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Abstract 
 

 Natural product metabolites have proven time and time again to be efficient therapeutics 

against a wide range of targets and possess great potential for structural diversity in 

pharmaceutical discovery. These diffusible metabolites mainly produced by plants, fungi and 

bacteria have the tendency to be toxic as they are sometimes secreted to avoid or warn predators. 

Those originating from microbes are particularly attractive because of their inherent structural 

characteristics, the ability to be grown in large-scale cultures and the potential to manipulate or 

engineer their biosynthetic pathways to produce a wide range of structural analogs. The work 

presented herein will focus on the search for secondary metabolites from marine microbial 

extracts present in the Center for Chemical Genomics at the Life Sciences Institute for treatment 

and eradication of life-threatening diseases, such as the Human Immunodeficiency Virus (HIV) 

and pathogenic bacterial infections.  

 The first chapter will expose phosphopantothenoylcysteine synthetase (PPCS) as a 

druggable target for new antimicrobial development. This enzyme is responsible for installing a 

cysteamine group within phosphopantetheine, a key structural element in biological acyl transfer 

reactions found embedded within coenzyme A (CoA). In this study, we adapted a biochemical 

assay specific for bacterial PPCS to screen for inhibitors of CoA biosynthesis against a library of 

marine microbial derived natural product extracts (NPEs). Analysis of the NPE derived from 

Streptomyces blancoensis led to the isolation of novel antibiotics (10-12, and 14) from the 

adipostatin class of molecules. The most potent molecule (10) displayed in vitro activity with 

IC50= 0.93 µM, against S. pneumoniae PPCS. The whole cell antimicrobial assay against isolated 

molecules demonstrated their ability to penetrate bacterial cells and inhibit clinically relevant 

pathogenic strains. This establishes the validity of PPCS as a pertinent drug target, and the value 

of NPEs to provide new antibiotics. 

 For the second project we focused on using natural products to target the HIV-1 Nef 

accessory protein for inhibition. This protein has a leading role in evading recognition by 

cytotoxic T lymphocytes (CTLs) and spreading the virus efficiently through the host cell. 



 xi 

Specifically, this protein mediates the mislocalization and subsequent degradation of the 

antigen-presenting major histocompatibility complex I (MHC-I). Targeting Nef could potentially 

reverse its effects on infected cells and reduce the viral load significantly. A high-throughput 

cell-based screen was developed in collaboration with Dr. Collins lab (UM-Medical School) to 

identify inhibitors of Nef-mediated MHC-I downregulation by infecting cells expressing 

HLA-A2, a common allele of MHC-I, with an adenoviral vector potently expressing Nef. From 

the 11 strains determined to posses Nef inhibitory activity, we identified the plecomacrolide 

family of natural products as the active component in at least two of the strains. Specifically, 

bafilomycins and concanamycin A potently restored surface expression of the MHC-I molecules 

in human primary cells at pM to nM concentrations. 
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Chapter 1 

Background and Introduction 

 
1.1 Therapeutic Uses of Natural Products 

1.1.1 Natural Products Throughout History 

 It is a well-recorded fact that humans have been taking advantage of the potency in plants 

and fungi to benefit our health for thousands of years. As early as the 30th century BC we have 

documented herbal medical records from the Sumerians.1-2 Later on, Egyptians made use of 

honey, fruits and plant extracts to create topical ointments, oils for curing constipation and 

mouthwashes to combat common colds.3-5 The incorporation of plants and soils into medical 

practice gained popularity throughout Asian cultures during the 2nd century BC,1, 6 and kept 

spreading during the 15-16th centuries to civilizations like the Greeks and Romans.4 Philosophers 

and scientists like the Greek Theophrastus and Roman Pliny the Elder compiled information on 

their known uses of plant therapeutics, their application and proper storage. Unbeknownst to 

them at the time, the healing properties from these life-changing treatments rise from secondary 

metabolites, also termed natural products (NPs), mainly produced by plants, fungi, cyanobacteria 

and bacteria. The NPs are organic compounds not required for the organisms main survival, 

given they have no involvement in their development, but provide protection against competing 

species when these are released to the environment.7-8  

 During the early 1800s, an important turn in natural products exploration occurred when 

Friedrich Sertürner isolated an analgesic from opium plants.9 As the Greco-Roman plant 

medicine had a prominent influence over the Western world, the newly discovered drug was 

named morphine after the Greek God of dreams, Morpheus, as it made patients drowsy. The 

discovery of the opioid class of drugs and their success at treating acute and chronic pain 

increased the curiosity towards plant medicine and inspired many scientists to seek novel 

compounds, leading to discoveries such as codeine and nicotine.4, 10 With these great findings 
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new issues concerning NPs production time and quality arose. These challenges caused the 

scientific drug discovery efforts to shift towards chemical synthesis, which gave way to the first 

synthetic natural product salicylic acid in 1853.11 Inarguably, the most important development in 

the field was the later discovery in 1928 by Alexander Fleming of the fungal derived penicillin 

antibiotic.12 This antibiotic was introduced in 1942 to treat bacterial infections13 and it is still 

widely used to this day, although it has encountered drug resistance by different types of 

bacteria. The improvement on human health that came with these findings built the foundations 

for microbial focused drug discovery and fostered the pharmaceutical industry that is known 

today.  

1.1.2 Drug Discovery Exploration and Development 

 As the pharmaceutical industry grew and more microbial-focused research programs 

were developed, the natural products field bloomed into its so-called “golden age” through the 

early 1900s.14 The search for biologically relevant molecules that could act as anti-fungal, anti-

bacterial, anti-cancer and a wide variety of other diseases yielded the discovery of tetracycline, 

gentamicin and streptomycin (Fig 1.1).15 At this time many NP discovery programs shifted their 

efforts towards developing microbial fermentation methods and technologies with the goal to 

probe the wide range of secondary metabolites produced by bacteria. Several decades later, two 

cholesterol biosynthesis inhibitors forming the statins class of molecules were discovered, 

compactin and mevinolin, thanks to their anti-fungal activities.16-17 Due to their success when 

included into the patient’s daily routine, as well as the positive impact in the pharmaceutical 

business, many of the research in the field was redirected towards the search for additional statin 

molecules and their production.  
 

1.2 Current Scope of Natural Products 

1.2.1 Scaffold Diversity 

 With so many NPs discovery groups identifying different biologically relevant targets to 

inhibit, a wide range of novel scaffolds were unearthed as expected. This rich source for 

diversity emerged from millions of years of exposure to biotic and abiotic stresses caused by 

both environmental factors and unnatural occurrences.18 Thanks to this, secondary metabolites 

posses several therapeutic properties, which have lead NPs to be effective in most clinical 

medicine areas. By 2013 over a third of the novel Food and Drug Administration (FDA) 
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approved entities were NP or NP derivatives.19 Microbes in particular produce intriguing 

diffusible metabolites when reaching stationary phase that have the potential to be toxic against 

neighboring species, as part of the continuous war for resources.20 Their inherent structural 

characteristics, ability to be produced from cultured bacteria in large-scale and the potential to 

manipulate or engineer their biosynthetic pathways to produce a range of structural analogs make 

bacterial NPs particularly attractive for medicinal research areas. With how extensive they have 

been studied, it is no surprise a great deal of drugs marketed nowadays are comprised of bacterial 

NP or its derivatives.21 

 
Figure 1.1. Natural Products as a source for medicine. These examples of clinically relevant secondary metabolites 

are derived from plants, fungi or bacteria and show the wide range of scaffold diversity that can be exploited for 

therapeutic purposes. 

 

1.2.2 Drug Resistance 

 The popularity and success of NP drug discovery continued to apply pressure on 

companies to present new drugs to the market at higher rates and quantities. In spite of their 

success in clinical trials and with the many limitations surrounding production costs, difficulties 

with isolation, time consumption and arduous labor, there was a decline in pharmaceutical NP 

research.22-23 Efforts were mostly shifted to combinatorial synthesis and high-throughput 

screening campaigns that created large, small molecule libraries.24-25 Regrettably, this decline in 
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NP drug discovery seamed to have a correlation with a plunge in the introduction of lead 

compounds, and subsequent drug approval by the FDA.26-27  

 This loss in drug discovery is frightening given that an estimated 2 million patients in the 

US alone are exposed to infections that cannot be effectively eradicated by the current available 

treatments.28 Most classes of drugs currently used were discovered before the 1970s and only a 

small amount of novel scaffolds have been introduced thereafter.29 Since then researchers have 

developed techniques, such as synthetic modifications and synergistic approaches, to increase 

potency on the drugs available, but bacteria have been faster at acquiring resistance to the new 

antibiotic generations than scientists have been able to strategize.30-31 Equally alarming, the 

public health is at further risk of drug resistance from many cancers and viruses towards their 

chemotherapeutics and antiviral treatments. It is of the utmost importance for researchers to 

continue the search for novel chemical scaffolds as well as new biologically relevant areas to 

target for inhibition. With the sheer amplitude of undiscovered marine microbes in the globe and 

the enormous chemical diversity shown to date, bacteria represent a possible route towards 

uncovering potential bioactive molecules.  

 

1.3 Natural Products Biosynthesis 

 Historically, most NPs that have shown promising biological activities belong to the sub-

classes of polyketides (PKs), like geldanamycin and erythromycin,32-33 or non-ribosomal 

peptides (NRPs), such as actinomycin and vancomycin.34-35 Their biosynthetic machinery 

consists of multimodular catalytic domains, all arranged in an orderly fashion. The reactions 

within each module yield molecules with elaborate stereospecificity and regiospecificity.36 

Fusion PKs-NRPs molecules are also present in nature and possess their own unique structural 

characteristics.  

1.3.1 Polyketide Synthases  

 Biosynthetic pathways involved in the production of polyketides, called polyketide 

synthases (PKS), are classified into three categories.37-38 Type I is composed of large modular 

proteins gathered as an assembly line where each module contains various domains with their 

specific roles.39 Synthesis of the secondary metabolites is divided into three main stages: loading, 

elongation and release. The process begins with the loading of a two carbon acetyl-CoA 

molecule, or a derivative, into the loading site. In general, a PKS module will contain a 
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ketosynthase (KS), acyltransferase (AT) and a acyl carrier protein (ACP), with possible 

additional domains that can provide further modifications to the molecules by converting the 

new keto group to a hydroxyl, double bond or single bond (Fig 1.2).40 For elongation to occur, 

the AT domain will select a specific acyl-CoA derivative, usually malonyl-CoA and its 

derivatives, and load it into its ACP domain. Successively, the KS domain mediates the carbon-

carbon bond formation by taking the polyketide chain from the previous ACP through non-

covalent docking interactions, and catalyzing the decarboxylation of the new malonyl 

derivative.41-42 This resulting nucleophile will then react with the growing chain through a 

Claisen condensation, leaving the current ACP with the elongated polyketide chain. The process 

will repeat through the assembly line-like pathway with a vast number of domain combinations 

and malonyl derivative extender units available to create diverse structural backbones. Finally, 

the TE domain will hydrolyze the finished molecule from the last ACP domain, freeing it from 

the megasynthase.  

 

 
Figure 1.2. General PKS module scheme.  After selection of the extender unit by the AT domain and subsequent 

loading into the ACP domain, decarboxylation followed by a Claisen condensation are catalyzed by the KS domain. 

Additional domains can be present to perform keto reduction (KR), dehydration (DH) and double bond reduction 

(ER). 
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1.3.2 Non-Ribosomal Peptide Synthetases 

 Similar to PKs, NRPs are made through distinct modular enzymes part of a large 

assembly line called non-ribosomal peptide synthetase (NRPS). As the name suggests, the 

building blocks or units used to assemble the molecules are amino acids or their derivatives, as 

opposed to the acyl derivatives used for PKS. The assembly of these ribosome independent 

peptides follows a similar fashion in that it contains a starting and a release module with a 

number of elongation modules in between. Each of the modules requires an adenylation domain 

(A), condensation domain (C) and a peptidyl carrier protein (PCP) for it to function (Fig 1.3).43-45 

The starting unit is activated by the A domain through a trans-esterification with ATP. In turn, 

the PCP domain requires proper assembly with the addition of the prosthetic 4’-

phosphopantetheinyl moiety to a serine residue, which will result in a free thiol group. The 

aminoacyl-adenylate will react with the thiol, a process catalyzed by the A domain, to create a 

covalent bond between the PCP domain and the amino acid. During the elongation process, the C 

domain will catalyze the interaction between the amino group of the current amino acid and the 

activated thioester group from the previous to create a peptide bond. Additional domains that 

further diversify the growing chain can also be present within the elongation modules. One of the 

most common is the epimerization domain (E), which inverts the stereochemistry of the amino 

acid from L to the uncommon D configuration. Other modifying domains catalyze methylation 

of the amino group (NMT) and cyclization into thiazoline or oxazoline rings (Cy) in amino acids 

with nucleophilic side chains. Further oxidations of the rings into thiazoles or oxazoles, as well 

as reductions into thiazolidines or oxazolidines, can be achieved by additional oxidation and 

reduction domains. Like PKS, a thioesterase domain will hydrolyze the final peptide molecule 

from the synthetase to form a macrocycle, although sometimes a reductive release is possible in 

the presence of a reductase domain and results in a linear peptide with either an alcohol or 

aldehyde at its terminal.46  

1.3.3 PKS-NRPS Hybrids and Tailoring Enzymes 

 Given the many similarities between both PKS and NRPS, it is possible to have pathways 

with characteristics of both classes of NPs.47 The hybrid systems use modules of both PKS and 

NRPS for its production line in either sequence. These combinations further expand the array of 

secondary metabolite core scaffolds the microbes are able to create, which can later be exploited 
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by scientists. Finally, both PKs and NRPs, as well as fusion molecules, are further modified after 

release by enzymatic tailoring. Some of these modifications are made by halogenases, cyclases, 

oxidoreductases, methyltransferases and glycosyltransferases.48 With the abundance of 

functional groups that can be introduced into the secondary metabolites thanks to tailoring 

enzymes, a lot of the properties can be manipulated through their application via combinatorial 

biosynthesis, e.g. higher solubility, increased bioactivity, lower toxicity.  

 

 
Figure 1.3. General NRPS module scheme. After selection of amino acids by the A domain and loading into PCP 

domain, peptide bond formation is aided by the C domain. Additional domains can be present and are responsible 

for epimerization (Ep), amino group methylation (MT) and cyclation of nucleophilic side chains with the amino 

group (Cy). 
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thanks to the numerous possible combinations in their biosynthetic pathways. The growing 

public health concerns pertaining severe infections and diseases make searching for novel areas 

to target a focus for scientists. With the vast expanse of current drugs on the market that 

originated from NPs, and the many distinctive scaffolds surely waiting to be discovered, NPs 

represent an important and promising area for the discovery of future therapeutics.  

 This dissertation will feature two independent projects that center on using NP extracts 

produced by marine microbes to identify potential inhibitors of biologically relevant targets. The 

first project shown in chapter 2 will explore using a member of the Coenzyme A (CoA) 

biosynthesis called phosphopantothenoylcysteine (PPCS) as a drug target for developing new 

antimicrobials.49-50 To achieve this we adapted a biochemical assay specific for bacterial PPCS to 

screen for inhibitors of CoA biosynthesis against a library of marine microbial derived natural 

product extracts (NPEs).  

 The following chapter will present the Nef protein as a target for HIV-1 eradication from 

host cells. This accessory protein encoded by HIV is a key player in the immunoevasion of the 

virus from the cytotoxic T lymphocytes (CTLs).51-53 We believe targeting the Nef protein for 

inhibition could potentially reduce the infected cells viral load significantly. A high-throughput 

screen was developed in collaboration with Dr. Kathleen Collins lab (UM-Medical School) that 

tests the wide variety of marine microbes present in the Center for Chemical Genomics (CCG) at 

the Life Sciences Institute. We aimed to identify a new class of Nef inhibitors that could 

potentially aid in future developments of antiretroviral therapy. A summary of this dissertation 

and a look into the future directions for this project will be exposed in the fourth and final 

chapter. 
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Chapter 2 

Adipostatins E-J, New Potent Antimicrobials Identified as Inhibitors of 

Coenzyme-A Biosynthesis 

 
2.1 Introduction 

2.1.1 Urgent Need for New Antibiotics 

 Since the surfacing of antibiotics, the quality of life has improved immensely by the 

successful treatment of fatal bacterial infections. Sadly, their triumph also led to the misuse of 

these drugs and gave rise to mutated resistant bacteria capable of combating antibiotics and 

proliferating in the host after treatment.1-2 The emergence and rapid spread of antibiotic 

resistance presents a multifaceted challenge to health management through serious pathogenic 

infections. Currently, the extent of these multidrug resistance pathogens is epitomized by 

‘ESKAPE’ organisms (Enterococcus spp., Staphylococcus aureus, Klebsiella spp., Acinetobacter 

baumannii, Pseudomonas aeruginosa and Enterobacter spp.).3 

 Methicillin resistant Staphylococcus aureus (MRSA) is known for causing skin and soft 

tissue infections, such as abscesses and furuncles, and even pneumonia in more extreme cases. 

With two in 100 people being MRSA carriers, a big segment comprised of medical personnel, 

this antimicrobial resistant version of S. aureus is a serious health threat.4 Alarmingly, MRSA 

resists treatment from currently available β-lactam antibiotics and some strains have also shown 

resistance to other common antibiotics, such as tetracycline and erythromycin.5-7 Other 

commonly encountered antimicrobial resistant bacteria are the vancomycin resistant Enterococci 

(VRE), E. faecalis and E. faecium. Although they do not usually cause complications while 

living in human intestines, they can sometimes cause bloodstream and urinary tract infections.  

 The genesis of the current antibiotic crisis can be directly attributed to the lack of 

discovery platforms for novel antimicrobials.8 Efforts that began in the past few decades by 

enhancing the established core scaffolds by synthetic modifications have continued, but only one 
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new antibiotic class (daptomycin) was introduced between 1962-2015.9-10 Therefore, a reliable 

platform to combat antibiotic resistance needs to be developed through novel target based 

approaches for the discovery of new chemical entities.8, 11 

2.1.2 Coenzyme A as a Drugable Target 

 Coenzyme A (CoA) biosynthesis in particular may represent an effective antimicrobial 

target due to the substantial hurdles it presents to bacterial antibiotic resistance (Fig 2.1).12 CoA 

is an indispensible enzyme cofactor for all living organisms involved in metabolic reactions such 

as fatty acid metabolism and the Krebs cycle, as well as secondary metabolic reactions. It has 

been estimated that between 7-13% of all enzymes use CoA to achieve their activity.12-13 In 

many cases deprivation of CoA has lead to cell stasis or improper cell development, while 

knockouts of CoA biosynthetic genes have shown to have lethal repercussions.12, 14 Given its 

importance and universal use, CoA has long been sought by researchers as a target for its 

regulation and biosynthesis.  

 
Figure 2.1. Schematic depicting pantothenate uptake and transformation into CoA through the CoA biosynthetic 

pathway. Most organisms rely on the uptake of exogenous pantothenate and virtually all organisms have 

pantothenate uptake capabilities. 

 

2.1.3 Phosphopantothenoylcysteine Synthetase 

 CoA biosynthesis occurs as part of a five-step process; phosphopantothenoylcysteine 

synthetase (PPCS) is involved in the second step by catalyzing the installation of a cysteine 
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moiety to 4'-phosphopantothenate (2) (Fig 2.1-2.2).15-16 PPCS can be broadly classified into three 

groups: Type I PPCSs, primarily found in bacteria and archaea, are manifested in nature as the C-

terminal domain of a bifunctional protein fusion in conjunction with 

phosphopantothenoylcysteine decarboxylase (PPCDC) and require CTP to function.15-16 Type II 

PPCSs, expressed as monofunctional enzymes, utilize either ATP or CTP and can be found 

mainly in eukaryotes.17-18 Type III PPCSs, also expressed monofunctionally, have been shown to 

be CTP specific and are found in a smaller subset of bacteria.18 Although the peculiar nucleotide 

selectivity could be an attractive target for the design of bacterial inhibitors validated by a series 

of intermediate-mimicking inhibitors,18 no novel chemical structures have been identified.  

 
Figure 2.2. Reactions catalyzed by phosphopantothenoylcysteine synthetase. The current proposed two-step 

mechanism consists of the creation of a 4’-phosphopantothenoyl cytidylate intermediate after nucleophilic attack on 

the CTP by the carboxylic acid, followed by an attack from the cysteine amino group onto the cytidylate.19  

 

 In our ongoing quest to discover new structural classes of antibiotics,11, 20-22 we 

developed an in vitro high throughput assay against bacterial PPCS to investigate our unique 

NPE library in the search for new microbial inhibitors.23 Herein, we describe the discovery of six 

new congeners belonging to the adipostatin class of metabolites, isolated and characterized 

through a HTS campaign. We have also established the efficacy of newly discovered molecules 

through an in vitro study against a panel of 11 clinically relevant pathogenic microbes. 
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2.2 Results and Discussion  

2.2.1 High-Throughput Screening for Inhibitors of Coenzyme A Biosynthesis Derived from 

Natural Product Extracts  

 Motivated by the urgent requirement of new structural class of antibiotics, we selected a 

marine microbial derived NPE library housed at the CCG to identify inhibitors of bacterial PPCS 

in collaboration with Dr. Jiangwei Yao from Dr. Dotson’s lab. According to a recent study, 

natural products account for the majority of currently marketed drugs10 and the marine 

environment represents a potentially unexplored source of novel chemical entities.24 We 

optimized the malachite green reporter based enzymatic HTS assay specific to S. pneumoniae 

PPCS,25 and conducted a high throughput campaign against a library of 11,000 marine 

microbial-derived NPEs (Fig 2.3; Fig SI-2.2). The malachite based HTS assay and the inorganic 

pyrophosphatase based counterscreen when selected against the threshold of > 90% and < 10% 

respectively, yielded active extracts from 22 strains (Fig 2.3). The lowest concentration of PPCS 

used for the HTS assay was 12.5 nM, which produced a response fit for screening (SI-2.1). Low 

enzyme concentrations were preferred to capitalize on the opportunity for detecting extracts that 

contain low abundance bioactive constituents.  

 

 
Figure 2.3. Triage of hits obtained during HTS of PPCS against the microbial natural product extracts library. 
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 Among the active extracts, Streptomyces blancoensis (strain 20733-1; Fig SI-2.1-2.6) was 

of particular interest owing to the observed Hill slope of 2.6 with an IC50 value of 0.03 mg/mL 

(Fig SI-5). The strain was originally isolated from marine sediments collected in San Miguel, 

Costa Rica (-9o 33’ 29”, 85o 06’ 40”) in the Cabo Blanco Nature Reserve.  

2.2.2 Isolation and Structural Elucidation of the Adipostatins (6-7, 10-15) 

 A recurring bioactivity guided preparative C18 fractionation (Fig SI-2.7) and ensuing RP-

C18 HPLC purification (Fig SI-2.8) yielded two known adipostatins A-B (6-7) and six new 

congeners, adipostatins E-J (10-15) with structures likely derived from a type I PKS pathway.  

The HR-APCI-MS data and the analysis of 1D and 2D NMR data confirmed the identity of 6 

and 7 to be adipostatins A and B; previously reported as glycerol-3-phosphate dehydrogenase 

inhibitors.26 Furthermore, 6 and 7 in addition to two more congeners adipostatins C-D (8-9) have 

been recently reported to possess anti-parasitic activity,27 however 8 and 9 were not observed in 

our study. Adipostatin E (10) was purified as light yellow amorphous solid possessing the 

molecular formula of C22H38O2 based on [M+H]+ ion peak m/z 335.2899 (Figure SI-2.9). The 1H 

and 13C NMR data, recorded in CD3OD, indicated the polyketidic nature of 10 with the tell tale 

presence of 1H NMR peak at δ 1.31 suggesting an aliphatic chain consisting primarily of 

methylene groups. The presence of triplet at δH 0.86 (δC 11.2) suggested a terminal methyl group, 

which in turn showed a COSY relay with δH 1.32 (δC 30.1) methylene connected to the tertiary 

carbon (δC 40.3) through δH 1.18. Further analysis of the 1H and gCOSY spectrum suggested two 

more methyl doublets at δH 0.88 and 0.89 connected to δH 1.52 (δC 27.3), completing the 

terminal dimethyl moiety (Fig SI-9-14).  

Furthermore, the 13C and HSQC NMR spectra revealed the presence of at least three 

quaternary carbons at δC 145.3 (an aromatic carbon) and δC 159.2 (two aromatic carbons). 

Moreover, the COSY correlations between two equivalent aromatic protons with signals at δH 

6.08, 6.12 along with their gHMBCAD correlation with carbons at δC 100.9, 107.9, 145.3 and 

159.2 unambiguously demonstrated the presence of a resorcinol moiety (Table I; Figure SI-2.9-

2.14). The rest of the molecule consisted of a methylene aliphatic chain en suite to complete the 

planar structure of 10 (Fig 2.4).  

The adipostatin E (10) carries a single stereocenter at carbon-17; which owing to its structural 

complexity was analyzed using J-based configuration analysis (JBCA) for proposing relative 

configuration.28 We calculated 3JH-H values using a combination of phase sensitive double 
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quantum filtered (PS-DQF-COSY) and homonuclear 2DJ (HOMO2DJ) spectroscopy (Fig SI-

2.15-2.16). The chemical shifts obtained at the C18-C17 axis suggested a large coupling constant 

at 3JH18-H17 ≈ 6.1 Hz inferring their anti orientation and therefore, providing only two possible 

conformations. However, upon analyzing ROESY data (Fig SI-2.17) closely, it became evident 

that the defined difference of proton chemical shifts at δH-19 and δH-20 does not provide robust 

evidence to suggest a plausible conformation. 

Adipostatin F (11) was isolated by RP-HPLC from the same C18 fraction containing 

compound 10. The HR-APCI-MS of the molecule provided the same molecular formula 

C22H38O2 as 10 based on similar [M+H]+ ion peak m/z 335.2920 indicating 10 and 11 to be 

regioisomers (Fig SI-18). As expected, the extensive 1D and 2D NMR spectra showed 

comparable chemical shifts with a similar carbon backbone except towards the terminal end. The 

presence of merged doublets at δH 0.88-0.90 with distinct carbon shifts (δC 22.6, 22.61 and 16.4, 

respectively) together with COSY relay from δH 0.88 to δH 0.90 through δH 1.35 and δH 1.30, 

respectively suggested the tri-methyl containing terminal moiety completing the planar structure 

of 11 (Table I; Fig 2.4; Fig SI-2.19-2.21). 

 Furthermore, HR-APCI-MS analysis of 12 and 13 yielded the [M+H]+ ions at m/z 

349.3090 and 349.3087, respectively (Fig SI-2.20, 2.26), indicative of their structural 

relationship as positional isomers established through the same predicted molecular formula of 

C23H40O2. The extensive 1D and 2D NMR spectra revealed equivalent chemical shifts compared 

to the carbon skeleton of 10 and 11 with the only apparent difference appearing as an additional 

CH2 component (Fig SI-2.21-2.29). Further characterization revealed a clear difference at the 

terminus of the aliphatic chain; where the presence of a clear doublet at δH 0.90 (δc 23.1) in 12 

and a triplet at δH 0.88 (δC 22.7) in 13 established them to be adipostatins G (12) and H (13), 

respectively (Table I; Fig 2.4). 

 The same C18 fraction also led to the isolation of 14 and 15 with HR-APCI-MS providing 

the molecular formula of C24H42O2 and C26H46O2 based on [M+H]+ ion peak at m/z 363.3180 and 

m/z 391.2852, respectively (Fig SI-2.30, 2.34). The in-depth analysis and comparison of 1H, 

HSQCAD and gCOSY spectra obtained for 14, clearly indicated the extension in aliphatic 

framework with terminal branching into a di-methyl unit for completing the structure of 

adipostatin I (14). Similarly, the NMR spectra acquired for compound 15 suggested further 

elongation of the aliphatic chain by two CH2 units ending with a terminal triplet at δH 0.92 (δC 
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22.9) affirming the structure of adipostatin J (15) (Table I; Fig 2.4; Fig SI-2.31-2.37). Although 

both 13 and 15 had been recently putatively identified in a metabolic profiling study of wheat,29 

their spectral data and the antimicrobial activity are not available.   

 

 
Figure 2.4. Planar structure of adipostatins (A-B, E-J). All were elucidated using extensive 1D and 2D NMR 

spectroscopy. 

 

2.2.3 Assessment of the Biological Activity of Adipostatins against Purified PPCS Enzyme and 

Microbial Cultures  

 The malachite green based bioassay was next employed to assess the dose response of 

known adipostatins A, B, H and J (6-7, 13 and 15) and new congeners adipostatins E-G and I 

(10-12 and 14) against purified S. pneumoniae PPCS. The in vitro enzymatic assay revealed an 
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intriguing trend where 6-7, 13 and 15 were observed to possess minimal inhibitory activity 

against the phosphopantothenoylcysteine synthetase tested up to a concentration of 300 µM.  

However, adipostatins E-G and I (10-12, 14) exhibited significant in vitro inhibition against 

PPCS with IC50 values of 0.93 µM, 7.1 µM, 4.3 µM and 6.62 µM, respectively (Fig 2.5). The 

differential in vitro activity of molecules seems to suggest a structure activity relationship, where 

a critical chain length is required for bioactivity that increases with simple functional group 

branching at the chain terminus (Table SI-2.1). Unfortunately, yield of isolated molecules were 

not enough to compute thorough MIC values in current setup. 

 Coenzyme A biosynthesis plays a vital role in the growth and survival of pathogenic 

microbes. Therefore, we envisaged a live microbial culture study to demonstrate that the new 

adipostatin natural products can penetrate clinically relevant bacteria in order to access the 

enzyme target, a recognized asset of secondary metabolites over some synthetic chemical 

scaffolds.30 The in vivo study included all the isolated adipostatins against a panel of eleven 

pathogenic microbial isolates (SI-1; Table SI-1). All the pathogens selected for bioassay were 

grown to mid log phase (0.4 < OD600 < 0.6) and 48 µL of culture was inoculated in 384 well 

plates pre-spotted with positive controls (kanamycin, vancomycin) and adipostatins A-B & E-J 

over the concentration range of 200 µg/mL to 0.8 ng/mL (Fig 2.5; Fig SI-2.39; SI 2.1; Table SI-

2.1). The in vivo assay unambiguously established adipostatin E (10) to be the most potent 

molecule within the class with an IC50 value against E. faecalis, B. subtilis, L. monocytogenes, B. 

anthracis and S. pneumoniae observed to be 9.23 µM, 3.44 µM, 5.98 µM, 15.6 µM, and 10.1 

µM, respectively (Fig 2.5; Fig SI-2.38; Table SI-2.1). Interestingly, none of the adipostatins were 

observed to possess noticeable inhibition against Gram-negative microbes (viz., E. coli, S. 

enterica and S. flexneri; Fig SI-2.39; Fig SI-2.38; Table SI-2.1). This might indicate that the 

molecule could also be affecting peptidoglycan synthesis and fatty acid synthesis through 

inhibition of CoA biosynthesis and, therefore, are more potent towards Gram-positive bacteria. 

Furthermore, adipostatins A-B (6-7), which were earlier observed to possess modest PPCS 

inhibitory activity in vitro (Table SI-1), showed modest in vivo antimicrobial activity with IC50 

values at least 10 orders of magnitude higher compared to 10 (Table SI-2.1). This observation 

indicates an additional cellular target, which could be glycerol-3-phosphate dehydrogenase given 

their earlier reported inhibitory mechanism.26 In the future, further chemical diversification 

through synthesis or biosynthetic pathway engineering could enable extensive analysis of the 
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selectivity (Gram-positive only) and the preliminary SAR for further optimizing the antibiotic 

activity of adipostatins. 

 
Figure 2.5. Adipostatins in vitro bioactivity. Results from malachite green bioassay against purified S. pneumoniae 

PPCS enzyme and anti-microbial assay against five Gram-positive pathogens. Experiments done in biological 

triplicates. 

 

2.3 Conclusion 

 The compounds reported herein represent the first known natural product inhibitors of 

PPCS isolated from a marine microbial-derived NPE library. Adipostatins A (6), B (7) were 

earlier reported to possess glycerol-3-phosphate dehydrogenase and anti-parasitic activity, but 

intriguingly both 6 and 7 did not exhibit any appreciable PPCS inhibitory activity. Interestingly, 
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same is the case with adipostatin H (13) and J (15) which have been previously described to be 

isolated from Cameroonian propolis and cereal bran, respectively.31-32 This class of molecules 

has been traditionally isolated with varying biological activity profiles, and recent studies have 

also shown their participation in physiological and metabolic regulations. For example, alkyl-

resorcinols produced by cereal plants were reported to decrease grazing by livestock due to its 

supposed antifeedant properties.33 Moreover, there are multiple reports where the ability of 

resorcinol lipids to bind with phospholipid proteins are described at great length indicating their 

potential to effectively interact with protein drug targets.33  

Earlier reports have validated PPCS as an effective drug target,18, 34-35 one of which describes 

the fungal metabolite CJ-15,801 acting as an antimetabolite of pantothenic acid, and processed 

by the PanK enzyme. The subsequent product is then accepted by E. coli PPCS as a tight binding 

inhibitor that impedes CoA biosynthesis (Figure 2.1).34-36 In contrast, the current study 

establishes direct competitive inhibition of PPCS with respect to CTP and is devoid of 

antimetabolite activity due to the unique structural characteristics of 10-15 compared to reported 

counterparts.34-37 Therefore, our study further supports the therapeutic utility of PPCS and 

demonstrates its potential for uncovering natural product chemical diversity viz., adipostatins E-J 

(10-15). Furthermore, the differential in vitro activity suggests an apparent structure activity 

relationship relating to aliphatic chain length and terminal branching. This information provides 

important insights for future (bio)synthetic manipulation to improve both potency and target 

selectivity. 

We have also illustrated that the adipostatins possess an innate ability to transfer through 

bacterial barriers and inhibit growth of cultures, including E. faecalis, B. subtilis, L. 

monocytogenes, and B. anthracis. This characteristic is notable as most of the previously 

reported CoA biosynthesis inhibitors have shown limited action against varied microbes, and 

thus affirms the potential value of 10-15 as well as the validity of PPCS as an antibacterial 

target.34, 36, 38 The inability of adipostatins to function as antibiotics against Gram-negative 

bacteria establishes their potential to be classified as precision antibiotics, which may have 

advantages in limiting collateral effects on the human gut microbiome. Given the simultaneous 

decline in antibiotic drug discovery and a weak pipeline of clinical candidates along with 

increasing multidrug resistant bacteria, the adipostatins may represent a promising natural 

product lead scaffold to be exploited against significant Gram-positive human pathogens.  
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2.4 Supplemental Information (SI) 

2.4.1. Phylogenetic Analysis  

 Phylogenetic analyses were conducted in GENEIOUS R6. Geneious version 8.1 created 

by Biomatters. Available from http://www.geneious.com/ 3 The evolutionary history was 

inferred using the Neighbor-Joining method. The bootstrap consensus tree inferred from 1000 

replicates was taken to represent the evolutionary history of the taxa analyzed. 

 
 
 
 
 
 
2.4.2. Development of an PPCS enzymatic assay for screening, the malachite green assay 
tailored to PPC synthetase. 
 

 
 
 
 
 



 23 

2.4.3. High throughput screening assay view against 11, 000 NPEs. Assay conducted by Dr. 

Jiangwei Yao (Dotson Lab). 
 

 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 

 
 
 
2.4.4 High throughput screening plate view of the plate containing selected active strain (20733-

1) [Shown by orange dot on Plate 14366]. 
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2.4.5. Determination of IC50 and Hill slope of SID-21269 (strain 20733-1). Data were fit via a 

standard sigmoidal dose response curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 25 

 
2.4.6. Phylogenetic analysis of the 16S rDNA gene sequences of adipostatins producing-

Streptomyces sp. 20733-1. 
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2.4.7. Small and large scale extraction schemes, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

100 %  H2O (W)

100 %  ACN (A)

C18

Large Scale Extraction Scheme

3W:2A 9W:11A 3W:7A 3W: 17A 1A9W:1A 3W:1A1W Wash

Scrape	from	
agar	plate

3ml	ISP2

Shake	2-3	days

2x250ml	
E-flasks
100ml	 ISP2	 in	
each

Shake	21	days

20x2500ml	
E-flasks
1500ml	 ISP2	 in	
each

Organic		
Extraction	

Small Scale Extraction Scheme

Organic extraction

Organic Solvent 
Pre-fractionation

Dry

In Sterile Conditions:

Centrifuge at 
5500 RPM for 

15 min

(In  conical tubes)

Shake overnight 1.5g XAD-16 
resin bag

Supernatant only

Streak 
~100µg

Spore stock Oatmeal-Agar plates
(Incubate for 2-3 days  at 28°C)

Inoculate 
~100µg 

Shake for 7- 9 
days at 28°C

High Throughput 
Screening
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2.4.8. Bioassay guided HPLC purification of adipostatins A-B, E-J. Assays conducted by Dr. 
Kyle Heslip (Dotson Lab). 
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2.4.9. HR-APCI-MS chromatogram of adipostatins E (10). 

SMILES: OC1=CC(O)=CC(CCCCCCCCCCC(CC)C(C)C)=C1 
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2.4.10. 1H NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.11. 13C NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.12. gHSQCAD NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.13. gCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.14. gHMBCAD NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.15. HOMO2DJ NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.16. dqfCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.17. ROESY NMR (600 MHz, CD3OD) spectrum of adipostatin E (10). 
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2.4.18. HR-APCI-MS chromatogram of adipostatins F (11). 

SMILES: OC1=CC(O)=CC(CCCCCCCCCCCC(C)C(C)C)=C1 
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2.4.19. 1H NMR (600 MHz, CD3OD) spectrum of adipostatin F (11). 
 
 

  



 39 

2.4.20. gHSQCAD NMR (600 MHz, CD3OD) spectrum of adipostatin F (11). 
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2.4.21. gCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin F (11). 
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2.4.22. HR-APCI-MS chromatogram of adipostatins G (12). 

SMILES: OC1=CC(O)=CC(CCCCCCCCCCCCCCC(C)C)=C1 
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2.4.23. 1H NMR (600 MHz, CD3OD) spectrum of adipostatin G (12). 
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2.4.24. gHSQCAD NMR (600 MHz, CD3OD) spectrum of adipostatin G (12). 
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2.4.25. gCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin G (12). 
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2.4.26. HR-APCI-MS chromatogram of adipostatins H (13). 

SMILES: OC1=CC(O)=CC(CCCCCCCCCCCCCCCCC)=C1 
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2.4.27. 1H NMR (600 MHz, CD3OD) spectrum of adipostatin H (13). 
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2.4.28. gHSQCAD NMR (600 MHz, CD3OD) spectrum of adipostatin H (13). 
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2.4.29. gCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin H (13). 
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2.4.30. HR-APCI-MS chromatogram of adipostatins I (14). 

SMILES: OC1=CC(O)=CC(CCCCCCCCCCCCCCCCCCCC)=C1 
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2.4.31. 1H NMR (600 MHz, CD3OD) spectrum of adipostatin I (14). 
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2.4.32. gHSQCAD NMR (600 MHz, CD3OD) spectrum of adipostatin I (14). 
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2.4.33. gCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin I (14). 
 

  



 53 

2.4.34. HR-APCI-MS chromatogram of adipostatins J (15). 
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2.4.35. 1H NMR (600 MHz, CD3OD) spectrum of adipostatin J (15). 
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2.4.36. gHSQCAD NMR (600 MHz, CD3OD) spectrum of adipostatin J (15). 
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2.4.37. gCOSY NMR (600 MHz, CD3OD) spectrum of adipostatin J (15). 
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2.4.38. Table SI 1- In vitro and microbial bioactivity (µM) assessment of adipostatins A-B (6-7) 

and E-J (10-15) against purified enzyme. 

Adipostatin A (6) >300 

Adipostatin B (7) >300 

Adipostatin E (10) 0.93 

Adipostatin F (11) 7.1 

Adipostatin G (12) 4.3 

Adipostatin H (13) >300 

Adipostatin I (14) 6.62 

Adipostatin J (15) >300 

 

 

2.4.39. Table SI 2- In vitro and microbial bioactivity (µM) assessment of adipostatins A-B (6-7) 

and E-J (10-15) against pathogenic microbes. 

 

 E.coli  
(MC10

61) 

E. 
faecalis  

(ATCC29
212) 

B.subt
ilis  

(168) 

MRSA 
(USA3

00) 

L.monocyto
genes  

(ATCC1911
5) 

S.aureu
s  

(Newm
an) 

B.anthr
acis  

(34f2) 

S.enterica  
(ATCC14

028) 

S.flexiner
i 

(ATCC14
028)  

K.pneumo
niae 

(ATCC29
665) 

S.pneumo
niae 

(D39) 

6 N/A >200 26.7 N/A >200 N/A 46.8 N/A N/A N/A >200 

7 78.1 81.1 54.6 N/A N/A N/A 32.5 N/A >200 >200 77.3 

1
0 

34.3 9.2 3.4 >200 5.9 N/A 15.6 N/A >200 >200 30.2 

1
1 

50.2 13.2 11.4 N/A 34.2 N/A 26.8 N/A N/A >200 47.5 

1
2 

47.3 16.9 10.2 >200 20.3 N/A 20.5 N/A N/A >200 46.3 

1
3 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A >200 

1
4 

70.2 15.3 14.5 >200 N/A N/A >200 N/A N/A >200 70 

1
5 

>200 N/A >200 N/A N/A N/A N/A N/A N/A N/A >200 
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2.4.40 In vitro enzymatic assay and antimicrobial evaluation of adipostatins against select 

pathogenic microbes showing no appreciable bioactivity.  
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2.5 Materials and Methods 

2.5.1 General Experimental Procedures  

 Spectrophotometric assays were performed on Molecular Devices SpectraMax M5 384 

variable wavelength spectrometer. All NMR spectra were acquired on a Varian INOVA 500 

MHz and a Varian INOVA 700 MHz spectrometer at the NMR Facility, Department of 

Chemistry, University of Michigan. High-resolution APCIMS spectra were measured at the 

University of Michigan core facility in the Department of Chemistry using an Agilent 6520 

QTOF mass spectrometer equipped with an Agilent 1290 HPLC system. RP-HPLC was 

performed using Luna 5 µm Phenyl-Hexyl 250 x 10 mm column in a solvent system of ACN and 

H2O. The LCMS analysis of HPLC fractions was performed on a Shimadzu 2010 EV APCI 

spectrometer using ZORBAX Extend 80Å C18, 4.6 x 100 mm, 3.5 µm HPLC column. 

2.5.2 Biological Material 

 Streptomyces blancoensis (Strain # 20733-1) was isolated from marine sediments 

collected near Cabo Blanco, Costa Rica (collection permit R-CM-INBio-30- 2007). The 

procedure for the isolation of actinomycetes from these samples was previously described by 

Magarvey et al.23 Maintenance and propagation of cultures were performed using standard media 

and protocols where 500 mg of wet sediment was diluted in 10 mL of sterile water and vortexed 

for 10 min. Then, 1 mL of this suspension was applied directly to the top of the discontinuous 

sucrose gradient and centrifuged for 30 minutes at 300 x g. 500 µL of the 20%, 30%, and 40% 

layers were then plated to HVA agar supplemented with 10 µg/mL chlortetracycline, 25 µg/mL 

cyclohexamide, and 25 µg/mL of nalidixic acid. The plates were then incubated at 28 °C for one 

month. The colony was picked off the plate and streaked onto ISP2 agar until pure. Seed cultures 

were grown in 17 mL dual position cap tubes containing 2 mL of ISP2 and grown for 4 days on a 

rotary shaker at 200 rpm. The seed culture was then poured into a 250 mL baffled flask 

containing 100 mL of ISP2 and grown for 18 days on a rotary shaker at 200 rpm. The culture 

was centrifuged at 4000 rpm for 10 min to remove the cells and 2 g of XAD16 resin (Sigma-

Aldrich, St. Louis, Mo.) contained within a polypropylene mesh bag was added to the broth and 

incubated overnight on the rotary shaker. The resin bag was removed and placed into 10 ml of 

MeOH followed by 10 ml of acetone and 10 ml of ethyl acetate. Each of the three fractions was 

dried in vacuo and reconstituted to a final concentration of 15 mg/mL in DMSO. 
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2.5.3 Culture Maintenance and Fermentation  

 Seed cultures of 100 mL (×5) of ISP2 media (1% malt extract, 0.4% yeast extract, 0.4% 

dextrose, 3% NaCl) were inoculated with a loopful of vegetative cells from an oatmeal plate (6% 

oat meal, 1.25% agar, 3% NaCl) culture of Streptomyces blancoensis and incubated with shaking 

(200 rpm) at 28 oC for 5 days. A 25 mL portion of the seed cultures were transferred to a 2.8 L 

Fernbach flask containing 1.5L of the ISP2 medium, and the 30L fermentation was carried out 

on a rotary shaker (200 rpm) at 28 °C for 11 days. After 11 days of growth, the cultures were 

harvested by centrifugation. The resulting cell free broth was subjected to solid phase extraction 

using 15 g of Amberlite XAD-16. The resin was then separated by filtration and subjected to 

organic extraction using MeOH:EtOAc (1:1). 

2.5.4 Isolation and Purification of Adipostatin E-J (10-15)  

 The organic extracts concentrated under vacuum to afford the crude extracts (~9 g) 

obtained from 20 L culture. The crude extracts were dissolved in 100 mL of H2O and were 

subjected to a C18-silica gel column (20 × 2.6 cm, YMC Gel ODS-A, 12 nm, S-150 µm). The 

C18 column was eluted with a stepwise gradient of H2O/ACN (100:0 → 0:100) to give eight 

fractions (Fr.1−Fr.8), which were then concentrated in vacuo. All eight fractions were assayed in 

the developed in vitro enzymatic assay at 10 and 1.0 ppm. The bio-active Fr.6 was further 

purified by RP-HPLC on isocratic conditions of 71% ACN for 50 minutes at a flow rate of 3 

mL/min. This was followed by UV/vis photodiode array detection at 210 nm to yield pure 

compounds 6 (2.8 mg), 7 (2.5 mg), 10 (1.8 mg), 11 (0.7 mg), 12 (0.5 mg), 13 (0.6 mg), 14 (1.3 

mg) and 15 (0.6 mg).  

2.5.5 Gene Cloning, Expression, and Purification of Streptococcus pneumoniae PPCS 25  

 Using PCR, the coaB gene was amplified from S. pneumoniae TIGR4 genomic DNA. 

The forward primer CATATGAAAATTTTAGTTACATC and the reverse primer 

CTCGAGAGAATGATAGGCTTGAATTTTTTC were utilized to introduce NdeI site before 

and XhoI site after the gene. The product from PCR amplification was digested with NdeI and 

XhoI, and afterwards ligated into pET23a(+) (Novagen), also digested with NdeI and XhoI. To 

confirm the coaB gene was inserted the DNA was sequenced and the plasmid was designated 

pUMJY140h. Because the reverse primer was designed to exclude the stop codon of the gene, 

the linker and hexa-histidine tag encoded by the pET23a(+) vector is expressed with the gene to 

generate the C-terminal hexa-histidine tagged PPCS.  
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E. coli strain BL21 AI was transformed with the pUMJY140h plasmid and later incubated in 

four 1 L flasks containing 250 mL each of LB-ampicillin media at 37ºC and 250 rpm until 

reaching an OD600 of 0.6-0.8.  The culture was then cooled to 16ºC and induced with L-

arabinose (0.065% w/v final concentration); culture was incubated at 16ºC and 250 rpm shaking 

was continued for 16 hours. Cells were harvested from 1 L of culture via centrifugation at 6,000 

x g, washed with 20 mM HEPES pH 8.0, and resuspended in 60 mL of 20 mM HEPES pH 8.0. 

The harvested cells were lysed via French Press, and the lysed mixture was centrifuged at 20,000 

x g for 30 minutes to spin down the cellular debris as the pellet.  

The resulting supernatant was shaken gently with Ni-NTA resin (4 mL per 1 L culture) in a 

solution of 10 mM imidazole and 20 mM HEPES pH 8.0 for 10 minutes. Afterwards, the mixture 

was poured into a 20 mL column and the resin was washed with 5 column volumes of 50 mM 

imidazole, 20 mM HEPES pH 8.0, followed by 5 column volumes of 50 mM imidazole, 500 mM 

NaCl, 20 mM HEPES pH 8.0. The column was pre-equilibrated prior to elution by flowing 

through 2 column volumes of 50 mM imidazole, 20 mM HEPES pH 8.0, and then eluted with 

250 mM imidazole, 20 mM HEPES pH 8.0 solution. The elution was collected as 1 mL fractions, 

until proteins were no longer eluted. The fractions containing protein were collected, diluted 4 

fold with 20 mM HEPES pH 8.0, and chromotographed on a Mono Q 5/50 GL column pre-

equilibrated with 20 mM HEPES pH 8.0 buffer. The column was eluted over a 10 column 

volume linear gradient of 0 – 0.5 M NaCl buffered with 20 mM HEPES pH 8.0. Approximately 

30 mg of S. pneumoniae PPCS was purified per liter of culture. 

2.5.6 Natural Product Extract Library 

 At the time of screening, the natural product extract (NPE) library at the University of 

Michigan Center for Chemical Genomics contained ~20,000 extracts. Each extract in the library 

is derived from marine samples collected from all over the world, including Costa Rica, Panama, 

and Papua New Guinea. Some of these samples are from isolated microbes (n=19055) while 

others were derived from field-collected biomass samples (“macrosamples,” n=800). Previous 

work describes in detail how these extracts are prepared for the library.39 

2.5.7 Assay Development and High-Throughput Screening  

 High-throughput assays were performed in 384-well polystyrene NBS plates. All 

components of the assay were dispensed with a Thermo Scientific Multidrop dispenser. First, 30 

µL of the enzyme mix, consisting of inorganic pyrophosphatase (PPiase), S. pneumoniae PPCS, 
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and MgCl2 buffered in 100 mM HEPES pH 8.0, was added to each well. In the next step, natural 

product extracts from the library, kept at 5 mM in DMSO solution, were added into the plates to 

a final concentration of ca. 15 µM with a BioMek FX automation working with a high-density 

replication pintool. Finally, the enzymatic reaction was started with the addition of 10 µL 

substrate mix, consisting of CTP, cysteine, phosphopantothenate (PPA), and DTT also buffered 

in 100 mM HEPES pH 8.0, to each well. Different amounts of reaction components were used 

for the development of the assay, but the final concentration of the 40 µL enzyme reaction used 

in our high throughput screen was 12.5 nM PPCS, 0.1 U/mL PPiase, 2 mM MgCl2, 250 µM CTP, 

250 µM DTT, 150 µM cysteine, and 150 µM PPA. 

The reaction was stopped by quenching the 40 µL reaction with 40 µL of malachite green 

after 25 minutes. This mixture was incubated at room temperature for 5 min, and the absorbance 

at 600 nm was recorded on a PHERAstar microplate reader (BMG Labtech) to determine the 

amount of phosphate produced. In order to avoid phosphate contamination, the substrate mix was 

made fresh and kept on ice until used to minimize the hydrolysis of CTP and PPA. In each plate, 

the 32 wells of the left two columns were run as positive inhibition controls (no PPCS enzyme) 

while another 32 wells of the right two columns were run as negative inhibition controls (no 

compounds, 0.5% DMSO). 

2.5.8 Confirmation and Counterscreen Assay  

 Hits selected from the primary screen were confirmed by repeating the assay with the hit 

extracts in triplicate. Because extracts that inhibit inorganic pyrophosphatase would also show as 

positives in our screen, all hits were evaluated for inorganic pyrophosphatase inhibition in a 

counterscreen. This was done in the same 40 µL, 384- well format, where a final concentration 

of 250 µM PPi was added to a solution of 10 µU/mL PPiase, 1 mM MgCl2, and the extracts in 

100 mM HEPES, pH 8.0 buffer. The reaction was incubated for 20 minutes, and subsequently 

quenched with malachite green reagent for absorbance measurement at 600 nm. Hits that showed 

inhibition against PPiase or failed the confirmation screen were not pursued further.  

2.5.9 Dose-Response Assays Against Purified Enzymes  

 The PPCS reaction was observed in the forward reaction via an enzyme coupled assay.18 

The coupled assay measured production of pyrophosphate from S. pneumoniae PPCS activity via 

the oxidation of NADH, which could be monitored as a disappearance of absorption at 340 nm. 

For each mole of pyrophosphate produced, two moles of NADH are oxidized. The commercially 
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available Pyrophosphate Reagent (PR) from Sigma-Aldrich was used as the pyrophosphate 

detection system. Assays were performed on a SpectraMax M5 (Molecular Devices) microplate 

reader using 96-well half-area plates (Costar UV), with a final assay volume of 100 µL. The pre-

incubation mixture consisted of 30 µL PR, 1U additional PPi-PFK, 10 mM DTT, and varying 

concentrations (from 2 µg/mL to 200 µg/mL final concentration) of inhibitor (dissolved in 10% 

methanol/ 90% water) in a total volume of 70 µL buffered in 50 mM Tris-HCl and pH 7.6. All 

assay mixes contained MgCl2 in 1:1 molar stoichiometry with nucleotide triphosphate in addition 

to the 2 mM MgCl2 already present from the PR. The assay mix and the enzyme solution (275 

nM PPCS in 50 mM Tris-HCl pH 7.6) were incubated at 37˚C for 15 min before the assay. 

Reactions were initiated by adding 30 µL of enzyme solution to the assay mix. The oxidation of 

NADH, monitored by a decreasing UV absorbance at 340 nm (ε = 6.22 mM-1 cm-1), was 

measured over the course of the assay and the activity of the enzyme was calculated by adjusting 

for pathlength (0.5 cm) and taking into account that each mole of pyrophosphate produced leads 

to the oxidation of 2 moles of NADH. Assays were run in duplicates, with the average velocities 

reported. As a control, pre-incubation of the PR (in the absence of PPCS) with the highest 

concentrations of inhibitors (1000 nM) showed no inhibition of the coupling enzymes when 

assayed as above with the addition of magnessium pyrophosphate (0.1 mM). 

2.5.10 Dose-Response Assays Against Microbial Cell Cultures  

 Compounds were diluted in DMSO (concentrations ranging from 100 µM to 0.8 nM; 

three fold dilutions down plate). Kanamycin and vancomycin dissolved in DMSO (at same 

concentrations) were used as positive control while an equal volume of DMSO was used as 

negative control. Strains were grown in LB-Miller medium (B. subtilis 168, E. coli MC1061, S. 

enterica ATCC14028, S. flexneri BS103 and B. anthracis 34F2 strains), BHI medium (E. 

faecalis ATCC29212, S. aureus (Newman), L. monocytogenes ATCC19115, MRSA (USA 300) 

and K. pneumoniae ATCC29665 strains) and THY medium (S. pneumoniae D39 strain). After 

overnight growth of strains (200 rpm; 37o), cultures were diluted and grown to mid log phase 

(0.4 < OD600 < 0.6). For dose response analysis, optical densities after 8 hours were taken to 

determine the highest OD (ODH) and the lowest OD (ODL) of inhibitor-treated cultures and were 

fit to the following equation using GraphPad Prism software: 

𝑂𝐷 = 𝑂𝐷! +
𝑂𝐷! − 𝑂𝐷!

1+ 10 ! !!"# !"!"
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2.5.11 16S rDNA PCR Amplification, Cloning, and Sequencing  

 The genomic DNA of Streptomyces blancoensis was extracted from 1 mL of culture 

using the Wizard® Genomic DNA Purification Kit (Promega A1120) per the manufacturer’s 

protocol. The 16S rDNA was amplified from the isolated genomic DNA by PCR using the 

universal primers FC27 (52- AGAGTTTGATCCTGGCTCAG-32) and RC1492 (52-

TACGGCTACCTTGTTACGACTT- 32).40 The PCR reaction mixtures were prepared according 

to the standard protocol described by GoTaq® Green Master Mix (Promega M7122). A Bio-Rad 

iCycler thermocycler was used for template amplification with the following PCR cycle 

conditions: an initial denaturation step at 98°C for 30 s, followed by 30 cycles of 95°C for 30 s, 

50°C for 30 s, 72°C for 90 s, and a final extension of 72°C for 7 min. The PCR products were 

purified using the Wizard® SV Gel DNA Recovery Kit (Promega A9282). The purified PCR 

fragments were modified to add a 3’ A overhang using Taq DNA polymerase. Ligation of the 

modified product into pGEM®-T Easy vector (Promega) was completed with T4 DNA Ligase 

(NEB M0202) according to the manufacturer’s standard protocol. The resulting pGEM-16S 

rDNA construct was transformed into chemically competent E. coli DH-5α cells. The 

transformation reactions were mixed with 40 µL of X-gal (20 mg/mL in DMSO) and 40 µL 

IPTG (100 mM in sterile H2O) before plating on LB agar plates containing ampicillin (250 

µg/mL). Plates were incubated overnight at 37oC for α-complementation. After incubation, 

single white colonies were used to inoculate LB media in sterile culture tubes (×6). All the tubes 

were incubated at 37oC, 250 rpm for overnight growth. Plasmid DNA was isolated from pelleted 

cells using the Wizard® SV Miniprep Kit (Promega A1460) and sequenced using T7 and SP6 

primers. The 16S sequence for S. blancoencis has been given the GenBank accession number 

KT359354. 
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Chapter 3 

Isolation, Characterization and Structural Elucidation of HIV Nef Inhibitors 

 
3.1 Introduction 

3.1.1 Viral Proliferation 

 The human immunodeficiency virus (HIV) is a life-threatening virus that spreads through 

contact with bodily fluids of an infected patient. Once inside, the virus will utilize its own 

reverse transcriptase to convert the viral single stranded RNA into a double stranded DNA and 

integrate it into the host’s chromosome.1-2 After this, it will use the cell’s own machinery to 

replicate and resume infection. HIV mainly infects cells that form part of the immune system, 

namely CD4+ T cells.3-4 When untreated, the CD4+ T cell count in the host will be reduced to 

very low levels, giving way to the development of acquired immunodeficiency syndrome 

(AIDS).5 Once the disease progresses to this stage, many opportunistic infections and certain 

cancers exploit the compromised immune system leaving the body unable to defend itself and 

ultimately cause the patient to die.  

3.1.2 HIV is a Global Threat 

 As of 2017, UNAIDS estimates 36.9 million people in the world are currently infected 

with HIV, 4.9% of these being children under 15 years of age.6 Although the majority of these 

patients reside in low and middle income countries (53% being from Eastern and Southern 

Africa), there are an astounding 4% of patients living in North America. According to the 

Centers for Disease Control (CDC), about 1.1 million of the infected patients reside in the US, 

with a yearly infection rate of 38,700 new cases per year.7 Among these, gay and bisexual men, 

particularly those from disadvantageous backgrounds, have the highest rates among all the group 

division statistics (Fig 3.1). Even though many advances have been achieved in lowering the risk 

of transmission and enhancing the success of available treatments, HIV remains a pandemic and 

a cause for concern in many countries around the globe.  
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Figure 3.1. CDC HIV-1 infection statistics. From the estimated 36.9 million patients living with HIV around the 

world, 1.1 million reside in the US; over 150,000 of these are not aware they are infected. The biggest spread occurs 

through male homosexual contacts (figure adapted from UNAIDS, 2018). 

 

3.1.3 Current Available Treatments 

 Although much research and efforts have been focused on finding ways to eradicate the 

virus, scientists have yet to identify a cure for HIV. Current treatment, known as antiretroviral 

therapy (ART), consists on the everyday consumption of three HIV drugs from two or more 

classes of inhibitors.8 This regimen targets different areas of HIV proliferation, such as inhibition 

of reverse transcriptase, protease, integrase and viral fusion into the cell (Fig 3.2).9-10 Since 

blocking these targets is not enough to eradicate the virus completely, the main goal of ART is to 

prevent the virus from creating more copies of itself to reduce the viral load within the host.8 

Preventing the progression to AIDS gives the advantage of permitting the immune system to 

recuperate some of its fighting abilities to defeat additional infections, which in turn lowers 

tremendously the risk of transmitting HIV. 

 A huge hurdle to overcome when combating retroviruses like HIV is their propensity 

towards drug resistance.11-12 When the virus creates a replicate, there is a higher chance for 

mutations to occur which creates modified versions of the ART targets. Some of these might 

possess the ability to evade interaction with the drugs in the regimen and are, therefore, unable to 
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be treated with available medicine. Another reason ART is not successful at eradicating the virus 

from the body is the presence of latent HIV reservoirs.13-15 These reservoirs exist in HIV infected 

cells that reach a resting phase, where no HIV is replicated. This creates an absence of HIV 

proteins that are used as target for inhibition, meaning ART is essentially ineffectual against 

them. Although it is not completely known how it occurs, these reservoirs are able to reactivate 

eventually and begin creating fresh virions, making ART regimen a life long daily commitment.  

 

 
Figure 3.2. Areas targeted by ART during HIV-1 replication. The different types of anti-HIV drugs currently being 

used as part of the combination therapy inhibit the reverse transcriptase, protease, integrase as well as entry into the 

host cell (figure adapted from Wynn & Santos, 2015).16 

 

3.1.4 HIV-1 Nef As a Drug Target 

 Like many other viruses, HIV-1 has developed several strategies to avoid detection and 

destruction by the host cells. A particular strategy is the unique ability to encode four accessory 

proteins in addition to its regulatory proteins and classical structural and enzymatic factors 

lentiviruses are known to produce.17-20 These accessory proteins (Vif, Vpu, Vpr and Nef) each 
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have their own unique role in maintaining virus proliferation and have been widely studied. 

Although both regulatory proteins and accessory proteins are critical for viral replication, 

accessory proteins play important roles in immunoevasion and pathogenesis, and are therefore an 

attractive area to target to stop viral replication and propagation.21-23  

 The Nef protein is relatively small (~27 kDa) and can be divided into three main 

domains: the N-terminal anchor, the core domain and the C-terminal regions. As implied, Nef 

contains an addition moiety at its N-terminus that aids in the attachment of the protein to the 

membrane. The myristoyl group helps Nef perform many of its functions such as altering 

intracellular trafficking.24 Although it is one of the first proteins HIV-1 expresses after infection, 

Nef appears to lack enzymatic activity and functions instead through protein-protein interactions 

with other host proteins, such as the major histocompatibility complex I (MHC-I) molecules and 

adaptor protein (AP) complex.25-27 One of the functions of MHC-I in the cell is to present foreign 

antigens on the surface to warn cytotoxic T lymphocytes (CTLs) of infection, which leads to an 

immune response that causes cell death. The Nef/MHC-I interaction is particularly important for 

the virus proliferation because it leads to the down-modulation of MHC-I, and subsequent 

evasion of CTLs.28 

 The model for how Nef orchestrates MHC-I down-modulation begins with the binding to 

the cytoplasmic tail of MHC-I while it is in the trans-Golgi network (TGN) (Fig 3.3).29 Of the 

four AP complexes present in mammalian cells, AP-1 heterotetramer is involved in clathrin 

mediated trafficking of protein cargo across the trans-Golgi membrane by recognizing a YXXΦ 

or (D/E)XXXLL peptide signal.30-31 Once Nef binds to MHC-I, it will stabilize the otherwise 

weak interactions between AP-1 and the YXXXAXXD signal from MHC-I by providing 

additional contact regions. True to its nature, once AP-1 interacts with MHC-I it will transport it 

through clathrin-coated pits from the TGN to the endo-lysosomal pathway where degradation 

will occur. Because of this, MHC-I molecules are unable to present the foreign antigens on the 

cell surface and pathogens are able to evade CTL recognition, resulting in viral proliferation.32 

Therefore, we hypothesize that identifying novel Nef inhibitors will lay the groundwork for 

future developments of an improved HIV drug that increases the recognition of infected cells and 

leads to an immune system response. 

 Previous studies in mice and simian models, along with in vitro data, support the Nef 

protein as a dominant player in HIV pathogenesis. Using transgenic mice, researchers were able 
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to obtain an AIDS-like phenotype through induction of HIV-1 Nef, while other accessory 

proteins were found to not be necessary.33 During another study, viral load in rhesus monkeys 

infected with a version of the simian immunodeficiency virus (SIV) that lacks the Nef gene was 

lowered 100 fold when compared with wild type virus.34 In addition, in vitro studies have found 

that cells infected with HIV-1 lacking a functional nef gene maintained their surface MHC-I 

molecules levels and about 90% of cells were recognized by CTLs. Meanwhile, maintaining a 

functional nef gene showed resistance to CTLs and a reduction of surface MHC-I molecules.32 It 

has also been reported that patients infected with a mutated HIV lacking Nef manifested 

consistent low viral levels and had a delay in the progression towards AIDS.35-37 Furthermore, it 

was reported earlier in the year a correlation between maximal Nef activity and the early 

establishment of HIV reservoirs in latent cells.38  

 
Figure 3.3. Mechanism of MHC-I degradation by HIV-1 Nef. Nef accessory protein deters MHC-I from reaching the 

cell surface and presenting foreign antigens by diverting it to the lysosome through AP-1 directed clathrin-coated 

pits, where it will eventually get degraded (figure adapted from Hurley & Bonifacino, 2012).15 
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several Nef interaction surfaces, termed “wrapping Nef”, have been successful in blocking many 

of the Nef effects including MHC-I down-modulation.39-40 Previously, a small molecule named 

DLC27 (Fig 3.4), which consisted of a t-butyl-phenyl group attached to a phenyl carboxylic acid 

through a modified carbamate linker, was found to bind Nef and enhance its sensitivity to 

proteolysis.41-42 Further testing proved to be difficult due to its poor solubility and high toxicity, 

which led to the compound being dropped from further development. Another molecule called 

B9 (Fig 3.4) claiming to inhibit HIV replication only in the presence of Nef was reported and 

identified as a Nef dimerization inhibitor.43 Many studies have suggested that Nef dimerization at 

the TGN is necessary for down-regulation activities and viral replication to occur.44-47 Finally, an 

area that has also been studied is the blocking of Nef from associating and creating a signaling 

multi-kinase complex, which has been suggested to prevent MHC-I reaching the cell surface.48 

From this study a secondary metabolite derivative called 2C (Fig 3.4) was found to disrupt Nef-

Src family kinase.48 Although none of these molecules were able to go through any further 

development, the studies served as a proof-of-concept towards the effectiveness of Nef inhibition 

in the ongoing quest to eradicate the virus. 

 
Figure 3.4. Published Nef Inhibitors. Molecules from several studies identified as Nef inhibitors.41-43,48 

 

3.2 Results and Discussion 

3.2.1 High-Throughput Screening  

 Fueled by the need to discover novel Nef inhibitors, Dr. Kathleen Collins laboratory 

developed a high-throughput flow cytometry based assay to test the natural product extracts 

(NPEs) library available at the CCG. The extracts are primarily derived from marine 

microorganisms collected from places around the globe such as Costa Rica, Papua New Guinea 
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cells were treated with the NPEs and harvested 24 hours later for HLA-A2, a type of human 

MHC-I, cell surface expression analysis. A negative counter screen followed directly, where a 

cell line that does not express HLA-A2 was used for the assay. The two rounds of screening 

queried over 26,000 NPEs, and yielded 37 strains with greater than 30% inhibition of Nef 

mediated MHC-I down-modulation (Fig 3.5). A third validation assay was performed by using 

HIV-1 ΔGPE, a mutated version of the virus that lacks the genes responsible for the structural 

proteins, further narrowed the list to eleven hit strains.  

 
Figure 3.5. Flowchart for the identification of Nef inhibiting strains. Over 26,000 NPEs available at the CCG were 

tested for Nef inhibitory activity, yielding 37 potential extracts after confirmation and a counter screen assay using a 

cell line that did not express HLA-A2. This number was further lowered to 11 when testing against the mutated 

HIV-1 ΔGPE, which lacks the gag, pol and env structural proteins. Assay performed by members of the Collins lab. 

 

3.2.2 Isolation and Structural Elucidation of Active Natural Products  

 Among the active extracts, strains 34893-N3I and 39098-H2N were of particular interest 

because of their anti-Nef activity and reproducibility. Both strains were originally isolated from 

marine sediments collected in Costa Rica near Playa Langosta. Repeated bioactive-guided C18 

fractionation of 34893-N3I and following RP-18 HPLC purification led to the identification of a 

peak (LG-6) responsible for the anti-Nef activity (Fig. SI-3.4.1). High-resolution mass 

spectrometry (HR-MS) provided a [M+H+Na]+ ion peak of 645.3988 m/z (Fig. SI-3.4.2).  

 To probe the structural diversity of the secondary metabolites produced by this strain, the 

crude extract was submitted through targeted MS/MS fragmentation. This data was used to 
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create a molecular network that displays fragment similarities between each of the molecules 

detected using the Global Natural Products Social Molecular Networking (GNPS) (Fig 3.6.A).50 

The mass of interest was located within the molecular network to assess its similarity to other 

secondary metabolites produced by the strain. Although it is not connected to any other node, 

based on its fractionation patter the GNPS library was able to predict a structure belonging to 

Bafilomycin A1 (Baf-A1) (Fig 3.6.B). Aided by 1D and 2D NMR data along with a Baf-A1 

standard, we confirmed the LG-6 active peak was in fact Baf-A1. 

 
Figure 3.6. LC-MS/MS generated molecular network of 34893-N3I. A. Molecular network of all the masses present 

in the extract. Links between each show structural similarities based on the MS/MS fractionation pattern. B. Mass 

from the identified bioactive metabolite does not show correlation to other extract component, however it does give 

a predicted structure from the GNPS NPs library belonging to Bafilomycin A1. 

 

  Following a similar workflow, two active peaks were identified from strain 39098-H2N, 

each with [M-H]- of 719.4053 m/z and 814.4405 m/z. These also showed similar MS/MS 

fractions to Baf-A1, and were confirmed to be Bafilomycin C1 (Baf-C1) and Bafilomycin B1 

(Baf-B1) respectively.  

 Bafilomycins belong to the family of plecomacrolides antibiotics, distinguished by their 

16 membered macrolactone ring with a hemiacetal side chain, with the exception of Baf-D (Fig 
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fungal, anti-parasitic and anti-osteoporotic, they are most famously known for being vacuolar 

ATPase (V-ATPase) inhibitors.53 Among the many proteins Nef has been shown to interact with 

in the cell, subunit H of the V-ATPase has been identified in several studies.54 These reports 

have found this interaction responsible for the internalization of another Nef downmodulation 

target, CD4.  
 

 
Figure 3.7. Plecomacrolides known to posses V-ATPase inhibitory activity.  

 

3.2.3 Biological Testing 

 To test the bafilomycins ability to inhibit HLA-A2 downmodulation, four of the 

commercially available plecomacrolides were tested over a range of concentrations against 

infected peripheral blood mononuclear cells (PBMCs). As seen in figure 3.8, Baf-C1 (blue) 

undeniably shows the highest inhibition out of the four bafilomycins tested. Baf-B1 and Baf-A1 

followed in the potency profile, while Baf-D seemed to be an outlier with markedly lower 

inhibition. These results are important to establish structure activity relationships (SAR) for any 

future modifications on the bafilomycin molecules. Firstly, Baf-D lacks the hemiacetal side chain 

at C18, holding instead a ring-opened version. Although this version provides higher stability, 
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the activity suffers immensely as can be see in the IC50 drop to the µM area. While Baf-A1 and 

Baf-B1 are close in potency, a clear window can be seen showing the A version to be less active. 

Baf-A1 has no substitution in the hemiacetal ring alcohol at C21, indicating this is an important 

area that can be targeted in future studies for improvement. The identity of this substitution is 

also important as Baf-C1 has a higher activity with a fumarate substitute over Baf-B1 with the 2-

amino-3-hydroxycyclopent-2-enone. 

 
Figure 3.8. Plecomacrolides activity profile for MHC-I cell surface restoration. The plecomacrolides family of 

molecules [Baf-A1 (black), Baf-B1 (red), Baf-C1 (blue), Baf-D (yellow), ConA (green)] were able to restore surface 

expression of MHC-I HLA-A2 over six different concentrations. ConA had the highest potency with activity in the 

pM range, while Baf-D had significantly lower potency. Assays were run on biological triplicates. Experiment 

completed by Mark Painter, Gretchen Zimmerman and Madeline Merlino from Dr. Collins Lab. 

 

 The success of these known V-ATPase inhibitors led to the identification and testing of 

another plecomacrolide, concanamycin A (ConA).53 Although similar, some key structural 

differences between ConA and bafilomycins are the extended 18 membered lactone ring and an 

additional sugar moiety at the hemiacetal ring alcohol. Compared to bafilomycins, ConA 

surprisingly exceeded the HLA-A2 downmodulation inhibition activity with an IC50 in the 

picomolar range. Given we had obtained restoration of HLA-A2 to the cell surface, the next step 

was to determine if these levels would be enough for CTLs to recognize and kill infected cells. 

For this purpose, the Collin’s lab developed a CTL killing assay infecting primary T cells with 

an HIV-PLAP reporter virus system. As seen in figure 3.9, using a low dose of ConA, the killing 

of infected cells is enhanced to a similar degree as in the absence of Nef. 
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Figure 3.9. ConA is able to restore HLA-A2 expression and increases killing by CTLs. Using a low dose of ConA 

there is a clear shift to higher HLA-A2 surface expression in the infected cell population to levels comparable to 

uninfected PBMCs (upper panel). We also see the disappearance of the infected cell population in the presence of 

CTLs when incubating these with ConA, while the CTLs were not as successful when no plecomacrolide was added 

(lower panel). Experiment completed by Mark Painter with assistance from Val Terry from Dr. Collins lab using 

anti-HIV CTLs provided by Alicja Trocha from Dr. Walkers lab at the Ragon Institute. 

 

 An issue that has usually followed plecomacrolides, and the reason they have mostly 

failed during clinical trials, is their unfortunate toxicity profile.55 This is caused by the disruption 

of organelles acidification by inhibition of the V-ATPase, which leads to the accumulation of 

undigested autophagosomes in the lysosome. To test the correlation between ConA V-ATPase 

inhibition and anti-Nef activity, a LysoTracker assay to follow lysosome acidification at varying 

ConA concentrations was employed. When plotted next to each other (Fig 3.10) the 

concentration needed for inhibition of Nef mediated MHC-I downmodulation is about ten times 

lower than the needed for lysosome deacidification events. This significant therapeutic window 

between both occurrences suggests the deacidification and anti-Nef events are independent of 

each other. The toxicity separation was further confirmed by cell viability analysis upon 

treatment with the plecomacrolides. Although Baf-A1 and Baf-C1 have a clear separation, ConA 

has the widest concentration gap between anti-Nef activity and toxicity (Fig SI-3.4.9). 

      Solvent         ConA (0.5nM)       HIV ΔNef 
HIV WT 

PBMCs 
alone 

PBMCs 
+ CTLs 
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Figure 3.10. Lysosome acidification analysis through LysoTracker. ConA V-ATPase inhibition (triangles) occurs at 

higher concentrations than the needed for Nef dependent MHC-I downmodulation (squares) creating a clear window 

between both activities. Each assay was run on triplicate. Experiment completed by Mark Painter and Gretchen 

Zimmerman from Dr. Collins Lab. 

 

3.3 Conclusion  

 Aided by molecular networking we were able to identify a known family of compounds 

that show promising anti-Nef activity from a marine microbial-derived NPE library. 

Bafilomycins A1, B1 and C1 demonstrated to restore surface expression of HLA-A2 at low nM 

concentrations in primary T cells. Even more pivotal, ConA demonstrated to be the most potent 

out of all the plecomacrolides at concentrations extending to picomolar levels and displayed the 

ability to restore killing by CTLs. These results show far more potency than any currently 

published Nef inhibitor.  

 Although the bafilomycins and ConA natural products have been shown to have a wide 

array of bioactivity, the plecomacrolides have not endured further in clinical trials due to their 

toxicity caused by V-ATPase inhibition.53 Despite the fact that we showed there is a clear 

distinction between the modes of action between restoration of HLA-A2 to the surface and V-

ATPase inhibition, the exact mechanism through which these molecules are performing the 

former is unknown. Additionally, improvements on the selectivity and molecule stability can be 

made on these lead structures using semi-synthetic approaches that could further lower the IC50 

for the anti-Nef activity.  

 

Concanamycin A does not deacidify the 
lysosome at concentrations that inhibit Nef

Acknowledgment:
Gretchen Zimmerman

ConA anti-Nef activity vs. VATPase inhibition 
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3.4 Supplemental Information (SI) 

3.4.1 Bioassay-guided purification of LG-6 (Bafilomycin A1) from 34893-N3I. Assay completed 
by Mark Painter and Gretchen Zimmerman from Dr. Collins lab. 
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3.4.2 HR-MS chromatogram of LG-6 (Bafilomycin A1). 
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3.4.3 1H NMR (600 MHz, CD3OD) spectrum of LG-6 (Bafilomycin A1). 
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3.4.4 gCOSY NMR (600 MHz, CD3OD) spectrum of LG-6 (Bafilomycin A1). 
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3.4.5 gHMBCAD NMR (600 MHz, CD3OD) spectrum of LG-6 (Bafilomycin A1). 
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3.4.6. dqfCOSY NMR (600 MHz, CD3OD) spectrum of LG-6 (Bafilomycin A1). 
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3.4.6 Purification of Bafilomycin B1 and Bafilomycin C1 from 39098-H2N. 
 

 
 
 
 
 
3.4.7. HR-MS chromatogram of Bafilomycin C1. 
 
 

 
 
 
 
3.4.8. HR-MS chromatogram of Bafilomycin B1. 
 

 
 

[M – H]- 

[M – H]- 
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3.4.9. Cell viability assay (Collin’s Lab). Assay completed by Mark Painter, Gretchen 

Zimmerman and Madeline Merlino from Dr. Collins lab. 

 

 
 
 
 
3.5 Materials and Methods 

3.5.1 General Experimental Procedures  

 Spectrophotometric assays were performed on Molecular Devices SpectraMax M5 384 

variable wavelength spectrometer. All NMR spectra were acquired on a Varian INOVA 600 

MHz spectrometer at the NMR Facility, Life Sciences Institute, University of Michigan. High-

resolution APCIMS spectra were measured at the University of Michigan core facility in the 

Department of Chemistry using an Agilent 6520 QTOF mass spectrometer equipped with an 

Agilent 1290 HPLC system. RP-HPLC was performed using Luna 5 µm Phenyl-Hexyl 250 x 10 

mm column in a solvent system of ACN and H2O. The LCMS analysis of HPLC fractions was 

performed on a Shimadzu 2010 EV APCI spectrometer using ZORBAX Extend 80Å C18, 4.6 x 

100 mm, 3.5 µm HPLC column. 

3.5.2 Biological Material 

 Strain 34893-N3I and 39898-H2N were isolated from marine sediments collected near 

Cabo Blanco, Costa Rica (collection permit R-CM-INBio-30- 2007). The procedure for the 

isolation of actinomycetes from these samples was previously described by Magarvey et al.56 

Maintenance and propagation of cultures were performed using standard media and protocols 

where 500 mg of wet sediment was diluted in 10 mL of sterile water and vortexed for 10 min. 

Then, 1 mL of this suspension was applied directly to the top of the discontinuous sucrose 

Plecomacrolides are non-toxic in PBMCs at 
concentrations that inhibit Nef
• Expose activated PBMCs to plecomacrolides for 72 hours with 

no wash-out
• Assess viability by flow cytometry and MTT assay

Acknowledgment:
Madeline Merlino
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gradient and centrifuged for 30 minutes at 300 x g. 500 µL of the 20%, 30%, and 40% layers 

were then plated to HVA agar supplemented with 10 µg/mL chlortetracycline, 25 µg/mL 

cyclohexamide, and 25 µg/mL of nalidixic acid. The plates were then incubated at 28 °C for one 

month. The colony was picked off the plate and streaked onto ISP2 agar until pure. Seed cultures 

were grown in 17 mL dual position cap tubes containing 2 mL of ISP2 and grown for 4 days on a 

rotary shaker at 200 rpm. The seed culture was then poured into a 250 mL baffled flask 

containing 100 mL of ISP2 and grown for 18 days on a rotary shaker at 200 rpm. The culture 

was centrifuged at 4000 rpm for 10 min to remove the cells and 2 g of XAD16 resin (Sigma-

Aldrich, St. Louis, Mo.) contained within a polypropylene mesh bag was added to the broth and 

incubated overnight on the rotary shaker. The resin bag was removed and placed into 10 ml of 

MeOH followed by 10 ml of acetone and 10 ml of ethyl acetate. Each of the three fractions was 

dried in vacuo and reconstituted to a final concentration of 15 mg/mL in DMSO. 

3.5.3 Culture Maintenance and Fermentation  

 Seed cultures of 100 mL (×5) of ISP2 media (1% malt extract, 0.4% yeast extract, 0.4% 

dextrose, 3% NaCl) were inoculated with a loopful of vegetative cells from an oatmeal plate (6% 

oat meal, 1.25% agar, 3% NaCl) culture of Streptomyces blancoensis and incubated with shaking 

(200 rpm) at 28 oC for 5 days. A 25 mL portion of the seed cultures were transferred to a 2.8 L 

Fernbach flask containing 1.5L of the ISP2 medium, and the 30L fermentation was carried out 

on a rotary shaker (200 rpm) at 28 °C for 9 days. After 9 days of growth, the cultures were 

harvested by centrifugation. The resulting cell free broth was subjected to solid phase extraction 

using 15 g of Amberlite XAD-16. The resin was then separated by filtration and subjected to 

organic extraction using MeOH:EtOAc (1:1). 

3.5.4 Isolation and Purification of Bafilomycin A1, B1 and C1.  

 The organic extracts concentrated under vacuum to afford the crude extracts (~9 g) 

obtained from 20 L culture of strain 34893-N3I. The crude extracts were dissolved in 100 mL of 

H2O and were subjected to a C18-silica gel column (20 × 2.6 cm, YMC Gel ODS-A, 12 nm, S-

150 µm). The C18 column was eluted with a stepwise gradient of H2O/ACN (100:0 → 0:100) to 

give eight fractions (Fr.1−Fr.8), which were then concentrated in vacuo. All eight fractions were 

assayed in the developed cell-based assay. The bio-active Fr.6 was further purified by RP-HPLC 

on isocratic conditions of 62% ACN for 85 minutes at a flow rate of 3 mL/min. This was 

followed by UV/vis photodiode array detection at 210 nm to yield bafilomycin A1 (0.8 mg). 
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 In addition, 20L culture of strain 39098-H2N was extracted and concentrated under 

vacuum to afford the crude extracts (~3 g). This was dissolved in 100 mL of H2O and were 

subjected to a C18-silica gel column (20 × 2.6 cm, YMC Gel ODS-A, 12 nm, S-150 µm). The 

C18 column was eluted with a stepwise gradient of H2O/ACN (100:0 → 0:100) to give eight 

fractions (Fr.1−Fr.8), which were then concentrated in vacuo. All eight fractions were assayed in 

the developed cell-based assay. The bio-active Fr.6 was further purified by RP-HPLC following 

a 60-95% ACN gradient conditions for 50 minutes at a flow rate of 3 mL/min. This was followed 

by UV/vis photodiode array detection at 210 nm to yield bafilomycin B1 (0.3 mg) and 

bafilomycin C1 (0.5 mg). 

3.5.5 Natural Product Extract Library 

 At the time of screening, the NPE library at the University of Michigan CCG contained 

~26,000 extracts. Each extract in the library is derived from marine samples collected from all 

over the world, including Costa Rica, Panama, and Papua New Guinea. Some of these samples 

are from isolated microbes (n=19055) while others were derived from field-collected biomass 

samples (“macrosamples,” n=800). Previous work describes in detail how these extracts are 

prepared for the library.57  

3.5.6 Assay Development and High-Throughput Screening  

 The Collins lab developed a high-throughput “mix and measure” flow cytometric assay 

for Nef-dependent MHC-I downmodulation using a high throughput Accuri flow cytometer 

available to at the Center for Chemical Genomics, Life Sciences Institute, University of 

Michigan. For this assay, a CEM T cell line that expresses MHC-I HLA-A2 (CEM-A2) was 

transiently transduced with an adenoviral vector that expresses Nef under the control of an EF1α 

promoter.58 Two days after transduction, the Nef-expressing T cells were treated with the unique 

library of >26,000 pre-fractionated marine microbial-derived NPEs in 384 well plates, which 

yielded 37 confirmed hits. Positive hit strains were re-grown to reproduce the NPEs for 

confirmation. The tertiary validation was done using CEM-A2 cells infected with HIV-1 ΔGPE, 

which narrowed this list down to 11 promising NPEs that inhibited Nef in the context of HIV-1 

infection.  

3.5.7 Lysosome Acidity  

 LysoTracker® works by accumulating inside the lysosome as the fluorophore is 

protonated under acidic conditions. The Collins lab used this system to assess lysosome activity 
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when infected PBMCs are treated with varying concentrations of ConA for 24 hours. These were 

then incubated in PBS with 100nM LysoTracker® Red DND-99 (Fisher L7528) at a density of 1 

million cells/mL for 1 hour at 37˚ C, at which point they were washed twice and fixed in 2% 

PFA for 20 minutes at room temperature before flow cytometric analysis.  
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Chapter 4 

Discussion and Future Directions 

 
4.1 Thesis Overview 

 In the ongoing war on drug resistance from many pathogens, it is crucial to continue 

identifying new areas to target for their successful eradication from the host. Microbial natural 

products have shown time and time again their potential as powerful antibiotics, antiviral and 

antifungal agents.1-3 Given the structural diversity of these secondary metabolites it is not 

uncommon for one to have several biological activities associated with it. Throughout this 

dissertation we showed how previously identified natural products, particularly adipostatins, 

bafilomycins and concanamycin A, showed promising activity against pathogenic bacteria and 

HIV-1 targets, in addition to their previously known roles.  

 In chapter two we focused on inhibiting PPCS as it holds considerable potential as a drug 

target for developing new antimicrobials.4 This synthetase is responsible for installing a 

cysteamine group within phosphopantetheine, a key structural element in biological acyl transfer 

reactions found embedded within CoA.5-6 With an adapted malachite green assay specific for 

bacterial PPCS we screened for inhibitors of CoA biosynthesis against a library of marine 

microbial derived NPEs. Analysis of the NPE derived from Streptomyces blancoensis led to the 

isolation of novel antibiotics (10-12, and 14) from the adipostatin class of molecules. The most 

potent molecule (10) displayed in vitro activity with IC50= 0.93 µM, against S. pneumoniae 

PPCS. In addition, using a whole cell antimicrobial assay against isolated molecules we 

demonstrated their ability to penetrate bacterial cells and inhibit clinically relevant pathogenic 

strains.  

 For the following chapter we discussed how HIV-1 has developed the unique ability to 

produce accessory proteins that aid in evading recognition by CTLs and spreading the virus 

efficiently through the host cell.7-10 The Nef accessory protein mediates the mislocalization to the 

endo-lysosomal pathway and subsequent degradation of the antigen-presenting MHC-I 
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molecules.11-13 We hypothesized that targeting the Nef protein for inhibition could potentially 

reverse its effects on infected cells and reduce the viral load significantly when combined with 

current ART regimen. In collaboration with Dr. Collins lab, a high-throughput cell-based assay 

was developed to test a wide array of microbial derived NPEs for inhibitors of Nef-mediated 

MHC-I downregulation. From several of the top hit strains we identified the bafilomycins and 

ConA as the active secondary metabolites. Upon testing commercially available bafilomycin 

analogs (A-D) and ConA in human primary T cells, Baf C1 and ConA showed encouraging 

potencies against Nef activities in the pM to nM range. During this chapter we will discuss the 

ongoing and future work that will be executed by our group in collaboration with Dr. Collins lab 

with the goal of eradicating the virus from the host.  

 

4.2 HIV-1 Nef Inhibitors Future Directions 

4.2.1 Derivatization of Bafilomycins and Concanamycin A  

 Having identified ConA and the bafilomycin family of NPs to be effective against Nef 

mediated MHC-I downmodulation activity, we now hope to further increase the concentration 

window between toxicity and anti-Nef events. Modifications to the core of our lead compounds, 

Baf-C1 and ConA, might be able to achieve this, as well as provide stronger chemical properties, 

such as increased solubility and stability.14-15 To accomplish this we can use to our advantage the 

SAR information provided during the testing of the four bafilomycin analogs against infected 

PBMCs, such as the important presence of a fumarate at the C21 position.  

 In the past, the Sherman lab has successfully created analogs that have exhibited higher 

activity through substrate analog feeding studies upon discovery of the biosynthetic pathway.16 

Thankfully, the type I PKS biosynthetic pathway of the bafilomycin molecules was previously 

elucidated in the lab from S. lohii.17-18 As seen in figure 4.1, Baf C1 is created from Baf A1 after 

the latter is released from the PKS and interacts with a fumaryl transferase. Preliminary studies 

have also identified Baf A1 production to be at its peak at 6 days after the culture growth start 

(Fig 4.2). Because of this, we will be adding numerous fumarate analogs to the cell cultures 

during the 4-8 days of growth window to study the flexibility of the fumaryl transferase to take 

these analogs (Fig 4.1) and place them into Baf-A1. This small library will contain Baf-C1 

analogs that posses some clinically relevant moieties at the end of C21 that could potentially 

create a more stable and less toxic compound.  
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 Furthermore, the Dröse and Ingenhorst groups previously discovered that a reduction at 

the hemiacetal ring at C21, giving way to a deoxy form of ConA, showed little effects on the V-

ATPase activity while providing higher structural stability.14-15 Based on these findings, we set 

out to create a deoxy-Baf-A1 analog and found its anti-Nef activity to be comparable with the 

naturally produced Baf-A1. Further semi-synthetic derivatizations and future preclinical tests of 

bafilomycins will be performed with these analogs as they provide a tremendous improvement in 

the stability of the compounds. We are also currently working on optimizing ConA production to 

develop the corresponding deoxy analog.  

 

 
Figure 4.1. Potential fumarate analogues to study fumaryl transferase substrate flexibility. Using an array of 

commercially available fumarate analogs, we will study the ability of the fumaryl transferase to incorporate these 

into Baf-A1 to create a small library of Baf-C1 analogs.  

  

 Both Baf-A1 and ConA have easily accessible hydroxyl groups that can be taken 

advantage of via medicinal chemistry. Commercially available anhydrates will be used to 

produce ester analogs of Baf-A1 and Con A at their previously shown most reactive alcohols, 

C7/C21 and C9/C23, respectively (Fig 4.3).14-15, 19 These reactions can be executed at small 

scale, given the little amount needed for testing, and will be scaled up as needed. This study will 

HO O

O
O

O

OH O

OH
O

O
OH

O

Bafilomycin C1

Fumaryl-AMP

Fumaryl Transferase

HO O

O
O

O

OH O

OH
OH

Bafilomycin A1

Fumarate analogues   

HO

O
OH

OF

F

HO

O
O

O
HO

O
O

O

HO

O
OH

O
HO

O
OH

OOH
HO

O
OH

OO

HO

O HO

O
OH

OO

OH
HO

O

OH

O

2,3-difluorofumarate mono-methyl fumarate mono-ethyl fumarate

mesaconic acid L-malate oxaloacetate

cinnamate trans-aconitate glutaconic acid

HO

O

OH
tartronic acid

O

OH

HO

O

O
oxalic acid

OH

HO

O

O
α-ketobutyric acid

HO

O

β-hydroxybutyric acid

OH
HO

O

OH
α-hydroxybutyric acid

HO

O

malonic acid

O

OH

HO

O

O
pyruvic acid

HO

O
OH

OOH

OH

tartaric acid

HO

O
OH

O
itaconic acid

Bafilomycin C1 Production 



 98 

provide us with the necessary knowledge of what area of the molecule contains the 

pharmacophore, which are more prone for modifications and how additional O-acyl groups 

affect activity and toxicity. 

 
Figure 4.2. Baf-A1 production in S. lohii peaks around day 6. Although it seems to be present from the first culture 

day, Baf-A1 production is most abundant between 5-6 days after S. lohii growth start. The decline on the amount of 

Baf-A1 after day 6 could be due to Baf-C1 production. 

 

 Finally, given we have shown ConA has a higher anti-Nef activity among all the 

plecomacrolides tested, we can manipulate some of the structural differences between this 

molecule and the bafilomycins to study how these might affect the activity. One key difference is 

the presence of a sugar moiety at the C23 position missing in the corresponding Baf-A1 C21. 

Glycosilation of small molecules has gained interest seeing as these sugar additions or 

substitutions have shown increase in bioactivity, such as the increase in solubility by the double 

glycosylation of vancomycin, 20-22 as was the case with thiazoles decrease in off-target 

interactions that led to toxicity.23-24 To asses whether the sugar substitution is key for the 

increased activity we plan to add the 2-deoxy-β-D-rhamnose present in ConA to the equivalent 

C21 alcohol in Baf-A1. In addition to this, we will add other sugar moieties found in successful 

and easily accessible natural products, such as mycaminose and desosamine. 
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Figure 4.3. Proposed derivatization sites for Baf-A1 and ConA. For i. R1 and R3 ester linkages will be introduced 

using commercially available anhydrides and Rʹ will be any sidechain. During ii. there will be a sugar addition via 

regiodivergent glycodiversification and Rʹʹ represents any sugar. Scheme done in collaboration with Dr. Andrew 

Roberson. 

 

4.2.2 Elucidation of ConA Nef Inhibition Mechanism  

 Although the plecomacrolides have shown a promising activity profile against Nef 

effects, their mechanism of action is not completely understood. Given the Collin’s lab showed 

that the concentrations needed for ConA to act as a Nef-activity inhibitor are lower than what is 

needed for deacidification of the lysosome, we can hypothesize that disruption of MHC-I 

downmodulation occurs by rerouting these to follow their normal trafficking pathway towards 

the cell surface. Understanding the specific mechanism, knowing the target proteins, identifying 

the binding sites and characterizing their interactions will facilitate the development of a 

plecomacrolide analog that has minimum toxicity and higher efficacy. From the knowledge we 

have of the Nef MHC-I degradation mechanism we can theorize about possible areas the 

plecomacrolides might be targeting. The Collin’s lab has developed several assays to study the 

direct effects ConA has on the known proteins involved in the Nef-mediated MHC-I degradation 

mechanism. Some of the areas they will be exploring are changes in the intracellular localization 
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of the key proteins, such as Nef, MHC-I and AP-1, whether ConA disrupts AP-1 sorting to 

endosomes at the TGN and whether it deters Nef from stabilizing interactions between MHC-I 

and AP-1 at the TGN. 

 These experiments are undoubtedly important and will provide necessary knowledge for 

the development of an ideal plecomacrolide, however these approaches are biased towards the 

already known players in the Nef-mediated MHC-I downmodulation pathway. It is possible 

additional proteins in primary T cells are involved in this disruption of MHC-I degradation. To 

identify any proteins that interact with ConA we will work with the Collin’s lab to treat PBMCs 

lysates with a ConA analog that possesses both a chemical handle and a photoafinity tag at 

positions C9 and C23 (Fig 4.4).14-15 The photoafinity tag will ensure covalent linkage between 

the proteins and ConA upon UV irradiation, while the chemical handle will couple the complex 

to an activated biotin to yield the protein-ConA-biotin conjugate.25 This complex will be purified 

from the lysate through biotin-affinity chromatography for proteomics analysis26 using the 

Orbitrap in collaboration with the Mass Spectrometry Core and the Natural Products Discovery 

Core. As shown in figure 4.4, the label groups can be exchanged as well as alterations to the 

chain lengths in the reporter tag can be explored to probe for a higher affinity.  

 
Figure 4.4. Use of labeled ConA for the identification of target proteins. A. ConA sites proposed for derivatization 

(R2) and for the addition of a photoaffinity label and a selective chemical handle for coupling with biotin (R1 and 

R3). B. Mass-spectrometry based approach for target protein identification: (i) treatment of PBMC lysate with 

doubly-labeled ConA; (ii) UV irradiation of sample for labeled ConA coupling to target proteins; (iii) coupling of 

ConA-protein complex to activated-biotin using reactive biotin reporter tag; (iv) protein-ConA-biotin conjugate 

capturing through biotin affinity chromatography (figure adapted from Smith et al., 2015).25 Scheme done in 

collaboration with Dr. Andrew Roberson. 
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4.3 Contributions 

 The structural diversity of secondary metabolites from culturable microbes has been 

exploited for decades by researchers for potential drug leads.27 The use of a bioassay-guided 

workflow when seeking to block novel targets has been successfully employed by our lab before 

and currently led us to discover additional biological activity of previously known natural 

products.28-33 First, we presented new adipostatin analogs with promising activity against 

bacterial PPCS. In addition, their ability to kill pathogenic bacterial cultures provides further 

proof of the advantage in using PPCS as a drugable target. Just as critical, we identified new 

biological activity associated with well-established V-ATPase inhibitors, Baf-C1 and ConA. 

These plecomacrolides posses the ability to hinder Nef-mediated MHC-I downmodulation in 

primary T cells and restore CTLs recognition. The discovery of the antimicrobial activity of 

adipostatins and antiviral activity from plecomacrolides could provide a foundation for future 

medicinal chemistry approaches towards drug development in the antibiotics and antiretroviral 

therapy areas, in addition to bringing numerous benefits to the public health.  
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