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ABSTRACT 

 

 The discovery of natural products has been a beneficial tool that provides a 

window into the bioorganic chemistry of organisms and offers a template for drug 

discovery and development. Natural products can be utilized to positively impact the 

deleterious effects of diseases or they can incur toxicity in certain biological systems. The 

aim of this work is to elucidate the biosynthetic pathway of the natural product 

Azinomycin and to evaluate the effects and treatments for macular degenerative diseases. 

 Azinomycin A and B are antitumor natural products that are isolated from 

Streptomyces sahachiroi. Azinomycin A and B form interstrand crosslinks with DNA 

through their electrophilic epoxide and aziridine [1,2-α] pyrrolidine ring moiety. The 

biosynthetic pathway for aziridine ring formation was investigated. AziC5 and AziC6, 

enzymes with a high similarity with transketolase enzymes, are shown to catalyze a 

thiamin mediated two-carbon extension of N-acetyl glutamate semialdehyde into an a,a’ 

dihydroxy intermediate.  

 The naphthoate ring on Azinomycin forms noncovalent interactions with DNA 

that are pivotal for successful cross-linking. 5-methyl-Naphthoic acid is created with a 

multi-domain polyketide synthase enzyme, AziB. The acyl carrier protein (ACP) domain 

of AziB is post-translationally modified by PPTases. The optimization of the post-

translational modification was achieved through the identification of the most effective 

PPTase. The thioesterase (TE) domain of AziB hydrolyzes the thioester bond between 5-

methyl-naphthoic acid and the ACP domain. The rate of hydrolysis was determined for 
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AziG and a series of AziG mutants to demonstrate which residues are essential for 

substrate cleavage. 

 The main contributing factors of macular degenerative diseases are the 

accumulation of lipofuscin in the retina and the eye’s inability to degrade them. Vitamin 

A can form dimers, A2E and cycloretinal, in enzymatic and non-enzymatic reactions. The 

negative effects of macular diseases are hypothesized to decrease with the clearance of 

accumulated lipofuscin. While the toxicity of A2E has been investigated, the toxicity of 

cycloretinal has not. Cycloretinal liposomes were synthesized and cycloretinal 

cytotoxicity was evaluated. In addition, MsP1, a heme-based peroxidase enzyme, was 

shown to degrade the toxic, all-trans retinal dimers. The degradation products of these 

dimers were evaluated to display MsP1’s efficaciousness for gene therapy.  

 The mechanism of formation for cycloretinal was shown non-enzymatically, with 

catalytic L-proline, and enzymatically, with the whey protein β-lactoglobulin (BLG). 

Also, a series of halogenated α, β-unsaturated aldehydes were employed to inhibit 

cycloterpenal formation. These inhibitors were employed to prevent the dimerization of 

α, β-unsaturated aldehydes and promote retro-aldol cleavage on a series of aldehydes with 

hydrophobic side groups. 

 The experiments in this dissertation seek to further our knowledge of the 

biosynthesis of Azinomycin. In addition, the contributing factors and inhibitors to macular 

degenerative diseases were investigated to demonstrate the harmful effects of certain 

natural products. The investigations into natural product formation could yield beneficial 

therapeutic agents amongst a wide array of diseases 
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NOMENCLATURE 

 
HPA Hydroxypyruvic Acid 

F6P Fructose-6-phosphate 

X5P Xylulose-5-phosphate 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

NADH Nicotinamide Adenine Dinucleotide 

PPTase Phosphopantetheinyl Transferase 

Ppant Phosphopantetheine 

ACP Acyl Carrier Protein 

PCP Peptide Carrier Protein 

CoA Coenzyme A 

PKS Polyketide Synthase 

PK Polyketide 

TE Thioesterase 

NMR Nuclear Magnetic Resonance 

TLC Thin Layer Chromatography 

DTT Dithiothreitol 

IPTG Isopropyl β-d-1-thiogalactopyranoside 

TCEP Tris(2-carboxyethyl) phosphine Hydrochloride 

ATP Adenosine Triphosphate 

AMP Adenosine Monophosphate 

PPi Pyrophosphate 
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LC-MS Liquid Chromatography – Mass Spectrometry 

HPLC High Performance Liquid Chromatography 

EIC Extracted Ion Chromatogram 

BLG   b-Lactoglobulin 

ATR   All-Trans Retinal 

A2E   N-retinyl-N-retinylidene ethanolamine 
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CHAPTER I 
 
 

INTRODUCTION: NATURAL PRODUCT BIOSYNTHESIS 
 
 

Introduction 
 
 Since the earliest civilizations, mankind has utilized naturally occurring organisms 

for purposes such as food additives, food preservation, and medicinal usage. The earliest 

recorded example of the utilization of compounds found in nature to elicit a physiological 

effect was seen approximately 5000 years ago on ancient Sumerian clay slabs. Twelve 

drug recipes were discovered that utilized over 250 plants such as mandrake, poppy, and 

henbane.1 Plants have continued to serve as an excellent resource for botanical remedies. 

From ancient Chinese remedies that utilized ginseng and cinnamon bark to modern 

examples like penicillin mold and willow bark, plants have served as vital resources for 

the extraction of naturally occurring compounds.2 Many of these biologically effective 

molecules are secondary metabolites that are inessential to the growth, development, or 

reproduction of the host organism. The term natural product was coined to describe 

secondary metabolites that are biosynthetically produced by organisms to aid in biological 

systems. Many microorganisms release natural product toxins into an environment to 

eliminate competitors, such as vancomycin and penicillin, which inhibit bacterial cell wall 

production in Gram+ bacteria.3 In addition to defending the host organism, certain natural 

products can be utilized in different biological systems to combat harmful organisms that 

contribute to certain to diseases. Natural product research has been a vital source for the 

discovery of chemically complex compounds. 
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The evolution of the isolation and identification of natural products 

 The earliest natural products were isolated and extracted from plant species or 

microorganisms, but their identification and characterization involved a slow and 

inefficient pathway towards categorization. The discovery of a biologically active natural 

product involved a drug target or ailment being exposed to a series of crude extracts of 

natural products. Only when an extract exhibited positive effects would it be purified to 

isolate and identify the natural product. Although this modality of search has afforded the 

identification of drugs such as digitoxin, quinine, and penicillin, this is an untenable means 

of search to meet the problems of the modern era.4,5,6  

Microorganisms opened a new window to natural product exploration. From whole 

cell screening methods to low-throughput fermentation, natural product identification 

occurred with relative ease. 7 However with technological advances, the search for natural 

products has dwindled because of high throughput screening and combinatorial libraries.8 

Instead of pursuing new compounds in different organisms, existing natural products were 

used as development tools towards active chemical leads.9 Combinatorial libraries were 

created from derivatizing existing compounds, but these molecules lacked the complexity 

of natural products. When juxtaposed to these large combinatorial libraries, natural 

products were much more complex with rare organic properties such as polycyclic 

structures, multiple chiral centers, and unique chemical moieties. 10 Due to the lack of 

development and creation of innovative, novel bioactive compounds, new strategies were 

employed to create compounds with structural complexity and biological functions. 
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Natural product importance 

Given the limitations of combinatorial libraries and their lack of chemical complexity, 

alternative routes were pursued to continue developing novel biologically active 

compounds. Natural products or natural product derivatives and mimics consist of 52% of 

the drugs approved by the FDA since 1981.11 Since this is such a large percentage of drugs 

that are in clinical trial, the continued study of natural products is vital so that enzymatic 

or synthetic derivatives and mimics can be made and investigated. 

 The creation of natural product-based drugs are primarily achieved through three 

routes. One of these routes include synthetic recreations of products that are difficult to 

isolate in large quantities. Another approach is a semi-synthetic recreation which involves 

the reconstruction of the molecule in part through enzymatic pathway and in part through 

synthetic means. Lastly, enzymatic development towards macromolecules or natural 

product mimics can be pursued. 

 

 

 

Figure 1 Clinical Drugs Sources by Percentage. Adapted from reference 11.  
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Metabolic pathways 

 The life of an organism requires a cascade of reactions that allows for the 

consumption and renewal of energy, the construction of building blocks necessary for the 

formation of macromolecules, and the elimination of waste. Primary and secondary 

metabolic pathways perform these reactions to ensure cell viability. The primary 

metabolic pathways are directly involved in normal cell activity. Examples of primary 

metabolic pathways include glycolysis, the pentose phosphate pathway, and the Krebs 

cycle. The secondary metabolic pathway constitutes the formation of molecules that are 

not directly involved in the normal function of the cell.  

 Organisms form secondary metabolites as a resistance to their surroundings.6 

Primary metabolic pathways are generally conserved across a vast array or organisms, but 

secondary metabolic pathways can be specific organism’s response to a particular 

environment and can produce novel, bioactive compounds. Considering the overwhelming 

amount of FDA approved drugs that have been directly linked to natural products, the 

characterization of the biosynthetic pathway for these compounds is valuable.  

Characterizing these pathways identifies enzymes that are capable of performing 

synthetically difficult, unique chemical reactions. This characterization of these pathways 

opens possibilities such as implementing semi-synthetic pathways that enhance 

production of existing natural products or the utilization of unique enzymes to create new 

natural products. 
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The natural products of Streptomyces 

 A genus of interest with a vast array of natural products is Streptomyces. This 

genus creates a myriad of compounds ranging from immunosuppressants, hormone-like 

signals, and pigments.11 Streptomyces are a gram-positive genus filamentous 

actinomycetes that form branching filaments during growth.12-13  

 

 

Figure 2 Streptomyces Natural Products 

 

 Thus far, Streptomyces is the largest antibiotic producing genus in the world with 

80% of the antibiotics originated from actinomycetes.13 Not only are all of the examples 

in Figure 2 bioactive, they represent a wide array of chemical complexity that represents 

several types of natural products. Spiroindimicin has a macro-cyclic complex structure, 

Lagunapyrone consists of terpene subunits, and Azinomycin possesses polyketide 

synthase (PKS) fragments. 
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Azinomycin 

 

 

 

Figure 3 Structure of the Azinomycin A and B 

 
With the vast array of natural products produced by Streptomyces, Azinomycin is 

among the most chemically complex. Azinomycin is produced by the Gram-positive soil 

dwelling bacteria Streptomyces sahachiroi. It was first discovered as carzinophilin A in 

1954 and was found to inhibit Yoshida sarcoma and increase life expectancy in murine 

samples.14 Further studies with Streptomyces revealed that Streptomyces griseofuscus 

produced Azinomycin A, Azinomycin B, and its epoxyamide.15 With increased 

spectroscopic advancements, the structures of Azinomycin A and B were elucidated and 

Azinomycin B was found to be identical to carzinophilin A. 16  

The azinomycin’s are structurally identical with the exception of their final 

fragment. The azinomycin’s contain 4 major fragments: the naphthoate ring, the epoxide 

moiety, the aziridine ring, and a final group. Azinomycin A contains an amino acetone 

group while Azinomycin B contains an enol fragment. To test its use as a potential 

therapeutic reagent, the azinomycin’s were tested against the National Cancer Institute’s 
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60 cell line.17 The azinomycins and murine samples were analyzed against P338 leukemia, 

P815 Mastocytoma, B-16 melanoma, and Ehrlich carcinoma. Azinomycin A and B both 

increased the life spans of the mice. Each azinomycin exhibited ~150% ILS (Increased 

Life Span) with Erlich Carcinoma, while Azinomycin B was most effective against P388 

leukemia showed a 193% ILS.18 Azinomycin B also displayed a higher ILS than 

azinomycin A in P815 Mastocytoma and Erlich carcinoma cell lines. The clinical drug 

mitomycin C exhibited a 204% ILS against P388 leukemia under the same conditions, but 

at a 60-fold concentration higher.18 

 

Azinomycin mode of action 

 Azinomycin B displays anti-tumor characteristics through its ability to form 

covalent linkages between complimentary strands of DNA. These covalent linkages form 

between the electrophilic C10 aziridine ring and the C21 epoxide moiety.19 These 

electrophiles are attacked by the N7 position of purine bases which  

 

Figure 4 Azinomycin Mediated Covalent Linkage. The initial alkylation occurs at the C10 
aziridine ring, shown in red. The dialkylation occurs at the C21 position of the epoxide 
ring, shown in blue. 
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break open the aziridine and epoxide rings.20 This mechanism is enacted sequentially, with 

the initial mono-alkylation occurring at the C10 position of the aziridine ring. The di-

alkylation occurs rapidly as the C21 epoxide ring is attacked by a purine base on a 

complimentary strand of DNA.21 While azinomycin forms inter-strand crosslinks with the 

di-alkylation of the aziridine and epoxide ring, both of these moieties have been shown to 

form DNA adducts and induce toxicity by themselves.22-23 The naphthoate-epoxide 

fragment forms DNA adducts and exhibits toxicity, but the epoxide ring without the 

naphthoate was unable to form the adduct.24 This shows that the naphthoate fragment is 

necessary to form the epoxide-DNA adduct and its non-covalent interactions facilitate 

adduct formation.  

 

Azinomycin Biosynthesis 

Azinomycin is a novel therapeutic because it contains the extremely rare 

azabicyclo [3.1.0] hexane ring that has only been found in a few natural products. While 

this aziridine ring has identified in mitomycin C, azicemicin A, azinomycin B, and 

maduropeptin, the biosynthetic pathway of these unique molecules has yet to be 

characterized. The enzymes involved or the mechanism of formation for the aziridine ring 

is still unknown. 25-28While the enzymatic catalysis of this functional group is still 

unknown, organic synthesis of aziridine rings has been achieved through several forms of 

b-carbon activation such as sulfonylation, phosphorylation, halogenation, or 

adenylation.29 
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Figure 5 Natural Products with Aziridine Rings 

 

 In addition to the novel biosynthetic pathway for the construction of the azabicycle 

moiety, azinomycin A and B are biosynthesized through a hybrid polyketide synthase 

(PKS) and non-ribosomal peptide synthase (NRPS). The alternating amide backbone of 

azinomycin indicates it was assembled through amino-acid like condensation reactions 

that are NRPS mediated. The remaining components of azinomycin and their predicted 

starter units are illustrated in Figure 6. 
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Figure 6 Proposed Azinomycin Biosynthetic Route 

 

 Whole cell feeding studies were performed to determine the precursor units of each 

of these fragments. While ornithine was initially conceived to produce the azabicycle, 

radiolabeled glutamic acid was shown to incorporate within the backbone of the aziridine 

ring.30 When radiolabeled acetate was fed to Streptomyces Sahachiroi, it was sequentially 

incorporated within the naphthoate fragment, indicative of a PKS mediated assembly.31 In 

addition to its naphthoate incorporation, radiolabeled acetate also incorporated into the 

azabicycle ring and the enol fragment of Azinomycin B. The incorporation of labeled 

acetate is proposed to occur through the cycling of acetate with a-ketoglutarate in the 
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azabicycle moiety and through threonine in the enol fragment.32,33Radiolabeled valine was 

fed to Streptomyces sahachiroi and was discovered to be the precursor to the epoxide 

moiety.34 

 

 

Figure 7 Azinomycin Biosynthetic Gene Cluster 

 

 Given azinomycin’s unique biological properties and complex chemical structure, 

annotating the Streptomyces Sahachiroi genome allows for the identification of enzymes 

that perform complicated chemistry. Zhao and colleagues analyzed the azinomycin B 

biosynthetic gene cluster based on PCR sequencing of the genome for the iterative PKS.34 

Further bioinformatic analysis revealed that in addition to the PKS genes, there were 

multiple NRPS genes, two acyl ligase genes, and a series of enzymes that could be 

associated with the assembly of the azabicycle moiety. A biosynthetic pathway for the 

biosynthesis of the azabicycle was hypothesized with 14 possible enzymatic steps.  
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Transketolase enzymes 

 In order to determine the foundational building block of the azabicycle’s 

construction, feeding studies were performed and radiolabeled glutamic acid was found to 

be incorporated into the azinomycin backbone.30 The complete azabicycle ring is two 

carbons larger than glutamic acid, so further modification needed to occur before its 

completion. An enzyme superfamily capable of mediating a two-carbon extension is the 

Transketolase family. Transketolase (TK) enzymes are thiamin dependent enzymes that 

are members of the pentose phosphate pathway and the Calvin cycle.35 Between the two 

catalytic sites, Transketolase enzymes are capable of mediating the reversible transfer of 

a dihydroxyl group from a ketose donor to an aldose accepter.36 These enzymes reversibly 

link glycolysis to the pentose phosphate pathway by converting D-xylulose-5-phosphate 

and D-ribose 5-phosphate to D-glyceraldehyde-3-phosphate and D-sedohep-tulose-7-

phosphate.37 These processes form the products D- fructose 6-phosphate and D-erythrose 

4-phosphate, which are precursors to amino acid formation.38  

 Transketolase enzymes are thiamin dependent enzymes that have the highly 

conserved residues Gly-Asp-Gly followed by 21 residues with less homology.39-40 A 

hydrophobic pocket is able to form at the interface of the two subunits and a cofactor 

Mg2+-ThDP complex forms, which exposes the C2 position of the thiazolium ring in 

thiamin.42-44 This enables deprotonation of C2 and triggers the mechanism shown in 

Figure 8.45  
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Figure 8 Thiamine-mediated Transketolase Activity. The donor substrate, shown in blue, 
coordinates with thiamine to create the two-carbon extender unit. The aldose acceptor, 
shown in red, contains an aldehyde electrophile which forms the carbon-carbon bond. 
  

 Diseases caused by thiamin deficiencies, such as beriberi and Alzheimer’s, are 

linked with decreased transketolase activity. Increasing and restoring TK activity has been 

explored as possible treatment for these afflictions.46-49 TK enzymes have industrial 

applications from their ability to produce amino acids, to form stereospecific carbon-

carbon bond synthesis, and to create easily activated intermediates.50-52 

 The identification of putative transketolase genes, aziC5 and aziC6, within the 

azinomycin gene cluster provides an opportunity for discovering enzymes involved in the 
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biosynthesis of the azabicycle moiety. AziC5 and AziC6 have the ability to perform a 

difficult carbon-carbon bond in the construction of azabicycle ring. 

Polyketide Synthase Enzymes 

 Polyketide Synthases perform a stepwise biosynthesis of diverse carbon skeletons 

with acyl-Coenzyme A starter units, such as acetyl Coenzyme A.  PKS can be iterative, 

where the final PKS product can be constructed from one module, or non-iterative, 

forming from multiple modules. There can be two types of PKS in bacteria, type I and 

type II. Type I PKS are multi-domain enzymes that are coded by a single gene, while type 

II function by each domain being coded by a separate gene. At minimum, a PKS module 

contains a ketoacyl synthase (KS), an acyltransferase (AT), and an acyl carrier protein 

(ACP) domain, while ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER) 

domains are frequently present.53   

 Thiolation domains (acyl carrier protein domain) require post-translational 

modification by phosphopantetheinylation of a serine residue to create an acyl-CoA 

transthiolation. AT domains can then work to extend the carbon skeleton by nucleophilic 

attack on malonyl-CoA extender units via serine. This creates an acyl intermediate that 

can be transferred to the thiolation domain via phosphopantetheine arm. Chain elongation 

is initiated by the decarboxylation of a malonyl-CoA extender unit by the ketosynthase 

domain. 
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Figure 9 PKS Module Mechanisms. An acetyl-CoA starter unit binds to the ACP domain 
and is grows through the activity of the AT, KS, and KR domains. The compound is 
cleaved from the protein by the TE domain. 
 

PPTase enzymes 

 Phosphopantetheinyl transferases (PPTase) post-translationally modify iterative 

and modular synthases such as PKS, fatty acid synthases (FAS), or non-ribosomal peptide 

synthases. These enzymes are capable of tethering 4’-phosphopantetheine onto the carrier 

protein domain of synthases. PPTases mediate the transfer and covalent attachment of 

PPant arms from coenzyme A (CoA) to conserved serine residues of the CP domain 

through phosphoester bonds. These essential post-translation protein modifications 

convert inactive apo-synthases to active holo-synthases.54 There are three types of 

PPTases and they can be separated by amino acid sequence and structure. Holo-ACP 
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synthase (AcpS) acts on FAS, Surfactin phosphopantetheinyl transferase (Sfp) installs the 

PPant on the PCP of surfactin synthase, and the third family of PPTases post-

translationally modifies apo-ACPs prior to assembly of the mega-synthases.54 The Sfp 

type has been shown to have the broadest substrate range.55-57Identifying the most efficient 

enzyme and conditions  of post-translational modification unlocks better PKS activity. 

 

 

Figure 10 PPTase coordination to ACP through a serine mediated phosphoester bond 

 
Thioesterase enzymes  

 As the polyketide product grows, it remains covalently attached to the PPant arm 

on the ACP domain. Once the PKS chain reaches its full length, the cleavage of the 

thioester bond that keeps it tethered to the ACP domain is achieved by the thioesterase 

(TE) domain.58 TE domains are the best understood aspect of PK systems and the 

structures of multiple TE domains have been identified.59,60 These enzymes are capable of 

regio- and stereoselective cyclization of peptides, which is difficult to achieve through 

organic synthetic means.61-63The thioesterase domain is generally located at the C-

terminus of PKS and they have a conserved triad of Ser-His-Asp, as seen in Figure 11.64 
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When the PKS chain reaches its complete length, the substrate is brought to the hydroxyl 

of the TE serine residue. This serine becomes activated from the conserved histidine 

residue, which is previously activated by the conserved aspartate residue.58  

 

Figure 11 Base catalyzed hydrolysis facilitated by catalytic triad of TE domains 

 

The proposed mechanism of TE activity involves a base mediated catalysis. In the 

base catalyzed mechanism, the activated serine could deprotonate water, which then acts 

as the nucleophile. This type of thioester hydrolysis is seen in yersiniabactin, vancomycin, 

and the ACV 54 tripeptide precursor of b-lactam antibiotics.65-67 

 The TE domains capabilities are not limited to cleaving the thioester bond between 

substrate and ACP domain. TE domains are also capable of facilitating intramolecular 

macrocyclization, macrolactonization, macrothiolactonization, and oligomerization.68-72 

The catalytic triad of TE domains can impact the formation and release of PKS mediated 

products. The TE domain of azinomycin, AziG, is essential for both the creation of the 

naphthoate moiety and for the hydrolysis from AziB. Without the TE domain, the PKS 

enzyme produces a truncated product, 2-methyl-benzoic acid. 
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Macular degenerative disorders 

 Although there are an innumerable number of instances where natural 

products exhibit a positive effect in certain biological systems, natural products can also 

exhibit deleterious effects. The macula is the central area of the retina and facilitates 

central vision and high-resolution visual activity.73 Macular degenerative diseases involve 

the deterioration of the retina and includes partial or complete vision loss. Macular 

degenerative diseases are defined by the accumulation of drusen and lipofuscin deposits, 

in the retinal pigment epithelium, and the macula’s inability to clear them.74 Macular 

degenerative diseases include a wide array of afflictions; such as Best’s Disease, 

Stargardts disease, and Age-related macular degeneration (AMD).75-77 AMD is the leading 

cause of blindness among people of European descent over the age of 65. There are 

currently more than 2 million cases of AMD in the United States, and it’s predicted to 

reach 3 million cases by 2020. There are two forms of AMD, a neovascular age-related 

macular degeneration (wet) form and a geographic atrophy (dry) form. The dry form 

exhibits a minimal amount negative effects, but the wet form hinders central vision.  

 

Figure 12 Macular Degenerative Diseases. The snap shots of the macula demonstrate the 
accumulation of lipofuscin shown in yellow. This accumulation leads to vision loss. 
 



	 	 	19 

Stargardt’s disease is a juvenile form of macular degeneration that can develop 

between the ages of six and twenty. Stargardt’s disease is a rare form of macular 

degenerative diseases with close to 1 in 20,000-person frequency. The origin of this 

disease lies in the mutation of the ABCA4 gene; a membrane bound protein that helps 

transport N-retinylidene-phosphatidylethanolamine through the retina in the visual 

cycle.76 With the inability to transfer N-retinylidene-phosphatidylethanolamine between 

the cells, these molecules can build up and form toxic dimers. 

 While some of the causes for macular atrophies have been demonstrated, there is 

a continued need for further exploration into what compounds cause retinal toxicity and 

inhibit the visual cycle. Identifying how these compounds are made and how they could 

be cleared into non-toxic byproducts are two methods to that could be used to treat the 

afflictions. 

 

The Visual Cycle and its byproducts 

 Vision is originated by the photoreceptors of the rods and cones in animals with 

vertebrae.78 The visual cycle is the process of recycling all-trans retinal (ATR) into 11-

cis-retinal, which is required for pigment regeneration.80 The photon capturing process of 

the visual cycle is achieved by rhodopsin, a light sensing chromophore covalently bound 

to opsin, a photoreceptor protein.81 This chromophore undergoes isomerization to all-

trans retinal (ATR) after it is connected with opsin, via Schiff base formation, and absorbs 

light into the retina. The photo-absorbance of the fluorophore leads to the conformational 

change of opsin and activates G-protein transduction, which facilitates vision.79 A critical 
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aspect of the visual cycle is the regeneration of retinal starting material, as shown in Figure 

13.  

 

 
 

 

Figure 13 The human visual cycle. All-trans retinal and its derivatives cycle 
through the retinal pigment epithelium and rod outer segment with opsin or PE. The 
structural image of the retinal pigment epithelium and rod outer segment is also shown.129 
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The visual cycle is believed to originate with all-trans retinol, vitamin A, which is 

absorbed in the retinal pigment epithelium (RPE) through the blood stream. Retinol is then 

acylated by lecithin retinol acyltransferase (LRAT) and isomerized and hydrolyzed into 

11-cis retinol in the RPE.82,83 The 11-cis retinol then undergoes oxidation, attaches to 

opsin, via Schiff base formation, and migrates into the photoreceptor rich outer segment 

of the retina. ATR is generated after the retinol species is isomerized and hydrolyzed from 

opsin and released into the retina.84 

 As the visual cycle progresses, auto florescent byproducts of ATR form and 

accumulate inside the retina. The two biggest examples of these byproducts are the 

bisretinoid ATR dimers, A2E, and ATR-dimer (Cycloretinal).85 A2E and cycloretinal 

have both been formed non-enzymatically. However, enzymes have been identified that 

are capable of catalyzing cycloretinal formation. 

 These compounds have been isolated from the lipofuscin of retinas and form from 

two molecules of ATR. The formation of either compound depends upon the 

stoichiometric ratio of amines present. The two bisretinoids are shown in figure 14. A2E 

has been extensively shown to form epoxides, when exposed to light of 430 nm, and cause 

retinal toxicity.86 Since cycloretinal has the same conjugated chains that become oxidized 

in A2E, it is hypothesized that cycloretinal would undergo the same photo-oxidation and 

exhibit retinal toxicity. 
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Figure 14 Lipofuscin formation and epoxidation from all-trans retinal monomers. A2E 
isomerizes from iso-A2E into A2E, which can form epoxides. 
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Oxidative toxicity of auto-fluorescent compounds 

The accumulation of lipofuscin within the RPE has long been linked to macular 

degenerative diseases and the adduct A2E has been shown to induce blue-light mediated 

cell death.87,88 The wavelength dependency on A2E toxic activation is concurrent with the 

excitation spectra of A2E and the known susceptibility of RPE cells to blue light exposure 

in animal models89-91 A2E is capable of absorbing photons of specific energy by electron 

excitation to become photoactivated. Photoinduced damage can arise either through a 

direct reaction of the photoactivated molecule with cellular constituents and/or through 

the formation of reactive oxygen species.92 The illumination of A2E with blue light leads 

to the formation of a specific pattern that involve the acceptance of oxygen. 

Figure 15 Oxidized Lipofuscin. FAB-MS analyzed of A2E illuminated at 430 nm of 
light. A.) A2E exposed to 0.075 mW/mm2 for 10 min. B.) A2E with 0.095 mW/mm2. C.) 
A2E with 0.15 mW/mm2. D.) generated eries of molecular ion peaks for A2E. Each peak 
differed from the previous peak by a mass of 16.92  
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Figure 15 shows that as A2E is exposed to various intensities of light, it observes a mass 

increase of 16. These mass increases were eliminated when oxygen was removed from the 

media and A2E was irradiated in the presence of singlet-oxygen quenchers.92Given A2E’s 

ability to form these epoxide moieties in the presence of oxygen and blue light, it is 

hypothesized that these conditions triggers oxidation of other lipofuscin and initiates death 

to the retinal pigment epithelium. 

 

Synthetic and biosynthetic mechanisms for Cycloterpenal formation  

Figure 16 The formation of lipofuscin through all-trans retinal and a catalyst. Several 
steps occur in route to the formation of the dimers, A2E or cycloretinal. 
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 The auto fluorescent bisretinoids A2E and cycloretinal have both been isolated 

from the lipofuscin of RPE and are created from a dimerization of ATR. The proposed 

mechanism for A2E synthesis is shown in Figure 16. ATR forms a Schiff base with 

phosphatidylethanolamine, a compound that allows ATR to move through the eye, and 

becomes deprotonated at the g methyl group. This diene creates a secondary amine that 

can coordinate with another equivalent of ATR. This creates an open ring structure that 

becomes closed and deprotonated to create the final pyrimidine salt. It’s hypothesized that 

cycloretinal forms under a similar mechanism as A2E. Two units of ATR can form Schiff 

bases with PE. The g methyl group can also become deprotonated to create a diene 

structure. While one PE coordinates with two equivalents of ATR, cycloretinal forms 

when two equivalents coordinate with two equivalents of ATR. After the diene transition 

structure, two possible mechanisms were hypothesized and shown in Figure 17. 

 

 

 

 

 

 

 

 

 

Figure 17 Proposed Cycloretinal Formation Mechanism 

 Diels-Alder              Imine Addition 
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 Once the diene forms, the closed cyclohexene ring forms through an aldol step-

wise mechanism or a concerted, 4+2 cycloaddition. The challenge with these proposed 

mechanistic pathways is that both mechanisms create a cyclohexene intermediate. 

 Cycloretinal can also be created from the whey protein found in milk, b-

Lactoglobulin (BLG). Schiff base formation can occur through lysine residues that are 

located within the hydrophobic cavity of BLG’s active site. Elucidating the synthetic and 

enzymatic cycloretinal mechanism opens the possibility for the design of small molecule 

inhibitors. The ability to degrade or prevent lipofuscin from forming could prevent the 

negative physical effects that are associated with macular degenerative diseases.  

 The formation of natural products has been shown to demonstrate positive and 

negative effects in a wide array of biological systems. Through azinomycins anticancer 

properties, biosynthetic pathways can be characterized for the future purposes of 

engineering the pathway or developing site-specific delivery of azinomycin. The analysis 

of macular degenerative diseases identifies non-genetic factors that cause them. 

Discovering molecules that cause these diseases opens the door for identifying possible 

ways to treat these diseases. By identifying compounds that can combat and instigate 

disease, possible therapeutics can be developed that can be put towards clinical trials. 
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CHAPTER II 

TRANSKETOLASE MEDIATED TWO CARBON EXTENSION IN THE 

CONSTRUCTION OF AN AZABICYCLE RING 

 

Introduction 

 The construction of the azabicycle (aziridino[1,2-a] pyrrolidine) moiety is an 

essential aspect of azinomycin formation and its ability to display anti-tumor properties. 

A proposed biosynthetic route had been hypothesized and at least 11 different enzymatic 

steps have been predicted to be necessary for the formation of the azabicycle ring. 

 

Scheme 1 Biosynthesis of the Azabicycle Moiety 

Whole cell feeding studies with radiolabeled substrates indicated that glutamic 

acid is the precursor to the formation of the aziridine ring.30 The blue highlighted 
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intermediates in Scheme 1 represent enzymatic steps that have been previously 

characterized. These enzymatic transformations are hypothesized to facilitate glutamic 

acids transformation into the aziridine ring. The free amine of glutamic acid interferes 

with the construction of hypothesized intermediates by undergoing intramolecular 

cyclization. In order to avoid the cyclization, the aziridine biosynthesis begins with AziC2 

mediated acylation of the amine to give N-acetyl glutamic acid. Bioinformatic analysis 

has revealed that the addition of a protecting group to the amine is achieved with an amino 

group carrier protein, AziW. 93 After the protection of the amine group, AziC3 and ATP 

are able to phosphorylate the gamma carboxy group of glutamic acid. The creation of the 

acyl phosphate allows AziC4 and a reducing agent, NAD(P)H, to reduce that acyl 

phosphate and generate the glutamic acid semi-aldehyde intermediate.94 

 The proposed semi-aldehyde intermediate is lacking two carbons in comparison 

to the entire azabicycle moiety. A two-carbon extension step is necessary to transform 

glutamic acid semi-aldehyde into the ultimate azabicycle moiety. DNA annotation of the 

Streptomyces sahachiroi genome suggests that aziC5 and aziC6 encode the C- and N-

terminal subunits of a transketolase enzyme. This is based on their high genetic similarity 

to the enzymes involved in ornithine and vazabitide biosynthesis.93,95 Given the genetic 

similarity and the glutamic acid semialdehyde intermediate missing carbons, it was 

proposed that AziC5 and AziC6 use thiamin pyrophosphate and magnesium (II) to 

facilitate a transketolase mediated two carbon extension of glutamic acid semialdehyde to 

form 2-acetamido-5,7-dihydroxy-6-oxoheptanoic acid. 
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*Reproduced with permission from Washburn, L.; Foley, B.; Martinez, F.; Lee, R.; Pryor, K.; 

Rimes, E.; Watanabe, C. “Transketolase Activity in the Formation of the Azinomycin Azabicycle Moiety” 

Biochemistry 2019, 58 (52), 5255-5258. 2020 American Chemical Society. 

 

Preliminary research 

 aziC3, aziC5, and aziC6 were successfully cloned, overexpressed, and purified in 

E. coli BL21 (DE3) to evaluate the next step of the pathway. aziC4 was cloned in vector 

pET-21a (Rachel Lee). Synthesis of glutamic acid aldehyde was achieved following 

Scheme 2 (Flor Martinez). Diethyl 2-acetamidomalonate and sodium ethoxide were mixed 

under heat to generate an enolate. 3-chloro-Diethoxypropane was then slowly added to 

this solution to generate diethyl 2-acetamido-2-(3,3-diethoxypropyl) malonate. After 

subsequent basic and acidic treatments, the glutamic acid semialdehyde compound was 

synthesized. 

 

 

Scheme 2 Synthesis of AziC5/C6 Aldehyde Substrate 
 

A homology study of human transketolase was performed and the binding pocket 

of the active site was found to contain a series of histidine’s that help facilitate the cofactor 

thiamin pyrophosphate binding. The highly conserved residues His75, His129, His139, 

and His286 were hypothesized to have the largest role in this mechanism. His75 and 
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His139 of AziC5 are hypothesized to be involved in H-bonding with the aldose acceptor 

and keto-donor, while His139 and His286 are more directly involved in the mechanism. 

AziC5 and AziC6 are expected to form a tetramer of two homodimers. When overlaid 

with a human transketolase enzyme in Figure 18A, AziC5 and AziC6 revealed a similar 

structure to the human enzyme.  

The histidine residues in the active site of AziC5/C6 are essential in the 

transketolase enzymes mechanism. To begin its enzymatic activity, AziC5/C6 takes the 

cofactor thiamin pyrophosphate into the active site and His286 of AziC5 deprotonates it 

to create the thiamin ylide. This ylide is capable of attacking the carbonyl carbon of the 

keto-donor substrate. Transketolase enzymes found in biological systems are capable of 

utilizing xylulose-5-phosphate or fructose-6-phosphate as the keto-donor substrate. 

However, hydroxy pyruvic acid (HPA) was utilized in assays due to the irreversibility of 

the reaction. The deprotonation facilitated by His286 can break a carbon-carbon bond of 

the keto donor substrate and create the dihydroxyl ethyl-thiamin enamine intermediate. 

This intermediate is capable of forming a carbon-carbon bond at the electrophilic carbonyl 

of the aldose acceptor. Deprotonation of a hydroxyl group by His129 of AziC6 breaks the 

thiamine-substrate bond and creates the α, α’-dihydroxy ketone product, 2-acetamido-5,7-

dihydroxy-6- oxoheptanoic acid. 
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Figure 18 AziC5/C6 Model and Proposed Mechanism 

A) Overlay of AziC5/C6 model with Human Transketolase (4KXU). Blue = 4KXU, Green = 
AziC5, Red = AziC6, Orange = thiamin pyrophosphate, Yellow = D-fructose-6-phosphate, Cyan 
= Mg2+.  B) Zoom in on one catalytic site with conserved residues involved in substrate binding 
and enzymatic activity shown. 
 

 Transketolase enzymes role in multiple metabolic pathways allows them to utilize 

multiple keto donor molecules. Xylulose-5-phosphate (X5P) is employed in the pentose 

phosphate pathway and fructose-6-phosphate (F6P) is a crucial part of the Calvin cycle. 

The affinity of AziC5 and AziC6 towards each of these donor molecules and hydroxy 

pyruvic acid (HPA) was measured spectrophotometrically using potassium ferricyanide 

absorbance at 420 nm. In the presence of potassium ferricyanide, the α-carbanion 

intermediate of the thiamin-ketose donor complex is oxidized and ferricyanide is reduced, 

which leads to a decrease in absorbance at 420 nm.96,97 The kinetic values demonstrate 

AziC5 and AziC6 have the highest affinity for their natural substrates, F6P and X5P, and 

	B 
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carried the lowest affinity for the irreversible keto donor substitute, HPA (Appendix Table 

1).  

 

 

Figure 19 AziC5/C6 Donor Molecule Screening with molecules used in the pentose 
phosphate pathway, fructose-6-phosphate and xylulose-5-phosphate. Hydroxypyruvate 
provides an irreversible ketose donor  
 
Results and discussion 

 Transketolase enzymes rely on the cofactor thiamine pyrophosphate (TPP) for the 

execution of their catalytic activity. TPP is able to be detected through several analytical 

techniques. The presence of TPP can be monitored by thiamin’s activity within the UV 

range and thiamin’s ability to become oxidized.98,99 TPP was detected by observing its UV 

traces in a colorimetric assay and identifying its oxidized form with a thiochrome assay. 
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Figure 20 AziC5/C6 Thiochrome Assay with HPLC analysis. The denatured extract from 
AziC5/C6, shown in blue, was compared to the elution time of the synthesized thiochrome, 
shown in blue. 
  

 A thiochrome assay, which utilizes thiamin’s ability to be oxidized, was performed 

with potassium ferricyanide. AziC5 and AziC6 were co-expressed, purified with a His-

Trap column, and denatured with heat. The collected supernatant was exposed to the 

oxidizing environment of potassium ferricyanide and analyzed via HPLC to detect 

thiochrome’s presence. The thiochrome product created from the enzymatic extraction 

was then compared to a synthetic standard, shown in Fig. 20. The co-injection of the 

enzymatic extraction and the synthetic standard were found to contain one peak at the 
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same retention time as the enzymatic extraction. This indicates that TPP was bound to 

AziC5 and AziC6 and is a necessary cofactor in its enzymatic activity.  

 A colorimetric assay, utilizing bromothymol blue, was also utilized to detect the 

presence of TPP. There is an acidic proton on the thiazolium ring of thiamin and it can be 

deprotonated in the presence of certain indicators. Bromothymol blue has two UV maxima 

in solution at 430 nm and 600 nm. AziC5 and AziC6 were denatured and exposed to a 

solution of bromophenol blue. The UV traces in Appendix Figure 13 demonstrate the I-2 

state of the indicator decreased and the HI- state increased. This indicates that thiamin is 

present because it changed the oxidation state of the indicator.  

 

 

 

Scheme 2 Enzymatic and Synthetic routes to evaluate AziC5/C6 activity 
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The formation of the dihydroxy ketone product, 2-acetamido-5,7-dihydroxy-6- 

oxoheptanoic acid, was pursued through two routes, as shown in Scheme 2. A complete 

enzymatic assessment was performed with N-acetyl glutamic acid, AziC3, AziC4, AziC5 

and AziC6. In addition, the synthetically achieved glutamic acid semi-aldehyde was 

directly exposed to AziC5 and AziC6. Both routes showed product formation as detected 

by electrospray ionization mass spectrometry (ESI-MS), giving masses of 233 [M + H] 

and 256 [M + Na], respectively. Synthetic semialdehyde and AziC5/C6 (route B) were 

used to obtain ESI-MS/MS data, giving the fragmentation seen in Figure 21. These 

fragmentation patterns are indicative of the desired dihydroxy ketone product. 

 

 

 
 
 

Figure 21 MS/MS fragmentation of AziC5/C6 product. The expected fragmentation was 
observed 

 

 To evaluate the necessity of both subunits in the reaction, controls were performed 

with one transketolase subunit at a time (AziC5 or AziC6). ESI-MS data can be found in 
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Appendix Figure 12. Minimal product formation is observed in the control reactions, 

likely catalyzed by TPP in solution. This confirms the need for both subunits in the 

enzymatic transketolase reaction.  

The transketolase mediated formation of α, α’-dihydroxy ketones was also 

determined using a tetrazolium red, colorimetric assay.100 When the dihydroxy ketone 

product is created in basic conditions, the hydroxyl groups are susceptible to 

deprotonation. The deprotonation forms a ketone and gives off a hydride anion, as seen in 

scheme 3. This reducing agent can react with a yellow tetrazolium dye to produce a red 

formazan precipitate (Figure 22). Trials were performed in the absence of enzyme, TPP, 

keto donor, and aldose acceptor. The only conditions that resulted in the red color change 

included AziC5/C6, TPP, glutamic acid semialdehyde, and HPA. This assay and mass 

spectrometry results demonstrates that both AziC5 and AziC6 are necessary for enzymatic 

activity. 

 

Scheme 3 Mechanism of transketolase assay 
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Figure 22 Transketolase assay with tetrazolium red 
A. No enzyme, B. No substrate, C. No HPA, D. No TPP, E. Enzymes with substrates and 
cofactors 
 

Significance 

 Elucidating the biosynthetic pathway of the aziridine ring in azinomycin is 

invaluable. This characterization provides an enzymatic route to creating a DNA binding 

reagent with potential therapeutic effects. Whole cell feeding studies revealed that 

glutamic acid is the precursor to the azabicycle. This work revealed the two-carbon 

extension that is necessary to form the azabicycle ring from glutamic acid. In addition, it 

was revealed that the two-carbon extension was achieved through a transketolase mediated 

A B C D E 
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reaction. In order for this enzymatic reaction to proceed, thiamin pyrophosphate, a two-

carbon donor molecule, and both AziC5 and AziC6 are needed. The enzyme was shown 

to bind thiamin after its presence was detected through a thiochrome assay. The 

identification of the 2-acetamido-5,7-dihydroxy-6- oxoheptanoic acid intermediate creates 

the opportunity to investigate the next steps in the aziridine biosynthesis. The proposed 

biosynthetic route, shown in Figure 1, indicates that after the creation of the dihydroxy 

intermediate, several of the remaining steps can be readily achieved synthetically. The 

dihydroxy ketone product allows for a semi-synthetic route that could create the 

azabicycle ring. Additionally, AziC5 and AziC6 achieve carbon-carbon bond formation, 

which is difficult to accomplish through synthetic means. AziC5 and AziC6 mediated 

creation of a dihydroxy ketone product enables the formation of an intermediate that is 

easily activated and utilized. 

 

Materials and methods 

 

Instrumentation and reagents 

1H & 13C NMR spectra were recorded on an Avance III 400. ESI mass analysis was 

obtained with ion trap mass spectrometer (LCQ-DECA, ThermoFinnigan), at the 

Laboratory for Biological Mass Spectrometry at the Department of Chemistry, Texas 

A&M University. UV spectra were measured on a ThermoFisher GENESYS 10 Bio 

spectrophotometer. Adenosine-5’- triphosphate magnesium salt (ATP), β-nicotinamide 

adenine dinucleotide (NAD), reduced disodium salt (NADH), Potassium β-



	 	 	39 

hydroxypyruvate (HP), Thiamin Pyrophosphate (TPP), potassium ferricyanide, fructose-

6-phosphate (F6P), xylulose-5-phosphate (X5P) and β–nicotinamide adenine dinucleotide 

phosphate hydrate (NADPH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

N-acetyl-L-glutamic acid was obtained from Alfa Aesar, a Johnson Matthey Company, 

and New England Biolabs (NEB, Ipswich, MA, USA). 

 

Cloning, expression, and purification of recombinant proteins 

aziC3, aziC5, and aziC6 were individually cloned into vector pET-24b; aziC4 was cloned 

into vector pET-21a. Primers and restriction enzyme sites are provided below in Table S1. 

The construct was transformed in BL21 (DE3) E. coli strain for protein overexpression. A 

10 mL overnight culture in LB medium containing 50 µg/mL kanamycin (100 µg/mL 

ampicillin for pET21a-aziC4) was added to 1 L of medium and grown until an OD600 of 

0.8 was reached. The culture was induced with 1 mM IPTG and incubated at 16 °C for 

22-24 h prior to harvest. The cells were centrifuged at 6,000 rpm for 20 min, washed twice 

with cold 50 mM phosphate buffer (300 mM NaCl and 10% glycerol at pH 7) and re-

suspended in the same buffer containing 1 mM dithiothreitol (DTT) and 1 mM phenyl 

methylsulfonyl fluoride (PMSF). The cell pellets were sonicated on ice water bath using 

Branson Sonifier 450 (Branson Ultrasonics) fitted with a micro tip, output setting 6, duty 

cycle 50%, for 8 cycles for 30 sec each and centrifuged for 1 h at 12,000 rpm. The soluble 

protein was purified by Nickel affinity chromatography, His Trap TM FF 5 mL column 

(GE Healthcare Life Sciences), according to the instructions provided by the supplier. The 

purified fractions were desalted and concentrated using Amicon® 10K Ultra. 
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Synthesis of Glutamic Acid Semi-aldehyde 

Diethyl acetamido malonate, 2.5 g (1 eq.) was mixed with 1.72 g (2.2 eq.) of sodium 

ethoxide in 30 mL of THF. The mixture was subsequently stirred and heated under reflux 

at 90 °C for 30 min. To the mixture, 1.92 mL (1 eq.) of 3-chloropropionaldehyde 

diethylacetal was added dropwise over 20 min. and the reaction allowed to stir with heat 

(90 °C) overnight. The mixture was subsequently allowed to reach room temperature and 

the resulting salt filtered. The filtrate was concentrated in vacuo and the oily residue 

diluted with water, extracted with ether, and dried over anhydrous sodium sulfate. 

Purification by column chromatography was completed on silica centrifugal filter (EMD 

Millipore)  gel using 2:1 hexane: ethyl acetate. This afforded diethyl 2-acetamido-2-(3,3-

diethoxypropyl) malonate (2.57 g, 64.4%) as characterized by 1H and 13C NMR (Appendix 

Figure 2-4). The product was subsequently treated with 1 equivalent of NaOH and mixture 

refluxed for 5 h. The reaction was cooled to room temperature and treated with 6 M HCl 

to a pH of 2. The mixture was lyophilized, dissolved in water and refluxed for an additional 

3 h. The sample was lyophilized again to give N-acetyl-glutamate 5-semialdehyde as a 

yellow precipitate (0.98 g, 76.6%). NMR and mass characterization are provided in 

Appendix Figure 5-8. ~Note: Glutamic acid semialdehyde exists in equilibrium with its 

diol in D2O as observed by NMR spectroscopy. 
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Enzymatic reaction of AziC3/C4/C5/C6 and product analysis 

A reaction mixture consisting of 20 mM N-acetyl-L-glutamic acid (pH 7), 10 mM ATP, 2 

mM NAD(P)H, 5 mM MgCl2, 10 mM thiamin pyrophosphate, 10 mM β-hydroxypyruvic 

acid, 40 mM Tris-HCl (pH 7) and 0.2 mg/mL of purified AziC3/AziC4/AziC5/AziC6 

protein was prepared and incubated in a 37 °C water bath overnight. The reaction was 

terminated with the addition of an equal volume of TCA (8%). The protein portion was 

pelleted by centrifugation to remove precipitates and the resulting aqueous solution was 

lyophilized to dryness and subjected to MS/MS analysis. 

 

Enzymatic reaction of AziC5/C6 and product analysis 

A reaction mixture consisting of 50 mM N-acetyl-glutamate 5-semialdehyde, 5 mM 

MgCl2, 10 mM thiamin pyrophosphate, 10 mM β-hydroxypyruvic acid, 40 mM Tris-HCl 

(pH 7) and 0.2 mg/mL purified AziC5/AziC6 protein was prepared and incubated at 37 

°C water bath overnight. The reaction was terminated with the addition of an equal volume 

of TCA (8%). The protein portion was pelleted by centrifugation to remove precipitates 

and the resulting aqueous solution was lyophilized to dryness and subjected to MS/MS 

analysis. To evaluate if both AziC5 and AziC6 subunits were necessary for product 

formation, controls lacking one subunit at a time were performed and analyzed by MS. 

 

Thiochrome assay 

The thiochrome assay involves conversion of thiamin phosphate to a thiochrome 

phosphate product. AziC5/C6 were expressed in the presence of 100 mM thiamin 
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pyrophosphate. The harvested protein was purified on a Ni-His Trap Column and the 

purified fractions desalted and concentrated with an Amicon 10K Ultra centrifugal filter 

(EMD Millipore). The isolated protein was quenched with an equal volume of TCA (8%) 

and centrifuged. To the resulting supernatant (100 µL) was added potassium acetate (50 

µL of 4 M), followed by oxidative cyclization with the addition of a saturated solution of 

K3Fe (CN)6(50 µL) in 7 M NaOH, resulting in the formation of the desired thiochrome 

phosphate. Neutralized after 1 min with 6 M HCl and analyzed by HPLC. 

 

Homology modeling of AziC5/C6 

Homology modeling was performed using SWISS-MODEL. Model quality was evaluated 

by having a QMEAN score of less than 4. The model for AziC5/C6 was built upon the 

crystal structure of a human transketolase with D-fructose-6-phosphate bound and thiamin 

bound (PDB 4KXU).5 AziC5/C6 and 4KXU have 33 % sequence identity. The model was 

visualized using Pymol to identify residues that may play a role in transketolase activity 

of AziC5/C6. 

 

Assay for Transketolase activity 

 The following methodology was used to assess transketolase activity. A 90 µL reaction 

mixture containing N-acetyl-glutamate 5-semialdehyde 6 (50 mM), lithium 

hydroxypyruvate (50 mM), TPP (2.4 mM), MgCl2 (9 mmol) and purified AziC5/C6 

protein (5 mg/mL) in Gly-Gly (50 mM, pH 7.0) was incubated at 20 °C for 17 h. The 

reaction mixture (10 µL) was subsequently transferred to a microwell containing MP-
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carbonate resin (Biotage AB) (10 mg) and Gly-Gly buffer (90 µL, 50 mM, pH 7.0) and 

the mixture incubated at 20 °C for 3 h. The mixture (50 µL) was diluted with Gly-Gly 

buffer (50 µL, 50 mM, pH 7.0), to which 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyl tetrazolium bromide (20 µL) and 3 M NaOH (10 µL) was added and mixed 

thoroughly. Four control experiments lacking in N-acetyl-glutamate 5-semialdehyde 6, 

lithium hydroxypyruvate, thiamin pyrophosphate, and AziC5/C6 proteins respectively, 

were performed. 
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CHAPTER III 

PPTASE AND THIOESTERASE ACTIVITY  

IN NAPHTHOATE PRODUCTION 

Introduction 

Although the aziridine ring and the epoxide moiety facilitate DNA crosslinking, 

the naphthoate ring is a vital part of azinomycin and stabilizes coordination. The 

hydrophobicity of the naphthoate fragment helps to augment interactions with DNA base 

pairs.24 In addition, the epoxide and naphthoate fragments together have been observed to 

make DNA linkages without the aziridine or enol fragments.21 The naphthoate fragment 

is created by a Polyketide Synthase (PKS) enzyme, AziB, and uses acetyl-CoA and 

malonyl-CoA to achieve the formation. However, AziB by itself is unable to produce the 

naphthoate fragment, but instead produces 2-methyl-benzoic acid. If the thioesterase (TE) 

domain of PKS is present, it produces the desired 5-methyl naphthoic acid.10 

 

 

 

 

 

 

 

Figure 23 PKS product formation with and without the thioesterase domain 

AziB 
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PKS enzymes contain multiple domains and initiate their activity after the 

posttranslational modification of the acyl carrier protein (ACP) domain with acetyl-CoA 

or other starter units. The CoA starter units are attached to the ACP domain via PPTase 

and Mg (II). After the CoA cofactor is attached to the ACP domain, it then carries the 

chain to the other domains of the PKS and promotes chain growth. The final domain 

involved in PKS enzymes is the TE domain. The TE domain of PKS enzymes performs 

multiple functions. It cleaves the thioester bond to release the final product from the PKS 

enzyme, facilitates chain elongation, and promotes chain cyclization. By expanding our 

understanding of how the PKS enzyme is post-translationally modified and how the TE 

domain is involved in cleavage from PKS and chain elongation, azinomycin production 

could be increased and naphthoate analogs could be developed to increase the hydrophobic 

interactions between DNA strands and azinomycin.  

 

Preliminary research 

 AziB was previously expressed in a heterologous source, E. coli, and post-

translationally modified by several PPTases. These include Svp and Sfp, from Bacillus 

subtilis, and FAS and NFAS, from S. sahachiroi. FAS and NFAS were cloned into E. coli 

but their expression was too low for regular usage (Dr. Lauren Washburn, Dr. Shogo Mori, 

and Dr. Huitu Zhang).101,102 The ACP domain of AziB was previously expressed in E. coli. 
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Figure 24 Crystal Structure of the thioesterase AziG 
Depiction of the AziG active site with the substrate 5-methyl-naphthoic acid present. 
Ser58-H48-Glu57 form catalytic triad conserved amongst TE.101 

 
 The TE domain of AziB, AziG, was previously expressed in E. coli. A crystal 

structure of AziG was obtained and genomic analysis was utilized to evaluate the most 

essential residues within the active site, as seen in Figure 24.101 TE domains utilize a 

conserved catalytic triad of serine, histidine, and aspartic acid. They operate in a cascading 

fashion as the aspartate activates histidine, which then activates the serine to hydrolyze 

the thioester bond. It was hypothesized that S58, H48, and E57 were the conserved 

residues of the TE catalytic triad within the active sites. The close vicinity of H48 to S58 

and the small distance between S58 and the carboxyl group of 5-methyl-naphthoic acid 

were proposed to function like in Figure 11. An active site glutamic acid, Glu57, was 

hypothesized to perform the same function of aspartic acid in this mechanism. 
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Additionally, H44 and S61 were identified within the active site as remaining residues that 

could play a role in catalysis. These residues were mutated to alanine, incubated with AziB 

and its substrates, and analyzed by LC/MS to determine their effects on the production of 

5-methyl-naphthoic acid.30 None of the AziG mutants were able to eliminate the 

production of the 5-methyl-naphthoic acid as seen in Figure 25.  

 

 

Figure 25 LC-MS analysis of AziB-AziG mutant products101 

The product of AziB and AziG mutants was analyzed by LC-MS. The wild type AziG was 
used as the control. 
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The TE mediated rate of hydrolysis of thioester bonds was evaluated with AziG 

and its mutants. Kinetic analysis of these enzymes was determined utilizing a N-

acetylcysteamine, SNAC mimic, but the measured catalytic activity of AziG and its 

mutants was low. In order to measure the actual hydrolytic cleavage of AziG, 5-methyl-

naphthoate-CoA bound to the ACP domain of AziB was needed. 

 

Results and discussion 

 In order to accurately measure the hydrolytic cleavage of 5-methyl-naphthoic acid 

from the ACP domain of AziB, the post-translational modification of AziB by PPTases 

needed to be optimized. Increasing the efficiency of Svp, Sfp, FAS, and NFAS mediated 

post-translational modification of AziB and the separated ACP domain was achieved 

through an enzyme linked immunosuppressant assay, ELISA, as shown in Figure 26.  

 

Figure 26 ELISA assay evaluating PPTase activity on AziB and the ACP domain 
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A streptavidin coated plate that binds biotin labeled substrates was used to assess 

the efficiency of post-translational modification. A biotin-CoA substrate was synthesized 

(Appendix Fig. 13), incubated with either AziB or the ACP domain, and treated with one 

of the four PPTases (Sfp, Svp, FAS, NFAS). Protein that is labeled with the biotin-CoA 

substrate binds to the streptavidin plate and unlabeled protein is removed with washes. A 

6X-His Monoclonal Antibody – Horse Radish Peroxidase (HRP) Conjugant was used to 

coordinate with and quantify the labeled proteins. AziB and its ACP domain were 

expressed and purified utilizing a 6X-His-tag. This tag binds with the Monoclonal 

Antibody and protein labeling is determined by HRP activity. The amount of post-

translationally modified ACP or AziB was measured by UV and is shown in Figure 27 

and 28. The absorbance values and their standard deviation are shown in Appendix Table 

4 and 5. 

Figure 27 ACP domain of AziB labeling efficiency with different PPTases measured 
through ELISA. 
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Figure 28 AziB labeling efficiency with different PPTases through ELISA 

 

In the presence of HRP, 3,3′,5,5′-Tetramethylbenzidine (TMB) becomes oxidized 

and produces a blue color change. The peroxidase activity was quenched with acid and 

quantified using UV. The assay revealed that full AziB was labeled with a higher 

frequency than the isolated ACP at the same PPTase concentrations. Amongst the four 

PPTases, Svp was the most efficient followed by Sfp, FAS, and NFAS. This conclusion 

was made based on the slopes of each of the PPTases. Considering that Svp had the largest 

increase in absorbance per unit of protein, it shows that it possessed the greatest activity. 

The post-translational modification is not only dictated by PPTase. The modification is 

also dependent upon temperature, pH, and Mg concentration. ELISA was performed to 

analyze the optimal conditions for each variable. The conditions that provided the optimal 
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posttranslational modification were Sfp, at 37oC, at pH of 6.2, and with a Mg concentration 

above 1 mM, as shown in Table 1(Appendix Figures 15-19). 

 

 

 

 Figure 29 PPTase coordination of CoA to the ACP  

 

Table 1 Optimal PPTase conditions measured through ELISA 
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20) with isobutyl acetate. This synthetic analogue was post-translationally modified onto 

AziB utilizing the optimized conditions in Table 1. Once the post-translationally modified 

AziB was made, the rate of thioester hydrolysis was measured for AziG and its mutants. 

The rate of hydrolysis was determined using Ellmans reagent (5,5'-dithio-bis-(2-

nitrobenzoic acid) or DTNB). Thioester hydrolysis releases a free thiol, which then breaks 

the disulfide linkage of DTNB. The resulting 2-nitro-5- benzoic acid can then be measured 

by UV. Although the bound CoA-Naphthoic Acid AziB hydrolysis is faster than SNAC 

experiments, the kinetic values are still lower than other thioesterases.103,104 The predicted 

mechanism for thioester cleavage is a base mediated hydrolysis, where the activated serine 

can deprotonate a water molecule, which acts as a nucleophile. The kinetic values seen in 

Table 2 are not able to definitively support this conclusion. Although two residues within 

the proposed catalytic triad, H48 and S58, give the lowest values upon mutation, the 

hydrolysis values between all of the mutants does not definitively support a hydrolysis 

mechanism or confirm a catalytic triad of S58-H48-E57. 

AziG Thioesterase kcat/Km (M-1 s-1) kcat/Km (M-1 s-1) 

w/ SNAC 

WT 1.26 ±	.02 1.11± .04 

H44A 0.53±.04 0.56±	0.02 

H48A 0.48±.03 0.36 ± 0.03 

E57A 0.74±.03  0.40 ± 0.03 

Table 2 kcat /Km values for AziG and its mutants with AziB bound substrate 
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 Given the low kinetic values, it’s hypothesized that the hydrolysis rates are low 

because there is no separation and differentiation between unlabeled and labeled AziB, 

the substrate for the reaction. The most efficient post-translational modification of AziB 

was pursued so that this problem could be avoided, but the substrate concentration was 

based on how much of the protein substrate was present, independent of whether it was 

labeled or not. Since we were unable to identify whether or not all of the protein was 

labeled, unlabeled protein could have acted as a competitive inhibitor that drives rates 

down. 

 The expected mechanism of hydrolysis for TE is a base hydrolyzed mechanism. In 

order to investigate this hypothesis, the kinetic values of the AziG mutants were evaluated 

over a range of pH. The results in Figure 30 demonstrated that the higher the pH, the faster 

the hydrolysis values for AziG and its mutants. The glutamate mutant consistently had the 

smallest effect on the rate of hydrolysis. The H48A and S58A mutants exhibited the largest 

effects on hydrolysis as the pH dropped, which was expected since they were hypothesized 

to be in the catalytic triad. Their kinetic activity approached zero as the pH got to 6.7. The 

decrease in kinetic activity as the pH decreases supports the conclusion that TE cleavage 

is done by base mediated hydrolysis. 
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Figure 30 pH effects on kinetic activity for AziG and its mutants 

 

The purposes of the TE domain include hydrolysis, chain elongation, and 

cyclization. Figure 25 shows that all five mutants were able to effectively produce the 

naphthoic acid product. The five active site mutants were examined on their ability to 

affect the quantity of 5-methyl-naphthoic acid produced.  The quantity of 2-methyl 

benzoic acid and 5-methyl-naphthoic acid formed was evaluated by LC/MS and shown in 

Figure 31. The mutant that least affected naphthoate production was E57A. Given 

glutamic acid isn’t included in the Ser-His-Asp conserved triad for TE, its minimal effect 

on naphthoate production was expected. The histidine and serine mutants appeared to 

affect naphthoate production equally in two tiers. The serine mutants produced minimal 

quantities of 5-methyl-napthoic acid and four times less than the glutamic acid mutant. In 
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addition, no 2-methyl benzoic acid was able to be detected by any of the mutants. These 

results do not support the conclusion that only the catalytic triad is involved with 

naphthoate production. S61A had a larger impact than S58A and H44A had then H48A. 

Chain elongation may proceed through a more complex process than hydrolysis. 

 

 

 

 

 

 

 

 

 

 

Figure 31 LC/MS analysis of naphthoate production for AziG mutants  

  

Lastly, the naphthoate ring has several hypothesized intermediates. The isolation 

and identification of intermediates was pursued to provide insight into the naphthoate rings 

mechanism of formation (Appendix Figures 23-28). A large-scale reaction of AziB with 

unlabeled substrates was performed and hydrolyzed over a period of times. By 

hydrolyzing the enzyme at different time intervals, potential intermediates were cleaved 

off AziB and detected by LC/MS.  
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Significance 

 Previous attempts at determining the rate of hydrolysis by AziG were much lower 

than other thioesterases, so a substrate bound enzyme was created to more accurately 

measure the hydrolysis. While these kinetic values were slightly higher, they did not match 

similar TE enzymes. However, the kinetic values of the AziG mutants were unable to help 

support the conclusion that the thioester is cleaved by a base hydrolysis mechanism. S58A 

and H48A, hypothesized members of catalytic triad, had the lowest kinetic values with 

H44A also having a substantial decrease in hydrolysis. The kinetic values of the AziG 

mutants were observed across a range of pH and were found to substantially decrease as 

the pH became more acidic. The hydrolysis rate of H44A, H48A, and S58A all approached 

zero as the pH reached 6.7. The decrease in hydrolysis as pH decreases strongly supports 

the conclusion that AziG cleaves the thioester bond with a base mediated hydrolysis. 

The optimization of the post-translational modification of AziB was achieved by 

evaluating two promiscuous PPTase enzymes, Svp and Sfp, against PPTases native to 

Streptomyces, FAS and NFAS. Svp was found to be the most effective at modifying AziB 

and the ACP domain of AziB. AziB was found to post-translationally modify to a higher 

extent than the isolated ACP domain. In addition, PPTase tethering to the serine of the 

ACP domain was dependent upon pH and Mg2+ concentration. 

  The AziG mutants were found to have varying effects on the production of 5-

methyl-naphthoic acid. Glutamate had the lowest effect, while the histidine mutants had 

the second lowest. The serine mutants had a substantial impact on production of naphthoic 

acid, creating the hypothesis that serine plays a substantial role in its formation. While the 
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histidine mutants had the largest effect on hydrolysis, the serine mutant effects indicate 

involvement in chain elongation. Lastly, intermediates were isolated during naphthoate 

production. Masses of the chain were found with 4 Malonyl CoA units that were 

uncyclized, while the cyclized 2-methylbenzoic acid was also found. This suggests that 

the chain is cyclized before it progresses to the final product.  

 

 

Materials and methods 

General Info 

 All chemicals from Sigma-Aldrich, all bacterial media were purchased from 

Becton-Dickinson, and ELISA and PCR reagents were purchased from ThermoFisher 

Scientific. Molecular biology reagents were purchased from New England Biolabs. Mass 

Spectra were obtained at the Laboratory for Biological Mass Spectrometry or at the 

Department of Chemistry, Texas A&M University. A Phenomenex column (Prodigy 5 µm 

C18 150 Å, 150 x 4.6 mm) was used during HPLC and LC-MS purification and analysis. 

LC-MS was performed on a Thermo Scientific Ultimate 3000 UHPLC with a Thermo 

Fisher Scientific Q Exactive Focus mass spectrometer. UV light absorption was measured 

by GENESYS 2 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). 

Cloning of Phosphopantetheinyl Transferases 

The two PPTases located in the genomic DNA of S. sahachiroi, FAS PPTase and 

NFAS PPTase, were codon optimized for expression in E. coli by Genescript. They were 
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cloned into a pET21 expression plasmid using NdeI and XhoI as restriction enzymes. T4 

DNA Ligase was used to ligate the final constructs. 

 

Overexpression and purification of PPTases 

E. coli BL21 (DE3) containing a PPTase expression vector was grown in 5 ml of 

LB medium with 50 µg/ml ampicillin overnight. The culture was used to inoculate 1 L of 

LB medium and culture at 37 °C at 250 rpm until an OD600 of 0.6 was reached. Induction 

was performed by the addition of 1 ml of 1 M IPTG. The cultures were incubated at 16 °C 

for 24 h at 250 rpm. The cells were harvested by centrifugation at 6500 rpm and 

resuspended in buffer containing 20 mM potassium phosphate, 500 mM NaCl, 1 mM 

DTT, 5 mM imidazole, and 20% glycerol, pH 7.4. The cells were lysed by sonication, 

clarified using centrifugation to remove cellular debris. The supernatant containing the 

PPTase was purified using a HisTrap FF 5 ml column (GE Healthcare Life Sciences). The 

purified protein was concentrated using a 10 kDa centrifugal ultrafiltration unit (Amicon 

Ultra centrifugal filter unit, Millipore) 

 

Characterization of PPTase activity using modified ELISA 

To synthesize Biotin-Coenzyme A, 25 mg of Biotin-Maleimide was dissolved in 

500 µl DMSO and added to a solution containing 45 mg Coenzyme A in 2 ml of Phosphate 

buffer pH 6.0. The reaction was stirred at room temperature overnight. The reaction was 

lyophilized and analyzed by LC-MS to confirm product formation (Appendix Figure 14). 

To perform phosphopantetheinylation reactions, the four PPTase (Sfp, Svp, NFAS 
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PPTase, and FAS PPTase) were purified along with AziB and the ACP domain of AziB. 

100 µM Biotin-Coenzyme A, 1 µM PPTase, and 50 µM ACP containing protein were 

combined in 100 µl of 50 mM HEPES Buffer pH 7.5 with 10 mM MgCl2. The reaction 

was incubated at 37 °C for 1 hr. A streptavidin coated plate was washed three times with 

25 mM Tris, 150 mM NaCl pH 7.2 with 0.1% BSA and 0.05% Tween 20. Serial dilutions 

of the 100 µl PPTase reaction were made and 100 µl of each was added to one well and 

incubated for 2 hours at room temperature. The wells were washed three times.  100 µl of 

6x-His Tag Monoclonal Antibody-Horse Radish Peroxidase conjugant was added to each 

well and incubated for 30 minutes. The wells were washed three times to remove excess 

antibody. 100 µl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate was added to each well 

and incubated for 30 minutes to develop color. 100 µl of 2 M sulfuric acid was added to 

stop the reaction and the UV was recorded at 450 nm. 

 

Overexpression of AziB, Svp, AziG, and AziG mutants 

AziB, Svp, AziG, and AziG mutants were overexpressed in the same manner. E. 

coli strains which contain their expression plasmids were cultured in 5x5 mL LB media 

for AziB, 3x5 mL for Svp and 2x5 mL for each AziG overnight with proper antibiotics, 

which are 50 µg/mL kanamycin for AziB and AziG, and 100 µg/mL ampicillin for Svp. 

Each of the 5 mL overnight cultures was inoculated into 1 L LB medium and grown until 

OD600 reaches 0.6-0.8. The production of the proteins was induced by 1 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) and incubation in 16 Co at 250 rpm for 22 hours. The 

resulted cells were harvested by centrifugation at 7000 rpm for 15 min. After discarding 
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the supernatant, the cells were washed with 250 mL of DI water and centrifuged down 

again by the same condition. The supernatant was discarded, and the cells were washed 

again with 30 mL of AziB- Svp reaction buffer (75 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 

5 mM dithiothreitol (DTT), and 20% glycerol). It was centrifuged down again at 9900 rpm 

for 15 min, and the supernatant was discarded. The remaining steps were performed on 

ice. The cells were resuspended into the AziB-Svp reaction buffer of 30 mL and each AziG 

and total 100 mL for AziB and Svp which were subsequently mixed together. 

Phenylmethanesulfonylfluoride (PMSF) was added into each solution to the final 

concentration of 1 mM shortly before the cells were lysed by sonication with Branson 

Sonifier 450 (Branson Ultrasonics, Danbury, CT) fitted with a 5 mm micro-tip, output 

setting 6, duty cycle 60%, and 5 cycles for 30 sec each. The lysed cells were removed by 

centrifugation at 9900 rpm for 45 min twice to remove the cell residues completely. The 

supernatants which consist of water-soluble proteins were stored in 4 oC. 

 

Posttranslational modification of AziB with Svp and Coenzyme A 

Approximately 90 mL of apo-AziB and Svp crude protein extract was obtained 

following cell lysis and centrifugation. Apo-AziB was converted to the holo-form by 

adding 5 µmol of coenzyme A, giving a final concentration of ~5.5 µM. The sample was 

incubated at 28 oC and 250 rpm for 1 h. Any resulting precipitation formed during 

incubation was removed by centrifugation, 9900 rpm for 45 min. Holo-AziB/Svp were 

purified by nickel affinity chromatography. A HisTrap FF 5 mL column was equilibrated 

with PPT buffer and subsequently loaded with the protein mixture at a rate of 0.25 
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mL/min. The column was washed with 200 mL of PPT column buffer (1 mM DTT, 500 

mM NaCl, 40 mM imidazole, 75 mM Tris-HCl, pH 8.0, and 20% glycerol) and eluted 

with 30 mL of PPT column buffer supplemented with 250 mM imidazole. The buffer was 

exchanged to the AziB-AziG reaction buffer (50 mM potassium phosphate, pH 7.5, and 

20 % glycerol). The purity and quantity of holo-AziB and Svp were assessed by 8 % (v/v) 

SDS-PAGE and Bradford assay utilizing the Bio-Rad Protein Assay kit (Bio- Rad 

Laboratories, Hercules, CA, USA); bovine serum albumin (BSA) was implemented as a 

standard. 

 

Purification of AziB-Svp, AziG, and AziG mutants 

 The crude solutions, which contained AziG, were applied to pre-equilibrated 

HisTrap FF 5 mL columns at 0.25 mL/min. The loaded columns were treated as follows: 

For AziG and its mutants the column was washed with 200 mL of column buffer 

supplemented with 60 mM imidazole and eluted with 30 mL of column buffer 

supplemented with 250 mM imidazole. The buffer was exchanged to AziB-AziG reaction 

buffer (potassium phosphate: 50 mM, glycerol: 20 %, pH 7.5) by centrifugal ultrafiltration 

units for 10 kDa (Amicon Ultra - 15). The buffer was exchanged to sephadex column 

buffer (20 mM sodium phosphate, 150 mM NaCl, pH 7.5). The sephadex G-50 fine (size 

exclusion) column with 200 mL volume about 1 m height was equilibrated with the 

sephadex column buffer.  
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Production of 5-Methyl-1-Naphthoic Acid by AziB and TE domains 

 A 25 mL of the reaction solution consists of 50 µM of acetyl coenzyme A, 250 µM 

of malonyl coenzyme A, 10 µM of NADPH, about 10 mg of AziB-Svp mixture, and about 

10 mg of AziA6 or AziG in the AziB-AziG reaction buffer. The reaction solution was 

incubated in 30 oC overnight. The product was cleaved from the protein by basification of 

the solution with NaOH till pH about 12, and it was subsequently acidified by HCl till pH 

below 5 for the following extraction. The acidified product was extracted with the equal 

volume of ethyl acetate three times. After dried over anhydrous sodium sulfate, ethyl 

acetate was evaporated off in vacuo and gentle flow of dry nitrogen gas. In case of AziG 

mutant assays, the solution after the reaction was neither basified nor acidified. 

Alternatively, the reaction solution was filtered out with centrifugal ultrafiltration units 

for 3 kDa, and the filtrate was extracted with the equal volume of ethyl acetate three times 

and solidified by the same method. 

 

LC-MS Analysis of AziB or AziG products 

 The product was analyzed by LC-MS. It was dissolved in 100 µL of methanol, and 

10-30 µL of the sample was injected into the reversed-phase HPLC column (Phenomenex, 

Columbus 5µ C8 100A, 250 x 3.20 mm 5 µ) which was pre-equilibrated with 80% A 

(water) and 20% B (75% methanol and 25% isopropanol). The liquid chromatography was 

run by the following program: Time 0 min A-80% B-20%; 1 min A-80% B-20%; 15 min 

A-0% B-100%; 30 min A-0% B-100%; 32 min A-80% B-20% till 40 min at the flow rate 
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0.75 µL/min. It was monitored by UV at 254 nm wavelength and by mass at around 136 

m/z (2-methylbenozoic acid) and 187 m/z (5-methyl-1- naphthoic acid). 
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CHAPTER IV 

LIPOFUSCIN TOXICITY AND DEGRADATION 

 

Introduction 

 The over accumulation of lipofuscin and drusen in the retinal pigment epithelium 

is associated with age related macular degeneration (AMD). In addition to AMD, diseases 

that trigger early onset blinding are also associated with the buildup of lipofuscin. 

However, diseases like Stargardts and Bests disease contain mutations in essential retinal 

genes like ELOVL4, BEST-1, and ABCA4 that allow the accumulation of lipofuscin to 

occur.105-107 The term lipofuscin represents a large set of compounds originating from the 

monomer all-trans retinal. These compounds include A2E, A2E isomers, A2-

dihyropyridine-ethanolamine, A2-dihydropyridinephophatidylethanolamine, cycloretinal, 

and all-trans retinal dimer phosphatidylethanolamine, listed in Figure 16.108 These 

lipofuscin form as by-products of the visual cycle and form epoxides along the conjugated 

chain when exposed to 430 nm of light. These epoxides demonstrate cytotoxic effects in 

the form of DNA or essential protein damage.85 
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Figure 32 Lipofuscin found in the retina after exposure to 430 nm of light hypothesized 
to form toxic epoxides 
 
 
 

 Retinal cells of mice have been analyzed for the quantity and type of 

lipofuscin present in several macular diseases. Mice with Stargardts disease were found 

to contain approximately 40 pmoles/eye of A2E, while the all-trans retinal dimer, 

cycloretinal, was found in 120 pmoles/eye quantities.85 The toxicity of A2E has been 

extensively reported, but the concentration and length of exposure has varied. A 

concentration of 200 pmoles/cell were seen to trigger complete cell death after 10 days, 
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while 30 µM can facilitate complete toxicity after 16 hours.109,110 The toxicity of 

cycloretinal has yet to be determined. Given its chemical similarity with A2E, it is 

hypothesized that cycloretinal induces retinal cell death through the photooxidation of its 

conjugated chain. 

 In order to combat the toxic effects of lipofuscin accumulation, several different 

treatment methods have been utilized. Small molecule inhibitors, gene therapy treatments, 

and protein delivery systems have been used to either prevent the formation of these 

compounds or degrade them once they form.111-113 The elimination of the harmful 

compounds that accumulate in the retina could alleviate vision loss of people with macular 

degenerative diseases. Possible enzymes were evaluated on their ability to break down the 

lipofuscin, so that these genes could eventually be employed in gene therapy trials.  

Screening of enzymes that could degrade lipofuscin into non-toxic by-products 

was performed by analyzing enzymes that degrade b-carotene. Carotene is a terpene 

natural product that can produce derivatives of vitamin A upon oxidation.114 While a wide 

array of enzymes has been found to oxidize and degrade b-carotene, their activity is low 

and the mechanism of degradation remains unknown.115-117 An extracellular peroxidase 

enzyme from a basidiomycete Marasmius scorodonius (garlic mushroom), MsP1, was 

selected based on its thermostability properties and its ability to degrade long terpene 

chains.118,119 
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Preliminary research  

A gene coding for MsP1 was synthesized de novo, cloned and overexpressed in E. 

coli to give MsP-BL21 cells. Both MsP-BL21 and BL21 were incubated with cycloretinal 

as the only carbon source in minimal medium. Decolorization was observed only in tubes 

containing MsP-BL21. Given its low expression, MsP1 was expressed as an MBP fusion 

protein. Figure 33 demonstrates that MsP1 was able to effectively catabolize cycloretinal 

within two hours. 

 

 

 

 

Figure 33 Demonstration of Cycloretinal Catabolism with MsP1-BL21 cells:  A] Time 0, 
cycloretinal is yellow in solution B] After 2 h of incubation, clearance observed. 
 

In order for MsP1 to be an effective enzyme in degrading lipofuscin linked with 

macular degenerative diseases, it must break apart the conjugated chains into non-toxic 

byproducts. To identify the degradation products, cycloretinal and A2E were incubated (1 

h) with MsP1 in the presence of hydrogen peroxide.  Following incubation, the reaction 

mixture was extracted and analyzed by gas chromatography mass-spectrometry (GC/MS).  

 

Figure 34 GC/MS Analysis of Cycloretinal Degradation 
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The observed degradation of cycloretinal and A2E in the presence of MsP1 resulted in 

two major products that are shown in Figure 34 and Figure 35.  

 
Not only does MsP1 effectively break apart lipofuscin macromolecules, but it also 

exhibits a consistent modality of degradation. Both A2E and cycloretinal were seen to 

become oxidized at the two terminal tails to produce b-Ionone. Additionally,2,4-

dimethylbenzaldehyde was also detected in the degradation of cycloretinal. This 

represents the cleavage of the central cyclohexadienal moiety from the larger macro-

structure.  

 

Figure 35 GC/MS Analysis on A2E Degradation indicating b-Ionone formation 
(Irum Perveen) 
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Results and discussion 

 The extent of cycloretinal toxicity on retinal cell was evaluated on ARPE-19 cells 

with synthesized cycloretinal. However, cycloretinal is an unstable compound that doesn’t 

easily penetrate mammalian cell membranes. In order to effectively introduce cycloretinal 

into the cell, a liposomal delivery system was synthesized. Figure 36 demonstrates the 

successful incorporation of cycloretinal into the liposome. Without the necessary 

components of the liposome, cycloretinal degrades and is unable to be seen via HPLC. 

 

 

Figure 36 HPLC trace of cycloretinal liposomal encapsulation  
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0

50

100

150

200

250

300

4 6 8 10 12

Abs.	(Au)

Time	(Min)

Cycloretinal	Liposomal	Encapsulation

Cycloretinal	+	Liposome

Cycloretinal

Liposome



	 	 	70 

cycloretinal and incubated for four days. As seen in Figure 37, Cycloretinal was observed 

to be toxic to retinal cells and exposure to 430 nm of light lowered the concentration 

threshold of toxicity. Under 430 nm of light, cycloretinal started to demonstrate toxic 

effects at 60 µM and continued its effects until it eliminated all cell viability at 130 µM. 

When retinal cells were prevented from any light exposure and were incubated with 

cycloretinal, they also observed the loss of cell viability, but at higher concentrations. Cell 

viability began to drop at 70 µM and complete cell death did not occur until 200 µM.  

 

 

Figure 37 Cycloretinal cytotoxicity assessed with ARPE-19 cells utilizing the MTT assay. 
Cells were either left in complete darkness or irradiated with 430 nm of light. 
 

While Figure 37 successfully displays that cycloretinal causes retinal cell death, it 

has some limitations. While the liposomal encapsulation facilitates the delivery of the 

lipofuscin into retinal cells, the efficiency in which it does is unknown. Therefore, the 
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concentration of cycloretinal toxicity could be much lower than the observed values. In 

addition, the toxicity of cycloretinal was observed on a fixed time scale of 4 days. These 

results indicate that if retinal cells are exposed to a concentration above 60 µM for 4 days, 

they begin to lose viability. Since macular degenerative diseases are defined by the 

accumulation of these lipofuscin for prolonged periods of time, negative visual effects 

could be observed from lower concentrations if they are allowed to reside in the retina for 

longer periods of time.  

While MsP1 was observed to successfully degrade two types of lipofuscin into 

smaller subunits, the efficaciousness of MsP1 as a possible gene therapy target was still 

unknown due to the unknown toxicity of b-Ionone and 2,4-dimethylbenzaldehyde. In 

order to demonstrate the MsP1 could potentially be used for gene therapy the toxicity of 

b-Ionone and 2,4-dimethylbenzaldehyde were assessed and shown in Figure 38.  

 
Figure 38 Cytotoxicity of b-Ionone and 2,4-dimethylbenzaldehyde in light or dark 
conditions on ARPE-19 cells 
 

Both of these compounds were encapsulated by liposomes, like cycloretinal, so 

that they could be effectively inserted into ARPE-19 cells. When these two compounds 
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were incubated with retinal cells, they were exposed to two separate conditions. One set 

of cells was exposed to 430 nm of light at 40 V intensity for 30 seconds, while the other 

set of cells was left in complete darkness. After four days of incubation, the cells viability 

was monitored and quantified with the MTT Assay.  

As seen in Figure 38, b-Ionone and 2,4-dimethylbenzaldehyde were not able to 

exhibit toxic effects on ARPE-19 cells under varying conditions. In addition to not 

exhibiting toxic effects, these two compounds were seen to facilitate cell growth with the 

retinal cell samples. Part of this increase in viability can be attributed to the fact the cells 

are assessed when they’ve reached 80% confluence. If the compounds exhibit no toxic 

effects, the cells can continue to grow to complete confluence and demonstrate increased 

viability. Additionally, the liposomes themselves contain nutrients for cell growth 

(cholesterol, lipids, etc.), so they, in conjunction with the two degradation products, could 

help increase cell growth within the retinal cell cultures. However, liposomal controls with 

no compound present inside were not found to strongly affect cell viability. 

 

Figure 39 Comparison replot between cycloretinal and its degradation products toxicity 
in light or darkness 
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Significance 

 The lipofuscin compound cycloretinal has exhibited a toxicity slightly above the 

toxicity threshold for A2E. The lipofuscin compound A2E had shown that 430 nm of light 

could activate the conjugated chains into toxic, epoxide intermediates.88,92 Given the 

formation of epoxides under these conditions and the molecular similarity between A2E 

and cycloretinal, cycloretinal is hypothesized to initiate toxicity under the same 

mechanism. Due to the increased toxicity effects on the retinal cells under that specific 

wavelength of light, it’s assumed that cycloretinal can form the same epoxide chain that 

A2E can and trigger cell death. In addition, cycloretinal has exhibited toxicity of retinal 

cells at a lower toxicity than A2E. With a lower toxicity threshold and 3 times the amount 

of A2E in patients with Stargardts disease, cycloretinal could play a much more significant 

role in macular degenerative diseases than A2E. 

 A liposomal delivery system was designed to introduce large molecules into the 

retinal pigment epithelium. Toxicity was not observed for retinal cells exposed to 

cycloretinal without the liposome. This encapsulation method allowed for the molecules 

to be introduced into the cell and increased stability. This liposomal encapsulation has the 

potential to incorporate other large molecules for delivery into other mammalian cell lines. 

 Due to MsP1’s ability to degrade B-carotene, another macromolecule in the family 

of terpenoids, it was selected to break down retinal lipofuscin. MsP1 degraded both A2E 

and cycloretinal into B-ionone, while cycloretinal additionally produced a byproduct of 

2,4-dimethylbenzaldehyde. To determine if MsP1 could effectively be employed as 

therapeutic in gene therapy, the toxic effects of the byproducts were needed to be 
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juxtaposed to the actual lipofuscin. Under both light and dark conditions, the degradation 

products of lipofuscin from MsP1 did not exhibit toxic effect on retinal cells. Due to the 

lack of toxicity for b-Ionone and 2,4-dimethylbenzaldehyde on retinal cells, MsP1 is a 

desirable enzyme to be employed on retinal cells affected by macular degenerative 

diseases. With gene therapy treatments, MsP1 could be selected to be expressed into 

ARPE-19 cells and to clear accumulated lipofuscin. 

 

EXPERIMENTAL SECTION 

Preparation of All-trans Retinal Dimer, Cycloretinal 

 Cycloretinal was prepared according to the published procedure. A mixture of 100 

mg All-trans retinal (.3 mmol), 62 mg L-Proline (.5 µmol), and 400 µL triethylamine (2.9 

mmol) were suspended in ethanol and stirred at room temperature for 24 hours. The crude 

mixture was purified by flash column chromatography (1:19 EtOAc: Hex). 

 

Synthesis of Liposomal Cycloretinal, B-Ionone, and 2,4-Dimethylbenzaldehyde 

 The liposomal complexes were prepared according to a modified version of the 

published procedure. Cycloretinal (10 mg), b-Ionone (20 mg), and 2,4-

Dimethylbenzaldehyde (20 mg) were separately dissolved in 1 mL ethanol. A solution of 

Cholesterol (56 mg), Tween 80 (252 mg), and L-α-Phosphatidylcholine (365 mg) were 

dissolved in 8 ml of chloroform. Two milliliters of this solution were added to each of the 

reagents dissolved in ethanol. The solvents were removed under vacuum with a rotovap 

and charged with nitrogen. Each of the flasks were then mixed with 5 ml of water and 
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stirred at 60oC for 1 hr. Each solution was then placed on ice and sonicated with a probe 

sonicator (15s on/ 15s off) for 5 min. The solutions were centrifuged at 11,000 x g for 30 

min and filtered through a 0.2 um filter. To evaluate the final concentrations, 10 µL of 

each of the solutions was added to 1 mL ethanol and measured using the absorption of the 

UV-Vis spectroscopy. The extinction coefficients used were 9970 M-1cm-1, 26343 M-1cm-

1, and 13476 M-1cm-1 for Cycloretinal, 2,4-dimethylbenzaldehyde, and b-Ionone. 

HPLC was used to confirm the encapsulation of the three compounds and ensure that 

Cycloretinal didn’t undergo any degradation or oxidation.  

 

Retinal cell growth 

 Retinal Pigment Epithelial Cells (ARPE-19 from CRL-2302, American Type 

Culture Collection (ATCC)) were grown in Dulbecco’s Modified Eagle medium/ nutrient 

mixture F12 (DMEM/F12) with 10% Fetal bovine Serum in accordance with the 

manufacturer’s instructions. Cells were grown at 37oC under 5% CO2 with 1% gentamycin 

(50 mg/ml). Cells were harvested for assay at near confluence with Trypsin/EDTA after 

being washed with Dulbecco’s Phosphate Buffered Saline. 

 

Evaluating Cytotoxicity of Cycloretinal, b-Ionone, and 2,4-Dimethylbenzaldehyde 

 ARPE-19 cells were grown to confluence in 24-welled plates with 900 µL 

DMEM/F12 (10% FBS). Aliquots of 100 µL of the Cycloretinal liposomal complexes 

were applied in triplicates to the 24-welled plates at various concentrations (10-320 µM) 

and the cells were incubated for 24 hours. Using only media and water, controls were 
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generated for each plate. The same conditions were used to assess the cytotoxicity of b-

Ionone and 2,4-Dimethylbenzaldehyde. The range of concentrations used for b-Ionone 

was 58.4-166.9 µM and the range for 2,4-Dimethylbenzaldedhyde was 8-151 µM.  

 After 24 hr. incubation with the liposomal complexes, light induced cell damage 

was determined by exposing cells to 10 min. irradiation (70W lamp) through a 430 nm 

bandpass filter (Thor labs, 340±2 nm). The cells were then left for 72 hours, the media 

was removed, and the plates were washed three times with DPBS and left in 200 uL of the 

buffer. 

 To evaluate non-light induced toxicity, near confluent cells, in 900 µL media, were 

exposed to the same concentrations of liposomal complexes and allowed to incubate for 

96 hours. The cells were then washed three times with DPBS and left in 200 µL of the 

buffer. 

 

MTT assay 

Cell viability was determined by the MTT cell proliferation assay. The MTT assay 

utilizes a yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 

bromide) that is reduced by metabolically active cells. The viability was determined by 

the manufacturer’s suggested protocol. The MTT reagent was added in 10 uL aliquots and 

incubated at 37oC under 5% CO2 for four hours. Then 100 uL of the detergent reagent was 

added to each well and was left in the dark at room temperature for two hours. The 

absorbance was then evaluated at 570 nm using a microplate reader (FLx800 Microplate 

Fluorescence Reader, BioTek Insturments Inc.) 
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CHAPTER V 

MECHANISTIC INVESTIGATION OF LIPOFUSCIN 

 

Introduction 

The formation of lipofuscin results in conjugated chains that can undergo oxidation 

and form toxic byproducts that are lethal to the retina.88 Macular degenerative diseases are 

defined by lipofuscin accumulation and the retinas inability to break them down. Gene 

therapy has been pursued and successfully achieved to combat retinal degeneration. 

Voretigene neparvovecrzyl (Luxturna) was approved by the FDA in 2017 and remains one 

of the few gene therapy treatments that have been approved for use on human beings.120 

While removing lipofuscin through degradation has seen positive results, preventing 

cycloretinal from forming could reduce the effects of these diseases. With the cycloretinal 

mechanism in hand, inhibitors for lipofuscin formation could be designed.  

 Vitamin A derivatives move throughout the eye while coordinated to 

phosphatidylethanolamine (PE) or connected to opsin.121 Both of these routes require the 

aldehyde form of vitamin A, all trans-retinal, to create a Schiff base with the terminal 

amine group of phosphatidylethanolamines or a lysine residue located on opsin. Opsin is 

a retinal protein that combines with 11-cis-retinal to form rhodopsin and initiates the visual 

cycle.125 This transformation into the Schiff base is crucial, because it allows for the 

deprotonation of the g-methyl group of all-trans retinal to create a diene structure. This 

structure could then react with another monomer of all-trans retinal to create one of the 

two dimeric, toxic lipofuscins. There are two possible mechanisms that were considered 
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for cycloretinal formation. It could form from a synchronized 4+2 cycloaddition or it could 

be created by a stepwise type aldol addition. The proposed mechanisms of formation for 

these compounds are shown below in Figure 40.  

 

 

 

 

 

 

 

 

 

 

Figure 40 Hypothesized mechanism of cycloterpenal formation 

 

The challenging aspect of determining which of these mechanisms persists is that 

both mechanisms would create the closed cyclohexene ring in Figure 40. The only 

difference between these potential mechanisms is that the step-wise, addition mechanism 

creates the open ring structure intermediate, shown in the second row of Figure 40. 

 

 

 

 Diels-Alder              Imine Addition 
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Preliminary results 

 Since cycloretinal can be formed non-enzymatically with free amines found in the 

retina, mimicking the non-enzymatic construction of cyclohexadienal rings allowed for 

further investigations into the mechanism of formation of cycloretinal. L-Proline and its 

derivatives were found to serve as extremely efficient catalysts for aldol additions to 

aldehydes.122 Prolines ability to form a Schiff base with aldehydes and facilitate aldol 

additions made it a desirable catalyst to employ for mechanistic investigations of 

cycloretinal. Additionally, proline serves as an effective catalyst for dimerization of 

cyclohexadienals because it is a secondary amine. Primary amines are capable of 

intramolecular cyclization which forms a pyridine ring, similar to A2E. A methodology to 

synthetically achieve the formation of cycloretinal with L-proline was achieved. This 

methodology was applied to create homo-dimeric units of a, b-unsaturated aldehydes. The 

all-trans retinal dimer and molecules with the similar hydrophobic chains were found to 

display the highest percent yields. 123   

In addition to enabling the homodimerization of a, b-unsaturated aldehydes into 

cyclohexadienal moieties, proline was also shown to facilitate the dimerization of different 

monomeric units. The same methodology used to create homodimers was also employed 

to create heterodimeric complexes. A series of heterodimeric complexes were synthesized, 

creating a library of cyclohexadienal compounds with different substituents.124 

 



	 	 	80 

 

Figure 41 Proline Mediated Formation of Homo- and Hetero-dimers 

 

In addition to forming within the presence of amine catalysts, cycloretinal is 

capable of forming through enzymatic means. A whey protein found in milk, Bovine b-

lactoglobulin (BLG), is a stable enzyme that makes up approximately 15% of milk. BLG 

is highly promiscuous enzyme with multiple enzymatic capabilities. BLG has shown the 

ability to catalyze the homodimerization of a, b-unsaturated aldehydes.126 Cycloretinal is 

one of the cyclohexadienal homodimers capable of being catalyzed by BLG. The 

enzymatic formation of cyclohexadienal rings was optimized and cycloretinal was 

amongst the highest yielding compounds.126 BLG catalyzes cycloretinal formation by 

utilizing two lysine residues within a hydrophobic cavity to form a Schiff base, which 

activates the all-trans retinal.127 Since the BLG mediated production of cycloretinal was 

observed in vivo and in vitro and proline acts as a catalyst that promotes cyclohexadienal 

formation, elucidating the enzymatic and non-enzymatic mechanism of formation for 

cycloretinal provides insight as to how it is formed in the eye and leads to potential 

inhibitors.126  
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Results and discussion 

The two predicted mechanisms for the catalysis of the cyclohexadienal moiety of 

cycloretinal were a Diels-alder 4+2 cyclo-addition or a step-wise type aldol addition. In 

order to demonstrate which mechanism persists, isolating possible intermediates was 

attempted and unsuccessful. Therefore, (Z)-3-bromo-3-phenylacrylaldehyde and (E)-3-

(naphthalen-2-yl) but-2-enal were designed and synthesized. These compounds would 

yield different products based on the mechanism that persisted, which is shown in Figure 

42. 

Figure 42 Trapping Experiment to Elucidate Proline Catalyzed Mechanism 

If a Diels-alder type mechanism forms the cyclohexadienal ring, the lower 

mechanism occurs and a cyclohexene ring with proline bound is created. In the hetero- 
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becomes deprotonated and eliminates the proline molecule to create the cyclohexadiene 

ring. However, instead of cleaving proline from the cyclohexene ring, the acidic a-

hydrogen would eliminate the halogen from (Z)-3-bromo-3-phenylacrylaldehyde. After 

hydrolysis, the product that would remain would be the cyclohexadienal ring with proline 

attached. 

If the stepwise mechanism persisted, the upper route of Figure 42 would be 

undertaken. With this predicted mechanism no central ring should form and a dialdehyde 

compound should be created. In figure 40, the imine, step-wise mechanism is 

hypothesized to have the lone pair of nitrogen on one substrate push down to form an 

imine. This pushes electrons to act as a nucleophile and attack the imine carbon of the 

other substrate. This action forms the cyclohexyl ring of cycloretinal. However, using the 

bromo-phenylacrylaldehyde substrate leads to the elimination of the halogen instead of 

the ring forming carbon-carbon bond. After hydrolysis, this would create a dialdehyde 

product. 

 Although we anticipated the creation of a dialdehyde or proline coordinated 

molecule, we were unable to observe either of the hypothesized products. Instead, 1H and 

13C confirmed that we catalyzed the formation of 1-(naphthalen-2-yl) ethan-1-one 

(Appendix Figure 35). This compound indicates that a retro-aldol reaction occurred. 

Under acidic or basic conditions, aldol reactions can revert into retro aldol reactions.128 

The cleavage of bromine from (Z)-3-bromo-3-phenylacrylaldehyde creates an acidic 

reaction environment.  The retro aldol reaction that occurred under acidic conditions 

indicates that this reaction proceeds with a step-wise, imine type, aldol addition. 
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Figure 43 Product from Proline Catalysis 

 

In the reaction of heterologous cyclohexadienal formation, the alkene acceptor is 

in a 2.2:1 ratio with the diene donor. This ratio is employed to prevent competition with 

homodimer formation. When the heterodimerization reaction is performed with the 

halogenated substrate, we still observe some homodimerization occurring. However, 

when we increase the halogenated substrate ratio to 3:1, 1-(naphthalen-2-yl) ethan-1-one 

forms but no homodimerization is observed. 

  

 

Figure 44 BLG catalyzed formation of Cycloretinal 

 3-Bromo-3-phenylacrylaldehyde and (E)-3-(naphthalen-2-yl) but-2-enal were also 

used to determine the mechanism of cycloretinal formation with BLG. The proposed 

creation of cycloretinal involved two active site lysine residues that form Schiff bases with 
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all-trans retinal.127 After coordination to lysine, one of the gamma methyl groups would 

become deprotonated to generate the diene that facilitates either the Diels alder reaction 

or the step-wise aldol type reaction. When the halogenated aldehyde and the a, b-

unsaturated aldehyde were incubated with BLG, the products shown in Figure 45 were 

hypothesized to form. 

 

 

Figure 45 Trapping Experiment to Demonstrate BLG Mechanism 

 The BLG mediated formation of cyclohexadienal was hypothesized to form similar 

products to the proline mediated formation. A dialdehyde or a complex bound product was 

hypothesized to form. BLG was incubated with the naphthaldehyde and the bromo-

aldehyde compound in a ratio of 1:1.5. Although two compounds were expected to form, 

neither of these products were observed. In the same fashion as the proline mediated 

catalysis, 1-(naphthalen-2-yl) ethan-1-one was the observed product. Since the enzyme 

bound product would be unable to be detected by extraction, trypsin digestion and peptide 

analysis by ESI-MS was implemented. Instead of seeing the naphthalene-cyclohexene 
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bound product, the bromo-phenylacrylaldehyde substrate mass, without the bromine, was 

observed on the K90 and K61 position of the active site. The brominated aldehyde was 

proposed to act as an inhibitor as shown in Figure 45. 

 

Figure 46 Proposed Mechanism of Inhibition of BLG 

 

The presence of the brominated aldehyde within the BLG mediated dimerization 

facilitated a retro aldol reaction. In order to investigate the effects, the brominated 

compound has on BLG’s catalytic ability, a series of compounds were incubated with the 

bromo-aldehyde. A series of a, b-unsaturated aldehydes were synthesized with varying 

non-polar side chains to see if the presence of the brominated compound triggers retro 

aldol activity. When incubated with the brominated compound, all the reactions created 
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retro-aldol products. The rate of retro-aldol production with different hydrophobic side 

chains is listed in Table 3. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Table 3 BLG Catalysis of Retro Aldol Reactions on Different Substrates 

 

 The most effective side chains were connected aromatic rings. The smaller sized 

rings resulted in higher total turnover numbers. The furanyl and alkyl group observed 

R O R

O

O

R group TTN
(uM product per 
mM BLG)

0

0.003

8.80

6.93

0.67

2.27
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almost zero retro aldol activity. BLG was also tested with (Z)-3-bromo-3-(naphthalen-2-

yl) acrylaldehyde to see if other brominated aldehydes would drive retro aldol activity of 

BLG. The naphthalene halogenated aldehyde also binds to a lysine residue within the 

active site, indicating the electrophilicity of the halogenated carbon serves as a good 

inhibitor and “switches” BLG into a retro aldolase. 

Significance 

 The lipofuscin cycloretinal exhibits toxic effects in the retina and is formed 

through a step-wise, aldol type reaction. This mechanism was demonstrated 

enzymatically and non-enzymatically. When exposed to particular substrates, the proline 

and BLG catalysts initiate the retro aldol reaction of the substrate aldehyde. It’s 

predicted that the brominated substrate acts as an electrophile and inactivates proline and 

active site lysine in BLG. Once this inactivation occurs, the Schiff base form of the 

aldehyde substrate can undergo hydrolysis to facilitate a retro-aldol reaction. The BLG 

mediated retro-aldol reaction was performed over a series of substrates with hydrophobic 

side arms. Connected aromatic rings were observed to have the highest retro-aldol 

turnover rate, with the smaller aromatic rings being more active. Since BLG is an 

extremely cheap and abundant substance, it possesses vast potential as a carbon-carbon 

bond breaking biocatalyst. In addition, the brominated a, b-unsaturated aldehyde 

compounds were shown to alter the L-proline and BLG product formation. At high 

enough concentrations, the brominated a, b-unsaturated aldehydes can completely 

inactivate homo-dimerization. Cycloretinal is synthesized within the eye as a dimer of 
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vitamin A. Given multiple brominated substrates induced retro-aldol activity, this 

brominated compound could potentially be employed as an inhibitor to cycloretinal 

activity and to lysine dependent enzymes. 

 

Materials and methods 

General methods 

 All reactions were carried out in flame-dried glassware unless otherwise noted. All 

non-enzymatic reactions were magnetically stirred and monitored by thin layer 

chromatography (TLC), performed using glass-backed silica gel plates Analtech 

(#47011). Flash column chromatography was performed using 60Å Silica Gel (Silacycle, 

230-400 mesh) as a stationary phase. H & C NMR spectra for synthesized compounds 

were recorded on a Varian Inova 300 unless otherwise noted. H NMR chemical shifts are 

reported as δ values in ppm relative to CDCl3 (7.26 ppm), coupling constants (J) are 

reported in Hertz (Hz). 

 

Compounds obtained from enzymatic reactions using substrate 3 were purified on a Varian 

ProStar chromatography system and analyzed by NMR spectrometry. NMR spectra were 

acquired on a Bruker Avance III 500 MHz spectrometer equipped with a 5 mm H-C-N 

cryoprobe (Bruker Corporation, Billerica, Massachusetts, USA) at 500 MHz for 1H NMR 

and 125 MHz for 13C NMR in CDCl3. Mass spectra (ESI) were obtained at the Laboratory 

for Biological Mass Spectrometry at the Department of Chemistry, Texas A&M 
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University, with API QStar Pulsar, MDS Sciex (Toronto, ON, Canada) Quadrupole-TOF 

hybrid spectrometer. 

 

Materials 

 Commercial solvents, reagents, Phosphate Buffer Saline (PBS) salts and 

acetonaphthone standards were used as received from Sigma- Aldrich. β-lactoglobulin 

was obtained from Davisco Foods International, Inc. (JE-003-6-922, La Sueur, MN, 

93.6% BLG).  

 

General method for trypsin digestion and mass spectrometric analysis  

 Trypsin digest, liquid chromatography-mass spectrometry (LC-MS) and the 

associated data mining procedures were each carried out at the Laboratory for Biological 

Mass Spectrometry at Texas A&M University. Aliquots (75 µL) of each sample were 

desalted using a Micro Bio-Spin P30 column (BioRad, Hercules, CA). Protein 

concentration was adjusted to 0.1 mg/mL with (NH4)2HCO3 buffer and reduced with 5 

mM dithiothreitol at 60 °C for 1 h. Subsequent protein alkylation was achieved using 20 

mM iodoacetamide at room temperature for 10 min. Protein samples were then digested 

with trypsin overnight (protein: enzyme ratio of 1:50) at 37 °C. Separation and mass 

spectrometry were carried out on a NanoFrontier LC-MS (Hitachi High Technologies, 

Dallas, TX) equipped with a nanospray ESI source. A 200 ng peptide sample was 

separated on a Vydac C18 capillary column (Grace Davison Discovery Sciences, 150 x 

0.075 mm) at a flow rate of 200 nL/min under the following gradient routine employing 
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water/acetonitrile and 0.1% formic acid in all conditions: 2% water/acetonitrile for 5 min, 

2-10% over 0.1 min, 10-40% over 29.9 min, 40-60% over 10 min, 60- 98% over 5 min, 

98% for 6 min, 98-2% over 1 min, 2% for 13 min. MASCOT-assisted predictions for 

modified lysine and carbamidomethyl groups on peptide fragments were used in manual 

examination of tandem MS/MS data. 

 Protein samples were dialyzed into 50 mM ammonium acetate using Millipore 

centrifugal filters. The samples were then analyzed by injecting 30 µL of each sample onto 

an API QStar Pulsar, MDS Sciex (Toronto, ON, Canada) Quadrupole-TOF hybrid 

spectrometer. The obtained spectra were deconvoluted to obtain mass spectra as a function 

of intensity vs m/z. 

 

Generic assay conditions for BLG with α, β unsaturated aldehydes 

 Assays with BLG were carried out according to procedures reported by Bench, 

et.al. BLG (150 µM) was added to 500 mL of PBS (10 mM phosphate buffer, 27 mM 

potassium chloride and 137 mM sodium chloride, pH 7.4) along with the α, β unsaturated 

aldehyde (450 µM), dissolved in ethanol. The 1L flask was covered in foil and shaken at 

250 rpm, 37 °C in an incubator shaker for 4 days. The reaction was quenched by adding 

500 mL of water and the solution extracted twice with 250 mL of ethyl acetate. The ethyl 

acetate fraction was dried over sodium sulfate and concentrated in vacuo. The resulting 

compound was stored at -80 °C until further analysis. Prior to analysis by HPLC the 

organics were dissolved in 200 µL of methanol. Assay with brominated compound was 
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repeated in the same manner except that 35.5 mg of compound was added to the reaction 

mixture. 

 

HPLC analysis conditions 

 All samples with the exception of the reaction with 5 were analyzed on a Thermo 

ScientificTM UltiMateTM 3000 Rapid Separation HPLC system with a Prodigy 5µm 

ODS-2 150 Å, LC column 250 mm×4.6 mm (Phenomenex) and a mobile phase 

comprising water (with 0.1% formic acid) as inlet A and 75%:25% Methanol:Isopropanol 

(with 0.1% formic acid) as inlet B. Separation was achieved with the following conditions: 

0-1 min: 80% A; 1-23 min: gradient change to 0% A; 23-33 min: maintain 0% A. A 

wavelength of 280 nm was used as it afforded the best signal to noise ratio. 

 The reaction assay of 3-methyl-3-naphthalene-propenalwith BLG was analyzed 

using a Varian ProStar Liquid Chromatography system with a Luna 5 silica column (10 x 

250 mm, 5 µm, 100 Å, Phenomenex) and a mobile phase gradient of 40% hexane in ethyl 

acetate to 20% hexane in ethyl acetate over 30 min. with a 2 mL/min flow rate. A 

wavelength of 280 nm was used as it afforded the best signal to noise ratio. 

 

 

Total Turnover Number (TTN) analysis 

 The amount of ketone product produced using wild type BLG was quantified using 

standard curves generated with synthetic standards. The amount of ketone product in 
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micromoles was then divided by the number of millimoles of protein added to the reaction 

mixture to obtain TTN in terms of µM per mM of protein. 

 

Synthesis of α, β unsaturated aldehydes 

 The α, β unsaturated aldehydes used in this study were synthesized according to 

previously reported procedures. They were characterized by comparing H-NMR to 

previously reported H-NMR data. 

 

Synthesis of (Z)-3-bromo-3-naphthylacrylaldehyde 

 3-bromo-3-naphthylacrylaldehyde was synthesized similarly to the synthesis of 

compound 8. A solution of dimethylformamide (15 mmol, 3.0 equiv.) in CHCl3 (10 ml) 

was cooled to 0 oC and PBr3 (13.5 mmol, 2.7 equiv.) was added to the solution over 15 

min. The reaction mixture was stirred at room temperature for 1 h. Acetonaphthone (5 

mmol, 1 equiv.) was added to the solution and was allowed to stir overnight. The reaction 

mixture was then poured into ice water, neutralized with K2CO3 to a pH of 8 and extracted 

with Et2O (20 ml x 3). The organic phase was washed with brine, dried over MgSO4, and 

concentrated in vacuo. The compound was purified by flash column chromatography 

(1:30, EtOAc: hexanes). H NMR (300 MHz, CDCl3) δ 9.96 (d, 1H), 8.05 (s, 1H), 7.75-

7.62(m, 4H), 7.51-7.46(m, 2H), 6.73(d, 2H) 13C NMR (300 MHz, CDCl3) δ 193.6, 144.9, 

134.6, 134.4, 132.7, 129.5, 129.1, 128.6, 128.2, 127.7, 127.6, 127.2, 124.0 HRMS (ESI) 

calculated for C13H9BrO 
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CHAPTER VI 

CONCLUSION 

 

 The isolation and extraction of chemically unique natural products has served as 

an invaluable tool to combat diseases and ailments. However, the identification and 

characterization of natural products with biological applications was an incredibly slow 

and inefficient process. Technological advances in the 20th century, like whole cell feeding 

studies and low-throughput fermentation, opened the door for the quick identification of 

natural products from microorganisms. Discovering these natural products led to the 

formation of combinatorial libraries of molecules that had similar chemical structures to 

existing natural products. An overwhelming majority of the compounds from libraries 

lacked complexity and exhibited no biological applications. The characterization and 

investigation of the biosynthetic pathways of existing natural products allowed for the 

identification of enzymes that give certain natural products biological applications. 

Investigations into the biosynthesis of the anti-tumor compound, azinomycin, and the 

retinal lipofuscin molecule, cycloretinal, led to the identification of enzymes and chemical 

compounds that can exhibit positive effects in biological systems. 

 Azinomycin A and B display anti-tumor capabilities due to their electrophilic 

epoxide and aziridine rings. The aziridino- [1,2-a] pyrrolidine moiety of azinomycin is 

extremely rare amongst natural products and has strong potential as a therapeutic. 

Identifying the enzymes that catalyze the formation of the aziridine ring allows for the 

implementation of this bioactive moiety in other molecules. Whole cell feeding studies 
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with Streptomyces sahachiroi revealed that glutamic acid is the precursor to azabicycle 

formation. A series of genes within the Streptomyces genome were identified and 

expressed to elucidate the first several enzymatic steps towards azabicycle formation. The 

last intermediate isolated within the proposed mechanism pathway was glutamic acid 

semi-aldehyde. However, this intermediate is missing two carbons from the ultimate 

azabicycle ring. Given their genetic similarity to other transketolase enzymes, aziC5 and 

aziC6 were hypothesized to mediate a thiamin pyrophosphate dependent, two-carbon 

extension of glutamic acid semi-aldehyde. 

 The transketolase activity of AziC5 and AziC6 was evaluated through a complete 

enzymatic and semi-synthetic route. N-acetyl-glutamic acid was incubated with 

AziC3/C4/C5/C6 and all of the necessary cofactors, while a synthetic glutamic acid semi-

aldehyde was incubated with AziC5/C6. Both routes were analyzed with ESI-MS and 

revealed a mass that correlates to 2-acetamido-5,7-dihydroxy-6-oxoheptanoic acid. 

Further MS/MS analysis was utilized to reveal a fragmentation pattern matching the a, 

a’-dihydroxyketone product. A colorimetric assay was developed to detect transketolase 

products with tetrazolium red. This assay revealed that AziC5/C6, the ketose donor, the 

aldose acceptor, and thiamin pyrophosphate were essential to catalytic activity. Without 

any of these reagents, the a, a’-dihydroxyketone product did not form. Additionally, 

transketolase enzymes are thiamin dependent enzymes. The two enzymes were expressed 

in the presence of thiamine, purified, and denatured to see if thiamin could be isolated. A 

thiochrome assay revealed, by HPLC analysis, that the denatured extract did contain 

thiamin after it was co-injected with a synthetic standard. 
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 Although azinomycin derives its toxicity from the epoxide and aziridine ring, the 

naphthoate ring helps to form noncovalent interactions that help facilitate coordination 

between the DNA strands. The left half of azinomycin is able to form DNA adducts, but 

the epoxide ring does not coordinate unless the naphthoate ring is attached. The multi-

domain polyketide synthase, AziB, is able to form the naphthoate fragment. However, the 

naphthoate ring only forms in the presence of the thioester domain, AziG. When the TE 

domain of AziB is missing, the naphthoate ring is not produced and 2-methyl benzoic acid 

is produced. The thioesterase domains role in PKS activity was evaluated against several 

mutant forms of AziG. 

 In order to determine the rate of hydrolysis by the TE domain, the post-

translational modification of the ACP domain was optimized. The promiscuous PPTase 

Svp was found to post-translationally modify AziB and its ACP domain the most 

efficiently. After the optimization of the post-translational modification was achieved, a 

5-methyl-naphthoic acid-CoA analog was synthesized and tethered to AziB. The creation 

of the AziB-substrate bound complex allowed the rate of thioester hydrolysis to be 

observed for AziG and its mutants. 

 Thioesterase enzymes conserve a triad of Ser-His-Asp residues that facilitate 

thioester hydrolysis. The hypothesized AziG catalytic triad S58, H48, and E57 were 

expected to have the largest effects on hydrolysis, but kinetic values were unable to 

support that hypothesis. E57A was hypothesized to play a similar role to aspartic acid in 

TE activity, but this mutation had a minimal effect on activity. The AziG mutants were 

also used to investigate their effects on AziB mediated production of 5-methyl-naphthoic 
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acid. S58A and S61A were shown to exhibit the largest effects with H44A and H48A 

displaying the second largest effects. Once again, E57A had the lowest impact on PKS 

activity. These results indicate that serine has the largest impact on product formation. 

While H48, S58, and E57 were hypothesized to function as the catalytic triad, the kinetic 

results were unable to support that conclusion. 

 Although Azinomycin and thousands of other natural products have been shown 

to have beneficial effects on human biological systems, other natural products can have 

deleterious effects. Macular degenerative diseases have been linked to impaired visual 

abilities and the accumulation of lipofuscin. Lipofuscin form in the retina naturally as 

dimers of all-trans retinal, a necessary cofactor in the visual cycle. These dimers are 

formed to create A2E and cycloretinal. Cycloretinal has been shown to exist in much 

higher concentrations than A2E in certain macular diseases, but the extent of its toxicity 

has never been displayed. Liposomal complexes containing cycloretinal were synthesized 

and incubated with ARPE-19 in the presence and absence of 430 nm of light. Both of these 

conditions mediated retinal cell death, but the 430 nm of light caused the viability to 

decrease at a lower concentration. In addition, cycloretinal was observed to initiate retinal 

cell death at lower concentrations than some reported instances of A2E. 

 In order to combat the toxicity of cycloretinal formation, enzymatic degradation 

and synthetic inhibition was pursued. The peroxidase enzyme, MsP1, was shown to break 

apart cycloretinal into 2,4-dimethylbenzaldehyde and b-Ionone, while A2E was broken 

into b-Ionone. The toxicity of these compounds was measured after liposomal 

encapsulation. Both of these molecules exhibited no toxicity in light or dark conditions. 
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This reveals that MsP1 is an effective lipofuscin degradation enzyme that could be 

deployed into the retina with gene therapy.  

 The dimerization of cycloretinal can occur enzymatically and non-enzymatically 

through the formation of a central cyclohexadienal moiety. These rings form with a proline 

catalyst or the milk protein BLG. (Z)-3-bromo-3-phenylacrylaldehyde and (E)-3-

(naphthalen-2-yl) but-2-enal were synthesized in a trapping experiment in order to reveal 

the mechanism of formation for cyclohexadienals. Both catalysts yielded a retro aldol 

product which introduces a step-wise mechanism. The brominated aldehyde was observed 

to inhibit the enzyme and proline catalyst, while preventing homodimer formation. In 

addition, a series of substrates were created and treated with BLG and the brominated 

inhibitors to show that BLG is able to catalyze the retro aldol, two-carbon cleavage from 

a series of hydrophobic a, b-unsaturated aldehydes. 

 The investigations into the biosynthesis of azinomycin can outline the enzymes 

and intermediates involved that enable its construction. This information can pave the way 

for the increased production of azinomycin in vivo, in vitro, and in situ. The 

characterization of AziC5 and AziC6 as a transketolase enzyme and its ability to facilitate 

a two-carbon extension of the intermediate glutamic acid semi-aldehyde. By 

characterizing this intermediate, we identified an enzyme that can convert the azabicycle 

precursor, glutamic acid, to the correct carbon length as the aziridine ring. In addition, 

further hypothesized steps can be achieved synthetically, so a semi-synthetic approach 

could be employed to create the aziridine ring. The thioesterase domain of the PKS AziB 

was observed to have effects on naphthoate ring production and the rate of hydrolysis from 
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the enzyme. Cycloretinal toxicity of retinal cells was determined and an enzymatic gene 

therapy target was found to degrade cycloretinal into non-toxic byproducts. Additionally, 

the mechanism of cycloretinal formation was determined and inhibitors were designed for 

its enzymatic and non-enzymatic formation. The identification and characterization of 

natural products not only creates possible treatment plans for certain diseases, but also 

identifies harmful compounds that originate within human beings. By characterizing 

azinomycin and cycloretinal biosynthesis, the knowledge of natural products was utilized 

to help ameliorate diseases. 
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APPENDIX 
 

SUPPORTING FIGURES AND TABLES 
 
 
 

 
 

Appendix Figure 1 Purification of AziC3, C4, C5, and C6 protein  

 

 

Appendix Figure 2 δ1H (400 Hz) of diethyl 2-acetamido-2-(3,3-diethoxypropyl) 
malonate in MeOD  
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Appendix Figure 3 δ13C(400 Hz) of diethyl 2-acetamido-2-(3,3-
diethoxypropyl)malonate in MeOD .  

 

 

 

 

 

 

 

 

 

Appendix Figure 4 δDEPT135(400 Hz) of diethyl 2-acetamido-2-(3,3-diethoxypropyl) 
malonate in MeOD  
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Appendix Figure 5 δ1H (400 Hz) of 2-acetamido-5-oxopentanoic acid in D2O  
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Appendix Figure 6 δ13C(400 Hz) of 2-acetamido-5-oxopentanoic acid in D2O 2-
acetamido-5-oxopentanoic acid exists in equilibrium with its diol in D2O. A) δ13C(400 
Hz) of 2-acetamido-5-oxopentanoic acid in D2O entire spectrum. B) Zoom in on 
overlapping peaks  

 

 
 

Appendix Table 1 Transketolase Kinetic Assay value with various substrate 

 
F6P X5P HP 

km (mM) 2.0 ± 0.4 3.0 ± 0.5 4.0 ± 0.9 

kcat (s-1) 91	 ± 5.4 76 ± 3.6 6.1 ± 3.8 

kcat / km (mM-1 s-1) 54	 ± 	13 29 ± 6.3 14 ± 3.6 



	 	 	112 

 

Appendix Figure 7 δDEPT135(400 Hz) 2-acetamido-5-oxopentanoic acid 
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Appendix Figure 8 δHSQC (400 Hz) of 2-acetamido-5-oxopentanoic acid in D2O 2-
acetamido-5-oxopentanoic acid exists in equilibrium with its diol in D2O.  
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Appendix Figure 9 ESI [M-H]- of 2-acetamido-5-oxopentanoic acid 

Mass error -7.56 ppm.  
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Appendix Figure 10 ESI/MS analysis of 2-acetamido-5,7-dihydroxy-6-oxoheptanoic 
acid obtained from the AziC5/C6 reaction  

 

 
 
Appendix Figure 11 ESI/MS/MS analysis of 2-acetamido-5,7-dihydroxy-6-
oxoheptanoic acid obtained from the AziC5/C6 reaction  

Parent ion (M+Na) 256.078. 2-acetamido-5,7-dihydroxy-6-oxoheptanoic acid Expected 
Mass: 233.090. A) ESI/MS/MS of 2-acetamido-5,7-dihydroxy-6-oxoheptanoic acid. B) 
Fragmentation of 2-acetamido-5,7-dihydroxy-6-oxoheptanoic acid 
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Appendix Figure 12 ESI/MS analysis of controls lacking one transketolase subunit  

A. AziC5/C6 reaction with 2-acetamido-5-oxopentanoic acid showing product (M + Na 
= 256.08). B. Zoom in on AziC5/C6 reaction with 2-acetamido-5-oxopentanoic acid 
showing product. Y-axis in absolute intensity. C. Control lacking AziC5 subunit. D. 
Zoom in on control lacking AziC5 subunit. Y-axis in absolute intensity. E. Control 
lacking AziC6 subunit. F. Zoom in on control lacking AziC6 subunit. Y-axis in absolute 
intensity. Minimal product formation is observed in the controls, likely catalyzed by TPP 
in solution. Product Mass 233.09 (M + Na = 256.08)  
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Appendix Figure 13 Bromothymol blue detection of TPP. 
 

 
 
 
 
 

 
Appendix Figure 14 Biotin-Coenzyme A MS/MS 
Expected product m/z [M+H] + calcd. for C41H66N12O21P3S2; 1219.311. Found 
[M+H] + 1219.311. 
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Appendix Figure 15 ELISA assay measuring temperature effects on PPTase activity 
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Appendix Figure 16 ELISA assay measuring pH effects on PPTase activity 
 

 
 
Appendix Figure 17 ELISA assay measuring Mg concentration effects on PPTase 
activity 
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Appendix Figure 18 ELISA assay measuring PPTase activity over long periods of time 
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Appendix Figure 19 ELISA assay measuring PPTase activity over short periods of time 
 
 
 

 
 
Appendix Figure 20 Expression plasmid of AziG (and its mutants) and SDS-PAGE 
analysis of overexpression and purification 
(a): aziG was cloned into pET-24a and was mutated by site-directed mutagenesis. (b): 
SDS- PAGE analysis after overexpression and purification of AziG WT and mutants (M: 
protein marker, 1: WT, 2: H44A, 3: H48A, 4: E57A, 5: S58A, 6: S61A). 
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Appendix Figure 21 ESI/MS analysis of 5-methyl-naphthyl-CoA analog 
 

 
 
 
Appendix Figure 22 MS/MS analysis of 5-methyl-naphthyl-CoA analog 
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Appendix Scheme 1 AziG kinetic experiment utilizing Ellman’s reagent 

 

  
Appendix Figure 23 LC/MS analysis of PKS intermediates 1 
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Appendix Figure 24 LC/MS analysis of PKS intermediates 2 
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Appendix Figure 25 LC/MS analysis of PKS intermediates 3 
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Appendix Figure 26 LC/MS analysis of PKS intermediates 4 
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Appendix Figure 27 LC/MS analysis of PKS intermediates 5 
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Appendix Figure 28 LC/MS analysis of PKS intermediates 6 
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Appendix Figure 29 Expression plasmid of AziG (and its mutants) and SDS-PAGE 
analysis of overexpression and purification 
(a): aziG was cloned into pET-24a and was mutated by site-directed mutagenesis. (b): 
SDS- PAGE analysis after overexpression and purification of AziG WT and mutants (M: 
protein marker, 1: WT, 2: H44A, 3: H48A, 4: E57A, 5: S58A, 6: S61A).  
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Appendix Figure 30: Analysis of synthetic 2-acetyl-5-methylfuran to generate a 
standard curve. The following volumes of a 86 nM solution was injected: A] 2 µL B] 4 
µL C] 6 µL D] 8 µL E] 10 µL  
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Appendix Figure 31: Analysis of synthetic acetophenone to generate a standard curve. 
The following volumes of a 88 nM solution was injected: A] 2 µL B] 4 µL C] 6 µL D] 8 
µL E] 10 µL  
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Appendix Figure 32: Analysis of synthetic 4-acetylbiphenyl to generate a standard 
curve. The following volumes of a 24.5 µM solution was injected: A] 2 µL B] 4 µL C] 6 
µL D] 8 µL E] 10 µL  
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Appendix Figure 33: Analysis of synthetic 2-acetylfluorene to generate a standard 
curve. The following volumes of a 23 µM solution was injected: A] 2 µL B] 4 µL C] 6 
µL D] 8 µL E] 10 µL  
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Appendix Figure 34: Analysis of synthetic acetonaphthone to generate a standard 
curve. The following amounts of acetonaphthone was injected: A] 2 µg B] 4 µg C] 6 µg 
D] 12 µg E] 18 µg  
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Appendix	Figure	35:	Standardization	curves	for	concentrations	of	aldehydes 
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Appendix Table 2 The absorbance values from the ELISA with ACP domain and four 
different pptases 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nMoles PPTase Svp Sfp FAS NFAS 

0 
0.009 ± 0.008 0.001 ± 0.017 0.022 ± 

0.013 
0.085 ± 0.007 

0.26 
0.144 ± 0.013 0.150 ± 0.009 0.077 ± 

0.036 
0.167 ± 0.055 

1.3 
0.293 ± 0.021 0.297 ± 0.006 0.169 ± 

0.003 
0.108 ± 0.105 

2.6 
0.255 ± 0.021 0.378 ± 0.008 0.138 ± 

0.034 
0.209 ± 0.20 

5.2 
0.363 ± 0.065 0.230 ± 0.055 0.228 ± 

0.115 
0.121 ± 0.056 

6.5 
0.921 ± 0.064 0.982 ± 0.038 0.834 ± 

0.059 
0.496 ± 0.059 

13 
0.995 ± 0.028 0.776 ± 0.023 0.680 ± 

0.035 
0.482 ± 0.035 
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Appendix Table 3 The absorbance values from the ELISA with AziB and the four 
different pptases 
 
E-mail: Bpfoley910@gmail.com 

 

nMoles PPTase Svp Sfp FAS NFAS 

0 
0.085 ± 0.001 0.329 ± 0.022 0.148 ± 

0.046 
0.001 ± 0.022 

1.3 
0.257 ± 0.030 0.524 ± 0.098 0.272 ± 

0.086 
0.130 ± 0.16 

2.6 
0.338 ± 0.020 0.450 ± 0.114 0.231 ± 

0.076 
0.331 ± 0.123 

5.2 
0.493 ± 0.031 0.575 ± 0.036 0.464 ± 

0.046 
0.473 ± 0.05 

6.5 
0.841 ± 0.065 0.719 ± 0.006 0.694 ± 

0.009 
0.413 ± 0.101 


