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Antibacterial resistant infections are an ongoing global health emergency. To combat this, 

novel potent antibiotics with unique modes of action are required. The classic arsenal of 

antibiotics used in clinical settings are largely natural products discovered by bulk fermentation 

of bacterial species isolates that are then extracted and purified to yield a bioactive compound. 

Unfortunately, this discovery pipeline no longer produces novel molecules, thus new discovery 

methodologies are essential to continue to identify antibiotic clinical candidate molecules. In the 

modern era, coupling natural product discovery with sequencing technologies has proven to be 

an efficient and fruitful method of identifying secondary metabolite natural products with unique 

bioactivity that could not previously be accessed through fermentation-based methods. This 

novel approach presents a promising reinvigoration to the field of antibiotics discovery. 

In our lab, we have developed a discovery method by which sequenced bacterial genomes are 

analyzed using bioinformatic algorithms to identify biosynthetic gene clusters (BGCs) and to 

make a structural prediction of the molecular product of a given cluster. This molecular 

prediction can be built using synthetic chemistry and assayed for its biological activity. The 

name given to this method and the resulting products that are synthesized is synthetic 

bioinformatic natural products (synBNP). It is using this method that our lab previously 

discovered cilagicin, a lipopeptide natural product that shows robust Gram-positive antibiotic 

activity and evades antibiotic resistance even after prolonged pathogen exposure. This resistance 

evasion is attributed to a dual polyprenyl phosphate binding mechanism. In this thesis, I present 

discovery and optimization efforts to expand this promising novel class of antibiotic natural 

products as well as to develop a singular lead clinical drug candidate that displays optimal 

bioactivity and in vivo efficacy. 

In Chapter 2, I present an investigation of bioinformatically screened predicted non-

ribosomal polypeptide synthetase encoded structures to identify previously uncharacterized 

antibiotics that may possess the same molecular targets and resistance evasion ability seen with 

cilagicin. This structure-based screen yields three BGCs predicted to produce natural analogs of 

cilagicin. synBNPs for the products of each of these three clusters are synthesized and the 

resulting molecules are assayed for their biological activity. These compounds, called 

paenilagicin, bacilagicin, and virgilagicin, are shown to be potent antibiotics against multidrug-

resistant Gram-positive pathogens. Paenilagicin and virgilagicin are further shown to engage 

both of the same polyprenyl phosphate targets as cilagicin, and both also demonstrate the ability 

to evade antibiotic resistance. Bacilagicin is shown to only bind a single molecular target and is 

susceptible to antibiotic resistance development. This discovery project expands the members of 

this family of polyprenyl phosphate binding antibiotics, which allows us to identify a conserved 

peptide moiety that we suspect may play a role in target engagement. 

In Chapter 3, building upon the structural diversity identified among polyprenyl phosphate 

binding antibiotics, I discuss a structural optimization project in which we sought to design an 

improved version of the most potent antibiotic in this family, cilagicin. To achieve our goal of a 

molecule with strong antibiotic activity and low serum protein binding to preserve activity in 

vivo, we conduct two regional analyses of the overall molecular structure. In the first, we 



investigate the effect of structurally diverse lipid tail substituents on bioactivity. In the second, 

we conduct a series of orthogonal scans on the peptide core to explore the impact of different 

peptide moieties with various chemical properties on bioactivity. Ultimately, we identify an 

optimized compound, called dodecacilagicin, that maintains high Gram-positive antibiotic 

activity, shows minimal serum protein binding, and also evades antibiotic resistance. 

Overall, the work presented in this thesis represents the application and expansion of the 

synBNP discovery method as an ever evolving and robust means to discover novel structurally 

diverse natural products with unique bioactivity that were previously inaccessible by culture-

dependent methods. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Natural Products and Their Applications 

Nature is the ultimate organic chemist. Evolution of living organisms over millions of 

years has resulted in wildly diverse metabolic pathways across all species of life. These 

pathways produce libraries of different chemical compounds with highly varied structures 

and functions1. These compounds are referred to as Natural Products (NPs) and are 

produced and utilized by living organisms as part of their natural biology. They are also 

called metabolites, as they are products of metabolism. Natural Products can be separated 

into two mains groups of metabolites; primary and secondary2. 

Primary metabolites are those compounds which are essential for the normal function 

and survival of an organism. Examples of these compounds include nucleotides, lipids, 

amino acids, and molecules found in energy metabolism pathways such as the Krebs 

Cycle3. Secondary metabolites are products of metabolism that do not have a direct role 

in standard organismal function and survival but do convey some advantage to the 

species that produces them4. Different species of plants, fungi, and bacteria produce 

diverse secondary metabolites to improve their fitness for their given environment. The 

roles that these molecules play are numerous and include but are not limited to chelators, 

inter-organismal communication, chemical weapons against competitors, and sex 

hormones5. 

As well as serving diverse biological functions, the chemical and structural diversity 

of natural products must also be appreciated. Often based on the scaffolds of products of 

primary metabolism, secondary metabolites include complex molecules based on 

polypeptides, polyketides, lipids, nucleic acid derivatives, shikimic acid derivatives, and 

aminoglycosides6. Due to the chemical complexity of natural products, and their diverse 

biological functions, natural products have been a long-standing source of inspiration to 

the field of pharmacology and drug discovery7. Even in pre-industrial times, humans used 

herbs and soil as sources of medicine and healing. Now, in modern times, we have been 

able to isolate compounds from their source organism and take advantage of their 

specialized biological function8. This has led to massive strides in the field of human 

health, increasing modern quality of life and human longevity. Beyond simple product 

isolation, scientists are able to perform chemistry on these products to develop better and 

more potent varieties of naturally inspired therapeutic molecules9. In fact, approximately 

65% of FDA approved therapeutics are natural products or natural product derived10.  

Some of the most influential natural products that have been discovered in the last 

century have come from bacterial sources. Bacterial natural products have been rich 

sources of antibiotics, anticancer, and antiviral compounds (Figure 1.1). Sources of 

bacteria that produce such valuable compounds vary widely and span the entire earth. 

Over the years bacteria found in soil, in marine environments, and in the intestinal 

microbiome of other living organisms have yielded compounds that have contributed to 

the modern revolution of human health11. 

Perhaps the most influential of these compounds are antibiotics. Since the discovery 

of the first antibiotic, salvsan, in 1910, the discovery and utilization of antibiotics in 

medicine has tremendously reduced deaths due to infection, which was once a leading 
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cause of human mortality, and has increased the average human lifespan by over 20 

years12. The molecules are tremendously important for the advancement of human health 

in modern society. To maintain this advancement, the field of antibiotic discovery has 

been striving to unveil novel and potent therapeutics for over a century. 

 

 
Figure 1.1. The diversity of bacterially derived natural products. Examples of 

structurally varied secondary metabolites originally discovered in different bacterial 

species. Therapeutic function of each compound in parentheses. 

 

1.2 Antibiotic Discovery Part 1: The Golden Era 

The discovery of penicillin by Alexander Fleming in 1929 marked the beginning of 

the Golden Age of Discovery for antibiotics which lasted from 1940 to 196213. This 

discovery begot the first widely used clinical antibiotic therapy, which forever changed 

the face of the field of infectious diseases. More important than the discovery was the 

methodology behind penicillin’s discovery and isolation. Scientists began performing 

bulk fermentation of bacterial isolates, followed by fractionation of the bacterial culture 

extract followed by phenotypic screen of the fractions against a test pathogenic 

bacterium14 (Figure 1.2). The bacteria and other microbes used to fuel this boom of 

fermentation-based discovery were largely derived from soil samples recovered from all 

over the Earth. This phenotype-based screening method yielded thousands of newly 

identified biologically active compounds, dozens of which went on to become the arsenal 
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of antibiotics that made up standard of care therapeutics for bacterial infections the world 

over. In fact, many of these compounds are still in clinical use today. 

 

 
Figure 1.2. Fermentation based antibiotic discovery. The discovery pipeline for 

traditional antibiotic drug discovery. A bacterial species isolated from a soil sample is 

grown in bulk culture then fractionated to separate the bacterial metabolites. Fractions are 

assayed against a test pathogen in a phenotypic screen. The active fraction is further 

purified to isolate the bioactive compound. 

 

Laboratory culture-based phenotypic discovery was the dominant method that 

allowed for the rapid expansion of the antibiotic catalog from the 1940s to the 1970s, 

marking this period as the Golden Era of antibiotic discovery. This bountiful period was 

marked by the identification of the different drug classes of antibiotics15. However, 

moving forward into the next 30 years of discovery, far fewer new classes were found, 

and the approaches used had to become more sophisticated16. Firstly, the sources of 

bacteria and other microbes expanded. Natural products scientists began culturing 

microbes found in other biomes, particularly those found in samples from marine and 

aquatic environments17. Adding additional sources to the pool of microbial species 

allowed even more compounds to be discovered, with bioactivity beyond just antibiotics. 

Additionally, sources of microbes improved, as did the discovery methods employed by 

researchers. Target-based assays were developed to evaluate potential hits against known 

biological targets that had been identified from the first wave of antibiotic discovery18. 

The incorporation of chemical techniques to modify known molecular scaffolds also 

gained prevalence in the 1990s as a de novo discovery approach14. Combinatorial 

chemistry allowed for the discovery of novel antibiotic compounds that were inspired by 

natural compounds19. These molecules could be produced via completely synthetic or 

biochemical means. These post-Golden Era years were marked by the discovery of new 

members of existing families of antibiotics, though discovery of new families of 

antibiotics with novel mechanisms of action came to a near standstill. 

While the prevalence of antibiotics was improving the quality of human life on earth, 

it came with a critical problem. The emergence of pathogens that were resistant to the 

therapeutics being used was happening faster than new antibiotics were being 

discovered20 (Figure 1.3). This of course presented a significant problem, as the field of 

antibiotic discovery now found itself in an arms race against potentially fatal infectious 

pathogens, where novel molecules with unique modes of action need to be identified, 

before the current arsenal of antibiotics are rendered completely ineffective.  
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Figure 1.3. Timeline of antibiotic resistance. Chronological order of the introduction of 

antibiotic compounds into common use and the first identified emergence of clinical 

pathogens resistant to the antibiotic from 1940-2015. (figure adapted from Ventola, C. 

2015) 
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1.3 Antibiotic Discovery Part 2: The Modern Era 

As we entered the new millennium, the problem of slowing rates of antibiotic 

discovery and increasing rates of antibiotic resistant bacteria only grew. It seemed that 

the traditional fermentation-based discovery methods had yielded all the results that they 

could, so new methodologies were required to be able to find novel antibiotic secondary 

metabolites. 

It turns out that the limited application of traditional discovery methods is due to the 

ways in which the bacterial genes responsible for the production of secondary metabolites 

are expressed21. Across all living species, gene expression, and metabolism is optimized 

to function in the most energy efficient way possible to best preserve an organism’s 

energy and material resources. Therefore, in the case of antibiotic secondary metabolite 

production, it is a waste of energy and carbon for a bacterium to be constantly producing 

these compounds if there are no competing bacteria, or other threat, in its immediate 

environment. Thus, the library of antibiotics that had been discovered in the Golden Era 

represented those antibiotics that happened to be highly expressed, from bacterial species 

which happened to be able to be cultured under laboratory conditions, which ultimately 

represents a mere fraction of the bacterial species on Earth22. 

Enter the age of sequencing technologies. Beginning with the first full sequence of a 

bacterial genome in 1995, the field’s understanding of genetics and the acquisition of 

sequencing data unlocked a whole new era for antibiotic and secondary metabolite 

discovery23. 

 

1.3.1 Natural Product Biosynthetic Gene Clusters 

 

To fully appreciate the impact that sequencing technologies has had on the field of 

natural product discovery, we need to understand the ways in which secondary metabolite 

natural products are biosynthesized. The central dogma of biology dictates that genetic 

information stored in DNA is translated into shorter single stranded copies of RNA and 

this RNA is translated by ribosomes into proteins. However, where metabolism is 

concerned, this process can be taken a step further. When the proteins translated from 

RNA are molecular machines that can perform chemical reactions, i.e. enzymes, these 

proteins can make molecular products called metabolites. So, following the chain of 

biochemical information encoded by this expanded central dogma, we can understand 

that the enzymatic machinery that build secondary metabolites, and to a greater extent the 

resulting metabolites themselves, are all encoded in the DNA of the producing bacteria. 

Evolution has led to bacterial DNA being organized into clusters that group genes 

responsible for the production of a single metabolite into a linear arrangement with 

limited gaps24. This is believed to have been adapted by Nature not only as an efficient 

storage of genetic information but also for the process of horizontal gene transfer, in 

which bacteria transmit DNA between one another in a non-reproductive process that 

expands genetic diversity and fitness amongst a bacterial species population25. 

Biosynthetic gene clusters (BGCs) are the cornerstone of secondary metabolite 

production and this organized assembly line is seen across all different classes of 

secondary metabolites26. The linearity of a BGC is preserved from the DNA level to the 
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enzyme level and gives rise to a very efficient modular biochemical production pipeline 

for making secondary metabolites (Figure 1.4). 

 

Figure 1.4. Example of modular secondary metabolite biosynthesis. Illustration of 

modular polypeptide assembly by a generic non-ribosomal polypeptide synthetase 

(NRPS). (A= Adenylation Domain, T= Thiolation Domain, C= Condensation Domain, 

E= Epimerization Domain, TE= Thioesterase domain.) 

 

1.3.2 Sequencing Technologies and New Access to Bacterial BGCs 

 

As researchers began sequencing increasing numbers of bacterial species, scientists 

could begin manipulating BGCs and accessing previously inaccessible natural products27. 

Currently on publicly available genome repository databases such as GenBank and the 

Joint Genome Institute (JGI) there are nearly 500,000 sequenced microbial genomes 

recorded28, 29. As previously stated, the antibiotics that were identified during the Golden 

Era were mostly the “low hanging fruit” antibiotics. They were products of bacterial 

species that could be cultured in the laboratory, and products of gene clusters that were 

either highly expressed or constitutively active. However, these products represent a 

scant amount of the biochemical diversity that is encoded in bacterial genomes. So, the 

challenge becomes, how do we get these BGCs that are “off” to be turned “on” so we can 

access their products. 

These “off” BGCs, called silent gene clusters, or cryptic gene clusters can be 

accessed through a variety of methods that include chemical and genetic manipulation30 

(Figure 1.5). All of these methods are dependent on an understanding of the genetic 

composition of a target BGC. Therefore, a BGC must be identified in a bacterial genome 

and manipulated by various strategies, some of which include; installing a highly active 

promoter to the beginning of a BGC or deleting a repressor gene (classical genetics), 

excising a BGC from a host species and implanting it into a bacterial host with a much 

higher rate of gene expression (heterologous expression), exposing a bacterial culture to 

chemical stimuli that alter bacterial metabolism and may stimulate BGC activation as a 

survival mechanism (chemical genetics), and co-culturing two or more bacterial species 

to simulate the competitive native environment of the natural world there-by potentially 

stimulating the bacteria to biosynthesize products of otherwise inactive BGCs (culturing 

modalities). 
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Figure 1.5. Genetically driven methods for silent BGC activation. Various culture-

dependent genetically informed approaches to activate silent and cryptic bacterial BGCs 

(figure adapted from Covington, B. 2021). 

 

While clever approaches for accessing silent gene clusters have yielded novel 

antibiotic natural products in recent years, these approaches still face one critical hurdle. 

These methods are still dependent on the ability for an isolated bacterial species to be 

cultured under laboratory conditions. The field of metagenomics circumvents this by 

transferring environmental DNA (eDNA) from an unknown host in a mass extraction of a 

soil or fecal sample into a library of highly culturable bacteria such as Escherichia coli 

followed by thorough sequencing and BGC recovery, before transforming a BGC into a 

host bacterium for heterologous expression31, 32. Genomic sequencing has found that the 

majority of BGCs in culturable organisms are silent under laboratory conditions, and so 

the simple transfer of a metagenomic BGC to a heterologous host does not guarantee 

expression. Fortuitously, numerous strategies (such as taxa matched hosts, hosts 

engineered for improved expression, increased copy number, promoter refactoring, 

transcription factor engineering) to activate production of silent BGCs have been 

developed which are directly applicable to metagenomic BGCs33. 

A revelation in the antibiotic discovery field has come from the emergence of 

methods that dispose of the need for culturing approaches all together. These culture 

independent methods are a rapidly developing force in antibiotic discovery and is the 

chief discovery method behind the work presented in this thesis. 
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1.4 Culture-Independent Synthetic Methods of Antibiotic Discovery 

 

Until the last decade, all existing methods for decoding BGCs relied on biological 

processes to convert genetic instructions into natural products. However, as previously 

described, there is a clear link between the gene sequences in bacteria and the molecular 

products that they produce. So, the Brady Lab has pioneered a natural product discovery 

methodology employing bioinformatic algorithms and total chemical synthesis in which 

BGCs are identified from sequenced genomic data and further analyzed to give a 

prediction of the molecule that is encoded by the BGC34.  

The ability to decipher natural product structural predictions from a DNA sequence 

relies on a few key pieces of information. The first, is the modular structure of BGCs. 

The previously mentioned linear nature of BGCs allows for prediction of which chemical 

reactions will take place in which order as a product is synthesized down the assembly 

line of enzyme megasynthases. To this end, some classes of secondary metabolites are 

more modularly organized than others. The two classes that are most linear in their 

genetic sequences and step-wise in their enzyme biochemistry are polyketide synthases 

(PKS) and non-ribosomal polypeptide synthetases (NRPS). The second key piece of 

information is that prior sequencing analysis of known BGCs allows for the prediction of 

what enzymatic domains of a BGC are encoded by which regions of DNA. Domains of a 

BGC, as illustrated in Figure 1.4, are the individual enzymes that each perform a single 

biochemical function, but work collaboratively to create a molecular product35, 36. 

Anticipating what domains appear in what order allows for the prediction of which 

chemical transformations are occurring as a product is being made. The final piece of 

information required to make structural predictions from sequenced DNA is predicting 

which carbon units are incorporated into the final product at each module of a BGC. In 

PKS BGCs the carbon units incorporated are malonyl extender units selected by an acyl-

carrier protein (ACP) domain, and in NRPS BGCs the carbon units incorporated are 

amino acids selected by adenylation (A) domains. A revolutionary discovery by 

Stachelhaus et.al at the turn of the millennium unveiled the specificity-conferring code of 

NRPS A-domains by which the amino acid residues at ten key positions in the substrate 

binding pocket of the A-domain can be interpreted to predict the amino acid that will be 

selected for adenylation by the A-domain and incorporation into a BGC product37. From 

this discovery, bioinformatic algorithmic tools have been developed that can very 

accurately analyze bacterial genomes and both identify BGCs and predict the molecular 

product of the clusters38-41. 

With a well-informed structural prediction of a molecular product, total synthesis can 

be used to produce the desired product. It is this combination of bioinformatic prediction 

and total synthesis that the Brady Lab has used to discovery a host of molecules in recent 

years called synthetic bioinformatic natural products (synBNP) 42. This of course works 

best for molecules that are synthetically tractable, therefore most BGCs pursued by 

synBNP discovery have been NRPS gene clusters as this class of secondary metabolites 

can be accurately bioinformatically predicted and can be quickly synthesized via solid 

phase peptide synthesis (SPPS), then assayed for bioactivity (Figure 1.6). The synBNP 

method is entirely culture-independent liberating discovery efforts carried out by this 

method from the restriction of requiring a bacterial species to be culturable in the  
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laboratory. Additionally, because the basis of this technique is genomic or metagenomic 

sequencing data, silent and cryptic BGCs that would not be readily expressed in culture 

can be easily identified and accessed. The molecules discovered by the synBNP method 

are not guaranteed to be the exact molecule that would be synthesized in vivo by the 

native BGC in its producing host bacterium, but the accuracy of the structural prediction 

is expected to be a true enough replica that it will maintain the same bioactivity and 

mechanism of action as the native natural product. Thus, these synBNP molecules can 

serve as synthetic lead compounds for further optimization and development before 

becoming candidates for clinical evaluation. SynBNPs have proved to be a rewarding 

source of small molecules with novel or rarely observed modes of action and potent in 

vivo activity as both antibiotic and anti-cancer agents43-45.  

 

Figure 1.6. synBNP culture-independent antibiotic discovery. The discovery pipeline 

for synthetic bioinformatic natural product drug discovery. Whole sequenced bacterial 

genomes are retrieved from publicly available databases. Bioinformatic analysis 

identifies BGCs and predicts the structure of the genetically encoded molecular product. 

The prediction is synthesized using chemistry then assayed for bioactivity. 

 

1.5 Discovery of Cilagicin, a Potent synBNP that Evades Resistance Development 

 

One of the most promising antibiotic compounds identified using the synBNP method 

was recently discovered in a genome mining expedition that yielded a molecule called 

cilagicin46. The BGC that yielded cilagicin was identified by a genome search in which a 

phylogenetic tree was created comparing the condensation-starter (Cstarter) domains of 

bioinformatically predicted BGCs. The rationale behind this approach was that 

lipopeptides are historically natural products with antibiotic activity47. A key feature of 

lipopeptide NRPS BGCs is the presence of a Cstarter domain which catalyzes the amide 

bond formation of a specific fatty acid to the first amino acid substrate on the nascent 

polypeptide48. By identifying Cstarter domains across sequenced genomes sourced from 

genome database repositories, the nucleotide sequences of the Cstarter domain gene could 

be aligned to construct a phylogenetic tree. This tree revealed clustering of Cstarter 

domains from BGCs with known products that share a mechanism of action. It also 

revealed Cstarter domains from BGCs that did not have a known product and are less 

similar in sequence to known lipopeptide antibiotics that may represent undiscovered 

lipopeptide antibiotics with unique mechanisms of action. 

This phylogenetic tree of Cstarter domain identified one BGC of particular interest that 

had not been previously characterized and stood alone on the tree but was fairly closely 

associated with Cstarter domains of known BGCs that produce antibiotic molecules. This 

BGC of interest came from the genome of Paenibacillus mucilaginosus K02 (Accession 
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no. NC_017672.3). Following identification and confirmation that this BGC was not 

associated with any known natural products, this cluster was analyzed for bioinformatic 

prediction under the synBNP method, and predictions were made for the peptide 

sequence of the final molecular product of the BGC (Figure 1.7). 

 

Figure 1.7. Cilagicin BGC bioinformatic analysis and peptide sequence prediction.  

[From top to bottom] Annotated BGC for Paenibacillus mucilaginosus K02 BGC 

responsible for producing cilagicin. Biosynthetic domains predicted from gene sequence. 

A-Domain signatures from each BGC module. Percent match to known A-Domain 

signatures. Predicted amino acid output from each module of the BGC incorporated in 

final peptide product [Dab = diaminobutyric acid]. (figure adapted from Wang, Z. 2022). 

 

After determining the prediction of the linear peptide sequence for the molecular 

product of this BGC. Total synthesis was employed to synthesize the predicted product. 

When making molecular predictions, some features are more difficult to predict than 

others. In lipopeptide BGCs, predicting the specific fatty acid appended to the N-terminus 

of the final product is a challenge, so in this synBNP, myristic acid was used as is it 

among the most common simple straight-chain saturated lipids observed on lipopeptide 

natural products. Additionally, peptide macrocyclization between the C-terminus and a 

nucleophilic amino acid residue in the linear peptide is a common feature observed in 

NRPS natural products, but the specific ring size and site of cyclization is difficult to 

predict. To address this, several variations of the predicted product were synthesized to 

assess different linear and cyclic possibilities. These synthetic products were then assayed 

for antibiotic bioactivity and a single product emerged as the bioactive variant. This 

molecule was accepted as the synBNP, called cilagicin, and was carried forward for 

further bioactive characterization (Figure 1.8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. synBNP cilagicin. Synthesized predicted structure of antibiotic cilagicin. 
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The bioactivity profile of cilagicin when assayed against a variety of pathogenic 

bacteria revealed that cilagicin is a potent antibiotic against Gram-positive bacteria, while 

largely ineffective against Gram-negative bacteria, and non-cytotoxic against human 

cells. Notably, cilagicin was effective against a variety of multidrug resistance pathogen 

isolates. Seeing as cilagicin was ineffective against the outer membrane of Gram-negative 

bacteria, and that cilagicin is a lipopeptide with a two positively charged residues, it was 

presumed that cilagicin did not likely exert its antibiotic activity by entering the cell. 

Instead, it was thought that the mechanism of action may involve binding the cell wall of 

the pathogen target, as is a common property of positively charged lipopeptides49. 

Molecules like cilagicin often function by rupturing the cell membrane, as seen with 

polymyxin50. Cell membrane depolarization assays with cilagicin indicated that this was 

not the mechanism of action by which cilagicin was acting as an antibiotic. The next 

rationalization for a mechanism was that cilagicin was binding a component of the 

bacterial cell wall and interrupting normal biosynthetic pathways, as seen with 

vancomycin and daptomycin51, 52. Assays testing binding between cilagicin and known 

bacterial cell wall metabolites revealed that cilagicin strongly bound two similar but 

distinct cell wall components, the polyprenyl phosphates, undecaprenyl phosphate 

(C55:P) and undecaprenyl pyrophosphate (C55:PP). 

 

1.5.1 Polyprenyl Phosphates, Key Components of Bacterial Cell Wall Biosynthesis 

C55:P and C55:PP are phospholipids found in the cell membrane of bacteria 

composed of iterating isoprene units53. They serve an essential function to the 

construction of the peptidoglycan cell wall that envelops Gram-positive bacteria by 

chaperoning individual peptidoglycan components from inside the cell to the extracellular 

space54. The phosphorylation state of the carrier lipids changes as they traverse the cell 

membrane (Figure 1.9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Bacterial carrier lipid metabolic cycle. C55:P and C55:PP chaperone 

peptidoglycan units across the bacterial cell membrane where the units are polymerized 

into the bacterial cell wall. The polyprenyl phophates are recycled continually during cell 

wall biosynthesis. (figure adapted from Ghachi, M. 2018). 
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Polyprenyl phosphates are known targets of antibiotic molecules, such as bacitracin 

and friulimicin55, 56. Molecular binding of these carrier lipids disrupts cell wall 

biosynthesis preventing further bacterial replication and eventual cell death. Polyprenyl 

phosphate production is tightly regulated by bacterial metabolism, so there is a very small 

pool of these lipids in a bacterial cell wall, ~105 molecules per cell57. Thus, sequestration 

of free carrier lipids by small molecule binding is a very effective mechanism of action 

for an antibiotic. 

 

1.5.2 Binding Multiple Targets Conveys Resistance Evasion to Cilagicin 

Cilagicin is a unique molecule because it exhibits a rare mechanism of action as it is a 

dual binder of two components of cell wall biosynthesis, undecaprenyl phosphate (C55:P) 

and undecaprenyl pyrophosphate (C55:PP). However, its most impressive quality 

observed during its bioactivity characterization was that after 25 days of serial culture 

passage while exposed to sub-lethal quantities of cilagicin, test pathogens did not develop 

resistance to cilagicin46. Antibiotic resistance development was observed with control 

compounds bacitracin and amphomycin, which are single molecule binding antibiotics 

with affinity to C55:PP and C55:P respectively. This observed resistance evasion is 

thought to be due to cilagicin binding multiple targets of the same biosynthetic pathway. 

For antibiotic resistance to develop, functional mutations must occur that either allow 

bacteria to decompose an antibiotic, or that alter the protein or molecular target of an 

antibiotic58. When two components of the same molecular pathway are sequestered by a 

single molecule, it would require an immense amount of metabolic restructuring and 

accumulation of a vast number of specific mutations to evade the antibiotics effects. 

In an era where antibiotic resistance is one of the greatest threats to public health, 

discovering potent antibiotics that evade resistance is the gold standard of antibiotic drug 

discovery59. Therefore, cilagicin is an incredibly unique molecule that shows tremendous 

promise as a lead compound for clinical drug development. Additionally, further 

discovery efforts for cilagicin-like molecules would be very advantageous for expanding 

the current catalog of antibiotic compounds. 

In this thesis, I present genomic synBNP discovery efforts to expand the cilagicin 

family of very promising resistance evading antibiotics, as well as synthetic efforts to 

improve the bioactivity and bioavailability of cilagicin using a medicinal chemistry 

approach. 
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CHAPTER 2. STRUCTURE BASED GENOMIC DISCOVERY OF NATURALLY 

OCCURING CILAGICIN ANALOG ANTIBIOTICS 

 

2.1 Introduction 

 

Cilagicin is an exceptional molecule because it binds two molecular targets, and it is 

shown to evade antibiotic resistance. It is both a very attractive lead compound for future 

clinical development, as well as the first antibiotic found to have this specific mechanism 

of dual binding polyprenyl phosphate targets. These unique characteristics motivated our 

efforts to try and identify if there are other uncharacterized BGCs in the sequenced 

bacterial genome that may produce molecules that share a similar structure and function 

with cilagicin. 

The benefits of such a discovery effort are numerous. First, the identification of novel 

distinct antibiotic molecules is always positive for expanding the antibiotic catalog. The 

even greater benefit of discovering natural products that are analogous to one another, 

and that share consensus targets, is that having multiple structures that bind the same 

target can aid in clinical drug development60. Analog-based drug discovery is very 

important for applied research, in which medicinal chemists will synthesize many analogs 

of a single lead compound to evaluate how slight alterations to regions of a molecule 

impact its desired activity61. In the case of natural products, Nature has done much of the 

troubleshooting work already. Thus, discovering multiple natural products of similar 

structure and target can give indication as to which regions of a molecule are most 

important for biological function, i.e. conserved regions, and which regions can be 

manipulated without impacting bioactivity when designing a molecule with a specific 

desired mechanism, an example of this is the conserved calcium binding motif identified 

in calcium-dependent antibiotics (CDAs)62. This information is immensely valuable for 

future drug development efforts of natural product inspired therapeutics.  

To go about discovering natural analogs of cilagicin, we used the synBNP method of 

antibiotic discovery that was taken to originally discover cilagicin (Figure 1.6). However, 

we decided that for this study we would need to use an advanced search methodology 

comparing BGC product structure predictions rather than using gene sequence 

comparisons or phylogenetic approaches, as was employed in the initial cilagicin 

discovery study. This approach represents an expansion of the synBNP method that 

combines predicted BGC product structure comparison with total synthesis, yielding a 

highly adaptable and robust method for discovering naturally encoded molecular products 

with specific desirable features. 

This investigation yielded three novel polyprenyl phosphate binding lipopeptide 

antibiotics that are active against multidrug-resistant Gram-positive pathogens, named 

paenilagicin, bacilagicin, and virgilagicin63. Paenilagicin and virgilagicin, did not develop 

resistance even after prolonged antibiotic exposure. Furthermore, identification of these 

additional polyprenyl phosphate binding antibiotics allowed us to identify a conserved 

polypeptide motif that we believe may be important for target engagement in this class of 

antibiotics. 
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2.2 Results 

 

2.2.1 Peptide Sequence Based Genome Library Search for Cilagicin Analog BGCs 

 

The cilagicin (cil) BGC was originally selected as a synBNP target based on a 

phylogenetic analysis of condensation starter (Cstarter) domains. The cil Cstarter domain was 

related to domains from known antibiotic producing BGCs but was associated with a clade 

that did not contain sequences from any previously characterized BGCs (Figure 2.1). 

 

Figure 2.1. Cilagicin, a dual polyprenyl phosphate binding antibiotic. A) Molecular 

structure of cilagicin and the cil BGC. Substrate predictions for each A-domain in the cil 

BGC are shown. B) Structures of polyprenyl phosphates C55:P and C55:PP, the binding 

targets of cilagicin. 

 

To identify structure predictions that could serve as synBNP targets to produce 

antibiotics that do not develop resistance, we searched bioinformatically analyzed NRPS-

derived NP peptide sequence predictions for structures related to cilagicin. NRPS 

biosynthesis takes place in an assembly line fashion involving distinct modules containing 

sets of domains that build a product one amino acid at a time. A canonical NRPS extender 

module contains a minimum of three domains: a thiolation (T) domain that passes the 

growing polymer from one module to the next, an adenylation (A) domain that selects and 

activates a specific amino acid substrate and a condensation (C) domain that catalyzes the 

formation of an amide bond between the new amino acid and the previously assembled 

portion of the peptide (Figure 1.4)64. The amino acid used by each adenylation (A) domain 

can be predicted based on 10 amino acid residues that line the substrate binding pocket37.  

For this analog search, our goal was to find NRPS BGC molecular products that are 

structurally similar to cilagicin, based on the assumption that molecules of similar structure 

will share a similar biological function. Therefore, to approach this project, we needed to 

adapt the standard gene-based search approach that is traditionally used in synBNP 

discovery projects to an approach that compared the predicted peptide sequence of NRPS 

BGC products. 
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Table 2.1. NRPS structure prediction database search results of BGCs ranked by 

percent identity match to cilagicin linear polypeptide sequence. 

 

 The modified search pipeline we developed for this study used complete NRPS 

BGCs collected from sequenced bacterial genomes found in the Joint Genome Institute and 

GenBank databases28, 65. A-domain substrate binding pockets found in these NRPS systems 

were compared to a manually curated list of signature sequences collected from 

characterized NRPS BGCs to generate linear peptide product predictions from each BGC. 

This resulting database of predicted peptide sequences became the starting point for our 

structure-based analog search. This database was queried with the cilagicin linear peptide 

sequence and hits were ranked based on the number of positionally identical residues 

shared with the query sequence (Table 2.1). Two predicted products were identical to 

cilagicin, both of which were predicted from BGCs found in Paenibacillus mucilaginosus 

genomes. Only three additional predicted NRPS structures shared 7 or more (i.e. >50%) 

positionally identical residues with cilagicin. There were no predicted products that shared 

6 positionally identical residues with cilagicin, and there was a large diverse collection of 

sequences that shared 5 or fewer positionally identical residues with cilagicin. We 

hypothesized that the small number of hits sharing >50% positionally identical residues 

with cilagicin would be the most likely structures to share a mode of action with cilagicin 

due to high structural homology. Therefore, we focused on these structures for the duration 

of this investigation. The BGCs from which the three potential antibiotics were predicted 

were found in the sequenced genomes of Paenibacillus puerhi (Accession no. 

NZ_WUWM01000006.1), Bacillus cereus (Accession no. CP068135.1), and Virgibacillus 

sp. Bac332 (Accession no. NZ_CP033046.1) (Figure 2.2). 

 

2.2.2 SynBNP Prediction and Synthesis of Cilagicin Analog BGCs 

The three predicted BGCs that we identified from our structure-based homology search 

contained either 11 or 12 NRPS modules and are expected to encode previously 

uncharacterized, structurally unique undeca- and dodeca- peptides. Each linear peptide  
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Figure 2.2. Bioinformatic search of predicted NRPS structures for antibiotics that 

evade resistance. A) Bioinformatic approach used to identify BGCs in this study. 

Sequenced NRPS BGCs were collected from publicly available genome databases. 

Collection was filtered to include only BGCs with start and termination domains. Linear 

peptide sequences from each complete NRPS BGCs were predicted using A-Domain 

signatures. Resulting predictions were ranked by their identity to the linear peptide 

sequence of cilagicin. B) Three BGCs that were predicted to encode linear NRPS products 

that are >50% identical to the sequence of cilagicin. 

 

contains a threonine residue at either the first or second module position. Following the 

cyclization pattern observed in cilagicin, we predicted that the NPs encoded by these BGCs 

are cyclized through their C-terminal carboxylates and this conserved N-terminal threonine 

(Figure 2.3). While the encoded linear peptides are different lengths, cyclization of each 

molecule through the threonine residue would generate an 11 amino acid cilagicin-like 

macrocycle in each product. In the case of cilagicin, the Cstarter domain present in the cilC 

NRPS megaenzyme is predicted to add a long chain fatty acid to the N-terminus. Notably, 

the three BGCs identified in this study contain CoA-ligase (CAL) domains in place of a 

Cstarter domain. Similar to Cstarter domains, CAL-domains are predicted to append an N-

terminal lipid onto NRPS encoded polypeptides66. The absence of a Cstarter domain in these 

three BGCs would explain why they were not identified in the original Cstarter domain 

phylogenetic analysis that uncovered the BGC encoding cilagicin. This realization 

highlights the importance of the structure-based search method employed in this study. 

While the three BGCs identified in this study are predicted to produce structural analogs 

of cilagicin, the NRPS domain composition of their BGCs differ in significant ways. 

Therefore, searching for these analog clusters using a genetic homology approach would 

be ineffective for identifying these novel BGCs. This is a testament not only to the necessity 

of using different approaches when conducting searches in the sequenced bacterial 

genome, but also speaks to the adaptability of the synBNP method. So long as a BGC of 

interest can be identified, via whatever diverse search method is most applicable to one’s 

study, molecular product predictions can be made and novel molecules can be synthesized. 
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Figure 2.3. Polyprenyl phosphate binding synBNP BGCs and structure predictions. 

A) Domain composition and A-domain signature analysis of top result BGCs from 

predicted NRPS structure search [CoA-ligase (CAL), phosphopantetheine-binding (PP), 

ketosynthase (KS), acyl transferase (AT), adenylation (A), condensation (C), thiolation 

(T), epimerization (E), thioesterase (TE)]. B) Final structures predicted from each BGC. 

Variable and conserved regions are highlighted in red and green, respectively. Residues 

highlighted in respective BGC colors indicate where synBNPs vary from cilagicin. 

 

NRPS-derived lipopeptides are often produced with a range of different lipids 

incorporated in to their final structure and bioinformatically predicting the exact fatty acid 

used in their biosynthesis remains a challenge67. In our structure prediction analysis, we 

used myristic acid because it is one of the most common lipids found in lipopeptide 

secondary metabolites and it displayed potent activity in our original cilagicin study46. 

Based on these bioinformatic arguments, the undeca- and dodeca- lipodepsipeptides 

predicted to arise from the three NRPS BGCs we identified are shown in Figure 2.3. In 

reference to the organisms in which these BGCs are found, we have named these structure 

predictions paenilagicin, bacilagicin, and virgilagicin, respectively. 

Upon refining our structural predictions for paenilagicin, bacilagicin, and virgilagicin, 

we generated a synBNP of each using synthetic chemistry. Bioinformatically predicted 

linear peptides were synthesized using Fmoc-based solid phase peptide synthesis ending 

with a myristic acid on the N-terminus. Following linear assembly, ester bonds were 

formed on resin between the threonine side chain and the predicted amino acid from the 

last module in each BGC. Branched linear peptides were released from solid support by 

hexafluoroisopropanol (HFIP) cleavage. Each ring structure was completed in solution via 

amide coupling between the free amine of the branched amino acid and the carboxylic acid 
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formerly bound to the resin. Cyclized lipodepsipeptides were deprotected in 95% 

trifluoroacetic acid (TFA) and purified by high-pressure liquid chromatography (HPLC) to 

yield the final predicted molecular product (Figure 2.4). All structures were confirmed for 

identity and purity by HRMS and by 1H and 13C NMR (Appendix Figures 6.1-6.7). 

Figure 2.4. Synthetic scheme for synBNP lipodepsipeptides. General synthetic approach 

used for synBNPs in this study. Linear peptides are built on resin and capped with myristic 

acid. Ester bond is formed using DIC coupling before cleaving off resin with 20% HFIP. 

Peptide cyclization is performed in DMF with PyAOP. Final deprotection is performed in 

a solution of 95% TFA, 2.5% TIPS, and 2.5% H2O. 

 

2.2.3 Bioactive Characterization of Natural Cilagicin Analog synBNPs 

Each synBNP structure was tested for antibiotic activity against Gram-positive and 

Gram-negative bacteria as well as human cells (Table 2.2). Culture conditions for all 

species are included in Appendix Figure 6.8. All three synBNPs exhibited activity against 

clinically relevant Gram-positive pathogens68. Against most strains, these new compounds 

showed a slight reduction in potency compared to cilagicin. However, paenilagicin and 

virgilagicin were slightly more active than cilagicin against Clostridium difficile. 

Generally, they did not have Gram-negative activity, although paenilagicin, like cilagicin, 

showed mild activity against Acinetobacter baumannii. No synBNPs inhibited the growth 

of human cells at the highest concentration tested. 

 

Table 2.2. Biological activity (MICs) of natural cilagicin analogs, reported in g/mL. 

 Cilagicin Paenilagicin Bacilagicin Virgilagicin 

Gram-Positive     

   Staphylococcus aureus 1 2 2 4 

   Enterococcus faecium 2 2 4 8 

   Enterococcus faecalis 1 2 2 4 

   Clostridium difficile 4 2 4 2 

   Streptococcus agalactiae 1 2 4 4 

Gram-Negative     

   Acinetobacter baumannii 4 8 >64 >64 

   Escherichia coli >64 >64 >64 >64 

Human Cells     

   HEK293 (IC50) >64 >64 >64 >64 
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Cilagicin is a bi-functional antibiotic that is able to sequester both C55:P and C55:PP46. 

Addition of excess C55:P or C55:PP to culture media suppresses the antibiotic activity of 

cilagicin by sequestering the antibiotic away from the cell wall of target bacteria. We 

explored the role of C55:P and C55:PP in the activity of each synBNP by determining the 

minimum inhibitory concentration (MIC) against Staphylococcus aureus USA300 in 

Lysogeny broth (LB) supplemented with varying ratios of antibiotic and polyprenyl 

phosphate (Figure 2.5). Minimum inhibitory concentration is defined as the lowest 

concentration of antibiotic required to completely stop bacterial replication in culture69. 

Like cilagicin, the activity of paenilagicin and virgilagicin were suppressed by C55:P and 

C55:PP in a dose dependent manner, suggesting these structures retain both polyprenyl 

phosphates as molecular targets. The activity of bacilagicin was only suppressed by C55:P. 

In the case of C55:PP, the MIC of bacilagicin remained largely unchanged even when five-

fold molar excess of C55:PP was added to the assay media, suggesting that bacilagicin 

does not sequester C55:PP (Figure 2.5A). The antibacterial activity of cilagicin was 

completely suppressed at less than a 2-fold molar excess of C55:P and C55:PP. Where 

suppression of antibacterial activity was observed for the new synBNPs, it required ~3-

fold molar excess of a polyprenyl phosphate. This difference in polyprenyl phosphate 

induced growth inhibition implies that these new antibiotics may have a weaker affinity 

for C55:P and C55:PP than cilagicin, which could also explain the lower antibiotic potency 

observed in these new synBNPs. 

 

Figure 2.5. Suppression of antibiotic activity by polyprenyl phosphates and 

development of resistance in serially passaged cultures. A) MICs of antibiotics against 

S. aureus USA300 in the presence of different molar ratios of C55:P or C55:PP. The 

highest concentration of peptide tested was 64 g/mL. Average of two replicate 

experiments with error bars representing standard deviation. B) Fold change in MIC from 

Day 0 to Day 14 of synBNPs against serially passed S. aureus USA300 cultures exposed 

to 0.5x the previous day’s MIC of the same antibiotic. 

 

The ability to bind two molecular targets (C55:P and C55:PP) is what we believe 

enables cilagicin to avoid the development of antibiotic resistance even after prolonged 

exposure. Other antibiotics that bind a single polyprenyl phosphate molecule (e.g., 

amphomycin and bacitracin) typically develop resistance quickly70, 71. As such, we 

expected that the single molecule binding synBNP, bacilagicin, would not be able to avoid 

resistance development during long-term exposure to a pathogen. To test this, we attempted 

to raise S. aureus USA300 antibiotic resistant mutants by daily serial passage for 14 days 

in the presence of sub-lethal (half-MIC) concentrations of paenilagicin, bacilagicin, 
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virgilagicin, cilagicin or amphomycin. As anticipated, cultures exposed to paenilagicin or 

virgilagicin, like those exposed to cilagicin, did not develop antibiotic resistance. By 

contrast, cultures exposed to bacilagicin, quickly showed a 4-fold increase in MIC, 

following a similar pattern to amphomycin (Figure 2.5B). These results reinforce our 

hypothesis that sequestration of both C55:P and C55:PP provides a unique antibacterial 

mechanism against which it is difficult for pathogens to develop resistance. 

 

2.2.4 Identification of a Conserved Structural Motif Among Polyprenyl Phosphate 

Binding Lipopeptides  

 

The structures of these polyprenyl phosphate binding antibiotics show the most 

variability in the region surrounding the site of cyclization (Figure 2.3B). This variable 

region includes the three C-terminal residues of each peptide and the residues adjacent to 

the conserved threonine. The central region of each macrocycle is more highly conserved. 

In fact, these 10-membered macrocycles all contain a “DGnxGY” motif that we predict is 

important for target engagement and therefore potentially useful for guiding the discovery 

of additional polyprenyl phosphate binding antibiotics in the future. A key difference 

between bacilagicin, which only binds C55:P, and the other structures in this family that 

bind both C55:P and C55:PP, is the absence of the positively charged residue at position 

11. While a more extensive SAR study would be required to determine the role of this 

residue in target engagement, the extra positive charge may be important for binding the 

additional negative charge found on the pyrophosphate in C55:PP. We did not find any 

known antibiotics that share the “DGnxGY” motif. The closest match we found was in 

locillomycin; however, the stereochemistry of multiple residues is inverted in this 

structure.72 Locillomycin also contains a 9 membered macrocycle in place of the 11 

membered ring seen in the polyprenyl phosphate binding synBNPs we have identified. Not 

only does locillomycin differ in structure from these antibiotics, but biosynthetically it is 

predicted to arise from the repetitive use of some NRPS modules making the BGC much 

smaller than those described here. To the best of our knowledge the molecular target of 

locillomycin has not been reported and therefore whether it binds one or both polyprenyl 

phosphates, or if it has a different molecular target, remains to be determined. 

 

2.2.5 Discussion: Expansion of the Cilagicin Family of Polyprenyl Phosphate 

Binding Antibiotics 

 

While cilagicin is a promising candidate for the development of antibiotics that can 

overcome resistance mechanisms plaguing our current arsenal of approved drugs, it, as is 

possible with any preclinical class of therapeutics, many will experience unforeseen issues 

during the development of the compound. With this in mind, we sought to expand the 

available structural diversity within the cilagicin family by bioinformatically screening 

sequenced bacterial genomes for BGCs predicted to encode cilagicin-like structures. This 

search led us to synthesize three additional members of this mechanistically novel class of 

antibiotics. 

As seen with cilagicin, two of these structures do not develop resistance even after 

extended antibiotic exposure. These structures should provide alternative drug 

development candidates should they be needed in the future. These novel antibiotics also 



 21 

provide insight into structural components that are conserved in this polyprenyl phosphate 

binding family, which is an important characteristic to understand for future structure-

driven discovery studies, as well as for understanding the mechanism of action for target 

engagement of this family of antibiotics. We believe that this study demonstrates how 

coupling synBNP methods with the targeted search of databases comprised of 

bioinformatically predicted BGC product structures is now a straightforward and broadly 

applicable approach for identifying bioactive small molecules with specific desirable 

features.43 
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CHAPTER 3. DESIGNING AN OPTIMIZED BIOACTIVE AND 

BIOAVAILABLE CLINICAL DEVELOPMENT CANDIDATE INSPIRED BY 

CILAGICIN 

 

3.1 Introduction 

 

There are several qualities of a molecule that must be evaluated when being 

considered as a clinical drug candidate. At the pre-clinical phase, a compound is assessed 

for its chemical properties, pharmacological properties, pharmacokinetics, and safety and 

toxicity73. These properties ensure that the molecule in development is stable, has high 

affinity for its intended target, is not lethal to animals or humans, and has adequate 

bioavailability. Bioavailability meaning that the compound can travel into a living 

organisms circulatory system and reach its desired target74.  

When cilagicin was discovered, its impressive antibiotic activity and lack of 

cytotoxicity immediately made it an exciting lead drug development candidate. However, 

once cilagicin was evaluated in an in vivo mouse neutropenic thigh infection model, 

researchers observed that despite initially promising high plasma bioavailability, cilagicin 

did not reduce bacterial burden in the host organism46. Investigation of this confusing 

result led to the determination that cilagicin has a strong affinity for serum, which was 

believed to be the cause of the lack of bacterial potency observed in vivo. Protein binding 

as it affects antibiotic bioavailability is of particular concern for developing antibiotics 

that will display the desired biological effect when needed75-77. Therefore, to address this, 

researchers sought to modify the original synBNP of cilagicin to reduce serum protein 

binding to ensure antibiotic activity in vivo. 

The positive correlation between a compound’s lipophilicity and serum protein 

binding is well established78. Thus, when aiming to reduce the serum binding of cilagicin, 

the lipid tail was the first moiety that researchers went about manipulating. After 

attempting a few different cilagicin variations with different lipid tails, a variant with a 

biphenyl tail, named Cilagicin-BP was found to evade serum binding (Figure 3.1). 

Figure 3.1. Lipid substituent library synthesized to reduced cilagicin serum binding. 

A) Cilagicin lipid tail variants with bioactivity (MIC) against S. aureus USA300 and MIC 

fold increase in the presence of 10% serum B) Structure of cilagicin-BP (figure adapted 

from Wang, Z. 2022). 
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Fortunately, cilagicin-BP achieved the goal of almost no serum binding in in vitro and 

in vivo antibiotic activity models. Unfortunately, this came at the sacrifice of antibiotic 

potency, with cilagicin-BP showing MIC values, at minimum, 4-times greater than those 

of original cilagicin and completely losing activity against some pathogens (Table 3.1). 

 

Table 3.1. Antibiotic activity of cilagicin and cilagicin-BP in a panel of clinically 

relevant pathogens (table adapted from Wang, Z. 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

After the successful discovery of novel polyprenyl phosphate binding antibiotics 

described in Chapter 2, we were motivated to continue investigating this family of 

antibiotic resistance evading molecules to reach a consensus lead drug development 

candidate with optimal biochemical properties. Considering our expanded collection of 

polyprenyl phosphate binding antibiotics, cilagicin still seemed to be the best performing 

compound as far as antibiotic potency (Table 2.2). However, as previously described, if 

we were to continue developing a lead candidate from cilagicin, there are still 

pharmacological properties that need to be optimized to make a viable antibiotic. This 

goal of lead compound optimization is what motivated the research described in this 

chapter. We set out to determine if we could identify a variant of cilagicin that would 

balance strong antibiotic activity and minimal serum binding. We wanted to balance 

these two properties while maintaining the cilagicin mechanism of action of binding both 

C55:P and C55:PP, but paramount to all, we wanted to retain the ability to evade 

antibiotic resistance development 

To go about doing this we employed techniques of medicinal chemistry to 

methodically manipulate the structure of cilagicin in incremental steps to streamline the 

structure, optimize our desired pharmacological traits, and identify regions of the 

antibiotic that are essential for function79, 80. We addressed the two main regions of 

cilagicin; the lipid tail and the polypeptide core. We synthesized analogs of cilagicin 

individually manipulating these regions to identify optimal versions of each region of the 

molecule. We then combined our highest performing varieties of each region into a single 

molecule and further tweaked and altered different characteristics until we created a 

single molecule that encompassed all of the traits we were seeking. 

Our final compound, called dodecacilagicin, incorporates the naturally encoded 

polypeptide core of cilagicin with a dodecanoic acid lipid tail. This compound shows 

improved antibiotic performance in vitro with minimal serum binding. It also maintains 
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the same polyprenyl phosphate targets and mechanism of action as original cilagicin and 

evades antibiotic resistance. Dodecacilagicin is an optimized clinical candidate derived 

from cilagicin that can be used as an improved lead compound for antibiotic drug 

development. 

 

3.2 Results 

 

This study involved a massive synthetic effort in which 91 variations of the original 

cilagicin synBNP were produced. This was accomplished as a collaborative effort 

between Adam Rosenzweig, Kaylyn Spotton, and Dr. Abir Bhattacharjee. Each molecule 

synthesized in this study has been assigned a numeric identifier and referred to as such in 

this chapter. The structure and numeric assignment of each molecule referenced in this 

chapter can be found in Appendix Figure 6.11. HRMS data for all variants synthesized in 

this study can be found in Appendix Figure 6.12. Full HRMS, 1H and 13C NMR 

characterization of the final compound dodecacilagicin is in Appendix Figure 6.9 and 

6.10. 

 

3.2.1 Survey of Structurally Diverse Fatty Acid Containing Cilagicin Variants 

 

In our original cilagicin discovery study, we found that the lipid substituent appended 

to the compound’s N-terminus had a significant impact on both antibiotic potency and 

molecular susceptibility to human serum binding. Although cilagicin-BP was less 

susceptible to human serum binding than cilagicin, it showed reduced potency as an 

antibiotic against several pathogens. Here, we sought to identify an acyl substituent that 

would not only avoid human serum binding, but also maintain potent activity against a 

broader range of pathogens. 

Based on the success of aromatic ring containing N-acyl substituents in the initial 

cilagicin discovery study (Figure 3.2A, left), we began our lipid tail optimization 

exploration by synthesizing a series of aromatic ring containing analogs to expand upon 

these original structures (Figure 3.2A, right). While most of these analogs showed poor 

antibacterial activity, compounds 12 and 13, which have substituents more closely 

resembling the biphenyl structure of cilagicin-BP (2), retained activity. When tested in 

the presence of serum, the methyl biphenyl substituent (13) had the most promising 

bioactivity. In the presence of serum, 13 had an MIC of 1 μg/mL against S. aureus 

USA300, which was 8-fold lower than that observed with cilagicin-BP (2). To further 

explore this biphenyl scaffold, two additional analogs in this biphenyl series were 

synthesized, compounds 14 and 15. However, 14 showed reduced antibacterial activity 

and 15 was highly susceptible to serum binding. Thus, the methyl biphenyl substituent 

(13) was selected for a wider spectrum of activity assays (Table 3.2). Across most of the 

pathogens we tested, 13 was more potent than cilagicin-BP with and without serum. 

This collection of aromatic acyl tails was a promising start, but to ensure we were 

investigating more diverse structures of lipopeptide acyl substituents, we next 

systematically surveyed analogs with aliphatic (straight-chain) N-acyl substituents. In a 

first round of screening, we synthesized and tested the activity of structures with 

substituents that were 6 to 18 carbons in length to find the pharmacologically optimal 

carbon length (Figure 3.2B, left). The decanoic (C10, 20), dodecanoic (C12, 21) and 
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myristic (C14, 1) acid analogs had the lowest MICs against S. aureus USA300, with the 

dodecanoic acid analog (21) displaying a formidable MIC of 0.125 μg/mL. This aliphatic  

 

Figure 3.2. Lipid substituent scans of cilagicin. The activity of cilagicin analogs with 

different A) aromatic or B) aliphatic acyl substituents determined against S. aureus 

USA300 in Lysogeny broth (LB) both in the absence and presence of 10% human serum, 

MIC reported in µg/mL. Lipid substituents with the lowest MICs in the absence or presence 

serum are highlighted in green. 
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scan proved significant for our study as it revealed that the activity of each analog in the 

presence of serum was highly dependent on the acyl chain length. Increased lipophilicity 

is often associated with higher serum binding of drugs81, 82. We observed this same 

general trend with cilagicin analogs, as those containing shorter chain length fatty acids 

were the least affected by serum. However, we also found that lipid substituents with 

shorter chain lengths (≤8 carbons) led to a decrease in potency. We hypothesize that this 

is due to the nonpolar tail of these lipopeptides driving localization to the bacterial cell 

membrane where the polyprenyl phosphate binding targets reside. Thus, lower 

lipophilicity would result in decreased affinity for the cell membrane. The decanoic (20) 

and dodecanoic (21) analogs were the most active structures in the presence of serum and 

both showed 16-fold lower MICs than the myristic acid containing cilagicin (1). This led 

us to a narrow range of lipid chain lengths, between 10 and 14 carbons in length, that 

appeared to balance antibacterial activity with low serum binding (Figure 3.2B, left). 

In the next round of synthesis and lipid screening we narrowed our focus to structures 

containing lipids with 9 to 15 carbons, focusing in on our previously determined optimal 

carbon range. Analogs with lipids containing 11 to 15 carbons (26-30) showed the lowest 

MICs (0.25-0.50 μg/mL) in S. aureus USA300 (Figure 3.2B, right). The 10-undecenoic 

acid containing analog (27) was the most active structure in the presence of serum with 

an MIC of 1 μg/mL against S. aureus USA300. As we had done with the methyl biphenyl 

substituent (13), the three most potent analogs containing aliphatic lipids, decanoic (20), 

dodecanoic (21), and 10-undecenoic acid (27), were screened for activity against a larger 

panel of clinically relevant pathogens in normal culture conditions and in culture 

supplemented with 10% serum. In the presence and absence of serum, the dodecanoic 

acid variant (21) was consistently the most active analog against the pathogens we tested 

(Table 3.2). Additionally, in human cell culture, 21 did not display any cytotoxicity in the 

assayed concentration range. 

 

Table 3.2. Spectrum of activity of analogs with different acyl substituents in the 

absence (-) and presence (+) of 10% serum. 

 
Compound Cilagicin (1) 

C14 

(2) (13) (20) (21) (27) 

Acyl Substituent (R) Biphenyl Methyl Biphenyl C10 C12 C11(unsat.) 

10% Human Serum - + - + - + - + - + - + 

Pathogen             

Staphylococcus aureus USA300 1 16 4 8 0.5 1 0.5 1 0.125 1 0.5 1 

Enterococcus faecium 802 1 32 32 64 8 32 4 16 1 16 4 16 

Enterococcus faecalis AR785 1 16 8 64 4 32 2 16 0.25 8 2 16 

Enterococcus gallinarum AR784 0.5 16 8 16 4 16 2 8 0.25 4 2 4 

Enterococcus casseliflavus AR798 0.125 2 0.5 2 0.5 2 0.5 1 0.0625 0.5 0.125 1 

Streptococcus agalactiae 

BAA2675 

1 8 8 8 2 2 1 1 0.5 1 1 2 

Streptococcus pyogenes 

ATCC19615 

0.125 0.5 1 1 0.125 0.125 0.125 0.125 0.0625 0.125 0.125 0.125 

Clostridium difficile HM89 1 16 8 8 2 2 1 1 0.5 2 2 2 

Frequency of Lowest MIC 1 0 0 0 0 2 0 5 8 7 0 4 
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3.2.2 Orthogonal Scans of Cilagicin Polypeptide Core 

After identifying a few preferred lipid substituents to include in our optimized 

structure, we next turned to the other essential moiety of the lipopeptide, the polypeptide 

core. While it was possible for us to systematically synthesize and test cilagicin analogs 

containing acyl substituents of different lengths and structures for improved activity, a 

full randomization of the cilagicin peptide core was not practical and would introduce too 

many simultaneous variables to assess the biochemical contribution of single residues of 

the polypeptide. Instead, we thought it more rational to conduct a series of orthogonal 

scans to investigate the depsipeptide structure (Figure 3.3). These scans would allow us 

to singularly interrogate the effect of altering different chemical properties of individual 

amino acid residues. Our scans included an alanine scan to investigate the impact of 

increasing hydrophobicity, a glutamic acid scan to investigate the effect of adding a 

formal charge, an N-methyl scan which allowed us to explore the effect of manipulating 

the polypeptide backbone, and a stereochemistry scan in which we replaced of each D-

amino acid with its L-stereoisoform counterpart. For each of these scans, we built 

molecules containing the myristic acid (C14) acyl substituent initially included in 

cilagicin (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Orthogonal polypeptide scans of cilagicin. From inside to outside, each 

ring reports the S. aureus USA300 activity (MIC µg/mL) of cilagicin analogs with single 

alanine, glutamic acid, N-methyl or side chain D- to L-stereochemistry changes. Each 

sector corresponds with the change at one position. Improved (lowered) MICs are 

highlighted in green. Worsened (increased) MICs are highlighted in shades of red. 
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Alanine scan: In the alanine scan, we replaced each non-glycine residue with the 

appropriate stereoisomer of alanine. All analogs were then assayed for antibacterial 

activity against S. aureus USA300 (Figure 3.3, Ala ring, compounds 32-40). Overall, no 

single alanine substitution resulted in a large change in MIC. The largest increase in MIC 

was a 2-fold increase to 2 μg/mL. Substitution of alanine at P2 or P4, which were 

originally diaminobutyric acid (Dab) and tyrosine, respectively, each resulted in 2-fold 

decreases in MIC (0.5 μg/mL). These beneficial substitutions would be kept in mind for 

further assessment once combined with the preferred optimized lipid substituents. 

Glutamic acid scan: As no individual hydrophobic (alanine) substitutions led to a 

dramatic change in MIC, we next explored the effect of changing side chain charge on 

cilagicin’s activity. Cilagicin natively contains two positively charged residues. As highly 

positively charged peptides are prone to induce cell lysis, and are therefore commonly 

toxic to human cells, we chose not to explore the addition of more positively charged 

residues to cilagicin83. We instead explored the effect of adding negative charges by 

individually changing each residue to the appropriate stereoisomer of glutamic acid 

(Figure 3.3, Glu ring, compounds 41-51). Glutamic acid substitutions at positions P1 

(Phe), P3 (Val), P5 (Gly) or P8 (Gly) abrogated antibacterial activity completely with a 

reported MIC of >64 μg/mL. Notably, each of these replacements involved the addition 

of a negative charge where a nonpolar residue had originally been present. Interestingly, 

the molecular targets of cilagicin are negatively charged, and therefore we would expect 

the positive side chain residues of cilagicin to be important for target binding. However, 

we observed only a 2- to 4-fold reduction in antibacterial activity when replacing either 

positively charged Dab residue (P2 or P10) with glutamic acid. Exchange of the 

exocyclic Ser (P12) for glutamic acid resulted in an 8-fold increase in MIC, while 

nothing greater than a 4-fold increase was observed for substitutions of any of the 

remaining residues: P4 (Tyr), P6 (Asp), P7 (Asn) or P9 (Asp). 

D-amino acid scan: A key feature of NRPS encoded natural products, that 

distinguishes them from ribosomally produced peptides, is the incorporation of D-amino 

acids64. Each inverted residue arises from the presence of a specific epimerization, or 

condensation, domain capable of inverting the stereochemistry of the -carbon of an 

amino acid substrate in the BGC84. The retention of these epimerase domains implies that 

some advantage is conferred by incorporation of D-amino acids in the final structure. 

Cilagicin contains four D-residues: P6 (D-Asp), P7 (D-Asn), P10 (D-Dab), P12 (D-Ser). 

To test the importance of the stereochemistry of these D-residues, each was 

independently exchanged for its L-stereoisomer (Figure 3.3, D/L ring, compounds 64-

67). We found that the stereochemistry of the Dab at P10 was essential for antibiotic 

activity as its inversion resulted in an observed MIC of >64 μg/mL. Changing any of the 

remaining D-amino acids to their corresponding L-isomer resulted in only a 2- to 8-fold 

increase in MIC. 

N-methyl backbone scan: Crystal structures of polyprenyl phosphate bound 

antibiotics indicate that coordination between the polypeptide amide backbone plays an 

essential role in target engagement85. To evaluate if this same binding modality had a role 

in our lipopeptides, we individually replaced each residue with its N-methyl analog 

(Figure 3.3, N-Me ring, compounds, 52-63). These changes had variable effects on 

antibacterial activity. N-methylation of P1 (Phe), P3 (Val), P4 (Tyr) or P8 (Gly) resulted 

in 8- to 16-fold increases in MIC, while N-methylation at P6 (D-Asp) or P7 (D-Asn) 
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completely abolished activity (MIC >64 μg/mL). Conversely, N-methylation of P2 (Dab) 

or P12 (D-Ser) resulted in 2-fold improvements in MIC.  

Taken together, our four scans of the cilagicin peptide structure suggest that side 

chain and backbone interactions together are likely important for target engagement as 

we observed abrogation of activity with both amino acid changes as well as backbone N-

methylation. We previously observed that the "DGnxGY” motif of residues P4 through 

P9 of cilagicin is conserved in natural cilagicin congeners63. While in contrast, residues 

P12 through P3 of these congeners show considerable variation. Similarly, in the present 

study, we found that residue positions P12 through P3 appear to be more amenable to 

change than the residues or backbone of positions P4 through P9. Interestingly, neither of 

the positively charged residues, P2 or P10, is essential for activity. Individually changing 

either residue to alanine or glutamic acid did not dramatically reduce the potency of the 

compound. Considering that the molecular targets of cilagicin are negatively charged, 

this finding was somewhat surprising but not completely unexpected as the presence of 

positively charged residues at these positions is not conserved among the natural cilagicin 

congeners identified in the study described in Chapter 2. To further explore the 

importance of the P2 and P10 positive charges, we synthesized a single analog where 

both residues were changed to alanine (68). This analog had an MIC of 1 μg/mL, 

confirming that no positive charges are required for antibiotic activity. 

 

3.2.3 Combining Optimized Features and Final Compound Bioactivity Evaluation 

With preferred lipid candidates identified and a better understanding of what regions 

of the polypeptide core are amenable to manipulation, the next phase of this study was to 

combine features that reduced the MIC of our optimal lipopeptide. The only core changes 

that improved potency were the introduction of an alanine at P2 (Dab) or P4 (Tyr) and the 

N-methylation of the backbone at P2 (Dab) or P12 (D-Ser). Various combinations of 

these core modifications were synthesized with three of the most promising lipids 

myristic acid (C14), dodecanoic acid C12, and 10-undecenoic acid (monounsaturated 

C11). The resulting structures were tested for S. aureus USA300 antibiotic activity with 

and without serum (Figure 3.4). Apart from the double alanine replacement of P2 and P4 

with the original C14 acyl substituent (77), only analogs with the original or with a single 

modification to the peptide core resulted in MIC improvement. It appears that any more 

significant modifications to the depsipeptide core drastically reduces antibacterial 

activity. Among the final set of improved analogs we identified, 21 (dodecanoic acid with 

cilagicin core), 27 (10-undecenoic acid with cilagicin core) and 71 (dodecanoic acid with 

P4 Ala substituted cilagicin core) showed the lowest S. aureus USA300 MICs (1 μg/mL) 

in the presence of serum (Figure 3.4). In our original lipid scan analysis, we tested 

compounds 21 and 27 against a diverse collection of pathogens and found that compared 

to cilagicin they both showed improved activity in the presence of human serum (Table 

3.2). Further testing of the activity spectrum of compound 71 in the presence of serum 

found that it showed little or no improvement in potency against most pathogens other 

than S. aureus USA300 when compared to cilagicin (1). 

Among all analogs we examined, 21 (dodecanoic aid with cilagicin core), which we 

name dodecacilagicin, best exhibited the features we set out to identify, balancing high 

antibiotic potency and low serum binding. Cilagicin achieves its unique antibacterial  
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Figure 3.4. Activity summary of combined feature cilagicin variants. Acyl 

substituents are shown with differences from myristic acid highlighted in orange. The 

locations of peptide core modifications are highlighted in blue. In the chart, each 

modification is highlighted in yellow. (+) and (-) indicate with and without serum, 

respectively. Serum (+) MICs (μg/mL) of the best performing structures in S. aureus 

USA300 are highlighted in green. 

 

activity and low resistance through its ability to bind both C55:P and C55:PP. For 

dodecacilagicin to be a good development candidate it must still be able to engage with 

both targets and show low resistance development86. 

The activity of cilagicin can be suppressed by providing an excess of either 

polyprenyl phosphate in culture media because this extracellular pool of target will 

sequester the antibiotic, thus rendering it inactive. Polyprenyl phosphate suppression 

provides a facile means of checking that each improved analog retains the ability to 

interact with both molecular targets. To determine whether the activity of our best 

optimized lead compound was still suppressed in the presence of excess C55:P and 

C55:PP, we assayed for activity against S. aureus USA300 in media containing 

increasing ratios of antibiotic and polyprenyl phosphates. Similar to cilagicin, the activity 

of dodecacilagicin was dose-dependently suppressed by addition of either C55:P or 

C55:PP in the culture media (Figure 3.5A). This suggests that both molecular targets are 

maintained by dodecacilagicin. 

To test for the development of resistance to dodecacilagicin (21), we attempted to 

raise resistant mutants by daily serial passage of S. aureus USA300 in the presence of 

sub-lethal (0.5x MIC) concentrations of antibiotic. As seen for cilagicin, no resistance 

developed (i.e. MIC was maintained at <2 μg/mL) to dodecacilagicin even after 10 days 

of continuous exposure (Figure 3.5B). 
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Figure 3.5. Mode of action and resistance development studies for dodecacilagicin. 

A) Suppression of antibiotic activity against S. aureus USA300 by addition of increasing 

molar ratios of polyprenyl phosphates, C55:P and C55:PP. Data plotted represents the 

average MICs of two replicate experiments with error bars of standard deviation. B) 

Resistance development during 10-day serial passaging of S. aureus USA300 in the 

presence of sub-lethal (0.5x MIC) levels of cilagicin, dodecacilagicin or amphomycin. 

 

3.2.4 Discussion: Identification of an Optimized Bioavailable Polyprenyl Phosphate 

Binding Antibiotic 

 

Cilagicin was an appealing initial therapeutic development candidate because it 

showed activity against multidrug resistant clinical isolates. However, its high serum 

binding rendered it ineffective in vivo. Cilagicin-BP’s modified acyl tail decreased serum 

binding which increased in vivo activity, but this change generally reduced potency. In 

our effort to optimize cilagicin, we found that modifications performed on the peptide 

core were largely ineffective at increasing potency. However, changes to the 

hydrophobicity of the aliphatic tail modulated both potency and serum binding. In both 

the presence and absence of serum, dodecacilagicin (21) was consistently the most active 

analog against the assayed pathogen spectrum. In the presence of serum, dodecacilagicin 

was 16 times more potent than cilagicin. Additionally, dodecacilagicin evades antibiotic 

resistance development even after constant long-term exposure. Of the analogs we 

synthesized, we believe dodecacilagicin (21) is the most appealing candidate for further 

therapeutic development. 

When using the synBNP approach, one must consider that due to the limitations of 

existing bioinformatic algorithms, synBNPs may not always be perfect copies of what is 

produced by a BGC in vivo. With the technology currently available, it is especially 

difficult to predict the naturally incorporated lipid substituent in lipopeptides. Therefore, 

a critical step in any synBNP study is post hit optimization. These efforts are crucial to 

identifying optimized synBNP structures because, as we prove here, not only does 

dodecacilagicin represent an improved clinical candidate due to its unique balance of 

potency and serum binding, but its optimization process demonstrates a successful 

improvement of the synthetic natural product inspired by the cil BGC. 
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CHAPTER 4. CONCLUSION AND FUTURE DIRECTIONS 

 

4.1 Conclusion 

As emphasized in Chapter 1, illnesses and deaths related to antibiotic resistance 

infections remain a critical public health risk in the United States and in the world at 

large87. To combat this threat, we must maintain an arsenal of novel antibiotic chemical 

agents that can be used clinically to prevent the spread of such infections. For nearly 100 

years, bacterial natural products have been the go-to source for antibiotic molecules with 

unique modes of action7, 9, 11. While currently most of these molecules have pathogenic 

strains that have developed resistance to their antibiotic effects, the pool of genetically 

encoded molecular natural products from which we can discover new molecules remains 

largely untapped. Scientists have scratched the surface of natural product discovery by 

historically only isolating those molecules that are highly expressed in bacterial culture 

that can be grown in laboratory conditions12, 14, 16, 26. However, the new frontier of 

genomic sequencing and bioinformatic genome mining has revolutionized this field27, 88-

90. Using bioinformatic tools we can identify BGCs and predict the structures of their 

biosynthesized natural product molecules in silico and follow up this prediction with total 

synthesis to build these molecules independent of a bacterial culture42, 45, 91. This synBNP 

pipeline has been an efficient and fruitful means to discover novel antibiotic molecules 

from silent and cryptic BGCs that can become lead candidates for drug development and 

clinical trials. The synBNP approach is what led to the discovery of the dual polyprenyl 

phosphate binding Gram-positive resistance evading antibiotic cilagicin46. It is this 

innovative discovery approach and this promising novel antibiotic that has motivated the 

research presented in this thesis. 

In Chapter 2, I described a discovery study in which we sought to identify additional 

naturally occurring members of the cilagicin family of antibiotics, with the intention of 

expanding this promising family of molecules with a unique mechanism of action that 

endows these molecules with the ability to evade antibiotic resistance development63. We 

did this using the synBNP method, though we adapted our search parameters to drive 

BGC discovery based on final molecular product structure rather than BGC nucleotide 

sequence as was used initially to discover cilagicin. We built our database for BGC 

discovery by pulling whole sequenced bacterial genomes from publicly available 

databases, then using bioinformatic algorithms to identify NRPS BGCs within those 

genomes. Additional algorithms were used to make predictions of the linear peptide 

sequences of the NRPS product made by the BGCs. This list of polypeptide predictions 

became the database we then queried with the linear peptide sequence of cilagicin to 

identify previously uncharacterized BGCs predicted to produce molecules that were 

>50% similar in sequence to cilagicin. This bioinformatic pipeline yielded three BGCs 

that encoded three structurally unique previously unidentified molecules we called 

paenilagicin, bacilagicin, and virgilagicin. Using SPPS to synthesize synBNPs of these 

predictions, we then assayed their bioactivity, molecular target binding ability, and 

resistance evasion. We found that paenilagicin and virgilagicin bound C55:P and C55:PP 

as cilagicin does, while bacilagicin only binds C55:P. This difference in target binding 

affinity was reflected in each antibiotic’s ability to evade resistance development. 

Paenilagicin and virgilagicin evaded antibiotic resistance as cilagicin does, which was 
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expected for dual binding compounds. Meanwhile bacilagicin showed resistance 

development after a few days of serial culture passage, as is consistent with other single 

polyprenyl binding antibiotics70, 71.  

This discovery study identified new members of the cilagicin family of antibiotics, 

which will provide variations of polyprenyl binding structures that can be considered 

when designing an optimal clinical candidate from this family of molecules. 

Additionally, identifying multiple members of this family allowed us to identify the 

conserved “DGnxGY” motif that we believe is important for polyprenyl phosphate target 

engagement, and can be used as a lead sequence in future discovery studies. Overall, this 

study exemplified the flexibility of the synBNP methodology, as adapting our BGC 

search approach to compare structural output of NRPS BGCs, rather than nucleotide 

sequenced based homology search, allowed us to find the clusters responsible for the 

molecules we identified in this study which we would not have identified otherwise. 

synBNP is a robust and adaptable means of natural product discovery, but based on 

current algorithmic predictive capabilities, there are limitations to the predictions that can 

be made. Currently, our predictive capabilities for polypeptides are highly accurate, 

however prediction for other chemical moieties such as lipid substituents remains sub-

optimal. In Chapter 3, I describe a medicinal chemistry optimization approach in which 

we synthesized a library of cilagicin analogs incrementally modifying single molecular 

moieties of cilagicin, as it is the molecule with the highest antibiotic activity in its family. 

This optimization study was motivated by the goal of finding a variation of cilagicin that 

would show high antibiotic bioactivity and high in vivo bioavailability by demonstrating 

minimal serum protein binding affinity. We did this optimization study in two parts, first 

analyzing the effects of structurally diverse lipid tail substituents on our desired 

biological properties. We then did the same for the polypeptide region of cilagicin, in 

which we singularly replaced amino acids in a series of orthogonal scans to analyze the 

effects of changing different chemical properties in different regions of the cyclized 

polypeptide core. After combining lipid and peptide modified elements, we identified our 

optimized molecule and called it dodecacilagicin. This compound maintains the same 

polypeptide core as cilagicin with a dodecanoic acid tail. Biological assays confirmed 

dodecacilagicin maintains C55:P and C55:PP as binding targets and, like its predecessor, 

evades antibiotic resistance. This study not only presents an optimized clinical drug 

development candidate from the cilagicin family of resistance evading antibiotics, but it 

demonstrates the need for post-prediction optimization of synBNP molecules that is 

required due to current limitations in the predictive capabilities of bioinformatic structure 

prediction algorithms.  

Overall, the research presented in this thesis demonstrates the use of cutting-edge 

natural product discovery methods to expand a novel family of antibiotics with a unique 

mechanism of action. Additionally, we have identified an optimized lead compound that 

has been derived from this family and has strong potential for further development into 

an antibiotic clinical candidate. 

 

4.2 Future Directions 

The discoveries made in this body of work will continue to be carried forward in 

future research projects. At the time of writing this thesis, plans are underway to conduct 
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animal model studies with dodecacilagicin to advance its candidacy into the drug 

development and clinical trial pipeline. Such advancement would be tremendously 

meaningful as it is an antibiotic with potential to be a lifesaving treatment that could 

hopefully maintain clinical efficacy for a long time. 

A significant portion of the work presented here resulted from the evolution and 

advancement of the synBNP method. Continued development and improvement upon this 

natural products discovery approach is the most promising factor when it comes to the 

future directions of this work. Early research with synBNPs only produced linear 

peptides comprised of canonical proteinogenic amino acid residues34, 92, 93. Advancement 

in BGC identification and natural product prediction enabled the discovery of more 

complex products such as cyclized lipopeptides, like those presented in this thesis, and 

products containing non-proteinogenic amino acids44, 45. With each generation of 

technological improvement, the discovery capabilities of the synBNP approach grow, and 

we expect this trend to continue. 

The synBNP method relies on three key steps; bioinformatic BGC identification, 

molecular prediction, and total chemical synthesis. Each of these steps is reliant on 

technological advancements that will only improve the synBNP pipeline as they 

themselves develop. Increases in the speed and accuracy of sequencing technologies will 

build and refine the bacterial genome databases from which we derive our raw 

sequencing data32. Improved bioinformatic algorithms will increase the accuracy and 

complexity of BGCs that we can identify in bacterial genomes, as well as improving the 

quality of our molecular product predictions, within and beyond just polypeptide moieties 

in NRPS/NRPS-hybrid BGCs. And finally, continually improving chemical synthesis 

techniques will enhance our synthetic abilities to produce structurally complex and 

challenging molecular predictions. Our lab has already begun developing synBNP 

discovery pipelines for identifying BGCs responsible for producing bioactive natural 

products with complex aromatic lipid tail moieties beyond the straight chain lipid tails 

found on lipopeptides published in previous discovery studies. 

All of these elements together speak very encouragingly to the longevity and the 

improvement of the synBNP approach. We are very optimistic that this robust 

methodology will evolve alongside other technologies and will enable discovery of 

increasingly novel and complex bioactive natural products that were once believed to be 

inaccessible. 
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CHAPTER 5. METHODS 

 

5.1 Methods for “Structure Based Genomic Discovery of Naturally Occurring 

Cilagicin Analog Antibiotics” 

 

5.1.1 General Experimental Procedures and Materials 

All reagents and solvents were purchased from commercial sources and used without 

further purification. Solvents used for chromatography were HPLC grade or higher. 

Preparative HPLC was performed on an CombiFlash EZ Prep purification system with UV 

detection and equipped with a Phenomenex Luna 5μm C18 prepHPLC column using a dual 

solvent system (A/B: water/acetonitrile, supplemented with 0.1% (v/v) formic acid). 

HRMS and MS/MS data were acquired on a SCIEX ExionLC UPLC coupled to an X500R 

QTOF mass spectrometer, equipped with a Phenomonex Kinetex PS C18 100 Å column 

(2.1 x 50 mm, 2.6 µm) and operated by SCIEXOS software. 1H NMR and 13C NMR spectra 

were acquired at room temperature on a Bruker Avance DMX 600 MHz spectrometer (The 

Rockefeller University, New York, NY) equipped with cryogenic probes and spectra were 

analyzed using MestReNova software (version 14.3.0-30573). Chemical shift values were 

reported in ppm and referenced to residual solvent signals, for 1H NMR: DMSO-d6 = 2.54 

ppm; for 13C NMR: DMSO-d6 = 40.45 ppm. 

 

5.1.2 Identification and bioinformatic analysis of natural cilagicin biosynthetic gene 

clusters 

 

Sequenced nonribosomal peptide synthetase (NRPS) BGCs were collected from the 

bacterial genome databases JGI and GenBank. BGCs without clearly defined starting 

(condensation start (Cstart) or CoA Ligase (CAL)) and ending (thioesterase (TE)) domains 

were removed from the collection. For the remaining complete sequenced NRPS BGCs, 

the 10 amino acids that make up each adenylation domain binding pocket (i.e., amino acids 

235, 236, 239, 278, 299, 301, 322, 330, 331, and 517) were identified using a curated list 

of A-Domain substrate signatures to predict the substrate of each BGC A-domain. These 

A-Domain signatures allowed us to make a linear polypeptide sequence prediction for each 

NRPS BGC in the collection. Using the linear polypeptide sequence of cilagicin as a query 

term, we ranked NRPS BGCs by their linear polypeptide sequence similarity to cilagicin. 

BGCs in the resultant list that shared ≥50% polypeptide sequence similarity to cilagicin we 

deemed congeners. This search yielded two BGCs from Paenibacillus mucilaginosus 

genomes that shared 100% polypeptide sequence identity to cilagicin. Three BGCs were 

found to share 7 or more (≥58%) of the 12 amino acid positions in cilagicin. The remaining 

BGCs from the search shared 5 or fewer (≤42%) amino acid positions with cilagicin. The 

three BGCs with ≥50% polypeptide sequence similarity to cilagicin were carried forward 

as the congener BGCs investigated in this study. 
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5.1.3 Solid Phase Peptide Synthesis 

Natural cilagicin analogs characterized in this study were synthesized using standard 

Fmoc-based solid-phase peptide synthesis (SPPS) methods on 2-chlorotrityl chloride resin. 

All peptides were synthesized starting from the penultimate module’s amino acid, for 

paenilagicin this was ornithine, for bacilagicin this was serine, and for and virgilagicin this 

was arginine. 2-cholorotrityl resin pre-loaded with the appropriate amino acid was swollen 

in DCM for 30 minutes at room temperature then drained and washed with DMF (3 mL, 

3x). Subsequent couplings were carried out using Fmoc-protected amino acids (or a fatty 

acid) (3 equiv. relative to resin loading) mixed with HATU (3 equiv.) and DIPEA (3 equiv.) 

in DMF (5 mL). Each coupling reaction was carried out for 45 minutes at room temperature 

then washed with DMF (5 mL). Fmoc deprotection was carried out by treating resin-bound 

peptide with 20% piperidine in DMF (5 mL) for 5 minutes (2x). After deprotection, the 

resin was then washed with DMF (5 mL, 2x), DCM (5 mL, 2x), and DMF (5 mL, 2x). 

These steps were repeated for each amino acid and fatty acid to construct the linear 

peptides. 

Ester bond formation: Ester bonds were formed between the unprotected threonine 

hydroxyl and the carboxylic acid of the final module’s amino acid. For paenilagicin and 

bacilagicin this amino acid is tyrosine. For virgilagicin this amino acid is valine. The resin-

bound peptide with a free hydroxyl group was mixed with the appropriate Fmoc-AA (15 

equiv.) and DIC (15 equiv.) in 7mL DMF. DMAP (0.5 equiv.) was added to the solution, 

and gently shaken for ~16 hours at room temperature. 

Peptide cyclization: Resin-bound linear peptides were cleaved by treating with 20% 

hexafluroisopropanol (HFIP) in DCM for 1 hour (2x). Crude linear peptides were then 

collected by filtration and dried under reduced pressure. The cleaved linear peptides were 

cyclized without purification by resuspending in DMF to 0.002M and then mixing with 

PyAOP (7 equiv.) and DIPEA (20 equiv.). After 2 hours, reaction was transferred to a 

separatory funnel and ethyl acetate (2.5x volume of DMF) was added. This organic layer 

was washed with saturated brine (4x), then dried over sodium sulfate. Dried organic layers 

were filtered and concentrated under reduced pressure to yield crude cyclized peptide. 

Bulk deprotection: Peptides were dissolved in 6 mL of cleavage cocktail (95% (v/v) 

TFA, 2.5% (v/v) TIPS and 2.5% (v/v) water) for 1.25 hours. Cleavage cocktail was 

evaporated under air flow to yield crude deprotected peptides. 

Peptide purification: Crude peptides were purified on an Phenomenex Luna 5μm C18 

prepHPLC column attached to a CombiFlash EZ Prep purification system using a dual 

solvent system (A/B: water/acetonitrile, supplemented with 0.1% (v/v) formic acid). 

Peptide purity and identity were confirmed by UPLC, HRMS, and NMR. 

 

5.1.4 Minimum inhibitory concentration (MIC) assay 

MIC assays were conducted using the protocol recommended by the Clinical and 

Laboratory Standards Institute.69 Culture conditions (temperature, medium) are detailed in 

Supplementary Table S6. All compounds were dissolved in sterile DMSO (ATCC, USA) 

to give a concentration of 6.4 mg/mL. Tested compounds were serially diluted 2-fold in 

DMSO from a maximum stock concentration of 6.4 mg/mL to 0.006 mg/mL. In a 96-well 

plate filled with 49 μL fresh growth medium, 1 μL of compound stock dilution was added 
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across wells in a row. An overnight culture of an assay strain was diluted 5,000-fold in 

fresh medium. 50 μL of this inoculum dilution was added into each well, giving a final 

volume of 100 μL per well. Final assayed concentrations of test compounds ranged from 

64 μg/mL to 0.06 μg/mL. MIC values were recorded as the minimum concentration at 

which no bacterial growth appeared, based on visual inspection, after 16 hours of static 

incubation at 37 °C. Clostridium difficile plates were statically incubated under anaerobic 

conditions (Vinyl anaerobic chamber, 37 °C, 5% H2, 5% CO2, 90% N2). MICs were 

performed in technical duplicate (n=2) and repeated three independent times (n=3). 

 

5.1.5 Cytotoxicity assay 

The cytotoxicity of natural cilagicin analogs were tested using an MTT (3-(4,5-

Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay. HEK293 cells were 

seeded in a 96-well plate with a density of 5,000 cells/well and cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) without phenol red and supplemented with 10% fetal 

bovine serum, 1% Pen/Strep and 1% glutamate for 24 hours at 37 °C with 5% CO2. Serially 

diluted compounds were added into each well at a final concentration ranging from 64 

μg/mL to 0.06 μg/mL. After 48 hours of incubation, the media was removed and 15 μL of 

freshly prepared MTT solution (5 mg/mL in DPBS) was added to each well. The plates 

were incubated for 3 hours at 37 °C with 5% CO2 after which the MTT solution was 

removed by aspiration. Precipitated formazan crystals were dissolved by addition of 100 

μL of solubilization solution (40% DMF, 16% SDS and 2% acetic acid in H2O). The 

absorbance of each well was measured at OD570nm using a microplate reader (Infinite 

200 PRO, Tecan). All experiments were performed in duplicate (n=2) and repeated three 

independent times (n=3). 

 

5.1.6 Undecaprenyl phosphate feeding assay 

The effect of cell wall phospholipids undecaprenyl phosphate (C55:P) and 

undecaprenyl pyrophosphate (C55:PP) on natural cilagicin analogs’ antibacterial activity 

was evaluated by co-drying peptide and lipid at molar ratios from 0x to 5x, at 0.5x 

increments, in plastic tubes in vacuo for 2 hours to completely remove all organic solvent. 

After drying, compounds were resuspended in scant 2.5 μL methanol, then in 50 μL fresh 

LB to bring the peptide concentration to 128 μg/mL, followed by vigorous sonication and 

vortexing. 25 μL of this solution was transferred in duplicate to a 384 well plate and serially 

diluted 2-fold in LB medium from 128 μg/mL to 0.012 μg/mL. An overnight culture of S. 

aureus USA300 was diluted 5,000-fold in fresh LB medium. 12.5 μL of this inoculum 

dilution was added to each well, giving a final volume of 25 μL per well. Final assayed 

concentrations of test compounds ranged from 64 μg/mL to 0.06 μg/mL. MIC values were 

recorded as the minimum concentration at which no bacterial growth appeared, based on 

visual inspection, after 16 hours of static incubation at 37°C. All assays were run in 

duplicate (n=2) and repeated two independent times (n=2). 
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5.1.7 Evaluating antibiotic resistance by serial passage in liquid broth 

A single colony of S. aureus USA300 was inoculated in 5 mL LB broth and grown 

overnight at 37 °C with continuous shaking (200 rpm). The overnight culture was then 

diluted 1:5,000 into fresh LB medium. 50 μL aliquots of dilute cells were transferred into 

individual wells of 96-well plates containing 50 μL of serially diluted cilagicin, natural 

cilagicin analogs, and amphomycin (Cayman Chemical Company, USA), in accordance 

with the standard MIC assay set up described above. Note: stock dilutions of test 

compounds were prepared fresh daily. Plates were statically incubated at 37 °C. After 24 

hours, the MIC was recorded. For the next round of assays, an aliquot from the culture well 

at half of the MIC from the previous day’s MIC plate was diluted 5000-fold in fresh LB 

and mixed with serially diluted antibiotics. The MIC was determined as described above. 

This process was repeated daily for 14 days. For amphomycin, LB medium was 

supplemented with 100 μg/mL CaCl2-2H2O. Experiments were performed three 

independent times (n=3). 

 

5.2 Methods for “Designing an Optimized Bioactive and Bioavailable Clinical 

Development Candidate Inspired by Cilagicin” 

 

5.2.1 General Experimental Procedures and Materials 

All reagents and solvents were purchased from commercial sources and used without 

further purification. Solvents used for chromatography were HPLC grade or higher. 

Preparative HPLC was performed on a CombiFlash EZ Prep purification system with UV 

detection and equipped with a Phenomenex Luna 5 μm C18 prepHPLC column using a 

dual solvent system (A/B = water/acetonitrile, supplemented with 0.1% (v/v) formic 

acid). High-resolution mass spectrometry (HRMS) and MS/MS data were acquired on a 

SCIEX ExionLC UPLC coupled to an X500R QTOF mass spectrometer, equipped with a 

Phenomonex Kinetex PS C18 100 Å column (2.1 mm × 50 mm, 2.6 μm), and operated by 

SCIEXOS software. 1H NMR and 13C NMR spectra were acquired at room temperature 

on a Bruker Avance DMX 600 MHz spectrometer (The Rockefeller University, New 

York, NY) equipped with cryogenic probes, and spectra were analyzed using 

MestReNova software (version 14.3.0-30573). Chemical shift values were reported in 

ppm and referenced to residual solvent signals: for 1H NMR, DMSO-d6 = 2.50 ppm; for 
13C NMR, DMSO-d6 = 39.52 ppm. 

 

5.2.2 Solid-Phase Peptide Synthesis 

Fmoc-based solid phase peptide synthesis (SPPS) was used to build all molecules 

evaluated in this study. Using 2-chlorotrityl chloride resin, each linear peptide was 

synthesized starting with the amino acid in position 2 pre-loaded on to the resin. Resin 

was swelled in dichloromethane (DCM) for 30 minutes at room temperature, then drained 

and repeatedly washed with dimethylformamide (DMF) (3x, 3 mL). Linear assembly of 

Fmoc-protected amino acids 3 through 12 and the terminal lipid tail were conducted 

using the following method: 3 equivalents (equiv) (relative to resin) Fmoc-amino acid or 

fatty acid and hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) (3 
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equiv) were dissolved in DMF (3 mL), then N,N-diisopropylethylamine (DIPEA) (3 

equiv) was added. This coupling mixture was left to activate for 5 min. The activated 

coupling mixture was poured over resin and mixed at room temperature for 45 min. After 

coupling, the N-Fmoc of the most recently coupled amino acid was removed by mixing 

resin with 3 mL 20% piperidine in DMF for 5 min (2x). After deprotection, resin was 

washed thoroughly with DMF (3x, 3 mL), then DCM (2x, 3 mL), and again with DMF 

(2x, 3 mL). After washing, the next coupling reaction was carried out. 

Ester bond formation: To form an ester bond, the amino acid in position 1 was 

coupled onto the free side chain of the threonine residue at position 11 of the completed 

acylated linear peptide still bound to resin. The appropriate position 1 Fmoc-amino acid 

(15 equiv) was dissolved in DMF (6 mL) and N,N′-diisopropylcarbodiimide (DIC) (15 

equiv) was added. This solution was added to the resin-bound peptide, along with a 

catalytic amount of 4-dimethylaminopyridine (DMAP) (0.5 equiv). The reaction was 

allowed to shake at room temperature (22 °C) overnight (16 hour). The terminal N-Fmoc 

group was removed after esterification as described above.  

Peptide cyclization: Esterified linear peptides were removed from resin using 20% 

hexafluroisopropanol (HFIP) in DCM and mixing for 1 hour (2x). Crude peptides were 

obtained by drying the flow through under reduced pressure. To cyclize the linear 

peptides, the crude peptide and 7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate (PyAOP) (7 equiv) were dissolved in DMF to a concentration of 2 

mM. DIPEA (20 equiv) was then added and the reaction was left for 2 hours at room 

temperature with stirring. The cyclized peptide was extracted from the reaction using 

ethyl acetate (2.5x reaction volume). The organic layer was washed with brine (5x), 

collected, and dried over sodium sulfate. The organic layer was filtered and concentrated 

under reduced pressure to yield the crude, protected cyclized peptide. 

Trifluoroacetic acid (TFA) deprotection: Crude cyclized peptides were dissolved in 

10 mL of a solution of 95% (v/v) TFA, 2.5% (v/v) triisopropylsilane (TIPS) and 2.5% 

(v/v) water for 1.25 hours to remove all acid labile side chain protecting groups. The 

solution was evaporated under air flow until completely dry. 

Final product purification: Completed crude cyclic peptides were purified using a 

Phenomenex Luna 5μm C18 prep HPLC column attached to a CombiFlash EZ Prep 

purification system with a dual solvent system (A/B: water/acetonitrile, supplemented 

with 0.1% (v/v) formic acid). Compound purity and identity were confirmed by UPLC, 

HRMS, and/or NMR. 

 

5.2.3 Determination of Synthetic Peptide Purity 

Purified peptides were analyzed on a Waters Acquity H-Class UPLC. UV diode 

traces at 214nm were used to determine purity of peptide samples by calculating area 

under the curve for the main peptide sample peak then dividing by the area under the 

entire trace. 

 

5.2.4 Minimum inhibitory concentration (MIC) assay 

All MIC assays were executed following the protocol outlined by the Clinical and 

Laboratory Standards Institute69. Synthetic peptides were dissolved in biology grade 
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DMSO (ATCC, USA) to a concentration of 6.4 mg/mL. Each stock solution was serial 

diluted 2x in DMSO from a maximum concentration of 6.4 mg/mL to a minimum 

concentration of 0.006 mg/mL. Assays were carried out in sterile clear 96-well plates. For 

each assay, 49 μL of an appropriate bacterial growth medium was added to each well in a 

plate, and 1 μL of a serially diluted stock solution was added across a row of the plate. 

An overnight culture of the bacterial pathogen being evaluated was diluted 5000x in 

appropriate growth medium and 50 μL of this diluted inoculum was added to each well 

for a total assay volume of 100 μL. Assay plates were statically incubated overnight (16 

hour) at 37 °C. NOTE: Clostridium difficile assay plates were statically incubated under 

anaerobic conditions (vinyl anaerobic chamber, 37 °C, 5% H2, 5% CO2, 90% N2). After 

incubation, MIC values were determined by visual inspection as the lowest concentration 

of the antibiotic at which there was no observed bacterial growth. All MICs were 

repeated in triplicate (n=3) with technical duplicates on each assay plate (n=2).  

 

5.2.5 Human Serum Binding (MIC) assay 

10% human serum (Sigma-Aldrich, USA) was added into the appropriate growth 

medium for each pathogen being assayed. MIC assays were executed using the assay 

protocol described above. 

 

5.2.6 Undecaprenyl phosphate feeding assay 

To investigate the interaction between undecaprenyl phosphates C55:P and C55:PP 

and an antibiotic, we included exogeneous undecaprenyl phosphates into the MIC assay. 

To do this, a polyprenyl phosphate and an antibiotic were mixed at molar ratios ranging 

from 0 to 5 at intervals of 0.5. These mixtures were then dried in plastic tubes under 

vacuum for 2 hours to remove all organic solvents. Each dried mixture was resuspended 

in 2.5 μL methanol and then 50 μL Lysogeny broth (LB) was added to give a solution 

with a final antibiotic concentration of 128 μg/mL. Resuspended solutions were 

aggressively sonicated and vortexed to ensure solubilization of all solution components. 

25 μL of these solutions were aliquoted into individual wells of a sterile 384-well 

microtiter plate. This stock mixture was serially diluted across the plate 2-fold in LB to 

give a final antibiotic dilution range of 128 μg/mL to 0.012 μg/mL. An overnight culture 

of S. aureus USA300 was diluted 5000x into fresh LB. 12.5 μL of inoculum was 

distributed to each well of the assay plate, giving a final volume of 25 μL and an 

antibiotic concentration range of 64 μg/mL to 0.06 μg/mL. 0 μg/mL antibiotic was 

always included as a negative control. Assay plates were statically incubated overnight 

(16 hour) at 37 °C. After incubation, MIC values were determined by visual inspection as 

the lowest concentration of antibiotic at which there was no observed bacterial growth. 

All MICs were repeated in duplicate (n=2) with technical duplicates on each assay plate 

(n=2). 
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5.2.7 Evaluating resistance development by serial passaging in liquid broth 

 

An overnight culture of S. aureus USA300 was grown by inoculating a single colony 

in 5 mL of Lysogeny broth (LB) and incubating overnight at 37 °C with continuous 

shaking (200 rpm). An initial MIC assay was then set up using cilagicin, dodecacilagicin, 

or amphomycin (Cayman Chemical Company, USA), following the standard MIC 

procedure described above. Stock dilutions of all compounds were prepared fresh daily. 

Plates were statically incubated at 37 °C. Each day, for the duration of the time course, 

we recorded the MIC (lowest antibiotic concentration where no bacterial growth was 

detectable), then from the well of highest concentration where cell growth was detectable 

(which we refer to as half-MIC) some of the bacterial culture was taken to be diluted 

5000-fold in fresh Lysogeny broth and used as the inoculum for the next day’s MIC with 

same serial dilution range in the appropriate antibiotics (cilagicin, dodecacilagicin, or 

amphomycin) following the same MIC assay protocol. This process was repeated daily 

for 10 days. For amphomycin, LB medium was supplemented with 100 μg/mL 

CaCl2·2H2O. Experiments were performed three independent times (n=3). 
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CHAPTER 6. APPENDIX 

 

6.1 Appendix Figures for Chapter 2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix Figure 6.1. NMR spectra for paenilagicin. 1H and 13C NMR taken in 

DMSO-d6 at 600Hz 

1H NMR (DMSO-d6) 600MHz 

13C NMR (DMSO-d6) 600MHz 
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Appendix Figure 6.2. NMR spectra for bacilagicin. 1H and 13C NMR taken in DMSO-

d6 at 600Hz 
 
 
 



 44 

 
 
 

Appendix Figure 6.3. NMR spectra for virgilagicin. 1H and 13C NMR taken in DMSO-

d6 at 600Hz 
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Appendix Figure 6.4. HRMS analysis of paenilagicin. HPLC chromatogram (top) and 

High-resolution mass spectra (bottom). 

 
 

Appendix Figure 6.5. HRMS analysis of bacilagicin. HPLC chromatogram (top) and 

High-resolution mass spectra (bottom). 
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Appendix Figure 6.6. HRMS analysis of virgilagicin. HPLC chromatogram (top) and 

High-resolution mass spectra (bottom). 

 

 

 

 

 

 

 

 

 

 

 

Molecules Chemical Formula 
Theoretical 

[M+H]+ 

Observed 

[M+H]+ 

Error 

(ppm) 

Paenilagicin C65H99N13O19 1366.7258 1366.7176 1.7 

Bacilagicin C69H104N16O23 1525.7538 1525.7466 2.2 

Virgilagicin C65H106N18O19 1443.7960 1443.7923 1.5 

 

*All HRMS data were collected in positive ionization mode with a mass range from m/z 

200 to 2500. 

 

Appendix Figure 6.7: High-resolution mass spectrometry* data for natural cilagicin 

analogs 
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  Name of Cell Type Strain Media 

Culture 

Condition 

Bacterial 

Species 

Staphylococcus 

aureus  

USA300 LB 37 °C, aerobic 

  Enterococcus 

faecium  

AR807 LB 37 °C, aerobic 

  Enterococcus 

faecalis  

AR785 LB 37 °C, aerobic 

  Streptococcus 

agalactiae  

Acinetobacter 

baumannii 

BAA2675 

 

ATCC17978 

LB 

 

LB 

37 °C, aerobic 

 

37 °C, aerobic 

  Escherichia coli  ATCC25922 LB 37 °C, aerobic 

  Clostridium difficile  HM746 LMB 37 °C, 5% H2, 5% 

CO2, 90% N2 

Human 

Cells 

Human Kidney 

Cells 

HEK293 DMEM, 10% 

Fetal Bovine 

Serum, L-

Glutamine, 

Penicillin/ 

Streptavidin 

37 °C, 5% CO2 

 

*LBM media was a brain heart infusion media derivate which supplemented with 5 

ug/mL hemin, 1 mg/mL maltose, 1 mg/mL cellobiose and 500 ug/mL L-cysteine. 

 

Appendix Figure 6.8: All species experimental culture conditions. Bacterial strains, 

human cell lines and corresponding culture conditions 
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6.2 Appendix Figures for Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 6.9. NMR spectra for dodecacilagicin. 1H and 13C NMR taken in 

DMSO-d6 at 600Hz 
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Appendix Figure 6.10. HRMS analysis of dodecacilagicin. HPLC chromatogram (top) 

and High-resolution mass spectra (bottom). 

  

Dodecacilagicin 

[M+H]+ 

[M+2H]2+ 
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Appendix Figure 6.11. Structures and number assignments of synthesized cilagicin 

variants 
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Molecules 
Chemical 

Formula 

Calculated 

(M+H) 

Observed 

(M+H) 

Error 

(ppm) 

Purity 

(%) 

Made 

by 

1 C68H103N15O21 1466.7531 1466.7422 5.3 95 AR 

2 C67H85N15O21 1436.6122 1436.6047 3.7 98 AB 

3 C74H91N15O21 1526.6592 1526.6552 3.4 98 AB 

4 C66H91N15O21 1430.6592 1430.6557 4.0 >99 AB 

5 C64H85N15O21 1400.6123 1400.611 0.7 89‡ AB 

6 C70H88N16O21 1489.6388 1489.6347 3.2 97 AB 

7 C65H83N15O21 1410.5966 1410.5925 1.8 99 AB 

8 C64H85N15O21 1400.6123 1400.6067 2.4 >99 AB 

9 C66H90N16O21 1443.6545 1443.6521 1.5 >99 AB 

10 C63H83N15O23 1418.5864 1418.5817 1.2 99 AB 

11 C64H85N15O21 1400.6123 1400.6074 1.9 99 AB 

12 C68H87N15O21 1450.6279 1450.6231 2.1 95 AB 

13 C68H87N15O21 1450.6279 1450.6253 3.7 >99 AB 

14 C71H93N15O21 1492.6749 1492.676 4.0 97 AB 

15 C74H99N15O21 1534.7218 1534.7173 1.8 >99 AB 

16 C60H87N15O21 1354.6279 1354.6227 2.0 >99 AB 

17 C62H91N15O21 1382.6592 1382.6518 1.3 >99 AB 

18 C62H92N16O21 1397.6701 1397.6595 7.5 93‡ AB 

19 C64H95N15O21 1410.6905 1410.6826 5.2 97 AB 

20 C64H95N15O21 1410.6905 1410.6818 5.8 96 AB 

21 C66H99N15O21 1438.7218 1438.7145 3.8 >99 AB 

22 C70H107N15O21 1494.7844 1494.7802 0.1 >99 AB 

23 C72H111N15O21 1522.8157 1522.807 2.0 99 AB 

24 C63H93N15O21 1396.6749 1396.6645 3.9 99 AB 

25 C64H91N15O21 1406.6592 1406.6545 3.2 >99 AB 

26 C65H97N15O21 1424.7062 1424.7026 1.8 >99 AB 

27 C65H95N15O21 1422.6905 1422.6892 0.6 99 AB 

28 C66H97N15O21 1436.7062 1436.7006 0.4 98 AB 

29 C67H101N15O21 1452.7375 1452.7322 1.5 99 AB 

30 C69H105N15O21 1480.7688 1480.7676 5.1 >99 AB 

31 C70H107N15O21 1494.7844 1494.7772 1.9 >99 AB 

32 C62H99N15O21 1390.7218 1390.7173 1.9 99 AR 

33 C67H100N14O21 1437.7266 1437.7179 1.5 98 AR 

34 C66H99N15O21 1438.7218 1438.7169 2.2 >99 AR 

35 C62H99N15O20 1374.7269 1374.7216 1.2 >99 AR 

36 C67H103N15O19 1422.7633 1422.7565 2.5 >99 AR 

37 C67H102N14O20 1423.7473 1423.7397 0.2 99 AR 

38 C67H103N15O19 1422.7633 1422.7633 2.3 96 AR 
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39 C67H100N14O21 1437.7266 1437.7195 0.3 95 AR 

40 C68H103N15O20 1450.7582 1450.7485 1.0 >99 AR 

41 C64H101N15O23 1448.7273 1448.7239 2.7 97 KS 

42 C69H102N14O23 1495.7321 1495.7199 6.8 >99 KS 

43 C68H101N15O23 1496.7273 1496.7167 2.2 96 KS 

44 C64H101N15O22 1432.7324 1432.7243 4.0 95 KS 

45 C71H107N15O23 1538.7742 1538.7688 0.8 96 KS 

46 C69H105N15O21 1480.7688 1480.7663 4.3 99 KS 

47 C69H104N14O22 1481.7528 1481.7519 1.3 96 KS 

48 C71H107N15O23 1538.7742 1538.7702 0.1 96 KS 

49 C69H105N15O21 1480.7688 1480.7668 4.6 97 KS 

50 C69H102N14O23 1495.7321 1495.7263 2.5 >99 KS 

51 C70H105N15O22 1508.7637 1508.7655 3.6 >99 KS 

52 C69H105N15O21 1480.7688 1480.7701 6.8 99 AR 

53 C69H105N15O21 1480.7688 1480.7635 2.4 99 KS 

54 C69H105N15O21 1480.7688 1480.7619 1.3 96 AR 

55 C69H105N15O21 1480.7688 1480.7642 2.8 99 KS 

56 C69H105N15O21 1480.7688 1480.7606 0.4 97 AR 

57 C69H105N15O21 1480.7688 1480.76 0.0 99 KS 

58 C69H105N15O21 1480.7688 1480.7586 0.9 98 KS 

59 C69H105N15O21 1480.7688 1480.7602 0.1 98 AR 

60 C69H105N15O21 1480.7688 1480.7646 3.1 99 KS 

61 C69H105N15O21 1480.7688 1480.7618 1.2 99 KS 

62 C69H105N15O21 1480.7688 1480.7656 3.8 99 KS 

63 C69H105N15O21 1480.7688 1480.7586 0.9 97 AR 

64 C68H103N15O21 1466.7531 1466.7437 4.3 99 KS 

65 C68H103N15O21 1466.7531 1466.7439 4.2 96 KS 

66 C68H103N15O21 1466.7531 1466.7439 4.2 94‡ KS 

67 C68H103N15O21 1466.7531 1466.7437 4.3 >99 KS 

68 C66H97N13O21 1408.7000 1408.6955 3.2 >99 AR 

69 C65H96N14O21 1409.6953 1409.692 1.4 >99 KS 

70 C64H92N14O21 1393.6640 1393.6526 5.3 98 KS 

71 C60H95N15O20 1346.6956 1346.6922 1.6 98 KS 

72 C59H91N15O20 1330.6643 1330.6592 0.6 >99 KS 

73 C67H101N15O21 1452.7374 1452.7301 0.1 >99 KS 

74 C66H97N15O21 1436.7062 1436.6987 0.9 >99 KS 

75 C67H101N15O21 1452.7374 1452.7277 1.6 >99 KS 

76 C66H97N15O21 1436.7062 1436.7046 3.2 97 KS 

77 C61H96N14O20 1345.7004 1345.6929 5.3 >99 KS 

78 C59H92N14O20 1317.6691 1317.6593 0.5 98 KS 
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79 C58H88N14O20 1301.6378 1301.6256 3.4 97 KS 

80 C70H107N15O21 1494.7844 1494.7784 1.1 >99 KS 

81 C68H103N15O21 1466.7531 1466.7461 2.7 99 KS 

82 C67H99N15O21 1450.7218 1450.7181 1.3 85‡ KS 

83 C64H103N15O20 1402.7582 1402.7528 2.0 >99 KS 

84 C62H99N15O20 1374.7269 1374.7203 0.2 99 KS 

85 C61H95N15O20 1358.6956 1358.6918 1.3 94‡ KS 

86 C62H98N14O20 1359.7160 1359.7102 0.1 >99 KS 

87 C60H94N14O20 1331.6847 1331.6749 3.8 99 KS 

88 C59H90N14O20 1315.6534 1315.6456 3.3 >99 KS 

89 C63H100N14O20 1373.7317 1373.7186 8.3 98 KS 

90 C61H96N14O20 1345.7004 1345.6848 11.3 96 KS 

91 C60H92N14O20 1329.6691 1329.6627 2.0 69‡ KS 

 

*All HRMS data were collected in positive ionization mode with a mass range from m/z 

200 to 2500. 
‡Compounds with <95% purity were inactive. 

 

Appendix Figure 6.12. High-resolution mass spectrometry* data for all synthetic 

cilagicin variants. UPLC determined peptide purity included. Individual responsible for 

synthesis noted [AR = Adam Rosenzweig, AB = Abir Bhattacharjee, KS = Kaylyn 

Spotton] 
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