAGACGCTTTATCCTCAGT Kot et al.426 

fib Forward GAATATGGTGCACGTCCACAATT Kot et al.426 

fib Reverse AAGATTTTGAGCTTGAATCAATTTTTGTTCTTTTT Kot et al.426 

cna Forward GACTTACCGAAGTATGATGAAGGAAAGA Kot et al.426 

cna Reverse ACCGTTGATGTCTGTTGTGTAGTC Kot et al.426 

icaA Forward CAATACTATTTCGGGTGTCTTCACTCT Kot et al.426 

icaA Reverse CAAGAAACTGCAATATCTTCGGTAATCAT Kot et al.426 

icaD Forward TCAAGCCCAGACAGAGGGAATA Kot et al.426 

icaD Reverse ACACGATATAGCGATAAGTGCTGTTT Kot et al.426 

rpoB Forward CAGCTGACGAAGAAGATAGCTATGT Kot et al.426 

rpoB Reverse ACTTCATCATCCATGAAACGACCAT Kot et al.426 

 

 

Figure D.1. Effects of HSGN-2241 on membrane permeability in S. aureus at 2X MIC, 5X MIC, and 10X 

MIC concentrations using sytox green dye. Increase in fluorescence indicates permeability. Bithionol (4 

µg/mL) is used as positive control while 1% DMSO is used as negative control. 
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Figure D.2. PCA scores plots of exponential phase S. aureus treated with DMSO (control), 2X MIC HSGN-

2241, 5X MIC HSGN-2241, and 10X HSGN-2241. (A) Effects on PC synthesis. (B) Effects on PG 

synthesis. (C) Effects on PE synthesis. (D) Effects on PEI synthesis. (E) Effects on free fatty acids. 
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II. 1H, 13C, and 19F Spectra of Analogs: 
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