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Abstract 

Image-Based Screening in V. cholerae: Platform Development, Image Analysis, 

and Small Molecule Biofilm Modulators 

by Kelly Corbus Peach 

 This dissertation describes the development and application of a high-throughput, 

image-based screening platform for the discovery of small molecules with activity 

against V. cholerae. Like many bacterial species, V. cholerae is capable of forming 

three-dimensional biofilms. Biofilm-mediated infections are prevalent in the clinic, 

and bacteria in the biofilm state are 10-10,000 fold less susceptible to antibiotic 

treatment than bacteria in the planktonic state. Despite the pervasiveness of these 

diseases there are no existing therapeutics for combatting these infections, nor is there 

a complete understanding of the molecular mechanisms that control biofilm 

formation. In order to address this problem, a wide range of techniques were utilized 

including high-throughput screening (UCSC Chemical Screening Center), image 

analysis tools, and structure elucidation methods. 

 Chapter 1 provides a history of bacterial biofilms, the role of biofilms in human 

disease, and the existing small molecules with reported biofilm inhibitory activity. 

The second chapter describes the development of an image-based, 384-well format 

platform for investigating the effects of small molecules upon a biofilm forming 

strain of V. cholerae. The chapter closes with the validation of this assay through the 

screening of a 5,080 member commercial library. Chapter 3 reports the results from a 

large scale screening campaign investigating both commercial and marine natural 



 xv 

product (NP) libraries. The final half of the chapter details the development of two 

secondary screening platforms designed for the evaluation of small scale quantities of 

compound, allowing for characterization of pure natural products produced in low 

titer beyond the primary screening stage. Chapter 4 describes the discovery, isolation, 

structure elucidation, and biological characterization of a novel biofilm inhibitor. This 

compound, previously reported as the chromophore of auromomycin, displays a 

unique biofilm inhibitory phenotype indicating that the mechanism through which 

this molecule disrupts biofilm formation is unique compared to the previous 

compounds discovered using this screening platform. 

 The final chapter departs from the subject of biofilm inhibition, and concentrates 

on the effects of a known antibacterial training set and our natural product extract 

libraries on V. cholerae morphology. The development of a novel image analysis 

platform allowed for the quantification of cellular morphologies caused by compound 

treatment. The results from screening a dilution series of a set of known antibiotics 

indicated that the compounds can be binned based on their broad modes of action. 

This is the first example of a high-content bacterial screen, and has allowed for the 

mechanism-based profiling of NP extracts with unknown chemical constitution. 
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1.1. Introduction to Bacterial Biofilms 

1.1.1. Definition 

 Bacterial biofilms are assemblages of sessile cells both adherent to each other and 

encased in an extracellular matrix composed of natively excreted exopolysaccharides 

(EPS), extracellular DNA, and proteins.  These microcolonies form at liquid 

interfaces (shared with either a solid surface or air), and as revealed using confocal 

scanning laser microscopy (CSLM) and nuclear magnetic resonance (NMR) imaging, 

these organized bacterial aggregates are separated and permeated by open water 

channels.1 Thus, bacterial biofilms are currently recognized as structurally complex 

architectures of cells. 

1.1.2. History  

 For 15 decades, since Louis Pasteur and Robert Koch established the field of 

microbiology, the planktonic growth stage has been the focal point for the study of 

bacteria. It was not until the 1930s that independent observations documented by 

Henrici and Zobell recognized the tendency of bacteria to adhere to solid surfaces, 

abandoning their free-floating state for an alternative, sessile growth state.2,3 The field 

of microbiology would wait an additional 40 years until the studies by Costerton et al. 

would bring this alternative bacterial growth state, coined ‘biofilms’ to the attention 

of the wider scientific community.4 

 The biofilm growth state was originally believed to be a consistent distribution of 

uniform cells embedded in a homogenous exopolysaccharide matrix.5 This is an 

extreme simplification of what is now known about bacterial communities in the 
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biofilm state.  The development of technology capable of investigating and imaging 

living biofilms without dehydration6 uncovered that these 3-dimensional structures 

were composed of many microenvironments differing with respect to osmolarity, pH, 

oxygen supply, nutritional supply, and cell density.7  Thus, biofilms behave more as 

multicellular organisms capable of highly specialized tasks where cells in different 

locations of the structure exhibit distinct gene expression patterns.8  

 Not only are fully developed biofilms functional heterogeneous communities, but 

their development is equally dynamic. Sauer et al. conducted the seminal study that 

outlines the five different developmental stages of a biofilms using Pseudomonas 

aeruginosa.9 The first stage is reversible attachment, where planktonic bacteria find 

their way to a solid surface. The second stage occurs when this attachment becomes 

irreversible, the bacteria lose their motile ability and begin to create a monolayer of 

cells on the colonized surface. The next two stages involve the production of the 

exopolysaccharide matrix and maturation of the 3-dimensional architectures.  The 

final stage of development is the dispersal of cells embedded in the matrix; these cells 

transition back into the motile planktonic state, allowing for colonization of new 

surfaces with better access to nutrients for new community establishment. Each 

developmental state described experiences both a unique protein expression profile 

and observed morphology indicating that at each stage the bacteria are 

physiologically distinct. Additionally, the physiological makeup of a mature biofilm 

is stated to contain some degree of cells in each of these developmental stages. To 

demonstrate the full scope of the complexity of bacterial biofilms it’s important to 
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acknowledge that bacteria rarely exist as pure culture biofilms, but are frequently 

encountered as mixed-species biofilms.10,11   

 The existence of the biofilm state is clearly advantageous from an evolutionary 

perspective.  Protection from the threats of a primitive earth (extreme temperatures, 

pH, and exposure to UV light) via a protective homeostatic environment is clearly 

superior to the free-floating state of planktonic bacteria.12 This postulation 

complements an estimate that today less than 0.1% of bacteria in natural 

environments (rivers, streams, or marine environments) are present in the planktonic 

state, leaving 99.9% of bacteria occupying these matrix-enclosed communities.1,13 

Furthermore, although clinical reports have been slow to acknowledge the prevalence 

of bacterial biofilm infections, it is now recognized by the Center for Disease Control 

and Prevention (CDC) and the NIH that 65% to 80% of all human bacterial infections 

are biofilm mediated.14,15 

 Considering the predominance of biofilms in both medical and natural arenas why 

has the study of biofilms only come into maturation in the past 15 years?   First, the 

established swabbing and subsequent plating of bacterial aggregates (such as those 

detached from a biofilm) for estimation of colony-forming units (CFU), the primary 

microbiology technique used to evaluate bacterial density, only yields a single colony 

from an aggregate of many bacteria, whereas each cell from free-floating, planktonic 

bacteria develops into an individual colony.  Thus, the number of bacteria determined 

to be in a biofilm state has been considerably underestimated.  Second, many biofilm 

bacteria aren’t capable of being grown as pure cultures, but must be cultivated in 
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mixed-species biofilm communities.1 Finally, biofilm development requires very 

particular culture conditions and these protocols aren’t in line with the homogenous 

batch-culture techniques currently used for culturing bacteria in both clinical and 

academic laboratory settings.11 The cumulative result of these circumstances is that 

bacteria in the biofilm state have been grossly underestimated in the course of the 

development of the field of microbiology, but as more appropriate technology has 

developed and more attention has been raised to these sessile bacterial communities 

the field of bacterial biofilms is beginning to shift the existing paradigm of 

microbiology to account for this growth state.16 

1.2. Clinical Relevance of Bacterial Biofilms  

 In 1683, long before the first recorded observation of bacterial biofilms in a 

natural environment, Anton van Leeuwenhoek observed the first medical biofilm.  He 

took scrapings from his own teeth and under his microscope he observed bacteria, 

which at the time he termed ‘animalcules’, embedded in his plaque.  It would be 

many centuries before periodontitis would be characterized as a biofilm infection, but 

it is clear that biofilm mediated infections have long plagued the human race.  To give 

you an idea of the clinical scale of this problem, up to 17 million new biofilm 

infections occur each year in the United States, and up to 550,000 people die each 

year with or from these infections.17   

1.2.1. Human Infections Involving Biofilms 

 It is well accepted that planktonic bacteria mediate acute infections, such as 

septicemia.  However, chronic bacterial infections are predominantly biofilm 
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mediated.17,18 The presence of biofilms has been observed on virtually every human 

tissue, but in many cases the simultaneous presence of biofilm structures and the 

disease is all that has been done to link the two. Studies in the past 30 years have 

begun to mechanistically link the relationship between pathogenicity and biofilm 

formation in a number of diseases. The following section will outline a few of these 

diseases and illustrate why biofilms are so successful at colonization. 

 Native valve endocarditis is a condition caused by the relationship between 

damaged vascular endothelium of the heart and bacterial biofilms.  When 

endothelium in the heart is damaged there is a buildup of platelets and fibrin; bacteria 

recognize and colonize the injured tissue, creating layers of dead tissue and biofilms 

that develops into a vegetation (abnormal growth in the body). Bacterial aggregates 

can then break free from the growth and cause an embolism, or the sessile bacteria 

can penetrate the connective tissue of the heart to cause additional harm to this 

essential organ.  The colonization of this vascular tissue is facilitated by both bacterial 

adhesins on the cell surface that can attach to receptors of mammalian cells and the 

presence of damaged tissue.19,20   

 Otitis media (OM) and chronic bacterial prostatitis are two biofilm-mediated 

diseases that affect healthy tissue.  Otitis media, commonly referred to as an ear 

infection, involves a buildup of viscous liquid in the middle ear and can be caused by 

a number of different bacterial species.  In children these infections can become 

chronic, which requires surgery to implant a tympanostomy tube.  A noninvasive in 

vivo technique recently developed by Nguyen et al. has shown that all the clinically 
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infected OM patients examined showed evidence of biofilm formation in their middle 

ear.21  Chronic bacterial prostatitis is an infection of the prostate gland caused by 

bacteria that have ascended the urethra or by reflux of infected urine. Some tissues, 

such as the mucosal, vaginal, and gastrointestinal surfaces, foster commensal fungi 

and bacteria that protect these surfaces from foreign infections.22 Both the middle ear 

and the prostate lack these commensal bacteria, which may make them more 

susceptible to biofilm infections. 

 Periodontitis refers to infections of the supporting tissues of the teeth, such as 

gingivitis, and begins with the formation of biofilms on the surfaces of your teeth that 

develop into a thick plaque. Periodontitis is a particularly fascinating family of 

diseases because it is one of the first diseases to be acknowledged as being biofilm 

mediated and its defining characteristic is its polymicrobic or mixed-species 

composition.  There are at least 14 different species of bacteria identified as 

participating in these infections; many of whose interactions are symbiotic in 

nature.23,24   

 The final disease that is of particular significance with respect to biofilm 

formation is cystic fibrosis.  This disease is a genetic disorder with a characteristic 

mutation to the genes responsible for the cystic fibrosis transmembrane conductance 

regulator protein (CFTR).  This results in a thickening of the mucus lining the lungs 

and airways, providing the opportunity for P. aeruginosa and other bacteria to 

colonize and produce thick biofilms that impair lung function and eventually result in 
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death. This biofilm-mediated lung infection is the most common cause of death 

(about 80%) in cystic fibrosis patients.25  

1.2.2. Biofilm Colonization of Indwelling Medical Devices 

 Biofilms have a strong affinity for colonizing abiotic surfaces.  This is a 

significant problem for medial devices.  Devices susceptible to biofilm mediated 

infections include: central venous catheters (CVC), mechanical heart valves, 

pacemakers, prosthetic joints, tympanostomy tubes, urinary catheters, intrauterine 

devices, and endotracheal tubes.25,26 There are a number of common mechanisms of 

exposure responsible for bacterial colonization of indwelling medical devices.  Many 

of these infections originate from the patient's skin microflora or from the external 

microflora of the health-care personnel involved in the installation of these devices 

(such as CVCs or urinary catheters). Two more culprits for the introduction of 

bacteria are previously contaminated equipment or the contamination of the fluids 

being infused by means of the catheter.26 In some cases, such as prosthetic heart 

valves, initial contamination can occur at the surgical site during the procedure. Since 

biofilm infections are rarely resolved with the use of antibiotics, it is common for the 

device to be removed. Device extraction frequently requires an additional surgery, 

which in turn extends hospital stays and increases treatment costs.   

 Catheters are particularly relevant to this discussion because of the ubiquity of 

catheter infections. Biofilm mediated infection of urinary catheters can quickly result 

in the establishment of urinary tract infections (UTIs). It has been found that 10 to 

50% of patients with short-term catheterization develop UTIs, and virtually all 
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patients with catheters for greater than 28 days suffer infection. To put this in a 

numerical perspective: the number of catheter associated UTI cases reported in 2009 

was about 449,000, and about 92,000 bloodstream infections were reported due to 

central venous catheter infections.27  These biofilm mediated catheter infections 

account for as many as 10,000 deaths a year and more than $11 billion in increased 

annual hospital costs.28 

1.3. Biofilm Resistance  

 Perhaps the most disturbing characteristic of bacteria established in a biofilm state 

is their inherent lack of susceptibility to both antibiotics and host immune response. 

This characteristic results in chronic infections that can last for years and significantly 

impact patient quality of life. In the following sections the mechanisms through 

which biofilms evade these defenses will be discussed.  

1.3.1. Host Resistance 

  The nature of bacteria in the biofilm mode of growth provides a number of 

strategies that allow these bacterial aggregates to evade host defenses. Biofilm 

infections are rarely eradicated by host defense mechanisms even in healthy 

individuals with excellent immune responses.29 As mentioned above, in many cases 

infections of implant devices persist to the point of requiring surgical removal for 

complete clearance.8   

 There are a number of ways that biofilms accomplish this immunoevasion. First, 

the size the bacterial aggregates hinders the efficiency of ingestion by phagocytes.  It 

has been observed that the nature of the extracellular matrix impairs the ability of 



 11 

leukocytes to access and destroy the embedded bacterial cells.30 Perhaps more 

detrimental than their ability to resist clearance by phagocytes, is the initiation of 

local immune responses that damage the mammalian tissue surrounding the sessile 

bacteria. Upon initial colonization bacterial biofilms release antigens that stimulate 

the production of antibodies and cytokines. This response results in immune-complex 

deposits and phagocytic enzymes that attack tissue, and leave the biofilms unharmed.8   

1.3.2. Antimicrobial Resistance 

 Bacteria in the biofilm state have been shown to be 10-1,000 fold less susceptible 

to antibiotic treatment than in the planktonic growth state.31 Biofilm antibiotic 

resistance was originally accounted for by a lack of antibiotic penetration into the 

extracellular matrix, but it has become clear that is just the beginning of the defenses 

available to these sessile communities.   

 Extracellular proteins in the biofilm matrix have been shown to display enzymatic 

characteristics that deactivate antimicrobial agents.  For example, an ampicillin 

resistant strain of Klebsiella pneumoniae has been shown to produce an extracellular 

β-lactamase located in the biofilm matrix that degrades ampicillin before it can 

penetrate the biofilm.32 Charged molecules embedded in the extracellular matrix can 

also result in the sorption of antibiotics or surfactants to the surface of the biofilm, 

disrupting their ability to penetrate beyond the surface of the microcolony.33  

 As mentioned above, bacteria in biofilms are in a unique biochemical state 

compared to planktonic bacteria. One manifestation of this is that sessile bacteria 

have low metabolic activity, which results in a decreased rate of replication. These 
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rates mirror the replication rates of planktonic bacteria once they reach the ‘stationary 

phase’ of growth. Most bactericidal antibiotics demand actively replicating bacteria in 

order to elicit cell death.34,35 Thus, the replication rates of bacteria in the biofilm state 

are too low for most antibiotics to be effective.   

 Small populations of cells in biofilms exist as ‘persister cells’.  These are cells 

that neither grow nor die in the presence of antibiotics; they are in a dormant state. 

Persister cells have been coined ‘specialized survivor cells’.  Thus, at antibiotic doses 

high enough to kill the majority of cells encased in a biofilm it is believed that these 

cells will remain and may be capable of repopulating the microcolony.36  

 Upregulation of efflux pumps and increased mutation frequency are additional 

resistance mechanisms employed by bacteria in the biofilm state. These are fairly 

common resistance mechanisms, but the heterogeneity of the biofilm community 

makes their rates particularly high. Proximity and the above mentioned variety of 

different physiological cell states results in enhanced efficiency of gene transfer in 

biofilms.37,38    

 The failure of biofilm clearance by either host defense or antibiotic treatment 

poses a serious challenge for the medical community. Considering the multitude of 

mechanisms that exist to evade antibiotics, development of more creative solutions 

for addressing this prevalent problem is clearly required. By investigating the ways 

that bacteria form biofilms it may be possible to design smarter treatments for 

combatting these infections.  
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1.4. ‘Biofilms in the Time of Cholera’ 

 In 2010 the World Health Organization (WHO) reported 317,534 cases of cholera 

worldwide, resulting in 7,543 deaths. This number is nearly double the number of 

cases and deaths reported in 2007.39 Thus, 2010 has been noted as the year cholera 

reemerged as a significant global health problem. In October 2010 cholera appeared 

in Haiti for the first time in history.  It is currently regarded as the largest epidemic in 

the past 2 decades, with 476,714 reported cases and 6,648 deaths just a year after its 

emergence.39   

 Cholera is a human intestinal disease caused by the bacterium Vibrio cholerae. 

The infection is typically transmitted through the ingestion of contaminated water or 

food. The serotypes O1 and O139 are the most clinically relevant because of their 

marked toxigenic nature, which is attributed to their ability to produce cholera toxin 

(CT).40   The infection is characterized by the sudden onset of watery diarrhea and 

vomiting.  Death due to severe dehydration can occur in the course of a day because 

patients with severe cholera can purge as much as 0.5-1 liter of fluid per hour.41  

 The most troublesome characteristic of pathogenic V. cholerae is its ability to 

survive in both an aquatic environment and in infected human beings, making it a 

particularly recalcitrant disease. The success of V. cholerae in both freshwater and 

marine environments has been linked to the ability of these cells to adhere to surfaces 

and develop into biofilms.42 This growth stage provides competitive advantage for the 

bacteria in the aquatic environment and acts as a reservoir for the disease between 

outbreaks.43 Bacteria in this protected biofilm state are noted as being ‘viable, but not 
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culturable’, yet animal challenge studies have shown that cells encased in these 

aggregates become the actively growing planktonic cells that are responsible for the 

acute bacterial infection experienced by patients.44 The stool from infected patients 

has even been shown to produce highly infective biofilm clumps; with infectivities 

12- to 145- fold more than their planktonic counterparts.45 This increased infectivity 

is believed to be responsible for the explosive transmission of cholera cases in local 

communities.  Thus, biofilms play an essential role in the severity of cholera 

infections, and the often seasonal recrudescence of the disease, particularly in 

countries with limited access to drinking water and poor sanitation practices. 

1.5. Small Molecule Biofilm Inhibition 

 In the previous sections biofilms have been shown to play a pivotal role in acute 

infectious disease, chronic infections, and complications of indwelling devices. Both 

the human and financial cost of biofilm-mediated infections is staggering. The 

discovery and development of compounds capable of either eradicating existing 

biofilms, or disrupting the initial establishment of biofilm communities, would have a 

remarkable impact upon the medical field. These compounds could be developed into 

coatings appropriate for catheters or prosthetics, saving billions of dollars in 

unnecessary hospital costs. The ability for a compound to act by causing a phenotype 

shift from the biofilm growth state to the planktonic growth state is particularly 

exciting because of the non-bactericidal nature of the drug action. It has been 

suggested that these types of compounds would significantly reduce the selective 
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pressure that causes the evolution of drug resistance in comparison to antibacterial 

agents.46   

1.5.1. Biologically Inspired Biofilm Inhibitor Compounds 

1.5.1.1. Quorum Sensing  

 Quorum-sensing (QS) refers to the ability of bacteria to control their gene 

expression based on population density via intercellular communication; small 

molecules termed autoinducers (AIs, Figure 1.1A) facilitate this communication.  

Autoinducers are split into three different classes: acyl homoserine lactones (AHLs, 

1.1-1.3), autoinducer-2 (AI-2, 1.4), and autoinducing peptides (AIPs, 1.5).46 

Characterization of these natively produced signaling molecules and the development 

of chemical analogues have contributed to the understanding of the pathways that 

control biofilm formation; typically, when the population density grows to a certain 

maximum in the biofilm state the production and response to native autoinducers 

results in biofilm dissolution. This area of research has inspired the most substantial 

efforts at developing anti-biofilm compounds. Figure 1.1 illustrates a number of the 

native QS compounds and some of the most active synthetic analogues. 
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Figure 1.1. Bacterial autoinducers and inhibitors. (A) Examples of native 
autoinducers from each of the three different structural classes: 1.1-1.3 are AHLs47, 
1.4 is an AI-248, and 1.5 is an AIP49. (B) Examples of synthetic biofilm inhibitors 
inspired by autoinducers: 1.647 and 1.750 are AHL-inspired with listed IC50 values 
against P. aeruginosa, whereas 1.8, an adenosine analogue shown to block AI-2-

based QS, had inhibitory affects against both Vibrio anguillarum and Vibrio 
vulnificus.51 

1.5.1.2. Cyclic-di-GMP  

 The small molecule cyclic diguanosine monophosphate (c-di-GMP, 1.9) has 

recently been recognized as a universal intracellular signal molecule that is used by 

bacteria to control a wide variety of cellular processes, including the regulation of 

biofilm formation.52 Diguanylate cyclases (DGCs) and phosphodiesterases (PDEs) 

are the two classes of enzymes that control intracellular c-di-GMP concentration. 

DGCs are responsible for the production of c-di-GMP and PDEs are responsible for 

the degradation of these compounds. These enzymes are scattered throughout 

bacterial cells, allowing them to control c-di-GMP levels locally within different 

regions of the cell.52 Although research in this area is in its infancy, the potential to 
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control biofilm formation by modulating this system is very intriguing and screening 

for molecules that inhibit DGCs has already shown to yield compounds with biofilm 

modulating potential (Figure 1.2).53,54     

 

Figure 1.2. Structure of c-di-GMP (1.9), and sulfathiazole (1.10) a compound found 
to inhibit c-di-GMP production and biofilm formation in Escherichia coli with an 

IC50 of 5.8 µM.54 

1.5.1.3. Two Component Signal Transduction Systems  

 Two component signal transduction systems (TCS) and indole signaling pathways 

are also regulated by means of small molecules.  Research elucidating the exact 

mechanisms that dictate these pathways is still ongoing.  However, synthesis of 

indole libraries and compounds with TCS enzyme activity is well under way, and has 

already shown some intriguing results with respect to biofilm modulation.55  These 

compounds will surely be valuable as chemical probes, and may play an instrumental 

role in the understanding of these pathways.46  

 The four systems described above represent the most well defined bacterial 

pathways that participate in the transition from the planktonic state to the biofilm 

state, and back again. Thus, these are clearly good places to look for compounds that 

may effect biofilm development. However, pathway-independent campaigns to 
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identify native small molecules that modulate host biofilm formation have proved to 

be a successful strategy as well.  Davies et al. determined that the fatty acid signaling 

molecule cis-2-decenoic acid, produced by P. aeruginosa, was able to inhibit biofilm 

development exogenously at 2.5 nM.56 It has also been shown that the D-amino acids 

produced by bacteria in the stationary phase are active against pellicle formation in 

Bacillus subtilis, Staphylococcus aureus, and P. aeruginosa. In B. subtilis D-tyrosine 

was found to disrupt biofilm formation at concentrations as low as 3 µM.57  

1.5.2. Natural Product Biofilm Inhibitors and Synthetic Analogues 

 Although there is a growing body of literature surrounding medicinal chemistry 

development of a number of biofilm inhibitor scaffolds, the number of published anti-

biofilm compounds with non-microcidal mechanisms is quite low. This lack of 

structures can be attributed to a number of different factors. First, as illustrated above, 

biofilm research is still an emerging field; most academic energy has been spent 

elucidating cellular pathways. Second, both the number of organisms amenable to 

screening and assay throughput limit drug discovery campaigns. And finally, it has 

proved difficult to distinguish biofilm inhibitor compounds from antibiotics with 

biofilm disrupting characteristics. Although these compounds may have therapeutic 

potential, the concerns surrounding the quick development of drug resistance make 

these less desirable leads.  

 There are very few reported terrestrial natural products with reported anti-biofilm 

activities. Figure 1.3A shows the most potent known terrestrial natural products that 

do not affect bacterial growth. Ellalic acid (1.11) was isolated from Rubus ulmifolius, 
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and was shown to have an IC50 of 50 µM against S. aureus and an IC90 of 800 µM 

against biofilm formation, and no impact upon bacterial growth at the highest 

concentration tested (2000 µM).58 A number of citrus flavonoids were tested and 

shown to display dose dependent inhibition of biofilm formation in both E. coli 

O157:H7 and Vibrio harveyi BB120, with naringenin (1.12) and quercetin (1.13) 

being the most active.59 The isoflavonoid derivative phloretin (1.14) found in apples 

also showed activity against E. coli 0157:H7 biofilms, but has no activity against E. 

coli K-12 biofilms.60 This is particularly fascinating because E. coli K-12 is a human 

commensal organism found in the lower intestine, whereas E. coli 0157:H7 is the 

strain responsible for food borne illness. From a therapeutic perspective this is 

extremely exciting; development of a non-microbicidal compound with strain 

selectivity would allow patients to treat infections without disrupting their commensal 

flora.60  
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Figure 1.3. Natural products with anti-biofilm activity. (A) Terrestrial natural 
products, (B) Marine natural products and their synthetic analogues 

 Large libraries of halogenated furanones derived from natural products native to 

the marine red algae Delisea pulchra have been produced due to their fascinating 
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activity against bacterial QS pathways and their biofilm modulating properties.46 The 

natural furanone (1.15) has shown inhibition of both swarming and biofilm formation 

in E. coli, and although it does not affect the growth rate of the planktonic bacteria, it 

does increase the number of dead cells within the biofilm.  In fact, the mechanism of 

death is predicted to be due to the compound compressing the biofilm and thus 

resulting in a collapse of the water channels that are essential for nutrient 

transportation.61 Synthetic furanone 1.16 has received attention because of its ability 

to modulate biofilms in the clinically relevant P. aeruginosa and oral Streptococcus 

spp. at sub-bactericidal concentrations.62 In terms of therapeutic development, these 

compounds still struggle with toxicity, carcinogenic properties, and aqueous 

instability, and more work will be required before these become a clinical option.46  

   Reviews have hailed the stunning capacity of marine sponges to produce 

bioactive secondary metabolites since the 1970s.63,64 Although many of these 

chemicals have been found to possess antifouling and anti-biofilm activity, there are 

very few reported compounds that accomplish this without also killing or inhibiting 

the growth of the bacteria as well. Currently there are only two marine sponge 

metabolite classes capable of non-microbicidal biofilm inhibition; these are the 

terpenoids and the pyrrole-imidazole alkaloids.46  

 Of the terpenoids there are only five compounds have been shown to possess this 

selective activity: (-)-ageloxime-D (1.17), manoalide (1.18), secomanoalide (1.19), 

and both neomanoalide stereoisomers (1.20).65 The sponge Agelas nakamurai 

produces (-)-ageloxamine D (1.17) along with agelasine D and five additional 
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metabolites.66 Only 1.17 showed biofilm inhibition activity in Staphylococcus 

epidermidis, and was found to be inactive against planktonic bacteria growth 

inhibition at the highest concentration evaluated (45 µM).66   

 The four sesterterpenoids listed above were first isolated from the marine sponge 

Luffariella variabilis and were reported due to their Gram-positive antibacterial 

activity, however they were found to be inactive against E. coli, P. aeruginosa, and 

Candida albicans, all clinically relevant Gram-negative bacteria.67 A recent study 

investigated the QS inhibition activity of these compounds by reporting their response 

to the QS elements of both Vibrio fischeri and P. aeruginosa and found that each of 

them showed significant inhibition.68 Although this study doesn’t show definitive 

biofilm inhibitor activity, it does prove these compounds modulate the QS pathways, 

discussed above, which contribute to control of bacterial attachment and biofilm 

formation. Compounds, such as these, provide potential scaffolds for the further 

development of future biofilm modulators.46   

 The three most prominent pyrrole-imidazoles shown to inhibit bacterial 

attachment and the regulation of biofilm formation are oroidin (1.21), sceptrin (1.22), 

and bromoageliferin (1.23). Although sceptrin,69 oroidin,70 and bromoageliferin70 

have been reported to display antimicrobial properties, these studies have not been 

replicated in an assay evaluating a full spectrum of bacteria.  Additionally, the studies 

by Kelly et al. and Yamada et al., evaluating the effectiveness of these compounds as 

regulators of biofilm formation, do not address the potential for the compounds to 

also behave as bactericidal agents.71,72 Sceptrin was shown to lower bacterial 
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attachment to 3.0% at 4.8 mg mL-1 in V. harveyi.71 Bromoageliferin was shown to 

lower the growth of attaching bacterial at an IC50 of 1.7 µg cm-2, as estimated by the 

biofilm coverage of Rhodospirillum salexigens upon a ground-glass tip.72 Oroidin 

was tested in both assays, with an activity of 30.3% lowered attachment at 0.8 mg 

mL-1 in V. harveyi and an IC50 of 1.7 µg cm-2 against bacterial attachment in R. 

salexigens.71,72  

 The Melander group is particularly interested in the 2-aminoimidazole moiety, 

and has launched a significant synthetic campaign to investigate this purported 

phamacophore.73-76 TAGE (1.24) and CAGE (1.25) were two of the first derivatives 

synthesized by this group, and their activity was evaluated against the P. aeruginosa 

strains PAO1 and PA14. Both TAGE and CAGE were reported with an IC50 = 100 

µM against PAO1, and IC50s of 190 µM (TAGE) and 180 µM (CAGE) in PA14. The 

compound TAGE (1.24) was also found to possess the ability to disperse preformed 

biofilms, a particularly desirable trait for development of therapeutic agents capable 

of treating chronic biofilm-mediated infections, at an IC50 of 82 µM in PAO1 and 

IC50 of 114 µM in PA14.73 It is important to note that from the provided growth 

curves in the supplemental information these compounds were shown to not effect 

growth at the reported IC50 values, however, at 300 µM these compounds begin to 

effect growth and by 500 µM there are marked bactericidal results. The biofilm 

inhibition data shows that complete clearance of biofilms using TAGE (1.24) in PA14 

only appears at 400 µM, thus the ability of this compound to behave as biofilm 

inhibitors in a non-microbicial manner is somewhat controversial.  
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 Screening of oroidin (1.21) and the aliphatic derivative (1.26) displayed marked 

activity against P. aeruginosa strains PAO1 and PA14. Compound (1.26) was found 

to be significantly more potent (PAO1 IC50 = 2.84 µM, PA14 IC50 = 2.26 µM) than 

oroidin (PAO1 IC50 = 190 µM, PA14 IC50 = 166 µM), and growth curves were 

performed for both compounds at the listed IC50 values showing they had no effect 

upon the planktonic growth of both P. aeruginosa strains.74 Supplemental information 

failed to include growth curves at concentrations of inhibitor above the stated IC50 

value, thus it is difficult to evaluate the non-microbicial nature of this potent biofilm 

inhibitor. 

 The work by Melander et al. represents the majority of the medicinal chemistry 

efforts to generate synthetic biofilm inhibitor compounds for therapeutic use. It’s 

clear that improvements in screening technology and throughput will facilitate an 

increase in lead compounds, and hopefully the development of therapeutics for 

combatting the chronic infections illustrated above. 

1.6. Primary Application of Microbially-Derived Secondary Metabolites 

 Natural products comprise the most important source of anti-infective agents for 

clinical use. Over 60% of approved therapeutics are either natural products or 

structures derived from natural products.77 The number of antibacterial agents with 

natural product origins is even higher, at 76.5%. This is particularly fascinating 

because the major producers of these antimicrobial compounds are microorganisms.78 

Within this group 17% of all bioactive microbial metabolites originate from 

unicellular, prokaryotic bacteria (Bacillus, Pseudomonas, Myxo- and Cyanobacteria). 
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The eukaryotic fungi represent 38% of these metabolites. The final 45% of these 

bioactive natural products are produced by the filamentous actinomycetales species, 

with Streptomyces far out producing the others belonging to this group.78 

 Although there are a few examples of successful synthetic antibiotics, such as the 

quinolones and the fluoroquinones, the inspiration for their syntheses still originated 

from the natural product quinine, isolated from the bark of the cinchona tree.79 The 

structures in Figure 1.4 represent antibacterial agents that have had the most 

significant impact upon human health; these are the tetracyclines (1.27), 

cephalosporins (1.28), penicillins (1.29), aminoglycosides (ex. streptomycin 1.30), 

glycopeptides (ex. vancomycin 1.31), chloramphenicol (1.32), and the macrolides 

(1.33).80 These classes of compounds were all originally derived from 

microorganisms, and to give you an idea of their industrial success represented a 

$22.8 billion market in 2000.81 
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Figure 1.4. Examples and core structures for the key classes of microbiological 
antibiotics.    

 Looking at these complex natural chemical entities from an evolutionary 

perspective is particularly fascinating.  Genomics has enabled a better understanding 

of the biosynthetic gene clusters that encode the antibiotic building blocks. It is now 

believed that common selective pressures cause ‘phenotypic convergence’; where, in 

this case, phenotype refers to the production of a particular small molecule. This can 

be either a convergence upon a similar target; for example the tetracyclines, 

macrolides, and the aminoglycosides all target the ribosome.  We also observe 

convergence upon the same molecular scaffold, such as the carbapenems and the 

penicillins; each of these contain a β-lactam ring that targets the transpeptidase 
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enzyme. It is notable however, that the enzymes responsible for the construction of 

the characteristic ring structures differ.82,83  

 The mutability and flexibility of bacteria in the face of evolutionary pressures 

should not be underestimated.  For example, it’s well recognized that resistance to β-

lactam agents is mediated by β-lactamase enzymes. Thus, Streptomyces clavuligerus 

has evolved to produce the compound clavulanate in a gene cluster that is contiguous 

with the gene cluster responsible for the production of the cephalosporin cephamycin. 

Clavulante isn’t an antibiotic itself, but is instead an inhibitor of the cephalosporin 

resistant β-lactamases, thus evading the degradation of the native antibiotic.84 

 This discussion is intended to illustrate the significant genetic and evolutionary 

power of microorganisms to produce potent compounds for modulation of 

environmental neighbors, and acknowledge that there is still a clear need for novel 

antibiotics. However, there is a serious requirement for novel strategies and 

approaches to antibiotic discovery that step away from traditional ‘live/dead’ assays 

to avoid rediscovery of known compounds. Natural product discovery guided by an 

understanding of the cellular mechanisms of microbicidal secondary metabolites may 

usher in new compound scaffolds for future drug development. A platform developed 

for this purpose will be discussed in Chapter 5. 

1.7. Cell-to-Cell Communication and Avenues for Therapeutic Discovery 

 In 2005 there were about 22,500 antibiotics and similarly lethal microbial 

secondary metabolites reported to exist, and approximately 20,000 to 25,000 

additional microbially derived compounds stated to be ‘inactive’.78 Considering the 
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amount of evolutionary energy poured into the development of the antibacterial small 

molecules discussed above, and acknowledging the limited number of identified 

targets for either bactericidal or bacteriostatic action, it is difficult to believe that 

these ‘inactives’ don’t have some distinct, yet currently unknown, function in 

microorganisms. By stepping away from the lethal requirement that has defined 

bacterial drug discovery in the past it may be possible to uncover new compounds 

that are capable of lessening the pathogenic impact of bacterial infections in the body 

without the requirement of cell death. 

 The development of genetic technologies has made observations of non-lethal 

responses to compound treatment possible. Antibiotic screening platform outputs 

have traditionally been binary; either ‘active’ or ‘inactive’. The ability to collect 

snapshots of gene expression profiles, after compound treatment, has opened the door 

to viewing drug action from a more holistic perspective. Monitoring transcription 

levels has validated the phenomenon called hormesis, which refers to biological 

responses to environmental stresses that are biphasic dose-response relationships. 

Low doses of compounds may cause transcriptional stimulation, whereas high doses 

can cause the shutdown to transcription rates, ultimately resulting in death.85 

 A pertinent example of hormesis in bacteria is the enhancement of biofilm 

formation in response to sub-inhibitory doses of macrolide antibiotics.86,87 A study by 

Hoffman et al. showed that both E. coli and P. aeruginosa responded to low doses of 

tobramycin with increased biofilm formation, but as the concentrations of drug were 

increased cell death was observed.88 In this letter the induced biofilm formation was 



 29 

acknowledged as a preemptive defense strategy, however, growing accounts are 

beginning to recognize this response as an intermicrobial signaling system.87,89 As the 

study of bacteria has evolved from examining pure cultures in the laboratory to 

observing complex microbial communities in their native environments, such as soil 

samples, it has become clear that concentrations of free antibiotics in soil are very 

low. Perhaps, at low concentrations the compounds we call antibiotics are actually 

used to regulate homeostasis (through enhancing biofilm formation) and community 

responses to predatory protists (through production of toxic virulence factors).87 

These responses represent bacterial cooperation, rather than bacterial warfare, and are 

becoming more and more accepted in the scientific community. 

 These observations are not meant to overthrow the potential for antibiotics, at 

appropriately high concentration, to behave as artillery in interspecies warfare, but are 

rather intended to bring attention to the idea that small molecules may operate using a 

more intricate network of communication than previously understood. Early bacterial 

research seriously underestimated the complexity and functionality of productive 

interspecies bacterial communities, and it wasn’t until the characterization of biofilms 

that bacteria were understood to be capable of forming differentiated, multicellular 

organisms.90  

 Interspecies chemical communication in bacterial systems is a field still in its 

infancy, as indicated in the 2009 review by Straight and Kolter, but it is becoming 

clear that work in this field may revolutionize our approach to the treatment of 

infectious disease.91 The study of biofilms and quorum-sensing have certainly 
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ushered in this paradigm shift from ‘controlling by killing’ to controlling infection by 

combating virulence.  

 Virulence is defined as the ability of a microorganism to cause harm to its 

host.92,93 Virulence mechanisms include bacterial adhesion and biofilm formation, 

production of toxins (such as CT, the molecule responsible for irritating the bowels of 

cholera patients), immunosuppression, immunoevasion, and other means for 

promoting pathogenicity. Since these mechanisms aren’t considered essential for 

cellular survival and/or growth of the microorganism, but are essential to the high 

degree of pathogenicity experienced by the host, it is believed that the machinery that 

controls the expression of these factors represents an exciting new set of drug targets. 

Not only would therapeutics of this nature target the mechanisms most responsible for 

human harm, but they also have the potential to elicit less selective pressure on the 

bacteria, which it is hypothesized, would slow the development of drug resistance.94  

 A number of screening campaigns have been developed to discover leads for 

development of anti-virulence drugs.95-97 A common strategy has been to target 

quorum-sensing pathways because of the wealth of information already known about 

this subject. Miller et al. designed a pathway independent, whole-cell assay in V. 

cholerae that relies on the QS-dependent induction of bioluminescence.98 In this 

screen compounds were tested to see if they induced light production (a signal only 

initiated at high cell density, and associated with the dispersion of biofilms) at low 

cell density, indicating they can behave as QS receptor agonists.96 Figure 1.5 displays 

the most successful pro-quorum-sensing molecule (1.34) found using this platform. 
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The publication suggests this compound could serve as a prophylactic distributed to 

communities near cholera endemic areas to block the colonization of V. cholerae and 

allow time for the host immune system alone to eliminate the pathogen. 

 

Figure 1.5. Examples of anti-virulence compounds uncovered by means of a number 
of different screening campaigns. 1.3496 and virstatin97 are active against V. cholerae 

virulence factors, 1.3699 inhibits biofilm formation in S. aureus at 2.4 µM, and 
LED209 showns in vivo efficacy against virulence in both Salmonella typhimurium 

and Francisella tularensis.100 

 A screen by Hung et al. used an antibiotic resistance strain fused to the promoter 

of the gene responsible for the production of cholera toxin (CT) to uncover the 

compound virstatin (1.35) from a library of 50,000 small molecules.97 Virstatin’s 

activity was evaluated against two different V. cholerae strains, O395 and C6706, and 

the minimum inhibitory concentrations (MICs) for CT expression were found to be 3 

µM and 40 µM, respectively. Additionally, virstatin showed activity against the toxic 

coregulated pilus (TCP), which is coregulated with CT. TCP is believed to play a role 

in the early attachment phase of biofilm colonization, and in vivo mouse studies 

showed that indeed this compound was able to inhibit both colonization and infection 

in the host. Further studies confirmed that this compound retained its ability to 

decrease colonization even after the bacteria had been allowed to establish in a mouse 

model for 12 hours previous to treatment, indicating that it is a valuable dispersion 

agent as well. This is a great example of the success of an anti-virulence screening 
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campaign, and serves as an inspiring example of a non-microbicidal therapeutic 

capable of combating disease in vivo. 

 These whole-cell screening campaigns provide inspiration for development of 

screening strategies that target bacterial infections in a manner other than the 

‘live/dead’ platforms that have dictated the majority of the work to uncover anti-

infective compounds. I believe that by redefining the solution to fighting bacterial 

infections we may be able to overcome the antibiotic crisis and develop novel, more 

creative solutions to human bacterial infections.  
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Chapter 2 

Development of an Image-Based 384-Well High-Throughput Screening Platform for 

Investigation of Small Molecule Biofilm Modulators in V. cholerae 
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2.1.  Introduction  

2.1.1. Clinical Acknowledgement and Need 

 In light of the paramount impact of biofilms upon the medical community, the 

field appears stuck in the gap between the knowledge of these antibiotic resistant 

aggregates and the development of therapies for combatting this problem. Currently, 

a number of common techniques are used by lab technicians to detect and diagnose 

biofilm infections.1 Clinicians have utilized the ‘roll plate’ method, where a catheter 

is rolled back and forth onto an agar plate, to culture biofilm state bacteria that were 

otherwise invisible using traditional liquid dilution culture methods.2  

 Improvements in genetic technologies, specifically increases in throughput for 

these tools, have encouraged a transition away from liquid culture based bacterial 

evaluation to sequencing-based detection platforms. Improved detection of biofilm-

mediated infections has been shown clinically by vortexing and sonicating bacterial 

samples, followed by quantitative PCR.3-5 Cases of culture-negative orthopedic 

infections have motivated even more creative methods for detecting biofilms on 

tissue cultures. One particularly exciting case is the application of IBIS T5000 (a 

mass spectrometry-based identification of PCR products for strain identification) and 

FISH (fluorescent in situ hybridization, a technique the allows for three-dimensional 

visualization of bacteria on surfaces) to detect a previously unidentified chronic bone 

infection.6 

 It appears that the ubiquity of biofilms has finally engendered the paradigm shift 

predicted by Costerton (Chapter 1). However, despite developments in biofilm 
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detection there are still no novel methods for in vivo biofilm eradication. If biofilm 

mediated infections are diagnosed, the solution tends to be the prescription of extreme 

doses of antibiotics. In terms of medical coatings, there have been some 

developments involving embedded metal nanoparticles in gels that can be used to 

coat prosthetics; this work is still in the development stages.7 Embedding antibiotics 

have been utilized in these coatings, but efficacy problems due to bacterial resistance 

are still a serious concern.8 It is clear that novel small molecules capable of targeting 

biofilm formation would be extremely beneficial for use as either a deterrent to initial 

biofilm colonization of surfaces or as an oral therapeutic for treatment of preexisting 

biofilms. The following chapter will describe the development of a novel screening 

platform for the discovery of small molecules from large screening libraries capable 

of inhibiting biofilm formation in V. cholerae. 

2.1.2. Existing Biofilm Screening Methods 

 The early methods developed to evaluate biofilm formation were exclusively 

qualitative. The most common technique is called the ‘tube method’; executed by 

growing bacteria in liquid culture overnight in a test tube, removing the supernatant 

and staining the tubes with either crystal violet or safranin, rinsing the tubes and 

allowing them to dry before evaluating the biofilm formation by examining the 

amount of dyed film left on the glass.9-11 The degree of biofilm formation was scored 

from zero to three, zero representing no biofilms and three representing strong 

biofilm production.12 This technique was soon developed for use in 96-well microtiter 

plates with a slight modification that would elevate this technique to become the most 
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prevalent tool for evaluating biofilm formation today.13-17 This modification was a 

final wash step, releasing the bound dye from the adhered bacteria (with either 

ethanol or 33% acetic acid), coupled with optical density measurements at 570 nm 

allowing the degree of staining to be reported more accurately. Adding a step to 

release the dye transformed this from a qualitative assay (visual evaluation) to a 

quantitative assay that could be evaluated quickly using a plate reader, making this 

the first high-throughput, quantitative measure of biofilm formation.18  

 The 96-well crystal violet platform ushered in the development of many relevant 

microtiter plate (MTP) systems for modeling biofilms. These systems are ‘closed’, 

meaning no media flows in or out of the system during the experiment. Thus, as the 

experiment progresses the environment is constantly changing (the nutrients are 

depleted over time, intercellular signaling molecules are produced by the organism, 

etc.). These systems are typically straightforward and user friendly, cost-effective, 

and they offer the advantage of up to 96 different testing environments per screening 

session.19  

 The crystal violet MTP technique has a number of limitations in terms of 

reproducibility, dynamic range, and the amount of time required to prepare each 

plate.20 Thus, a number of commercially available alternatives have been developed. 

The ‘Calgary Biofilm Device’ was developed to evaluate the susceptibility of 

biofilms to antibiotic treatment.21 In this device 96 pegs are attached to the lid of a 

MTP and closing the lid immerses the pegs in culture. Biofilms are allowed to 

establish on the pegs, the cover is transferred to a MTP with media and an antibiotic, 
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and after this second incubation the pegs are evaluated for biofilm formation (either 

microscopically or by colony counts). Another commercially available MTP 

technique is the Biofilm Ring Test.22 This is a particularly creative design, where 

inert paramagnetic beads are added to the culture and after incubation a magnet is 

applied to each well, to attract all the free beads to the center of the well. The size of 

the bead mass is used to indicate the degree of biofilm formation; if there are no 

beads attracted to the center, then biofilms have completely overgrown and 

immobilized the beads, if all the beads have localized in the center of the well, then 

the organism wasn’t able to form biofilms.22 Although 384-well MTP assays have 

been developed, to date these require additional staining steps and specialized 

equipment or a screening specialist for preparation of the screening plates.23  

 One disadvantage of the above mentioned screening methods is that biofilm 

coverage is quantified using indirect metrics. While suitable for quantifying the 

number of adhered cells in the well plate chambers, these methods do not provide a 

true measure of biofilm disruption, as they do not quantify the architecture and 

structure of these complex heterogeneous biological assemblages. With the 

development of new technology in high-throughput fluorescence imaging, and more 

robust software for creating custom image analysis scripts, methods are emerging for 

the direct observation of phenotypic effects in biological systems, using high content 

screening (HCS) approaches.  

 In 2010 the first report describing the use of confocal scanning laser microscopy 

for the quantification of biofilm coverage in Pseudomonas aeruginosa was 
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published.24 The authors reported the concurrent use of two fluorescent dyes, in 

conjunction with z-stack images of biofilm surfaces in 96-well plates, to quantify both 

the biovolume, and the ratio of live to dead cells within this biovolume, using three-

dimensional imaging methods.25 This screening approach provides a wealth of 

information about biofilm architecture and constitution, but requires the use of 

expensive reagents, a specialist, and an expensive, automated confocal laser scanning 

microscope. Although the images acquired are very high quality, this is also a very 

time intensive method for a primary screening platform, and significantly lowers the 

throughput.  

 One criticism of the ‘closed’ MTP platforms is that they do not represent realistic 

physiological environments, and that compound activities may not translate to in vivo 

systems. Flow cell studies are the most common in vitro ‘open’ testing platforms 

available. These consist of a glass chamber with an inlet and outlet for media flow, 

and are considered ‘open’ because they allow the replenishment of nutrients and the 

concomitant removal of waste products and signaling molecules throughout the 

course of the study.26,27 These studies are very low throughput (often requiring 6-8 

hours of microscope time per experiment) and require large quantities of test 

compound, thus making them unsuitable for primary screening.  

 Benoit et al. developed a 96-well ‘open’ MTP platform, but the application of this 

assay to large compound screening libraries has yet to be reported.28 This screen is of 

particular interest because it incorporates flow cell technology, visualization of the 

biofilms (although at low magnification), and evaluation of cell viability (using ratios 
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from the fluorescence output of a propridium iodide stain and a GFP-expressing 

bacterial strain). Bioflux produces this proprietary microfluidic technology, and the 

96-well format does not appear to be commercially available to date. This assay 

clearly requires specialized technology, a skilled technician, and is quite time 

intensive. By contrast, the GFP-based method presented below for evaluating biofilm 

coverage is rapid and cheap to perform, and is suitable for any bench top fluorescence 

microscopy system.  

 As liquid handling technology improves there has been an influx of platforms 

incorporating microfluidics, including the aforementioned platform. Miniaturization 

of flow cells has made evaluation of compounds where only small quantities are 

available (either due to low synthetic yields or low organism production common in 

natural product research).29 Microfluidic flow cells (µFCs) are now available as 

multichannel instruments with the option of running up to 8 experiments 

simultaneously.30  

 Although there are many exciting new platforms for investigating biofilm 

formation, there are few dedicated screening campaigns. Of the screening campaigns 

that do exist there is a strong focus on synthetic library mimics of molecules known 

to disrupt biofilm development. Natural product groups have yet to form strong 

screening collaborations with the groups responsible for the production of these MTP 

screening techniques. Many of the groups that develop the platforms are engineering 

groups whose focus is on the production of the technology, rather than its application. 

Another common problem with development of biofilm inhibitors is a lack of 
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biological collaboration; compounds are discovered, but there are no established 

avenues to continue characterizing the compound’s action, thus they fall through the 

cracks.  

 The new screening platform presented below offers several key advantages and 

developments over previous screening methods. Unlike many current methods, this 

new technique employs both image-based analysis for the quantification of biofilm 

coverage and the high throughput 384-well format. In addition, this is the first 

example of image-based biofilm analysis in V. cholerae, and the first reported 

example that quantifies non-biofilm phenotypes. We have used this method to 

identify novel biofilm inhibitors from a 3080-member small molecule library. 

2.2.  Results and Discussion 

2.2.1. Development of HCS Assay Protocol  

 In developing a new approach to biofilm quantification, we aimed to create a 

system that was rapid, accurate, and cost effective, and could be performed with any 

standard epifluorescence HCS microscopy system. Current closed MTP systems 

require 24-hour incubation for the establishment of robust biofilm 

microcolonies.18,22,23,28 Incubation times of this magnitude not only delay the 

acquisition of screening results, but the closed nature of these platforms magnifies 

problems due to nutrient depletion and the build-up of signaling molecules. To 

overcome this limitation an environmental mutant strain of V. cholerae was utilized. 

The strain chosen, titled ‘rugose’, contains a single nucleotide modification to a gene 

controlling biofilm formation (This modification occurs in vpvC, a gene identified as 
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a diguanylate cyclase responsible for the production of c-di-GMP, the universal 

signaling molecule mentioned in Chapter 1) causing the organism to be in a perpetual 

biofilm producing state.31 Strains without this mutation are termed ‘smooth’. Rugose 

strains produce robust biofilms much more rapidly than smooth strains, allowing for 

robust biofilm formation in less than five hours. Each of the mutant strains described 

for the remainder of the discussion contains this single nucleotide modification.  

 The biofilm forming capacities of such V. cholerae strains have been previously 

shown to display similar characteristics under static versus flow cell conditions, an 

essential detail for ensuring inhibitory activities of compounds discovered in our 

platform will translate to secondary flow cell assessments.32 In order to screen larger 

compound libraries (>3000 members), we therefore elected to create a primary 

screening platform that could be performed under static culture conditions, and that 

was compatible with 384-well format microtiter plates, using a GFP-expressing 

rugose strain of V. cholerae.  

 Our initial studies focused on the examination of the potential for applying non-z-

stack epifluorescence imaging to the quantification of biofilm coverage in wellplates. 

In order to explore this possibility, a single 384-well microtiter plate (tissue culture 

treated, black wall, clear bottom) containing Luria Bertani (LB) medium was 

inoculated with eight different strains of V. cholerae, all of which constitutively 

express GFP (Figure 2.1). Plates were incubated at 30°C for 4.5 hours, and imaged as 

described below.  
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Figure 2.1. (A) 384-well layout of single site images for all eight V. cholerae mutants 
(20x magnification). (B) Expanded images for each mutant (40x magnification). 

Descriptions of V. cholerae mutants are provided in Table 2.1 

 



 50 

 

Table 2.1. List of all bacterial mutant strains used for method development.17,31,33-37  

 

 Strain A is a prototypical V. cholerae strain that forms mature biofilms readily 

under static growth conditions.32 Strain B is a mutant that cannot produce Vibrio 

polysaccharide (VPS) required to form mature biofilm structures.31,33 As evidenced 

by the presence of biofilm aggregates containing very high densities of V. cholerae 

cells (bright patches in lane A), we can recapitulate this phenotype in a 384-well 

format. Strain C, is a mutant unable to produce biofilm matrix protein RbmA.38 This 

mutant forms shear sensitive biofilms and an altered biofilm phenotype that is mainly 

observable using flow cell methods. Strain D, is an RbmC, Bap1 double mutant that 

cannot produce critical matrix proteins predicted to be required for binding cells 

together or anchoring the biofilm and/or cells to surfaces. Biofilms of this mutant 

detach readily.36 Strain E and F are mutants unable to produce the regulatory proteins 

Strain Genotype
Fy_Vc_2 Vibrio cholerae O1 El Tor A1552, rugose variant, Rifr (wt)
Fy_Vc_240 Fy_Vc_2 mTn7-GFP, Rifr Gmr

Fy_Vc_234 Fy_Vc_2 !vps-I, rugose variant with deletion of vpsA-K, Rifr (Strain B)
Fy_Vc_519 FY_Vc_234 mTn7-GFP, Rifr Gmr

Fy_Vc_105 Fy_Vc_2 !rbmA, Rifr (Strain C)
Fy_Vc_224 FY_Vc_105 mTn7-GFP, Rifr Gmr 

Fy_Vc_1400  Fy_Vc_2 !rbmC !bap1, Rifr (Strain D)
Fy_Vc_1395 FY_Vc_1400 mTn7-GFP, Gmr

Fy_Vc_5 Fy_Vc_2 !vpsT !lacZ, Rifr (Strain E)
Fy_Vc_1956 Fy_Vc_5 mTn7-GFP, Rifr Gmr

Fy_Vc_6 Fy_Vc_2 !vpsR !lacZ, Rifr (Strain F)
Fy_Vc_1955 Fy_Vc_6 mTn7-GFP, Rifr Gmr

Fy_Vc_1745 Fy_Vc_2 !vpvC, Rifr (Strain G)
Fy_Vc_1224 Fy_Vc_1745 mTn7-GFP, Rifr Gmr 

Fy_Vc_345 Fy_Vc_2 !cdgC, Rifr (Strain C)
Fy_Vc_361 FY_Vc_345 mTn7-GFP, Gmr, Rifr



 51 

VpsT and VpsR respectively. Strains lacking VpsT have reduced capacity to form 

mature biofilms, while strains lacking VpsR are completely incapable of forming 

biofilms.34,39 Strain G represents a mutant defective in the cyclic-di-GMP signaling 

pathway that is responsible for enhanced biofilm formation by the rugose strain.31,40 

Finally, strain H has an altered cyclic-di-GMP signaling pathway, which precludes 

the formation of stable biofilms. We were able to recapitulate expected biofilm 

phenotypes of all these mutants in a 384-well format. It has been previously observed, 

and further confirmed in a 384-well assay format, that growth rate of the strains 

discussed above are similar. 

 After incubation for 4.5 hours at 30 °C, eight images (20x magnification) were 

acquired at fixed positions for every well, providing 20% overall coverage of the total 

surface area of the well.  The prototypical rugose V. cholerae strain formed biofilms 

in the 384-well assay format that were similar to those formed in chambers under 

static conditions conducted previously.33  In both chamber and 384-well assay 

formats, biofilms were composed of aggregate-associated bacteria and individual 

cells adhered to the substratum between aggregates.  In contrast to the rugose wild-

type (wt) strain, the R∆vpsI operon deletion strain (strain B) was unable to form 

elaborate three-dimensional mature biofilm structures and instead formed a 

monolayer of cells on the surface.  These results are similar to those observed 

previously in both static and a flow-cell systems41 and are consistent with the 

observation that vps genes are required for biofilm formation in V. cholerae under 

static and flow-cell conditions.33,41 R∆rbmA in the 384-well assay formed biofilms 
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that were less developed and more dispersed than that of the rugose wt strain, similar 

to previous comparisons of R∆rbmA to rugose wt in a flow-cell system.38 The 

R∆rbmC∆bap1 strain showed detached or partially attached aggregates when 

compared to rugose wt in a 384-well assay format. These observations are similar to 

those observed in a flow-cell system where both RbmC and Bap1 are involved in 

maintaining biofilm architecture.36 R∆vpsT and R∆vpsR strains exhibited 

dramatically reduced biofilm structure when compared to rugose wt. These 

observations are also similar to results observed previously under flow-cell 

conditions.34 Biofilms of R∆vpsT consisted of single cells or small microcolonies, 

while R∆vpsR biofilms consisted of single cells on the substratum.  These results are 

consistent with the understanding that both VpsT and VpsR are strong transcriptional 

activators of vps expression.34,39,42  

 R∆vpvC formed numerous small aggregates on the substratum in contrast to the 

large three-dimensional structures formed by the rugose wt.31 Ultimately, R∆vpvC 

(strain G) was chosen as the positive control because it consistently lacked the 

capacity to form biofilm columns in the 384-well MTP system.31 It has previously 

been shown that VpvC is required for increased biofilm formation capacity in the 

rugose variant of wt V. cholerae (strain A).31 Furthermore, this strain is a good 

negative control because the mechanism by which VpvC induces biofilm formation is 

known. 
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2.2.2. Image Analysis Algorithm  

 In order to visually evaluate the presence or absence of biofilms each well of the 

384-well plates was evaluated by the acquisition of eight images at 20x 

magnification, and eight images at 40x magnification. The combined 20x images 

encompass ~20% of the total surface area of each well, which is critical for the 

reproducible and accurate quantification of biofilm coverage. 40x images are valuable 

for secondary, fine-scale quantification of non-biofilm phenotypes (discussion 

below). The 20x images were quantified using MetaXpress image analysis software 

(Molecular Devices) in a three-stage process (Figure 2.2). Firstly, biofilm columns 

were identified using a modified version of the existing ‘count nuclei’ script, typically 

used for identifying nuclei in eukaryotic cell imaging (a script included in the 

MetaXpress software package). This script uses a comparison of the intensity of each 

pixel in the image to identify uniformly bright regions of the image above a user-

defined upper threshold (Figure 2.2A), which are assigned as biofilm columns. The 

size of these clusters is governed by high- and low-limit areas, based on experimental 

values, which limit the size of regions that can be defined as biofilm columns. In 

instances where columns are larger than the upper area limit, contiguous biofilm 

regions can be observed (Figure 2.2B). Application of this image analysis strategy 

afforded a Z’-factor score of 0.58 when comparing rugose wt V. cholerae to the 

R∆vpvC positive control (Figure 2.4A). The quality of the Z’-factor score is limited 

by both the homogeneity of the biofilm columns formed during the incubation, and 

the definition of biofilm regions by the computational annotation algorithm. Further 
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minaturization of this screen to 1536-well format would require the development of 

new methods to standardize biofilm growth in well plates, as well as new approaches 

for the computational annotation of resultant images.  

 

Figure 2.2. Image quantification strategy. (A) Raw GFP fluorescence image of 
rugose wt V. cholerae (20x magnification). (B) Biofilm quantification using modified 
‘count nuclei’ script. Assigned biofilm regions highlighted in red. (C) Quantification 

of non-biofilm image coverage with biofilm mask applied. Remaining cells 
highlighted in pink. 

 Non-biofilm phenotypes can also be examined using this platform. To 

successfully quantify monolayers, biofilm regions are first masked, to remove high 

intensity unfocused halos that exist at the edges of each region (the black regions in 

Figure 2.2C). This mask is created by radial expansion of the defined biofilm region 

by a fixed distance (10 pixels). These unfocused regions are an effect of acquiring 

these images in a single focal plane, and would otherwise skew non-biofilm 

quantification. Non-biofilm, monolayer coverage is then quantified by counting the 

number of pixels above an experimentally determined lower threshold, to give a 

numerical representation of the percentage coverage of cells not associated with 

biofilm columns. Both upper and lower thresholds are determined by manual 

evaluation and optimization of each screening plate, based on control wells. 

a) b) c)
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Representative phenotypes and masked quantifications of these images are shown in 

Figure 2.12, and will be discussed in more detail below. 

2.2.3. Assay Protocol 

 Compound screening was performed as outlined in Figure 2.3. In brief, screening 

plates were plated with liquid culture of V. cholerae (Figure 2.3A), and DMSO stock 

solutions of test compounds pinned into each well (Figure 2.3B). After inclubation at 

30 °C for 4.5 hours, OD600 values were obtained in triplicate for all wells (Figure 

2.3C). Plates were subsequently washed with PBS to remove planktonic bacteria, and 

imaged by epifluorescence microscopy without further fixing or staining (Figure 

2.3D). Finally, images were analyzed using our custom image analysis script (Figure 

2.3E), and analyzed to identify putative inhibitors (Figure 2.3F), as described below. 

 

Figure 2.3. Biofilm screening workflow. (A) Dispense V. cholerae culture into 384-
well plates, (B) pin test compounds into screening plates, (C) post-incubation, 

measure OD600 values for all wells, (D) post-rinse, image biofilm coverage using the 
HCS system, (E) computationaly analysis of image output, (F) plot of screening 

output. 

Incubate, 
30 oC

4.5 hrs

Wash and
Rinse

a) b) c)

d)e)f)
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 Quantification of percentage biofilm coverage for each well provides a direct 

measure of biofilm inhibition for test compounds, which has not previously been 

possible using the CV assay, nor the Biofilm Ring Test. To identify lead compounds, 

median values for percentage biofilm coverage for each well were normalized against 

negative control wells (‘healthy wells’ treated with DMSO only), and plotted against 

normalized pre-rinse OD600 values (Figure 2.4B). Putative biofilm inhibitors were 

defined as those where biofilm formation was at less than 20% of that observed for 

negative control wells, with OD600 values greater than 0.7. The acquired pre-rinse 

optical densities are an important consideration when evaluating screening hits, as 

bacteriocidal compounds that result in total cell clearance from test wells will display 

low percentage biofilm coverage, which could be falsely interpreted as biofilm 

inhibitors without consideration of total cell viability. 
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Figure 2.4. (A) Z’-factor measurement for positive and negative controls (R∆vpvC, 
red circles, and rugose wt V. cholerae with DMSO vehicle, blue triangles), (B) plot of 
normalized OD600 values vs. normalized percent biofilm coverage for 3080-member 
NCI screening libraries, (C) images of negative DMSO control, example antibiotic 

(NSC-159628) and biofilm inhibitors (NSC-13316 and NSC-13480).  

2.2.4. Screening Results: Biofilm Inhibitors  

Figure 2.4B displays a plot of the screening results for the analysis of a 3080-

member National Cancer Institute (NCI) screening library. From this plot, two key 

regions were defined: biofilm inhibitor leads (normalized percent biofilm coverage < 

0.2, OD600 > 0.7) and bacteriocidal/ bacteriostatic antibiotics (normalized percent 

biofilm coverage < 0.2, OD600 < 0.7). Compounds that lie in the 20 – 50% region 

typically display reduced biofilm coverage, often in conjunction with unusual non-

biofilm phenotypes in the adherent background monolayers (see below).  
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 Screening of the 3080-member NCI library revealed a total of 36 hits, of which 29 

are organic small molecules (Figure 2.5 and Figure 2.10). The NCI library used in 

this study contains four different compound library subsets, these are titled: the 

mechanistic set, the challenge set, the natural products set, and the structural diversity 

set. The challenge set is composed of 60 compounds of novel structural types with 

unknown activity against the Developmental Therapeutics Program (DTP) human 

tumor cell line assay.43 The screening results from this set are displayed in Figure 

2.6. Six compounds from this set were found to behave as biofilm inhibitors in our 

screening platform at the given screening concentrations (Figure 2.5).  
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Figure 2.5. Structures of the NCI training set biofilm inhibitor hits for the 
mechanistic set, challenge set, and the natural products set. Biofilm inhibitors were 

required to show percent biofilm coverage < 0.2 and a pre-wash OD600 > 0.7. 
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Figure 2.6. Plot of screening data acquired for the challenge set. 

 

The mechanistic set is composed of 825 compounds with a broad range of growth 

inhibition patterns in the 60-cell line screen.43 The screening results from this set are 

displayed in Figure 2.7; of this set only five compounds were active (Figure 2.5).  
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Figure 2.7. Plot of screening data acquired for the mechanistic set. 

 

The natural products set is composed of 221 compounds, and yielded only a single hit 

(Figure 2.5). The screening results from this set are displayed in Figure 2.8. 
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Figure 2.8. Plot of the screening data acquired for the natural product set. 

 

The structural diversity set is composed of 1974 compounds, most of the compounds 

in this library are relatively rigid (with fewer than 5 rotatable bonds) and have a 

tendency to be planar, have one or less chiral center, and have desirable 

pharmacologically features. The screening results from this set are displayed in 

Figure 2.9. This set had a total of 24 hit compounds (Figure 2.10).  
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Figure 2.9. Plot of screening data acquired for the structural diversity set. 
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Figure 2.10. NCI structural diversity set biofilm inhibitor hit structures. Biofilm 
inhibitors were required to show percent biofilm coverage < 0.2 and a pre-wash 

OD600 > 0.7. 
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 A complete summary of these results is reported in Table 2.2. Within these hits 

were a number of fused aromatic systems containing heteroatoms, which were either 

incorporated into the ring system or incorporated into pendant substituents. 

Additionally, a number of the hits were organometallic species, including tin- and 

mercury-containing compounds, which, while having limited potential as 

therapeutics, nevertheless displayed some of the most consistent biofilm inhibition 

observed using this screening method. 

 

Table 2.2. OD600 values and percent biofilm coverage values of the NCI training set 
biofilm inhibitor hits for the structural diversity set, mechanistic set, challenge set, 

and the natural products set. 

 Of these hits, analogues of the FDA approved antimalarial drug mefloquine 

(Figure 2.11) are of particular interest. Mefloquine analogues have previously been 
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reported as antibiotics against Gram-positive organisms including Streptococcus 

pneumoniae and Enterococcus faecium,44 but have not shown efficacy against Gram-

negative species. Our results are consistent with these previous observations, with 

both NSC-13480 and NSC-13316 displaying comparable optical density values to 

control wells, but total clearance of biofilm coverage (0.5 and 1.8% biofilm coverage 

for NSC-13480 and NSC-13316 respectively; untreated wells ≈ 20%). Similarity 

structure searches using the Tanimoto algorithm45 within the compounds from the 

3080-member NCI library revealed 14 members of this structural class (Figure 2.11) 

within the screening library, of which only three showed biofilm inhibitory activity 

(Table 2.3), suggesting a structure-dependence to the observed anti-biofilm activities 

of this compound series. Further investigation of this substructure will be explored in 

Chapter 3.  
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Figure 2.11. Results from the structure search using the Tanimoto algorithm. 
Substructure search based on boxed structure. 
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Table 2.3. OD600 values and percent biofilm coverage values of the 14 members of 
the substructure search for the mefloquine core. 

 

2.2.5.  Screening Results: Non-Biofilm Phenotypes 

 In addition to the identification of biofilm inhibitors, this screening platform can 

be used to identify small molecules that induce more subtle phenotypic variations 

(Figure 2.12). Current in vitro screening platforms against prokaryotic targets rely 

almost exclusively on ‘death / no death’ outputs to quantify the biological activities of 

small molecules. While these methods have proven very successful at identifying 

antibiotic lead compounds, they offer no measure of the biological effect of selective 

chemical genetic probes if these probes do not result in cell death. The true value of 

chemical genetic probes is therefore being lost in most screening programs, because 

many of these phenotypes do not impact cell growth rates, and would be 

indistinguishable using standard plate reader methods. Figure 2.12 provides 

NSC Percent Biofilm Coverage Optical Density
305787 0.01 0.83
13480 0.03 0.98
13316 0.14 0.88
322661 0.45 0.95
23925 0.55 0.86
210627 0.76 1.09
136472 0.78 1.31
136473 0.80 1.05
134244 0.83 0.97
136469 0.83 1.20
305819 0.85 1.11
6176 0.89 1.14

305821 0.90 1.07
360211 0.93 0.97

Screening Data For Substructure Search Results
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examples of the range of phenotypes that are readily observable using this 

methodology. These include variations in cell size and shape, microcolony size, 

surface coverage, and cell aggregation.  Development of a second-generation image 

analysis platform for the delineation of these more subtle phenotypes based on 

morphological analysis will be fully outlined in Chapter 5. 

 

Figure 2.12. Non-biofilm phenotypes, showing (A) raw GFP fluorescence images 
and (B) non-biofilm phenotype analysis by thresholded pixel intensity quantification. 

2.3. Conclusions 

 We have developed the first example of an epifluorescence-based high throughput 

imaging system for the direct quantification of biofilm inhibition in V. cholerae. This 

new method can be performed in 384-well format, using standard automated high 

content epifluorescence microscopy systems, and provides a rapid and flexible 

method for the screening of large compound libraries. Image analysis affords not only 

a direct quantification of biofilm coverage for each screening well, but also reveals 

more subtle phenotypes, which provide future opportunity for the development of 

chemical genetic tools for studying biofilm formation and development. 

a) Microscopy images (20x magni!cation)

b) Masked ‘non-bio!lm’ regions
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 Screening of a 3080-member library of small molecules from the NCI collection 

has lead to the identification of several new classes of biofilm inhibitor, of which the 

quinoline-containing class of mefloquine analogues are of particular interest. This is 

the first reported example of quinoline-based biofilm inhibitors, and offers the 

opportunity for the development of new classes of inhibitors based on this scaffold. It 

is anticipated that application of this method will prove valuable in evaluating 

screening libraries, such as microbial natural product extracts, for the discovery of 

additional classes of biofilm inhibitors. In addition, variation in the timing of 

compound addition offers the opportunity to adapt this screening approach to the 

study of biofilm dispersal/ detachment, which is another keen area of interest in the 

area of biocontrol of biofilm colonization. Therefore, this new method provides both 

a new avenue for the discovery of small molecule tools for controlling biofilm 

formation, and future options for studying detachment phenotypes.  

2.4. Experimental 

2.4.1. Bacterial Strains and Media 

 Descriptions of the V. cholerae stains used in this study are available in Table 

2.1. All strains were developed from the reference strain V. cholerae O1, El Tor 

A1552, rugose variant (Fy_Vc_2). GFP tagging of V. cholerae strains were 

performed as described previously.37 Briefly, triparental matings were carried out 

between V. cholerae strains and two E. coli XX7-1λpir strains carrying pUX-BF13 

and pMCM11. Conjugants were selected on TCBS agar with Gm at 50 µg mL-1. The 

original strain (FY_Vc_2) is the rugose variant, and was selected for this study 
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because it produces robust biofilms, due to the high expression of vps genes.33 V. 

cholerae cultures were grown in LB media (1% tryptone, 0.5% yeast extract and 1% 

NaCl, pH 7.5) with aeration at 30 °C or on solid LB plates (1% agar). 

2.4.2. High Content Screening 

 All robotic liquid handling, compound transfer, plate reading, and epifluorescence 

HCS microscopy imaging was performed at the UCSC Chemical Screening Center, 

using the NCI compound libraries ‘Structural Diversity Set’, ‘Challenge Set’, 

‘Natural Products Set’, and ‘Mechanistic Diversity Set’ (3080 compounds total). 

Primary screening of all compounds was performed at 20 µM. 

2.4.3. Biofilm Inhibition Assay Protocol 

Bacterial strains were stored at -80 °C in 25% glycerol. Two days prior to screening, 

the V. cholerae strain Fy_Vc_240 was streaked onto solid media (LB agar), and 

incubated at 30 °C. After 24 hrs, five colonies were inoculated into 5 mL LB broth, 

and incubated at 30 °C for 16 hrs. Finally, the liquid culture was inoculated at a 1:100 

dilution into fresh LB broth, and dispensed into 384-well microtiter plates (40 µL, 

black-walled clear-bottom 384-well microtiter plate (Corning 3712)) using a 

WellMate peristaltic microplate dispenser (Matrix). Before dispensing, WellMate 

tubing was sterilized with 70% EtOH, and rinsed with sterile LB medium. Tubing 

was primed three times with culture to ensure even dispensing within the plate. 

Agitation of the culture while dispensing is essential to ensure uniform distribution of 

cells within the plate. Plates were centrifuged for 1 min at 1200 rpm to remove air 
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bubbles and bring the culture down from the walls of the plate, and DMSO stocks of 

test compounds (200 nL, 10 mM) pinned into the screening plates (Janus MDT, 

PerkinElmer) to give a final concentration of 20 µM. Pinned cultures were then 

incubated for 4.5 hours at 30 °C. Following incubation, OD600 readings were 

collected in triplicate, to evaluate cell viability (EnVision plate reader, PerkinElmer). 

Plates were agitated vigorously and washed three times with 1% phosphate buffered 

saline (PBS) (ELx405 microplate washer, BioTek); this removes planktonic V. 

cholerae and loosely associated biofilms, while retaining stable, well attached cells 

and biofilms on the plate surface. Plates were imaged in PBS by epifluorescence 

microscopy, (ImageXpress, Molecular Devices) at both 20x and 40x magnification. 

Eight sites (distributed throughout the well) were imaged for each well in the 384-

well microtiter plate. MetaXpress software (Molecular Devices) was used to create an 

automated pipeline for measuring intensity and surface area coverage of GFP signals 

within each image. Data collected for each site were averaged for each well, and 

normalized based on negative control wells.  

2.5. Statement of Contribution 

 This work was made possible by the contributions of many researchers. Kivanc 

Bilecen generated the mutant strains documented in Table 2.1, and Walter Bray 

generated the screening data displayed in Figure 2.1. Nicholas Shikuma and Nicholas 

Fong provided the cultures of V. cholerae required for each screening session. Nadine 

Gassner applied the Tanimoto algorithm to the complete NCI library to generate the 

substructure search results in Figure 2.11. Dustin Winslow is responsible for 
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programming the script that generates the normalized OD and biofilm coverage 

values for each screening plate. 
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Chapter 3 

Screening Campaign for Discovery of Biofilm Inhibitors in V. cholerae: Commercial 

and Marine Natural Product Libraries, and Development of Secondary Screening 

Platforms. 
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3.1.  Introduction  

 Chapter 2 describes the development of an innovative image-based, high-

throughput screening platform designed for the discovery of small molecules capable 

of modulating biofilm formation in V. cholerae. The 3,080-member NCI library used 

to validate the screening platform yielded an overall hit rate of 2.0 % (hit rate is 

calculated as the number of hits with a normalized percent biofilm coverage value 

under 0.2 divided by the total number of compounds tested in the primary screen). Of 

these hits, 0.8 % can be attributed to bactericidal compounds (where the normalized 

OD values were less than 0.7) and 1.2 % can be attributed to biofilm inhibitor 

compounds (with normalized OD values above 0.7). These hit rates are reasonable for 

a primary screening platform of a large synthetic library, and encouraged expansion 

of the screening campaign to include more chemical libraries.1 

 However, the success of a novel screening platform is dependent upon the 

discovery and development of relevant hits. High content screening (HCS) platforms, 

such as the one described in Chapter 2, are most valuable for systems where the 

biological target is unknown or the process being studied is context-dependent (i.e. 

the process cannot be simply monitored by biophysical or biochemical means).2 

These are important factors to consider when choosing screening libraries that will be 

appropriate for extracting desired hit compounds from an assay. For example, it 

would behoove the technician running a high-throughput screening (HTS) platform, 

where the target is well characterized, to consider virtual screening or other 

computational techniques to focus on designing a screening library with certain 



 80 

structural characteristics that may be well-suited for their target. It is important to 

note that HTS platforms that do not include an image-based component can be 

performed far more rapidly than those with an image acquisition step. Thus, target-

based HTS platforms are capable of handling libraries with significantly higher 

numbers of compounds than HCS platforms. Today it is common for HTS platforms 

to be run on 1536-well microtiter plates, whereas 384-well microtiter plates appear to 

be the maximum realistic throughput available to HCS platforms. 

 Selecting suitable screening libraries for whole-cell based HCS assays can be 

challenging, given how little information is typically known about the target, or even 

if a discrete target exists. Additionally, whole-cell screens rarely detect weakly 

binding compounds and it has been suggested that compound potency increases with 

increased molecular complexity.3 Therefore, it is important that libraries for HCS 

platforms are designed to maximize the structural diversity of compounds in their 

collection. 

 Natural product (NP) libraries have been praised for their diverse, yet specific 

molecular properties.4 This heterogeneous group of compounds has been shown to 

cover an extensive portion of biologically relevant chemical space when compared to 

synthetic libraries.2,4 This coverage, although much broader, is acknowledged to be 

somewhat sparse when considering discrete portions of chemical space, whereas 

synthetic libraries tend to have dense coverage over a small region of chemical space. 

These properties make NP libraries perfect candidates for target-independent, whole-

cell screening platforms. 
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 One of the primary motivations for the collaboration between the Yildiz lab and 

Linington lab was to establish a screening platform to discover compounds that 

modulate biofilm formation in V. cholerae. The Yildiz lab is interested in 

understanding the molecular mechanisms underlying biofilm formation in V. 

cholerae. The discovery of a novel, small molecule capable of modifying the ability 

of V. cholerae to form biofilms without affecting cell viability would provide a 

valuable tool for probing the pathways responsible for biofilm formation. To this end, 

the Linington lab is developing an ever-growing repository of marine-derived natural 

product extracts for screening. The close collaboration with the Yildiz lab provides 

the opportunity and resources to comprehensively profile lead compounds before 

investing extensive chemistry resources into these projects. This allows for 

information to be gleaned about a compound’s mechanism of action (contributing to 

the understanding of the biology underlying the formation of biofilms in V. cholerae) 

before a significant effort is invested into the medicinal chemistry required to 

optimize the activity for drug development.5 Considering the discussion above, the 

Linington Lab’s marine natural product extract library meets the criteria to be 

considered an appropriate screening library for the discovery of small molecule 

biofilm inhibitors.  

 The following discussion will address the scope of the initiated screening 

campaign and the results observed from the primary screening stage. Natural product 

discovery frequently struggles with a limited natural supply of hit compounds. Thus, 
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this chapter will also discuss the development of miniaturized secondary assays 

designed to minimize the quantities of compound required for follow-up studies.  

3.2. Results and Discussion 

3.2.1. Commercial Screening Libraries 

 To date, there are very few screening programs dedicated to the discovery of 

biofilm inhibitor lead compounds, thus affording a lot of opportunity in this field. 

This may be due to the fairly recent clinical acknowledgement of the ubiquity of 

biofilm-mediated infections. Consequently, there a very few non-microbicidal small 

molecules reported that cause biofilm inhibition, and very little chemical space has 

been explored in pursuit of the discovery of biofilm inhibitors. The popularity of HTS 

platforms has ushered in the assembly of large compound libraries to satisfy the 

throughput demands. These curated libraries are often commercially available and 

provide an excellent starting place for compound screening. The following discussion 

will address the results from two such commercial libraries, evaluated using our in-

house, image-based biofilm inhibitor screening platform. 

3.2.1.1. Enzo Library 

 The UCSC Chemical Screening Center owns a number of commercially available 

small molecule libraries for use in screening development, lead discovery, or for use 

as reference libraries. The 3080-member NCI collection was used for the validation 

of the biofilm screening platform, as described in Chapter 2. Another collection, 

acquired from Enzo Life Sciences, is the ‘ICCB known bioactives library.’ The 
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library contains 480 compounds, including both natural products and synthetic 

compounds, with defined biological activity; this collection was developed by the 

Harvard Institute of Chemistry and Cell Biology at the Broad Institute, and was 

developed for use in assay development and validation, mechanism profiling, or as a 

reference library. These compounds have a large number of distinct cellular activities 

including: GPCR ligands, second messenger modulators, nuclear receptor ligands, 

actin and tubulin modulators, kinase inhibitors, protease inhibitors, ion channel 

blockers, gene regulation agents, lipid biosynthesis inhibitors, and a number of other 

activity classes.  

 

Figure 3.1. Plot of screening results for Enzo Plate1-SP0127.  

0

0.2

0.4

0.6

0.8

1

1.2

Plate	  1	  B05

Plate	  3	  D11

Plate	  4	  G10

Plate	  4	  B02

Plate	  3	  B03

Plate	  3	  A04

Plate	  4	  G11
Plate	  3	  H11

Plate	  4	  D02

Plate	  4	  A11

Plate	  4	  E06

0.5 1 1.5 2 2.5 3



 84 

 

Figure 3.2. Plot of screening results for Enzo Plate2-SP0128. 
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in Chapter 2 (normalized optical density > 0.7 and normalized percent biofilm 
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concentrations it may behave as an antibiotic. Although wiskostatin has been shown 

to target N-WASP, a protein that unknowingly facilitates the exploitation of cellular 
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host’s actin machinery by bacterial pathogens, this activity has not been affiliated 

with biofilm formation, nor has it been reported to cause damage to the bacterial cells 

alone.6,7 Thus, a more thorough investigation will be required to definitively attribute 

the mechanism of action of this compound against V. cholerae. 

3.2.1.2. NCI Library SAR Series   

 The selective biofilm inhibitory activity observed (and described in Chapter 2) 

from the substructure search of the mefloquine-like compounds within the NCI 

library motivated a secondary screening session to evaluate a structure-activity 

relationship (SAR) series for these compounds. Dilutions of NSC-2450, NSC-13316, 

NSC-13480, NSC-17383, NSC-23925, and NSC-305787 were prepared from the 

NCI collection to further evaluate their activity as nonmicrobicidal biofilm inhibitor 

compounds. In addition, mefloquine (3.1) and a synthetic precursor (3.2) synthesized 

by Brian Leon for the development of a novel synthetic SAR library containing the 

quinoline alcohol core were evaluated as well (Figure 3.3).  
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Figure 3.3. Structures for the first round of SAR dilutions, composed primarily of 
NCI compounds with the quinoline alcohol substructure. 

  The results from screening of the first generation SAR library are displayed in 

Figure 3.4. From these plots it is clear that a number of these compounds cause cell 

death at higher concentrations, including mefloquine (3.1), BL-1-13 (3.2), NSC-

17383, and NSC-2450. These screening data were plotted against the screening 

concentrations in order to determine the concentrations at which biofilm clearance is 
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achieved, and to further characterize the impact of these compounds on bacterial 

viability. The concentration curves generated are displayed in Figure 3.5, and from 

these the ability for compounds to modulate biofilm formation and cell death (as 

measured by optical density) will be reported as the concentration required to inhibit 

these properties by half (IC50). IC50 values were generated using a nonlinear 

regression to fit the data to the log of the inhibitor concentration versus the response 

curve. BL-1-13 (3.2) shows no selectivity between its ability to inhibit biofilm 

coverage and cause cell death. However, mefloquine (3.1), NSC-17383, and NSC-

2450 all demonstrate the capacity to inhibit biofilm formation before causing cell 

death.  Of these compounds NSC-2450 has an IC50 value for biofilm inhibition of 

17.3 µM; this concentration is 5.8-fold lower than the concentration required to 

induce 50  % cell death. Mefloquine (3.1) and NSC-17383 also show selectivities of 

2.1-fold and 3.5-fold. The remaining compounds, NSC-13316, NSC-13480, NSC-

23925, and NSC-305787, had IC50 values for biofilm inhibition of 30.2 µM, 11.8 µM, 

165.4 µM, and 13.35 µM. This data is particularly exciting because none of the tested 

concentrations for these compounds were found to cause total cell death (this is 

denoted the minimum inhibitory concentration, MIC). 



 88 

 

Figure 3.4. Plot of the screening results for the first generation of SAR structures 
derived from a substructure search of the quinoline alcohol core.  
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Figure 3.5. IC50 curves generated for each compound in the primary SAR series in 
terms of both OD600 and normalized percent biofilm coverage. 
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 The results from these compounds were very promising, and prompted the design 

of a synthetic SAR library by Brian Leon, another member of the Linington Lab. 

Figure 3.6 displays the relevant generated structures for this analogue library. These 

compounds were prepared as serial dilutions (2-fold) and subject to screening. The 

concentration curves generated are displayed in Figure 3.7. Both BL-1-70 (3.6) and 

BL-1-80 (3.8) were found to demonstrate no selectivity for inhibiting biofilm 

formation over cell death. BL-1-70 (3.6) was the only compound tested found to have 

a killing effect without having any impact upon biofilm formation, and coincidentally 

the only compound with a pendant pyridine ring in place of either a pyrrolidine or 

piperidine moiety; this suggests that a saturated nitrogen heterocycle may be 

important for biofilm inhibitory activity.  

 Every compound in the second SAR series was found to cause cell death at some 

point in the serial dilution series. However, many of them did show selectivity for 

inhibiting biofilm formation at a lower concentration than the concentration required 

for cell death. The selectivities for BL-1-47 (3.3), BL-1-48 (3.4), BL-1-55 (3.5), BL-

1-73 (3.7), and BL-1-81 (3.9) were calculated as follows: 5.6-fold, 4.9-fold, 4.2-fold, 

2.4-fold, and 3.4-fold. The IC50 values for biofilm inhibition were notably higher in 

this SAR series as well. The most potent biofilm inhibitors were BL-1-47 (3.3) and 

BL-1-48 (3.4), whose IC50s were found to be 20.5 µM and 77.9 µM. These values 

indicate that the piperidine moiety can be exchanged for a pyrrolidine group without 

loss of biofilm inhibitory activity.  
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Figure 3.6. Structures of the synthetic SAR series dilutions, composed of synthetic 
analogues with the quinoline alcohol core. 
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Figure 3.7. IC50 curves generated for each compound in the secondary synthetic SAR 
series in terms of both OD600 and normalized percent biofilm coverage. 
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 This discussion illustrates the utility of this screen for not only primary screening, 

but for compound optimization as well. The preparation of serial dilution series from 

individual compounds yields information about the effect upon biofilm formation, 

cell viability, and selectivity. This synthetic SAR campaign also illustrates the value 

of developing an in-house biofilm inhibition assay. It is common to wait multiple 

weeks for screening results when samples are sent to outside institutions. By 

screening in-house this time frame can shortened to a number of days.  This 

accelerated turn around lessens the time wasted waiting for results, and improving the 

efficiency of our medicinal chemistry program.  

3.2.2. Natural Product Extract Libraries 

 Marine-derived natural products provide the foundation for the research 

conducted in the Linington Lab. To this end, the lab is actively developing an ever-

growing repository of marine-derived natural product extracts. These extracts are 

generated from environmental marine microorganisms, with a focus on bacteria in the 

class Actinomycetales. One aim of the lab is to collect bacteria from unique 

environmental niches. The following discussion will describe a natural product-

focused screening campaign composed of marine bacterial extracts derived from three 

different libraries: the Panama extract library, the US extract library, and a library 

composed of extracts generated from the bacterial communities of fish intestines. A 

brief description of the screening extract preparation is as follows: large-scale 

cultures are prepared from individual colonies selected from solid media plates, a 

crude extract is prepared from extraction of the large-scale culture, the crude extract 
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is ‘prefractioned’ by C18 solid phase extraction chromatography using stepwise 

MeOH/H2O percentages, six of these are collected and prepared as a DMSO stock 

solution for biological screening (See Experimental for complete protocol). 

3.2.2.1. Panama Extract Library 

 Affiliation and collaboration with the Panama International Cooperative 

Biodiversity Group (ICBG) has facilitated a number of collection expeditions to 

Panama. Central America is recognized as a ‘biodiversity hotspot’ due to the high 

species diversity reported in this region, warranting marine microbial investigation.8,9 

A 324-member extract library derived from 54 marine bacteria collected from this 

area was prepared by technician Bailey Dickey and graduate student Kenji Kurita.  

 This screening library appeared extremely prolific (Figure 3.8); yielding a hit rate 

for compounds classified as strong biofilm inhibitors of 3.6 %. This value was much 

higher than that found for the commercial libraries discussed above. Of these hits 

78.6 % were found to be from prefractions collected at the 60 % MeOH/40 % H2O 

step of the solid phase extraction gradient, this prefraction is denoted the ‘C fraction’ 

(See Experimental for further details about prefraction preparation). These extracts 

were pursued, and despite repeated purification efforts a single active constituent 

remained elusive. Observation that a number of the extracts chosen for further 

investigation were ‘C fractions’, and that secondary screening indicated that the 

active constituents eluted over the same broad retention times alluded to the potential 

for the growth media to be causing the activity. Extracts containing the SYP media 

ingredients alone (recipe available in the Experimental Section) were prepared and 
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screened to determine whether a component of our growth media was causing the 

biofilm inhibitory activity. As shown in Figure 3.9, the screening revealed that the C 

fraction was indeed active. In order to determine what component of the media was 

causing inhibition each individual ingredient was screened, and peptone was found to 

be responsible for the biofilm inhibitory activity. This result was a disappointing 

setback, and informed the future discovery process. Due to the potential for the 

activity of all C fractions to be caused by peptone these fractions were all discarded 

as potential leads. The inhibition phenotype caused by peptone, as shown in Figure 

3.9, is very distinct; peptone causes the formation of a dense, uniform monolayer of 

small cells of consistent size. The only circumstances in which C fractions should be 

considered are those in which the inhibition phenotype is markedly different. For 

example, cases where a patchy monolayer is observed (suggesting a potential 

attachment inhibitor) may be worth further investigation. In cases where C fractions 

are pursued it is recommended that the media recipe used for regrowth of the 

producing bacterial strain does not contain peptone to ensure a secondary metabolite 

is responsible for the inhibition activity versus the media components. It is important 

to note that not every C fraction show biofilm inhibitory activity. This may be due to 

consumption of peptone by some of the producing organisms, but not others. 
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Figure 3.8. Screening results from the Panama prefraction extract plate, KKCR-1. 
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Figure 3.9. Results from the screening of the SYP growth media alone. 

 

 Exclusion of the C fractions yields a hit rate of 0.93 %, which is far more 

reasonable. The active fractions remaining after this exclusion are 1013A, 1016A, and 

2001D. The Panama extract library plate also displayed a high hit rate for antibiotic 

compounds; the hit rate was calculated to be 2.8 %. These will be discussed further in 

Chapter 5. 

3.2.2.2. US Extract Library 

 To date, much of the energy invested in the search for marine natural products has 

focused on tropical and subtropical regions of the world.9,10 These regions have been 

extensively surveyed and studied. Surveys of the Pacific Coast of the United States 

appear to have focused on the southern coast of California. Another aim of the 
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Linington Lab is the curation of a large marine microbial library representing a 

comprehensive survey of the Pacific Coast of the United States. This library is 

currently composed of 778 organisms, which have generated a prefraction extract 

library of 4668 members.  

 The first 2496 prefractions from this library were subject to screening in the 

biofilm inhibition screening platform. These plates are configured in 384-well format. 

Each plate contains 312 prefraction extracts, derived from 52 marine microorganisms; 

these organisms are numbered sequentially beginning with 1331 and their prefraction 

extracts are denoted by the organism code followed by the letter corresponding to the 

percentage of MeOH/H2O at which they were eluted from a C18 solid phase extraction 

cartridge. The following discussion will be a summary of the results from the primary 

screening campaign of this marine natural product extract library. 

 The result from the screening of Plate 1 is displayed in Figure 3.10. This plate 

yielded zero hits (neither antibiotic nor biofilm inhibitor hits). There are a number of 

prefractions capable of inhibiting biofilm formation by 20 % to 50 %. However, the 

majority of these hits were C fractions, indicating that peptone is in all likelihood 

responsible for the inhibitory activity. Plate 2 results are available in Figure 3.11, and 

the number of active hits is equally scarce.  
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Figure 3.10. Screening results from Plate 1 of the US extract library, 
RLCR_384_1331_1382. 
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Figure 3.11. Screening results from Plate 2 of the US extract library, 
RLCR_384_1383_1434. 

 Plate 3 was found to be far more prolific than the two plates preceding it (Figure 

3.12); yielding a hit rate for biofilm inhibitors of 2.6 %. Unfortunately, six of these 

hits were C fractions. Excluding these fractions caused the hit rate to drop to 0.64 %. 

The remaining hits, 1484B and 1485B, exhibited a phenotype with more variable 

monolayer coverage (Figure 3.13). The individual cellular morphology appears 

similar to that caused by peptone, but the distribution differs. These wells display 

regions in the monolayer with very low cellular attachment; this is particularly 

obvious for 1485B. This may be indicative of disruption of biofilm attachment. 
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Figure 3.12. Screening results from Plate 3 of the US extract library, 
RLCR_384_1435_1486. 
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Figure 3.13. Screening images for prefractions demonstrating notable biofilm 
inhibitory activity from Plates 3 through Plate 8. Shown at 20x magnification. 
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 Plates 1 through 3 were all screened using a 384-well pin tool to deliver the 

DMSO stock to the culture plate. This pin tool delivers 200 nL of stock to each well. 

Figure 3.14 displays the screening results from Plate 4 using the 384-well pin tool. 

The hit rate for this plate was found to be extraordinarily high (6.4%). This level of 

activity was considered unmanageable for triage, and the plate was rescreened using a 

384-well pin tool that delivers 20 nL of DMSO stock to the culture plate. The results 

from screening at this 1:10 dilution are displayed in Figure 3. 15. This dilution 

created a far more accessible set of hits, but this plate proved to produce antibiotic 

prefractions nearly exclusively. Prefractions 1492D and 1496D showed weak biofilm 

inhibitory activity.  
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Figure 3.14. Screening results from Plate 4 of the US extract library, 
RLCR_384_1487_1538. The screening plate was screened at full concentration. 



 105 

 

Figure 3. 15. Screening results from Plate 4 of the US extract library, 
RLCR_384_1487_1538. The screening plate was screened at 10-fold dilution of the 

original DMSO control stock plate. 

 Plate 5 showed similar screening results (Figure 3.16) to Plate 4, such that the 

majority of the activity was due to antibiotic activity. The hit rate for biofilm inhibitor 

compounds (excluding C fractions) was 0.3 %, with only 1541D showing activity. 

The prefraction 1550D (Figure 3.13) was just above the 20 % biofilm inhibition 

cutoff, but its limited impact upon bacterial growth indicates it may behave as a non-

microbicidal inhibitor produced in low titer. The image for 1541D indicates a strong 

clearance of the cells surrounding the biofilm microcolonies (failure to form a strong 

monolayer), yet the individual cell morphology appears similar to those observed in 
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the healthy negative control wells. However, the bacterial growth was observed to be 

at the 0.7 normalized optical density boundary, which may be indicative of an 

antibiotic effect. Screening at elevated concentrations will be required for biofilm 

inhibition selectivity to be determined definitively. The normalized optical density 

found for 1550D was above 1.0, potentially indicating less impact upon cell viability 

than 1541D and demonstrating that 1550D may be a more appealing prefraction for 

follow-up studies. 

 

 Figure 3.16. Screening results from Plate 5 of the US extract library, 
RLCR_384_1539_1590. 

 Plate 6, although producing a large number of antibiotics, had only a single 

prefraction (1595C) that was found to have strong biofilm inhibitor activity and it was 
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a C fraction. The results from this plate (Figure 3.17) were fascinating because it is 

the first plate to produce only a single ‘false positive’ hit in the form of a C fraction. 

Additionally, active C fractions (whose activity was attributed to the presence of 

peptone) discovered in Plates 1 through 4 were frequently accompanied by 

normalized optical densities well over 1.0, unlike 1595C.  

 

Figure 3.17. Screening results from Plate 6 of the US extract library, 
RLCR_384_1591_1642. 

 The results from Plate 7 (Figure 3.18) and Plate 8 (Figure 3.19) substantiate the 

observation that C fractions no longer generate inherent biofilm inhibitory activity. 

The loss of media-induced false positives is very encouraging, however, it is unclear 

what has caused the sudden disappearance of this activity. One potential explanation 
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could be variation in the purchased peptone lots used for the SYP media recipe. 

Peptone is generated from enzymatically-digested cow’s blood, and thus different lots 

may not be entirely consistent.  

 Plate 7 generated the highest ‘C fraction-free’ hit rate of 0.96 %. The prefractions 

1652D, 1693D, and 1671D all showed strong biofilm inhibitor activity. These hits are 

particularly fascinating because of their inhibitor phenotype. The remaining biofilm 

microcolonies in these wells appear less bright with variable transparency across each 

microcolony; this is well illustrated by prefraction 1652D in Figure 3.13. The 

observed decrease in microcolony fluorescence may indicate that the active 

constituent causes the development of less robust 3-dimensional structures. Biofilm 

inhibition caused by previous hits has only been observed to cause the biofilm 

microcolonies to shrink; these hits are the first example of accompanied decreases in 

brightness. The images from prefraction 1671D (not shown) will be discussed in great 

detail in Chapter 4.  
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Figure 3.18. Screening results from Plate 7 of the US extract library, 
RLCR_384_1643_1694. 

 Plate 8 generated a hit rate of 0.64 %. The prefraction 1705E (pictured in Figure 

3.13) showed marked biofilm inhibition without a strong morphological aberration in 

the cells surrounding the small remaining biofilm microcolonies. The background 

cells in 1703D display an abnormal elongated morphology. Cellular filamentation is 

traditionally indicative of damaged cells that have initiated an SOS stress response.11 

This would require molecular confirmation, but indicates that 1703D may have less 

promise as a non-microbicidal biofilm inhibitor than 1705E. 
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Figure 3.19. Screening results from Plate 8 of the US extract library, 
RLCR_384_1695_1746. 

 The first eight plates from our marine microbial extract library have been an 

excellent pilot study for the utility of our screening platform for the pursuit of non-

bactericidal biofilm inhibitors in V. cholerae. The small molecule responsible for the 

biofilm inhibitory activity of prefraction 1671D has been fully characterized and will 

be further discussed in Chapter 4, proving that the strategy we’ve developed can yield 

pure compounds that recapitulate the inhibitory activity observed in the primary 

screening platform.  
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3.2.2.3. Marine Vertebrate-Derived Bacterial Extract Library 

 The natural product extract libraries discussed above were all derived from 

microbes isolated from marine sediment. Marine sediment has proven to be a great 

source of Actinobacteria capable of producing both antibiotic and biofilm inhibitor 

compounds, as illustrated above. Interestingly, recent studies of the human gut 

microbiome have also uncovered strains of Actinobacteria.12 This inspired fellow 

graduate student, Laura Sanchez, to look at marine vertebrates as a source of novel 

marine Actinobacteria. Bacteria cultured from six different fish species resulted in the 

generation of a 147-member prefraction extract library, produced from 21 different 

fish-gut derived bacteria.13  
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Figure 3.20. Screening results from the Fish Prefraction Extract Plate, 
FI_CR_1001_1021. 

 The results from the fish extract plate are displayed in Figure 3.20. The only hit 

generated from this plate was a strong biofilm inhibitor from prefraction 1021D. In 

order to identify the component responsible for the biofilm inhibitory activity a peak 

library was generated (See Experimental for peak library generation details); ten 

minute fractions were collected and the third fraction was found to engender the 

strong inhibitory activity (Figure 3.21). Purification of the active ten minute fraction 

yielded the isolation of taurocholic acid (TCA, 3.10, Figure 3.22). Taurocholic acid 

(3.10) belongs to a class of compounds known as naturally occurring bile acids,14 and 

is a component of human bile.  
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 The metabolism and production of the bile acids has been well studied14,15, and 

consequently many relevant steroid derivatives are commercially available. A 

collection of 17 steroid derivatives was prepared for screening.13 Of these, six 

structures showed marked activity in the biofilm inhibition screen; the structures for 

these active compounds are illustrated in Figure 3.22. These compounds were 

screened as serial dilutions, generating the dose response curves displayed in Figure 

3.23. An interesting characteristic of the active compounds is their effect upon the 

normalized optical density values. In all cases, compound biofilm inhibitory activity 

was coupled with large increases in normalized optical densities, sometimes on the 

order of 2- to 3-fold increases. This increase is encouraging because it suggests that 

these compounds may be causing the dissolution of biofilm microcolonies, which 

could be transitioning back to the planktonic growth state. The growth rates for 

planktonic bacteria are higher than bacteria in the biofilm state, which would account 

for the elevated optical density values.  
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Figure 3.21. Peak library for the prefraction 1021D. 
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Figure 3.22. The structure for taurocholic acid, the active constituent in 1021D, and 
the active steroid derivatives from the SAR campaign. 
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Figure 3.23. IC50 curves generated for each of the active compounds in the secondary 
synthetic SAR series in terms of normalized percent biofilm coverage. 
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 Interest in this compound with regards to its effect upon the pathways responsible 

for biofilm formation prompted a variety of biological experiments. This compound 

represents the first hit to be pursued as a molecular probe. This project encourages 

further investigation of the growing fish gut-derived microbial extract library. It also 

begins to address the question of whether commensal bacteria are producing 

compounds with biofilm inhibitory bacteria for the benefit of both the host and the 

bacteria. An additional 60 organisms have been isolated, and the results from their 

screening are eagerly anticipated. 

3.2.3. Development of a Metabolism-Based Secondary Screening Platform 

 The aim of the preceding discussion was to evaluate the utility of the developed 

image-based biofilm inhibition platform as a primary screening tool. For this purpose 

optical density measurements were shown to serve as an acceptable method for 

evaluating cell viability. However, problems are encountered when using this 

measurement for acquisition of an accurate IC50 value for cell survival. First, adherent 

bacteria in the biofilm growth state form vertical pillars, thus optical density readings 

are skewed by the heterogeneous light transmittance. One solution that laboratories 

studying biofilm-forming cultures have instigated is a vortex step before the 

absorbance reading; this step homogenizes the culture and optical density readings 

are found to be higher than non-vortexed samples. Unfortunately, this technique is not 

amenable to 384-well microtiter plates. This issue often causes an underestimation of 

bacterial growth, but the opposite problem is encountered when trying to evaluate the 

degree of death caused by antibiotic compounds. A paper by Aellen et al. showed that 
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optical density measurements are slow to respond to cell death in comparison to 

colony forming unit (CFU) calculations.16 

 As discussed in Chapter 1, a notable characteristic of the biofilm growth state is 

their resistance to traditional antibiotics. The discovery of intriguing hits using this 

platform has sparked interest in whether addition of a biofilm inhibitor can modulate 

the efficacy of known antibiotics. We have hypothesized that if a biofilm inhibiting 

compound were capable of reverting cells in the biofilm growth state back to the 

planktonic growth state (effectively initiating dispersion, the final step in the 

development of biofilms) this may be accompanied by the return of their 

susceptibility to traditional antibiotic treatment. A robust technique for properly 

evaluating cell viability is a requirement for the development of this type of co-dosing 

strategy. The above critique indicates that optical density may not be an accurate 

measure of cell viability, and prompted the consideration of alternative methods for 

measuring cell proliferation. 

 Colorimetric and fluorimetric assays have become popular methods for evaluating 

cell viability and toxicity in a range of cells (mammalian cell lines, various bacteria, 

yeast and fungal species).17 Alamar blue (resazurin) is one of the most popular of 

these assays, and functions by monitoring the reducing environment of the living cell. 

Alamar blue is particularly suited for our purposes because it is cost-effective, 

sensitive, rapid, safe, does not require a killing step to acquire the measurement 

(which the popular MTT reagent requires), and is amenable to screening in a 

microtiter plate format.18 Resazurin (blue and nonfluorescent) is reduced to resorufin 
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(pink and highly fluorescent) by oxidoreductases within viable cells (Figure 3.24); 

thus wells with healthy replicating cells will appear pink and wells with dead cells 

will appear blue.19  

 

Figure 3.24. Structures for the reduction of resazurin to resorufin performed by 
cellular oxidoreductases. 

 In order to validate the use of resazurin in our system Nicholas Shikuma and I 

prepared a screening plate where the initial bacterial culture was serially diluted (2-

fold) for the length of a column (16-wells). Data from this experiment coupled with 

CFU calculations of the initial bacterial density from each concentration of culture 

allowed for generation of a standard concentration curve (Figure 3.26). Using this 

curve it is possible, based on the observed fluorescence emission, to extrapolate the 

number of estimated cells remaining after antibiotic treatment. In this case a 50% 

decrease in the resorufin fluorescence emission corresponds to a 96% decrease in 

viable cells. Thus, this will be referred to as the IC96. 
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Figure 3.25. Example of the results from the resazurin assay applied to 384-well 
plate format. 

 

 

 Figure 3.26. Standard curve prepared for resazurin in 384-well format. 
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 The biofilm state has been repeatedly shown to cause a decrease in antibiotic 

susceptibility in human bacterial infections; in fact, some of the mechanisms by 

which this is accomplished are well elucidated.20,21 Resazurin seemed a simple tool to 

use in order to investigate whether this was true with the biofilms formed by V. 

cholerae in the developed screening platform. Three clinically relevant antibiotics, 

tetracycline, ceftazidime, and ciprofloxacin, were chosen to evaluate whether biofilm 

forming V. cholerae displays notable resistance to antibiotic treatment.22,23 A stock 

compound plate was prepared for each antibiotic with 9 lanes of uniform serial 

dilutions for each antibiotic; 9 lanes were used to get a large number of technical 

replicates in order to validate the screening platform for publication. Each antibiotic 

plate was pinned into both the smooth strain of V. cholerae (which does not form 

biofilms in the 4.5 hour incubation time-frame) and the rugose strain of V. cholerae 

(that has been shown to form robust biofilms in the 4.5 hour incubation period). 

Antibiotics were pinned at time zero, in the same manner as described previously. 

Resazurin was added after a 2-hour incubation period to evaluate cell viability (see 

Experimental).  

 None of the concentrations of ceftazidime tested were capable of eliciting the 

level of cell death required to calculate an IC96 for cell viability using resazurin; this 

was true for both the smooth and the rugose strains. The IC96 for ciprofloxacin in the 

smooth strain was found to occur at about 0.33 µM and was found to be 0.69 µM in 

the rugose strain. The IC96 for tetracycline in the smooth strain was found to occur at 

0.23 µM, and 0.82 µM in the rugose strain. Unfortunately, selectivity for the killing of 
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the smooth strain over the rugose strain in any of the screened antibiotics was not 

observed. This lack of selectivity may indicate that in order to observe differences in 

antibiotic susceptibilities the biofilms must first be allowed time to establish before 

antibiotic treatment.  

 The current screening platform described has been optimized to evaluate 

compounds for their ability to inhibit initial biofilm formation, and thus the bacteria 

are not given time to establish before compound treatment. It would be fascinating to 

allow the bacteria to form biofilms before compound treatment in order to evaluate 

the ability of both antibiotics and biofilm modulating compounds to disperse 

preformed biofilms. This type of screen modification may allow for the observation 

of the 100-1000-fold antibiotic selectivities observed in the literature.24  Although our 

application of resazurin did not show antibiotic selectivity under the above-described 

descriptions, it is expected that the establishment of biofilms before addition of 

antibiotics will yield more promising results. 

3.2.4. Development of an Expression-Based Secondary Screening Platform 

 A logical step following the identification of biofilm inhibiting compounds is the 

pursuit of a biological target, or an understanding of how biofilm modulation is 

achieved. The proteins involved in the biofilm formation pathway are obvious targets 

for small molecule therapeutics, but there is also the potential that these compounds 

do not have a protein target. These compounds may be behaving as surfactants, 

causing the dissolution of the exopolysaccharide matrix in a non-specific, protein-

independent manner.  
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 In order to differentiate between a protein-target or a non-specific mechanism of 

action, a secondary screening platform was developed that would allow changes in 

gene expression to be observed, in order to provide preliminary indication of an 

appropriate direction for more focused molecular experiments. If treatment with 

compound results in differential levels of gene expression among the pertinent genes 

involved in the biofilm formation pathways, this will provide evidence for 

consideration of the compound as a potential inhibitor of the protein whose 

expression was modulated. The following discussion will describe the development 

of a gene expression assay using luminescence from bacterial luciferase as the 

biological reporter output.  

 Bioluminescence is the chemical generation of light by living organisms. The 

intra-cellular reaction responsible for light production involves the oxidation of a 

substrate molecule (the luciferin) by a luciferase enzyme, which produces an 

oxyluciferin molecule and the release of photons.25 The gene expression assay 

described below utilizes the bacterial luciferase system (lux) from Vibrio harveyi as 

the luminescence reporter; this lux system is composed of the luxCDABE gene 

cassette (Figure 3.27A).26 Figure 3.27B illustrates the chemical reaction that gives 

rise to the production of light. A long-chain aliphatic aldehyde (RCHO) is oxidized 

by the luciferase enzyme (a heterodimeric enzyme composed of α and β subunits 

encoded by luxA and luxB) in the presence of oxygen and reduced flavin 

mononucleotide (FMNH2) to produce light, a long-chain fatty acid, water, and flavin 

mononucleotide.27 The enzymes encoded by luxCDE regenerate the aliphatic 
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aldehyde, allowing the production of light to continue without the addition of 

additional substrate. 

 

Figure 3.27. Schematic illustrating the bacterial luciferase system for V. harveyi. (A) 
organization of the lux operon, (B) the chemical reaction responsible for the 

production of light in V. harveyi. The luxAB genes encode the luciferase enzyme, and 
the luxCDE genes encode a fatty acid reductase complex. 

 A gene reporter plasmid was constructed by fusing the promoter for each gene of 

interest whose expression is to be monitored in front of the lux operon (luxCDABE). 

This plasmid was then incorporated into V. cholerae via conjugation with the 

plasmid-containing E. coli strain. This strain can then be grown and the luminescence 

monitored, and whenever the gene of interest is expressed it will now be accompanied 

by the production of light because the same promoter now controls both 

processes.28,29 The effect of a compound upon gene expression can then be evaluated 

by comparison of luminescence output of treated cultures to the luminescence output 

of untreated cultures. 
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 These studies are traditionally executed on a 25 mL scale. However, small 

molecule production levels from marine bacteria (the source of our biofilm inhibiting 

compounds) can be very low. Thus, in order to test isolated small molecules for their 

effect upon gene expression it was important to develop a small-scale lux expression 

assay. A 96-well format was chosen for the miniaturization, where each well contains 

200 µL of culture. First, it is important to evaluate the gene expression data at a time 

point after the bacteria has reached the exponential growth stage, thus we needed a 

platform that was able to collect both luminescence emission and optical density 

readings within the same well. Tandem 96-well white-walled plates were run, one 

clear-bottomed plate and one white-bottomed plate (See Experimental for details). 

The luminescence emission results are shown in Figure 3.28. The wild-type V. 

cholerae strain with a vpsL promoter fused to the lux reporter operon grown in the 

clear-bottomed plates showed comparable levels of luminescence emission as the 

white-bottomed plates. The gene vpsL encodes the most downstream enzyme in the 

biofilm exopolysaccharide production pathway. The dip following the first maxima 

may be due to the depletion of in-well nutrients and the time points following this dip 

show high standard deviations. Thus, although this data shows that our format can 

capture expression levels through photon emission, the data point that should be 

reported for expression comparison should be taken at or slightly before the first 

maxima; data point 19 (the dashed line in Figure 3.28) would be appropriate. The 

second plot displays the luminescence emission for the empty vector used to 

incorporate the lux reporter. The emission for this strain is low, as would be expected.  
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Figure 3.28. Luminescence emission for clear-bottomed (red) and white-bottomed 
(blue), white-walled 96-well plates. Expression investigated for the wild-type strain 

with vpsL-lux vector and the wild-type strain with the empty plasmid (pBBBR). 

 Having shown that the clear-bottomed, white-walled 96-well plate format allows 

for growth resulting in luminescence expression and comparable expression levels to 
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white-bottomed plates, it was necessary to validate the 96-well format using a 

compound with known gene expression modulating effects. Commercially available 

TCDCA, the strongest biofilm inhibitor identified from the bile acid SAR series 

(Figure 3.22), was available in a quantity suitable for gene expression evaluation in 

the 25 mL scale assay. For this study lux reporter strains were generated using V. 

cholerae (wt) to monitor the expression of the following genes: vpsL, vpsR, and vpsT. 

These genes are implicated in biofilm formation, and the result of TCDCA upon their 

expression levels in the 25 mL format is displayed in Figure 3.30A. The growth 

curve acquired using optical density measurements showed that TCDCA did not 

affect bacterial viability in comparison with treatment with DMSO only (Figure 

3.29). This plot also ensured the time point chosen for comparison of luminescence 

levels was indeed during the early exponential growth stage (time point 18, 9 hours). 

In this format it’s clear that the expression levels of vpsL are most strongly depressed 

with the addition of TCDCA. The expression levels for vpsT are depressed, but to a 

lesser degree, and vpsR expression is the least affected. Figure 3.30B illustrates the 

results for gene expression as found using the novel 96-well format. The expression 

levels for both the 96-well format and the 25 mL format show a consistent pattern for 

decreases in gene expression, caused by treatment with TCDCA. Unfortunately,  

treatment with TCDCA displays depressed expression levels for each of the lux 

reporter fusion stains giving little insight into which experiments would be 

appropriate for further evaluation of the compound’s target. 
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 This set of experiments validates the 96-well format assay developed in order to 

evaluate the effect of compounds upon gene expression in luciferase reporter strains 

of V. cholerae. The miniaturized format described requires 125-fold less compound 

stock than the 25 mL format, which allows for far less compound to be expended 

during secondary screening. This is essential for the study of compounds isolated 

from marine bacterial extracts. 

 

Figure 3.29. 96- well format growth curve for the SWT_vpsL-lux strain displaying 
optical density measurements for treatment with DMSO only versus treatment with 

TCDCA at 250 µM. 
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Figure 3.30. Development of bacterial lux gene expression reporter assay. (A) gene 
expression levels in the presence of TCDCA for the 25 mL scale assay, (B) gene 

expression levels in the presence of TCDCA for the 96-well scale. 

3.3. Conclusions 

 This chapter outlines the implementation of the described high content screening 

platform for the discovery of biofilm modulating compounds from both commercial 
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small molecule libraries and marine natural product extract libraries. Both 

commercial and natural product screening campaigns yielded reproducible small 

molecule hits capable of inhibiting biofilm formation. These campaigns both 

generated preliminary data inspiring the design of SAR libraries, and in the case of 

the bile acids SAR series, the secondary screening results uncovered structural 

analogues with improved efficacy at clearing biofilm formation.  

 Screening from the sediment-derived marine microbial extract library yielded a 

number of valuable hits, one of which has been fully characterized and its activity 

will be discussed in detail in Chapter 4. Screening from the pilot marine vertebrate-

derived microbial library yielded the discovery of TCA as a non-microbicidal biofilm 

inhibitor.  This hit validates the utility of constructing marine bacterial extract 

libraries from niche marine environments (such as the fish microbiome), and is 

encouraging for further extract generation from this novel source of marine bacteria. 

 Secondary metabolites derived from marine bacteria are often produced in low 

titer. Most secondary biological screening assays are not designed with this limitation 

in mind. This hinders the development of natural products into potential lead 

compounds. In order to address this problem the adaptation of two existing secondary 

assays to a higher-throughput (low volume) format has been described. Validation of 

both a metabolism-based cell viability assay (Resazurin) and a luciferase reporter 

expression assay will allow for rapid acquisition of secondary biological screening 

data without delays due to material limitations. Drug discovery is entering an era 

where an understanding of the target of drug leads is becoming a requirement before 
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extensive lead development. The design of accessible and small-scale secondary 

biological assays is essential for future development of these compounds as 

therapeutic agents.   

3.4. Experimental 

3.4.1. Bacteria Cultivation  

 Marine sediment samples were transferred onto media plates. Six different solid 

agar media were used for microbial isolation: actinomycete isolation agar (AIS and 

AIF by Difco), NTS, NTF, HVF, and HVS.30,31 All isolation plates were prepared 

with Instant Ocean and supplemented with 50 mg/L of both cyclohexamide and 

nalidixic acid. The sediment was serially stamped onto solid agar with a sterile swab. 

Cultures were incubated at room temperature and bacterial colonies displaying 

desired morphologies were subcultured on Difco Marine Broth solid agar plates until 

pure. Typical incubation times for the appearance of colonies from isolation plates 

ranged from 30–90 days. 

3.4.2. Standard Liquid Culture, Extraction, and Prefractionation Protocol 

 Selected colonies were inoculated into 10 mL of modified saline SYP (mSYP) 

media (10 g starch, 4 g peptone, 2 g yeast extract and 31.2 g instant ocean in 1 L of 

distilled water) and the cultures stepped up in stages by first inoculating 1.5 mL of the 

10 mL cell cultures (small-scale) into 50 mL of mSYP (medium-scale), followed by 

inoculation of 15 mL of these medium-scale cell cultures into 1 L of the same broth 
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(large-scale) with 10 days at each interval. All cultures were incubated at 26°C and 

shaken at 200 rpm. 

 Large-scale cultures were fermented for 10 days prior to chemical extraction. 

Twenty grams of pre-washed Amberlite XAD-16 resin (CH2Cl2, MeOH and water) 

was added to each large-scale culture, shaken for 2 hrs. (200 rpm), and the resulting 

slurry filtered under vacuum through a glass microfiber filter (Whatman). The cells, 

resins and filter paper were extracted with 1:1 CH2Cl2/MeOH (250 mL) and the 

suspension shaken at 200 rpm for 1 hr. Organic extracts were filtered and 

concentrated to dryness in vacuo. Dried crude extracts were pre-fractionated by solid 

phase extraction chromatography (5 g C18 cartridge, Supelco, USA) using a stepwise 

MeOH/H2O gradient: 40 mL of 10 %, 20 % (A fraction), 40 % (B fraction), 60 % (C 

fraction), 80 % (D fraction), 100 % MeOH (E fraction) then 100 % EtOAc (F 

fraction). Prefractions A – F were concentrated to dryness in vacuo, then resuspended 

in DMSO (1 mL) and aliquots of these DMSO stock solutions reformatted to 384-

well plates prior to screening. 

3.4.3. Peak Library Generation Protocol 

 A 40 µL aliquot of prefraction DMSO stock was lyophilized and fractionated by 

C18 reverse-phase HPLC (Phenomenex Synergi Fusion-RP, 10 x 250 mm column, 10 

µm, 2 mL min-1 flow rate) using a MeOH/H2O (0.02 % formic acid) solvent system.  

Each prefraction was run on a gradient specifically tailored to produce the most 

highly resolved chromatography. Peak library gradient design was based on a 

preliminary standard gradient, run for every prefraction of interest on a 2 µL aliquot 
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of DMSO stock (lyophilized and resolubilized in 5 µL MeOH); executed using an 

established broad gradient (designed with a 50 % increase in the percent MeOH over 

the course of the run) at 2mL min-1 for 30 min (Phenomenex Synergi Fusion-RP, 250 

x 4.6 mm, 10 µm) using a MeOH/H2O (0.02 % formic acid) solvent system. 

 Eluent from tailored gradient was collected into deep well 96-well plates using an 

automated time-based fraction collection method consisting of 1 min time slices, and 

subsequently concentrated to dryness in vacuo.  Dried plates were resolubilized (10 

µL DMSO per well), sonicated to ensure homogeneity, reformatted to 384-well 

format, and submitted for biological screening. 

3.4.4. Resazurin Screening Protocol 

 Liquid culture was prepared as described in Chapter 2.32 The liquid culture was 

inoculated at a 1:100 dilution into fresh LB broth, dispensed into 384-well microtiter 

plates, and DMSO stock compounds were pinned into the culture, as described in 

Chapter 2. Pinned cultures were then incubated for 2 hours at 30 °C. At this point the 

plates were removed from the incubator and 4 µL of Resazurin Solution was added to 

each well (Biotium, Cat. Number: 30025-1). The plates were incubated for another 

2.5 hours. Following incubation, fluorescence was measured using an excitation 

wavelength of 531 nm and an emission wavelength of 595 nm. Readings were 

collected in triplicate, to evaluate cell viability (EnVision plate reader, PerkinElmer). 

Data collected for each site were averaged for each well, and normalized based on 

negative control wells.  
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3.4.5. 96-well lux Reporter Gene Expression Assay 

 Liquid culture was prepared for each strain as described in Chapter 2.32 The liquid 

culture was inoculated at a 1:1000 dilution into fresh LB broth, 200 µL of diluted 

culture is added to 96-well, clear-bottomed, white-walled microtiter plates (Spectrum, 

Cat. Number: 958-18340-005), and 1 µL of DMSO or DMSO stock compound was 

pipetted into each appropriate well. The microtiter plates were loaded into the plate 

reader following compound addition, and luminescence and OD600 readings were 

collected in triplicate, to evaluate gene expression and cell growth (EnVision plate 

reader, PerkinElmer).  
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Chapter 4 

Discovery and Biological Characterization of the Auromomycin Chromophore as an 

Inhibitor of Biofilm Formation in V. cholerae  
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4.1.  Introduction  

 The field of anti-biofilm drug discovery is still in its early stages, with few 

dedicated screening campaigns to date.1 The value of compound discovery in this 

field is two-fold. First, as discussed in Chapter 1, compounds capable of inhibiting 

biofilm formation have great potential for development as therapeutics for combatting 

chronic infections. Second, the biological mechanisms that control biofilm formation 

are still not fully understood, and small molecule biofilm inhibitors have the potential 

to serve as tools for probing these pathways.  

 The ultimate success of whole-cell phenotypic screens lies in the ability to 

identify a compound’s target(s). Thus, a requirement for a productive screening 

program is investment in complementary methods that allow for subsequent 

identification of the target of active molecules.2 A strong fundamental understanding 

of the biological system under investigation is paramount to the development of these 

target identification approaches. The following discussion will outline the current 

state of understanding of the molecular mechanisms that contribute to biofilm 

formation in V. cholerae. There are five different areas to consider: attachment 

factors, Vibrio polysaccharide (VPS) synthesis, regulators of biofilm formation, 

extracellular protein production, and cyclic-di-GMP (c-di-GMP) signaling.3 It is 

important to note here that biofilm formation in V. cholerae is not consistent across 

all strains or phenotypic variants.4 For the purpose of the following discussion I 

would like to focus on the O1-El Tor strain, which is a serotype with endemic 
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potential, and is the strain used for the development of the image-based screening 

platform. 

4.1.1. Attachment Factors 

  Biofilm formation is a multistep process. This process begins with attachment and 

colonization: bacteria approach a surface, attach, and become irreversibly associated. 

In order for bacteria to approach a surface, the repulsive potential between the abiotic 

surface and the bacterium must be overcome. It is possible for this repulsive potential 

to be surmounted through external forces and collisions, but the rate of attachment is 

significantly lower without two functional external structures: the flagellum and the 

mannose-sensitive haemagglutinin type IV pili (MSHA).3,5  

 As the bacterium approaches a surface, flagellar motion allows the organism to 

swim towards the surface, thus prevailing over the repulsive potential. The MSHA 

pilus then allows for attachment to the surface by tethering the bacterium and 

retracting, thus drawing the organism to the surface. The next step in development is 

the congregation of many bacteria to begin the development of microcolonies; the 

flagella generate the force required to cause movement across the abiotic surface.5  

4.1.2. Production of V. cholerae Polysaccharide 

 The development of mature biofilms in V. cholerae requires the production of an 

extracellular polymeric substance (EPS), the V. cholerae polysaccharide (VPS). VPS 

serves to both hold the bacterial cells together and to attach the biofilm microcolonies 

to a solid surface. The production of VPS causes a wrinkled colony phenotype, 

characteristic of biofilm formation and titled the rugose colonial variant.6 VPS is 
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composed of the following polymeric subunits: glucose, galactose, N-

acetylglucosamine, and mannose. The genes responsible for VPS synthesis (the vps 

genes) are clustered in two distinct regions on the large chromosome of V. cholerae 

O1 El Tor strain A1552. These two regions are called the vps-I cluster [vpsU 

(VC0916), vpsA-K (VC0917-27)] and the vps-II cluster [vpsL-Q (VC0934-9)].7  

 There are a total of 18 vps genes, which are responsible for the production of VPS 

proteins that group into 6 different classes.7 Class I proteins are predicted to be 

required for the production of the nucleotide sugar precursors (produced by the genes 

vpsA and vpsB). Class II proteins are predicted glycosyltransferases (encoded by 

vpsD, vpsI, vpsK, and vpsL). Class III proteins consist of proteins predicted to be 

implicated in VPS polymerization and export (these proteins are encoded by vpsE, 

vpsH, vpsN, and vpsO). Mutants missing the genes that encode these proteins are 

capable of producing lipid-linked subunits of VPS, but not full-length VPS. Class IV 

proteins are predicted to be acetyltransferases (encoded by vpsC and vpsG), whose 

role is the addition of acetyl groups to the polysaccharide. Class V consists of the 

phosphotyrosine-protein phosphatase; these proteins catalyze the dephosphorylation 

of tyrosine-phosphorylated proteins (encoded by vpsU). Proteins of this type have 

been shown to be involved in the regulation of the production of exopolysaccharide. 

The remaining proteins belong to class VI (encoded by vpsF, vpsJ, vpsM, vpsP, and 

vpsQ) and are classified as hypothetical proteins. The roles of these proteins in the 

production of the biofilm matrix have yet to be determined. 
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 In order to determine if each of these individual proteins is important for biofilm 

formation, Fong et al. generated a library of in-frame deletion mutants for each vps 

gene.7 Each of these mutants was evaluated and their colony morphologies 

characterized. Each mutant’s ability to produce biofilms and VPS, and form pellicles 

at the air/liquid interface were characterized as well. This phenotypic screening panel 

showed that nearly all VPS proteins are required to produce colony corrugation, bring 

about pellicle and biofilm formation, and cause the VPS production characteristic of 

the wild type rugose strain. 

4.1.3. Regulation of VPS Synthesis 

 The regulatory proteins responsible for the transcription of the vps genes (which 

encode the proteins responsible for VPS production and subsequent biofilm 

formation) are extremely complex. These proteins have been shown to act in concert 

with one another to respond to cell density, levels of c-di-GMP, and alternate sigma 

factors.  

4.1.3.1. Positive Regulation 

 Both VpsR and VpsT act as positive regulators of the expression of vps genes.3 

VpsT belongs to the UhpA (FixJ) class of response regulators.8 These transcriptional 

regulatory proteins behave as effectors in two-component signal transduction 

systems, which function through phosphoryl transfer from kinases lying upstream to 

modulate the activity of the response-regulator proteins.9 VpsR is a member of the 

NtrC subclass of response regulators.10 This subclass also functions as a two-

component signal transduction system.  
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 Examination of the biofilm forming capacity of the rugose vpsR mutant under 

both static and flow-cell conditions indicated that compared to the rugose wild type 

strain the rugose vpsR mutant was completely incapable of forming three-dimensional 

structures, forming a layer of single cells only. Studies of the rugose vpsT mutant, on 

the other hand, indicated that under static conditions, less-developed biofilms were 

formed, and under flow-cell conditions the RvpsT mutant retained the ability to form 

well-developed three-dimensional biofilm structures (although their morphology was 

markedly different from the rugose wild type stain).11 Additionally, examination of 

these mutants using whole genome expression profiles indicated that the degree of 

induction or repression of the genes regulated by these proteins was greater for the 

vpsR mutant.11  This data suggests that VpsR participates as a stronger transcriptional 

activator than VpsT, and is thus considered the master regulator of biofilm 

formation.7,8 Finally, in addition to regulating the expression of the vps genes, VpsT 

and VpsR have also been shown to positively regulate each other’s expression, as 

well as their own expression.12 

4.1.3.2. Negative Regulation 

 In V. cholerae, quorum sensing functions as a negative regulator of biofilm 

formation. Quorum sensing is a population density-dependent regulatory system that 

operates through production of signaling molecules (autoinducers) that are secreted 

from the cell, and subsequently detected by the surrounding cellular community. 

Eventually the extracellular concentration of signaling molecules reaches a critical 

concentration that initiates a cascade of changes in gene expression, causing dramatic 
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changes in the physiology and biology of the cellular population. In the case of V. 

cholerae, high cell density triggers a signaling cascade that causes the expression of 

the major quorum sensing regulator, HapR, through activation of expression of a set 

of small regulatory RNAs.13  

 The results from a whole genome-expression profile of a hapR mutant indicated 

that HapR negatively regulates both vpsR and vpsT expression.8,10 Consequently, this 

repression causes a decrease in biofilm formation through the indirect negative 

regulation of vps expression. Studies have suggested that HapR may play a more 

direct role in inhibiting biofilm formation by directly repressing the expression of 

vps-I through upstream binding, but this has yet to be definitively shown.14 

4.1.4. Extracellular Matrix Proteins  

 The protein components of the extracellular matrix significantly contribute to the 

three-dimensional architecture of the biofilm microcolonies of V. cholerae. There are 

three protein components that have important structural roles: RbmA, RbmC, and 

Bap1. A recent study utilized a four-color antibody labeling strategy to investigate the 

localization of these proteins by means of a confocal imaging time course in order to 

elucidate each protein’s role in biofilm formation.15 This study showed that biofilm 

formation consists of three different types of spatial organization: cell-to-cell, 

formation of cell clusters, and aggregation of these clusters. RbmA was found to 

localize between cells suggesting that it participates by enabling cell-to-cell adhesion, 

and imaging showed it was present throughout the biofilm. Bap1 was found to serve 

two different roles in biofilm formation. First, Bap1 localization at the solid surface 
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suggests it allows cells to adhere to surfaces. The second function of this protein is 

afforded through collaboration with RbmC. These two proteins were found to encase 

clusters of cells, forming discrete envelopes of cells. These clusters then aggregate 

together to form the complete mature biofilms. 

 Microscopic analyses of knockout mutants yielded unique biofilm morphologies 

for these three proteins. The biofilms formed by the rbmA mutant were found to be 

thicker and loosely packed (more dispersed), and as a result this mutant formed 

microcolonies that were less differentiated than the wild type stain.16 These results 

indicate that the rbmA mutant causes the biofilms to become less organized, which is 

not surprising considering this protein aids cell-to-cell adhesion. The colony 

morphology of the rbmC mutant was not markedly different from the rugose wild 

type stain. However, the bap1 mutant and the ∆bap1 ∆rbmC double deletion mutant 

formed colonies that were flat and lacked the characteristic wrinkled property 

(rugosity) of the parent strain.17 Additionally, confocal analysis of the ∆bap1 ∆rbmC 

double deletion mutant showed the formation of a weakly attached biofilm that 

detached after 24 hours. These results are consistent with the evidence suggesting that 

Bap1 participates in surface attachment. These analyses confirm that Bap1 plays a 

stronger role in biofilm formation than RbmC, although sequence analysis has shown 

that these two proteins share 47% peptide sequence similarity, which accounts for 

these protein’s shared participation in the formation of cell clusters.17  
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4.1.5. Cyclic-di-GMP Signaling 

 As discussed in Chapter 1, c-di-GMP is a ubiquitous bacterial signaling molecule. 

This molecule is recognized as the second messenger that controls the transition from 

the free-floating planktonic state to the sessile biofilm state. Diguanylate cyclase 

(DGC) enzymes are responsible for the production of this molecule. Genomic 

analysis of V. cholerae has uncovered 31 genes that encode for DGC proteins.18 A 

recent study by Shikuma et al. identified five membrane-bound DGCs, and elucidated 

their role in biofilm formation in V. cholerae. This study showed that the 

transcriptional regulator VpsT functions to promote biofilm formation by directly 

integrating c-di-GMP signaling. These proteins are required to work in concert to 

produce sufficient levels of c-di-GMP to cause VpsT oligomerization and subsequent 

localization, and the c-di-GMP concentration is not dependent on the presence of any 

one specific DGC. This result indicates it is the signaling molecule, and not 

interactions between the DGCs and VpsT, that causes VpsT localization. Thus, 

cellular concentrations of c-di-GMP control biofilm formation by mediating the 

oligomerization that allows VpsT to function. 

 These five areas discussed above represent the significant components that control 

biofilm formation in V. cholerae. Morphological studies of gene deletion mutants 

serve as a valuable first step towards understanding the function of these genes with 

regards to biofilm formation. The discovery of small molecule biofilm inhibitors 

offers an alternate route for probing the mechanisms responsible for biofilm 

formation, and potentially provides compounds for therapeutic control of biofilm-
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mediated infections. The following study describes the discovery and characterization 

of an anti-biofilm compound discovered using the image-based screening platform 

described in Chapter 2.  

 

4.2. Results and Discussion 

4.2.1. Discovery of Auromomycin Chromophore 

 The results from the screening of the Linington Lab marine bacterial extract 

library from the US collection (discussed in Chapter 3) allowed for the identification 

of ten promising prefractions. These hits showed non-microcidal biofilm inhibitory 

activity with normalized OD600 values greater than 0.7 and normalized percent 

biofilm coverage values less than 20% (reported as 0.2). Of these initial hits, 

prefraction 1671D showed the strongest effect on biofilm formation, and was 

therefore subjected to one-compound, one-well ‘peak library’ fractionation using our 

standard protocol (See Experiemental). Screening of the resulting peak library 

(Figure 4.1B) revealed a strong region of biofilm inhibition at minutes 26-28 that 

corresponded to a single peak in the chromatogram (Figure 4.1A). This activity was 

coupled with a striking biofilm microcolony phenotype (illustrated in Figure 4.6C), 

provides strong justification for further examination of the active constituent. 

Purification and rescreening of the peak highlighted in Figure 4.1A from large-scale 

liquid culture (4 L) afforded the desired compound as a pale yellow crystalline solid 

(18 mg). 
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Figure 4.1. Peak library screening results for 1671D. A) Peak library HPLC 
chromatogram, B) corresponding optical density data and biofilm coverage data 

acquired for each 2-minute time slice of the 1671D prefraction. 
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4.2.2. Characterization of the Auromomycin Chromophore 

 In order to begin the characterization of the active compound, the sample was 

analyzed using high-resolution electrospray-ionization Fourier transform mass 

spectrometry, which identified a single [M + H]+ adduct consistent with the molecular 

formula of C12H11NO5 (eight degrees of unsaturation). This molecular formula was 

confirmed by examination of the number of resonances in the 1H and 13C NMR 

spectra (Figure 4.2), which were in agreement with the number of atoms predicted 

from the mass spectrum (Figure 4.3). The high degree of unsaturation, coupled with 

the presence of 10 downfield carbons between δC 98.9 and 168.0, and two aromatic 

methine protons at δH 6.87 and 7.20 strongly suggested the presence of a conjugated 

core aromatic ring structure. gHMBC correlations from the aromatic methine signals 

at δH 6.87 and 7.20 to carbons at δC 109.5, 122.7, 143.5, 155.8 and δC 108.1, 122.7, 

155.8, 168.0 respectively indicated that these two protons resided on the same 

tetrasubstituted phenyl ring (Figure 4.4A, substructure A). Additionally, the NMR 

data revealed the presence of two methoxy subunits (δH 3.79, δC 56.6 and δH 3.91, δC 

53.4), one of which was present as a methyl ester with a carbonyl carbon at δC 168.0. 

The gHMBC correlation for the methyl singlet at δH 3.79 to the carbon at δC 155.8 

indicated that this substituent existed as a pendant methyl ether on the aromatic ring. 

The methyl singlet at δH 3.91 showed gHMBC correlations to both a carboxylic 

carbon at δC 168.0 and the aromatic carbon at δC 115.1, confirming the presence of a 

methyl ester pendant to the aromatic ring (Figure 4.4A, substructure A).  
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Figure 4.2. NMR data and structure of auromomycin chromophore (compound 4.1) 
isolated from 1671D in acetonitrile-d3. A) 1H NMR spectrum (600MHz), B) 13C 

NMR spectrum (150 MHz). 
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Figure 4.3. (+)-FTICR MS data for compound 4.1.   

 

 

Figure 4.4. Structure of compound 4.1. A) substructures A and B, as determined from 
1D and 2D NMR data, B) molecular structure for the choromophore of auromomycin, 

C) ORTEP structure of compound 4.1. 
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 Two additional proton resonances at δH 5.06 and 5.51 showed strong COSY 

couplings to one another, and correlated to the same carbon resonance at δC 98.9 in 

the phase-sensitive gHSQC, indicating that these two signals were part of an 

exocyclic methylene moiety. This was confirmed by gHMBC correlations from both 

proton signals to a second olefinic carbon signal at δC 149.0, whose chemical shift 

suggested that it was adjacent to a heteroatom as part of a larger conjugated aromatic 

system. Finally, both methylene protons showed gHMBC correlations to a carbonyl 

carbon at δC 155.9 (Figure 4.4A, substructure B), suggesting the exocyclic alkene 

was adjacent to a carbonyl moiety. 

 Despite determination of subunits that accounted for the majority of the atoms in 

the molecular formula, unequivocal assignment of the complete structure was 

precluded by the low number of proton NMR resonances and the large number of 

heteroatoms and quaternary carbons in the molecule. To address this issue, 

recrystallization of compound 4.1 from toluene/EtOAc provided an orthorhombic 

yellow crystal, which was analyzed by X-ray diffraction. The crystal structure 

obtained from this experiment (Figure 4.4C) confirmed the assignment of the 

substructures determined by NMR analysis, and identified compound 4.1 as the 

previously reported central chromophore of the antitumor enediyne natural product 

auromomycin.19 Previous studies of the methyl ester chromophore of auromomycin 

did not reveal any relevant biological activity.19,20 
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4.2.3. Biofilm Inhibitory Activity of Compound 4.1 

 In order to determine the biofilm inhibitory activity (IC50) of compound 4.1, a 

two-fold dilution series was examined using our standard imaging platform to afford 

as IC50 of 60.1 µM against V. cholerae (Figure 4.5). Analysis of both the 

epifluorescence images obtained from this dilution series and confocal images 

collected from relevant individual wells from the same 384-well plate allowed 

evaluation of the microcolony morphology caused by treatment with compound 4.1. 

Figure 4.6A and C display the images obtained from the epifluorescence and 

confocal platforms respectively, and show a dose-dependent reduction in biofilm 

microcolony size as a function of compound concentration. COMSTAT analysis was 

applied to quantify the confocal images and provide a measure of the effect of 

compound 4.1 on the three-dimensional structure of the biofilm microcolony 

morphologies. COMSTAT analysis uses a suite of image features to generate four 

shape variables that quantitatively describe biofilm structure.21 This experiment was 

performed to confirm the biofilm inhibition observed with the two-dimensional 

results acquired using the epifluorescence platform. Figure 4.6B illustrates the results 

from the COMSTAT analysis, showing significant decreases in biomass as the 

concentration of 4.1 increases. It is important to note that at concentrations of 74.1 

µM and 49.4 µM the COMSTAT values for biomass and average thickness are higher 

than those found for the negative control. However, the cross-sections acquired for 

these wells show that the fluorescence for the treated wells appears more dispersed 

across the surface compared to the DMSO treated control wells, whose fluorescence 
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seems discrete and focused in areas with microcolonies. The epifluorescence images 

(Figure 4.6C) for these concentrations show microcolonies of similar size to the 

DMSO controls, but displaying a less bright, more diffuse phenotype, consistent with 

reduced cell density and lower occupancy of microcolonies.  

 

 
Figure 4.5. Concentration curve for compound 4.1. The IC50 curve for the inhibition 
of V. cholerae biofilms by compound 4.1 was determined to be 60.1 µM. The curve 

was fit using a nonlinear regression as generated by the software Prism. 



 155 

 

Figure 4.6. Biofilm image analysis. A) Confocal laser scanning microscopic images 
of V. cholerae at increasing concentrations of compound 4.1 (Magnification 10x), B) 
quantitative image analysis conducted using COMSTAT analysis, C) epifluorescence 
images of biofilm microcolonies formed in a negative control well and wells treated 

with 49.4 and 74.1 µM of compound 4.1 (Magnification 20x). 
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 The data from both the epifluorescence and the confocal images indicate that on 

treatment with compound 4.1 microcolonies initially become less organized and less 

tightly packed. This is the first time we have observed this type of biofilm inhibition 

phenotype in our screening program, and suggests that the biofilm matrix may be 

being disrupted by a reduction in the production of proteins involved in controlling 

biofilm architecture. Typically we observe inhibition phenotypes where 

microcolonies remain bright, but shrink in size with increasing concentrations of 

inhibitor (Figure 4.7, TCDCA). The phenotype observed for compound 4.1 is 

unusual in that the microcolonies remain large, but become more porous and less 

densely occupied with cells as the concentration of compound 4.1 increases (Figure 

4.7, compound 4.1). 

 In order to further validate the results obtained in the primary screen, static 

confocal experiments were completed in 1 mL volumes using traditional experimental 

conditions for quantifying biofilm structure. Inhibition activity originally observed in 

well plates was recapitulated in this format. The static 1 mL confocal experiments 

were also used to evaluate the ability of compound 4.1 to disperse preformed 

biofilms, in order to determine whether the compound effects biofilm attachment and 

development or initiates a transition of cells in the biofilm state to the planktonic 

state. The confocal images did not show decreases in biomass after preformed 

biofilms were treated with the compound 4.1, indicating this compound does not 

disrupt biofilm formation by initiating microcolony dispersal. 
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Figure 4.7. Epifluorescence images displaying the distinctive biofilm inhibitory 
phenotypes resulting from treatment with increasing concentrations of 

taurochenodeoxycholic acid (TCDCA) and compound 4.1. 

 

 In order to evaluate the selectivity of compound 4.1 for disruption of biofilms, 

and confirm previous reports of the nontoxic nature of this chromophore, a number of 

additional assays were performed. Compound 4.1 was found to have no impact upon 

the growth of V. cholerae in liquid culture up to 250 µM, the highest concentration 

tested (Figure 4.8). BioMAP analysis was used to evaluate the bactericidal activity of 

prefraction 1671D against a broad suite of bacterial pathogens.22 Results from 

screening this prefraction against the 15 different bacterial stains (5 Gram-positive 

species and 9 Gram-negative species) revealed that compound 4.1 had no bactericidal 

activity against any of the tested strains. Additionally, compound 4.1 showed no 
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mammalian cell cytotoxicity against HeLa cells, up to the highest tested concentration 

(250 µM). 

 

Figure 4.8. Growth curves for V. cholerae with treatment of compound 4.1 at 90 and 
250 µM. Evaluated in triplicate. 

 

 There are very few examples of agents capable of causing inhibition of biofilm 

formation in V. cholerae. Two different studies have reported proteins produced by 

Bacillus spp. capable of inhibiting V. cholerae biofilms,23,24 and a number of studies 

have reported inhibitory activity of bacterial extracts.25,26 However, only one other 

study has identified small molecules capable of inhibiting biofilm formation against 

this target. This compound was discovered through the design of a screening platform 

in order to identify small molecule inhibitors of diguanylate cyclase, an enzyme 

shown to be essential for the production of a cyclic di-GMP, the signaling molecule 

that regulates biofilm formation in V. cholerae. The most active compound was 
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reported to inhibit biofilm formation at 26.2 µM.27 Interestingly, this compound was 

found to only disrupt biofilm formation under flow-cell conditions, and not in static 

culture, unlike the compound discussed in this study. This screening strategy was a 

successful method for uncovering biofilm inhibitors, but is fundamentally different 

from our target-independent image-based assay. Compound 4.1 is therefore the first 

novel small molecule biofilm inhibitor reported with activity against V. cholerae, 

found using an unbiased, whole cell screening platform. 

4.2.4. Co-dosing of Biofilm Inhibitor with Antibiotics at sub-MICs 

 It is well-documented that sub-MIC (minimum inhibitory concentration) doses of 

antibiotics are capable of inducing bacterial biofilm formation in vitro.28 In 2005, a 

study reported in Nature illustrated the biofilm-inducing properties of sub-MIC 

concentrations of tobramycin, and the following years resulted in dozens of additional 

publications reporting similar results.29 To date, tetracycline has been shown to 

induce biofilm formation in five different bacterial species, and rifamycin in three 

different bacterial species.28 These studies raise concerns that therapeutic treatments 

of infections where prescribed antibiotics are not administered at high enough doses 

may be contributing to the severity and persistence of infections by inducing biofilm 

formation. This can intensify the infection, since bacterial biofilms are inherently less 

responsive to antibiotic treatment. Thus, it has been suggested that the development 

of cotherapeutic agents to suppress biofilm induction could serve as a valuable 

solution to this problem by restoring antibiotic susceptibility.30 
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 Three commercially available antibiotics, tetracycline, ceftazidime, and 

ciprofloxacin, were chosen for evaluation using this strategy due to their orthogonal 

bacterial targets and their utility as therapeutics against V. cholerae infections.31,32 

Dilution series for each antibiotic were evaluated using our image-based screen in 

order to determine both sub-MIC and sub-BIC (biofilm inhibitory concentration in 

terms of biofilm coverage) concentrations. A dilution series of compound 4.1 was 

then co-treated with a single fixed concentration of each antibiotic (a concentration 

qualifying as both sub-MIC and sub-BIC). This allowed us to evaluate whether the 

biofilm inhibition efficacy of compound 4.1 was affected by the addition of sub-MIC 

and sub-BIC levels of antibiotics. The screening results indicate that the addition of 

low concentrations of antibiotics can significantly enhance the biofilm inhibitory 

activity of compound 4.1, as illustrated in Figure 4.9. Addition of sub-BIC quantities 

of tetracycline improved biofilm clearance by halving the concentration of compound 

4.1 required to cause a 50% decrease in biofilm coverage. Sub-BIC concentrations of 

ceftazidime and ciprofloxacin were also found to significantly improve the biofilm-

clearing efficacy of compound 4.1, suggesting that this strategy is broadly applicable 

to antibiotics with different modes of action. 
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Figure 4.9. Co-dosing concentration curves. IC50 curves for the inhibition of V. 
cholerae biofilms by compound 4.1 alone shown in blue. Shown in red are the IC50 
curves for the inhibition of V. cholerae biofilms treated with varying concentrations 
of compound 4.1 plus treatment with a fixed concentration of A) tetracycline at 0.19 
µM, B) ceftazidime at 222 µM, and C) ciprofloxacin at 0.037 µM. Ceftazidime was 

shown to be weakly effective against as an antibiotic against the strain of V. cholerae 
used in this study, reflecting the seemingly high sub-MIC and sub-BIC concentration. 
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4.3. Conclusions 

 This study reports the discovery of a new structural class of biofilm inhibitors 

discovered through the application of an image-based, high-throughput screening 

platform to our in-house marine natural product prefraction library. Using this target-

independent phenotypic screening platform we have shown that this compound is a 

selective, non-bacteridical inhibitor of V. cholerae biofilms, and shows a unique 

phenotype, causing diffuse microcolony formation. By shifting the focus of 

therapeutic discovery from a straight killing effect to a more subtle inhibition of 

colonization we have identified a compound with significant potential to restore the 

efficacy of traditional antibiotic therapies. Co-dosing studies showed that treatment 

with sub-BIC and sub-MIC doses of tetracycline, ciprofloxacin, and ceftazidime 

improve the biofilm inhibitory efficacy of compound 4.1, indicating this would be a 

promising candidate for development as a combination therapy for eliminating 

persistant bacterial infections 

 

4.4. Experimental 

4.4.1. Isolation of Compound 4.1 

 The producing organism was isolated from a marine sediment sample collected by 

self-contained underwater breathing apparatus at Pinnacle Rock, Juan de Fuca 

Straight, Washington, from a depth of 32 ft under permit # 10-395 issued from the 

Washington Department of Fish and Wildlife. The sediment was collected into a 

sterile 15 mL Falcon tube and stored at 4 °C until work-up. The supernatant was 
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removed, and the sediment stamped on solid HVS media.33 The isolate was 

repeatedly subcultured on Difco Marine Broth plates until pure, prepared in liquid 

culture (10 mL), and preserved as a glycerol frozen stock. Subsequent cultures were 

prepared from glycerol frozen stocks by plating upon solid media followed by 

preparation in liquid culture (1 L scale) using modified SYP medium (10 g starch, 4 g 

peptone, 2 g yeast extract and 31.2 g instant ocean in 1 L of distilled water). The 1 L 

liquid bacterial cultures were extracted with 1:1 CH2Cl2/MeOH, and concentrated to 

dryness in vacuo. The crude extracts were then resuspended in a MeOH/H2O solution, 

and further fractionated by solid phase extraction chromatography into six 

prefractions of increasing polarity. The active peak was purified from prefraction 

1671D using RP-HPLC (Phenomenex Synergi Fusion-RP 80Å, 250 x 10.00 mm, 10 

µm) applying an isocratic separation (63% MeOH, 37% H2O with 0.02% formic acid, 

3 mL min-1, tR = 21 min.) to afford pure compound as a pale yellow powder (approx. 

4.5 mg L-1). Solvents used for chromatographic isolation were HPLC grade and used 

without further purification. 

4.4.2. Characterization of Compound 4.1 

 NMR data were acquired using a Varian Unity Inova spectrometer at 600 MHz 

equipped with a 5 mm HCN triple resonance cryoprobe, and referenced to residual 

proton signals. HRMS data for the pure compound was acquired using University of 

California, Berkeley QB3/Chemistry Mass Spectrometry Facility’s multimode 

electrospray ionization (ESI) Fourier Transform mass spectrometer (FTMS). Analysis 
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of the (+)-FTICR MS data (obsd. [M + H]+ at m/z 250.0720; [M + Na]+ at m/z 

272.0540) gave an exact mass of 249.0648, (calcd. 249.0637, ∆ppm = 4.42). 

4.4.3. CIF Data for Compound 4.1 

Identification code  xsc1220a 
Empirical formula  C12 H11 N O5 
Formula weight  249.22 
Temperature  296(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pbca 
Unit cell dimensions a = 16.290(6) Å α = 90° 
 b = 7.009(3) Å β = 90° 
 c = 20.031(7) Å γ = 90° 
Volume 2287.3(14) Å3  
Z 8 
Density (calculated) 1.447 g.cm-3  
Absorption coefficient (µ) 0.114  mm-1 
F(000) 1040 
Crystal size 0.145 × 0.105 × 0.040 mm3 
ω range for data collection 2.03 to 19.50° 
Index ranges -15 ≤ h ≤ 15, -6 ≤ k ≤ 6, -18 ≤ l ≤ 18 
Reflections collected 10735 
Independent reflections 997 [Rint = 0.0600] 
Completeness to θ = 19.50° 99.9 %  
Absorption correction Empirical 
Max. and min. transmission 0.7444 and 0.6566 
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 997 / 0 / 168 
Goodness-of-fit on F2 1.060 
Final R indices [I>2σ(I)] R1 = 0.0441, wR2 = 0.1237 
R indices (all data) R1 = 0.0602, wR2 = 0.1397 
Largest diff. peak and hole 0.332 and -0.287 e–.Å-3  
 
4.5. Statement of Contribution 

 Andrew Cheng was responsible for the generation of the confocal data in Figure 

4.6A and B, as well as the growth curve illustrated in Figure 4.8.  
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Chapter 5 

Development and Application of a Novel Image Analysis Platform and Its 

Application for Mechanism-Based Antibacterial Profiling of Marine Bacterial 

Extracts 
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5.1. Introduction 

 Despite the growing percentage of antibiotic-resistant bacterial pathogens isolated 

from hospitals, campaigns for the development of novel drug leads to remedy these 

infections are failing to produce sufficient leads to combat this public health crisis.  

This shortfall is not due to lack of effort by screening programs, which have now 

screened hundreds of thousands of small molecules for antibacterial activity.1 

Unfortunately, useful compound yields from these campaigns have been low, and the 

number of major pharmaceutical companies involved in antibiotic drug development 

is steadily declining. These problems are exacerbated by the technical difficulty and 

time investment required to bring a novel antibiotic to market. Furthermore, the 

relatively low financial return on investments in this area compared to development in 

other disease areas has led to a significant corporate withdrawal from the field leaving 

the discovery landscape bleak.2  

 Both whole cell and pure enzyme assays have seen widespread use in antibiotic 

discovery programs. Pure enzyme assays are popular because they provide direct 

information regarding molecular targets, though challenges often arise in translating 

these hits to validated lead compounds; in particular, compounds can suffer from 

issues of permeability and/or target selectivity in whole cell secondary screens.3 

Alternatively, whole cell assays provide hits that are active in their physiological 

context, but the lack of mechanistic information afforded by whole cell screens often 

means that lead compounds either hit targets with extensive existing drug coverage, 

or are nonspecific nuisance compounds with little pharmaceutical relevance. The time 
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and energy required to filter through these hits to find promising lead compounds for 

further development significantly hinders this approach.  The recent development of 

image-based phenotypic whole cell screening offers a third approach to primary 

screening. By acquiring images of test cells and using these to interrogate elements of 

phenotype variation, image-based screening allows information about the target to be 

inferred at the primary screening stage, which in turn provides a mechanism for 

informed triage decisions before committing a large time and resource investment 

into specific molecules.4 Although this technology is widely utilized for mammalian 

cells there are currently no phenotypic platforms for bacterial systems under high-

throughput conditions.  This is largely because bacterial visualization requires 

magnifications that are not compatible with existing high-throughput imaging 

technologies.  

 A significant proportion of the antibiotics to reach the market in recent years have 

been analogues of existing scaffolds.5 Although these compounds remedy the 

immediate need for antibiotic development by incremental improvements in scope or 

potency, they inevitably suffer from many of the same underlying resistance 

mechanisms of their predecessors, and are therefore of only modest value in the wider 

context of controlling the emergence and spread of drug-resistant pathogens.1 

Although unproven, the possibility of using high-content screening (HCS) to find 

compounds with unique mechanisms is an exciting new avenue for antibiotic 

discovery.  This type of technology and mechanism-based profiling opens up the 

potential to approach antibiotic drug discovery from a different perspective. We 
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hypothesized that the development of image-based profiling technologies for bacterial 

systems would permit the direct assignment of mechanism of action to antibiotic lead 

compounds from primary screening data, and would provide a new approach to the 

discovery of novel lead compounds. To examine this hypothesis we developed a 

bacterial imaging platform, and created new software tools to explore the potential for 

using bacterial image-based screening for antibiotic discovery. 

 There is clearly a need for novel screening methods to address the challenges 

associated with antibiotic drug discovery.  By developing novel image analysis 

technologies we have created a phenotypic profiling screening platform for the direct 

annotation of drug function from primary screening data, and applied this 

methodology to the characterization of a natural products library to examine the 

validity of this approach for clustering drug leads from natural sources. 

 

5.2. Results and Discussion 

5.2.1. Bacterial Image-Based Screening Platform 

 Chapter 2 detailed the development of a 384-well, high-throughput image-based 

screen using GFP-tagged Vibrio cholerae to directly observe and quantify biofilm 

formation in response to treatment with compound libraries.6 This system uses an 

epifluorescence microscope to capture images at a single focal plane, followed by 

segmentation of the image and quantification of biofilm regions to directly determine 

the effect of test compounds on biofilm formation. This platform is one of very few 

examples of high-throughput imaging systems for bacterial targets, and significantly 
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reduces the time required to collect data for 384-well plates compared with the 

confocal or electron microscopy techniques traditionally used for this type of study.  

5.2.1.1. Phenotypic Response to Screening Libraries 

 Although this screening platform was originally developed with the goal of 

identifying small molecules capable of disrupting biofilm formation, it was observed 

that some compounds caused unusual cellular morphologies in the adherent 

monolayer regions of cells in the background of the image. In these cases, biofilm 

formation was not necessarily eliminated, but individual adhered cells located 

between the biofilm columns exhibited peculiar cellular phenotypes. These physical 

aberrations were frequently coupled with a decrease in cell viability, inferred through 

a decrease in the optical densities of affected wells, and were therefore postulated to 

be responses to sub-lethal doses of antibiotics. 

 Concentration-dependent morphological changes in response to antibiotic 

treatment have been well documented.7 Previous reports have examined the effects of 

treatment of bacterial cells with varying concentrations of FDA-approved antibiotics, 

and formal descriptions of the resulting phenotypes.8,9 These studies were 

accomplished with either electron microscopy or differential interference contrast 

microscopy; techniques that are both low throughput and executed at far higher 

resolution than possible with the fluorescence microscopy available for the screen 

described in this study. Regardless of these differences, we found that the phenotypes 

observed from our HCS platform (Figure 5.1) closely resembled those described in 

the literature. 
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Figure 5.1. Fluorescence images displaying unique phenotypes with treatment of sub-
lethal doses of antibiotics against V. cholerae a) DMSO negative control, b) 

‘filament’, 12 nM ciprofloxacin c) ‘spheroplast’, 2 mM ceftazidime, d) ‘spherorod’, 
25 µM ceftazidime, e) ‘cobblestone or raspberry’, 0.8 µM tetracycline, f) ‘ovoid’,  

0.1 µM ciprofloxacin. 

 Because a number of distinct morphological alterations were observed, we 

postulated that these phenotypes could be correlated to the mechanisms of action for 

antimicrobial compounds. It is well documented that the morphological changes 
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observed resulting from antimicrobial agents targeting cell-wall synthesis correlate 

well with their mechanism of action.9 Findings have also confirmed that, regardless of 

their precise targets, compounds shown to disrupt protein synthesis exhibit very 

similar cell surface disruptions.10 Observation of morphological alterations matching 

reported phenotypes in other Gram-negative organisms therefore prompted the 

investigation of the antimicrobial action of test compounds against V. cholerae using 

the imaging platform described above.  

 Figure 5.1 shows the relevant morphological phenotypes observed using our 

screening platform. In total, five distinct phenotypes were recognizable and 

differentiable using the system described below. Figure 5.1A shows the typical 

morphology of the negative controls, treated with only the DMSO vehicle. Figure 

5.1B show elongated cells, which are ascribed in the literature as the morphological 

effect of treated bacteria that are continuing to grow and initiate new rounds of 

protein synthesis, yet fail to divide into daughter cells.11 Figure 5.1C, termed the 

spheroplast phenotype, features uniformly spherical, punctate cells where the 

individual cells are distinct, with little neighboring cell overlap. The literature 

ascribes this morphology to a bacterium whose cell wall has been completely 

removed and thus the membrane tension causes the spherical shape.12 Figure 5.1D 

displays the ‘sphero-rod’ phenotype,9,13 which is a hybrid between the elongated and 

spheroplast morphologies. In Pseudomonas aeruginosa this phenotype is attributed to 

the affinity of β-lactam therapeutics to bind two different penicillin-binding proteins. 

Figure 5.1E is the morphology termed ‘cobblestone’ or ‘raspberry’,14 and contains 



 177 

cells that appear deflated or collapsed due to membrane damage.10 Figure 5.1F is 

termed ‘ovoid’, and represents cells that are slightly larger and elongated than healthy 

cells.15 This phenotype is coupled with notable decreases in cell coverage indicating 

significant cell death.  

5.2.1.2. Evaluation of Bacterial Phenotypes Using Known Antibiotics 

 To investigate whether the observed phenotypes correlated with specific modes of 

action of test compounds, a training set of commercial antibiotics was prepared that 

included many of the major compound classes, and covered many of the biological 

targets of FDA-approved antibiotics. In total this training set contained 12 different 

structural classes, each with well-defined antimicrobial mechanisms of action. 

Broadly speaking, most antibiotics target one of three stages of bacterial cell 

replication: inhibition of ribosomal function, disruption of cell wall biosynthesis, or 

inhibition of DNA synthesis.16,17 Within these target classes there are numerous 

specific targets and binding sites. The compounds chosen for the training set cover 

each of these three stages and include a number of different targets within these 

classes (Table 5.1). To prepare these materials for screening, each compound was 

arranged as a 2-fold serial dilution, beginning at the highest soluble concentration in 

DMSO and continuing to concentrations well below the reported MIC values against 

V. cholerae for visual evaluation in the high-throughput screening platform. 
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Table 5.1. List of training set antibiotics. 

 

 The strain of V. cholerae used for this screen is a mutant in which the genes 

responsible for the production of c-di-GMP, a small molecule whose production has 

been shown to promote biofilm production, are constitutively expressed.  Use of this 

Antibiotic Class Antibiotic Name Primary Target

Penicillins [Piperacillin, 

Carbenicillin, Ampicillin, Penicillin 

G, Cloxacillin]

Cephalosporins [Cefadroxil, 

Cefaclor, Ceftazidime]

Lipopeptides Polymixin B Lipopolysaccharide (LPS) in the outer membrane

Others Alafosfalin Peptidoglycan units terminal D-Ala-D-Ala dipeptide

Bacitracin C55-isoprenyl pyrophosphate

D-cycloserine D-alanine ligase and alanine racemase

Fosfomycin UDP-N-actetylglucosamine-3-enolpyruvyltransferase

Fluoroquinolones 

Nalixidic acid, Ciprofloxacin, 

Levofloxacin, Sparfloxacin, 

Norfloxacin 

Topoisomerase II (DNA gyrase), topoisomerase IV

Sulfonamides 

Sulfamethazine, Sulfapyridine, 

Sulfamethoxazole, Sulfadiazine, 

Sulfamerazine 

Competitive inhibitor for DHPS involved in folate 

synthesis

Others Novobiocin DNA gyrase

Rifamycins Rifampicin, Rifabutin, Rifaximin DNA-dependent RNA polymerase

Tetracyclines 

Oxytetracycline, Doxycycline, 

Tetracycline, Demeclocycline, 

Minocycline 

30S ribosome (inhibit aminoacyl tRNA binding to 

ribosome)

Aminoglycosides 

Tobramycin, Gentamicin, 

Amikacin, Streptomycin, 

Spectinomycin 

30S ribosome (mistranslation by tRNA mismatching)

Amphenicols 
Chloramphenicol, Thiamphenicol, 

Florfenicol 
50S ribosome (inhibit elongation step)

Macrolides 
Erythromycin, Clarithromycin, 

Midecamycin, Roxithromycin, 

50S ribosome (stimulating dissociation of the peptidyl-

tRNA molecule from the ribosomes during elongation)

Cell wall synthesis inhibitors

!-lactams Penicillin-binding proteins

DNA synthesis inhibitors

RNA synthesis inhibitors

Protein synthesis inhibitor

Pleuromutilins Tiamulin 
50S ribosome (prevent correct positioning of the CCA 

ends of tRNA for peptide transferase)

Anthracyclines 
Doxorubicin, Epirubicin, 

Idarubicin 
Intercalate DNA/RNA strand and topoisomerase II

Others Actinomycin D 
Intercalates G-C base pairs and minor groove  DNA 

at the transcription initiation complex

Mithramycin Intercalates GC-rich DNA strand

Tetracenomycin Intercalates DNA 

Nitrofurans Furazolidone, Nitrofurantoin Highly reactive reduced form (by nitrofuran reductase)

Nitro-imidazole Ornidazole Damages bacterial DNA 

DNA replication (Intercalators)

Anaerobic DNA inhibitors
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strain is essential to the study, as cellular adherence to the screening plate is required 

for downstream imaging. However, because biofilm formation is capable of reducing 

antibiotic efficacy by 10-1000-fold, not all antibiotic classes were effective against 

this strain at accessible concentrations.   

 Of the compounds targeting cell wall biosynthesis, we found the penicillins and 

cephalosporins were able to inhibit cell growth and exhibit an appreciable phenotype. 

Within the class of compounds inhibiting translation, the tetracyclines, the peptidyl 

transferase inhibitors, and the macrolides showed valuable activities. Finally, of the 

DNA synthesis inhibitors, the fluoroquinones, nitrofurans, aminocoumarins, and 

novobiocin displayed notable activities. Each of the active compounds displayed 

phenotypes for at least three of the tested concentrations, and many showed 

morphological variations over the entire dilution series. The remaining compounds 

lacked the efficacy required at an achievable concentration to be useful for the 

development of our screening platform. 

 Visual inspection of the concentration-dependent phenotypes clearly identified 

three distinct phenotypic trajectories, which correlated well with the three major 

classes of drug action for the antibiotics in the training set: protein synthesis, DNA 

synthesis and cell wall biosynthesis. The active protein synthesis inhibitors are 

displayed in Table 5.1. At low concentrations, the cell surface for treated bacteria 

appear wrinkled or deflated (Figure 5.1E), indicative of loss of intracellular contents 

through lytic points in the cell wall.18 As the concentration increases, cells begin to 

separate, and cell size decreases, leading ultimately to cell death.  
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 Both the compounds that effect DNA synthesis and those that disrupt cell wall 

biosynthesis have more complex phenotype trajectories. The DNA synthesis 

disruptors cause the formation of very long, slender fibrils at low concentrations 

(Figure 5.1B). As the concentration increases, these elongated cells begin to shorten 

and widen (Figure 5.1F) until they reach the ‘ovoid’ phenotype. At low 

concentrations, cell wall biosynthesis inhibitors also form slender elongated fibril-like 

cells that share strong phenotypic similarity to those from DNA synthesis inhibitors 

(Figure 5.1B). However, as the concentration of cell wall biosynthesis inhibitors 

increases a unique ‘sphero-rod’ phenotype develops (Figure 5.1D), and eventually 

the spheroplast character of the cells overshadows the elongated morphology leaving 

only sparsely scattered, uniformly round punctate cells that are unique to this 

compound class (Figure 5.1C). 

 The imaging data acquired for this training set allowed us to clearly delineate 

distinct morphological, concentration-dependent responses for each class of 

antibiotics. However, outside visual inspection, we lacked the tools to evaluate and 

score the phenotypes and their transitions through the course of a dilution series in 

order to bin them into separate categories. Even for the small training set described 

here, image analysis generates 2560 images per screening plate, making manual 

annotation an unrealistic strategy. Furthermore, manual annotation is taxing, given 

that phenotypes transition gradually from one to the next, making unequivocal 

assignment of specific phenotypes challenging for human operators. To overcome 

these issues we elected to develop an image analysis platform for characterizing 
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bacterial phenotypes, and to apply this tool to the automatic mode of action prediction 

for unknown antibiotics from our marine natural products library. 

5.2.2. Development of Bacterial Image Analysis Software Platform 

 Unlike image-based screens for mammalian cells, even the highest magnifications 

possible using high-throughput imaging systems (typically 40x) are not sufficient to 

permit the straightforward annotation of individual bacterial cells using standard 

software tools. Bacterial cells are approximately 10 times smaller in size than 

eukaryotic cells, typically 0.5-5.0 µm in length. In addition, bacterial cells frequently 

associate closely together in three-dimensional assemblages, rather than forming 

confluent monolayers like many eukaryotic cell lines. The challenges in investigating 

phenotypic variations were therefore to design an image analysis tool capable of 

distinguishing and interpreting the faint intertwined monolayer of cells surrounding 

the prominent biofilm macrocolonies in our images at 40x magnification, and to 

generate relevant metrics from this enhanced image to differentiate concentration-

dependent morphological changes for these cells. 

 

Figure 5.2. Analysis software image output. a) Raw GFP fluorescence image of 
RWT V. cholerae after 50 µM treatment with nitrofurantoin, a DNA damaging agent, 

b) enhanced image generated, and c) analyzed image generated (colors and 
boundaries illustrate measurements required for metric calculation). 
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 Examining the background detail in screening images is a challenge for most 

existing image analysis software tools. Because these features are small and 

cytoskeletal elements are typically not distinguishable at these magnifications, many 

of the commonly used discriminators do not apply. In addition, the overall shapes of 

these bacterial cell colonies are non-standard with respect to the geometries of 

eukaryotic cells, meaning that new metrics are required to accurately quantify and 

differentiate colony and single cell phenotypes, as seen in Figure 5.1. Finally, given 

that the image-based screening for this project was performed with a bacterial strain 

capable of forming large biofilm colonies in the microtiter plates, removal of bright 

heterogeneous biofilm microcolonies that overshadow the surrounding cells was 

required, providing an additional hurdle for the design of the analysis tool. A more 

appropriate suite of analysis software was therefore created to address these 

challenges and provide a quantitative set of measurements that differentiate bacterial 

phenotypes for hit classification and triage. 

5.2.2.1. Image Processing and Segmentation 

 As with any image analysis platform, quantification of phenotypes from raw 

imaging data requires a two-step workflow: image processing and metric 

quantification. Because this platform is aimed at small features with comparatively 

weak fluorescence, a number of additional image normalization steps were required 

to standardize output metrics that are not always required for large feature analysis. 

The first step in this process was to remove variations in illumination and fogging in 

different parts of the background, so as to establish a consistent local black level. To 
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do this, the scale of background detail is estimated from the autocorrelation function 

of the image, and the image divided into square tiles of twice the median value. A 

mild de-speckling filter is applied and the minimum value in each tile is then taken as 

a local estimate of the black level. These values are then used to interpolate a local 

baseline to be subtracted and the correction applied across the whole image (Figure 

5.2A). At the same time, a gamma-corrected image that emphasizes the contrast in the 

background detail is produced to aid human interpretation (Figure 5.2B). 

 The second step is the extraction of relevant individual features from the baseline 

corrected image. These features correspond to individual cells and intertwined masses 

of cells. A list of features is constructed by examining the image pixels in order of 

decreasing intensity. If none of a pixel’s eight nearest neighbors have so far been 

included in a feature, it is used as the starting point of a new feature, and is added to 

the feature list. If the nearest neighbors include pixels from just one feature, the new 

pixel is added to that feature. If the pixel has neighbors from two different features, a 

decision has to be made. If either of the neighboring features is very small, or starts 

from a peak value close to the intensity value at the saddle point just detected, the 

features are merged and the list shortened. Otherwise, the pixel is assigned to the 

most strongly connected of the features it touches. Using this approach, the most 

intense pixels are used as ‘nucleation sites’, and new features grow outwards from 

these starting points until they either reach very low pixel intensities, in which case 

the process stops, or they touch up against other growing features, in which case 

either features are combined as above, or a boundary between them develops. 
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 The next step is to identify different populations within the list of features. The 

features are sorted on the basis of their intensity and a plot made of the logarithm of 

the intensity against rank in the ordered list. This plot shows distinct linear regions for 

biofilm features and background features, and features from these regions are 

processed separately. One group represents the individual bacterial cells and 

assemblages, which we have termed the background features. These features are 

colored cyan in the analyzed image, as can be seen in Figure 5.2C. Metrics 

calculated for features of this type have names starting with the string ‘bottom’. The 

other group contains the biofilm microcolonies distinct from the background cells. 

Biofilm regions are colored yellow and metrics calculated for these areas have names 

starting with ‘top’. These two regions of features and the calculation of their 

corresponding metrics are treated independently, resulting in separate sets of metrics 

from the biofilm and non-biofilm regions of the image. Metrics are also calculated 

from the bare regions between the features. 

5.2.2.2. Metric Calculation 

 Once the feature generation is complete, a suite of size and shape metrics are 

extracted from the resulting segmented images. These metrics can be divided into 

four broad groups: global properties, simple features, shape-dependent features, and 

interrelational features. Global properties result directly from the feature finding 

process, such as the threshold between each pair of regions and the percentage of the 

image assigned to each region (there are three defined regions: bright or ‘top’, dim or 

‘bottom’, and background or ‘back’). Simple feature properties are measurements and 



 185 

straightforward statistical calculations from the list of features, such as total intensity, 

or the ratio of boundary to internal pixel count. Shape-dependent properties describe 

complex parameters that report on feature structures, such as ‘number of arms’ or 

‘local intensity variation.’ Finally, interrelational features include a number of metrics 

designed to address the relationship between features, such as the number of other 

features touched (the fan-out) or the fraction of a feature’s perimeter touching other 

features. 

 Apart from the global metrics, values are evaluated for the features one at a time 

and then an ensemble average calculated from all these values to form the final 

metric. Separate values are calculated for top and bottom features and for the 

background regions between features. In total, 43 metrics are recorded for each 

image. Some of the shape-dependent metrics are based on the angular or radial 

distribution functions for the individual features, taking the centroid of the intensity 

as origin. For example, the angular distribution allows the number of maxima (arms) 

to be counted, and the mean difference between maxima and minima gives a mean 

angular variation. These calculations require pixels involved in a feature to be 

classified as either ‘boundary’ or ‘interior’.  

 Many of the features of interest possess a branching, linear or network forms. To 

distinguish these, an additional marking process is used. A copy of the feature is 

made and pixels are discarded from it one at a time, starting with the dimmest. 

However, if removing a pixel would partition the feature, the pixel is retained and 

marked as part of the feature’s skeleton. The result is strongly shape dependent; for a 
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roughly circular feature, there is often only one central pixel to be marked, but for a 

linear feature, an extended crest-line remains. For more complex shapes, the skeleton 

may form a network around local minima (isolating regions we refer to as marrow). 

The mean fraction of skeleton and marrow points are both useful metrics for 

quantifying feature structure. 

 Full definitions of these metrics will not be defined in this text. However, because 

back interior count and bottom mean angular variation provided the most valuable 

information in terms of differentiating phenotypes their definitions are presented in 

detail here. Back interior count is the total number of interior pixels in the 

background features divided by the total number of pixels in the image (i.e. the 

fraction of the image classified as background interior). This global metric is a good 

indicator of background cell density, providing indirect information regarding the 

degree of cell survival, but also providing insight into the degree of surface coverage 

of cell aggregates at lower concentrations of antibiotics. 

 Mean angular variation is a more complex metric that is calculated in two stages. 

This first requires the calculation of the smoothed angular distribution for each 

feature. The angular distribution of a feature is determined by examining all pixels 

(interior and boundary) of a feature and building a histogram of intensity values 

distributed by the angle from the center of gravity to the pixel concerned (measured 

from the top of the image). The intensity value used is taken relative to the minimum 

value in the feature. This distribution is generally rather noisy, so it is smoothed to 

retain only significant peaks. This is done for all the background cell or ‘bottom’ 
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features (designated by the color cyan in Figure 5.2C). The metric for each 

individual feature is calculated by dividing the lowest trough value in the distribution 

by the highest peak. The overall metric value for the image is the unweighted average 

of the individual values over all the bottom features. This metric indicates the degree 

of variation of the radial size of the feature as a function of direction. This allows for 

strong differentiation between the elongated cell morphology of the fibril phenotype 

and the spheroplast phenotype, which has a nearly uniform angular distribution. 

5.2.3. Evaluation of Bacterial Phenotypes Using Known Antibiotics 

 The image results from the screening of the antibiotic training set dilution series 

were analyzed using the described software. When the back interior count metric was 

plotted against the bottom mean angular variation metric, the training set data 

partitioned into three visually distinct groups (Figure 5.3). Examination of this plot 

reveals that each clustered trajectory consists exclusively of antibiotics belonging to 

one of the three core mechanisms of action described above (disruption of cell wall 

biosynthesis, protein synthesis, and DNA synthesis). This encouraging qualitative 

evaluation of the image analysis platform confirmed two key questions surrounding 

this project, and provided strong encouragement for further examination of these data. 

Firstly, the separation of compounds by mode of action confirmed our original 

hypothesis that the observed phenotypes were mechanism-dependent. Secondly, 

binning of these compounds by mechanism using the image analysis platform 

indicated that the designed metrics were capable of accurately quantifying phenotypes 

that we had originally identified by eye using qualitative descriptors. 
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 In order to be of value as a quantification tool for compounds of unknown 

function, it was necessary to develop a statistical method for comparing the fit of 

metrics for dilution series of unknown compounds with those of the known antibiotic 

training set. To this end, these three groups were modeled using third order 

polynomials to generate fit lines for each mechanistic class (Figure 5.3). These fits 

were generated using a total least squares method, which minimizes residuals in both 

metrics while calculating the model fit for each compound series.19 Points with a back 

interior count above 0.7 and a bottom mean angular variation below 0.15 were 

excluded while generating model fits because the image analysis platform does not 

generate useful data at the extremely low cell densities encountered at these ranges. 

The drug concentrations required to cause this level of bacterial clearance represent 

almost complete cell death, and therefore fail to contribute significant phenotypic 

responses.  
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Figure 5.3. Metric plots displaying antibiotic training set data with model fits. a) Cell 
wall biosynthesis inhibitor training set, b) protein synthesis inhibitor training set, c) 

DNA synthesis disrupter training set, and d) combined training sets. 

 

 The patterns and model fits displayed in these plots illustrate that broad antibiotic 

action can be directly assigned by the phenotype trajectory through the metric plots. 

Thus, using an antibiotic training library our screening platform is capable of 

classifying broad drug action of individual antibiotics based on these discrete whole-

cell phenotypes. 

5.2.4. Classification of Antibiotic Leads from Natural Product Extracts 

 The antibiotic training set results showed that our image-based system was 

capable of elucidating antibacterial modes of action. In order to address whether this 
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system would be appropriate for discovery and annotation of unknown compounds 

we began the evaluation of our marine natural product extract library. Because natural 

products extracts are typically complex mixtures containing multiple constituents, we 

first examined the ability of this system to predict the mode of action for an extract 

containing a known antibiotic, using a bacterial type strain known to produce the 

protein synthesis inhibitor tetracycline. A liquid culture of Streptomyces aureofaciens 

(ATCC 10762) was extracted and fractionated into six prefractions using our standard 

extraction protocol (See Experimental for further details), and two-fold dilution series 

of each prefraction were screened and imaged as described above. 

 Image analysis for the prefraction dilution series revealed one prefraction 

(fraction C), with strong antibiotic activity. Calculated metrics for this prefraction 

were compared to each model fit line to determine whether the active constituent 

from this prefraction matched any of the three classes of modes of action from the 

training set (Figure 5.3). In order to quantify this phenotype match, a goodness of fit 

value (FG) was calculated based on the fit of the dilution series metric values to model 

fit lines for each compound class from the training set. These values are reported as 

FG = (1 - σ), where σ is the standard deviation of residuals from each fit line as 

calculated by the total least squares method. 

 The FG value for the S. aureofaciens prefraction indicated that this prefraction 

most closely aligned with the model fit for protein synthesis inhibitors (Table 5.2). 

Tetracycline is known to bind the 30S subunit of the bacterial ribosome, ultimately 

leading to inhibition of protein synthesis. Examination of prefraction C by HPLC-MS 
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analysis confirmed the presence of tetracycline (Figure 5.4), and validated the ability 

of the platform to profile the MOAs of individual compounds within complex 

mixtures of natural products. 

 

Figure 5.4. EIC trace for [M + H]+ of tetracycline in the S. aureofaciens C fraction. 
These conditions yield an EIC showing two characteristic tetracycline peaks, 

representing the keto and enol -forms.20 

 

5.2.5. Marine Natural Product Characterization and Discovery 

 Next, this system was applied to a large natural product library containing 2543 

prefractionated extracts from our collection of marine Actinobacteria, with the aim of 

predicting the modes of action of active constituents from the primary image-based 
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screening, and confirming these predictions through isolation and characterization of 

active compounds. Screening was accomplished using a two-stage workflow. 

Initially, primary screening of the entire library at a single high concentration allowed 

for the identification of extracts that caused either complete cell death or intriguing 

visual phenotypes. From these results, secondary screening of 90 extracts as two-fold 

serial dilutions provided the required series of images for image analysis and FG 

calculations of the phenotypic trajectories.  

 Results from the secondary screening identified a number of extracts that closely 

matched either the protein synthesis inhibition or DNA synthesis disruption training 

set fit lines. To examine the validity of these predictions we selected a subset of these 

prefractions for further study to identify the active constituents responsible for the 

observed biological activities. Using a peak library strategy recently implemented in 

our laboratory21,22 we created ‘one-compound-one-well’ libraries for four of these 

prefractions (1498E, 1565D, 1726D, 2001E) using HPLC-MS, and screened these to 

directly identify the active constituent in each trace (Figure 5.5A). 
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Figure 5.5. Outline of the discovery process for the isolation of novobiocin (5.1) 
from 1565D. a) HPLC trace of the peak library prepared for secondary screening and 
the activity plot from the secondary screening session of the wells collected from the 

peak library, b) Enhanced image of the DNA-damaging morphology from the dilution 
series of the purified novobiocin (5.1), c) Plot of the relevant metrics from screening 

of both the prefraction 1565D and the serial dilution of purified novobiocin (5.1) with 
statistical model fits.   

 The FG values for prefraction 1565D predicted that the active constituent from 

this prefraction should exert its antibiotic effect through inhibition of DNA synthesis  

(Table 5.2). To test this prediction, the active constituent was first identified in the 

prefraction using a combination of peak library HPLC separation (Figure 5.5A, upper 

trace) and biological screening against V. cholerae (Figure 5.5A lower trace). The 

antibacterial activity (minutes 36 – 39) corresponded to a single active peak in the 

HPLC trace with a distinctive UV absorbance profile. This compound was isolated 
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from a large-scale culture of the producing organism (1 L) by C18 RP-HPLC to afford 

4.56 mg of an off-white solid. Mass spectrometric analysis by (+)-HRESITOF 

indicated an exact mass for this compound of 612.2335, consistent with the molecular 

formula C31H36N2O11. Mass-based dereplication (Antimarin) identified novobiocin 

(5.1) as a candidate structure for this metabolite, which was confirmed by comparison 

of the 1H NMR data for the purified compound against literature values (Figure 

5.6).23  

 

Table 5.2. Summary of FG values calculated from model misfits for training set, 
prefractions, and pure compounds. 
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Figure 5.6. 1H NMR spectrum (600 MHz) and structure of novobiocin (5.1) isolated 
from 1565D.  

 

 Novobiocin (5.1) has been in clinical use registered under the trade name 

Albamycin since 1956 and is well documented as a DNA gyrase inhibitor,24 which is 

in agreement with the predicted mechanistic class from the image analysis platform. 

To verify that novobiocin (5.1) was indeed responsible for the observed phenotypes 

from the initial prefraction, pure novobiocin (5.1) was serially diluted, and re-

screened in the HCS platform. Analysis of these images showed that pure novobiocin 

(5.1) recapitulated the original activities, based on both its imaging morphology 

(Figure 5.5B) and the concentration trajectory of the analyzed metrics with respect to 

the training set fit lines (Figure 5.5C). Encouragingly, the elongated cell morphology 
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observed for novobiocin (5.1) in our image-based screen has been previously 

documented for this compound,25 further verifying that compounds that disrupt DNA 

processes can cause elongated cellular morphologies. 

 The FG values for prefractions 1498E indicated that it contained compounds 

capable of disrupting DNA synthesis (Table 5.2). Investigation of the peak library 

traces from these prefractions identified a diagnostic UV profile for the anthracycline 

compound class overlapping with the active region.26  Subsequent HPLC purification 

and NMR analysis revealed the presence of the known anthracycline derivative 

cosmomycin D (5.2). The structure of this glycosylated aromatic polyketide was 

confirmed by (+)-HRESITOF-MS and 1D- and 2D-NMR experiments (Figure 5.7). 

Cosmomycin D (5.2) has been shown to cause DNA damage through its ability to 

intercalate DNA, which is in line with our predictions based on the phenotypic 

trajectory of this active constituent.  
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Figure 5.7. 1H NMR spectrum (600 MHz) and structure of cosmomycin D (5.2) 
isolated from 1498D and 1498E. 

 

 Together, the results from the discovery of novobiocin (5.1) and cosmomycin D 

(5.2) show that our mechanism-based antibiotic profiling platform is capable of 

identifying compounds that disrupt DNA synthesis. Detection of potential DNA 

damage by the cell is thought to initiate the SOS stress response. The SOS response 

has been reported to inhibit septation and lead to elongated cellular morphologies, 

which is likely to be the cause of the filamentous cells observed in this study.27 This 

mechanism has also been shown to cause elongation in cells treated with β-lactam 

therapeutics, which explains why both DNA damaging agents and cell wall 

biosynthesis disruptors exhibit filamentous phenotypes (Figure 5.1B) as components 

of their dose-dependent phenotype trajectories.  
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 Both novobiocin (5.1) and cosmomycin D (5.2) function by interrupting type II 

topoisomerases. Type II topoisomerase enzymes control supercoiling DNA in cells by 

passing a double-stranded segment of DNA through a temporary double-stranded 

break. However, the means through which they execute this behavior are different. 

Novobiocin (5.1), a member of the coumarin class of antibiotics, inhibits the DNA 

gyrase B protein GyrB. GyrB functions through ATPase activity, and novobiocin 

(5.1) inhibits this activity.28 The mechanism of action for cosmomycin D (5.2) is 

complex, but is believed to behave in a mechanism similar to doxorubicin, which 

binds cleaved dsDNA, creating a DNA-drug-topoisomerase II complex29 that 

prevents DNA repair via lyases, and leads to cell death. These results indicate that, 

while this platform is well suited for predicting modes of action, it is less suited for 

segregating these activities at the molecular level.  
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Figure 5.8. Structures of the natural product antibiotics isolated from our 
microbially-derived extract library.  

 

 The FG values for prefraction 2001E predicted that a component of this mixture 

was exerting an antibiotic effect through inhibition of protein synthesis (Table 5.2). 

Peak library screening of this extract identified one active constituent from this 

compound with a diagnostic UV absorbance in the visible range at λmax of 540 nm. 

Subsequent large-scale fermentation of the producing organism and purification by 

C18 RP-HPLC afforded 380 µg of a bright pink solid. (+)-HRESITOF-MS 

measurement afforded an [M + H]+ adduct at m/z 322.1928, consistent with the 

molecular formula C20H23N3O. Subsequent database searching and comparison of 1H 

NMR data for this metabolite with reported literature values allow for the assignment 

of this active component as the known poly-pyrrole containing alkaloid 

cycloprodigiosin (compound 5.3, Figure 5.9). This highly pigmented compound was 
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originally reported in 198330,31 and is a member of the prodiginine group of 

compounds, which are known for their broad spectrum of activity as anti-malarials, 

antibiotics and anti-cancer agents.32 Although a number of studies have reported 

investigations of prodigiosin’s action against eukaryotic cells, there have been few 

focused studies on the antibacterial mechanisms exerted by compounds in this class.33 

Prodigiosin and a number of analogues have been reported to uncouple bacterial F-

ATPases, the mechanism of ATPase inhibition has yet to be fully elucidated, but our 

study suggest that either this activity or a second molecular target initiates 

downstream inhibition of protein synthesis.  

 

Figure 5.9. 1H NMR spectrum (600 MHz) and structure of cycloprodigiosin (5.3) 
isolated from 2001E. 
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 Finally, the FG values for prefraction 1726D indicated that the metrics from the 

analyzed images also fit most closely with the protein synthesis inhibitor training set 

fit line (Table 5.2). Peak library separation and secondary screening identified a 

single predominant active peak with a complex and unusual isotope pattern in the LR-

ESI quadrupole mass spectrum. This isotope pattern, containing 5 major signals, each 

separated by two mass units in the ratio 216:370:228:64:1, was indicative of a 

multiply halogenated compound containing five chlorine atoms. The exact mass from 

the (-)-HRESITOF-MS, coupled with database searching and comparison of the 1H 

NMR with published literature values allowed for the definitive assignment of this 

compound as the known marine alkaloid pentachloropseudilin (compound 5.4, 

Figure 5.10).34 Pentachloropseudilin (5.4) is another pyrrole-based natural product 

that has been identified as an antibiotic, however to date its mechanism of action has 

not been reported.34 Pentachloropseudilin (5.4) has been shown to inhibit myosin 

ATPase in mammalian cells.35 This ATPase activity, also reported for prodigiosin, 

may be the cause of the cellular morphology associated with the predicted protein 

synthesis inhibition activity. Both cycloprodigiosin (5.3) and pentachloropseudilin 

(5.4) were rescreened as pure compounds, and their mechanisms remained consistent 

to those predicted from the prefractions based on their FG values (Table 5.2). Our 

mechanism-based phenotypic profiling platform therefore suggests that these two 

compounds exert their antibiotic activity against V. cholerae by disrupting protein 

synthesis. 
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Figure 5.10. 1H NMR spectrum (600 MHz) and structure of pentachloropseudilin 
(5.4) isolated from 1726D. 

 

 Through the image-based screening of dilution series of marine bacterial extracts, 

containing complex mixture of compounds, we have identified a number of pure 

compounds with antibiotic activities. Two of these compounds, novobiocin (5.1) and 

cosmomycin D (5.2), were found to follow concentration-dependent morphological 

phenotypes indicating disruption of DNA synthesis. Previous reports indicate that 

these two compounds interrupt type II topoisomerases, which is consistent with our 

evaluation. Tetracycline was found to follow a concentration-dependent 

morphological phenotype indicative of protein synthesis inhibition. This also matches 
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the reported mechanism for this compound through the binding of the 30S subunit of 

microbial ribosomes. Finally, we uncovered both cycloprodigiosin (5.3) and 

pentachloropseudilin (5.4), which showed activity indicating these compounds cause 

protein synthesis inhibition. Little is known about the mechanisms of these 

compounds as antibacterial agents, thus in these cases our platform functions as a 

predictive tool for the broad mechanisms of these compounds. 

 The screening platform described herein represents one of the only high-content, 

high-throughput screens for bacterial cell imaging. The majority of the existing 

imaging platforms for bacterial targets have been designed to quantify infectivity of 

intracellular bacteria in mammalian host cells, such as the detection of 

Mycobacterium tuberculosis inside murine macrophages.36,37 Although 

morphological features have previously been used to identify compounds with 

defined modes of action, such as the screening program developed by Merck to 

identify spheroplast-inducing compounds for their cell wall modulating activities,12 

there are currently no available platforms that describe methods for target-

independent prediction of drug action from imaging platforms in bacterial cells. This 

screening platform combines both advances in imaging technology and knowledge of 

whole-cell phenotypic responses to antibiotics to characterize and quantify 

concentration-dependent morphological transitions of bacterial cells in the presence 

of increasing concentrations of test drugs in order to assign broad mechanisms of 

action based on compound mechanistic class. 
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 This strategy, referred to as ‘cytological profiling,’ is well developed in the 

screening arena and has been applied broadly to the evaluation of drug action against 

eukaryotic cell lines. To this end organic dyes, antibodies, nucleic acid probes, and 

quantum dots have been applied as biological markers for extensive phenotypic 

characterization.37 These studies have definitively illustrated that compound 

mechanism of action can be inferred through physiological response of cells. 

However, studies of this type are not straightforward for bacterial targets cells for a 

number of reasons. Firstly, bacterial cells do not have discrete organelles for which 

fluorescent markers have been developed. Secondly, the size and density of bacterial 

growth has precluded the acquisition of size and shape on individual bacterial cells at 

the magnifications typically available for high-throughput image-based screening 

platforms. Finally, because bacterial cells are comparatively small, the fluorescence 

output from these cells is weak compared to other target organisms. This complicates 

the image analysis issue because most image analysis tools are designed to identify 

and segment large bright regions within images, rather than performing analysis of 

subtle intensity variations across a monolayer of cells, all of which are at similar low 

pixel intensities. 

 This screen is the first example of a high-throughput platform that can partition 

antibiotic lead compounds into different broad mechanistic classes. This has been 

accomplished through the development and application of novel software analysis 

technology capable of distinguishing individual cellular morphology from intertwined 

monolayers of cells.  Although a number of individual antibiotic families possess 
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discrete targets within each of these broad activity classes, we were not able to 

distinguish between compounds that hit different targets within each of these broader 

classifications. However, the utility of this tool lies in its ability to act as a 

preliminary screening platform for the broad differentiation of antibacterial action, 

with further mechanistic questions being addressed using secondary biological 

screens. Overall the screen is straightforward to perform, requiring no sophisticated 

staining protocols or expensive reagents, and the image analysis can be executed on 

any personal computer capable of running Java.  

 

5.3. Conclusions 

 Using an epifluorescence image-based screening platform we have shown that the 

antibiotic mechanism of action of unknown compounds against V. cholerae can be 

correctly predicted using only whole-cell, concentration-dependent, morphological 

observations. This method has been validated using a broad antibiotic training set 

containing representative members of many of the classes of current clinically used 

antibiotics. We have subsequently applied this technology to the prediction of 

compound modes of action for unknown natural products from both well-

characterized type strains, and prefractions from our marine microbial natural 

products library, and have shown that this platform can correctly predict compound 

MOAs, even if no members of that structural class were present in the original pure 

compound training set.  
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 One of the major concerns in antibiotic discovery is the lack of new therapeutic 

options for treating drug-resistant pathogenic infections. In particular, the absence of 

antibiotic lead compounds that possess unique molecular targets raises concerns about 

a return to the pre-antibiotic era, where bacterial infections were a leading cause of 

death in the general population. This technology is capable of aiding in natural 

product dereplication by clustering compounds that have known drug targets via our 

extensive training set and, more importantly, potentially identifying compounds that 

do not fit these classes, which may act against novel molecular targets. The 

compound training set is dynamic, meaning that new classes of compounds can be 

added to expand the range of annotated compounds to include new phenotypes as 

they are discovered. This tool is therefore open-ended, with the potential to extend 

our ability to discover new classes of compounds for antibiotic development. This 

study has illustrated that the creation of more sophisticated analysis software has and 

will continue to allow access to additional information from high content screening 

image outputs for a broad range of targets beyond mammalian cells, and that these 

technologies are likely to play an increasing role in drug discovery and drug 

development programs in the coming years.  

 

5.4.   Experimental 

5.4.1. FDA-Approved Antibiotics 

 Training set antibiotics were chosen in order to cover a broad sampling of the 

existing major classes of clinically used antibiotics. Table 5.1 lists all the compounds 
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used and their associated targets. Screening plates were generated by serially diluting 

antibiotics in DMSO (2-fold dilutions). At concentrations of 100 µM to 0.2 nM 

compounds showing no activity at this highest concentration were re-prepared at 

higher concentrations for rescreening (concentrations limited only by compound 

solubility in DMSO). Plates were imaged at 40x magnification and analyzed using the 

described software. 

5.4.2. Cultivation of Marine Bacteria 

 Cultivation of marine bacteria can be found in the Experimental section of 

Chapter 3 (3.4.1). 

5.4.3. Preparation of Type-Strain Prefractions 

 Freeze dried pellets of S. aureofaciens (ATCC 10762; tetracycline producer) were 

revived with ISP Medium 1 (5 g acid-hydrolyzed casein and 3 g yeast extract in 1 L 

distilled water) according to the recommended protocol. Large-scale cultures were 

fermented, extracted, and prefractionated using the standard protocol established for 

preparation of the marine natural product prefraction libraries (See Experimental 

Chapter 3, Section 3.4.2) using ISP Medium 1 as the large scale fermentation 

medium. Serial dilutions (2-fold) were prepared using the generated DMSO stock for 

each prefraction. 

5.4.4. Biological Screening 

 Images were acquired as previously reported, in Chapter 2. Briefly, liquid culture 

(prepared in LB with V. cholerae strain Fy_Vc_240) was dispensed into 384-well 

microtiter plates (40 µL, black-walled, clear-bottom) using a WellMate peristaltic 
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microplate dispenser. Plates were centrifuged for 1 minute at 1200 rpm to remove air 

bubbles and bring the culture down from the walls of the plate. 384-well plates with 

DMSO stocks of test compounds were pinned into the culture plates (200 nL). Pinned 

culture plates were then incubated for 4.5 hours at 30 °C. Following incubation, 

OD600 readings were collected, followed by vigorous agitation and washing three 

times with 1% phosphate buffered saline (PBS). Plates were imaged in PBS by 

epifluorescence microscopy (ImageXpress Molecular Devices) at both 20x and 40x 

magnification. Eight sites (distributed throughout the well) were imaged for each well 

in the 384-well microtiter plate. The raw images collected for each plate were 

exported, and transferred for analysis using the developed image analysis software. 

5.4.5. Peak Library Preparation and Bioactivity Screening Protocol 

 A gradient was prepared with an average 50% increase in MeOH over 80 minutes. 

The eluent from each minute was collected in a single well of a 96-well plate (2 mL 

per well). Chromatography data and mass spectrometry data were simultaneously 

acquired.  The collected eluent plates were concentrated to dryness in vacuo, and 

resuspended in 10 µL of DMSO. 96-well plates were reformatted into 384-well 

format, and rescreened. Only optical density data was collected after incubation (no 

image data required). Optical density output was used to identify active wells, and 

this was compared to the corresponding peak from the HPLC trace in order to identify 

active constituents for isolation. 
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5.4.6. Image Analysis Software and Statistics 

 The image analysis software was written in Java, using the Eclipse IDE. It 

consists of two distinct programs, the first of which decodes the .tif files from the 

automated microscope, performs feature extraction, calculates a set of metrics for 

each image, and records these metrics together with summary images in a directory of 

intermediate results. A typical image contains about a thousand features, although the 

most fine grain ones can have up to 20,000 features. 

 The second program provides browsing facilities for assessing the clustering 

using selected metrics and maintains a persistent history of decisions taken by the 

investigators about the exclusion of any malformed images, such as those containing 

foreign material or showing focusing problems. These histories are structured using 

XML. Finally, this program generates averages from the sets of images taken for each 

well and records these averages as the basis for further analysis. 

 Statistical analyses of metric response as a function of phenotypes and respective 

concentrations were performed in MATLAB. Third order polynomial regressions to 

training set data used built-in minimization procedures operating on orthogonal 

residuals calculated from the total least squares method.19 Goodness of fit calculations 

(FG) also operated on orthogonal residuals. Since no closed form method exists for 

performing total least squares on arbitrary non-linear functions, both cases had to be 

treated numerically by finely discretizing regression curves utilizing a nearest-

neighbor search to determine minimum distances to data of interest. Discretization of 

each curve was done at a high resolution of 500-800 points over the domain. 
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5.4.7. General Isolation Strategy and Structure Elucidation Procedures 

 Bacterial cultures were prepared from organism glycerol frozen stocks by plating 

upon solid media followed by preparation in liquid culture (1 L scale) using standard 

growth media. These 1 L liquid bacterial cultures were extracted with 1:1 

CH2Cl2/MeOH, and concentrated to dryness in vacuo. The crude extracts were then 

resuspended in a MeOH/H2O solution, and further fractionated by solid phase 

extraction chromatography into six different prefractions. These prefractions were 

concentrated to dyness in vacuo, prepared as DMSO stock solutions and reformatted 

into 384-well screening plates. Hits from the primary screening platform were 

reformatted as serial dilutions. Promising phenotype trajectories from the secondary 

dilution screening were identified, and peak libraries of the prefractions were 

prepared and rescreened to identify active constituents.  

 Identified peaks were purified using standard HPLC-MS isolation methods. 

Solvents used for chromatographic isolation were HPLC grade and used without 

further purification. NMR data collected for pure compounds was acquired using a 

Varian Unity Inova spectrometer at 600 MHz equipped with a 5 mm HCN triple 

resonance cryoprobe and referenced to residual proton signals. HRMS data for pure 

compounds was acquired using an electrospray ionization (ESI) time-of-flight (TOF) 

mass spectrometer (Agilent 6230 ESI-TOF). 

5.4.8. Purification and Identification of Novobiocin 

 Novobiocin (5.1) was found to be present in both prefraction 1565D and 1565E 

(sequential prefractions from the same crude extract), but was isolated and 
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characterized from the 1565D prefraction. This prefraction was prepared by standard 

extraction and solid phase separation protocol.  Novobiocin (5.1) was isolated using 

RP-HPLC (Phenomenex Synergi Fusion-RP, 250 x 4.6 mm, 10 µm) applying an 

isocratic separation (66% MeOH, 34% H2O with 0.02% formic acid, 2 mL min-1, tR= 

33.5 min.) to afford the pure compound as an off-white solid.  

 Analysis by (+)-HRESITOFMS (obsd. [M + H]+ at m/z 613.2407) gave an exact 

mass of 612.2335 (calcd. 612.2319, ∆ppm= 2.61). One-dimensional 1H NMR was 

obtained to verify the structure, which was further confirmed by comparison of the 1H 

NMR data to published data for novobiocin (5.1).23 

5.4.9. Purification and Identification of Cosmomycin D 

 Prefraction 1498D was analyzed by LCMS and found to contain a complex 

mixture of anthracyclines as determined by diagnostic UV absorbances.26 This 

prefraction was prepared by standard extraction and solid phase separation protocols.  

Cosmomycin D (5.2) was isolated using RP-HPLC (Phenomenex Jupiter C18, 250 x 

4.6 mm, 5 µm) using a solvent system of acetonitrile and H2O with a 20 mM 

phosphate buffer (pH = 7.0).  The prefraction was run on a gradient from 20%-60% 

acetonitrile at 2 mL min-1 for 40 min, and washed with H2O for 10 min to afford 

cosmomycin D (5.2) as an amorphous purple solid.   

 Cosmomycin D (5.2) was analyzed by (+)-HRESITOFMS (obsd [M + 2H]2+ at 

m/z 595.2996) to give an exact mass of 1188.5834 (calcd. 1188.5829, Δppm= 0.42). 

1H and gCOSY NMR spectra were obtained to verify the structure.  Cosmomycin D 

(5.2) has a 4,6,11-trihydroxy substitution pattern, resulting in three coupled aromatic 
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protons on the A ring from 7.32-7.93 ppm.  Analysis of the gCOSY spectrum 

confirmed their connectivity (Figure 5.7 inset), and differentiated cosmomycin D 

(5.2) from two other 1,4,6,11-tetrahydroxy anthracyclines that share the same mass, 

but lack these three coupled aromatic protons.  The structure was further confirmed 

by comparison of the 1H NMR data to published data for comsmomycin D.38  

5.4.10. Purification and Identification of Cycloprodigiosin 

 Prefraction 2001E was analyzed by LCMS and found to contain a highly 

pigmented compound as determined by its diagnostic UV-visible absorbance at 536 

nm. Subsequent HPLC purification isolated cycloprodigiosin (5.3) from prefraction 

2001E. This prefraction was prepared by standard extraction and solid phase 

separation protocols.  Cycloprodigiosin (5.3) was isolated using RP-HPLC 

(Phenomenex Synergi Fusion-RP, 250 x 4.6 mm, 10 µm) using a solvent system of 

methanol and H2O with 0.02% formic acid.  The prefraction was run on a gradient 

from 52%-65% methanol at 2 mL min-1 for 30 min.  A second purification was 

required using RP-HPLC (Phenomenex Kinetex XB-C18 100Å, 100 x 4.6 mm, 2.6 

µm) using a solvent system of methanol and H2O with 0.02% formic acid.  The 

sample was prepared for purification as a 1.0% formic acid solution, and run on a 

gradient from 50%-80% methanol at 0.8 mL min-1 over 10 min to yield pure 

cycloprodigiosin (5.3) as an amorphous bright pink solid.   

 Cycloprodigiosin (5.3) was analyzed by (+)-HRESITOFMS (obsd. [M + H]+ at 

m/z 322.1928) to give an exact mass of 321.1856 (calcd. 321.1841, ∆ppm= 4.67). 

One-dimensional 1H NMR was obtained to verify the structure.  The structure was 
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further confirmed by comparison of the 1H NMR data to published data for 

cycloprodigiosin (5.3).30,31  

5.4.11. Purification and Identification of Pentachloropseudilin 

 Pentachloropseudilin (5.4) was isolated from prefraction 1726D. This prefraction 

was prepared by standard extraction and solid phase separation protocol. 

Pentachloropseudilin (5.4) was isolated using RP-HPLC (Phenomenex Synergi 

Fusion-RP, 250 x 4.6 mm, 10 µm) applying an isocratic separation (67% MeOH, 33% 

H2O with 0.02% formic acid, 2 mL min-1, tR= 28.2 min.) to afford the pure compound 

as an off-white solvent. 

 Analysis by (-)-HRESITOFMS (obsd. [M - H]- at m/z 327.8663) to give an exact 

mass of 328.8645 (calcd. 328.8736, ∆ppm = 2.74; m/z (%) = 329.8643 (100.0%), 

331.8615 (61.6%), 327.8673 (58.4%), 333.8584 (17.3%), 330.8676 (9.4%), 328.8704 

(5.8%), 332.8643 (5.6%), 335.8559 (2.7%), 334.8616 (1.8%)), with an isotope pattern 

indicative of a pentachlorinated compound. This mass data, coupled with the 

assignment and comparison of the 1H NMR data to the established literature values, 

established the structure as pentachloropseudilin (5.4).34    

 

5.5. Statement of Contribution 

 This project was a collaborative effort between researchers in a broad range of 

fields. Dustin Winslow, from the Earth and Planetary Science department at UCSC, 

generated the model fits using the total least squares method (illustrated in Figure 

5.3), and the algorithm used to calculate the FG values (Table 5.2). Peter Linington is 
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responsible for programming and describing the image analysis platform applied to 

each set of screening plate images. Weng Ruh Wong was responsible for providing 

the antibiotic plates that comprise half of the antibiotic training set compounds, and 

for providing the type-strain prefraction screening plates and analytical data for these 

prefractions (Figure 5.4). Christopher Schulze isolated and elucidated the structure of 

cosmomycin D (Figure 5.7). 

  



 215 

5.6.   References 

 

 (1) Payne, D. J.; Gwynn, M. N.; Holmes, D. J.; Pompliano, D. L. Nat. Rev. Drug 
Discov. 2007, 6, 29. 
 
 (2) Shlaes, D. M.; Projan, S. J.; Edwards, J. E. ASM News 2004, 70, 275. 
 
 (3) Silver, L. L. Clin. Microbiol. Rev. 2011, 24, 71. 
 
 (4) Young, D. W.; Bender, A.; Hoyt, J.; Mcwhinnie, E.; Chirn, G.-W.; Tao, C. Y.; 
Tallarico, J. A.; Labow, M.; Jenkins, J. L.; Mitchison, T. J.; Feng, Y. Nat. Chem. Biol. 
2008, 4, 59. 
 
 (5) Wright, G. D. Chem. Biol. 2012, 19, 3. 
 
 (6) Peach, K. C.; Bray, W. M.; Shikuma, N. J.; Gassner, N. C.; Lokey, R. S.; 
Yildiz, F. H.; Linington, R. G. Mol. Biosyst. 2011, 7, 1176. 
 
 (7) Klainer, A. S.; Perkins, R. L. J. Infect. Dis. 1970, 122, 323. 
 
 (8) Diver, J. M.; Wise, R. J. Antimicrob. Chemoth. 1986, 18, 31. 
 
 (9) Jackson, J. J.; Kropp, H. Innate Imunn. 1996, 3, 201. 
 
 (10) Klainer, A. S.; Russell, R. R. Antimicrob. Agents Ch. 1974, 6, 216. 
 
 (11) Mason, D. J.; Power, E. G.; Talsania, H.; Phillips, I.; Gant, V. A. Antimicrob. 
Agents Ch. 1995, 39, 2752. 
 
 (12) Silver, L. L. In Antibiotic Discovery and Development; Springer: 2012, p 33 
 
 (13) Watanakunakorn, C.; Hamburger, M. Appl. Microbiol. 1969, 17, 935. 
 
 (14) Klainer, A. S.; Perkins, R. L. Antimicrob. Agents Ch. 1972, 1, 164. 
 
 (15) Cook, T. M.; Brown, K. G.; Boyle, J. V.; Goss, W. A. J. Bacteriol. 1966, 92, 
1510. 
 
 (16) Walsh, C. T.; Fischbach, M. A. Sci. Am. 2009, 301, 44. 
 
 (17) Falconer, S. B.; Czarny, T. L.; Brown, E. D. Nat. Chem. Biol. 2011, 7, 590. 
 



 216 

 (18) Rodgers, F. G.; Tzianabos, A. O.; Elliott, T. S. J. Med. Microbiol. 1990, 31, 
37. 
 
 (19) Markovsky, I.; Van Huffel, S. Signal Process. 2007, 87, 2283. 
 
 (20) Cherlet, M.; Croubels, S.; De Backer, P. J. Chromatogr. A 2006, 1102, 116. 
 
 (21) Wong, W. R.; Oliver, A. G.; Linington, R. G. Chem. Biol. 2012, 19, 1483. 
 
 (22) Schulze, C. J.; Bray, W. M.; Woerhmann, M. H.; Stuart, J.; Lokey, R. S.; 
Linington, R. G. Chem. Biol. 2013, in press (available at 
http://dx.doi.org/10.1016/j.chembiol.2012.12.007). 
 
 (23) Crow, F. W.; Duholke, W. K.; Hadden, C. E.; Smith, R. F.; Thamann, T. J.; 
Kaluzny, B. D.; Hahn, D. A.; Mallory, C. S.; Farley, K. A.; Martin, G. E. J. 
Heterocyclic Chem. 1999, 36, 365. 
 
 (24) Gellert, M.; O'Dea, M. H.; Itoh, T.; Tomizawa, J. P. Natl. Acad. Sci. USA 
1976, 73, 4474. 
 
 (25) Robson, R. L.; Baddiley, J. J. Bacteriol. 1977, 129, 1045. 
 
 (26) Cowan, W. M.; Jessell, T. M.; Zipursky, S. L. Molecular and cellular 
approaches to neural development; Oxford University Press: New York, 1997. 
 
 (27) Kohanski, M. A.; Dwyer, D. J.; Collins, J. J. Nat. Rev. Microbiol. 2010, 8, 
423. 
 
 (28) Lewis, R. J.; Tsai, F. T.; Wigley, D. B. Bioessays 1996, 18, 661. 
 
 (29) Furlan, R. L. A.; Watt, S. J.; Garrido, L. M.; Amarante-Mendes, G. P.; Nur-
e-alam, M.; Rohr, J.; Braña, A.; Mendez, C.; Salas, J. A.; Sheil, M. M.; Beck, J. L.; 
Padilla, G. J. Antibiot. 2004, 57, 647. 
 
 (30) Gerber, N. N. Tetrahedron Lett. 1983, 24, 2797. 
 
 (31) Laatasch, H.; Thomson, R. H. Tetrahedron Lett. 1983, 24, 2701. 
 
 (32) Lee, J. S.; Kim, Y. S.; Park, S.; Kim, J.; Kang, S. J.; Lee, M. H.; Ryu, S.; 
Choi, J. M.; Oh, T. K.; Yoon, J. H. Appl. Environ. Microbiol. 2011, 77, 4967. 
 
 (33) Konno, H.; Matsuya, H.; Okamoto, M.; Sato, T.; Tanaka, Y.; Yokoyama, K.; 
Kataoka, T.; Nagai, K.; Wasserman, H. H.; Ohkuma, S. J. Biochem. 1998, 124, 547. 
 



 217 

 (34) Martin, R.; Jäger, A.; Böhl, M.; Richter, S.; Fedorov, R.; Manstein, D. J.; 
Gutzeit, H. O.; Knölker, H.-J. Ange. Chem. Int. Edit. 2009, 48, 8042. 
 
 (35) Preller, M.; Chinthalapudi, K.; Martin, R.; Knölker, H.-J.; Manstein, D. J. J. 
Med. Chem. 2011, 54, 3675. 
 
 (36) Brodin, P.; Poquet, Y.; Levillain, F.; Peguillet, I.; Larrouy-Maumus, G.; 
Gilleron, M.; Ewann, F.; Christophe, T.; Fenistein, D.; Jang, J.; Jang, M.-S.; Park, S.-
J.; Rauzier, J.; Carralot, J.-P.; Shrimpton, R.; Genovesio, A.; Gonzalo-Asensio, J. A.; 
Puzo, G.; Martin, C.; Brosch, R.; Stewart, G. R.; Gicquel, B.; Neyrolles, O. PLOS 
Pathog. 2010, 6, e1001100. 
 
 (37) Brodin, P.; Christophe, T. Curr. Opin. Chem. Biol. 2011, 15, 1. 
 
 (38) Ando, T.; Hirayama, K.; Takahashi, R.; Horino, I.; Etoh, Y.; Morioka, H.; 
Shibai, H.; Murai, A. Agr. Biol. Chem. 1985, 49, 259. 
 
 
 


	thesis_ch0_pdf_v4
	thesis_ch1_pdf_v1
	thesis_ch2_pdf_v1
	thesis_ch3_pdf_v1
	thesis_ch4_pdf_v1
	thesis_ch5_pdf_v1



