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Abstract 

Application of Marine Natural Products: Global Health Drug Discovery, Lead 

Optimization, Assay Development, and Identification of Latent HIV 

Reactivating Agents. 

by Gabriel Navarro 

 Natural products have a longstanding history as clinical therapeutics, making 

them a valuable source of biomedically-relevant research tools. This dissertation 

describes the application of natural products as tools for drug discovery.  By covering 

four different research projects, this thesis will cover a renovated approach to the 

classical utilization of marine natural products as screening compounds for primary 

hit identification, and semi-synthesis for lead development. 

 Chapter 1 gives an overview of the current success and future challenges of 

natural products, with emphasis on marine-derived natural products. This chapter also 

includes a set of current literature examples that focus on identifying natural products 

with target selectivity in mind.  The second chapter discusses the application of 

marine natural products in the discovery of antimalarials. This chapter includes the 

discovery and structure elucidation of the salinipostin A, a novel antimalarial 

chemotype with a bicyclic phosphotriester. The chapter ends with the secondary 

assays that were attempted to identify the mechanism of action of salinipostin A.   

The third chapter describes the development of the endoperoxide merulin A for 

the treatment of human African trypanosomiasis. The chapter closes with site 



 xiii 

localization studies of a merulin A-derived fluorophore in order to give insight into 

the mechanism of action of endoperoxides against T. brucei.  

Chapter 4 reports the development of a modular high-content high-throughput 

Pseudomonas aeruginosa biofilm inhibition/dispersion screen. Assay development 

includes the assessment of the innate antibiotic tolerance from preformed biofilms. 

The results from a large scale screening campaign of a marine natural product library 

yield the identification of a new biofilm inhibitor skyllamycin B. The chapter ends 

with the evaluation of skyllamycin B and azithromycin as a co-dosing agent to 

eradicate preformed biofilms. 

 The final chapter concentrates on the identification of abyssomicin II as a latent 

HIV reactivating agent. This is the first example of a bacterially-derived natural 

product to possess latent HIV reactivating activity. While potency excludes 

abyssomicin II from being a lead compound, mechanistic studies reveal that 

abyssomicin II reactivates latent HIV through protein kinase C and histone de-

acetylase independent manner.  These data suggest that the mechanism of latent HIV 

reactivation is novel. 
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1.1. Introduction to Natural Products 

1.1.1. Definition and Perspective 

Natural products are metabolites that have been biosynthesized from living 

organisms that are not part of the primary metabolic flux.  Believed to be the 

chemical constituents responsible for traditional herbal-based medicines, natural 

products have revealed unique biological properties. These biologically relevant 

activities that natural products possess include, but are not limited to, antibacterial, 

anticoagulant, antifungal, anti-inflammatory, antimalarial, antiprotozoal, 

antituberculosis, anticancer, and antiviral activities.1 The vast range of biological 

activity associated with natural products may not be too surprising considering that 

natural products have likely co-evolved with the protein folds critical to biomedically 

relevant protein targets.2,3  

In the past 30 years, the improvement in biological tools has increased our 

knowledge of target-based chemotherapies and opened up the opportunity to treat 

previously uncharacterized disease states.4 Despite these advances, the amount of 

resources invested into natural products have precipitously deflated. While 48% of 

the FDA drugs approved over the last 30 years have been natural products or natural 

product derivatives,1 pharmaceutical companies have preferentially opted for purely 

synthetic drug discovery.  Considering the significant impact that natural products 

have had in human health over many centuries, the decision by pharmaceutical 

companies to overlook them may seem puzzling. However this decision was largely 

due to the challenges associated with natural product drug discovery, which have 
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included: supply limitation, structure identification/complexity, high rediscovery 

rates, unknown structure stability, and iterative screening for discovery.5 While these 

impediments may appear as daunting challenges to overcome, the introduction of new 

screening and structure identification technologies have ameliorated some of these 

difficulties. 

With the introduction of the cold probe, nuclear magnetic resonance (NMR) 

spectroscopy has significantly improved the detection of chemical resonance with less 

material.6   The benefit of improved NMR sensitivity is exemplified by the structure 

elucidation of muironolide A, which was accomplished with 90 µg of material.7 The 

improvement in NMR techniques has also been greatly complimented by the increase 

in sensitivity in mass spectrometry.8  

The utilization of marine microbes has provided a source of new and diverse 

natural products.9  With millions to hundreds of millions of unique microbial species, 

the marine ecosystem provides the most biodiversity in the planet.10  Covering 70% 

of the Earth’s surface, marine natural products represent the largest unexplored 

resource for bioactive secondary metabolites.  The 2003 Global Ocean Sampling 

Expedition has led to the discovery of 1.2 million new genes and has doubled the 

number of protein sequences in the NIH’s GenBank.11  Undoubtingly, the genetic 

biodiversity in marine microbes is likely to store new natural products with unique 

bioactivity. Aiding in identifying new marine natural products, the –omics fields have 

played an important role in the discovery of genes with the potential to produce novel 

natural products. 12,13  



5 

 

While these advances and new approaches have alleviated some of the 

challenges associated with natural product drug discovery, there are still significant 

challenges and overall improvements needed in natural product research. The most 

staggering challenge that has yet to be addressed is the material supply problem.  

Isolating natural products from microbial sources has provided a renewable source of 

material, which has been a boon for structure identification, however there is an 

unmet advancement in technologies to reliably and cost effectively produce 

significant amount of material for follow up biological studies. While total synthesis, 

fermentation optimization, and biotechnology have been heralded by some as an 

answer to the supply limitation,14 these are not practical solutions for natural product 

chemists who need material for target identification studies and/or semi-synthetic 

derivatization. From my experience, lack of material has hampered the serious study 

of natural products with interesting biological activities.  

Another significant challenge with no apparent or easy answer lies in the 

screening method of natural products. Given the innate discovery aspect of natural 

product research, compounds are screened as crude or semi-fractionated crudes 

mixtures.15  This poses a problem in many subtle forms.  First, while semi-

fractionated screening ameliorates this issue, the screening of crudes quite often leads 

to masking or compounding of biological properties.  The inclusion of cytotoxic 

compounds in crude screening could, and does quite often, deter the study of a 

potentially important extract. Second, crude extracts have been practically poor in 

pure enzyme assay studies.  In particular, crude mixtures tend to lead to false 
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positives.  Having poor single enzyme assay properties hampers natural products 

from participating in target-based drug discovery.  New approaches have to be 

applied in order to circumvent this problem.  However, there appears to be no 

practical solution.  

Lastly, while not an inherent problem with natural products, the natural 

product community in general has to move beyond prioritizing compounds based on 

structural novelty and focus more on biological application.  This includes having a 

primary screening goal, such as global health drug discovery, and a secondary screen 

for mammalian cytotoxicity.  By focusing on new biological activities, natural 

products emphasis would be on the application to real world issues.  Exception should 

be on compounds with advancing big picture sciences such as microbial ecology or 

interspecies chemical communication. 

In the face of these problems, natural products still possess unique structures 

with interesting bioactivity.  To attest to this claim, 40% of the chemical scaffolds 

found in the Dictionary of Natural Products occupy unprecedented chemical space 

that is not represented by synthetic compounds.16 Addressing the current challenges 

and improving logistical issues with screening natural products should be helpful in 

identifying scaffolds necessary for drug development. 

1.2.Application of Natural Products to Drug Discovery  

1.2.1. Current Marine Natural Product Based Clinical Therapeutics 

The footprint natural product research has on clinical drugs is profound.  

While terrestrial based natural products have been central components in FDA 
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approved drugs, marine natural products have budded into a mature field over 40 

years.  Currently there are five marine-derived natural products as drugs on the 

market (Figure 1.1) and 13 others are in clinical trials (Table 1.1).17  

 
Figure 1.1. Current marine-derived natural product therapeutics. 

 

Cytarabine and vidarabine, marketed as Cytosar-U and Vira-A respectively, 

are the first FDA approved marine-based drugs.  Both are synthetic nucleosides, 

derived from naturally occurring nucleosides that are produced by the Caribbean 

sponge Tethya crypta (Figure 1.1).18  Cytarabine, a pyrimidine nucleoside, was 

approved by the FDA in 1969 and is used to treat acute myeloid leukemia and non-

Hodgkin lymphoma.19  It kills cancer cells by interfering with DNA synthesis by 
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posing as a natural substrate and stopping normal DNA synthesis processivity.20  

Vidarabine, and purine nucleoside, was approved by the FDA in 1976 as an antiviral 

to treat herpes.21 Similar to cytarabine, vidarabine prevents viral replication by 

interfering with DNA synthesis.   

Ziconotide, an analgesic agents used to treat chronic pain, was FDA approved 

in 2004.22 Ziconotide is a non-opioid, non-NSAID peptide derived from the cone 

snail’s conotoxin.23 Selectively blocking neuronal-type voltage-gated calcium 

channels, ziconotide prevents the release of neurochemicals resulting in pain relief. 

The mechanism of action in pain relief for ziconotide is noteworthy because it has no 

reported diminishing effects over prolong treatment and patients do not exhibit drug 

dependencies.24   

In 2007, trabectedin was registered by EU as a clinical drug to treat cancer.25  

Used in the treatment of soft tissue sarcomas and ovarian cancer, trabectedin’s 

mechanism of action is not fully elucidated.  While believed to produce superoxide to 

cause DNA damage and induce apoptosis, the actual mechanism of action is 

unknown.26  Trabectedin was originally isolated from the sea squirt Ecteinascidia 

turbinate in 1969, but took 15 years to have its structure elucidated.27  Most recently, 

the biosynthetic pathway and the bacterial symbiont of the tunicate responsible for 

production has been studied for production optimization.28 As of 2010, eribulin 

mesylate has achieved FDA approval to treat metastatic breast cancers.29 Eribulin, a 

fully synthetic analog inspired by marine sponge natural product halichondrin B, kills 

cancer cells by disrupting microtubule dynamics.   



9 

 

Chemical Source Clinical Status Disease Area 
Soblidotin (TZT 1027) Bacteria  Phase III  Cancer 

Eribulin Mesylate (E7389) Sponge Phase III Cancer 

DMXBA (GTS-21) Worm Phase II Cognition 

Plinabulin (NPI-2358 Fungus Phase II Schizophrenia 

Plitidepsin Tunicate Phase II Cancer 

Elisidepsin Mollusc Phase II Cancer 

PM1004 Nudibranch Phase II Cancer 

Tasidotin, Synthadtin (ILX-651) Bacteria Phase II Cancer 

Pseudopterosins Soft coral Phase II Wound healing 

Bryostatin 1 Bryozoa Phase I Cancer 

Hemiasterlin (E7974) Sponge Phase I Cancer 

Marizomib (Salinisporamide A) Bacteria Phase I Cancer 

Table 1.1. Current marine-derived natural products in clinical trial. Table adapted 

from Mayer et. al.17 

 

With 13 other marine-derived drugs in clinical trials (Table 1.1), and five 

clinically approved drugs, marine natural products’ role in drug discovery is 

validated. Following will be a survey of the research associated with natural product, 

with an emphasis on marine-derived natural products used in drug discovery efforts 

for: 1. Malaria 2. Human African trypanosomiasis 3. Pseudomonas aeruginosa 

biofilm formation, and 4. Human immunodeficiency virus (HIV). 

1.2.2. Marine Microbially-Derived Antimalarials 

Malaria, a vector borne disease, infects 219 million individuals yearly and 

accounts for up to 1.2 million deaths per year.30  The causative agents are eukaryotic 

intracellular parasites of the genus Plasmodium, of which Plasmodium falciparum 

causes the most severe form. Historically, natural products have played an important 

role in malaria treatment. Quinine, a plant-derived natural product, has played an 

important role as anti-malarials as early as the 17th century.  Preventing P. falciparum 

heme polymerization, quinine and amino-quinoline therapeutics cause auto-toxicity in 

blood stage parasites. While quinine has been replaced by chloroquine, the utility of 

natural products as a starting point to develop antimalarial is still of significant value.  
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Currently, the first line of defense against malaria are artemisinin (plant-

derived natural product) combination therapies.31  While the mechanism of action of 

artemisinin is still debated,32 its role in combating malaria is quintessential.  Recent 

reports by the World Health Organization (WHO) have shown that artemisinin 

resistance has developed in countries that practice artemisinin monotherapies. 

Widespread resistance to artemisinin would be devastating for the campaign to 

eradicate malaria worldwide. Since the structure of antimalarials is highly tied to 

mode of action,33 the identification of new antimalarial chemotypes will provide 

compounds with new modes of action and effective against parasites with drug 

resistance.   

In screening campaigns to identify novel antimalarials, to have any value as a 

future clinical therapeutic, natural products screening should be complimented with 

some form of cytotoxicity assessment.  While there have been many structures 

published as potent antimalarials,34–36 their application as therapeutics is highly 

doubtful due to their high cytotoxicity to mammalian cells.  Ideally, all antimalarial 

screening efforts should include a human cell line viability assay. However, due to 

the scarce number of published structures with mammalian cell line data, in the 

following paragraphs I will highlight the marine natural products reported from the 

last decade with antimalarial activity and include any secondary assay screening. 
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Figure 1.2. Marine microbially-derived natural products with activity against P. 

falciparum. 

 

The fungal genus Drechslera contains many terrestrially isolated species that 

have been investigated for their natural products.37 The investigation of marine algae 

associated phytopathogenic D. dematioidea uncovered the drechslerines, 

helminthosporene sesquiterpenoids, as novel secondary metabolites with activity 

against P. falciparum.38 In particular, drechslerine E (1.1) and F (1. 2) possessed 

antimalarial activity with IC50 values of 19 and 8.0 µM, respectively.38 While not 

screened in a mammalian cell line, 1.1 and 1.2 possessed marginal activity against a 

lymphocyte-specific protein tyrosine kinase with IC50 values > 380 and 290 µM, 
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respectively.  They were also inactive against HIV reverse transcriptase inhibition up 

to concentrations of 380 µM.  The moderate activity against P. falciparum positions 

the drechslerines as interesting starting points for semi-synthetic optimization, 

however, before any semi-synthetic consideration, their cytotoxicity should be 

assessed through a mammalian cell line assay.  

Investigation of marine-derived fungus Chaetomium sp. lead to the isolation 

of novel xanthone family, the chaetaxanothones.  In particular, chaetoxanthone B 

(1.3) displayed exceptional activity against P. falciparum with an IC50 value of 1.4 

µM with no activity against rat L6-cell line up 250 µM.39 The cytotoxicity to 

antimalarial selectivity index (SI), greater than 100-fold, positions the 

chaetaxanothones as a good starting point for semi-synthetic optimization. 

Mechanistically, however, xanthones are known heme polymerization inhibitors 

precluding the chaetaxanothones from further investigation as novel chemotypes.40 

Collectively, the xanthones family represent a large group of natural products, 

terrestrial and marine, with broad biological activities. The chaetoxanthones highlight 

the importance of looking for secondary metabolites from different sources, as 

isolation of secondary metabolites from difference sources tend to have the structural 

discrepancies that impart unique biological activity. 

Recent isolation of Streptomyces sp. strain H668 from Hawaiian sea sediment 

lead to the discovery of the selective antimalarial, unnamed polyether (1.4).41 1.4 

possesses an IC50 value of 0.22 µM against P. falciparum, while having an IC50 value 

of 9.6 µM against vero cells. Despite the relatively high cytotoxicity 1.4 exhibits in 
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vero cells, the SI is preferential towards P. falciparum by one order of magnitude.  

This narrow SI is most likely due to the mode of action of most polyethers, which 

tends to be ionophores that disrupt cell membrane integrity/function, making them 

broadly cytotoxic.42 The authors, however, claim that 1.4 is structurally unrelated to 

any ionophores, citing the lack of carboxylic acid as a warrant for further 

investigations.41 

Like 1.4, marine-derived polyether X-206 (1.5) possesses activity against P. 

falciparum.43 With an IC50 value of 0.15 nM against P. falciparum, 1.5 is 

significantly more potent and also displays a larger SI (MRC-5 cell IC50 = 551 nM; SI 

> 3600). These impressive biological properties possessed by 1.5 prompted Kazuhiko 

et al. to proceed with in vivo rodent model studies.43 While having potent in vivo 

activity with an ED50 value (ED50 = 0.53 mg/kg) more potent than artemether (ED50 = 

1.5 mg/kg; artemisinin derivative used in malaria treatment), the in vitro selectivity 

margin was not recapitulated in the in vivo model.  The in vivo cytotoxicity is most 

likely due to the ionophore property 1.5 possesses, which was most likely more 

potent against a cellular membrane sensitive set of mice cells. 

In Chapter 2, I will cover the screening efforts of our marine bacterially-

derived natural products library against Plasmodium falciparum, which resulted in the 

discovery of a novel chemotypes with an EC50 value of 20 nM against P. falciparum, 

while having an SI greater than 5000.    Studies done on identifying the mechanism of 

action of this novel chemotype will be discussed. 



14 

 

1.2.3. Marine-Derived Natural Products with Activity Against 

Trypanosoma brucei species 

Human African trypanosomiasis (HAT) is a disease state in humans caused by 

the protozoan parasites in the Trypanosoma brucei rhodesiense and gambiense.44  

Transmitted by the tsetse fly, there are approximately 10,000 new cases of HAT per 

year.45  The primary location of infection, as the name of the disease suggest, is in 

east and west sub-Sahara Africa, predominantly affecting the poor living in remote 

locations.45  There are currently five treatments for HAT infections, which have 

limited efficacy and harsh side effects, or are too expensive. Due to socioeconomic 

and geographical spread of the disease, very limited resources have been invested in 

new HAT therapeutics from either academic or private funding sources.  However, 

for the first time in over half a century, the number of newly infected individuals has 

decreased to less than 10,000 per year and offers a window of opportunity to 

eliminate the disease from the human population with the aid of HAT drug 

discovery.45 Presented will be a list of marine natural products with anti-trypanosomal 

activity reported in the last decade (Figure 1.3). 

The ribosomal cyclic peptides aerucyclamides, were isolated from 

cyanobacteria Microcystis aeruginosa PCC 7806 possessing selective activity against 

T. brucei rhodesiense.46  Aerucyclamide C (1.6) had an observed IC50 value of 9.2 

µM against T. b. rhodesiense, while having minor cytotoxicity against L6-cells (IC50 

= 106 µM).  In order to improve the narrow SI, the Serra lab prepared synthetic 

aerucyclamide analogs, which resulted in analog (1.7) with the largest selectivity.47 
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While the T. b. brucei (note, T.b.b. is not a human pathogen, but is a murine 

equivalent used to model HAT) activity did not improve for 1.7 (EC50 = 6.0 µM), the 

SI widen by approximately 1000-fold against murine macrophages (EC50 = 915 µM).  

The aerucyclomides exemplify the importance of semi-synthesis on known natural 

products that could result in improve potencies or, as in the case of 1.7, wider SI. 

Displaying weak activity against T. b. rhodesiense, the marinoquinolines were 

isolated from marine bacteria Ohtaekwangia kribensis.48  The most active analog, 

marinoquinoline D (1.8), possessed weak activity against T. b. rhodesiense with an 

IC50 values of 39.0 µM.  All the marinoquinolines also possessed high cytotoxicity, 

making them very unattractive agents to treat HAT.48  These results terminate any 

further pursuit of the marinoquinolines as HAT leads, however these examples 

highlight the importance of having cytotoxicity data to prevent synthetic efforts that 

are highly unlikely to yield promising results. 
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Figure 1.3. Marine-derived natural products with activity against T. brucei. 
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In contrast to the marinoquinolines, nostocarboline (1.9), a cyanobacteria-

derived natural product with weak T. b. rhodesiense activity (IC50 = 70.9 µM), had a 

better SI margin that was capitalized to produce analogs with improved potencies and 

SI windows.49 In particular nostocarboline analog (1.10) displayed an IC50 value of 

1.1 µM against T. b. rhodensience, and an IC50 value of 61.1 µM against L6 cells (SI 

= 55).  While synthetic preparation of 1.10 improved properties over the parent 

compound, 1.9, further work must be done to improve the potency against T. brucei 

sp. Regardless, the nostocarboline examples illustrates how the natural products could 

be used to improve activity and selectivity through synthetic analogs. 

Most recently, the almiramides have been reported to possess activity against 

T. b. brucei.50 Isolated from cyanobacteria Lyngbya majuscula, almiramide C (1.11), 

possessed an IC50 value of 3.0 µM against T. b. brucei with a marginal SI window 

(vero cell LD50 = 33.1 µM).  Synthesis of almiramide analogs (1.12) improved the 

activity against T. b. brucei (IC50 = 0.6 µM), while significantly reducing the 

cytotoxicity against vero cells (LD50 = 159.4 µM).50  Further studies were conducted 

on the almiramides to implicate GIM5A/B as the biological targets in T. b. brucei.50 

While unable to unequivocally determine the target, the implication of GIM5A/B as 

the biological targets of the almiramides is encouraging to the further development of 

these compounds as HAT therapeutic, since GIM5A/B are essential transmembrane 

proteins only found in trypanosomes.50 

In Chapter 3, the synthetic optimization of endoperoxide merulin A to develop 

a lead compound against T. b. brucei will be discussed. Creation of an initial SAR 
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library based around the merulin A scaffold revealed several key features required for 

activity. Subsequent synthesis of an ester analogue library, guided by the addition of 

acyl groups that improve the drug-like properties of the merulin A core, resulted in 

the development of a compound with significantly improved potency and selectivity.  

Since limited work has been done on identifying the mechanism of action of 

endoperoxides in T. brucei sp., the study on the site localization of fluorescent 

merulin A analog were performed to aid in identifying its mechanism of action.  

1.2.4. Pseudomonas aeruginosa Biofilm Inhibitors 

Pseudomonas aeruginosa is a Gram-negative bacteria frequently found in 

nosocomial infections.51 Being an opportunistic pathogen, P. aeruginosa is associated 

with pneumonia, septic shock, urinary tract infections, gastrointestinal infections, and 

soft tissue infections.52  P. aeruginosa is a prominent pathogen due to the antibiotic 

resistance that is imparted by its efflux pumps,53 horizontal gene transfer,54 and 

biofilm formation.55  Biofilm formation is largely credited to its persistence and 

pathogenicity in clinical setting because P. aeruginosa biofilms have been shown to 

play a pivotal role in acute infectious disease, chronic infections, and complications 

of in-dwelling devices. 52  

Both the human and financial cost of biofilm-mediated infections is immense. 

In catheters alone, biofilm mediated infections account for 10,000 deaths and 11 

billion dollars (additional cost from biofilm related complications) per year.56 The 

discovery or development of compounds capable of either eradicating existing 

biofilms or disrupting the initial establishment of biofilms would have a significant 
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impact on the treatment of bacterial infections.57  Presented are a number of examples 

of natural products possessing biofilm modulating activity against P. aeruginosa 

(Figure 1.4).  While there have been many synthetic P. aeruginosa biofilm 

modulators derived from natural product reported in literature,58–60 I will focus 

exclusively on natural products. 

 
Figure 1.4. Natural products with P. aeruginosa biofilm inhibition activity. 

 

Investigations to identify Escherichia coli biofilm inhibitors led to the 

discovery of plant-derived natural product ursolic acid (1.13).61  In the course of 

identifying broader antibacterial activity, 1.13 was shown to inhibit P. aeruginosa 

biofilm formation by 87% at 22 µM.  At the same concentration, 1.13 had no 

observed effect on P. aeruginosa growth.  While these initial results are promising, a 

full biological evaluation should be conducted to determine the biofilm inhibition 
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EC50 values, which could potentially be the lowest reported in literature,61 and to 

determine an SI window between biofilm inhibition and antibiotic activity.  

Structurally related to 1.13, ursene triterpene 1.14 was subsequently identified 

as a P. aeruginosa biofilm inhibitor.62 Isolated from the Diospyros dendo leaves, 1.14 

inhibited P. aeruginosa biofilm formation by 62% at a concentration of 17 µM.  

Unfortunately, no antibacterial activity was measured for 1.14.  Considering the 

structural similarity between 1.13 and 1.14, the ursene triterpenes most likely 

represent a class of P. aeruginosa with promising biofilm inhibition properties, which 

have not been fully evaluated. Since biofilm dispersion is much harder to accomplish, 

assessment of the ursene triterpene dispersal potential could significantly improve the 

value these structures possess as clinical therapeutics. 

 Screening of oroidin (1.15), a natural product isolate from a marine sponge, 

displayed activity against P. aeruginosa strains PAO1 and PA14 (PAO1 IC50 = 190 

M, PA14 IC50 = 166 M).63  Growth curves were performed for 1.15 at the same 

IC50 value of biofilm inhibition, showing that it had no effect upon the planktonic 

growth of both P. aeruginosa strains. However, similar to 1.13 and 1.14 , the SI 

between biofilm inhibition and antibiotic activities were not established, therefore the 

therapeutic value of 1.15 as a biofilm inhibitor is still not completely evaluated. 

 In Chapter 4, I present a modular high-throughput 384-well image-based 

screening platform to identify P. aeruginosa biofilm inhibitors and dispersal agents. 

Screening of 312 natural product prefractions identified the cyclic depsipeptide 

natural products skyllamycins B and C as non-bactericidal biofilm inhibitors. Co-
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dosing experiments of skyllamycin B and azithromycin, an antibiotic unable to 

remove pre-formed biofilms, demonstrated that in combination, these compounds 

were able to eliminate pre-formed biofilms and depress cellular activity. 

1.2.5. Latent HIV Reactivation Natural Products 

HIV is a lentivirus that causes acquired immunodeficiency syndrome (AIDS), 

a disease state compromising the human immune system such that it allows 

opportunistic infections to thrive. Transmitted primarily through unprotected sex, 

there are approximately 34 million people living with HIV globally.  There is 

currently no cure for HIV, however, highly active antiretroviral therapy (HAART) is 

administered to manage the disease state.64  With more than 30 million people 

infected with HIV living in low to middle income countries,65 the development of an 

HIV cure or vaccine would have a significant global health and economic impact. 

While the development of an HIV cure has been elusive, it has been proposed that 

combinatorial therapy of reactivating agents, small molecules that promote replication 

of the dormant state virus, with HAART could be used to cure HIV.66  Presented will 

be the two natural products that have been identified as HIV reactivating agents in 

vitro (Figure 1.5). Note that there is no standard in vitro assay for measuring latent 

HIV reactivating potential, so compounds cannot be compared directly.  

Bryostatin 1 (1.16), a macrolide isolated from bryazoan Bugula neritina, was 

recently shown to possess latent HIV reactivating potential in vitro.67 While 

displaying impressive potencies in vitro (EC50 = 1.61 nM), the bryostatins have been 

shown to possess highly cytotoxic properties.68 In order to differentiate latent HIV 
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activity and cytotoxicity, bryostatin analogs were prepared synthetically.67 While 

producing analog 1.17 with improved potency (EC50 = 0.38 nM), the cytotoxic 

activity was not evaluated.   Given the relatively low number of reactivating agents, 

the relative selectivity window for effective therapeutic dosage has not been 

established.  However, cytotoxicity should be evaluated for 1.16 and 1.17 if serious 

consideration is to be attributed to the bryostatins as therapeutic agents to treat HIV. 

 
Figure 1.5. Natural products with HIV reactivating activity. 

 

 Prostratin (1.18), a phorbol isolated from the bark of the mamala tree 

Homalanthus nutans, has been identified and pursued as a latent HIV reactivating 

therapeutic agent.69  Many research groups have studied the potential of prostratin as 

a latent HIV reactivating agent,70,71 however due to non-standard reactivating assay 

there is no consistent reportable EC50 value. Still, some highlights on 1.18 as a 

reactivating agent come from its relatively low cytotoxicity and inflammatory 

response when treated in high dosages to mice. 69 Furthermore, 1.18 is one of the few 
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reported latent HIV reactivating agents with in vitro and ex vivo activity (was able to 

reactivate latent HIV cells harvested from HIV patients treated with HAART).70,72 

 While there have been synthetic compounds reported as latent HIV 

reactivating agents,73–81 currently, the flagship compounds are natural products.  

Collectively, both 1.16 and 1.18 emphasize the value of natural products in drug 

discovery, particularly for new biological targets.  While aiming to cure HIV through 

the utilization of latent HIV reactivation agents is still in its infancy, and may change 

over the course of future research, the impact natural products have had early in its 

research cycle will play (and has already by virtue of standard in latent HIV 

reactivating assays) an important tone for future research in this field. 

 In Chapter 5, the natural product screening against latent HIV-infected CD4+ 

T-cells and the discovery of abyssomicin II as a reactivating agent of latent HIV will 

be discussed.  Orthogonal viral qPCR analysis showed viral RNA upregulation in a 

dose-dependent manner upon treatment with abyssomicin II. Histone deacetylase 

inhibition and protein kinase C activation assays showed no activity from 

abyssomicin II treatment, suggesting that abyssomicin II induces HIV reactivation 

through a novel mechanism. This is the first reported example of a microbial-derived 

natural product that directly activates latent HIV. 

1.3. Conclusion 

Due to the existence of currently incurable diseases (such as HIV/AIDS), 

microbial resistance to current therapeutics, and a numerous amount of neglected 

diseases in poverty stricken countries, there is an increased need for new therapeutics.  
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Occupying a large biologically relevant chemical space, natural products represent a 

unique group of molecules that have been used to develop clinical therapeutics and 

continue to be an inspiration of new therapeutics.  The work covered in Chapters 2 – 

5 highlight the opportunities that natural products provide in drug discovery. 
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2.1. Introduction  

2.1.1. Plasmodium Parasitology 

The causative agents of malaria are eukaryotic intracellular parasites of the 

genus Plasmodium.1 Though it is possible to acquire malaria through transfusion of 

infected blood, humans are naturally infected by the parasites through the bite of a 

female mosquito. The four predominant human pathogenic Plasmodium species are 

P. vivax, ovale, malariae, and falciparum of which P. falciparum causes the most 

severe form of malaria.  Disease progression begins with an asymptomatic 

proliferation phase in the liver, followed by release into the blood stream where 

parasites invade and replicate within host erythrocytes.2 Subsequent egress and re-

invasion of erythrocytes results in a massive increase in parasitemia and many of the 

symptoms associated with malaria infections, which can ultimately lead to death if 

left untreated.  

P. vivax and P. ovale predominantly infect young erythrocytes, therefore 

limiting the total parasitemia.3   On the other hand, P. falciparum and P. malariae 

infect mature erythrocytes, which frequently leads to high load of parasitemia and 

manifests into afflicted individuals to experiencing anemia. The most severe state of 

malaria infections is caused by sequestration of erythrocytes (infected with P. 

falciparum) into brain endothelial cells, which results in petechial hemorrhages.4  

Brain anoxia rapidly causes edema and coma, which could be fatal in up to a few 

hours.   
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Malaria parasites are able to evade mammalian protective immune response. 5  

This has been substantiated by the fact that people living in endemic areas are subject 

to repeated infections without complete immunity to the parasites. This evasion 

mechanism is partially accomplished by the parasites surface proteins sequence 

polymorphism, which prevents development of antibody epitopes of a regular 

immune response.5 In addition, some surface proteins could act as B-cell super-

antigens, resulting in capture of protective antibodies. 

2.1.2. Malaria Global Health Burden 

While approximately half of the world population is at risk of acquiring 

malaria, most cases and deaths occur in sub-Saharan Africa.  However, Asia and 

Latin America are also affected.1  Specific populations at high risk include: young 

children, pregnant women, HIV/AIDS patients, travelers, and immigrants. Despite 

significant efforts towards the eradication of malaria, this devastating vector-borne 

disease continues to be a major source of morbidity and mortality, particularly in Sub-

Saharan Africa, where it imparts a devastating socioeconomic burden.6  A recent 

survey by the World Health Organization estimates that there were 216 million cases 

of malaria in 2010, mostly affecting children under 5 years of age.1  At the Country 

scale, the burden lays heavily on 14 countries where 80% of the malaria deaths occur.  

Combined, the Democratic Republic of the Congo and Nigeria account for over 40% 

of the global malaria deaths. 

 

 



35 

 

2.1.3. Current Antimalarial Therapeutics 

Current antimalarial drugs hit a limited number of targets in Plasmodium.7    

However, the effectiveness of these therapies has been hindered by the development 

of resistance mechanisms in parasite populations.8 Historically, quinine, a natural 

product extracted from the bark of the tree Cinchona calisaya, has been the first 

widely used antimalarial drug.9  Quinine and small molecule derivatives (8-

aminoquinolines and 4-aminoquinoline) prevent the polymerization of heme, which is 

the toxic byproduct of hemoglobin degradation by the parasite.  This antimalarial 

class has traditionally been very effective at treating malaria, however the 

universalization and widespread use of chloroquine (4-aminoquinoline) for decades 

has resulted in almost complete resistance in most parasite populations worldwide 

and subsequently progressive ease of resistance development for compounds that 

prevent heme polymerization.10   

Due to the ineffectiveness of this former frontline treatment, research has 

focused on finding chemically novel drugs that hit new targets in the parasite.8 More 

recently discovered compounds, such as pyrimethamine and sulfadoxine, have been 

shown to inhibit the ability of parasites to synthesize tetrahydrofolate, which is a 

necessary cofactor for parasite DNA and protein synthesis.  However, point mutations 

in their molecular targets, dihydrofolate reductase and dihydropteroate synthase, 

respectively, have greatly reduced the efficacy of these treatments.11 

A third target in Plasmodium is the cytochrome bc1 complex in the 

mitochondrial electron transport chain, which is inhibited by the antimalarial 
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atovaquone (Malarone).12 Mutations in the putative atovaquone binding site of the 

cytochrome bc1 complex has limited the use of this drug.13 Although these molecules 

originally led to some success, point mutations in their respective molecular targets 

have greatly reduced the current efficacy of these treatments. 11,13 

The current gold standard in malaria treatment is artemisinin combination 

therapy (ACT).14  This approach combines artemisinin, an endoperoxide-containing 

natural product, and another antimalarial with a different mechanism of action 

(MoA), thus circumventing the parasite’s ability to develop resistance to either 

drug.15  Although ACTs are still highly effective, resistance to artemisinin 

monotherapies has manifested itself in the form of slow parasite clearance rates in 

certain regions of Southeast Asia.16 Genomic studies are beginning to identify a major 

region of the genome that is mutated in these artemisinin resistant parasites.17  

Widespread resistance to artemisinin would be devastating for the campaign to 

eradicate malaria worldwide.  Thus, it is imperative that the scientific community 

continue to search for new antimalarials to combat this disease.   There is a strong 

impetus for compounds that hit new targets, to which parasite populations would have 

no inherent resistance. Since the structure of antimalarials is highly tied to mode of 

action (MOA),18 the identification of new antimalarial chemotypes should provide 

compounds with new MOAs, which could provide effective therapeutics against drug 

resistant parasites. Due to the vast structural diversity of natural products,19 in 

conjunction with their historical successes as antimalarials (Figure 2.1), it has been 
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suggested that they may hold promise as the source for next-generation therapeutics 

for malaria.20   

 
Figure 2.1. Comparison of current antimalarials to salinipostin A (2.1).  

 

2.2. Results and Discussion  

As part of our platform in lead compound discovery for neglected disease, we 

have screened our marine bacterially-derived natural products library against P. 

falciparum, in order to discover novel chemotypes with potentially new MoA that 

may serve as starting points for next generation antimalarials.  From these screening 

efforts, we have discovered salinipostin A (2.1), a structurally unique antimalarial 

with potent inhibition of P. falciparum growth (EC50= 20 nM) and large selectivity 

index (HeLa IC50 > 100 μM).  Further exploration into the biosynthetic potential of 



38 

 

the producing organism uncovered 10 structurally related family members, 

salinipostins B-K (2.2-2.11).  Interestingly, slight changes in the chemical structure 

between analogs revealed marked changes in potency.  Due to the unique cyclic 

phosphotriester backbone of this molecule, the lack of structural similarity to any 

existing antimalarials, and the intriguing structural activity relationship (SAR) 

between analogs, we sought to uncover the molecular target of the salinipostins.  By 

using a selection assay, we have generated a parasite population resistant to 

salinipostin A and have attempted to analyze the single nucleotide polymorphisms 

(SNPs) in the mutants to determine the molecular target.   

2.2.1. Bioassay Guided Isolation of the Salinipostins 

To identify new and selective antimalarial lead compounds, we screened our 

bacterially-derived prefractionated natural products library against P. falciparum and 

a human cell line, MDA-MB-361.  Examination of 624 prefractions led to the 

discovery of 12 highly selective hits (less than 25% survival in P. falciparum and 

greater than 90% survival in MDA-MB-361 assay at a 20x higher concentration).  

These prefractions were then subjected to an automated fraction collection strategy, 

which uses LCMS to simultaneously separate and collect the eluent directly into 96-

well plates at one minute intervals.  This fractionation strategy simultaneously 

acquires retention time, UV absorbance, and mass spectrometric data for all 

components in the prefraction, providing a detailed chemical annotation of the entire 

extract.  These “peak libraries” were then subjected to primary assay conditions and 

reassessed to identify the biologically active constituents.  One of the prefractions, 
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from a Salinispora sp., showed an active region containing multiple compounds that 

shared similar UV profiles.  Isocratic separation using reversed-phase (RP)-HPLC of 

this region revealed a family of related compounds.  Mass spectrometry analysis of 

these compounds showed mass differences of 14 amu, suggesting analogs with a 

variable number of methylene or methyl groups. The potencies of the purified 

compounds were reassessed using the original assay conditions.  From these data, 

salinipostin A (2.1) was prioritized for follow-up studies based on its low nM potency 

in this secondary assay. 

2.2.2. Structure Elucidation of the Salinipostins 

Based on analysis of HRESITOF-MS and NMR data, the molecular formula 

of 2.1 was determined to be C25H45O6P, giving this molecule 5 degrees of 

unsaturation. To determine the linear structure, extensive 1D and 2D NMR 

experiments were performed. Analysis of these data (gCOSY, TOCSY, and gHSQC) 

indicated that 2.1 had 3 separate spin systems (Figure 2.2).  The first corresponded to 

a butyl chain, that was determined to be allylic, based on the chemical shifts of the 

terminal methylene protons at δ 2.79 and δ 2.98 ppm.  The second spin system was 

revealed to be a saturated fatty alcohol chain, with multiple overlapping resonances in 

the methylene region.  The final spin system consisted of one protonated tertiary 

carbon in between two sets of diastereotopic methylenes on oxygenated secondary 

carbons. Key gHMBC correlations from this spin system to carbons with chemical 

shifts of δ 165.50, 160.0, and 110.40 ppm, revealed the presence of an α-β 

unsaturated lactone.  The protons from the butyl chain showed similar gHMBC 
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correlations to carbons with chemical shifts of δ 160.0 and 110.40 ppm, allowing for 

the placement of this chain at the β-position of the lactone (Figure 2.2). The saturated 

alcohol chain was determined to be a pentadecyl alcohol based on integration of the 

1H spectrum and the remaining molecular formula of C15H31O2P. With PO as the only 

unassigned atoms, and two remaining degrees of unsaturation, these three fragments 

were linked together through a cyclic phosphotriester, resulting in the full linear 

structure of 2.1.  The presence of the phosphorous atom was verified by 31P NMR and 

its placement at this position was corroborated by the presence of both 2JCP and 3JCP 

coupling to neighboring carbon atoms (Figure 2.3).   While the length of the 

pentadecyl chain was calculated based on the molecular formula and integration of 

the 1H NMR spectrum, this assignment was subsequently verified by MS/MS 

fragmentation.   

 
Figure 2.2. Key COSY and HMBC correlations in determining planer structure of 

salinipostin A (2.1). 

 

Characterization of the remaining analogs was accomplished by a similar 

analysis of 1D and 2D NMR experiments. Based on 1H NMR data, it was determined 

that all of the analogs contained a bicyclic phosphotriester core identical to 2.1. The 

proton chemical shifts of all analogs associated with the bicylic phosphotriester were 
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identical within 0.01 ppm, and had very similar coupling constants.  These results 

suggest that the biosynthetic machinery producing this bicyclic phophotriester core is 

producing exclusively one diastereomer. Utilizing the gCOSY data, we determined 

that the structural variability between analogs arose from differing chain lengths in R1 

and R2 (Figure 2.1).  Although both R1 and R2 could be assigned using a combination 

of gCOSY and HRESIMS data, we also conducted MS/MS fragmentation 

experiments to confirm these assignments. Similar to 2.1, fragmentation of the fatty 

alcohol chain allowed for the simultaneous determination of the mass of the saturated 

carbon chain and the bicyclic phosphotriester core. The MS/MS data corroborated 

with the COSY and HRESITOF-MS derived assignment. 

 
Figure 2.3. Comparison of carbon chemical shifts and JCP coupling constants of 

salinipostin A, 2-epi-cyclipostin P, and cyclipostin P. 
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Although the bicyclic phosphotriester core is a rare backbone in natural 

products, the salinipostins share this structural feature with two other families of 

compounds, the cyclipostins and cyclophostins.21–23 However, the combination of the 

alkyl chain lengths at both R1 and R2, make all of the salinipostin analogs structurally 

unique to both of these families.  The cyclipostins, which also contain long chain 

phosphate esters, are potent inhibitors of hormone sensitive lipase (HSL) and have 

been shown to have antimycobacterial properties.22,24 To date, neither of these 

families has been reported to possess any activity against P. falciparum. In addition to 

having different carbon skeletons, there are noticeable discrepancies in the 

comparison of the carbon and proton chemical shifts, as well as the coupling 

constants between these families and the salinipostins (Figure 2.3). We hypothesized 

that these disparities were due to stereochemical differences between the salinipostins 

and these other natural products. 
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Figure 2.4 VCD analysis of salinipostin A (2.1).  a) Calculated VCD and IR spectra 

for RPSC and SPSC diastereomers of salinipostin A based on four lowest energy state 

conformations (per diastereomer). b) Comparison of averaged calculated VCD and IR 

spectra to experimental spectra of salinipostin A.  Based on this analysis, 

stereochemistry of salinipostin A is determined to be SPSC. 

 

In order to determine the absolute stereochemistry of 2.1, we conducted 

vibrational circular dichroism (vCD) experiments. This method has been successful in 
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determining the absolute stereochemistry of other natural products when more 

classical methods are not possible, or material is limited.25–27 Comparison of 

experimental and theoretical vCD measurements, carried out at the DFT level 

(B3LYP functional/ 6-31G(d) basis set) with Gaussian 09, revealed the absolute 

configuration to be SP,SC (Figure 2.4).  This absolute configuration differs from that 

of both the cyclipostins and cyclophostins, which both have an SP,RC configuration.  

Recently, the SP,SC diastereomer of  cyclipostin P has been prepared via total 

synthesis.28 Comparison of the 31P, 13C, and 1H NMR chemical shifts, and the 3JCP 

coupling constants, between both diastereomers of the synthetic compounds and with 

2.1 corroborates the trans relative stereochemistry corresponding to the SP,SC 

assignment that was obtained experimentally for 2.1. (Figure 2.3). This suggests that 

the difference in stereochemistry could be playing an important role in the 

antimalarial activity of the salinipostins. 

2.2.3. Biological Evaluation of the Salinipostins 

 Pure compound screening exhibited a remarkably large range in EC50 values, 

extending from 20 nM to approximately 50 µM, equating to ~2500 fold difference in 

activity (Figure 2.5).  This drastic change in potency was unexpected, as all of the 

salinipostins share the same bicyclic phosphotriester core and only differ in the length 

of both aliphatic chains (R1 and R2). Examination of the SAR data reveals two clear 

trends.  First, an increase in activity is observed as the length of R2 increases.  In each 

series of R1 (ethyl, propyl, isobutyl, butyl), the pentadecyl phosphoester (R2=C15H31) 

is the most potent analog.  Second, there is also an increase in potency as the number 
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of carbons in the vinyl aliphatic chain (R1) increases.  In the cases where R1 is 

isobutyl, there is a slight decrease in activity in comparison to the straight chain butyl 

analogs, however, these analogs are more potent than when R1 is propyl.  This 

suggests that branching at the R1 position slightly attenuates activity, but supports the 

trend that longer chain lengths at this position increases potency.  Unfortunately, the 

isobutyl analog with the pentadecyl phosphoester chain was not produced in high 

enough titer for structural characterization or biological screening. 

 

  
Figure 2.5 Structure activity relationship between salinipostins A-K (2.1-2.11).   

 

Although it is unclear that either of these structural features is singularly 

driving the changes in activity, it is apparent that the combination of both alkyl chain 

lengths results in drastic changes in potency.  This is best exemplified by examining 

the differences in EC50 values between 2.11 (R1=C2H5, R2=C13H27, EC50= 32.0 µM) 
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and 2.1 (R1=C4H9, R2=C15H31, EC50= 0.020 µM).  The approximately 1600-fold 

change in potency between analogs with relatively slight structural differences, 

coupled with the lack of cytotoxicity to mammalian cells, led us to hypothesize that 

the salinipostins likely bind to a specific molecular target within P. falciparum 

parasites. In addition, comparison of cLogP values of these compounds shows that 

there is correlation between activity and lipophilicity (Table 2.1).  However, due to 

the overall large clogP values, these data may suggest, instead, that recognition of 

specific lipid chain length is playing a key role in the MoA of the salinipostins. 

To evaluate the cytotoxic of the most potent salinipostin analog, we screened 

2.1 against HeLa cells. Encouragingly, no cytotoxicity was detected up to the highest 

concentration (100 μM).  This selectivity index (greater than 5000) suggested that the 

molecular target of 2.1 was unique to P. falciparum.   

Compound clogP IC50  (μM) 
salinipostin A (2.1) 7.852 0.02 
salinipostin A (2.1) 7.396 0.14 
salinipostin B (2.2) 6.94 0.42 
salinipostin C (2.3) 7.192 0.08 
salinipostin D (2.4) 6.735 3.2 
salinipostin E (2.5) 7.396 0.266 
salinipostin F (2.6) 6.94 1.5 
salinipostin G (2.7) 6.94 1.5 

salinipostin H (2.8) 6.484 8.7 

salinipostin I (2.9) 6.94 0.126 

salinipostin J (2.10) 6.484 49 

salinipostin K (2.11) 6.027 32 

Table 2.1 Salinipostins comparison of calculated logP value to potency against P. 

falciparum. 

   

2.2.4. Salinipostin A Treated Parasite Microscopy 

Due to the unique cyclic phosphotriester backbone of this molecule, the lack 

of structural similarity to any existing antimalarials, the intriguing structural activity 
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relationship (SAR) between analogs, and large selectivity index, we sought to 

uncover the MOA of the salinipostins.  In the erythrocyte, P. falciparum has four 

distinct states that are distinguishable through defined morphologies and clearly 

defined time intervals.2  Utilization of this biological property allows for the imaging 

of synchronized P. falciparum infected erythrocytes to be used to determine if 

antimalarial agents have a stage specific cytotoxicity.  In an attempt to identify the 

MOA of 2.1, we investigated parasite morphology under drug pressure (Figure 2.6).   

 
Figure 2.6 Salinipostin A (2.1) treated P. falciparum microscopy. 6x magnification.  

Treated with EC90 concentration of 2.1 and chloroquine. Imaged at t = 0 

(trophozoite), 12 (mature trophozoite), 20 (schizont), and 45 (reinvasion of 

erythrocyte) hrs.  Salinipostin treated parasite look normal until schizont state where 

parasite membrane integrity looks compromised. 

 

Images taken by Daniel Ebert of 2.1 treated parasites showed no noticeable 

morphological change to DMSO negative control up to 12 hours (trophozoite state). 

In contrast, positive control, chloroquine, showed parasite membrane disruption in the 
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maturation of the trophozoite.  This result is expected as chloroquine-induced 

plasmodium autotoxicity by preventing heme polymerization during the catabolism of 

hemoglobin.10  Interestingly, parasite membrane morphology becomes compromised 

as it enters the schizont state.  The cellular processes during the schizont state are not 

clearly defined, however closed mitosis is a hallmark event of plasmodium parasite in 

this state.2 From these results we could hypothesize that the MOA of 2.1 could be 

DNA synthesis inhibition, or disruption of the nuclear envelope while undergoing 

cytokinesis.  The latter would most likely result into the inhibition of the complex 

coordinated separation of the multiple plasmodium genomes. However, owing to the 

limitation of the microscopy technique, neither of these hypotheses could be tested 

with this method. 

2.2.5. Resistance Selection Assay 

To gain more insight into the molecular target of the salinipostins through an 

orthogonal method, we have selected for resistant parasites using continuous drug 

pressure and have attempted to analyze the single nucleotide polymorphisms (SNPs) 

in the mutants that confer resistance.  These mutations can be changes in drug efflux 

pumps, such as in chloroquine and mefloquine resistance,29,30 but are often point 

mutations in the molecular target of the drug.  Therefore, this strategy has recently 

been implemented to identify drug targets in Plasmodium.  The first example of using 

this approach to determine compound MoA identified mutations in the molecular 

target of fosmidomycin,31 and more recently has been proven successful in gaining 

insight into the targets of the spiroindolones,32 thiaisoleucine,33 benzothiazepines,34 
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and cladosporin.35 Given the success of the resistance assay, we attempted to identify 

the molecular target of 2.1 by sequencing the genome of two resistant populations and 

one clone (Table 2.2).  This work was done solely by Daniel Ebert and therefore the 

process of resistance selection, genome isolation and sequencing is discussed in the 

experimental section. 

Gene Strains Mass (KDa) T.D. P.T.M 

PF10_0064 P1S1-P1S2 103 0 - 

MAL7P1.208 P1S2-C1 103 0 Phosphorylation (~3 sites) 

PF07_0061 P2-C1 258 1 Phosphorylation (~3) 

MAL13P1.298 P1S2-P2 247 4 Phosphorylation (~11) 

PF14_0692 P1S2-P2 156 5 - 

MAL7P1.89 P1S1-P2 698 2 - 

Table 2.2 Salinipostin A (2.1) resistance SNPs. P1S1, population one-sequence one; 

P1S1, population one-sequence two; P2, population two; C1, clone one; T.D., 

transmembrane domain; and P.T.M., post-translational domain.  

  

While sequencing the genome of multiple resistant plasmodium strain did not 

yield a single convergent target gene, the resulting overlap of SNPs between different 

resistant populations/clones did indicate that the majority of SNPs were found in large 

transmembrane proteins.  Interestingly, all of these genes identified with SNPs have 

no human homolog, suggesting the MoA may be unique to the P. falciparum. 

2.2.6. Biosynthetic Studies 

The unique bicyclic phosphotriester (found in the salinipostins, cyclipostins, 

and the cycliphostins) is an underappreciated scaffold with respect to biosynthetic 

studies.  Structural analysis suggest that the salinipostin core could be biosynthesized 

form two known metabolites. The R2 group could be derived from a fatty acid, while 

the core and R1 group could come from the biosynthesis of A-factor butyrolactone. 

Previously, biosynthetic studies led to the identification of the AfsA gene product as 
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the only enzyme required for A-factor production.36 This led us to believe that if the 

salinipostins were derived from an A-factor, then the producing organism should have 

an AfsA homolog. In order to test if this theory was correct, full genome sequencing 

of the salinipostin producing organism (Salinispora sp.) was acquired. Genome 

sequencing and assembly was done by Daniel Ebert and Joe DeRisi; details are 

discussed in the experimental section.    

 
Figure 2.7 Putative salinipostin biosynthetic gene cluster. Set of contiguous genes 

shared between three Salinispora sps. with greater than 90% identity.  

 

Using Basic Local Alignment Search Tool (BLAST) to identify if the AfsA 

gene was in the salinipostin producing strain, led to the identification of a single 

AfsA-like homolog. Since bacterial biosynthetic gene clusters are frequently 

contiguous, we decided to explore the neighboring genes around the AfsA gene 

(Figure 2.7). Adjacent to the AfsA gene were a couple of AMP-dependent synthases 

and a DNA polymerase β, which either could be utilized to form the phosphoester 

linkages. Interestingly, a phosphoenyl pyruvate synthase homolog was also within the 

proximity of the AfsA gene, which could be responsible for trapping the 

phosphoenolate.  To see if there were other species with a similar set of genes, we 

blasted the AfsA-like gene from the salinipostin producing strain. Surprisingly, we 
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identified two other Salinispora sp. that had the exact set and order of genes from the 

AfsA-like gene to the phosphoenyl pyruvate synthase homolog with greater than 90% 

identity (protein sequence level).   

 
Figure 2.8 Extracted-ion chromatography (EIC) of salinipostin A (2.1).  EIC plots 

show that all three Salinispora sp. with putative salinipostin biosynthetic gene cluster 

are capable of producing 2.1. 

 

To probe the salinipostin biosynthetic capacity of Salinispora arenicola and 

tropica, we analyzed the metabolic production of these organism, which were 

generously provided by Dr. Paul Jensen.  Culturing these organisms with standard 

culture conditions gave us crude extracts, which were analyzed on an electrospray 

ionization time-of-flight mass spectrometer (ESI-TOF-MS) coupled with a liquid 

chromatography (LC) unit. Briefly, all three Salinispora sp. (arenicola, tropica, and 

salinipostin producing organism) were separately cultured in 50 mL of SYP media.  

After 6 days, 2.0 g of Amberlite XAD-16 absorbent resin was added to the cultures 

and were allowed to shake for 30 minutes before vacuum filtration and air drying. 

The resin and cells were extracted with 25 mL of 1:1 methanol/dichloromethane and 

vacuumed filtered.  Filtrate was concentrated to dryness in vacuo and re-solubilized 
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in 10 mL of methanol. 1 μL of a 1:1000 fold dilution of the 10 mL solution was 

injected and analyzed by LC-ESI-TOF-MS by extracting for ions within 2 ppm of 

2.1.  Extracted-ion-chromatography (EIC) plots (figure 2.8) showed that all three 

strains produced 2.1, suggesting that these genes may be required for the biosynthesis 

of the salinipostins.  To verify if this is the biosynthetic gene cluster for the 

salinipostin, further knock out studies need to be conducted.  

2.3.Conclusion   

As part of our platform in lead compound discovery for neglected disease, we 

have screened our marine bacterially-derived natural products library against P. 

falciparum, in order to discover novel chemotypes with potentially new MoAs that 

may serve as starting points for next generation antimalarials.  From these screening 

efforts, we have discovered salinipostin A (2.1), a structurally unique antimalarial 

with potent inhibition of P. falciparum growth (EC50= 20 nM) (Figure 2.1).  Further 

exploration into the biosynthetic potential of the producing organism uncovered 10 

structurally related family members, salinipostins B-K (2.2-2.11) with a unique SAR 

series that suggest lipid recognition in the MoA.   

Due to the unique cyclic phosphotriester backbone of this molecule, the lack 

of structural similarity to any existing antimalarials, and the intriguing structural 

activity relationship (SAR) between analogs, we sought to uncover the molecular 

target of the salinipostins. While unable to determine the precise molecular target for 

the salinipostins through the resistance selection assay, this data, combined with the 

microscopy work, suggest that the MoA is parasite-specific.   
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2.4. Experimental 

2.4.1. General Experimental Procedure 

Solvents used for HPLC chromatography were HPLC grade and were used 

without further purification. Optical rotations were measured on a Jasco P-2000 

polarimeter using a 10 mm path length cell at 589 nm. NMR spectra were acquired on 

a Varian Inova 600 MHz spectrometer equipped with a 5 mm HCN triple resonance 

cryoprobe, and referenced to residual solvent proton and carbon signals (δH 7.260, 

δC 77.160 for Chloroform-d). High resolution mass spectrometer data were acquired 

using an Agilent 6230 electrospay ionization (ESI) accurate-mass time-of-flight 

(TOF) liquid chromatograph-mass spectrometer.  cLogP values were calculated using 

Accelrys Discovery Studio. 

2.4.2. HeLa Toxicity Assay 

HeLa cells (ATCC number: CCL-2) were plated at a density of 2,000 cells per 

well into two 384 well clear bottom plates (Costar 3712) in DMEM with 10% FBS. 

After 24 hours incubation at 37 ºC with 5% CO2 the cells were pinned with 200 nL of 

a two-fold serial dilution of merulin analogs.  After 17 hours of treatment at 37 ºC in 

5% the plates were fixed with 4% formaldehyde and washed with PBS (BioTek 

ELx405). After 10 minutes in PBS with 0.5% TritonX-100 each plate was washed 

and blocked with 2% Bovine Serum Albumin in PBS. Nuclei were stained with 

Hoechst 33342 then washed and placed in 40 µL of PBS with 0.1% sodium azide. 

Plates were imaged using the ImageXpress Micro epifluorescent scope (Molecular 
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Devices). MetaXpress software was used to quantify total number of cells and IC50s 

were calculated using Prism (GraphPad) 

2.4.3. Plasmodium falciparum Screening Assay (Strain Pf3D7) 

Compounds were transferred using a Biomek FX robotic liquid handling 

device (Beckman Instruments) and incubated in presence of 2% hematocrit and 0.8% 

parasite in a total assay volume of 200 μl for 72 h in a humidified atmosphere at 

37oC, 5% O2 and 5% CO2, in 96-well round bottom plates (Fisher). After incubation, 

170 μl of supernatant was discarded and cells were washed with 150 μL 1X PBS. 15 

μl re-suspended cells were transferred to 384-well flat-bottom non-sterile plates 

(Corning) already containing 15 μl of the SYBR Green lysis buffer (2X SYBR Green, 

20mM Tris base pH 7.5, 20 mM EDTA, 0.008% w/v saponin, 0.08% w/v Triton X-

100). Plates were incubated for 15 min and then read on a LJL Biosystems Analyst 

AD 96-384 spectrophotometer. 

2.4.4. Microscopy (Strain Pf3D7) 

As mentioned before, this section was done by Daniel Ebert. Thin smears 

were prepared, stained with Giemsa stain, and photographed using a SPOT Flex 

Color Mosaic Digital Camera (Diagnostic Instruments) on a Nikon Optiphot 

microscope. For electron microscopy, infected erythrocytes were washed in PBS, 

fixed in Karnovsky's solution (1% paraformaldehyde, 3% glutaraldehyde, 0.1 M 

sodium cacodylate buffer, pH 7.4) for 4 h at room temperature, and then stored at 4°C 

until they were analyzed. Fixed samples were postfixed in reduced OsO4 (2% 

OsO4 plus 1.5% potassium ferrocyanide; Sigma) and stained en bloc with uranyl 
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acetate before being dehydrated in ethanol, cleared in propylene oxide, and embedded 

in Eponate 12 (Ted Pella Co). Thin sections were cut with a Leica ultracut UCT 

microtome, stained with uranyl acetate and Reynold's lead, and examined with a 

Philips Tecnai 10 electron microscope. Photographs were scanned using a CanoScan 

N6700 (Canon). 

2.4.5. Selection Assay  

As mentioned before, this section was done by Daniel Ebert. W2 parasites 

were expanded to a total quantity of 1010 parasites at 3% hematocrit in 500 mL RPMI 

(15 mL of 100% RBCs) and then inoculated into a hyperflask cell culture vessel from 

Corning. Upon seeding the hyperflask (Day 0), media was supplemented with 150 

nM salinipostin A (2.1). For the next seven days, media was changed daily with fresh 

drug added at 150nM. Additionally, a blood smear was made each day for the first 

seven days of selection to ensure parasitemia in the hyperflask dropped to 0%. By 

Day 7, parasitemia was determined to be 0% (based on microscopic inspection of 10 

fields of >200 RBCs per field with no visible infected RBCs). On Day 7, 1 mL of 

100% RBCs from the hyperflask was used to inoculate a 50 mL culture with fresh 

blood added (final 3% hematocrit) and without drug pressure (normal RPMI). 

Subsequently, the hyperflask vessel was split 1:2 with fresh blood added and kept 

under 150 nM drug pressure. Following Day 7, both the hyperflask culture and 50 mL 

“no drug” culture were maintained by changing media every three days (+ drug for 

hyperflask culture, - drug for 50 mL culture) and splitting 1:2 with fresh RBCs every 

six days.  Blood smears were made and Giemsa stained alongside media changes and 



56 

 

1:2 splits to inspect cultures for parasite recrudescence. On Day 28, parasites were 

visualized in the blood smear from the hyperflask culture. Subsequently, the 2.1 EC50 

for these parasites was determined to be 95 nM, ~2-fold more resistant compared to 

non-resistant W2. 

2.4.6. Genomic DNA (gDNA) Isolation for Whole Genome Sequencing 

As mentioned before, this section was done by Daniel Ebert. In order to 

isolate gDNA from 2.1 resistant parasites, 1mL of parasitized RBCs from the 

hyperflask was used to inoculate two 50 mL cultures in T-150 flasks to simplify 

handling. These two T-150 flasks were kept at 3% hematocrit and underwent two 

consecutive cycles of synchronization (per 5% sorbitol treatment). Once highly 

synchronous (>90% ring-stage) and at 10% parasitemia, parasites were extracted by 

lysing RBCs with 0.1% saponin (Sigma) for 5 minutes. Intact parasites were washed 

twice with PBS and resuspended in 150 mM NaCl, 10 mM EDTA, 50 mM Tris pH 

7.5 buffer. Subsequently, resuspended parasites were lysed by incubating overnight at 

37°C by addition of 0.1% L-loril sarkosil (Teknova) and 200 μg/mL Proteinase K 

(NEB). Following parasite lysis, nucleic acids were extracted with 

phenol/chloroform/isoamyl alcohol (25:24:1) pH 7.88 – 7.92 (Ambion) using phase-

lock tubes (5 Prime). RNA was digested with 100 μg/mL RNAse A (Qiagen) 

treatment for 1 hour at 37°C. Subsequently, gDNA was extracted twice more as 

described above and once with 100% chloroform. Ethanol precipitation was carried 

out using conventional methods and purified gDNA was stored at -20°C. 
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2.4.7. Whole Genome Sequencing and Analysis 

As mentioned before, this section was done by Daniel Ebert and Joe Derisi. 

Library Preparation: Illumina-compatible paired-end libraries were made from 50ng 

of purified gDNA (see above for gDNA isolation methods) using Nextera DNA 

Sample Prep Kit (Epicenter Biotechnologies) per the supplier’s instructions (however, 

bPCR step was decreased to 6 cycles from 9 cycles with a modified extension step to 

65°C for 6 min). Additionally, Illumina-compatible adaptors were included at this 

PCR step in place of Nextera Adaptor 2 to allow for other samples to be run alongside 

in the same lane of a flow cell. Library fragments from 360 to 549 bp were size-

selected on a 5 XT DNA 750 chip via the Lab Chip XT system (Caliper Life 

Sciences). Finally, a second PCR step using Klentaq LA DNA Polymerase (Sigma-

Aldrich) and 80% A/T dNTPs was performed with the outer sequencing adaptors for 

6 cycles (with an extension at 60°C for 6 min) to enrich for library fragments that 

were primed for sequencing. Preceding cluster generation, library concentrations 

were confirmed through the use of High Sensitivity DNA Bioanalyzer (Agilent) and 

qPCR using Nextera adaptor sequences. Samples were pooled into three sets with 

each sample at 2nM. Cluster generation was performed via the cBot HiSeq Cluster 

Kit v2 from Illumina at a final concentration of 6-8pM and density of >400k/mm2.  

Resulting clusters were run using a v2 HiSeq flow cell on the HiSeq 2000 from 

Illumina generating approximately 90 million reads per lane.  

Sequencing Analysis: Sequencing reads from specific libraries were first 

separated according to their unique barcodes. Using Bowtie, all reads were aligned to 
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the 3D7 reference genome (PlasmoDB v7.1), allowing for a single mismatch to 

account for any SNPs that differ with the reference genome. All reads that aligned to 

multiple regions of the genome were discarded; only unique reads were retained. 

Genome coverage was estimated according to the following equation: C=LN/G where 

C is genome coverage, L is the length of reads (200bp for paired-end reads), N is the 

number of reads, and G is the haploid genome length. Additionally, alignments were 

viewed as a WIG file in the UCSC Genome Browser (http://genome.ucsc.edu/), 

generating a histogram of read coverage over the whole genome and allowing for 

detection of copy number variations (amplifications and deletions). SNPs were 

identified by first determining nucleotide frequency for each position in the 

sequenced genome, independent of the nucleotide called in the reference genome. 

Based on these calculated frequencies, a consensus nucleotide was determined. When 

compared to the sensitive parent strain (from a previous WGS run), all discordant 

SNPs were identified and resulting amino acid changes were specified if the SNP 

resided in a coding region. For each chromosome (as well as mitochondrial and 

plastid sequence), the top 100 SNPs were filtered to select for non-synonymous SNPs 

in exons that were present in >90% of reads with >5 reads coverage. SNPs identified 

in hypervariable genes (i.e. rifin, var, stevor) were not included in this analysis. 

2.4.8. Isolation, Fermentation, and Extraction of Salinispora sp. 

The producing organism was isolated from a marine sediment sample 

collected by SCUBA near Keawekaheka Bay, Hawaii at a depth of 15 m.  The strain 

was isolated on SPS medium (18.0 g agar, 5.0 mg polymixin B sulfate, 50.0 mg 
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nalidixic acid, 50.0 mg cycloheximide, 750 mL 0.2 µm filtered seawater, 250 mL 

Milli-Q water).  Further isolation was performed on MB medium (37.4 g DifcoTM 

Marine Broth, 18 g agar, 1 L Milli-Q water).  Analysis of the 16S rDNA sequence 

identified this strain as a Salinispora sp., with highest sequence similarities to 

multiple Salinispora pacifica strains.   

The pure culture was cultivated on a rotary shaker (200 rpm, 27° C) in 2.8 L 

Fernbach flasks containing  1L SYP medium (10.0 g starch, 4.0 g peptone 2.0 g yeast 

extract, 31.2 g Instant Ocean sea salt, 1.0 L Milli-Q water) and a stainless steel spring.  

After 6 days, 20.0 g Amberlite XAD-16 adsorbent resin was added and the culture 

was allowed to shake for 2 h.  The cells and resin were removed by vacuum filtration 

using Whatman® glass microfiber filters and washed with deionized water.  The resin 

and cells were extracted with 250 mL of 1:1 methanol/dichloromethane.  The organic 

extract was removed from the cells and resin by vacuum filtration and concentrated in 

vacuo.   

The crude organic extract was subjected to solid phase extraction (SPE) using 

a Supelco-Discovery C18 cartridge (10 g) and eluted using a step gradient of 80 mL of 

methanol (MeOH)-H2O solvent mixtures (10% MeOH, 20% MeOH, 40% MeOH, 

60% MeOH, 80% MeOH, 100% MeOH) and finally with ethyl acetate to afford 

seven fractions.  The 10% MeOH fraction was discarded and the remaining six were 

dried in vacuo.  Analysis by RP- LCMS revealed the salinipostins were present only 

in the 100% MeOH fraction (1359E) 
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2.4.9. Peak Library Preparation and Purification of Salinipostins 

1359E was subjected to reversed-phase (RP)- LCMS (Phenomenex Synergi 

Fusion-RP 10 micron, 80 A, 250 x 10 mm, 75% MeOH/H2O +.02% formic acid 

isocratic for 5 minutes, 75%-100% for 25 minutes, 2 mL min-1 flow rate) with 

automated collection of the eluent in one minute intervals directly into a 96-well plate 

to create a peak library.  The plate was dried in vacuo and 20 µL of DMSO was added 

to each well for secondary screening to identify the active constituent.    

The prefraction was separated into two fractions using RP-HPLC 

(Phenomenex Synergi Fusion-RP 10 micron, 80 A, 250 x 4.6 mm, 82% to 93% 

MeOH/H2O +.02% formic acid over 14 min., 2 mL min-1 flow rate).  These two 

fractions (F1 and F2) were further purified by RP-HPLC to afford Salinipostins X-Y 

(F1: Phenomenex Kinetex XB-C18, 2.6 micron, 100 A, 100 x 4.6 mm, 84%-85% 

MeOH/H2O +.02% formic acid over 8 min., 1.2 mL min-1 flow rate, 1359E_01 tR= 

6.01 min, 1359E_02 tR= 7.48 min, 1359E_03 tR= 8.26 min., 1359E_04 tR= 9.04 min., 

1359E_05 tR= 9.27 min., 1359E_06 tR= 9.71 min. F2: Phenomenex Kinetex XB-C18, 

2.6 micron, 100 A, 100 x 4.6 mm, 87%-88% MeOH/H2O +.02% formic acid over 10 

min., 1.2 mL min-1 flow rate, 1359E_07 tR= 4.93 min, 1359E_08 tR= 5.27 min, 

1359E_09 tR= 5.44 min., 1359E_10 tR= 5.84 min., 1359E_13 tR= 7.05 min.) 

2.4.10. VCD Stereochemistry Analysis for Salinipostin A 

This work was done by Dr. Yanan He at Biotools Inc. Salinipostin A (2.1) 

was dissolved in CDCl3 (2.5 mg/ 0.1 mL) and placed in a 100 μm pathlength cell with 

BaF2 windows. IR and VCD spectra were recorded on a ChiralIR-2XTM VCD 
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spectrometer (BioTools, Inc.) equipped with DualPEM accessory, with 4 cm-1 

resolution, 22-hour collection for both sample and solvent, and instrument optimized 

at 1400 cm-1.  

The RPSC and SPSC configuration of the salinipostin A core were built with 

ComputeVOA program (BioTools, Inc., Jupiter, FL). Conformational searches were 

carried out with ComputeVOA at the molecular mechanics level. Geometry, 

frequency, and IR and VCD intensity calculations were carried out at the DFT level 

(B3LYP functional/ 6-31G(d) basis set) with Gaussian 09 (Gaussian Inc., 

Wallingford, CT). The calculated frequencies were scaled by 0.99 and the IR and 

VCD intensities were converted to Lorentzian bands with 6-cm-1 half-width for 

comparison to experiment.  
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2.4.11. MS/MS Analysis of Salinipostins A-K 
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2.4.12. Chemical Characterization 

Salinipostin A (2.1): [α]25
D  0.04 (c 0.075, MeOH); UV (MeOH) λmax(log ε) 

227 (3.39) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.26, 9.26 Hz), 4.28 

(1H, d, J = 6.17 Hz), 4.18 (2H, t, J = 6.63 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.48, 9.73 Hz), 2.97 (1H, dt, J = 7.70, 14.85 Hz), 2.79 (1H, dt, J = 5.48, 9.73 

Hz), 1.72 (2H, p, J = 6.91 Hz), 1.58 (2H, p, 7.56), 1.39 (2H, m), 1.38 (2H, m), 1.33-

1.22 (22H, m), 0.98 (3H, t, J = 7.34 Hz), 0.88 (3H, t, J = 7.02 Hz); 13C NMR 

(CDCl3, 151 MHz) δ 168.96, 165.45, 110.36, 69.76, 69.41, 64.63, 38.55, 30.49, 

30.34, 29.84-29.23 (11C), 28.62, 25.48, 22.34, 14.28, 13.98; HRESIMS m/z 

HRESIMS m/z 495.2852 [M + Na]+ (calcd for C25H45O6PNa, 495.2851). 

Salinipostin B (2.2): [α]25
D  0.01 (c 0.175, MeOH); UV (MeOH) λmax(log ε) 

229 (2.45) nm; 1H NMR (CDCl3, 600 MHz) 4.43 (1H, dd, J = 9.18, 9.18 Hz), 4.30 

(1H, d, J = 6.21 Hz), 4.17 (2H, t, J = 7.00 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.06, 9.70 Hz), 2.97 (1H, dt, J = 7.66, 14.68 Hz), 2.79 (1H, dt, J = 7.54, 

14.30 Hz), 1.72 (2H, p, J = 6.91 Hz), 1.58 (2H, p, 7.85), 1.39 (2H, m), 1.38 (2H, m), 

1.33-1.22 (20H, m), 0.98 (3H, t, J = 7.34 Hz), 0.88 (3H, t, J = 6.95 Hz); 13C NMR 

(CDCl3, 151 MHz) δ 168.96,165.45, 110.37, 69.72, 69.43, 64.62, 38.55, 30.49, 

30.34, 29.85-29.18 (10C), 28.62, 25.48, 22.33, 14.28, 13.95; HRESIMS m/z 

481.2694 [M + Na]+ (calcd for C24H43O6PNa, 481.2695). 

Salinipostin C (2.3): [α]25
D  0.03 (c 0.25, MeOH); UV (MeOH) λmax(log ε) 

230 (3.24) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 8.91, 8.91 Hz), 4.30 

(1H, d, J = 6.21 Hz), 4.18 (2H, t, J = 6.92 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 
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dd, J = 4.82, 9.76 Hz), 2.97 (1H, dt, J = 7.72, 14.66 Hz), 2.79 (1H, dt, J = 7.74, 

14.32 Hz), 1.72 (2H, p, J = 6.73 Hz), 1.58 (2H, p, 8.01), 1.39 (2H, m), 1.38 (2H, m), 

1.33-1.22 (18H, m), 0.93 (3H, t, J = 7.36 Hz), 0.88 (3H, t, J = 6.90 Hz); 13C NMR 

(CDCl3, 151 MHz) δ 168.96, 165.44, 110.36, 69.72, 69.43, 64.62, 38.55, 30.48, 

30.36, 29.22 - 29.81 (9C), 28.62, 25.48, 22.33, 14.23, 13.95; HRESIMS m/z 

HRESIMS m/z 467.2538 [M + Na]+ (calcd for C23H41O6PNa, 467.2538). 

Salinipostin D (2.4): [α]25
D  0.02 (c 0.06, MeOH); UV (MeOH) λmax(log ε) 

228 (2.92) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.18, 9.18 Hz), 4.32 

(1H, d, J = 6.30 Hz), 4.17 (2H, t, J = 6.89 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.44, 9.51 Hz), 2.91 (1H, dd, J = 7.26, 13.52 Hz), 2.66 (1H, dt, J = 7.29, 

13.57 Hz), 2.06 (1H, hept, J = 6.67), 1.72 (2H, p, J = 7.02 Hz), 1.36 (2H, p, 6.84), 

1.33-1.22 (20H, m), 0.99 (3H, t, J = 6.57 Hz), 0.97 (3H, t, J = 6.67 Hz), 0.88 (3H, t, J 

= 6.86 Hz); HRESIMS m/z 459.2870 [M + H]+ (calcd for C24H44O6P, 459.2876). 

Salinipostin E (2.5): [α]25
D  0.16 (c 0.01, MeOH); UV (MeOH) λmax(log ε) 

229 (4.02) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.14, 9.14 Hz), 4.33 

(1H, d, J = 6.25 Hz), 4.18 (2H, t, J = 6.83 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.44, 9.57 Hz), 2.91 (1H, dd, J = 7.25, 13.53 Hz), 2.66 (1H, dt, J = 7.30, 

13.53 Hz), 2.06 (1H, hept, J = 6.87), 1.72 (2H, p, J = 6.66 Hz), 1.37 (2H, p, 6.98), 

1.33-1.22 (18H, m), 0.99 (3H, t, J = 6.76 Hz), 0.97 (3H, t, J = 6.67 Hz), 0.88 (3H, t, J 

= 6.79 Hz); HRESIMS m/z 445.2723 [M + H]+ (calcd for C23H42O6P, 445.2719). 

Salinipostin F (2.6): [α]25
D  - 0.05 (c 0.08, MeOH); UV (MeOH) λmax(log ε) 

227 (2.70) nm; 1H NMR (CDCl3, 600 MHz) 4.43 (1H, dd, J = 8.55, 8.55 Hz), 4.30 
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(1H, d, J = 6.37 Hz), 4.17 (2H, t, J = 6.95 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.77 (1H, 

dd, J = 4.00, 9.50 Hz), 2.97 (1H, dt, J = 7.45, 14.33 Hz), 2.79 (1H, dt, J = 7.74, 

14.32 Hz), 1.72 (2H, p, J = 6.73 Hz), 1.64 (2H, m), 1.37 (2H, m), 1.33-1.22 (22H, 

m), 0.97 (3H, t, J = 7.79 Hz), 0.87 (3H, t, J = 6.69 Hz); HRESIMS m/z 459.2870 [M 

+ H]+ (calcd for C24H44O6P, 459.2876). 

Salinipostin G (2.7): [α]25
D  0.02 (c 0.05, MeOH); UV (MeOH) λmax(log ε) 

224 (3.01) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.18, 9.18 Hz), 4.31 

(1H, d, J = 6.17 Hz), 4.18 (2H, t, J = 6.89 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.31, 9.56 Hz), 2.96 (1H, dt, J = 6.45, 13.66 Hz), 2.78 (1H, dt, J = 7.63, 

14.49 Hz), 1.72 (2H, p, J = 6.72 Hz), 1.65 (2H, p, J = 7.40 Hz), 1.37 (2H, m), 1.33-

1.22 (20H, m), 0.98 (3H, t, J = 7.42 Hz), 0.88 (3H, t, J = 7.09 Hz); HRESIMS m/z 

445.2713 [M + H]+ (calcd for C23H42O6P, 445.2719). 

Salinipostin H (2.8): [α]25
D  0.02 (c 0.09, MeOH); UV (MeOH) λmax(log ε) 

227 (2.81) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.27, 9.27 Hz), 4.31 

(1H, d, J = 6.16 Hz), 4.18 (2H, t, J = 6.67 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.30, 9.75 Hz), 2.95 (1H, dt, J = 7.55, 13.79 Hz), 2.78 (1H, dt, J = 7.41, 

14.09 Hz), 1.72 (2H, p, J = 6.88 Hz), 1.64 (2H, p, J = 7.45 Hz), 1.37 (2H, m), 1.33-

1.22 (18H, m), 0.98 (3H, t, J = 7.41 Hz), 0.88 (3H, t, J = 6.99 Hz); HRESIMS m/z 

431.2561 [M + H]+ (calcd for C22H40O6P, 431.2563). 

Salinipostin I (2.9): [α]25
D  0.02 (c 0.11, MeOH); UV (MeOH) λmax(log ε) 

227 (3.12) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.19, 9.19 Hz), 4.30 

(1H, d, J = 6.41 Hz), 4.18 (2H, t, J = 6.91 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 
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dd, J = 5.31, 9.39 Hz), 2.96 (1H, dq, J = 7.35, 7.53 Hz), 2.85 (1H, dq, J = 7.47, 7.39 

Hz), 1.72 (2H, p, J = 6.79 Hz), 1.36 (2H, p, J = 7.61 Hz), 1.33-1.22 (22H, m), 1.17 

(3H, t, J = 7.53 Hz), 0.88 (3H, t, J = 7.01 Hz); HRESIMS m/z 445.2713 [M + H]+ 

(calcd for C23H42O6P, 445.2719). 

Salinipostin J (2.10): [α]25
D  0.01 (c 0.10, MeOH); UV (MeOH) λmax(log ε) 

223 (2.71) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.24, 9.24 Hz), 4.30 

(1H, d, J = 6.43 Hz), 4.18 (2H, t, J = 7.01 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.30, 9.41 Hz), 2.95 (1H, dq, J = 7.41, 7.40 Hz), 2.86 (1H, dq, J = 7.46, 7.46 

Hz), 1.72 (2H, p, J = 6.93 Hz), 1.36 (2H, p, J = 7.23 Hz), 1.33-1.22 (20H, m), 1.17 

(3H, t, J = 7.51 Hz), 0.88 (3H, t, J = 7.16 Hz);  HRESIMS m/z 431.2565 [M + H]+ 

(calcd for C22H40O6P, 495.2563). 

Salinipostin K (2.11): [α]25
D  0.03 (c 0.09, MeOH); UV (MeOH) λmax(log ε) 

227 (3.39) nm; 1H NMR (CDCl3, 600 MHz) 4.44 (1H, dd, J = 9.31, 9.31 Hz), 4.30 

(1H, d, J = 6.31 Hz), 4.18 (2H, t, J = 6.76 Hz), 4.03 (1H, m), 4.03 (1H, m), 3.78 (1H, 

dd, J = 5.62, 9.62 Hz), 2.96 (1H, dq, J = 7.54, 7.55 Hz), 2.85 (1H, dq, J = 7.46, 7.44 

Hz), 1.72 (2H, p, J = 7.02 Hz), 1.36 (2H, p, J = 6.47 Hz), 1.33-1.22 (18H, m), 1.17 

(3H, t, J = 7.50 Hz), 0.88 (3H, t, J = 6.99 Hz);  HRESIMS m/z 417.2405 [M + H]+ 

(calcd for C21H38O6P, 417.2406). 
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2.4.13. NMR Spectra
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Chapter 3 
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3.1. Introduction to Human African Trypanosomiasis 

3.1.1. Trypanasoma brucei Parasitology 

Human African trypanosomiasis (HAT) is a vector-borne disease with a large 

global health burden. Transmitted by the tsetse fly vector, the flagellated protozoan 

Trypanosoma brucei subspecies are the etiologic agents of HAT. T. b. gambiense, a 

more chronic infection, is prevalent in West and Central Africa. T. b. rhodensiense, a 

more acute and virulent infection, occurs primarily in East and Southern Africa.  

Approximately 30 species and subspecies of tsetse flies exist, and each are 

separated into groups that prefer different habitats and show a differential ability to 

transmit trypanosome parasites.1 Trypanosomes are transmitted by blood-feeding of 

tsetse flies of the genus Glossina from one mammalian host to another. Both male and 

female flies are blood-feeders and can bring about the transmission.   

Trypanosomes are unicellular organism that belong to the family 

Trypanosmatidea and the genus Trypanosoma. The elongated cells are 15 – 30 microns 

long and exhibit constant motility due to flagellar motion.  They have cellular 

organization of eukaryotic cells, with one tubular mitochondrion that contains the 

kinetoplast, which is a condensation of the circular mitochondrial DNA.2   

The human immune response is evaded by trypanosomes because they are 

coated with a variant surface glycoproteins (VSG), linked through a 

glycosylphosphatidylinositol anchor (GPI-anchor), that are removed and replaced 

periodically, resulting in antigenic variation.3 This GPI-anchored protein has a highly 

polymorphic N-terminus forming the exposed domain.  Up to 1,000 different VSG 
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genes are distributed throughout the parasite genome. At any one time, a single VSG 

is actively transcribed and expressed.4,5 The switching from one VSG variant to another 

occurs in a spontaneous manner at a rate of one out of every 104 to 105 cell divisions. 

This periodic coat variation is the parasites’ primary mechanism of host immune 

evasion, and is responsible for the characteristic fluctuation in parasitemia.  Due to this 

evasion mechanism the development of a vaccine has been an elusive goal.3,6 

3.1.2. Human Health Impact 

Infection occurs by an initial extracellular subcutaneous exposure to the parasite 

through the bite of the tsetse fly.  Once the trypanosomes enter the human host, the 

disease manifests itself in two stages. In the first stage, the parasite resides and 

proliferates in the hemolymphatic system. This stage is characterized by fever, 

headaches, joint pains, and itching. In the second stage, the parasite crosses the blood 

brain barrier (BBB) and infects the central nervous system (CNS). This stage is 

characterized by confusion, reduced coordination, and disruption of the sleep cycle, 

which the disease name (African sleeping sickness) is derived from. If a second stage 

infection is left untreated, the disease becomes lethal.7 The estimated average duration 

of infections is around three years, which is evenly divided between the first and second 

stages.8 In T. b. rhodesiense, infection is usually acute and death occurs within weeks 

or months.  

According to reports from the World Health Organization (WHO), during the 

last ten years the number of new cases of HAT has shown a clear decrease, both in the 

gambiense and rhodesiense forms. For the first time in more than 50 years, the number 
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of reported cases has dropped below 10,000 cases per year: 9,878 new cases were 

reported in 2009 and 7,139 in 2010. The decrease of cases reported during the period 

2001-2010 has been 73.4%.9,10 However, underreporting is not negligible as the disease 

is not easy to diagnose and occurs in rural, remote and sometimes unsafe areas lacking 

proper healthcare facilities.  

3.1.3. Current and Developing HAT Therapeutic Agents 

Current treatments are poor and suffer from a variety of limitations ranging 

from severe side effects to difficulties with treatment administration (Table 3.1). These 

limitations reduce the effectiveness of current treatments in developing countries and 

results in poor patient compliance.  Furthermore, treatments are species-specific as well 

as stage-specific therefore adding complications to drug administration. 

Pentamidine is the drug of choice for treatment of the first stage disease cause 

by T. b. gambiense. Common adverse drug reactions include: hypoglycaemia (glucose 

depletion), injection site pain, diarrhea, nausea, and vomiting.11  Pentamidine 

administration is delivered through intramuscular injection.12 

Drug Parasite Specificity Stage 

Specificity 

Limitations 

Suramin rhodensiense first-stage Efficacy, parenteral 

Melarsoprol gambiense & rhodensiense second-stage Safety, parenteral 

Pentamidine gambiense first-stage Resistance, compliance, parenteral 

Eflornithine gambiense second-stage Cost, parenteral 

Table 3.1. Therapeutic agents to treat HAT. 

Suramin is used to treat the first stage T. b. rhodesiense disease. While active 

against T. b. gambiense, administration to patients infected with T. b. gambiense is 
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generally avoided because of the high probability of patients concurrently being 

infected with Onchocerca spp (etiological agent of river blindness).  Suramin is highly 

active against Onchocerca spp and consequently, treatment with suramin results in 

severe allergic reactions.13  Common side effects associated with suramin treatment 

include: hypersensitivity reactions (acute and late), albuminuria (urination of albumin), 

cylinduria (the presence of casts in urine), haematuria (damage to kidney), and 

peripheral neuropathy (damage to nerves).  Suramin is administered intravenously. 

Melarsoprol is used to treat the second stage infection (CNS infection) in both 

subspecies.  Common side effects with melarsoprol treatment include: encephalopathic 

syndromes (brain disease), pruritus/maculopapular eruptions (skin reactions), 

peripheral motoric palsy or sensorial paraesthesia neuropathies (abnormal bodily 

sensations), and thrombophlebitis (vein inflammation).10,14 Melarsoprol, being an 

arsenic containing compound, also has an estimated three to ten percent mortality rate 

due to drug-associated toxicity.15  Due to poor absorption, melarsoprol must be taken 

intravenously. 

Currently, eflornithine is the drug of choice to treat second stage HAT infection 

caused by T. b. gambiense.  While safer than melarsoprol, eflornithine suffers from the 

following common side effects: fever, unusual bleeding, weakness, diarrhea, nausea, 

stomach pain, and vomiting.16 Eflornithine administration requires intravenous 

infusion for sessions greater than 30 minutes.  Therefore it is of crucial importance to 

find new treatments to combat HAT and overcome the problems with current 

therapeutics.  
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Due to the lack of financial incentive for major pharmaceutical companies to 

invest in tropical disease medicine, the development of new drugs to treat neglected 

diseases such as HAT has progressed slowly over the past 30 years.17 Currently new 

efforts in this area are predominately supported by public private partnerships (PPP), 

which typically couple academic research programs with industrial partners to fill 

technical gaps in the drug development pipeline that are outside the purview of most 

academic programs. These PPPs can be funded from a diverse array of sources, 

including federal grants, philanthropic funding (e.g. the Bill and Melinda Gates 

Foundation), and ‘pro bono’ contributions from the pharmaceutical companies (e.g. 

The Novartis Vaccines Institute for Global Health and the Global Health Discovery 

Unit at GlaxoSmithKline). Representative examples of PPP-based drug development 

programs include the Drugs for Neglected Disease initiative (DNDi - Geneva), Institute 

for One World Health (IOWH - San Francisco CA), Infectious Disease Research 

Institute (Seattle WA), African Programme for Onchocerciasis Control (APOC), and 

Onchocerciasis Elimination Programme in the Americas (OEPA). Highlights of current 

PPP successes in HAT drug discovery and development include DNDi's oxaborole 

SCYX-7158 (Sandler Center of the University of California San Francisco/SCYNEXIS 

- Phase I study) and fexinidazole (Sanofi/Swiss Tropical and Public Health Institute – 

Phase II/III study).18,19  Both of these compounds have reached clinical trials and appear 

to be promising treatments for HAT.  
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Ideal Acceptable 

Effective against stage 1 and 2 Effective against stage 1+2 (used stage 2 only) 

Broad Spectrum (gambiense and rhodesiense) Efficacy against gambiense only 

Clinical efficacy > 95% at 18 months follow up To be determined by expert consultation 

Effective in melarsoprol refractory patients  

<0.1% drug related mortality <1% drug related mortality 

Safe also during pregnancy, for breastfeeding women and children 

Adult and paediatric formulations 

No monitoring for AEs Weekly simple lab testing (field testing) 

< 7 days p.o. once daily (DOT) 10 days p.o. (up to tid) 

< 7 days i.m. once daily 10 days i.m. once daily 

Stability in Zone 4 for > 3 years Stability in Zone 4 for > 12 months 

Cidal Static 

Multitarget Unique target (but not uptake via P2-transporter only) 

< 30 € / course* (only drug cost) < 100 €* / course 

 < 200 €* / course ok if very good on other criteria 

Table 3.2. DNDi T. brucei target product profile. * It is expected that donor agencies 

will pay this, not patients. Considering that some 20,000 - 50,000 patients per year 

might require treatment, this is still realistic.  

 

Potential development candidates must meet strict target product profiles (TPP) 

to be considered for further development by PPP organizations. For HAT, the most 

widely recognized TPP is published by DNDi (Table 3.2). While many of these criteria 

can only be evaluated using expensive and low-throughput in vivo animal models, some 

early in silico and in vitro assays can be conducted as an indicator of the suitability of 

a given compound to meet the TPP requirements outlined by DNDi.  These indicators, 

which are conducted in our laboratories as a component of our broader goal to develop 

new treatments for HAT and other neglected infectious diseases, include in vitro 

antiparasitic screening against protozoan parasites, human cell line screening for 

evaluating mammalian cell cytotoxicity and potential CNS toxicity, in vitro evaluation 

of serum stability to measure compound half-life, in silico prediction of BBB 
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permeation and human intestinal absorption, and a focus on microbially-derived lead 

compounds to reduce the cost of producing affordable drugs. Together, these factors 

combine to provide a mechanism to select lead compounds of the highest priority for 

hit-to-lead development against global health targets such as HAT. 

3.1.4. Merulin A – Chamigrane Endoperoxides 

In recent years, several publications have reported the discovery of cyclic 

endoperoxide scaffolds with anti-trypanosomal activities (Figure 3.1). Among these, 

artemisinin (3.2),20 an endoperoxide-containing terpene that is currently used as an 

active ingredient in all front line antimalarial combination therapies, is the most well-

known. However, the relatively weak activity of 3.2 against T. brucei and its high 

production cost21 makes it a poor candidate for further development. A number of other 

endoperoxide-containing natural products, including sigmosceptrellin B (3.3)22 and 

11,12-didehydro-13-oxo-plakortide Q (3.4),23 have displayed impressive in vitro 

activities against T. brucei. Unfortunately, because these compounds originate from 

marine sponge, subsequent development has been hampered by a lack of available 

material. To address this, two independent research groups24,25 have recently reported 

the generation of libraries of synthetic analogs, highlighted by five, that show strong 

efficacy against T. brucei with excellent selectivity indices (SI). However, these 

approaches require multi-step synthetic routes, and include low yielding key photo-

oxidation steps. Therefore a gap still exists in the creation of new approaches for the 

development of endoperoxide-containing compounds as lead compounds for HAT.   
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Figure 3.1. Endoperoxides with activity against T. brucei. 

Merulins A – C are a new class of endoperoxide-containing natural products 

recently isolated in one of our laboratories,26 in high yield (>28 mg/L) from liquid 

fungal cultures. With a high-yielding renewable source and orthogonal functional 

groups for chemical derivatization, the merulin compound class contains many 

elements that give it a strong position to overcome the obstacles that have hampered 

previous attempts to develop endoperoxide-based treatments for HAT. The discovery 

of these new endoperoxide-containing compounds provided motivation to explore their 

potential to be developed as new lead compounds in this area.  
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3.2. Results and Discussion  

3.2.1. Synthesis and in vitro Activity  

Merulin A, first reported in 2009,26 was isolated from an endophytic fungus in 

the family Meruliaceae (Subkingdom Dikarya, Phylum Basidiomycota). While the 

original isolation publication reported two additional analogs, recent studies have 

expanded the suite of merulin-like compounds to nine (Figure 3.2).27–29 Most of these 

merulin analogs, along with the parent compound merulin A, were reported as 

possessing moderate cytotoxicities against a variety of mammalian cell lines (10 – 30 

µM), but were not tested for antiprotozoal activity. Initial in vitro screening of merulins 

A – C (3.1, 3.6, 3.7) against blood streamform of T. brucei brucei in our laboratory 

showed them to possess activities in the low µM range (0.8 – 8 µM)  (Figure 3.3), and 

confirmed our initial hypothesis that these compounds could be effective as 

antiparasitic agents albeit with weak activity. Screening of these compounds against 

HeLa cells was in line with published data, with cytotoxicity values in the low µM 

range. Despite the modest potencies and low SIs for these compounds, the presence of 

the six-membered endoperoxide ring system and a renewable and ready source of 

supply of the lead compounds prompted us to explore the structure-activity relationship 

(SAR) characteristics of the merulin A core. A large-scale culture and isolation effort 

yielded 415 mg of merulin A, for semi-synthetic derivatization, as well as small 

quantities of merulins B and C for biological analysis. 
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Figure 3.2. Natural product analogs of merulin A (3.1). 

Substantial effort has been invested to determine the mode of action of cyclic 

endoperoxides as antiparasitics, because of the importance of artemisinin in 

antimalarial therapy. Despite these efforts, the precise mechanism of action of 

artemisinin and other endoperoxides remains unknown. It has also proved difficult to 

generate clearly defined pharmacophore models for this compound series, due to the 

ambiguity surrounding the molecular target(s).30,31 In designing our analog series, we 

elected to focus our attention on the improvement of pharmacokinetic (PK) and 

pharmacodynamic (PD) properties, using Accelry's Discovery Studio, to address 

current limitations in T. brucei therapeutics. Considering the PK and PD properties for 

merulin A (Table 3.3) several of these properties require optimization to meet the TPP 

outlined by DNDi. In particular, BBB permeation and hepatotoxicity were outside the 
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desired ranges for lead candidates. Fortunately, due to the low molecular weight (MW) 

of merulin A (284 amu), it was possible to introduce additional structural motifs 

without surpassing the theoretical maximum MW of 600 amu that is often considered 

an upper limit for BBB permeability.  

 
Figure 3.3 Merulin A (3.1) initial SAR library. IC50 values against T. brucei brucei 

shown below each structure. 

 

In identifying synthetically accessible sites to generate derivatives of natural 

product 3.1, three positions on the core scaffold (carbonyl C8, alpha-carbon C9 and 
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hydroxyl on C3) were selected as preliminary chemical handles for expanding the SAR 

model for the merulin series. Initial attempts to derivatize the carbonyl position using 

Tebbe olefination, Corey-Chaykovsky epoxidation, Takai iodo olefination, and 

Baeyer-Villiger oxidation proved unsuccessful. However, treatment of 3.1 with LiBH4 

/THF resulted in the diastereospecific formation of the R-hydroxyl (3.8) as the major 

diastereomer. Our initial hypothesis suggested that the endoperoxide was an essential 

structural feature. Therefore, we converted merulin A to the corresponding diol (3.9) 

by opening the endoperoxide ring under hydrogenation conditions. Attempts to 

derivatize the alpha position using a variety of approaches proved unsuccessful. 

However, derivatization at the C3 alcohol was readily accomplished in high yield to 

afford esters 3.10 and 3.11.  

 MW ADMET 

BBB 
ADMET  

BBB  
level 

ADMET  

Absorption 
ADMET  

Hepatotoxicity  
Probability 

ADMET  

PPB 
Level 

ADMET  

ALogP98 
QEDw T.b.b 

IC50 
(uM) 

Suramin 1296 n/a 4 3 0.98 1 4.447 0.016 0.007 

Melarsoprol 398 n/a 4 0 0.913 0 2.108 0.556 0.002 

Pentamidine 340 n/a 4 0 0.764 0 2.658 0.302 0.03 

Eflornithine 182 n/a 3 0 0.066 0 -0.472* 0.390 59.0 

Merulin A 
(3.1) 

254 -1.826 2 0 0.574 0 2.436 0.708 4 

Merulin B 

(3.6) 

284 -0.287 3 0 0.536 0 1.753 0.690 8 

Merulin C 
(3.7) 

282 -0.827 3 0 0.45 0 1.730 0.688 0.8 

3.12 416 -0.094 2 0 0.213 1 4.25 0.701 0.06 

3.30 483 n/a 3 0 0.437 1 4.707 0.587 0.42 

Table 3.3. Comparison of computational pharmokinetic and pharmocodynamic 

properties of HAT therapeutics to merulin A analogs. MW - Molecular weight; BBB 

– log of brain/blood partition coefficient; BBB Level – 0 - Very high, 2 – High, 3 – 

Medium, 3 – Low, 4 – Undefined; Hepatotoxicity Probability - ; PPB Level – plasma 

protein binding level; QEDw -quantitative estimate of drug-likeness, weighted. 
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Screening of this initial compound series (3.8 – 3.11) revealed a number of SAR 

features that were valuable in the design of the second-generation library (Figure 3.3). 

As expected, the opening of the endoperoxide ring (3.9) led to complete loss of activity. 

In addition, reduction of carbonyl also eliminated activity, precluding us from 

developing alternative modifications at this site. The three compounds in this initial 

SAR series that possessed structural differences at the secondary alcohol on C3 (3.6, 

3.10, and 3.11) all displayed similar activities to merulin A, suggesting that this position 

was suitable for further derivatization, and tolerant of a range of steric and 

stereoelectronic modifications. However, none of these new derivatives improved 

potency or selectivity indices over the parent compound. By contrast, merulin C (3.7) 

displayed significantly improved activity (0.8 µM), suggesting that the potency of this 

initial scaffold could be improved by structural modification. Merulin C contains 

variations at the secondary alcohol, the addition of an α,β-unsaturated carbonyl, and an 

alternative connectivity for the endoperoxide bridge. This combination of structural 

variations made it impossible to determine which structural components were 

responsible for the improvement in activity; however, these results provided 

encouragement for further synthetic development. 
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Figure 3.4. Merulin A (3.1) ester library biological data. n.d. = not determined. 
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A second-generation library was designed, centered on the derivatization of the 

secondary alcohol at position C3 in merulin A. This library was designed to improve 

PK and PD properties, with high priority on calculated BBB permeation, without 

surpassing the acceptable MW limit (Figure 3.4). With this in mind, we biased the 

design of our derivatives toward lipophilic molecules with H-bonding capacity, mainly 

in the form of hetero-aromatic compounds, as there is significant literature relating the 

importance of lipophilicity and hydrogen bonding to membrane permeability.32–35  We 

also included compounds that did not contain favorable PK and PD properties, but 

whose structures were designed to further our understanding of the merulin 

pharmacophore. While most of the analogs elected for semi-synthesis had high ALogP 

values, these higher values are appropriate for drug leads against trypanosomes, as 

these parasites contain complex cell membranes and numerous internal vesicles, such 

as glycosomes, which are potentially valuable drug targets, but which require 

compounds with appropriate lipophilicity ranges for crossing these multiple 

membranes.  

The selected suite of 20 carboxylic acid building blocks, primarily consisting 

of hetero-aromatic cores, had an array of functionalities designed to probe the 

pharmacophore including: heteroaromatic, basic, aliphatic and halogenated acids. 

These acids were each coupled to merulin A through the formation of ester linkages at 

position C3 using standard coupling reagents.  In most cases, these derivatives 

possessed increased computational BBB permeabilities and lower calculated 

hepatotoxicities than the parent scaffold.  Although most of these analogs also showed 
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increased probability of CYP2D6 inhibition, these values were in a range considered 

to only be moderately accurate at predicting in vivo CYP2D6 inhibitory activities. 

Screening this library of merulin A analogs against the bloodstream form of T. brucei 

revealed that many of these new analogs had comparable or improved activities 

compared to merulin A (Figure 3.4). In particular, compounds 3.12 and 3.17 showed 

excellent antiparasitic activities (60 nM and 43 nM respectively). In order to 

differentiate improved selective activity against T. brucei rather than broad increase in 

cytotoxicy, the merulin A library was screened against HeLa cells.  HeLa cytotoxicity 

values were typically in the high µM range, with several of the library members having 

SIs > 100.   

Possession of good BBB permeability is a requirement for treatment of the 

second stage HAT infections.  Consequently, the merulin A library was screened 

against glioblastoma cells as an indicator of general brain cell toxicity. IC50 values 

against glioblastoma cells were greater than 50 µM for all tested compounds, with the 

exception of 3.22 and 3.26, (Figure 3.4) revealing a large window of efficacy and, more 

importantly, suggesting low cytotoxicities for these compounds against the CNS. 
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Figure 3.5. Hydrophobicity vs. activity comparison within analog pairs. Non-polar 

atoms are highlighted in blue, while the respective polar atoms are highlighted in red. 

 

Overall, while the ability to form hydrogen bonds is important for activity, the 

inclusion of additional hydrogen bond donors resulted in reduced activities (3.28 and 

3.29). Furthermore, although inclusion of heteroaromatic sidechains lead to a general 

improvement in antiparasitic activities (typically a 20-fold improvement in IC50), 

inclusion of non-polar aromatic sidechains results in the most striking improvements 

in activity (3.12 and 3.17). When comparing ester analogs sharing the same core 

functional group, (Figure 3.5) analogs with a more non-polar periphery display better 

in vitro activities than more polar analogs. These results suggest that while the merulin 

endoperoxide warhead is a suitable motif for drug development against T. brucei, 
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modifications of physicochemical properties to improve ease of transport into the 

parasite are critical factors to further development efforts.  One possible interpretation 

of this observation is that the mode of action of the merulin compounds may involve 

the radical-mediated disruption of lipid membranes, as has been previously suggested 

for the mode of action of artemisinin against Plasmodium falciparum.36,37 

3.2.2. Site Localization Imaging 

Little is known about the role of cyclic endoperoxides as antiparasitic agents 

against T. brucei. To explore the site localization of these compounds, a fluorescent 

merulin derivative was synthesized. Given that fused aromatic derivative 3.17 showed 

reasonable potency in the screening library, we elected to couple a 7-dimethylamino-

coumarin dye to the C3 hydroxyl, forming compound 3.30 in an analogous fashion to 

the original library creation. Although coumarin dyes have only modest photophysical 

properties for fluorescence imaging, they are small neutral species that are ideal for use 

as fluorescent tags in situations such as this, where narrow LogP ranges are required.38 

Screening of compound 3.30 showed it to have similar biological properties to the top 

analogs from the previous library (T. brucei IC50 = 0.42 µM, HeLa IC50 > 50 µM, SI > 

125).  
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Figure 3.6. Live trypanosome fluorescence imaging. (a) Diffuse fluorescent signal of 

fluorophore conjugate 3.30, indicating uptake and accumulation of the compound into 

the cells.  (b) No fluorescence was detected in parasites treated with unlabeled 

compound 3.1 or (c) with free coumarin dye 3.31. 

 

To explore the intracellular of distribution the coumarin-labeled derivative 

3.30, parasites were incubated with 20 µM of 3.30 for 2 hours, washed once, and 

incubated in compound-free medium for 1 hour prior to microscopy. Fluorescence was 

detected in live parasites as a diffuse cytoplasmic signal, indicating the uptake and 

accumulation of the compound into the cells (Figure 3.6a). No fluorescence was 

detected in parasites treated with the free coumarin dye 3.31 (Figure 3.6b) or with the 

unlabeled compound 3.1, (Figure 3.6C) showing the specificity of the signal observed 
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with compound 3.30.  Although visualization of labeled merulin A in live cell imaging 

is an encouraging observation, further experiments are required to determine the 

precise localization and potential function of these compounds against T. brucei. 

3.3. Conclusion   

This work covers the semi-synthetic optimization of the merulin class of 

endoperoxide natural products as development candidates against T. brucei, one of the 

causative agents of African sleeping sickness. A library of 25 merulin analogs was 

created using a variety of synthetic approaches, and identified several key 

physicochemical properties that are important for improving biological activity. This 

approach identified two compounds (3.12 and 3.17) with low nM antiparasitic 

activities, high selectivity indices againt HeLa and glioblastoma cells, and good 

predicted BBB permeabilities. Together, these results allow us to proceed towards 

meeting the TPP outlined by DNDi's for new drug leads against stage one and stage 

two HAT infections.  These compounds can be produced economically in large 

quantities via a one-step derivatization from the microbial fermentation broth isolate, 

making them encouraging lead candidates for further development. Finally, we 

synthesized a fluorescent chemical probe based on this scaffold and demonstrated that 

it can be taken up by parasites in live cell imaging, which offers a potential avenue for 

further exploration of the mode of action of these unique antiparasitic agents. 
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3.4.Experimental 

3.4.1. General Experimental Procedure 

Unless otherwise stated, reactions were performed under argon atmosphere 

using freshly dried solvents. Tetrahydrofuran (THF) and methylene chloride (DCM) 

were dried by passing through activated alumina columns. All other commercially 

obtained reagents were used as received. Purification was performed by flash column 

chromatography as described by Still et al.39 using silica gel (particle size 0.032-0.063) 

purchased from Silicycle or by HPLC purification using a Phenomenex Synergi C18 

(4.6 mm x 250 mm, 5 μm) RP-HPLC column unless otherwise stated. Solvents used 

for HPLC chromatography were HPLC grade and were used without further 

purification. NMR spectra and HPLC traces were obtained for all compounds, and 

purity over 95% was confirmed for all synthesized compounds.  Optical rotations were 

measured on a Jasco P-2000 polarimeter using a 10 mm path length cell at 589 nm. 

NMR spectra were acquired on 500 and 600 MHz spectrometers equipped with a 5 mm 

broadband probe and 5 mm HCN triple resonance cryoprobe, respectively, and 

referenced to residual solvent proton and carbon signals (δH 7.26, δC 77.16 for CDCl3 

and δH 3.31, δC 49.00 for CD3OD). HRMS were acquired using University of 

California, Berkeley QB3/Chemistry Mass Spectrometry Facility’s multimode 

electrospray ionization (ESI) Fourier transfer mass spectrometer (FTMS).    

3.4.2. Trypanosoma Screening Assay: 

Trypanosoma brucei brucei strain 427-221 were grown at 37 ºC, 5% CO2 in 

HMI-9 medium containing 10% Fetal Bovine Serum, 10% Serum Plus (JRH Inc., 
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Lenexa, KS, USA) and penicillin/streptomycin.  T.b.b. 427-221 were diluted to 2.104 

per ml in complete HMI-9 medium and aliquoted in Greiner sterile 384-well flat white 

opaque culture plates using a WellMate cell dispenser from Matrix Tech. (Hudson, NH, 

USA). Test compounds were serially diluted in dimethyl sulfoxide (DMSO) and added 

to the assay plates with the robotic dispenser Biomek FXp liquid handler (Beckman 

Coulter). Thimerosal (2µM final concentration) was added as a positive control and 

DMSO as a negative control (1% final concentration). Trypanosomes were incubated 

with compounds for 48 hours at 37 ºC with 5% CO2 before monitoring cell viability as 

previously described.40 Briefly, the trypanosomes were lysed in the wells by adding 25 

µL of CellTiter-GloTM (Promega). The lysed trypanosomes were placed on an orbital 

shaker at room temperature for 2 minutes. After lysis, the resulting ATP-

bioluminescence was measured at room temperature using an Analyst HT plate reader 

(Molecular Devices). Percentage inhibition of parasite growth was calculated for each 

well as [1-(RLUx-RLU+)/(RLU--RLU+)]*100 where RLUx, RLU+ and RLU- are 

respectively the Relative Light Units for each well, positive (thimerosal) and negative 

(DMSO) controls. A screening window coefficient, denoted Z’ factor, was used to 

evaluate the performance of the assay. The Z’ factor, calculated as 1-(3σc++3σc-)/(µc+ - 

µc-) where σc+, σc-, µc+ and µc- are respectively the standard deviation and mean values 

of positive and negative controls, is reflective of the assay signal dynamic range and 

the data variation associated with signal measurement.41 IC50's were calculated using 

Prism (GraphPad). 
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3.4.3. HeLa Toxicity Assay: 

HeLa cells (ATCC number: CCL-2) were plated at a density of 2,000 cells per 

well into two 384 well clear bottom plates (Costar 3712) in DMEM with 10% FBS. 

After 24 hours incubation at 37 ºC with 5% CO2 the cells were pinned with 200 nL of 

a two-fold serial dilution of merulin analogs.  After 17 hours of treatment at 37 ºC in 

5% the plates were fixed with 4% formaldehyde and washed with PBS (BioTek 

ELx405). After 10 minutes in PBS with 0.5% TritonX-100 each plate was washed and 

blocked with 2% Bovine Serum Albumin in PBS. Nuclei were stained with Hoechst 

33342 then washed and placed in 40 µL of PBS with 0.1% sodium azide. Plates were 

imaged using the ImageXpress Micro epifluorescent scope (Molecular Devices). 

MetaXpress software was used to quantify total number of cells and IC50s were 

calculated using Prism (GraphPad). 

3.4.4. Glioblastoma Toxicity Screening Assay: 

T98-G cells (ATTC number: CRL-1690) were plated at a density of 2,000 cells 

per well into two 384 well clear bottom plates (Costar 3712) in DMEM with 10% FBS. 

After 24 hours incubation at 37 ºC with 5% CO2 the cells were pinned with 200 nL of 

a two-fold serial dilution of merulin analogs.  After 17 hours of treatment at 37 ºC in 

5% CO2 the plates were fixed with 4% formaldehyde and washed with PBS (BioTek 

ELx405). After 10 minutes in PBS with 0.5% TritonX-100 each plates were washed 

and blocked with 2% Bovine Serum Albumin in PBS. Nuclei were stained with 

Hoechst 33342 then washed and placed in 40 µL of PBS with 0.1% sodium azide. 

Plates were imaged using the ImageXpress Micro epifluorescent scope (Molecular 
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Devices). MetaXpress software was used to quantify total number of cells and IC50s 

were calculated using Prism (GraphPad). 

3.4.5. Live Trypanosome Fluorescence Imaging 

T.b.b 427-221 diluted to 5.105 mL-1 in complete HMI-9 medium were 

incubated with either 20 µM of compound 30, 20 µM of the free coumarin dye or 30 

µM of compound 17 at 37 ºC for 2 hours. The parasites were then washed once with 

complete HMI-9 medium and incubated in compound-free complete HMI-9 medium 

for 1 additional hour. The parasites were directly mounted under coverslips and viewed 

with 100x-oil immersion on a Zeiss Laser Confocal microscope LSM 510 Meta. 

3.4.6. Synthesis and Chemical Characterization 

(3S,4R,6aS,10R,10aS)-7,7,10a-trimethyloctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocine-4,10-diol (3.8): 3.36 mg (0.0132 mmol, 1 eq) of 

merulin A (3.1) in 0.5 mL THF was cooled to 0 °C. 1.00 mg (0.0459 mmol, 3.5 eq) of 

LiBH4 was added and the reaction stirred at 0 °C for 15 minutes. TLC showed 

consumption of starting material 3.1 (TLC conditions: 5% MeOH:DCM in 0.02% 

HCOOH buffer; Rf of 3.1 = 0.23). The reaction mixture was diluted with 2 mL of 

EtOAc and quenched (3 mL of sat. aq. Na2CO3). The two phases were separated, and 

the aqueous layer extracted (3 x EtOAc). The combined organics were dried (anhydrous 

Na2SO4), filtered, and concentrated to dryness under a stream of N2 gas. The crude 

mixture was purified with reverse phase high pressure liquid chromatography 

(isocratic: 56:44 MeOH:H2O with 0.02% HCOOH buffer) to give 3.8 as a clear oil 

(2.20 mg, 65%) as a single diastereomer. [α]25
D  21.8 (c 0.032, MeOH); UV (MeOH) 
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λmax(log ε) 203 (3.03) nm; 1H NMR (CDCl3, 600 MHz) δ 4.57 (1H, ddd, J = J = 12.3, 

4.9, 1.8 Hz), 4.14 (1H, td, J = 4.7, 1.8 Hz), 3.75 (1H, ddd, J = 19.6, 9.2, 4.2 Hz), 2.34 

(1H, dt, J = 13.7, 4.4 Hz), 2.16 (3H, m), 2.08 (1H, d, J = 1.9 Hz), 2.00 (1H, ddd, J = 

11.9, 8.3, 4.4 Hz), 1.88 (1H, dddd, J = 13.1, 4.8, 4.0, 3.1 Hz), 1.71 (1H, td, J = 14.4, 

3.9 Hz), 1.29 (1H, dd, J = 13.8, 1.9 Hz), 1.27 (1H, dt, J = 14.2, 3.5 Hz), 1.19 (3H, s), 

1.02 (3H, s), 0.85 (3H, s);  13C NMR (126 MHz, CDCl3) δ 79.31, 76.68, 70.04, 67.51, 

38.19, 35.30, 32.64, 30.09, 29.52, 27.24, 26.71, 26.58, 25.14, 15.75; HRESIMS m/z 

279.1575 [M + Na]+ (calcd for C14H24O4Na, 279.1567). 

(1S,6S,8S,9R)-1,8,9-trihydroxy-1,5,5-trimethylspiro[5.5]undecan-2-one 

(3.9): A suspension of 3.1 (2.32 mg, 0.00912 mmol) and 5% Pd/C (2.00 mg) in 2 mL 

of DCM were bubbled with H2 gas with stirring. After 2 hours, TLC showed 

consumption of starting material. The crude reaction mixture was filtered through a 

celite plug and washed with EtOAc (5 mL). The combined organics were dried 

(anhydrous Na2SO4), filtered, and evaporated under a stream of N2 gas to give 3.9 as a 

clear glass (1.10 mg, 47% yield).  [α]25
D  -66.0 (c 0.052, MeOH); UV (MeOH) 

λmax(log ε) 202 (2.64) nm; 1H NMR (CD3OD, 600 MHz) δ 3.78 (1H, q, J = 4.6 Hz), 

3.52 (1H, dt, J = 7.8, 3.9 Hz), 2.78 (1H, ddd, J = 14.7, 12.5, 6.8 Hz), 2.36 (1H, ddd, J 

= 14.8, 5.2, 3.8 Hz), 2.03 (1H, m), 1.96 (1H, dd, J = 15.6, 5.3 Hz), 1.86 (3H, m), 1.62 

(6H, m), 1.49 (3H, s), 1.21 (3H, s), 1.08 (3H, s);  13C NMR (CD3OD, 151 MHz) δ 

215.96, 83.30, 71.56, 69.40, 40.00, 37.44, 35.39, 33.68, 29.06, 27.89, 25.50, 25.29, 

24.95, 19.43; HRESIMS m/z 279.1569 [M + Na]+ (calcd for C14H24O4Na, 279.1567). 
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(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl pivalate (3.11): To a solution of  3.1 (3.45 mg, 

0.0133 mmol, 1 eq) in DCM (1 mL) was added Boc-anhydride (23.0 mg, 0.105 mmol, 

7.9 eq), and DMAP (2.0 mg, 0.0163 mmol, 1.2 eq) and the reaction mixture stirred at 

room temperature until TLC showed consumption of starting material 3.1 (6 hours). 

The crude reaction mixture was concentrated to dryness under a stream of N2 gas, and 

purified by column chromatography through a silica column (1% MeOH:DCM with 

0.02% HCOOH buffer) to give 3.11 (4.70 mg, 99% yield) as a white solid. [α]25
D  49.7 

(c 0.044, MeOH); UV (MeOH) λmax(log ε) 202 (2.96) nm; 1H NMR (CDCl3, 600 

MHz) δ 4.67 (1H, ddd, J = 11.3, 7.6, 3.8 Hz), 4.39 (1H, td, J = 4.2, 2.0 Hz), 2.67 (1H, 

ddd, J = 15.4, 14.4, 6.6 Hz), 2.49 (1H, dddd, J = 13.9, 12.8, 11.3, 6.3 Hz), 2.42 (1H, 

ddd, J = 15.4, 4.8, 2.4 Hz), 2.16 (1H, dddd, J = 14.3, 6.0, 4.1, 1.6 Hz), 2.10 (1H, dddd, 

J = 14.5, 8.0, 4.3, 1.5 Hz), 2.00 (2H, m), 1.62 (1H, tdd, J = 14.2, 6.2 Hz), 1.57 (2H, 

m), 1.46 (9H, s), 1.40 (3H, s), 1.25 (3H, s), 0.97 (3H, s); 13C NMR (CDCl3, 151 MHz) 

δ 208.09, 153.30, 90.00, 82.46, 75.66, 74.45, 41.41, 37.45, 35.92, 35.76, 30.46, 27.93, 

27.47, 26.31, 25.43, 24.79, 21.53. HRESIMS m/z 337.1951 [M + Na]+ (calcd for 

C19H30O6Na, 337.1934). 

General synthesis of esters: Merulin A (3.1, 1 eq), caboxylic acid (1.2 eq), 

EDCI (2 eq), and DMAP (0.1 eq) were stirred under argon in DCM until TLC showed 

consumption of starting material 3.1 (Usually 2-8 hours; TLC condition: 5% 

MeOH:DCM in 0.02% HCOOH buffer; Rf of 3.1 = 0.23).  Crude reaction mixtures 

were dried under a stream of N2 gas and purified with silica chromatography (1% 
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MeOH:DCM in 0.02% HCOOH buffer gradient to 5% MeOH:DCM in 0.02% HCOOH 

buffer).  Purity was determined by a combination of LCMS and 1H NMR analysis (All 

products > 95% pure). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl acetate (3.10): [α]25
D  256.25 (c 0.037, MeOH); 

UV (MeOH) λmax(log ε) 202 (3.09) nm; 1H NMR (CDCl3, 600 MHz) δ 4.90 (1H, ddd, 

J = 11.3, 7.6, 3.8 Hz), 4.26 (1H, td, J = 4.3, 2.0 Hz), 2.68 (1H, ddd, J = 15.4, 14.5, 6.7 

Hz), 2.44 (2H, m), 2.16 (1H, dddd, J = 14.3, 5.9, 3.6, 1.5 Hz), 2.10 (3H, s), 2.06 (1H, 

dd, J = 12.8, 6.5 Hz), 2.01 (2H, dt, J = 14.9, 4.8 Hz), 1.63 (1H, td, J = 14.1, 6.2 Hz), 

1.60 (1H, dd, J = 13.6, 2.0 Hz), 1.57 (1H, ddd, J = 14.3, 6.7, 2.5 Hz), 1.41 (3H, s), 1.26 

(3H, s), 0.98 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 207.89, 171.09, 90.08, 76.06, 

71.74, 41.06, 37.47, 35.88, 35.75, 30.60, 27.52, 26.31, 25.44, 24.78, 21.56, 21.35; 

HRESIMS m/z 319.1520 [M + Na]+ (calcd for C16H24O5Na, 319.1516). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2,3-dihydrobenzo[b][1,4]dioxine-2-

carboxylate (3.12): [α]25
D  109.6 (c 0.052, MeOH); UV (MeOH) λmax(log ε) 202 

(4.00), 276 (2.96) , 282 (2.93) nm; 1H NMR (CDCl3, 600 MHz) δ 8.79 (s, 1H), 8.29 

(dd, J = 8.0, 1.7 Hz, 1H), 7.70 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 7.50 (dt, J =  8.4, 2.1 

Hz, 1H), 7.45 (ddd, J = 8.1, 7.2, 1.0 Hz, 1H), 5.18 (ddd, J = 11.3, 7.6, 3.9 Hz, 1H), 

4.35 (td, J = 4.3, 1.9 Hz, 1H), 2.70 (td, J = 14.8, 6.7 Hz, 1H), 2.53 (tdd, J = 12.6, 10.8, 

6.2 Hz, 1H), 2.46 (ddd, J = 15.4, 4.7, 2.4 Hz, 1H), 2.24 – 2.18 (m, 2H), 2.07 (dt, J = 

13.7, 4.2 Hz, 1H), 2.02 (td, J = 14.4, 4.7 Hz, 1H), 1.70 (td, J = 14.2, 6.2 Hz, 1H), 1.67 
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(dd, J = 13.8, 1.8 Hz, 1H), 1.60 (ddd, J = 14.3, 6.7, 2.4 Hz, 1H), 1.45 (s, 3H), 1.28 (s, 

3H), 1.01 (s, 3H); 13C NMR (CDCl3, 151 MHz) δ 207.76, 142.44, 122.34, 121.92, 

117.58, 117.49, 117.45, 117.37, 75.82, 73.29, 73.04, 72.00, 65.08, 41.42, 37.49, 35.72, 

30.55, 30.43, 27.48, 26.32, 25.36, 24.79, 21.60; HRESIMS m/z 439.1732 [M + Na]+ 

(calcd for C23H28O7Na1, 439.1727). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2,3-dihydrobenzo[b][1,4]dioxine-6-

carboxylate (3.13): [α]25
D  92.3 (c 0.052, MeOH); UV (MeOH) λmax(log ε) 211 

(3.97), 220 (3.48), 261 (3.48), 295 (3.48) nm; 1H NMR (CDCl3, 600 MHz) δ 7.64 (1H 

, d, J = 1.9 Hz), 7.62 (1H, dd, J = 8.4, 2.0 Hz), 6.86 (1H, d, J = 8.4 Hz), 5.12 (1H, ddd, 

J = 11.2, 7.5, 3.8 Hz), 4.32 (1H, td, J = 4.2, 1.9 Hz), 4.30 (2H, dd, J = 5.3, 2.7 Hz), 

4.26 (2H, dd, J = 5.3, 2.5 Hz), 2.69 (1H, td, J = 14.9, 6.7 Hz), 2.55 (1H, dtd, J = 13.0, 

11.5, 6.4 Hz), 2.45 (1H, ddd, J = 15.4, 4.6, 2.3 Hz), 2.19 (2H, m), 2.05 (1H, dt, J = 

13.4, 4.1 Hz), 2.02 (1H, td, J = 14.4, 4.7 Hz), 1.69 (1H, td, J = 14.0, 6.2 Hz), 1.66 (1H, 

dd, J = 13.5, 1.7 Hz), 1.59 (1H, ddd, J = 14.3, 6.6, 2.2 Hz), 1.44 (3H, s), 1.28 (3H, s), 

1.01 (3H, s); 13 C NMR (CDCl3, 151 MHz) δ 207.94 165.84, 148.02, 143.27, 123.91, 

123.54, 119.48, 117.15, 90.10, 77.16, 76.53, 71.83, 64.80, 64.19, 41.55, 37.50, 35.88, 

35.77, 30.78, 27.74, 26.37, 25.51, 24.82, 21.65; HRESIMS m/z 439.1732 [M + Na]+ 

(calcd for C23H28O7Na1, 439.1727). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-oxo-2H-chromene-3-carboxylate (3.14): 

[α]25
D  81.1 (c 0.053, MeOH); UV (MeOH) λmax(log ε) 203 (3.98), 293 (3.66), 331 
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(3.38) nm; 1H NMR (CDCl3, 600 MHz) δ 8.63 (1H, s), 7.64 (2H, m), 7.34 (2H, m), 

5.18 (1H, ddd, J = 11.2, 7.6, 3.9 Hz), 4.35 (1H, s), 2.70 (1H, td, J = 14.9, 6.7 Hz), 2.55 

(1H, ddd, J = 25.0, 13.2, 6.5 Hz), 2.46 (1H, ddd, J = 15.3, 4.4, 2.1 Hz), 2.22 (2H, m), 

2.08 (1H, dt, J = 13.8, 4.1 Hz), 2.02 (1H, td, J = 14.4, 4.7 Hz), 1.71 (1H, td, J = 14.3, 

6.3 Hz), 1.68 (1H, dd, J = 13.4, 1.2 Hz), 1.60 (1H, ddd, J = 14.2, 6.6, 2.0 Hz), 1.45 

(3H, s), 1.28 (3H, s), 1.01 (3H, s); 13C NMR (CDCl3, 151 MHz) δ 207.92, 161.51, 

156.89, 155.26, 149.04, 134.60, 129.87, 125.06, 117.99, 117.59, 116.91, 90.22, 76.25, 

72.48, 41.49, 37.50, 35.82, 35.72, 30.64, 27.61, 26.35, 25.44, 24.79, 21.66; HRESIMS 

m/z 449.1576 [M + Na]+ (calcd for C24H26O7Na1, 449.1571). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl [1,1'-biphenyl]-3-carboxylate (3.15): [α]25
D  

131.4 (c 0.054, MeOH); UV (MeOH) λmax(log ε) 202 (4.25), 231 (4.10) nm; 1H NMR 

(CDCl3, 500 MHz) δ 8.31 (1H, dd, J = 2.5, 1.0 Hz), 8.09 (1H, dt, J = 7.7, 1.4 Hz), 7.77 

(1H, ddd, J = 7.7, 1.8, 1.2 Hz), 7.62 (1H, t, J = 1.6 Hz), 7.60 (1H, d, J = 0.7 Hz), 7.49 

(1H, t, J = 7.7 Hz), 7.45 (2H, t, J = 7.6 Hz), 7.37 (1H, t, J = 7.4 Hz), 5.19 (1H, ddd, J 

= 11.2, 7.4, 3.8 Hz), 4.37 (1H, td, J = 4.5, 1.9 Hz), 3.70 (1H, ddd, J = 17.0, 11.3, 4.7 

Hz), 2.70 (1H, td, J = 14.8, 6.7 Hz), 2.45 (1H, ddd, J = 15.4, 4.7, 2.3 Hz), 2.22 (2H, 

m), 2.08 (1H, dt, J = 13.6, 4.2 Hz), 2.02 (1H, td, J = 14.4, 4.8 Hz), 1.71 (1H, td, J = 

14.4, 6.4 Hz), 1.69 (1H, dd, J = 13.7, 1.8 Hz), 1.59 (1H, ddd, J = 14.2, 6.6, 2.3 Hz), 

1.45 (3H, s), 1.28 (3H, s), 1.01 (3H, s); 13C NMR (CDCl3, 126 MHz) δ 208.17, 166.33, 

141.59, 140.24, 131.84, 130.82, 129.00, 128.91, 128.86, 128.54, 127.82, 127.36, 76.51, 
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72.30, 64.38, 41.13, 37.50, 35.88, 35.76, 30.77, 27.70, 26.36, 25.48, 24.82, 21.64; 

HRESIMS m/z 457.1979 [M + Na]+ (calcd for C27H30O5Na1, 457.1985). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 4-cyclohexylbenzoate (3.16): [α]25
D  129.0 (c 

0.055, MeOH); UV (MeOH) λmax(log ε) 203 (4.17), 243 (3.92), 297 (2.96) nm; 1H 

NMR (CDCl3, 600 MHz) δ 8.02 (2H, d, J = 8.3 Hz), 7.24 (2H, d, J = 8.2 Hz), 5.15 

(1H, ddd, J = 11.3, 7.5, 3.8 Hz), 4.33 (1H, td, J = 4.3, 2.0 Hz), 4.28 (1H, m), 2.70 (1H, 

ddd, J = 15.3, 14.4, 6.7 Hz), 2.56 (2H, dddd, J = 17.5, 11.2, 8.8, 4.5 Hz), 2.45 (1H, 

ddd, J = 15.4, 4.7, 2.3 Hz), 2.19 (2H, m), 2.07 (1H, dt, J = 13.4, 4.3 Hz), 2.02 (1H, td, 

J = 14.5, 4.6 Hz), 1.85 (4H, m), 1.75 (1H, m), 1.70 (1H, td, J = 14.2, 6.2 Hz), 1.68 (1H, 

dd, J = 13.7, 2.0 Hz), 1.60 (1H, dt, J = 4.4, 2.4 Hz), 1.45 (3H, s), 1.40 (4H, m), 1.28 

(3H, s), 1.01 (3H, s). 13 C NMR (CDCl3, 151 MHz) δ 208.05 166.42, 130.16, 127.86, 

126.93, 117.15, 90.11,  76.60, 71.78, 44.86, 41.56, 37.50, 35.88, 35.77, 34.29, 34.26, 

31.09, 30.80, 27.75, 26.89, 26.37, 26.19, 25.51, 24.82, 21.66; HRESIMS m/z 463.2450 

[M + Na]+ (calcd for C27H36O5Na1, 463.2455). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-(naphthalen-1-yl)acetate (3.17): [α]25
D  126.9 

(c 0.052, MeOH); UV (MeOH) λmax(log ε) 228 (4.52), 281 (3.50), 272 (3.42) nm; 1H 

NMR (CDCl3, 600 MHz) δ 8.01 (1H, dd, J = 8.2, 0.8 Hz), 7.85 (1H, m), 7.78 (1H, m), 

7.53 (1H, ddd, J = 8.4, 6.8, 1.4 Hz), 7.48 (1H, ddd, J = 8.0, 6.8, 1.2 Hz), 7.43 (1H, s), 

7.42 (1H, d, J = 2.5 Hz), 4.92 (1H, ddd, J = 11.3, 7.6, 3.8 Hz), 4.27 (1H, td, J = 4.3, 

2.0 Hz), 4.13 (2H, d, J = 4.8 Hz), 2.69 (1H, ddd, J = 15.4, 14.4, 6.7 Hz), 2.49 (1H, 
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dddd, J = 13.2, 12.4, 11.1, 6.0 Hz), 2.44 (1H, ddd, J = 15.5, 4.8, 2.5 Hz), 2.15 (1H, 

dddd, J = 14.0, 5.5, 3.7, 1.3 Hz), 2.01 (3H, m), 1.61 (1H, td, J = 14.1, 6.3 Hz), 1.58 

(2H, m), 1.44 (3H, s), 1.25 (3H, s), 0.96 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 208.05, 

171.59, 133.94, 132.25, 130.62, 128.79, 128.28, 128.21, 126.54, 125.88, 125.65, 

124.04, 94.57, 76.12, 72.29, 41.47, 39.19, 37.48, 35.87, 35.77, 30.59, 27.50, 26.32, 

25.42, 24.79, 21.61; HRESIMS m/z 445.1990 [M + Na]+ (calcd for C26H30O5Na1, 

445.1985). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-methylthiazole-5-carboxylate (3.18): [α]25
D  

75.9 (c 0.047, MeOH); UV (MeOH) λmax(log ε) 201 (3.89), 255 (3.70) nm; 1H NMR 

(CDCl3, 600 MHz) δ 8.28 (1H, s), 5.10 (1H, ddd, J = 11.1, 7.5, 3.8 Hz), 4.33 (1H, td, 

J = 4.5, 1.9 Hz), 2.73 (3H, s), 2.69 (1H, td, J = 14.9, 6.7 Hz), 2.56 (1H, m), 2.44 (1H, 

ddd, J = 15.4, 4.7, 2.4 Hz), 2.19 (2H, m), 2.07 (1H, td, J = 4.2, 4.2, 13.7 Hz), 2.00 (1H, 

dt, J = 14.4, 7.2 Hz), 1.68 (1H, dt, J = 14.5, 5.7 Hz), 1.65 (1H, dd, J = 13.7, 1.8 Hz), 

1.59 (1H, ddd, J = 14.3, 6.7, 2.4 Hz), 1.44 (3H, s), 1.27 (3H, s), 1.00 (3H, s); 13C NMR 

(CDCl3, 151 MHz) δ 215.72, 172.58, 161.14, 148.84, 129.00, 90.11, 76.18, 72.82, 

41.47, 37.48, 35.85, 35.72, 30.66, 27.65, 26.34, 25.44, 24.80, 21.62, 19.88; HRESIMS 

m/z 380.1530 [M + H]+ (calcd for C19H26 N1O5 S1, 380.1530). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-bromothiazole-5-carboxylate (3.19): [α]25
D  

107.2 (c 0.055, MeOH); UV (MeOH) λmax(log ε) 264 (3.58), 203 (3.34) nm; 1H NMR 

(CDCl3, 600 MHz) δ 8.19 (1H, s), 5.11 (1H, ddd, J = 11.2, 7.6, 3.8 Hz), 4.33 (1H, s), 
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2.69 (1H, td, J = 14.9, 6.7 Hz), 2.55 (1H, ddd, J = 24.4, 13.0, 6.5 Hz), 2.44 (1H, ddd, 

J = 15.4, 4.6, 2.3 Hz), 2.19 (2H, m), 2.06 (1H, dt, J = 13.8, 4.2 Hz), 2.01 (1H, td, J = 

14.4, 4.7 Hz), 1.69 (1H, td, J = 14.1, 6.2 Hz), 1.65 (1H, dd, J = 13.7, 1.7 Hz), 1.58 (1H, 

ddd, J = 14.3, 6.7, 2.3 Hz), 1.44 (3H, s), 1.27 (3H, s), 1.00 (3H, s); 13C NMR (CDCl3, 

151 MHz) δ 191.65, 159.79, 148.43, 142.55, 133.03, 90.14, 76.00, 73.39, 41.44, 37.48, 

35.83, 35.70, 30.60, 27.61, 26.33, 25.41, 24.79, 21.61; HRESIMS m/z 544.0438 [M + 

DMSO + Na]+ (calcd for C20H26Br1 N1O6 S2Na1, 544.0421). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl thiophene-3-carboxylate (3.20): [α]25
D  189.01 

(c 0.046, MeOH); UV (MeOH) λmax(log ε) 201 (3.82), 241 (3.49) nm; 1H NMR 

(CDCl3, 500 MHz) δ 8.18 (1H, dd, J = 3.1, 1.2 Hz), 7.56 (1H, dd, J = 5.1, 1.2 Hz), 

7.28 (1H, dd, J = 5.1, 3.1 Hz), 5.11 (1H, ddd, J = 11.2, 7.4, 3.8 Hz), 4.33 (1H, td, J = 

4.3, 2.0 Hz), 2.69 (1H, ddd, J = 15.2, 14.6, 6.7 Hz), 2.55 (1H, ddd, J = 13.7, 11.2, 6.8 

Hz), 2.44 (1H, ddd, J = 15.4, 4.8, 2.4 Hz), 2.19 (2H, m), 2.06 (1H, dt, J = 13.6, 4.4 

Hz), 2.01 (1H, td, J = 14.4, 4.8 Hz), 1.70 (1H, td, J = 14.2, 6.2 Hz), 1.67 (1H, dd, J = 

13.7, 2.0 Hz), 1.59 (1H, ddd, J = 14.3, 6.7, 2.4 Hz), 1.44 (3H, s), 1.27 (3H, s), 1.00 

(3H, s); 13C NMR (CDCl3, 126 MHz) δ 208.10, 162.46, 133.40, 128.19, 126.01, 90.11, 

76.48, 71.83, 41.54, 41.10, 35.87, 35.75, 30.76, 27.73, 26.36, 25.48, 24.81, 21.64; 

HRESIMS m/z 365.1569 [M + H]+ (calcd for C19H25O2S1, 365.1570). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2,5-dichlorothiophene-3-carboxylate (3.21): 

[α]25
D  151.8 (c 0.054, MeOH); UV (MeOH) λmax(log ε) 214 (3.99), 244 (3.47) nm; 
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1H NMR (CDCl3, 600 MHz) δ 7.28 (1H, s), 5.09 (1H, ddd, J = 11.2, 7.5, 3.9 Hz), 4.31 

(1H, br s), 2.69 (1H, td, J = 14.9, 6.7 Hz), 2.53 (1H, dtd, J = 13.2, 11.4, 6.5 Hz), 2.44 

(1H, ddd, J = 15.4, 4.7, 2.4 Hz), 2.19 (2H, m), 2.06 (1H, d, J = 13.7 Hz), 2.01 (1H, td, 

J = 14.4, 4.7 Hz), 1.68 (1H, td, J = 14.0, 6.3 Hz), 1.65 (1H, dd, J = 13.8, 1.9 Hz), 1.59 

(1H, ddd, J = 14.4, 6.7, 2.4 Hz), 1.43 (3H, s), 1.27 (1H, s), 1.00 (1H, s); 13C NMR 

(CDCl3, 151 MHz) δ 207.76, 160.32, 135.10, 128.27, 127.67, 126.30, 90.13, 76.21, 

72.45, 41.49, 37.48, 35.84, 35.72, 30.64, 27.66, 26.34, 25.43, 24.79, 21.62; HRESIMS 

m/z 533.0599 [M + DMSO + Na]+ (calcd for C19H25O2S1, 365.1570). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 3-phenylisoxazole-5-carboxylate (3.22): [α]25
D  

137.5 (c 0.053, MeOH); UV (MeOH) λmax(log ε) 200 (4.14), 228 (4.00) nm; 1H NMR 

(CDCl3, 600 MHz) δ 7.83 (2H, m), 7.48 (3H, m), 7.31 (1H, s), 5.21 (1H, ddd, J = 11.2, 

7.6, 3.9 Hz), 4.39 (1H, td, J = 4.4, 1.9 Hz), 2.71 (1H, td, J = 14.8, 6.7 Hz), 2.62 (1H, 

tdd, J = 13.3, 11.4, 6.6 Hz), 2.46 (1H, ddd, J = 15.4, 4.7, 2.4 Hz), 2.24 (2H, m), 2.10 

(1H, dt, J = 13.8, 4.3 Hz), 2.03 (1H, td, J = 14.4, 4.7 Hz), 1.72 (1H, td, J = 14.3, 6.3 

Hz), 1.68 (1H, dd, J = 13.9, 2.0 Hz), 1.61 (1H, ddd, J = 14.3, 6.7, 2.4 Hz), 1.46 (3H, 

s), 1.29 (3H, s), 1.02 (3H, s); 13C NMR (CDCl3, 151 MHz) δ 207.52, 163.15, 156.52, 

153.86, 130.68, 129.24, 128.12, 127.01, 109.90, 107.87, 80.46, 75.96, 73.59, 41.48, 

37.51, 35.72, 30.64, 27.60, 26.34, 25.45, 24.81, 21.64; HRESIMS m/z  448.1734 [M + 

Na]+ (calcd for C24H27 N1O6Na1, 448.1731). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl isoxazole-5-carboxylate (3.23): [α]25
D  144.1 (c 
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0.044, MeOH); UV (MeOH) λmax(log ε) 225 (3.48) nm; 1H NMR (CDCl3, 600 MHz) 

δ 8.36 (1H, d, J = 1.9 Hz), 6.98 (1H, d, J = 1.9 Hz), 5.17 (1H, ddd, J = 11.3, 7.6, 4.1 

Hz), 4.37 (0H, m), 2.69 (1H, td, J = 14.8, 6.7 Hz), 2.60 (1H, ddt, J = 19.2, 13.0, 6.3 

Hz), 2.44 (1H, ddd, J = 15.4, 4.5, 2.3 Hz), 2.22 (2H, m), 2.07 (2H, dt, J = 13.7, 4.1 

Hz), 2.01 (1H, td, J = 14.5, 4.7 Hz), 1.70 (1H, td, J = 14.0, 6.4 Hz), 1.66 (1H, dd, J = 

13.7, 1.5 Hz), 1.60 (1H, ddd, J = 14.3, 6.7, 2.0 Hz), 1.44 (3H, s), 1.27 (3H, s), 1.00 

(3H, s); 13C NMR (CDCl3, 126 MHz) δ 207.69, 159.67, 156.34, 150.76, 109.07, 90.13, 

75.82, 73.71, 41.40, 37.45, 35.80, 35.67, 30.55, 27.50, 26.28, 25.37, 24.75, 21.57; 

HRESIMS m/z 372.1421 [M + Na]+ (calcd for C18H23N1O6Na1, 372.1423). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 4-morpholinobenzoate (3.24): [α]25
D  103.6 (c 

0.055, MeOH); UV (MeOH) λmax(log ε) 302 (4.04), 201 (4.04), 223 (3.56) nm; 1H 

NMR (CDCl3, 600 MHz) δ 8.00 (2H, m), 6.83 (2H, m), 5.13 (1H, ddd, J = 11.2, 7.5, 

3.8 Hz), 4.32 (1H, td, J = 4.5, 1.9 Hz), 3.85 (4H, dd, J = 5.5, 4.3 Hz), 3.27 (4H, m), 

2.69 (1H, td, J = 14.8, 6.7 Hz), 2.55 (1H, tdd, J = 13.0, 11.1, 6.1 Hz), 2.44 (1H, ddd, J 

= 15.4, 4.7, 2.4 Hz), 2.19 (2H, m), 2.05 (1H, dt, J = 13.5, 4.2 Hz), 2.02 (1H, td, J = 

14.3, 4.7 Hz), 1.70 (1H, td, J = 14.2, 6.2 Hz), 1.67 (1H, ddd, J = 13.6, 1.9 Hz), 1.58 

(1H, ddd, J = 14.3, 6.7, 2.4 Hz), 1.44 (3H, s), 1.27 (3H, S), 1.01 (3H, s); 13C NMR 

(CDCl3, 151 MHz) δ 208.00, 154.46, 132.65, 131.70, 120.39, 113.51, 90.09, 76.72, 

71.45, 66.75, 47.85, 41.56, 37.48, 35.87, 35.76, 30.81, 27.80, 26.36, 25.51, 24.82, 

21.64; HRESIMS m/z 544.2345 [M + DMSO + Na]+ (calcd for C27H39 N1O6S1Na1, 

544.2339). 
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(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl isonicotinate (3.25): [α]25
D  165.9 (c 0.045, 

MeOH); UV (MeOH) λmax(log ε) 211 (3.55), 274 (3.16) nm; 1H NMR (CDCl3, 600 

MHz) δ 8.76 (1H, d, J = 1.6 Hz), 8.76 (1H, d, J = 1.6 Hz), 7.91 (1H, d, J = 1.6 Hz), 

7.90 (1H, d, J = 1.6 Hz), 5.18 (1H, ddd, J = 11.1, 7.5, 3.9 Hz), 4.36 (1H, td, J = 4.4, 

1.9 Hz), 2.70 (1H, ddd, J = 15.3, 14.4, 6.7 Hz), 2.59 (1H, tdd, J = 13.1, 11.0, 6.2 Hz), 

2.45 (1H, ddd, J = 15.4, 4.8, 2.4 Hz), 2.22 (2H, m), 2.09 (1H, ddd, J = 13.7, 4.6, 3.5 

Hz), 2.02 (1H, td, J = 14.3, 4.4 Hz), 1.71 (1H, td, J = 14.3, 6.1 Hz), 1.68 (1H, dd, J = 

13.8, 2.1 Hz), 1.60 (1H, ddd, J = 14.4, 6.7, 2.4 Hz), 1.45 (3H, s), 1.28 (3H, s), 1.01 

(3H, s); 13C NMR (CDCl3, 126 MHz) δ 207.82, 164.77, 150.38, 137.78, 123.34, 90.18, 

76.13, 73.07, 41.50, 37.51, 35.86, 35.72, 30.66, 27.63, 26.34, 25.45, 24.80, 21.63; 

HRESIMS m/z 360.1810 [M + H]+ (calcd for C20H26N1O5Na1, 360.1805). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 6-(piperidin-1-yl)nicotinate (3.26): [α]25
D  74.5 

(c 0.055, MeOH); UV (MeOH) λmax(log ε) 302 (3.97), 201 (3.48) nm; 1H NMR 

(CDCl3, 600 MHz) δ 8.83 (1H, d, J = 2.3 Hz), 8.02 (1H, dd, J = 9.1, 2.4 Hz), 6.52 (1H, 

d, J = 9.1 Hz), 5.11 (1H, ddd, J = 11.2, 7.5, 3.8 Hz), 4.32 (1H, td, J = 4.5, 1.9 Hz), 

3.27 (4H, m), 2.69 (1H, td, J = 14.8, 6.7 Hz), 2.53 (1H, tdd, J = 13.0, 11.5, 6.4 Hz), 

2.44 (1H, ddd, J = 15.4, 4.7, 2.4 Hz), 2.17 (2H, m), 2.05 (1H, dt, J = 13.6, 4.2 Hz), 

2.00 (1H, dd, J = 14.4, 4.7 Hz), 1.69 (1H, td, J = 13.8, 6.1 Hz), 1.66 (1H, dd, J = 13.7, 

1.9 Hz), 1.62 (6H, m), 1.58 (1H, td, J = 6.6, 2.4 Hz), 1.43 (3H, s), 1.27 (3H, s), 1.00 

(3H, s); 13C NMR (CDCl3, 151 MHz) δ 207.99, 165.83, 160.84, 151.84, 138.64, 113.71, 
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104.87, 90.07, 76.64, 71.36, 46.01, 41.55, 37.48, 35.87, 35.76, 30.79, 27.80, 26.36, 

25.69, 25.50, 24.83, 21.64, 21.63; HRESIMS m/z 443.2545 [M + H]+ (calcd for 

C25H35N2O5, 443.2540). 

tert-butyl-4-(2-oxo-2-(((3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-

oxooctahydro-3H-3,6a-methanobenzo[c][1,2]dioxocin-4-yl)oxy)ethyl)piperidine-

1-carboxylate (3.27): [α]25
D  81.9 (c 0.062, MeOH); UV (MeOH) λmax(log ε) 202 

(3.37) nm; 1H NMR (CDCl3, 600 MHz) δ 4.91 (1H, ddd, J = 11.3, 7.6, 3.8 Hz), 4.24 

(1H, td, J = 4.5, 2.1 Hz), 4.05 (2H, dq, J = 13.5, 2.4 Hz), 2.69 (3H, m), 2.46 (1H, m), 

2.43 (1H, ddd, J = 15.2, 4.6, 2.3 Hz), 2.28 (2H, h, J = 7.4 Hz), 2.16 (1H, dt, J = 14.4, 

4.3 Hz), 2.01 (3H, m), 1.94 (1H, ddd, J = 11.4, 7.6, 3.9 Hz), 1.65 (3H, m), 1.60 (1H, 

dd, J = 13.5, 1.9 Hz), 1.56 (1H, td, J = 7.7, 2.4 Hz), 1.44 (9H, s), 1.41 (3H, s), 1.25 

(3H, s), 1.15 (2H, qt, J = 12.5, 4.1 Hz), 0.98 (3H, s); 13C NMR (CDCl3, 151 MHz) δ 

207.98, 172.38, 154.93, 90.10, 79.46, 76.10, 71.71, 43.81, 41.46, 41.41, 37.48, 35.89, 

35.75, 33.28, 31.93, 31.90, 30.57, 28.60, 27.56, 26.32, 25.43, 24.78, 21.56; HRESIMS 

m/z 502.2780 [M + Na]+ (calcd for C26H41N1O7Na1, 502.2775). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-(piperidin-4-yl)acetate (3.28): [α]25
D  181.1 (c 

0.088, MeOH); UV (MeOH) λmax(log ε) 202 (3.28), 262 (2.64) nm; 1H NMR (CD3OD, 

600 MHz) δ 4.96 (1H, ddd, J = 11.3, 7.7, 3.8 Hz), 4.25 (1H, td, J = 4.3, 2.0 Hz), 3.38 

(2H, m), 3.01 (2H, tdd, J = 12.8, 5.0, 2.9 Hz), 2.85 (1H, ddd, J = 15.6, 14.4, 6.8 Hz), 

2.37 (4H, m), 2.22 (1H, dddd, J = 14.9, 6.1, 3.7, 1.6 Hz), 2.11 (1H, dddd, J = 18.6, 7.9, 

6.9, 3.4 Hz), 2.01 (5H, m), 1.74 (2H, m), 1.60 (1H, ddd, J = 14.2, 6.8, 2.4 Hz), 1.48 
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(2H, m), 1.41 (3H, s), 1.29 (3H, s), 1.01 (3H, s);  13C NMR (CD3OD, 151 MHz) δ 

210.72, 172.79, 91.60, 77.57, 73.56, 45.08, 42.59, 41.29, 38.32, 36.63, 36.54, 32.18, 

31.27, 29.52, 28.65, 26.51, 26.12, 24.88, 21.78; HRESIMS m/z 380.2429 [M + H]+ 

(calcd for C21H34N1O5, 380.2432). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-aminoacetate (3.29): [α]25
D  23.6 (c 0.039, 

MeOH); UV (MeOH) λmax(log ε) 206 (3.34), 275 (3.11) nm; 1H NMR (CD3OD, 600 

MHz) δ 5.00 (1H, ddd, J = 11.3, 7.6, 3.8 Hz), 4.23 (1H, td, J = 4.5, 2.1 Hz), 3.41 (1H, 

s), 3.35 (1H, s), 2.84 (1H, ddd, J = 15.5, 14.5, 6.8 Hz), 2.39 (1H, m), 2.33 (1H, ddd, J 

= 15.6, 4.8, 2.4 Hz), 2.22 (1H, m), 2.08 (1H, m), 2.03 (1H, dd, J = 14.7, 10.0 Hz), 1.98 

(1H, m), 1.77 (1H, m), 1.74 (1H, m), 1.60 (1H, ddd, J = 14.2, 6.8, 2.4 Hz), 1.41 (3H, 

s), 1.29 (3H, S), 1.01 (3H, s); 13C NMR (CD3OD, 151 MHz) δ 192.39, 174.43, 91.52, 

77.77, 73.82, 43.97, 42.59, 38.31, 36.64, 36.54, 31.36, 28.64, 26.53, 26.12, 24.90, 

21.78; HRESIMS m/z 344.2074 [M + MeOH + H]+ (calcd for C17H30N1O6, 344.2067). 

(3S,4R,6aS,10aS)-7,7,10a-trimethyl-10-oxooctahydro-3H-3,6a-

methanobenzo[c][1,2]dioxocin-4-yl 2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetate (3.30): [α]25
D  38.1 (c 0.060, MeOH); UV (MeOH) λmax (log ε) 208 (3.72), 

376 (3.44), 245 (3. 36) nm; 1H NMR (CD3OD, 500 MHz) δ 7.54 (1H, dd, J = 9.0, 1.3 

Hz), 6.78 (1H, dd, J = 9.1, 2.6 Hz), 6.57 (1H, d, J = 2.6 Hz), 6.07 (1H, s), 4.99 (1H, 

ddd, J = 11.2, 7.6, 3.7 Hz), 4.58 (1H, s), 4.23 (1H, s), 3.08 (6H, s), 2.84 (1H, ddd, J = 

15.7, 14.4, 6.9 Hz), 2.40 (1H, ddd, J = 18.6, 12.6, 6.3 Hz), 2.34 (1H, ddd, J = 15.6, 4.8, 

2.4 Hz), 2.22 (1H, m), 2.05 (2H, m), 1.99 (2H, m), 1.73 (2H, m), 1.59 (1H, ddd, J = 
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14.3, 6.7, 2.4 Hz), 1.41 (3H, s), 1.28 (3H, s), 1.00 (3H, s);  13C NMR (CD3OD, 126 

MHz) δ 207.92, 169.17, 161.84, 156.08, 153.10, 148.38, 125.49, 111.01, 109.31, 

108.58, 98.47, 90.17, 75.89, 72.95, 41.44, 40.27, 38.16, 37.49, 35.88, 35.76, 30.53, 

29.86, 27.45, 26.32, 25.40, 24.79, 21.60; HRESIMS m/z 484.2337 [M + H]+ (calcd for 

C27H34N1O7, 484.2330). 
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3.4.7. NMR Spectra 
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Chapter 4 

Development of an Imaged-Based 384-Well High-Throughput Screening Method for 

the Discovery of Skyllamycins A - C as Biofilm Modulators in Pseudomonas 

aeruginosa 
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4.1. Introduction  

4.1.1. Introduction to Biofilms 

Bacterial biofilms are structurally and dynamically complex biological 

systems, composed of assemblages of sessile cells adherent to each other, resulting in 

altered phenotypes from their planktonic state.1 Biofilms are made up of extracellular 

polymeric substance (EPS) matrix that is composed primarily of polysaccharides, but 

also contain both polypeptides and DNA.2 Biofilms provide bacteria with a protection 

mechanism against extreme temperatures, rapid variations in pH, exposure to UV 

light, metal ions and antibiotics.3   

Biofilms form functionally heterogeneous communities and their development 

is dynamic. Seminal studies in biofilm development have identified five different 

developmental stages of biofilms using Pseudomonas aeruginosa.4 The first stage is 

reversible attachment, where motile 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. Interestingly, recent studies have shown that the site of 

colonization is primarily dictated by trails of Psl previously released by other P. 

aeruginosa bacteria.5 The next two stages involve the production of the 

exopolysaccharide matrix and maturation of the 3-dimensional constructs.  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 
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developmental state described above experiences both a unique protein expression 

profile and observed morphology, indicating that the bacteria are physiologically 

distinct at each stage. Additionally, the physiological makeup of a mature biofilm is 

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

The existence of the biofilm state is clearly advantageous from an 

evolutionary perspective.  Protection from the harsh environmental conditions of a 

young Earth could be envisioned through the protective homeostatic environment 

provided by biofilm state bacteria.6 This hypothesis complements an estimate that 

today, less than 0.1% of bacteria in natural environments are present in the planktonic 

state, while 99.9% of bacteria are in complex interspecies biofilm communities.7,8  

4.1.2. Biofilm Human Health Impact 

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

septicemia.  However, chronic bacterial infections are reported to be predominantly 

biofilm-mediated.9 Studies in the past 30 years have begun to mechanistically link the 

relationship between pathogenicity and biofilm formation in a number of diseases. 

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 – 80% of all human bacterial infections are biofilm-

mediated.10,11  

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

significant problem for medical devices.  Devices susceptible to biofilm-mediated 

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



163 

 

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

devices and endotracheal tubes.12,13  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 bacterial community or from the 

external bacteria of the health-care personnel involved in the installation of these 

devices. Two more malefactors for the introduction of bacteria are previously 

contaminated equipment or contamination of the fluids being infused by means of the 

catheter.13 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 these biofilm-colonized devices 

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

turn extends hospital stays and substantially increases treatment costs.   

There are a number of ways that biofilms accomplish immune evasion. First, 

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

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

leukocytes to access and destroy the embedded bacterial cells.14 Perhaps more 

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

local immune response that damages the mammalian tissue surrounding the biofilm 

state 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 neighboring tissue 

while leaving the biofilms unscathed.1   



164 

 

4.1.3. Pseudomonas aeruginosa in Cystic Fibrosis Patients 

P. aeruginosa is a biofilm-forming Gram-negative proteo-bacterium. Its 

biofilm components include a mannose-rich polysaccharide, Psl, a glucose-rich 

polysaccharide, Pel, and mannose-derived biopolymer, alginate.15  P. aeruginosa is 

one of the most commonly acquired nosocomial infections16 and is of particular 

concern to cystic fibrosis (CF) patients.  CF is an autosomal recessive inherited 

disease that reduces life expectancy, which is primarily due to respiratory failure, 

often driven by P. aeruginosa biofilm-mediated chronic pulmonary infection.12,17 CF 

is a disease that results from mutation(s) in the CFTR gene that affects the quantity or 

function of the CFTR. One of the prevalent results of this mutation is the 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 death. This biofilm-mediated lung infection is the 

most common cause of death, approximately 80%, in CF patients.12  

4.2.Results and Discussion   

To discover new therapeutic options for P. aeruginosa biofilm-associated 

infections, we have developed an image-based screen to directly measure surface-

associated biofilm coverage in a high-throughput manner.  While there are a number 

of published screens for biofilm inhibition,18–23 we believed that there was a need for 

a high-throughput screen that directly measured biofilm formation, and that was able 

to model both inhibition and dispersion under similar conditions. To create this 

system, we employed an automated epi-fluorescence microscope using an analogous 
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approach to our previously reported image-based screen for Vibrio cholera biofilm 

inhibition.24 To model inhibition of initial biofilm attachment, compounds were 

pinned into test plates immediately after dispensing bacteria culture. To model 

induction of biofilm dispersion, cultures were allowed to preform biofilms by 

incubating for two hours prior to compound addition. Using this delayed pinning 

approach, we were able to recapitulate the antibiotic tolerance phenotype of bacterial 

biofilms reported from both laboratory and clinical observations and to profile our 

natural products library for the presence of compounds capable of clearing pre-

formed biofilm infections.  

In addition to screening for biofilm inhibition/dispersal, it is important to be 

able to accurately differentiate between compounds with selective biofilm-modulating 

activities and traditional antibiotics. This is not possible from imaging data alone, as 

both classes of compounds give low biofilm coverage readings at the end of the 

incubation period. In order to distinguish between these two biological behaviors, we 

incorporated a colorimetric measurement of bacterial cellular activity and 

demonstrated that this approach is both compatible with image-based screening and 

capable of easily differentiating between biofilm modulators and classical antibiotics. 

Holistically, this modular screen therefore provides a model for both the identification 

of antibiotics that are active in biofilm states as well as new compounds that are 

capable of inhibiting initial biofilm formation and/or dispersal of pre-formed 

biofilms. 
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Figure 4.1. Cyclic depsipeptides skyllamycins A-C. Skyllamycins A and B vary by 

the presence or absence of β-methylation on the aspartate residue.  Skyllamycins B 

and C differ by the oxidation state of the α-β carbons on the polyketide-derived 

portion. 

 

Using this screening method, 312 marine-derived microbial prefractions were 

screened for both biofilm inhibition and dispersal, leading to the identification of five 

hits in the biofilm inhibition model (BIM) assay and five hits in the biofilm dispersion 

model (BDM) assay. Only two of the prefractions were active in both the BIM and 

BDM assays. Examination of one of these prefractions, 1675D, revealed the active 

constituents of this extract as the cyclic depsipeptides skyllamycins A – C (Figure 

4.1).25,26 Further biological evaluation of skyllamycin B, the only analog to show 

BDM activity, demonstrated promising co-dose activity with azithromycin leading to 
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direct removal of biofilm coverage and clearance of planktonic cell populations, a 

result that was not possible using either compound independently. 

4.2.1. Screen Design and Implementation 

Having recently developed a 384-well plate high-content high-throughput 

biofilm screen for Vibrio cholerae,24 we elected to use a similar approach to study P. 

aeruginosa biofilms. The development of two complimentary assays measuring 

bacterial biofilm coverage and cellular activity in the same screening plate provides a 

valuable platform for differentiating between classical antibiotics and compounds that 

decrease biofilm coverage without impacting cell viability.  We hypothesized that this 

method could identify compounds with orthogonal modes of action to those of 

traditional antibiotics, delivering new molecular scaffolds to treat biofilm-mediated 

infections. 

 

 

Figure 4.2. Biofilm quantifying mask. False-colored images of P. aeruginosa 

biofilms.  A 20x image of a single site within a well.  a) DMSO treated biofilm well 

site image. b) Biofilm quantifying pixel mask.  

 

Measurement of biofilm coverage was accomplished by imaging a 

constitutively expressing GFP-tagged strain of P. aeruginosa in 384-well format 

using a non-z-stack epifluorescence microscopy. Imaged biofilms were quantified 
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using an automated script to segment and measure bright regions of biofilm coverage 

(Figure 4.2). Bacterial cellular activity was measured with the use of an optimized 

XTT assay.27  Briefly, the optimized protocols for the biofilm screens were as 

follows. Overnight liquid cultures of P. aeruginosa (LB medium) were diluted 1:25 

into 5% LB media. 40 µL of the resulting diluted culture was dispensed into each 

well of a black-wall clear-bottom 384-well micro-titer plate and the cultures were 

incubated for 6 hours at 30°C.  For the BIM assay, compounds were pinned into the 

plate immediately after dispensing the culture.  For the BDM assay, compounds were 

pinned into the plate after a two-hour incubation period, during which biofilm 

colonies were allowed to pre-form. After a total of six hours of incubation, 30 µL of 

0.5mg/mL XTT in PBS buffer with 200 µM menadione (MDN) was added to each 

well. Background absorption measurements were taken immediately after dispensing 

XTT/MDN and again after two hours of incubation at 30°C. The addition of DMSO 

to control wells served as negative control for the BIM and BDM assays (Figure 

4.3a). For positive controls, we chose both chemical and genetic methods.  For the 

genetic positive control, we included a ΔpelAΔpslBCD strain of P. aeruginosa 

incapable of producing biofilm colonies.28,29  For the chemical positive control, we 

included a dilution series of polymyxin, which was used to quantify plate-to-plate 

variability of the assay. Biofilm quantification of the negative control images resulted 

in an average of 35% biofilm coverage of the total imaged surface area and Z’-factor 

scores higher than 0.7 per assay.  For the XTT cellular activity assay, these conditions 

resulted in Z’-factor scores greater than 0.6 per assay.  
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Figure 4.3. P. aeruginosa biofilm assay development. Biofilm images directly from 

wells of an assay 384-well plate. (a) Non-z-stack epifluorescence biofilm images at 

20x magnification.  Negative control; healthy biofilm formation with addition of 

DMSO vehicle. Biofilm inhibitor; biofilm inhibition with treatment of skyllamycin B 

at final concentration of 102 µM. Genetic positive control; ΔpelAΔpslBCD strain 

shows no biofilm formation due to knockout of biofilm genes. Chemical positive 

control; no biofilm formation due to treatment of polymyxin at final concentration of 

10 µM. (b) Confocal images of biofilms at 10x magnification.  Healthy biofilm 

formation in assay conditions with DMSO and without DMSO.  

 

To directly compare the imaging techniques in our assay wells to traditional 

confocal imaging, we imaged the biofilms directly in the 384-well plate with a 

confocal microscope.  Confocal images of the negative control P. aeruginosa 

biofilms show that the biofilm integrity was similar to traditional culture conditions 

(Figure 4.3b). In addition, biofilm morphologies without DMSO developed 

identically to wells with DMSO (negative control), suggesting that the addition of up 

to 1% DMSO had no effect on biofilm growth. 
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Simultaneous acquisition of both biofilm coverage and cellular activity 

measurements provides a fast and efficient method to differentiate between antibiotic, 

bacteriostatic, and biofilm inhibitor/disperser activities. Compound activity plots 

divided into three sub-groups: (1) compounds that do not remove biofilm coverage, 

but do prevent cellular activity were identified as bacteriostatic agents, (2) 

compounds that remove biofilm coverage and decrease cellular activity represent a 

classical phenotype associated with antibiotics, while (3) compounds that remove 

biofilm coverage but do not affect cellular activity are of the highest value to this 

project as these include both biofilm inhibitors/dispersers.  Compounds that either 

inhibit biofilm formation or disrupt preformed biofilms are of particular interest as 

they remove biofilm coverage through a mechanism that does not modulate cellular 

activity, thus potentially decreasing the selective pressure to develop resistance. 

Since the discovery of the biofilm phenotype in bacterial cells, the concept of 

persister bacterial cells within the EPS matrix has been postulated as a mechanism for 

the re-establishment of bacterial colonies after treatment with conditions lethal to 

planktonic cells.30–32 One disadvantage of current screening methods, such as crystal 

violet staining,23 is that biofilm coverage is quantified using an indirect measure and 

therefore cannot provide information on the status of persister cells. While suitable 

for quantifying the number of adhered cells in well plate chambers, these methods do 

not provide a direct measure of biofilm disruption, as they do not image the 

architecture and structure of complex heterogeneous biofilms. Direct measurement of 

biofilm structure using high content imaging has a distinct advantage in identifying 
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compounds that physically clear or compromise biofilm integrity and consequently, 

persister cells. 

Antibiotic 
Inhibition 

EC50 
(µM) 

Dispersal 
EC50  
(µM) 

Resistance 
Increase 

Doxycycline 142 >  1567 >  11 

Demeclocycline 17 1330 78 

Oxytetracycline > 2500 > 2500 - 

Spiramycin > 1450 > 1450 - 

Erythromycin 489 > 1810 > 3 

Azithromycin 48 > 2430 > 50 

Kanomycin > 700 > 700 - 

Amikacin 13 114 8 

Tobramycin 12 2010 167 

Table 4.1. Preliminary BIM/BDM antibiotic evaluation. 

 

4.2.2. Evaluation of Antibiotic Tolerance 

Clinically, one of the most significant challenges in the treatment of biofilm-

mediated infections is the antibiotic tolerance imparted by biofilm formation.33 To be 

of relevance to this issue, the BDM assay, which models the effect of test compounds 

on pre-formed biofilms, should therefore recapitulate the antibiotic tolerance 

observed under clinical settings.  To examine whether the BDM assay was a suitable 

model for evaluating this behavior, we screened an array of antibiotics in both the 

BIM and BDM assays and calculated EC50 shifts in biofilm coverage between the two 

assays as a measure of antibiotic tolerance.  We elected to screen members of three 

commonly used classes of antibiotics (aminoglycosides, macrolides and 

tetracyclines), as well as our positive control, polymyxin, in both assays (Table 4.1).34 

Figure 4.4 presents the dose response curves for the most active members of each of 
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the tested antibacterial classes: tobramycin (aminoglycoside), azithromycin 

(macrolide), demeclocycline (tetracycline), and polymyxin.   

 
Figure 4.4. Antibiotic tolerance in BDM assay. Antibiotic biofilm coverage 

measurements for BIM and BDM assay, demonstrating a general increase in 

antibiotic tolerance for BDM assay. The BIM EC50 

 values for azithromycin, tobramycin, and demeclocycline are 30, 9.0, and 75 µM 

respectively. Demecloclycline showed an EC50 of 2500 µM against the BDM assay, 

while azithromycin and tobramycin were inactive up to the highest tested 

concentration (3,800 and 5,350 µM, respectively). Antibiotic tolerance increased by 

values greater than 120- and 590-fold for azithromycin and tobramycin, respectively, 

while demeclocycline displayed a 45-fold increase in antibiotic tolerance.  Assays 

were performed with 3 technical replicates and 3 biological replicates. For presented 

replicate, Z’-score = 0.70 for BIM assay and 0.63 for BDM assay.  

 

Encouragingly, all three antibiotic classes displayed significant EC50 shifts 

between the BIM and BDM assays, indicating that these compounds are much less 

effective at clearing pre-formed biofilms than inhibiting initial attachment under these 
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test conditions.  For azithromycin and tobramycin, the BIM EC50 values were 30 and 

9.0 µM respectively, whereas the highest attainable soluble concentrations in DMSO 

(3,800 and 5,350 µM) did not affect biofilm coverage in the BDM assay.  This 

represents a development in antibiotic tolerances in the BDM assay of greater than 

120- and 590-fold for azithromycin and tobramycin, respectively. Demeclocycline 

had a BIM EC50 = 75 µM and a BDM EC50 = 2,500 µM, representing an antibiotic 

tolerance of 33-fold.  These data show that antibiotic tolerance, characteristic of 

biofilm state bacteria,33 is present in BDM assay, ranging anywhere from 33 to 

greater than 590-fold, with respect to that of the BIM assay.  As previously 

reported,35 biofilm coverage increases with the amount of tobramycin added as a 

defense mechanism against aminoglycoside antibiotics. Notably, this same 

phenomenon is observed under our well plate culture conditions, suggesting the 

results from this primary screening platform could have direct relevance to clinical 

issues surrounding antibiotic resistance. 
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Figure 4.5. BIM and BDM assay results from natural products screening.  Y-axis is 

percent biofilm coverage normalized to DMSO control.  X-axis is absorption at 490 

nm normalized to DMSO controls.  Wells with less than 55% biofilm coverage were 

defined as extracts that modulate biofilm formation.  Wells with normalized cellular 

activity greater than 0.8 were considered to be non-bactericidal.  

 

4.2.3. Natural Product Screening 

After establishing both assays and validating their utility for quantifying 

biofilm-mediated antibiotic tolerance, we initiated a screening campaign to identify 

novel small molecule-based biofilm inhibitors against P. aeruginosa. To accomplish 

this, we screened a subset of our marine microbial natural products library against 

both the BIM and BDM assays.  Hits from this initial screen were categorized into 

four bins, as illustrated by the four segments in Figure 4.5. bin 1: inactive compounds, 

with normalized biofilm coverage ≥ 0.55 and normalized cellular activity ≥ 0.8; bin 2: 

non-bactericidal biofilm inhibitors, with low normalized biofilm coverage (<0.55), 

but no effect on cellular activity; bin 3: antibiotics, with both low biofilm coverage 
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and decreased cellular activity; and bin 4: bacteriostatic compounds, with biofilm 

coverage values similar to those of the negative controls, but with low cellular 

activities.  Notably, if the library had been screened for antibiotic activity using XTT 

alone, the extracts found in bin 4 would have been characterized as traditional 

antibiotics. However, the hits in bin 4 do not achieve complete biofilm clearance, 

meaning that their value as antibiotics against biofilm-mediated infections is low 

compared to hits in bin 3. Likewise, compounds in bin 2 would have been overlooked 

as antibiotic leads because they have little to no effect on cellular activity, even 

though they are very effective at eliminating biofilm coverage. This combination of 

image-based biofilm screening and XTT-based cellular activity screening therefore 

provides a more detailed and complete view of the roles of lead compounds as 

antibiotics or antibiofilm agents. 

One advantage of performing both the BIM and BDM assays in parallel is that 

lead compounds can be directly evaluated for their potential as either prophylactic 

treatments for inhibiting initial biofilm formation (e.g. as coatings for medical 

implant devices), or as treatments for eliminating established biofilm infections. 

Overall, we observed fewer prefractions capable of reducing biofilm coverage in the 

BDM assay compared to the BIM assay.  This is seen by a decrease in the number of 

extracts in bin 3 and a concomitant increase in the number of extracts in bin 4 for the 

BDM vs. the BIM assays.  This is perhaps to be expected, given that bacterial cells 

are known to enter a quiescent state inside biofilm microcolonies, making them less 

susceptible to drug treatment.36 Therefore the antibiotic leads from the BDM assay 
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are of particular interest, as they possess the ability to effect biofilm clearance even in 

the presence of pre-formed biofilms. However, given that the objective of this initial 

study was to identify new lead compounds as inhibitors/dispersers of biofilm 

formation against P. aeruginosa, leads from bin 2 were prioritized and profiled using 

our standard liquid chromatography-mass spectrometry (LC-MS) analysis methods. 

From these analyses, one prefraction containing a unique metabolite profile (1675D) 

was selected for further characterization. 

 
Figure 4.6. LC-MS analysis of extract 1675D. The three major constituents were 

annotated as skyllamycin A-C.   

 

4.2.4. Isolation and Structure Elucidation of Skyllamycin A – C 

LC-MS analysis of the selected prefraction (1675D) identified three major 

components with similar UV absorbance profiles (Figure 4.6). HRESITOF-MS 

analysis revealed that two of these metabolites possessed mass spectrometric data 

consistent with the known cyclic depsipeptides skyllamycins A and B, while data for 
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the third metabolite suggested a skyllamycin B derivative with a mass gain of 2 

atomic mass units. Using standard isolation procedures (SI), approximately 2 mg of 

each of the major components was isolated from 6L of producing strain for 

spectroscopic analysis and biological follow up. 

 
Figure 4.7. LC-MS run of authentic skyllamycin A, isolated skyllamycin A, and co-

injection.   

 
1H NMR comparison to published structures26 revealed close agreement with 

the original assignments for skyllamycins A and B. Furthermore, COSY and TOCSY 

data identified all of the spin systems associated with the predicted proteinogenic and 

non-proteinogenic amino acids, which were assembled through HMBC correlations to 

verify that each compound contained the skyllamycin core.  To further verify the 

identities of these metabolites, skyllamycin A was compared to an authentic sample25 

by LC-MS co-injection, which demonstrated that our sample and the authentic 

material shared identical retention times (Figure 4.7).  In order to prove the isolated 
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structures were not enantiomeric to previously reported structures, Marfey’s 

analysis37 was conducted on skyllamycins A and B.  The absolute configurations of 

all the proteinogenic amino acids corroborated those originally assigned by 

biosynthetic studies Taken together with optical rotation measurements, the absolute 

configuration of these isolated skyllamycin analogs can therefore be confirmed as the 

previously published structures.25,26  

Substantiating the HRESITOF-MS data showing a gain of two protons, the 1D and 

2D NMR data of skyllamycin C revealed a skyllamycin B analog with a reduced 

olefin on the PKS-derived portion of the molecule. This was supported by the loss of 

two vinyl protons associated with the PKS-derived portion and the gain of four new 

aliphatic protons.  Utilizing the HSQC and HMBC data, these new aliphatic signals 

were identified as part of the reduction product of the trans-olefin.  Stereochemistry 

of the whole molecule was inferred to be identical to skyllamycin A and B due to 

Marfey’s analysis, optical rotation, and biosynthetic stereospecificity.25 

4.2.5. Biological Evaluation of Skyllamycin A – C 

Biological activity evaluation of skyllamycins A – C in the BIM assay 

revealed that skyllamycin B had an EC50 = 30 µM, skyllamycin C had an EC50 = 60 

µM, while skyllamycin A possessed only marginal activity (>250 µM) (Figure 4.8).  

From these data, we can postulate that the aspartate residue plays an important role in 

a molecular contact, while the cinnamic acid is not as critical.  In the cellular activity 

assay, none of the analogs displayed any reduced cellular activity up to the highest 

tested concentrations.  In the BDM assay, only skyllamycin B showed biofilm 
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clearance, with an EC50 = 60 µM, with no effect on cellular activity up to the highest 

tested concentrations. 

Structurally, the skyllamycins are a unique family of P. aeruginosa biofilm 

inhibitors. While a number of P. aeruginosa biofilm inhibitors have been published to 

date,38–42 the majority of inhibitors with non-microbicidal effects have been identified 

as quorum sensing mimics40,41 or related to quorum modulation.42 As skyllamycin B 

is structuraly unrelated to quorum mimics, its activity is most likely not directly 

quorum-mediated. The skyllamycins are the first reported cyclic depsipeptides with 

P. aeruginosa biofilm inhibition and dispersal activity, making the elucidation of the 

mechanism of action for biofilm inhibition a very attractive subject for future work. 

 
Figure 4.8. BIM assay evaluation of skyllamycins A – C. Dose response curves for 

skyllamycins A – C against percent biofilm coverage (■) and cellular activity (•).   
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4.2.6. Azithromycin and Skyllamycin B Co-dose Experiments 

The ability to co-dose antibiotics with biofilm dispersers to clear biofilm-

mediated infections is potentially of significant therapeutic value.  Co-dosing has 

been proposed previously as an attractive alternative to antibiotic mono-therapy 

treatments for biofilm-mediated infections, since it has been suggested that co-dose 

experiments could prevent or eliminate bacterial resistance.43 To assess the utility of 

skyllamycin B for eliminating established biofilm infections by co-administration 

with current antibiotics, we conducted a co-dose experiment in the BDM assay.  

Using identical protocol conditions as the BDM assay, we pinned a concentration 

array of skyllamycin B, ranging from EC100 to EC10, immediately followed by 

pinning of three different concentrations of azithromycin, all above the EC50 value in 

the BIM assay 

 
Figure 4.9. Confocal images and cellular activities of BDM assay co-dose 

experiments with skyllamycin B and azithromycin. Images taken at 10x 

magnification. (a) Azithromycin at 99 µM. (b) Skyllamycin B at 100 µM. (c) 

Azithromycin, 99 µM, and Skyllamycin, 100 µM, co-dose. 

 

Confocal images of BDM assay co-dose experiments (Figure 4.9) highlight 

the potential of combination therapies for biofilm-mediated infections.  Skyllamycin 
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B, while able to detach biofilm independently, could not suppress bacterial cellular 

activity. Similarly, azithromycin alone had no effect on biofilm coverage at tested 

concentrations.  However, skyllamycin B with azithromycin resulted in both the 

detachment of preformed biofilms and concomitant reduction cellular activity.  Since 

current treatment of biofilm mediated-infections depends on high dosage of 

antibiotics, incurring antibiotic resistance to the etiological pathogen, the co-dose 

results provide encouraging alternative conditions for biofilm detachment and 

bacterial cellular activity depression, a method that could ameliorate or circumvent 

acquisition of antibiotic resistance. 

 

4.3. Conclusion   

Given the significant impact of biofilm-mediated infections on human health 

and the biomedical costs associated with P. aeruginosa biofilm-mediated infections, 

new treatment options are vital to address biofilm-mediated infections. In order to 

identify biofilm inhibitors and dispersal agents, we have developed a modular assay 

that models both biofilm inhibition and dispersal, and can recapitulate clinically 

observed biofilm-mediated antibiotic tolerance.  Screening a sub-set of our marine 

natural products library has identified multiple inhibitors/dispersers that eliminate 

biofilms, while having little or no impact on cellular survival. These leads are 

promising as molecular probes or as potential therapeutics, as they do not directly kill 

the bacterial cells, but rather prevent/disperse the more persistent biofilm state. 

From these initial leads, we have identified the skyllamycin cyclic 

depsipeptide family as a unique and enticing new class of biofilm inhibitor/dispersal 
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agents and identified one new natural product, skyllamycin C. Given the non-

bactericidal nature of skyllamycin B, the mechanism of action by which it clears 

biofilm coverage is likely to be different than that of antibiotic-mediated biofilm 

clearance.  Skyllamycin B, a large cyclic depsipeptide, is structurally distinct from 

known P. aeruginosa biofilm inhibitors/dispersers, which have been almost 

exclusively quorum sensing molecule mimics.   Skyllamycin B also showed 

promising co-dose activity with azithromycin, demonstrating that combination 

treatment with both drugs is able to remove biofilm coverage and suppress cellular 

activity, which was not possible using either drug independently. Overall, this screen 

succesfully identified compounds that clear biofilms, highlighted by the discovery of 

skyllamycin B, raising the possibility of developing new therapeutic options to treat 

P. aeruginosa biofilm-mediated infections. 

4.4. Experimental 

4.4.1. General Experimental Procedures 

Reactions were performed under an argon atmosphere using freshly dried 

solvents. Methylene chloride (DCM) was dried by passing through an activated 

alumina column. Solvents used for HPLC chromatography were HPLC grade and 

were used without further purification. Optical rotations were measured on a Jasco P-

2000 polarimeter using a 10 mm path length cell at 589 nm. NMR spectra were 

acquired on a Varian Inova 600 MHz spectrometer equipped with a 5 mm HCN triple 

resonance cryoprobe, and referenced to residual solvent proton and carbon signals 

(δH 2.500, δC 39.520 for DMSO-d6 and δH 3.310, δC 49.00 for Methanol-d4). High 
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resolution mass spectrometer data was acquired using an Agilent 6230 electrospay 

ionization (ESI) accurate-mass time-of-flight (TOF) liquid chromatograph/mass 

spectrometer. 

4.4.2. Strains and Media Conditions 

Streptomyces sp. 1675 was isolated from a marine sediment sample collected 

at Westport Jetty, WA, USA.  Sediment sample was stamped on to AIS media (18.0 

g/L actinomycete isolation agar, 5.0 g/L glycerol, 50 mg/L nalidixic acid, 50 mg/L 

cyclodexamide) and a single colony of Streptomyces sp. 1675 was isolated and plated 

on MB media (31.2 g/L instant ocean mix, 20 g/L agar, 5 g/L peptone, 1 g/L yeast 

extract). Skyllamycins were extracted from Streptomyces sp. 1675 as described in the 

SI. P. aeruginosa strains PAO1 ∆wspF and ∆wspF∆pelA∆pslBCD were generously 

provided by the laboratory of Matthew Parsek. 

4.4.3. GFP-Tagging of P. aeruginosa Strains 

Insertion of the GFP gene in the P. aeruginosa genome was delivered by 

electroporation of mini-Tn7.  A plasmid encoding a transposase gene (pUX-BF13) 

and the other mini-Tn7 vector carrying the GFP cassette constitutively expressed 

from a ribosomal RNA promoter (pMCM11) were introduced into ∆wspF and 

∆wspF∆pelA∆pslBCD mutants by electroporation.  Conjugants were selected on LB 

agar plates containing gentamicin at 30 M/mL. Insertion of the mini-Tn7 cassette 

into the genome was biased towards several base pairs between the PA5549 and 

PA5548 loci.  Confirmation of the GFP insertion was performed by colony PCR 
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using primers Tn7-R (5’-CACAGCATAACTGGACTGATTTC-3’) and glmS-F (5’-

GCACATCGGCGACGTGCTCTC-3’). 

4.4.4. Biofilm Inhibition/Dispersal Assay 

After overnight LB liquid culture, cultures were diluted 1:25 into 50 mL of 

5% LB (0.2 g/L tryptone, 0.1 g/L yeast extract, 10 g/L NaCl) and allowed to 

acclimate to nutrient-poor media for approximately 30 minutes before dispensing into 

384-well plates (Corning 3712).  40 µL of the liquid culture was dispensed into each 

well and incubated for 6 hours at 30°C, covered with an air permeable membrane 

(E&K Scientific T896100-S).  Due to the heterogeneous properties of biofilm state 

bacteria, it is critical to maintain a light swirl to keep bacteria evenly distributed in 

liquid media while dispensing.  When performing a BIM assay, compounds were 

pinned immediately after dispensing the culture.  If performing a BDM assay, 

compounds were pinned after 2 hours of incubation at 30 °C. After a total of 6 hours 

of incubation, 30 µL of 0.5mg/mL of XTT in PBS buffer with 200 µM menadione 

(CAS: 58-27-5) was added. A background absorption at 490 nm was taken 

immediately after dispensing XTT/MDN and again after 2 hours of incubation at 

30°C. 

4.4.5. Biofilm Quantification 

For biofilm measurements, each well was quantified by the acquisition of 8 

images at 20x magnification.  The combined 20x images account for ~20% of the 

total well surface area, which is critical for reproducible and accurate quantification 

of biofilm coverage.  The images were analyzed using MetaXpress image software 
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(Molecular Devices) to quantify biofilm coverage. Biofilms were identified using a 

modified version of the existing ‘count nuclei’ script.  This modified script compares 

the intensity of each pixel in the image to identify pixel clusters with intensities above 

a user-defined threshold.  These bright pixel clusters are defined as biofilm coverage.  

From past experience, the total biofilm coverage for the negative control must be 

greater than 25% for a reproducible and accurate EC50 value for the polymyxin 

dilution series control. 

4.4.6. Skyllamycin Isolation 

Streptomyces sp. 1675 was grown in 1 L of modified SYP44 broth (32.1 g/l 

Instant Ocean, 10 g/l starch, 4 g/l peptone, 2 g/l yeast) with 20 g of Amberlite 

XAD-16 resin for 7 days at 27°C.  Culture broth and resin slurries were filtered 

through glass microfiber filters, washed with water (3×200 mL) and the cells, 

resin, and filter paper extracted with 1:1 methanol/dichloromethane (250 mL). 

Organic fractions were dried in vacuo and subjected to solid phase extraction 

(SPE) using a Supelco-Discovery C18 cartridges (5 g) eluting with a step gradient 

of 40 mL of MeOH/H2O solvent mixtures (20% MeOH, 40% MeOH, 60% 

MeOH, 80% MeOH, 100% MeOH) and finally with EtOAc to afford six fractions. 

The active 80% MeOH fraction was subjected to C18 RP-HPLC Phenomenex 

Synergi C18 (4.6×250 mm, 10 µm), [60% MeOH/40% H2O to 

70%MeOH/30%H20 (acidified with 0.002% formic acid) over 26 minutes at 2 

mL/min, monitored at 254 nm, to give skyllamycins A – C. 
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4.4.7. Marfeys Analysis Protocol 

General amino acid derivatization: Using a modified procedure by 

Bhushan and Brückner,37 aqueous solutions (50 mM) of proteinogenic amino 

acids (D- and L-isomers) were prepared as starting materials for synthesis. 

Solutions of each amino acid (50 μL, 2.5 micromoles) were placed in separate 5 

mL vials with microstir bars. To each was added 100 μL of 1% acetone solution 

of fluorodinitrophenyl-5-L-valine amide (FDVA, 1 mg, 3.6 micromoles), the 

molar ratio of FDVA to amino acid 1.4:1, followed by NaHCO3 (1 M, 20 μL, 20 

micromoles) and 10 μL of DMSO. The contents were stirred in an oil bath at 40°C 

for 1 hr. After cooling to room temperature, HCl (2 M, 10 μL, 20 micromoles) 

was added to each reaction mixture. The contents were dried in vacuo, taken up 

into 1 mL of 50:50 MeOH:H2O, and centrifuged.  A 1:10 dilution into 50:50 

MeOH:H2O was then injected into the LC-HRESITOF-MS for analysis. 

General skyllamycin analog derivatization: Each of the skyllamycins (0.2 

mg) were placed into separate 5 mL vials with stir bars. 1 mL of 6 N HCl was 

added to each vial and stirred at 80°C for 6 hours, dried in vacuo, and resuspended 

in 100 μL of H2O. To each vial, 500 μL of 1% solution of fluorodinitrophenyl-5-

L-valine amide (FDVA, 5 mg, 18.0 micromoles) in acetone was added, the molar 

ratio of FDVA to amino acid equivalence is approximately 12:1, followed by 

NaHCO3 (1 M, 100 μL, 100 micromoles), and 50 μL of DMSO. The contents 

were stirred in an oil bath at 40°C for 1 hr. After cooling to room temperature, 

HCl (2 M, 50 μL, 100 micromoles) was added to each reaction mixture. The 
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contents were dried in vacuo, taken up into 1 mL of 50:50 MeOH:H2O, and 

centrifuged.  A 1:10 dilution into 50:50 MeOH:H2O was then injected into the 

LC-HRESITOF-MS for analysis. 

4.4.8. Chemical Characterization of Skyllamycin C 

Skyllamycin C: [α]D
24 - 22.7 (c 0.033, MeOH); UV (MeOH) λmax (log ε) 230 

nm (4.90); 1H NMR (600 MHz, Methanol-d4) δ 7.62  (d, J = 8.1 Hz, 1H), 7.48  (d, J 

= 7.6 Hz, 2H), 7.35  (t, J = 7.5 Hz, 2H), 7.33  (d, J = 7.8 Hz, 1H), 7.31  (d, J = 8.3 

Hz, 1H), 7.26  (t, J = 7.4 Hz, 1H), 7.19  (s, 1H), 7.17  (m, 1H), 7.13  (m, 1H), 7.12  

(m, 1H), 7.09  (t, J = 7.6 Hz, 1H), 6.98  (t, J = 7.5 Hz, 1H), 6.71  (d, J = 7.2 Hz, 2H), 

6.61  (d, J = 8.3 Hz, 2H), 6.48  (d, J = 11.3 Hz, 1H), 5.60  (s, 1H), 5.55  (dq, J = 

11.3, 6.9 Hz, 1H), 5.47  (q, J = 6.8 Hz, 1H), 4.99  (s, 1H), 4.90  (m, 1H), 4.81  (d, J = 

6.8 Hz, 1H), 4.66  (d, J = 10.1 Hz, 1H), 4.63  (dd, J = 9.5, 4.6 Hz, 1H), 4.59  (d, J = 

6.8 Hz, 1H), 4.55  (d, J = 9.1 Hz, 1H), 4.50  (s, 1H), 4.38  (dd, J = 8.8, 2.9 Hz, 1H), 

4.36  (d, J = 6.6 , 1H), 4.09  (q, J = 7.3 Hz, 1H), 4.05  (d, J = 17.9 Hz, 1H), 3.80  (d, 

J = 9.4 Hz, 1H), 3.73  (m, 2H), 3.71  (s, 3H), 3.46  (d, J = 17.9, 1H), 3.30  (dd, J = 

14.9, 4.6 Hz, 1H), 3.11  (m, 1H), 3.11  (m, 1H), 3.05  (t, J = 8.4 Hz, 2H), 2.95  (dt, J 

= 14.8, 8.9 Hz, 1H), 2.80  (dt, J = 15.7, 8.4 Hz, 1H), 2.74  (m, 1H), 1.98  (m, 1H), 

1.819  (m, 1H), 1.79  (m, 1H), 1.78  (m, 1H), 1.77  (m, 1H), 1.72  (m, 1H), 1.66  (m, 

1H), 1.51  (d, J = 7.1 Hz, 3H), 1.50  (m, 1H), 1.47  (d, J = 7.5 Hz, 3H), 1.25  (d, J = 

6.8 Hz, 3H), 1.04  (d, J = 6.7 Hz, 3H), 1.00  (d, J = 6.1 Hz, 3H), 0.92  (d, J = 6.2 Hz, 

3H), 0.86  (d, J = 6.7 Hz, 3H). 13C NMR**  (151 MHz, Methanol-d4) 177.66, 175.04, 

174.86, 173.30, 173.07, 172.93, 172.26, 172.17, 171.25, 170.94, 170.43, 170.03, 
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169.76, 159.37, 141.70, 139.20, 136.72, 136.59, 136.31, 131.48, 129.13, 128.29, 

128.16, 127.77, 127.64, 127.37, 126.94, 126.62, 126.23, 125.24, 123.72, 120.93, 

118.61, 118.20, 113.05, 110.91, 109.38, 75.73, 73.36, 72.65, 72.47, 69.42, 60.42, 

59.61, 57.57, 57.00, 55.08, 54.89, 54.23, 54.00, 51.24, 50.59, 47.00, 41.95, 39.86, 

38.40, 35.49, 31.08, 28.74, 28.58, 27.84, 24.68, 23.56, 21.64, 20.68, 18.49, 17.85, 

15.86, 15.33, 12.89; HRESITOF-MS m/z [M+Na]+ 1493.6616 (calcd for 

C74H94N12O20Na+, 1493.6605). ** Obtained indirectly with HSQC and HMBC data 
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4.4.9. NMR Spectra 

 



190 

 

 

 



191 

 

 

 



192 

 

 

 



193 

 

 

 



194 

 

 

 



195 

 

 

 



196 

 

 

 



197 

 

 

 



198 

 

 

 

 

 



199 

 

4.5. References and Notes 

(1)  Costerton, J. W. Science 1999, 284, 1318–1322. 

(2)  Wingender, J.; Neu, T.; Flemming, H. What are bacterial extracellular 

polymeric substances?; Wingender, J.; Neu, T. R.; Flemming, H.-C., Eds.; 

Springer Berlin Heidelberg, 1999; pp. 1–19. 

(3)  Hall-Stoodley, L.; Costerton, J. W.; Stoodley, P. Nat. Rev. Microbiol. 2004, 2, 

95–108. 

(4)  Sauer, K.; Camper, A. K.; Ehrlich, G. D.; Costerton, J. W.; Davies, D. G. J. 

Bacteriol. 2002, 184, 1140–1154. 

(5)  Zhao, K.; Tseng, B. S.; Beckerman, B.; Jin, F.; Gibiansky, M. L.; Harrison, J. 

J.; Luijten, E.; Parsek, M. R.; Wong, G. C. L. Nature 2013, ASAP. 

(6)  Stoodley, P.; Sauer, K.; Davies, D. G.; Costerton, J. W. Annu. Rev. Microbiol. 

2002, 56, 187–209. 

(7)  Costerton, J. W.; Lewandowski, Z.; Caldwell, D. E.; Korber, D. R.; Lappin-

Scott, H. M. Annu. Rev. Microbiol. 1995, 49, 711–45. 

(8)  Geesey, G.; Mutch, R.; Costerton, J.; Green, R. Limnol. Oceanogr. 1978, 23, 

1214–1223. 

(9)  Fux, C. a; Costerton, J. W.; Stewart, P. S.; Stoodley, P. Trends Microbiol. 

2005, 13, 34–40. 

(10)  Romero, R.; Schaudinn, C.; Kusanovic, J. P.; Gorur, A.; Gotsch, F.; Webster, 

P.; Nhan-Chang, C.-L.; Erez, O.; Kim, C. J.; Espinoza, J.; Gonçalves, L. F.; 

Vaisbuch, E.; Mazaki-Tovi, S.; Hassan, S. S.; Costerton, J. W. Am. J. Obstet. 

Gynecol. 2008, 198, 135.e1–5. 

(11)  Potera, C. Science 1999, 283, 1837–1839. 

(12)  Donlan, R. M.; Costerton, J. W. Clin. Microbiol. Rev. 2002, 15, 167–193. 

(13)  Donlan, R. M. Emerg. Infect. Dis. 2001, 7, 277–81. 

(14)  Leid, J. G.; Shirtliff, M. E.; Costerton, J. W.; Stoodley, a. P. Infect. Immun. 

2002, 70, 6339–6345. 

(15)  Franklin, M. J.; Nivens, D. E.; Weadge, J. T.; Howell, P. L. Front. Microbiol. 

2011, 2, 167. 



200 

 

(16)  Obritsch, M. D.; Fish, D. N.; MacLaren, R.; Jung, R. Pharmacotherapy 2005, 

25, 1353–64. 

(17)  Smith, J. J.; Travis, S. M.; Greenberg, E. P.; Welsh, M. J. Cell 1996, 85, 229–

236. 

(18)  Müsken, M.; Di Fiore, S.; Römling, U.; Häussler, S. Nat. Protoc. 2010, 5, 

1460–9. 

(19)  O’Toole, G. a; Kolter, R. Mol. Microbiol. 1998, 28, 449–61. 

(20)  Müsken, M.; Di Fiore, S.; Dötsch, A.; Fischer, R.; Häussler, S. Microbiology 

2010, 156, 431–41. 

(21)  Peng, F.; Hoek, E. M. V; Damoiseaux, R. Journal of Biomolecular Screening 

2010, 15, 748–54. 

(22)  Junker, L. M.; Clardy, J. Antimicrob. Agents Ch. 2007, 51, 3582–90. 

(23)  Sandberg, M.; Määttänen, A.; Peltonen, J.; Vuorela, P. M.; Fallarero, A. Int. J. 

Antimicrob. Ag. 2008, 32, 233–40. 

(24)  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, 1176–84. 

(25)  Pohle, S.; Appelt, C.; Roux, M.; Fiedler, H.-P.; Süssmuth, R. D. J. Am. Chem. 

Soc. 2011, 133, 6194–205. 

(26)  Toki, S.; Agatsuma, T.; Ochiai, K.; Saitoh, Y.; Ando, K.; Nakanishi, S.; 

Lokker, N. A.; Giese, N. A.; Matsuda, Y. J. Antibiot. 2001, 54, 405–14. 

(27)  Tunney, M. M.; Ramage, G.; Field, T. R.; Moriarty, T. F.; Storey, D. G. 

Antimicrob. Agents Ch. 2004, 48, 1879–81. 

(28)  Kirisits, M. J.; Prost, L.; Starkey, M.; Parsek, M. R. Appl. Environ. Microb. 

2005, 71, 4809–21. 

(29)  D’Argenio, D. A.; Calfee, M. W.; Rainey, P. B.; Pesci, E. C. J. Bacteriol. 

2002, 184, 6481–6489. 

(30)  Harrison, J. J.; Turner, R. J.; Ceri, H. Environ. Microb. 2005, 7, 981–94. 

(31)  Lewis, K. Antimicrob. Agents Ch. 2001, 45, 999–1007. 

(32)  Drenkard, E. Microbes Infect. 2003, 5, 1213–1219. 



201 

 

(33)  Donlan, R. M. Emerg. Infect. Dis. 2002, 8, 881–90. 

(34)  Feeley, T. W.; Du Moulin, G. C.; Hedley-Whyte, J.; Bushnell, L. S.; Gilbert, J. 

P.; Feingold, D. S. New Engl. J. Med. 1975, 293, 471–5. 

(35)  Hoffman, L. R.; D’Argenio, D. a; MacCoss, M. J.; Zhang, Z.; Jones, R. a; 

Miller, S. I. Nature 2005, 436, 1171–5. 

(36)  Lewis, K. Nat. Rev. Microbiol. 2007, 5, 48–56. 

(37)  Bhushan, R.; Brückner, H. Amino Acids 2004, 27, 231–47. 

(38)  Huigens, R. W.; Richards, J. J.; Parise, G.; Ballard, T. E.; Zeng, W.; Deora, R.; 

Melander, C. J. Am. Chem. Soc. 2007, 129, 6966–7. 

(39)  Reyes, S.; Huigens, R. W.; Su, Z.; Simon, M. L.; Melander, C. Org. Biomol. 

Chem. 2011, 9, 3041–9. 

(40)  Geske, G. D.; O’Neill, J. C.; Miller, D. M.; Mattmann, M. E.; Blackwell, H. E. 

J. Am. Chem. Soc. 2007, 129, 13613–25. 

(41)  Geske, G. D.; Wezeman, R. J.; Siegel, A. P.; Blackwell, H. E. J. Am. Chem. 

Soc. 2005, 127, 12762–3. 

(42)  Stowe, S. D.; Richards, J. J.; Tucker, A. T.; Thompson, R.; Melander, C.; 

Cavanagh, J. Mar. Drugs 2011, 9, 2010–35. 

(43)  Worthington, R. J.; Richards, J. J.; Melander, C. Org. Biomol. Chem. 2012, 10, 

7457–74. 

(44)  Kim, T. K.; Garson, M. J.; Fuerst, J. A. Environ. Microb. 2005, 7, 509–18.  

 



202 

 

Chapter 5 

Discovery of Abyssomicin II a PKC/HDAC Independent Latent HIV Reactivating 

Agent. 
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5.1. Introduction  

5.1.1. Introduction to HIV/AIDS Global Health Burden 

Human immunodeficiency virus (HIV) is a lentivirus that targets the human 

immune system causing the disease state known as human immunodeficiency virus 

infection / acquired immunodeficiency syndrome (HIV/AIDS).  This progressive 

disease state results in failure of the immune system, allowing for life threatening 

opportunistic infections and/or cancers to prosper at the expense of the human host.  

AIDS was originally recognized by the Centers for Disease Control and Prevention 

(CDC) in 1981 and HIV was soon after identified as the cause of AIDS.1 As of 2009, 

HIV/AIDS has caused nearly 30 million deaths globally and recent reports have 

estimated that nearly 34 million people are living with HIV globally.2 

HIV is transmitted primarily through bodily fluids such as semen, vaginal 

fluids, blood, and breast milk.  There is currently no cure or vaccine for HIV/AIDS, 

however though the treatment with highly active antiretroviral therapies (HAART), 

the disease can be mitigated to a state where quality of life and life expectancy are 

near normal.3  While HAART reduces the risk associated with HIV/AIDS, these 

therapies are expensive and may have associated side effects. 

While HIV/AIDS is a global issue, the disease is sharply divided between 

socioeconomic classes, with 97% of those living with the disease in low- and middle- 

income brackets.3  This is of particular concern due to the lack of access to prevention 

programs or treatment of HIV/AIDS, therefore continuing the propagation of the 

disease.  When individuals waiting to receive treatment finally receive HAART, they 
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are often afflicted by immune reconstitution inflammatory syndrome (IRIS).4  While 

not well characterized, IRIS is believed to develop when HAART treatment increases 

the total population of immune response cells.  Having a compromised immune 

system increases the amount of foreign microbes in the human body, therefore the 

increased immune response cells subsequently induce a violent immune response as 

they neutralize the previously undetected foreign microbes. 

 
Figure 5.1. Number of people, in millions, living with HIV since 1990.  Adapted 

from NIH global statistics.5 

 

Despite the challenges associated with HIV/AIDS infection, there has been 

significant improvement in addressing the global epidemic.  Noticeably, the number 

of new cases has recently stopped increasing (Figure 5.1). Ensuing global awareness 

of HIV/AIDS currently the most effective way to stymie the spread of the disease.3  

By continuing to place resources into finding a cure, HIV could become a marginal to 

non-existent disease. 
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5.1.2. HIV Viral/Host Cell Interactions 

HIV infects vital cells in the human immune system, primarily by binding 

immune response cells expressing the cell surface receptor CD4 (CD4+).6 Once 

inside CD4+ cell, HIV manipulates fundamental host cell processes in sophisticated 

ways to achieve optimum replicative efficiency. In targeting immune response cells, 

HIV achieves evasion of the immune system and a precipitous depreciation of total 

immune response cell count.  

The HIV life cycle can be broken down into five distinct stages: invasion, 

reverse transcription, integration, transcription, and maturation.  In the invasion of 

CD4+ cells, HIV’s gp41/gp120 complex sequentially interact with host’s CD4 cell 

surface receptors and chemokine receptors (CCR5 or CXCR4) to fuse into the host 

cell cytoplasm.7  Once inside the host cell, the viral RNA genome must be transcribed 

into DNA for chromosomal integration.  This is accomplished by an enzyme called 

reverse transcriptase, which is packaged along with the viral RNA.  Reverse 

transcriptase binds to the viral single stranded RNA (ssRNA) and copies it into the 

corresponding complementary DNA, and subsequently sense DNA.  Reverse 

transcriptase has low fidelity resulting in fast mutating strains that convey drug 

resistance.  Once the double stranded DNA has been synthesized, it is transported into 

the cell nucleus where it is integrated into the host chromosome with the help of the 

viral enzyme integrase.8 

Chromosomal integration is followed by tight regulation by HIV’s Tat 

protein, which decides the fate of the virus and host cell: go into dormancy or turn on 
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a set of genes to orchestrate rapid replication.9 Tat promotes transcription of viral 

RNA by binding to the viral RNA stem-loop structure.  Tat achieves this by recruiting 

a protein kinase complex known as Tat-associated kinase (TAK), which 

phosphorylates the C-terminal domain (CTD) of RNA polymerase II (RNApol II).10 

The kinase portion of TAK has been identified as a host cyclin-dependent kinase 9 

(Cdk9) that, like most Cdk, requires a cyclin binding partner, cyclin T, for substrate 

specificity.11  Cyclin T, Cdk9 binding partner, recruits Cdk9 to TAK where it 

phosphorylates the CTD of RNApol II and promotes transcriptional processivity. 

Transcription of HIV’s RNA generates a new viral genome, which serves as a 

translational template as well as the RNA genome for a new virus.  Once transcribed, 

the viral RNA is exported outside of the cell nucleus where it is translated.  Exporting 

the viral RNA is accomplished by having Rev, an HIV protein, bind to the viral 

RNA.12 Subsequently, exportin-1, a human nuclear exporting protein, binds to Rev 

and exports the whole complex to the cytoplasm.13 The protein products of HIV viral 

RNA then ferociously overtake the host cells’ function/machinery to promote rapid 

replication, usually giving host cells a half-life of two days.  These proteins include 

Vpr, a protein that stalls host cells in G2 phase, and cellular membrane disrupting 

proteins, Vpe and Nef.  

Final maturation and release of the virus is accomplished by coordination of 

Env and Gag/Gag-Pol polyproteins.14  Env gets translated in the endoplasmic 

reticulum where it is then shuttled to the Golgi complex to be cleaved into its final 

stage of gp41/gp120. These proteins are then transported to the plasma membrane of 
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the host cell where the viral genomic RNA attaches and begins to bud off.  However, 

the virion is still immature until the Gag/Gag-Pol gets proteolytically cleaved after 

associates with the genomic viral RNA.15 If Gag/Gag-Pol fails to get cleaved, the 

virus cannot re-invade a new host cell. 

5.1.3. Highly Active Antiretroviral Therapies  

Since there is no cure or vaccine for HIV/AIDS, the management of the 

disease is attained by the treatment of multiple drugs, collectively known as HAART, 

targeting different viral proteins.  There are several antiretroviral agents that act on 

different HIV protein targets, specific to viral life cycle state.  These viral life cycles 

targeted by antiretroviral drugs include entry inhibitors, reverse transcription 

inhibitors, and protease inhibitors.16 

There are currently two clinically approved entry inhibitors in the market.  

Maraviroc, sold as Selentry in the United States, binds to the human host receptor 

CCR5, preventing the viral protein gp120 from completing its coordinated entry into 

the host cell.17 Enfuvirtide, an acetylated 36-mer polypeptide, binds to the viral 

protein gp41 preventing the virus from interacting with host cell surface receptor 

CD4.  

Reverse transcriptase inhibitors drugs are the largest class of antiviral 

agents.18,19 While all reverse transcriptase inhibitors target the same enzyme, they 

have two distinct modes of actions. Nucleoside/nucleotide analog reverse 

transcriptase inhibitors (NARTIs) are competitive substrate inhibitors binding to the 

DNA polymerase activity catalytic site of reverse transcriptase.20 Lacking 3’-
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hydroxyls, NARTIs block propagation of the DNA polymer when incorporated by 

reverse transcriptase.  Comparatively, non-nucleoside reverse transcriptase inhibitors 

(NNRTIs) are non-competitive allosteric inhibitors that obstruct polymerase activity 

of reverse transcriptase. 

 Protease inhibitors (PIs) make up the second largest class of HIV antivirals.21 

By inhibiting viral protease activity, PIs prevent the cleavage of Gag/Gag-Pol, 

therefore preventing the virus to fully maturate and produce virions capable of re-

invading new host cells.22 

5.1.4. HIV Cure Challenges 

Despite the advent of HAART to manage viral loads, HIV/AIDS continue to 

be a major global health issue with no cure.3 The inability for HAART to clear all of 

virus from a patient is due to HIV’s dormant state.  Since HAART drugs act on 

actively replicating viruses, latent state HIV is unaffected from these treatments.  

Data from patients managing viral loads with HAART revealed that one in 106 

CD4+ T cells are latently infected with HIV.23  Sequencing of latent HIV does not 

show signs of an evolved/mutated sequence, suggesting that there is no ongoing viral 

replication to spread the virus to new host cells.24 While this indicates that HAART 

treatment is preventing any viral replication, the propagation of HIV infected CD4+ T 

cells is most likely derived from long-lived cells replicating in the patient.   

To achieve total HIV viremia clearance, genomically integrated latent HIV 

reservoirs need to be depleted. Reactivation of HIV from latently infected cellular 

reservoirs, followed by elimination via immune-based or mechanism-based 
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chemotherapies, is a strategy that has been proposed for curing HIV infection.25 

While this approach may appear straightforward, significant challenges must still be 

addressed.  Mainly, the development of reactivating agents that are active in other cell 

lines other than CD4+ cells as other reservoirs may exist such as: brain, macrophage, 

and hematopoietic stem cells.25 

5.1.5. Abyssomicin History 

The abyssomicins were initially reported in 2004 as part of a screening 

campaign to identify p-aminobenzoic acid biosynthesis inhibitors. The producing 

strain reported was a Verrucosispora maris sp.26,27 and subsequently, new analogs 

have been published.28–30 Since their discovery, the abyssomicin family has garnered 

attention through synthesis,31 biosynthesis,32 and pharmacological studies attributable 

to abyssomicin C’s promising antibacterial activity, specifically against 

Mycobacterium tuberculosis and methicillin-resistant Staphylococcus aureus.  

Interestingly, with respect to biosynthesis of the abyssomicins, the analogs isolated by 

the Verrucosispora sp. have a different methylation pattern than that of the 

Streptomyces sp. derived analogs (Figure 5.2).  This observation is most likely due to 

a switch in acyl-loading domains that load the acyl groups on C3 and C11.32 
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Figure 5.2. Abyssomicin analogs isolated from Streptomyces and Verrucosispora 

species. 
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5.2.Results and Discussion  

5.2.1. Screening and Natural Products Discovery 

Utilizing a modified in vitro HIV latency model,33 compounds were screened 

against a stable CD4+ cell line with chromosomal HIV integration tagged with a 

luciferase reporter.  Hits were further validated for viral reactivation by using RT-

qPCR on viral RNA.34   Given that current hits with ex vivo HIV reactivating activity 

have been exclusively HDAC or PKC mediated,35,36 new hits were screened in 

HDAC and PKC assays to prioritize ex vivo HIV latency activation screening 

compounds.   

Briefly, the natural product screening workflow consisted of three iterative 

screening steps (Figure 5.3). First, the microbially-derived 5000 membered 

prefractionated natural products library was screened in triplicate at seven different 

concentrations to identify prefractions that contained compounds capable of 

reactivating HIV.  After identifying natural product prefractions that possessed 

reactivating activity, the prefractions were then subjected to “peak library” LC-MS 

fractionation into deep-well 96-well plates. In this process, each individual 

constituent in the prefraction was separated into an individual well while gathering 

mass spectrometry and UV data on each of the compounds for dereplication.  Peak 

library plates were then subjected to primary assay conditions.  Compounds that 

recapitulated the original activity were subsequently isolated and identified using 

standard structure elucidation methods. Through this screening workflow, we 

identified the abyssomicins as HIV reactivating agents 
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Figure 5.3. Latent HIV natural products discovery workflow. a) An example of an 

individual prefractionated natural product screening output. b) LCMS-UV trace of hit 

1487A superimposed with latent HIV reactivation data. c) Screening output of pure 

compounds in latent HIV reactivation assay. 

 

5.2.2. Abyssomicin Structure Elucidation 

Abyssomicin II, a methyl shift isomer of abyssomicin C, was originally 

synthesized from abyssomicin I.30 However through our culture conditions, we have 

identified abyssomicin II as a metabolite produced by Streptomyces sp. 1487.  1H-
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NMR in deuterated chloroform showed that our isolated abyssomicin II is identical to 

the original published spectrum.30 Abyssomicin II’s HRESI-MS corroborated with the 

1D and 2D NMR data.  Absolute stereochemistry was confirmed by optical rotation 

and Mosher’s ester derivatization. Previously unreported,30 NOE correlations between 

H6-H8 and H8-H11 strongly suggest that carbonyl C7 is locked in a conformation 

pointing away from oxabicyclo[2.2.2]octane core. 

 Abyssomicin II Abyssomicin III Abyssomicin IV 

# δC   δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) 

1 171.4 -  - 170.4 - 

2 105.0 - 102.0 - 102.2 - 

3 196.7 - 198.1 - 197.8 - 

4 42.6 3.06, ddd (13.6, 5.1, 3.9) 

2.38, ddd (13.6, 12.6, 4.5) 

38.3 3.18, ddd (12.5, 8.8, 6.5) 

2.41, ddd (12.5, 6.8, 5.7) 

38.2 3.15. ddd (12.5, 9.0, 6.4) 

2.42, ddd (12.4, 6.1, 6.1) 

5 31.2 1.86, dddd (16.3, 12.5, 3.9, 

3.9) 

1.69, dddd (15.3, 4.7, 4.7, 4.7) 

29.7 2.05, dddd (14.1, 10.9, 6.1, 

6.1) 

1.81, dddd (14.2, 8.8, 6.7, 3.1) 

29.7 2.01, dddd (14.3, 11.6, 6.0, 6.0) 

1.81, dddd (14.3, 9.2, 6.6, 3.1) 

6 43.5 2.44, qdd (6.9, 5.5, 2.6) 47.1 2.55, dqd (14.1. 7.0, 3.4) 47.0 2.55, dqd (9.9, 6.7, 3.0) 

7 206.9 - 213.8 - 211.4 - 

8 136.3 6.03, d (16.7) 37.4 2.63, m 
2.44, ddd (18.7, 10.8, 1.7) 

48.1 3.02, dd (18.7, 8.2) 
2.44, dd (19.4, 1.4) 

9 137.8 6.31, dd (6.7, 16.7) 18.6 2.36, dddd (15.8, 9.1, 1.9, 1.9) 

1.74, dddd (15.8, 10.8, 5.9, 

1.5) 

64.1 4.52, ddd (8.2, 2.4, 1.4) 

10 52.4 3.15, dd (6.7, 2.3) 49.6 2.32, ddd (5.6, 3.4, 2.0) 56.7 2.58, dd (2.8, 2.8) 

11 75.4 3.87,  d (2.3) 74.1 3.90, d (3.4) 72.2 4.06, d (2.8) 

12 90.4 - 91.5 - 91.7 - 

13 29.7 2.64, dqd, (10.9, 7.1, 2.8) 29.9 2.60, m 30.0 2.62, dqd (10.6, 7.0, 3.0) 

14 35.3 2.75, dd (12.6, 10.9) 
1.50, dd (12.6, 2.7) 

32.3 2.61, dd (11.5, 2.5) 
1.16, dd (11.5, 2.3) 

39.5 2.69, dd (11.6, 11.6) 
1.17, dd (12.3, 2.8) 

15 81 - 78.9 - 78.2 - 

16 185 - 186.0 - 185.2 - 

17 16.1 1.06, d (6.5) 16.5 1.02, d (7.1) 19.0 1.03, d (7.0) 

18 19.7 1.61, s 19.7 1.61, s 19.6 1.64, s 

19 16.4 1.07,d (6.9) 19.2 0.99, d (6.8) 16.4 0.99, d (7.0) 

Table 5.1. 1H and 13C NMR data of abyssomicin II – IV in methanol-d4. 

 

Abyssomicin III had a HRESITOF-MS ([M+H]+) ion corresponding to the 

molecular formula of C19H24O6, suggesting a hydride reduction.  1H-NMR of 

abyssomicin III in deuterated methanol (Table 5.1) revealed a loss of vinyl protons 

and a gain of two protons in the aliphatic resonance region, indicative of a reduction 

across the olefin. COSY and TOCSY data indeed agree with this suggestion, as the 

new aliphatic protons are part of the spin system on carbons 8-11 (Figure 5.2). NOE 
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correlations between H8-H11 suggested the locked conformation on carbonyl C7 as 

pointing away from the oxabicyclo[2.2.2]octane core. Absolute stereochemistry was 

inferred by biosynthesis.  

 
Figure 5.4. Dihedral angle measurements for abyssomicin IV. a. Model for C9 

hydroxyl pointing away cyclohexane. b. Model for C9 hydroxyl pointing towards 

cylcohexane. 

 

Abyssomicin IV had a HRESITOF-MS ([M+H]+) ion corresponding to the 

molecular formula of C19H24O7, differing from abyssomicin II with a gain of H2O. 

1H-NMR of abyssomicin IV in deuterated methanol (Table 5.1) was very similar to 

abyssomicin II, suggesting an overall similar structure.  Noticeably, there was a loss 

of the vinylic protons, and a gain of an oxygenated methyne and a diastereotopic 

methylene.  COSY and TOCSY correlations showed that all of the spin systems were 

similar to abyssomicin II, with the exception of the spin system corresponding to the 

protons on carbons 8 through 11, which instead contained the oxygenated methyne 

and diastereotopic methylene signals. Representing a locked conformation around 

carbonyl C7, NOE correlations between H6-H8 and H8-H11 orienting the C7 carbonyl 
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pointing away from the oxabicyclo[2.2.2]octane core.  Relative stereochemistry on 

the C9 hydroxyl was determined used the coupling constants 3JH8-H9 = 8.2, 3JH8’-H9 = 

1.4 Hz, indicative of a dihedral angle for H8’-H9 |ϕ| ≈ 90° and H8-H9 |ϕ| > 146°.37 

MM2 energy minimization38 studies show that if the C9 hydroxyl is pointing away 

from the cyclohexane, H8’-H9 and H8-H9 would have dihedral angles |ϕ| 

corresponding to 40° and 73° (Figure 5.4). However, if the C9 hydroxyl is pointing 

towards the cyclohexane, the H8’-H9 and H8-H9 dihedral angles |ϕ| would correspond 

to 77° and 167°.  These data propose that the relative orientation of the C9 hydroxyl is 

pointing towards the cyclohexane. Through biosynthetic enzyme-ligand 

stereospecificity arguments, we can infer the absolute stereochemistry of the new 

stereo-center to be S. 

5.2.3. Abyssomicin II Latent HIV Reactivating Activity 

After rescreening the pure compounds, abyssomycin II was found to have the 

highest reactivation capacity with a total reactivation of 56% (normalized to SAHA 

total reactivation) and an IC50 of 15M,. The other analogs displayed only marginal 

activities (Figure 5.5 a). Since the primary screen does not directly measure viral 

copy number, false positives can arise from host-compound induced fluorescence.  To 

verify that this was not the case for abyssomicin II, my collaborators at Gilead 

performed a qPCR analysis of viral RNA (Roche COBAS TaqMan HIV-1 v2.0)34 to 

directly measure viral expression (Figure 5.5 b).  Viral RNA increased in a dose-

dependent manner when treated with abyssomicin II, albeit with low signal relative to 



217 

 

background expression.  Nevertheless, these data indicate that HIV reactivation is due 

to abyssomicin II treatment and not a false positive.  

 
Figure 5.5. Abyssomicin II bioactivity. (a) Abyssomicin II dose response curve in 

latent HIV reactivation assay. (b) Viral qPCR dose response curve. 

 

Currently, all validated ex vivo HIV reactivating agents are modulators of 

histone deacetylase (HDAC) or PKC.35,36 To determine whether abyssomicin II’s 

mode of action was different to those of known reactivating agents, my collaborators 

at Gilead submitted abyssomicin II to HDAC and PKC assays. Abyssomicin II has no 

activity in either assay up to the highest tested concentrations (Data not shown).  

These data indicate that the mechanism of action for reactivation of latent HIV is 

independent of PKC activation and HDAC inhibition, making abyssomicin II a 

priority candidate for ex vivo studies.  If abyssomicin II displays ex vivo activity, this 

will be the first validated small molecule shown to induce ex vivo reactivation of 

latent HIV through a mechanism independent of PKC and HDAC modulation.  

5.3. Conclusion   

After two decades since the inception of HAART treatments, HIV is still a 

global pandemic needing indefinite drug treatment for patients.  Reactivation of latent 

HIV is currently seen as a promising approach for curing HIV, however only a few 



218 

 

compounds have been validated as reactivating agents in ex vivo studies.  In order to 

identify novel reactivating agents, we screened a microbially-derived prefractionated 

natural products library against latent HIV infected CD4+ T cells. This screening 

campaign lead to the discovery of two new abyssomicin analogs, abyssomicin III and 

IV, and to the discovery of abyssomicin II as a reactivator of latent HIV.  This 

reactivating activity was recapitulated in patient-derived CD4+ T cells, a very 

promising activity that the majority of non-cytotoxic HIV reactivating agents lack39 

or have yet to be reported.40 Mechanism of action studies suggest that that 

abyssomicin II’s reactivation is independent of PKC and HDAC modulation, which 

indicates that abyssomicin II either possesses a new mechanism of action or is the 

first transcriptional elongation factor-mediated HIV reactivator.   

While the relatively weak reactivation activity of abyssomicin II obstructs it 

from becoming a clinical lead compound, its unique biological properties make it an 

interesting molecular probe. It is envisioned that understanding the unique 

reactivation activity of abyssomicin II may generate a broader knowledge of the 

mechanisms of HIV reactivation, and potentially identify novel druggable targets for 

curing HIV. 

5.4. Experimental 

5.4.1. General Experimental Procedure 

Reactions were performed under an argon atmosphere using freshly dried 

solvents. Methylene chloride (DCM) was dried by passing through an activated 

alumina column. Solvents used for HPLC chromatography were HPLC grade and 
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were used without further purification. Optical rotations were measured on a Jasco P-

2000 polarimeter using a 10 mm path length cell at 589 nm. NMR spectra were 

acquired on a Varian Inova 600 MHz spectrometer equipped with a 5 mm HCN triple 

resonance cryoprobe, and referenced to residual solvent proton and carbon signals 

(δH 7.260, δC 77.160 for Chloroform-d, δH 2.500, δC 39.520 for DMSO-d6 and δH 

3.310, δC 49.00 for Methanol-d4). High resolution mass spectrometer data was 

acquired using an Agilent 6230 electrospay ionization (ESI) accurate-mass time-of-

flight (TOF) liquid chromatograph/mass spectrometer.    

5.4.2. Synthesis and Chemical Characterization 

(R)-MTPA Ester of Abyssomicin II. (S)-MTPA acid (10.1 mg, 43.4 μmol), 

DCC (89.6 mg, 57.8 μmol), and DMAP (1.0 mg, 8.2 μmol) were added to a solution 

of abyssomicin II (10.0 mg, 28.9 μmol) in dry CH2Cl2 (5 mL). After stirring for 4 h at 

room temperature, the reaction mixture was purified by silica gel column 

chromatography (n-hexane/EtOAc, 10:1−1:1), which gave (S)-MTPA ester of 

abyssomicin II (8.5 mg, 52%). 7.50 – 7.38 (m, 5H), 6.32 (dd, J = 16.7, 6.7 Hz, 1H), 

5.98 (d, J = 16.7 Hz, 1H), 5.02 (d, J = 2.2 Hz, 1H), 3.49 (t, J = 1.2 Hz, 3H), 3.16 (ddd, 

J = 13.6, 5.0, 3.8 Hz, 1H), 3.02 (dd, J = 6.7, 2.2 Hz, 1H), 2.52 (dd, J = 13.1, 10.8 Hz, 

1H), 2.45 (td, J = 13.2, 4.3 Hz, 1H), 2.41 (dt, J = 6.7, 3.9 Hz, 1H), 2.31 (ddd, J = 10.8, 

7.1, 2.7 Hz, 1H), 1.90 (ddt, J = 16.4, 12.9, 3.7 Hz, 1H), 1.61 (dq, J = 16.1, 4.6 Hz, 

2H), 1.56 (dd, J = 13.1, 2.6 Hz, 1H), 1.47 (s, 3H), 1.25 (t, J = 7.1 Hz, 1H), 1.11 (d, J = 

6.7 Hz, 4H), 1.06 (d, J = 7.1 Hz, 4H). 
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5.4.3. NMR Spectra 
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