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Abstract 

 

On the Biosynthesis of Triacsins 

 

by 

 

Frederick F Twigg 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, Berkeley 

 

Professor Wenjun Zhang, Chair 

 

Natural products are a source of engineering innovation and design for small 

molecules due to their relevance to wide swaths of the chemical sector including medical, 

agricultural, food and fragrance, and commodity chemical fields. Their structural 

complexity comprising of numerous chiral centers and an abundance of heteroatoms makes 

organic synthesis challenging, expensive, and generally infeasible. While combinatorial 

chemistry hoped to address these obstacles by enabling rapid diversification and screening 

methods, it is still limited by access to an initial scaffold on which to act upon. As such 

there is great potential for leveraging biosynthesis in combination with synthetic strategies 

to facilitate sustainable production of new bioactive compounds. In this manuscript we 

present our findings on the biosynthesis of NN bonds in the context of the triacsin natural 

product family. By elucidating the biosynthesis of a compound with multiple NN chemical 

bonds, we have discovered multiple enzymatic strategies employed by nature to create a 

linkage which is synthetically challenging due to the inherent nucleophilicity of nitrogen 

atoms. As such this research provides insight into the biogenesis of NN bonds and 

addresses the aforesaid synthetic challenges in chemical access to new bioactive 

compounds. 

Triacsins are notable for the conserved N-hydroxytriazene moiety that all members of 

the family bear. In addition to two sequential NN bonds, the terminal nitrogen itself is a 

member of an additional heteroatom-heteroatom linkage in the form of a nitrogen-oxygen 

bond. As with many stories in natural product biosynthesis, this manuscript begins with 

the genomic sequencing of the originally reported native producer of triacsins. Mutagenesis 

and isotopically labeled precursor feeding led to the identification of the essential genes 

required for triacsin biosynthesis and led to the discovery of another native triacsin-

producing organism. Cultivation of mutant strains and analysis of organic extracts from 

said strains led to the structural characterization of a key late-stage chemical intermediate 

that informed the biochemical timing of N-hydroxytriazene biosynthesis. Subsequent in 

vitro reconstitution of several encoded enzymes has advanced our knowledge of 

biochemical strategies for NN bond biogenesis. Finally, nascent work on the detailed 

characterization of an NN bond-forming enzyme will provide a full mechanistic 

understanding of this catalytic transformation. Collectively, this work contributes to the 

biocatalytic formation of NN bonds. 
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Chapter 1. Introduction 
 

1.1 Significance of Natural Products 
Natural products have been a significant part of human history for as long as history 

has been recorded. The use of plant-based botanicals, or mixtures of natural products, can 

be found in written records from the ancient civilizations of Egypt, China, and Rome 

among others (Figure 1-1).1,2 While microbial natural products were not understood to be 

created by microscopic organisms at the time, their use also dates far back to the recorded 

practice of collecting molds and slimes. Today, natural products are an essential segment 

of the global chemical processing industry. Natural products and their derivatives have 

applications in materials, flavors and fragrances, agriculture, and therapeutic agents. While 

the scope of natural product applications has expanded immensely with advances in 

synthetic biology, natural products are most well known for their medicinal properties, 

especially those used as antibiotics. 

Figure 1-1. Examples of natural products from ancient through modern history. 

 

The roles of natural products at the modern commercial scale date back to the 

discovery of penicillin by Alexander Fleming in 1928. By the end of World War II, the 

Penicillium mold was being grown in 10,000 gallon tanks to produce the newfound 

antibiotic for the treatment of broad-spectrum infections.3,4 The success of penicillin in 

treating infections led to massive phenotypic screening programs sponsored by 

pharmaceutical institutes and companies looking for new antibiotics.5 In the next four 

decades, over a thousand natural products were reported including avermectin, artemisinin, 

and erythromycin.6,7 Although the rate of discovery had tapered off dramatically the 1990s, 
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the relevance of natural products to the field of drug discovery has remained significant 

through contemporary times.8 In the 34 years from 1981 through 2014, just over half of 

every single drug compound approved for clinical use was either a natural product, a 

natural product derivative, or a product inspired by natural product scaffolds.9 

Natural products are often synonymously referred to as secondary metabolites. 

Secondary metabolites are those biological chemicals produced by organisms which are 

not essential to the organism’s ability to grow, develop, or reproduce. Calling a natural 

product ‘non-essential’ in the theoretical sense belies their realistic environmental context 

in which secondary metabolites may act as chemical defenses, facilitators of nutrient 

acquisition, or signaling molecules. The genes and their encoded enzymes, which make 

these natural products, have evolved over evolutionary time and confer distinct fitness 

benefits. While the natural biological activity of secondary metabolites often contributes 

to our understanding of their function, their utility in the human disease context does not 

always resemble the apparent natural role. The natural product features of greatest interest 

to the development of bioactive substances are their chemical motifs with preferred binding 

affinities to specific ligands which occur frequently in biology such as peptidyl and 

nucleotidyl structures.10 

One such group of chemical motifs, which is the focus of this dissertation, is the subset 

containing nitrogen-nitrogen (NN) bonds. Chemical moieties containing NN linkages 

include diazos, nitrosamines, hydrazinos, and azoxy groups among others. There are over 

200 natural product compounds in this subgroup representing clinical activities spanning 

antibiotic, antibacterial, antitumor, antifungal, and antiparasitic modalities (Figure 1-2).11 

Many of these NN compounds are also generally cytotoxic. Since these NN bond-

containing moieties have been shown to be essential for these compounds’ wide array of 

biological activities, they have been proven to be significant for understanding and 

designing novel bioactive compounds. 

 

1.2 Relevance of Nitrogen-nitrogen Bond Formation 
Building a synthetic repertoire of chemical reactions that enables access to NN bonds 

will allow cheaper and more versatile routes to potential bioactive compounds. In nature, 

secondary metabolites containing NN bonds represent about 0.1% of all reported natural 

product small molecule structures.11 As of March 2020, there are 1,836 small molecule 

drugs approved in the US and 49 of them have NN bond-containing motifs.12 Since 2.7% 

of approved drugs contain a NN bond, this shows that these motifs are an order of 

magnitude more prevalent in drug compounds than in naturally occurring compounds. A 

survey of both approved and investigational drugs shows that the most common NN bond-

containing motifs are hydrazides, hydrazones, hydrazinos, and nitrosamines (Figure 1-3). 

NN bond-containing heterocycles such as pyrazoles, 1,2,4-triazoles, and tetrazoles are also 

commonly observed in investigational drug libraries though few have been approved for 

clinical use.13 

 Generating NN bonds is challenging due to the inherent nucleophilicity of most 

nitrogen-containing motifs. In nature, these linkages are usually afforded by initial 

oxidation of an amino compound to generate a more electrophilic species before forming 

a NN linkage.14 Synthetic approaches mimicking this strategy face two major challenges. 

The first is the specific oxidation of a target nucleophilic amine in a biological molecule 

which may contain multiple amino groups or other readily oxidizable motifs. The second 
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challenge is the selective oxidation of an amino group to the desired oxidation state. 

Methods for the specific oxidation of a target amine do exist, but they often require multiple 

protection and deprotection steps and yield large stoichiometric quantities of toxic waste.15 

Selective oxidation is more challenging as many oxidative reagents capable of 

transforming a primary amine to a hydroxylamine or an oxime are also capable of oxidizing 

the same primary amine into multiple oxidation products including imine and nitro 

byproducts.16 These side reactions detract from obtainable yields and require purification 

steps prior to the formation of a subsequent NN linkage. One promising area of research is 

the investigation of metal catalysts that may permit selective oxidation using molecular 

oxygen in very mild aerobic conditions.15,17 Understanding the catalytic mechanisms used 

in biological catalysts may inspire new catalytic designs for the selective oxidation of 

amines, which will lead to synthetic routes that mimic the creation of electrophilic nitrogen 

species for subsequent NN bond formation. 

Figure 1-2. Examples of NN bond-containing natural products. 
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Figure 1-3. Approved drug substances with NN bond-containing motifs. 

 

While selective oxidation of amines is a promising avenue for future strategies towards 

NN bond formation, there are a few existing strategies for creating a select palette of NN 

bond-containing motifs. Perhaps one of the older reaction schemes is the diazotization of 

aryl amines to form diazonium salts. Aryl amines are treated with a nitrosating reagent, 

such as nitrous acid or nitrite salts, in highly acidic conditions such that the electrophilic 

nitrosonium species may be attacked by the nucleophilic aryl amine.18 Depending upon the 

electronic properties and location of other chemical groups on the aromatic structure, diazo 

compounds can be generated with both nucleophilic or electrophilic properties.19–21 

Diazonium salts can also be alkylated to form asymmetric azo or azoxy compounds.22 Azo 

and azoxy compounds can alternatively be generated through the direct coupling of 

aromatic nitro compounds or aniline derivatives through use of metal catalysts.15,23 One 

other NN bond-containing motif that has existing synthetic strategies is the formation of 

pyrazoles. Though typically limited in scope to intramolecular cyclization or trimerization 

of substituted amides, a few nickel organometallic catalysts have been designed to form 

heterocycles with an internal NN bond.24,25 Over many decades of community 

contributions to medicinal chemistry there are certainly many other NN bond formation 

schemes not discussed here. Most tend to be limited to very niche subsets of conditions 

any may be difficult to leverage in more complex structures.15 There remains a great 

opportunity for the discovery and understanding of enzyme-driven NN bond formation. 

More facile and broadly applicable approaches to synthesizing NN bond-containing motifs 

will provide chemical access to a greater diversity of potential bioactive compounds. 

 

1.3 Known Enzymes in Nitrogen-nitrogen Bond Formation 
Most of the advancements in the enzymology of NN bond formation are extremely 

recent. Although the discovery of NN bond-containing compounds began decades ago, the 

first in vitro confirmation of an enzyme’s ability to form a NN bond was not reported until 

2017 with the characterization of KtzT.26 Of the few hundred known natural products to 



 

5 
 

contain NN bonds, less than twenty have a confirmed biosynthetic gene cluster (BGC) 

associated with them. Even within this small subset, very few reports have been able to 

characterize the enzyme responsible for NN bond formation. This suggests that either the 

genes encoding the responsible enzymes lie outside the established BGCs or that 

uncharacterized enzymes within the BGCs are responsible but elude in vitro 

characterization. While structural similarities, or differences for that matter, between NN 

bond-containing natural products do not always suggest a shared underlying chemical logic, 

understanding the known enzymology is crucial for informing future work on NN bond-

containing motifs in nature. 

Piperazic acid is a cyclic non-proteinogenic amino acid with an internal hydrazino 

motif. This amino acid has been implicated as a building block of several nonribosomal 

peptides and is most widely understood in the context of the kutzneride family of natural 

products. The first enzyme relevant to the biosynthesis of piperazic acid is the flavin-

dependent KtzI, which catalyzes the hydroxylation of the primary amine in the side chain 

of an ornithine residue.27 The second enzyme, KtzT, is heme-dependent and promotes the 

cyclization of the amino acid, releasing water (Figure 1-4A).26 Thus far, all piperazic acid-

containing natural products with a known genetic context contain homologs of KtzI and 

KtzT, so this two-step enzymatic pathway appears conserved though limited in scope to 

nonribosomal peptides. 

The nitrous acid pathway, elucidated in the context of the natural product 

cremeomycin, currently has the widest implications in presently known NN bond-

containing secondary metabolites. Cremeomycin is a small quinone compound with a diazo 

moiety whose genetic context was reported in 2015.28 Soon after, two enzymes encoded in 

the BGC, CreE and CreD, were reported to produce nitrous acid from the oxidation of 

aspartic acid (Figure 1-4B).29 In this pathway CreE utilizes NADPH and molecular oxygen 

to oxidize the amino group of aspartic acid to yield a nitro group through three sequential 

two-electron transfers. Subsequently CreD promotes an elimination reaction to yield 

fumaric acid and nitrous acid. The penultimate intermediate in the cremeomycin 

biosynthetic pathway is an aryl amine, and the group who reported the in vitro activities of 

CreE and CreD showed that in mildly acidic conditions this intermediate would 

spontaneously attack nitrous acid to yield the final diazo motif. Homologs of CreE and 

CreD have been implicated in several NN compounds to-date, but notably these two 

enzymes do not directly promote NN bond formation. It wasn’t until 2018 that a third 

enzyme encoded in the cremeomycin pathway was directly implicated in the diazo 

formation. This enzyme, CreM, was initially annotated as an ATP-utilizing CoA-ligase 

which was not characterized in vitro in prior work on cremeomycin. Although the 

mechanism of its action remains an ongoing query, CreM promotes highly efficient 

formation of the cremeomycin product even at an elevated pH at which the spontaneous 

reaction negligibly occurs.30 This is unprecedented given the canonical reaction schemes 

for CoA-ligases. CreM has not been implicated in other NN bond-containing natural 

products to-date, but CoA-ligases are quite ubiquitous so there is potential for further 

discoveries following a similar logic. 

The third pathway was discovered in the context of the 2017 reported hydrazone 

product s56-p1.31 A second manuscript was soon published showing that the sequentially 

encoded enzymes Spb38-40 promote the formation of hydrazinoacetic acid (Figure 1-

4C).32 Spb38, a homolog of KtzI, first catalyzes the hydroxylation of a lysine residue’s side 
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chain amino group. Spb40, a fusion protein containing a cupin domain and a methionyl-

tRNA synthetase domain, then catalyzes the formation of N6-(carboxymethylamino)lysine 

using the substrates glycine and N6-hydroxylysine. Finally, Spb39 lyses the product to yield 

hydrazinoacetic acid (HAA) and a semialdehyde. This pathway has proven to be conserved 

in the triacsin biosynthetic pathway and is discussed in future chapters. Aside from the 

titular natural products of this manuscript, homologs of these three enzymes have not been 

identified in other known NN bond-containing natural products. 

Figure 1-4. Biosynthetic schemes of known NN bond-forming enzymes. 
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One enzyme that follows a chemical logic quite like existing strategies for azo and 

azoxy formation was discovered in the context of azoxymycins. The BGC was reported in 

2015, and in 2019, the encoded enzyme AzoC was reported to oxidize an amine to its 

corresponding nitroso group before promoting the coupling of that product to another of 

its cognate substrates to form an azoxy compound (Figure 1-4D).33,34 Many of the members 

of the azoxymycin family are symmetric compounds or have slight variations in the alkyl 

chains which do not interact with the enzyme’s active site. Azoxy compounds are quite 

rare in nature, even among the already uncommon NN bond-containing subset, and AzoC 

homologs have not be implicated in any secondary metabolites aside from the azoxymycin 

family. 

The final pathway involves a metalloenzyme required for the formation of the 

approved chemotherapy drug streptozotocin. The nitrosamine group in streptozotocin is 

derived from the guanidinium  moiety of arginine. It was found that the iron-dependent 

enzyme SznF utilizes molecular oxygen and NADPH to hydroxylate N-methylarginine 

twice before the additional catalytic promotion of an intramolecular rearrangement that 

relocates the oxime motif from the guanidinium moiety onto the methylated nitrogen to 

form a nitrosamine (Figure 1-4E).35 Homologs of SznF have not been associated with other 

known NN bond-containing natural products. 

Although only a handful of NN bond-containing natural products with known BGCs 

have been studied in the past five years, there are already four entirely unique strategies 

leveraged by nature to selectively form these linkages. There is still great promise to find 

even more strategies as the existing four strategies do not seem to be candidates in yet other 

known compounds with published genetic contexts. Exploring the many tricks nature has 

developed over evolutionary time may provide guidance for further development in the 

organic chemists’ toolbox for the specific and efficient formation of NN bonds. 

 

1.4 Motivation for the Study of NN Bonds in Triacsins 
The triacsin family of natural products was first reported in the literature in 1981 as 

one of several hits in a phenotypic screening program for bioactive substances from natural 

microbial isolates.36–38 Four congeners were identified in the family, each containing an 

11-carbon alkyl chain attached to a conserved N-hydroxytriazene moiety (Figure 1-5). This 

motif is unique to the triacsin family, and three sequential heteroatom-heteroatom linkages 

are exceedingly rare. The family was found to be a group of potent acyl-CoA synthetase 

inhibitors and they have been used extensively in research on animal lipid metabolism.39–

42 Furthermore the triacsin family has been shown to have antimalarial, antiviral, and 

antiatherosclerotic properties.43–45 Despite the applications of the triacsin family of natural 

products, there had been no study of the genetic context or biosynthetic pathway. This 

manuscript serves to demonstrate the valuable tools that an understanding on N-

hydroxytriazene biosynthesis provides. 

One of the major challenges in forming NN bonds is the inherent nucleophilicity of 

amines. In all the natural strategies elucidated to-date, enzymes promote the oxidation of 

select nitrogen atoms to generate more electrophilic species before catalyzing nucleophilic 

attack by another amine. Unlike all these compounds which contain only one NN linkage, 

the N-hydroxytriazene moiety of the triacsins have three consecutive nitrogen atoms which 

presents an additional chemical challenge. Over the course of this research we have found 
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that multiple NN bond formation strategies examined elsewhere play a role in triacsin 

biosynthesis and these conserved gene cassettes are discussed with the discovery of the 

triacsin BGC in Chapter 2. Extensive progress towards in vitro reconstitution of the 

enzymatic formation of the N-hydroxytriazene moiety has been made, and several 

hypotheses are discussed of any remaining questions in Chapter 3. Finally, Chapter 4 

discusses preliminary work on the detailed mechanistic examination of an NN bond-

forming enzyme. Major strides towards a full elucidation of the enzymology behind this 

unique motif are entailed in the following chapters and describe how this research will 

contribute inspiration for catalytic design or provide enzymatic complementation routes to 

aid existing synthetic strategies. 

Figure 1-5. Structures of the four originally identified triacsin congeners. 

 

Chapter 2. Identification of the Triacsin Biosynthetic Gene 

Cluster and Labeled Precursor Feeding In Vivo 
 

Parts of this chapter have been adapted from the following with permission: 

Twigg, F. F., Cai, W., Huang, W., Liu, J., Sato, M., Perez, T. J., Geng, J., Dror, M. J., 

Montanez, I., Tong, T. L., Lee, H, Zhang, W. “Identifying the biosynthetic gene cluster for 

triacsins with an N-hydroxytriazene moiety.” ChemBioChem, 20(9), 1145-1149 (2019). 

 

2.1 Introduction 
Triacsins were first reported in the literature in 1981 and are produced by the soil-

dwelling actinomycete Streptomyces aureofaciens ATCC 31442.36–38 This organism was 

recently reclassified into the genus Kitasatospora along with many other species previously 

classified in the genus Streptomyces.46 As both genera are within the family 

Streptomycetaceae, this manuscript will occasionally refer to characteristics of 

Kitasatospora aureofaciens ATCC 31442 which are associated with the genomic and 

phenotypic traits shared by most streptomycetes. As described in Chapter 1, the triacsins 

are characteristic for their conserved N-hydroxytriazene moiety and 11-carbon alkyl chain 

with varying unsaturation patterns (Figure 1-5). Of the four originally reported congeners, 

all are reported acyl-CoA synthetase inhibitors, with Triacsin C being the most potent.40,42 

Most commercial sources of triacsins are still produced and isolated from the microbial 

cultivation of this strain. Despite the applications of triacsins in studies of lipid metabolism, 

there were no prior studies of triacsin biosynthesis, and the genome of the producing 

organism was not publicly available. 
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Soil streptomycetes are renowned for their large linear chromosomes frequently 7 - 10 

Mb in size and for the abundance of natural products for which they are capable of 

producing.47 The first step in generating hypotheses as to the enzymology responsible for 

triacsin biosynthesis is inferring the chemical steps required to produce the chemical bonds 

of the target structural scaffold. In the nascent stages of this research, there were no 

published reports characterizing enzymes that promote NN bond formation. Although this 

made it difficult to predict a chemical logic for the biosynthesis of the N-hydroxytriazene 

moiety of the triacsins, we hypothesized that multiple enzymes associated with nitrogen 

metabolism likely play a critical role. Since many of the nitrogen components found in 

secondary metabolites are derived from amino acids, there are two primary schemes by 

which nitrogen could be biosynthetically molded into the N-hydroxytriazene moiety. In 

one scheme, an amino acid may be directly incorporated as a substrate into the target 

natural product (Figure 2-1A). In certain natural products, signature side chain motifs may 

betray the apparent amino acid contributor, however in other cases downstream chemical 

modifications may make the carbon and nitrogen origins of a final product substructure 

less obvious. In a second scheme, amino acids may donate their nitrogen atom through the 

action of enzymes such aminotransferases which generally involve the transamination of 

an α-keto acid (Figure 2-1B). In this scenario, it is more difficult to deduce the amino acid 

donor substrate by simple structural observation of the target natural product, although a 

smaller palette of amino acids such as glutamic acid or the related glutamine are more 

commonly associated with these types of transformations.48 

In contrast to the dearth of a priori bioinformatic insight into N-hydroxytriazene 

biosynthesis, there was ample biosynthetic literature to postulate potential biosynthetic 

pathways to generate the 11-carbon alkyl chain. In one scheme the triacsin biosynthetic 

pathway could pull from primary metabolism in the form of fatty acid synthesis. Fatty acid 

synthases can be primed by both acetyl-CoA or propionyl-CoA starter units, so both even- 

and odd-numbered alkyl chains are reasonable. Wholesome scrutiny of the four triacsin 

congeners reveals one potential issue with this conjecture. While there is certainly 

precedent for diverse pools of unsaturated fatty acids in bacteria, the highly unsaturated 

and all trans- configuration of the triacsins is quite unusual. Furthermore, Triacsin C 

contains one alkene moiety dislocated from the conjugated pattern which would likely 

require an additional isomerase. This concern is addressed by the abundance of polyketide 

synthases (PKS) in soil streptomycetes. PKSs follow a similar chemical logic to fatty acid 

synthases, but both modular and discrete varieties of PKSs give rise to alkyl substituents 

with a greater diversity in extension substrates and in oxidation state (Figure 2-1C). 

One further chemical feature which is critical to the biosynthetic logic of triacsins is 

the origin of the carbon-nitrogen linkage that conjoins the alkyl chain to the N-

hydroxytriazene moiety. The decarboxylative coupling scheme (Figure 2-1A) implies that 

the carbon-nitrogen linkage is derived from a single intact substrate. While the substrate is 

depicted as an amino acid, it need not be limited to the proteinogenic subset, nor even to 

an unmodified amino terminus. The transamination scheme (Figure 2-1B) in contrast, 

implies that the carbon-nitrogen linkage is formed between intermediates with separate and 

distinct origins. This pathway would require oxidative decarboxylation and also novel 

enzymes to catalyze the progressive addition of two further nitrogen atoms to form the N-

hydroxytriazene moiety. Yet a third route could be the biosynthesis of a small N-

hydroxytriazene moiety-containing substrate built from novel enzymology which may 
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become an atypical primer for a PKS followed by more mundane alkyl elongation (Figure 

2-1D). Each of these routes suggests a potential array of encoded enzyme candidates to 

search for in the producing organism’s genetic context. 

Figure 2-1. Potential biochemical logic of triacsin structural features. Common nitrogen 

incorporation pathways for secondary metabolites include A) the decarboxylative 

installation of an amino acid on a thiotemplated fatty acid and B) transamination of α-

keto acids. C) Alkyl chains in secondary metabolite pathways are often assembled by 

polyketide synthases where malonyl-CoA is used in the iterative two-carbon elongation 

of a thiotemplated product which generally begins with the initial priming of acetyl-CoA 

or propionyl-CoA to generate both even- and odd-numbered fatty acyl groups. The 

ketone installed by each elongation may be selectively reduced to the observed alkene 

moieties by the action of a ketoreductase and a dehydratase. 

 

Given the limitations in retro-biosynthetic prediction of the necessary enzymes for 

creation of the triacsin family structural scaffold, these bioinformatic approaches can be 

aided by labeled precursor feeding. This strategy involves feeding isotopically labeled 

substrates into the cultivation media. If the supplied precursor is amenable to cellular 
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uptake and is a direct substrate in the target compound’s biosynthesis, then liquid 

chromatography-mass spectrometry (LC-MS) analysis of extracts collected from these 

cultures would indicate an enrichment in the recorded mass spectrum. Though labeled 

precursor supply in vivo can be limited due to competitive incorporation with endogenous 

substrates, this strategy works in parallel with bioinformatic approaches to identifying a 

natural product’s associated biosynthetic precursor.49–52 

Here we report the discovery of the triacsin BGC encoding the enzymes essential for 

the in vivo biosynthesis of the triacsin family of natural products. Our bioinformatics, 

mutagenesis, and labeled precursor feeding experiments allow a first proposal of the 

chemical logic for N-hydroxytriazene biosynthesis. Additionally, through comparative 

genomic analysis, we have identified two additional organisms with the biosynthetic 

potential to produce triacsins and have confirmed in vivo production in one. The subsequent 

sections in Chapter 2 summarize the BGCs targeted, and how literature published by 

colleagues in the natural product subfield of NN bond enzymology informed changes in 

our own strategy, ultimately leading to the confirmation of the triacsin BGC. These 

discoveries enabled further biochemical study as enumerated in subsequent chapters. 

 

2.2 Results 

2.2.1 Identification of the Triacsin Biosynthetic Gene Cluster 

Genes essential for microbial secondary metabolites tend to be clustered in one 

genomic locus as a BGC. If a targeted genomic disruption abolishes the production of a 

target natural product, then the genes encoding the essential enzymes for the biosynthesis 

of said natural product are likely in the nearby vicinity. To identify the potential genetic 

context for triacsin biosynthesis, the genome of the known triacsin producer, Kitasatospora 

aureofaciens ATCC 31442, was subjected to Illumina and PacBio sequencing, which 

resulted in 7.6 million nonredundant bases after assembly of paired sequence reads. The 

genome was annotated using RAST and BGCs were predicted using antiSMASH.53,54 

Genome mining for triacsin BGC candidates was performed by a local BLASTP analysis 

on the genome using probes such as PKSs which may be involved in the alkyl chain 

formation and enzymes potentially involved in nitrogen metabolism such as monoamine 

oxidases, aminotransferases, and enzymes with conserved motifs for the binding of 

pyridoxal phosphate.55 Four potential BGC candidates were identified in this way, referred 

to as clusters A - D (Appendix A). Publications on cremeomycin and the kutzneride family 

of natural products over the course of this work further informed potential criteria.26,29 No 

homologs of KtzT, involved in cyclization of N5-hydroxyornithine, were identified. Two 

additional BGC candidates were identified encoding both CreE and CreD homologs which 

are associated with the production of nitrous acid, referred to as clusters 1 and 2 (Appendix 

A). 

To confirm the connection between these candidates and triacsin production, we 

performed mutagenic disruptions of regions within the candidate BGCs. All multigene 

disruption mutants in clusters A – D and cluster 1 (Appendix B) did not abolish in vivo 

triacsin production. In comparison, a similar multigene disruption in cluster 2 abolished 

the production of all triacsins (Appendix B). Cluster 2 contained 32 open reading frames 

(ORF) in a span of 39 kilobase pairs (Figure 2-2A). We then assigned cluster 2 and its 
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constituent ORFs, henceforth designated tri1-32, as the putative triacsin BGC (Accession 

#: MK932017). 

Figure 2-2. Identification of the triacsin (tri) BGC and a previously unrecognized natural 

producer. A) Schematic of the tri BGC as discovered in K. aureofaciens and the 

homologous BGC identified in S. tsukubaensis. B) All four of the originally reported 

triacsin congeners contain an 11-carbon alkyl chain and the unique N-hydroxytriazene 

moiety. C) UV traces (300 nm) confirming the production of 3 in S. tsukubaensis. In both 

strains, the congener 3 was produced as the major product and other congeners were not 

identifiable by UV in these traces. 

 

2.2.2 Discovery of Additional Natural Triacsin Producers 

To further confirm the importance of this BGC in triacsin biosynthesis, we used an 

architecture search with the MultiGeneBlast tool looking for regions of homology in or 

surrounding the tri BGC within published genomes.56 Two additional microbes were 

identified containing BGCs highly homologous to the tri BGC; the marine actinomycete 

Salinispora arenicola CNS-205 (Accession #: PRJNA17109) and the well-studied 

tacrolimus producer Streptomyces tsukubaensis NRRL 18488 (Accession #: 

PRJNA389523).57–60 We then cultured these strains to examine their capability in 

producing triacsin family compounds or potential derivatives. While S. arenicola did not 

appear to produce triacsins in the tested conditions, triacsins were confirmed to be 

produced by S. tsukubaensis through high-performance liquid chromatography/ultraviolet 

(HPLC/UV) and liquid chromatography-high resolution mass spectrometry (LC-HRMS) 

analyses (Figure 2-2C). Similar to K. aureofaciens, S. tsukubaensis produced all four 

known triacsin congeners with triacsin C being the major metabolite (Figure 2-2B). Careful 

analysis of S. tsukubaensis cultures identified several additional compounds with UV 

spectra and molecular formulas similar to the triacsins as determined by HRMS, suggesting 

that they were hydroxylated triacsin derivatives (Appendix C and Appendix D). These 

results revealed for the first time that S. tsukubaensis is a triacsin producer, and strongly 

suggest that the identified tri BGC is related to triacsin biosynthesis since no other 

homologous BGCs were identified between K. aureofaciens and S. tsukubaensis. Further 

sequence analysis showed that the triacsin BGC architecture in S. tsukubaensis is nearly 

identical to that in K. aureofaciens except the lack of tri25, the gene encoding a putative 
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transposase (Figure 2-2A). By comparing the sequences around the two clusters, the 

boundary of the tri cluster was putatively identified. Additionally, S. arenicola, lacks the 

genes tri1, tri2, and tri32 which may indicate they are not essential for triacsin biosynthesis 

though this is only a weak suggestion since triacsin production was not confirmed in this 

strain (Appendix E). 

Bioinformatic analysis of tri1-32 revealed that in addition to ORFs that encode a CreE, 

CreD, and transposase homolog, the cluster encodes eight discrete PKS related proteins: a 

ketoreductase (KR), three ketosynthases (KS), two dehydratases (DH), an acyl carrier 

protein (ACP) and a phosphopantetheinyl transferase, which could be involved in the alkyl 

chain biosynthesis (Table 2-1). Seven ORFs were identified to encode oxidoreductases, 

which may be responsible for regioselective unsaturation of alkyl chains observed in 

various triacsin congeners as well as the N-hydroxytriazene moiety formation. Additional 

biosynthetic enzymes encoded by the cluster include four ATP-utilizing enzymes, two 

decarboxylases, two transferase/hydrolase homologs, and three hypothetical proteins. Two 

putative transcriptional regulators and one transporter encoding genes were also identified 

in the cluster. 

 

Table 2-1. Deduced roles of the genes in the triacsin BGC. These annotations are based 

on sequence homology and a summary of genetic results from the corresponding mutants. 

No mutants were generated for tri2, -15, -20, -25, and -30. 
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In order to probe the necessity of the encoded enzymes in triacsin biosynthesis, we 

disrupted individual genes for the majority of the ORFs through double crossover in K. 

aureofaciens and/or S. tsukubaensis (Figure 2-3). Triacsin production was completely 

abolished in Δtri5-14, 16-19, 21-22, 26-29, 31-32, demonstrating that these genes were 

required for triacsin biosynthesis (Figure 2-4 and Appendices F and G). These results are 

consistent with the proposed enzymes, including Tri16, -21, -26, -27, -28, which are likely 

involved in the N-hydroxytriazene moiety formation through two distinct mechanisms for 

NN bond formation. Surprisingly, the disruption of tri23 and tri24, encoding two putative 

saccharopine dehydrogenases, had no effect on any triacsin production in S. tsukubaensis, 

indicating that they are not essential for triacsin biosynthesis. None of the oxidoreductase-

encoding gene disruptions led to differential abolishment of triacsin congener production, 

suggesting that they are not involved in the alkyl chain modification. Additionally, the 

disruption of tri3 that encodes one of the four ATP-utilizing enzymes in the cluster 

decreased triacsin titers by about half in K. aureofaciens, suggesting that this gene is also 

non-essential (Figure 2-4). The possible role of two regulator-encoding genes, tri1 and -4, 

was also examined through gene disruption experiments in K. aureofaciens. Δtri1 resulted 

in a small titer increase while Δtri4 abolished triacsin production, suggesting the encoded 

proteins are a negative and a positive transcriptional regulator, respectively (Figure 2-4). 

Figure 2-3. Gene disruptions in K. aureofaciens and S. tsukubaensis. A) Fosmid (K. 

aureofaciens) and plasmid (S. tsukubaensis) disruption constructs were created through 

the  RED recombination system in E. coli. B) Double crossover mutants were generated 

through homologous recombination. C) A sample gel confirming the location of the 

disruption cassettes in mutants. Genomic DNA was extracted from the mutants and 

confirmed via PCR using one primer internal to the disruption cassette, and one external 

in the flanking genes. 
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Figure 2-4. HPLC/UV traces (300 nm) demonstrating the effects of selected single-gene 

disruptions on triacsin production in K. aureofaciens. 

 

2.2.3 Labeled Precursor Feeding Determines Origin of C-N Linkage 

To further support the proposed chemical logic behind the biosynthesis of the N-

hydroxytriazene moiety, we performed labeled precursor feeding studies to probe the 

utilization of aspartate, nitrite, and glycine in triacsin biosynthesis. Aspartate was proposed 

to be the substrate for Tri16 and 21 to form nitrous acid and thus one of the nitrogen atoms 

in triacsins could be derived from the amino group of aspartic acid. The feeding of 

[15N]aspartate resulted in an enrichment of singly labeled triacsin C (Figure 2-5A). 

Additionally, the feeding of [15N]nitrite also resulted in an enrichment of singly labeled 

triacsin C, consistent with the proposed intermediacy of nitrous acid (Figure 2-5A). 

Glycine, on the other hand, was proposed to be the substrate for Tri28 to form a hydrazine-

containing lysine-glycine adduct, which then undergoes an oxidative cleavage to yield 

HAA and 2-aminoadipate 6-semialdehyde catalyzed by Tri27, an FAD-dependent D-amino 

acid oxidase homolog (Figure 1-4C). The feeding of [15N]glycine resulted in a significant 

enrichment of singly labeled triacsin C, consistent with the proposed function of Tri28 

(Figure 2-5A). 

We next fed [2-13C]glycine to further investigate the fate of the α-carbon of glycine in 

triacsin biosynthesis, considering that all triacsins contain an 11-carbon alkyl chain but 

PKSs typically generate even-number carbon chains from malonyl-CoA. The feeding of 

[2-13C]glycine resulted in a weak enrichment of singly labeled triacsin C, far less than the 

feeding of [15N]glycine (Figure 2-5A). In addition, the enrichment of singly labeled triacsin 

C obtained from the feeding of [2-13C,15N]glycine and [15N]glycine was comparable, 

making the incorporation of the α-carbon of glycine in triacsin inconclusive. We then 

scaled up the triacsin-producing cultures supplied with [2-13C,15N]glycine followed by 

purification and nuclear magnetic resonance (NMR) spectroscopic analysis of triacsin C 
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(Appendix H). Comparison of the 13C NMR spectra of triacsin C produced upon the feeding 

of [2-13C,15N]glycine and unlabeled glycine showed that the C1 position was enriched, 

indicating that this carbon could be derived from the α-carbon of glycine (Figure 2-5B). In 

addition, splitting of the C1 signal not witnessed in unenriched triacsin C indicates that the 

N1’ was also enriched, consistent with the hypothesis that the C-N bond of glycine could 

be incorporated into triacsins as an intact unit, likely via the HAA intermediate. The 

apparent disproportional ratio of carbon and nitrogen incorporation upon [2-
13C,15N]glycine feeding suggests that additional glycine molecules could be disassembled 

and donate their nitrogen atoms to other positions on triacsins, such as through the 

intermediacy of other amino acids. 

Figure 2-5. Labeled precursor feeding in the production of triacsin C. A) HRMS analysis 

of 3 from cultures provided with 10 mM [15N]aspartate, 1 mM sodium [15N]nitrite, or 

varying isotopically labeled glycine substrates at 10 mM. B) 13C NMR spectra of 3 

isolated from cultures of K. aureofaciens supplied with either 10 mM unlabeled glycine 

or [2-13C, 15N]glycine. Close inspection on the enriched C1 signal shows peak splitting, 

indicative of an adjacent 15N, which is not observed in 3 purified from cultures fed 

unlabeled glycine. 

 

2.3 Discussion 
In summary, we have identified the BGC for triacsins that sets the stage for further 

deciphering of the enzymatic machinery for biosynthesis of this class of acyl-CoA 

synthetase inhibitors with a unique N-hydroxytriazene moiety. Our bioinformatics, 
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mutagenesis, and labeled precursor feeding experiments allow a first proposal of the 

chemical logic for N-hydroxytriazene biosynthesis via an intramolecular reaction between 

an electrophilic and a nucleophilic nitrogen atom as well as through the nitrous acid 

dependent NN bond formation pathway. The identification of the triacsin gene cluster 

further led to the discovery of an additional triacsin natural producer. These findings 

permitted further biochemical study and provided insight into the timing and mechanisms 

of the biosynthesis of this intriguing class of natural products. Studies on the in vitro 

reconstitutions made possible by these findings are described in Chapter 3. 

It is notable that tri26-31 are homologous to the gene cassette spb38-43 which was 

essential for the biosynthesis of the glyoxylate hydrazine unit in s56-p1.31,32 This suggests 

that at least one NN bond in triacsins is formed via Tri28, the homolog of the fusion protein 

Spb40 consisting of a cupin domain and a methionyl-tRNA synthetase-like domain. In 

addition, HAA could be an intermediate for triacsin biosynthesis which is proposed to be 

generated through the activities of Tri26-28 from lysine and glycine.31,32 Importantly, the 

three encoded homologs which were not characterized by the work reported on s56-p1 

(Spb41-43) include a AMP-dependent synthetase, an ACP, and an N-acetyltransferase. 

Since this six-gene cassette is conserved across two BGCs associated with seemingly 

distant secondary metabolites, it strongly suggests two biosynthetic likelihoods. The first 

is that the hydrazino moiety of HAA is likely alkylated. One perspective may be that this 

is nature’s way of creating a protecting group for an otherwise reactive nucleophile. This 

may be potentially supported by findings on the diazo-containing kinamycins and the 

hydrazide-containing fosfazinomycins. It was found that after the assembly of a hydrazino 

moiety on aspartate, that hydrazino moiety is then acetylated and then cleaved to release 

acetylhydrazine which is promptly installed on glutamate.61 The triacsin pathway may 

utilize a similar strategy. The second implication would be that the alkylated HAA 

intermediate is likely loaded onto an ACP. Working with ACP-bound intermediates is 

challenging because traditional methods involving organic extraction followed by LC-

HRMS are likely to miss proteins which would be denatured or degraded in the extraction 

process. There are reverse phase stationary phase solutions suitable for the LC-HRMS 

analysis of intact proteins and they are discussed in Chapter 3. 

The third nitrogen atom in the N-hydroxytriazene moiety could be derived from nitrous 

acid given the presence of Tri16 and 21, the CreD and CreE homologs that generate nitrous 

acid from aspartate. However, the enzymes to promote this NN linkage remain unclear. 

One candidate enzyme would be Tri17 which is annotated as an ATP-utilizing CoA ligase. 

While it shares only weak sequence similarity with CreM, an enzyme implicated in ATP 

activation of nitrous acid, it is possible it catalyzes a similar reaction. Tri19 is an iron-sulfur 

cluster-containing enzyme that could potentially be involved in NN bond formation as it 

does not have a clear alternative assignment. Additional insight and experimental evidence 

are provided by the in vitro work in Chapter 3. 

 

2.4 Materials and Methods 

2.4.1 Bacterial Strains and Growth Conditions 

Kitasatospora aureofaciens ATCC 31442 was cultured on ISP4 agar plates to allow 

sporulation. Individual spore colonies would be inoculated into a 2 ml seed culture of R5 

liquid media and grown at 30°C and 240 rpm for 48 hours. The seed culture would be 
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inoculated into 30 ml R5 liquid media and grown for 5 days at 30°C and 240 rpm before 

cell harvesting. Culturing was performed in 125 ml Erlenmeyer vessels with a wire coil 

placed at the bottom to encourage aeration. Streptomyces tsukubaensis NRRL 18488 was 

cultured using the same methodology with the exception that, in place of R5 media, we 

used ISP2 liquid media buffered with 5 g/L TES free acid and titrated to a final pH of 7.4. 

For all PCR-targeting with the  RED recombination system we used E. coli BW25113 

with pIJ790. E. coli Transformax EPI300 (Epicentre) were used for the generation of a 

fosmid library and the maintenance of large fosmids. E. coli One Shot TOP10 (Thermo 

Fisher Scientific) was used for ligation-independent cloning using the Zero Blunt TOPO 

Cloning Kit (Thermo Fisher Scientific). For all other routine cloning procedures, we used 

E. coli XL1-Blue. Conjugations to transfer genetic material to streptomycetes was 

performed with E. coli WM6026 which requires an exogeneous supply of diaminopimelic 

acid (DAP). All E. coli were cultured in LB at 37°C unless otherwise specified. Growth 

media was supplied with antibiotics as required at the following concentrations: kanamycin 

(50 µg/ml), apramycin (50 µg/ml), ampicillin (100 µg/ml), and chloramphenicol (25 

µg/ml). 

 

2.4.2 Construction of Fosmids for Gene Disruption in K. aureofaciens ATCC 31442 

Genomic DNA from K. aureofaciens was purified using the Quick-DNA 

Fungal/Bacterial Kit (Zymo Research) and sent to the University of California, Davis 

Genome Center for Illumina and PacBio sequencing. A fosmid library was generated 

through the CopyControl HTP Fosmid Library Production Kit (Epicentre) with the 

pCC2FOS vector. The library was screened using primers designed to PCR-amplify 

fosmids containing targeted genes. Junctions between the pCC2FOS vector and the 

insertion were confirmed by DNA sequencing (UC Berkeley DNA Sequencing Facility). 

The fosmids were purified using the ZR BAC DNA Miniprep Kit (Zymo Research) and 

transformed into E. coli BW25113 for PCR-targeting. Gene disruption plasmids were then 

generated by standard procedure using pIJ773 as a template for disruption cassettes 

conferring apramycin resistance. Resulting gene disruption fosmids were propagated in E. 

coli Transformax EPI300 and then confirmed by restriction digest and DNA sequencing 

(UC Berkeley DNA Sequencing Facility). 

 

2.4.3 Construction of Plasmids for Gene Disruption in S. tsukabaensis NRRL 18488 

Genomic DNA from S. tsukubaensis was purified using the Quick-DNA 

Fungal/Bacterial Kit (Zymo Research). Regions spanning 6 – 10 kb were PCR-amplified 

with PrimeSTAR GXL DNA Polymerase (Takara) and ligated into the pCR-Blunt II-

TOPO vector (Thermo Fisher Scientific). The gene disruption plasmids were made by an 

identical procedure to the generation of gene disruption fosmids with the exception that E. 

coli XL1-Blue was used in place of E. coli Transformax EPI300 for plasmid propagation. 

 

Table 2-2. Primers used in this study. 

Primer Sequence (5' → 3') Description 

cluster1-F tcgacgacgaccaccccctctatctccagtacacctATGATTCCGGGGATCCGTCGACC 9 kb multigene disruption in 
cluster 1 cluster1-R cccggccgatcctcccatactctccacttgccgataTCATGTAGGCTGGAGCTGCTTC 
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cluster2-F atcacatcgaagaacgccaggccgaggccgcgcaggATGATTCCGGGGATCCGTCGACC 9 kb multigene disruption in 

cluster 2 cluster2-R caacgggaacctggacgaccagacctgtgtgctctcTCATGTAGGCTGGAGCTGCTTC 

tri1-F atgacgcgtgtactgctcgcagaggacgacgcatccATGATTCCGGGGATCCGTCGACC Gene disruption of tri1 in 
Kitasatospora aureofaciens tri1-R tacatcgcgacggtccgcggcgtcggcttccgcttcTCATGTAGGCTGGAGCTGCTTC 

tri3-F gaggtgcggggcgtggcgaaagggctgatcgcctcgATGATTCCGGGGATCCGTCGACC Gene disruption of tri3 in 

Kitasatospora aureofaciens tri3-R gcaccgtcgtgtccggacgccgtggggcggggccggTCATGTAGGCTGGAGCTGCTTC 

tri4-F gccacaggaacctttcgaccgagaggcaccacgttcATGATTCCGGGGATCCGTCGACC Gene disruption of tri4 in 

Kitasatospora aureofaciens tri4-R gaagccctggcctccgactcggctcccgccgtgacgTCATGTAGGCTGGAGCTGCTTC 

tri6-F ttcaagcccgtgaccaggttcgacaccgaccggtacATGATTCCGGGGATCCGTCGACC Gene disruption of tri6 in 
Kitasatospora aureofaciens tri6-R gtcgagggccagtaccgagatgaccagctcgaccatTCATGTAGGCTGGAGCTGCTTC 

tri9-10-F cgccgaccgaccgaattccgccgaaggagcagcccaATGATTCCGGGGATCCGTCGACC Gene disruption of tri9-10 in 

Kitasatospora aureofaciens tri9-10-R tcggtgggcagtcagtcgtcccagtgctccagcaccTCATGTAGGCTGGAGCTGCTTC 

tri14-F ccgcaagtgcccgtgacgggaaggggtgtgccggacATGATTCCGGGGATCCGTCGACC Gene disruption of tri14 in 

Kitasatospora aureofaciens tri14-R ggtccgctcccgccggatgttcccgttgtcgggaacTCATGTAGGCTGGAGCTGCTTC 

tri16-F gtggtgtcggaccgggcgtggctcgacgggatggtcATGATTCCGGGGATCCGTCGACC Gene disruption of tri16 in 
Kitasatospora aureofaciens tri16-R ttccgcggcgcgtacggcacgcgtcacgatctgtttTCATGTAGGCTGGAGCTGCTTC 

tri18-F ggcctcgaccgtgattcctccggagggagacaacccATGATTCCGGGGATCCGTCGACC Gene disruption of tri18 in 

Kitasatospora aureofaciens tri18-R tcacagcacctccagcagccgccgggacatccgggcTCATGTAGGCTGGAGCTGCTTC 

tri21-F atgtcacagccgcctcggacggtcgcggtcgtgggcATGATTCCGGGGATCCGTCGACC Gene disruption of tri21 in 

Kitasatospora aureofaciens tri21-R tcaccggccgagcaccgctctggccaccgcgtcggcTCATGTAGGCTGGAGCTGCTTC 

tri5-F tgctgttttccacgaccaccgaccgggctggagtttgttcATTCCGGGGATCCGTCGACC Gene disruption of tri5 in 
Streptomyces tsukubaensis tri5-R tcccggccgggtattccccgggtttttccggcccctccatgTGTAGGCTGGAGCTGCTTC 

tri7-F gcggcgcgaacacggcgctggtggtgagcgcaccatgaccATTCCGGGGATCCGTCGACC Gene disruption of tri7 in 

Streptomyces tsukubaensis tri7-R gacgcccagttcgaccagcaccaccaggacgtcccgggcgcTGTAGGCTGGAGCTGCTTC 

tri8-F gggcgcggaaggggtggcggaatgagggagcgcgccgtggATTCCGGGGATCCGTCGACC Gene disruption of tri8 in 

Streptomyces tsukubaensis tri8-R gcgcatacaggccacgacctcgtcgtccgccgtgacgccgaTGTAGGCTGGAGCTGCTTC 

tri11-F gttccgtgcccctccggggccttcgaccgaaggaagcgatATTCCGGGGATCCGTCGACC Gene disruption of tri11 in 
Streptomyces tsukubaensis tri11-R gcgctggttgccgtggatcagatacgtggggtcgaagccgaTGTAGGCTGGAGCTGCTTC 

tri12-F aaggaggtgaacccgcatgaccacggacacggcaggggcgATTCCGGGGATCCGTCGACC Gene disruption of tri12 in 

Streptomyces tsukubaensis tri12-R gaccgcgcgggcttcgctcagcaccttcgtaccgccgcaggTGTAGGCTGGAGCTGCTTC 

tri13-F ctgcccgtgcacggcgatcccgaacggagccccaggacggATTCCGGGGATCCGTCGACC Gene disruption of tri13 in 

Streptomyces tsukubaensis tri13-R gtcgtccgccgcctctccagtggcgagcagatcggccaggtTGTAGGCTGGAGCTGCTTC 

tri17-F gaaggtgctcgccgacgcggcgctcggcgcggggaacgtgATTCCGGGGATCCGTCGACC Gene disruption of tri17 in 
Streptomyces tsukubaensis tri17-R caggcgagccccggcccgctgccgcggtcgtacgggacggaTGTAGGCTGGAGCTGCTTC 

tri19-F tctcatccgtactgtccggctccgggaacgaggtccactgATTCCGGGGATCCGTCGACC Gene disruption of tri19 in 

Streptomyces tsukubaensis tri19-R gtttctcgggtgtcccggttttcccgggtgtcccgggaaacTGTAGGCTGGAGCTGCTTC 

 

Table 2-3. Plasmids used in this study. 

Plasmid Derived From Function 

pCC2FOS-cluster1 pCC2FOS 9 kb gene disruption in cluster 5 

pCC2FOS-cluster2 pCC2FOS 9 kb gene disruption in cluster 6, tri biosynthetic gene cluster 
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pCC2FOS-tri1 pCC2FOS Gene disruption of tri1 in Kitasatospora aureofaciens 

pCC2FOS-tri3 pCC2FOS Gene disruption of tri3 in Kitasatospora aureofaciens 

pCC2FOS-tri4 pCC2FOS Gene disruption of tri4 in Kitasatospora aureofaciens 

pCC2FOS-tri6 pCC2FOS Gene disruption of tri6 in Kitasatospora aureofaciens 

pCC2FOS-tri9-tri10 pCC2FOS Gene disruption of tri9-10 in Kitasatospora aureofaciens 

pCC2FOS-tri14 pCC2FOS Gene disruption of tri14 in Kitasatospora aureofaciens 

pCC2FOS-tri16 pCC2FOS Gene disruption of tri16 in Kitasatospora aureofaciens 

pCC2FOS-tri18 pCC2FOS Gene disruption of tri18 in Kitasatospora aureofaciens 

pCC2FOS-tri21 pCC2FOS Gene disruption of tri21 in Kitasatospora aureofaciens 

pCR-Blunt-tri5 pCR-Blunt II-TOPO Gene disruption of tri5 in Streptomyces tsukubaensis 

pCR-Blunt-tri7 pCR-Blunt II-TOPO Gene disruption of tri7 in Streptomyces tsukubaensis 

pCR-Blunt-tri8 pCR-Blunt II-TOPO Gene disruption of tri8 in Streptomyces tsukubaensis 

pCR-Blunt-tri11 pCR-Blunt II-TOPO Gene disruption of tri11 in Streptomyces tsukubaensis 

pCR-Blunt-tri12 pCR-Blunt II-TOPO Gene disruption of tri12 in Streptomyces tsukubaensis 

pCR-Blunt-tri13 pCR-Blunt II-TOPO Gene disruption of tri13 in Streptomyces tsukubaensis 

pCR-Blunt-tri17 pCR-Blunt II-TOPO Gene disruption of tri17 in Streptomyces tsukubaensis 

pCR-Blunt-tri19 pCR-Blunt II-TOPO Gene disruption of tri19 in Streptomyces tsukubaensis 

pCR-Blunt-tri22 pCR-Blunt II-TOPO Gene disruption of tri22 in Streptomyces tsukubaensis 

pCR-Blunt-tri23 pCR-Blunt II-TOPO Gene disruption of tri23 in Streptomyces tsukubaensis 

pCR-Blunt-tri24 pCR-Blunt II-TOPO Gene disruption of tri24 in Streptomyces tsukubaensis 

pCR-Blunt-tri26 pCR-Blunt II-TOPO Gene disruption of tri26 in Streptomyces tsukubaensis 

pCR-Blunt-tri27 pCR-Blunt II-TOPO Gene disruption of tri27 in Streptomyces tsukubaensis 

pCR-Blunt-tri28 pCR-Blunt II-TOPO Gene disruption of tri28 in Streptomyces tsukubaensis 

pCR-Blunt-tri29 pCR-Blunt II-TOPO Gene disruption of tri29 in Streptomyces tsukubaensis 

pCR-Blunt-tri31 pCR-Blunt II-TOPO Gene disruption of tri31 in Streptomyces tsukubaensis 

pCR-Blunt-tri32 pCR-Blunt II-TOPO Gene disruption of tri32 in Streptomyces tsukubaensis 

 

2.4.4 Gene Disruptions in K. aureofaciens and S. tsukabaensis 

PCR-targeting gene disruption fosmids or plasmids were transformed into E. coli 

WM6026. E. coli WM6026 was grown in 10 ml LB at 37°C supplied with 0.5 mM DAP. 

Once the OD600 had reached 0.6, the culture was pelleted by centrifugation (4,000 x g, 5 

min) at 4°C. After decanting the media, the pellet was resuspended in 10 ml cold LB for 

two additional washes to remove residual antibiotics and DAP. During this preparation of 

E. coli WM6026, spores from the recipient streptomycete were harvested from an ISP4 

agar plate in a 10% glycerol solution. The spore pellet was pelleted by centrifugation 

(10,000 x g, 30 sec), decanted, and then resuspended in 500 µl LB. The spore solution was 

heat shocked at 50°C for 10 min and then pelleted by centrifugation as before. After 

decanting the media, the spore pellet was resuspended in 300 µl LB. This spore solution 

was then used to resuspend the E. coli WM6026 pellet with the desired gene disruption 

construct. The mixed spore/E. coli solution was plated on ISP4 agar plates supplemented 

with an additional 10 mM calcium chloride and 10 mM magnesium chloride. After a period 

of 18 hours, the plates were overlaid in an aqueous solution containing 3.5 mg of apramycin. 
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After 4 – 7 days, exconjugants were replica plated onto ISP4 plates containing either 

apramycin or kanamycin. Double crossover mutants displaying kanamycin sensitivity and 

apramycin resistance were cultured and both the presence and position of the apramycin 

gene disruption cassette were confirmed by PCR. If only single crossover mutants resistant 

to both selective agents were obtained, then the mutants were sub-cultivated on ISP4 

without antibiotics and this process was repeated until double crossover mutants were 

isolated. 

 

2.4.5 LC-HRMS Analysis of Triacsins 

Streptomycete cultures were pelleted by centrifugation (4,000 x g for 15 min), and the 

spent media was extracted 1:1 by volume with ethyl acetate. The ethyl acetate was removed 

by rotary evaporation, and the dry extract was dissolved in 300 µl of methanol for liquid 

chromatography-mass spectrometry (LC-MS) analysis by 10 µl injection onto an Agilent 

Technologies 6120 Quadrupole LC-MS instrument with an Agilent Eclipse Plus C18 

column (4.6 x 100 mm). For high resolution MS (HRMS) analysis, the extract in methanol 

could be diluted by a factor of 5 for LC-HRMS and HRMS/MS analysis by 10 µl injection 

onto an Agilent Technologies 6510 Q-TOF LC-MS instrument with the same column. 

Linear gradients of 5-95% acetonitrile (vol/vol) in water with 0.1% formic acid (vol/vol) 

at 0.5 ml/min were used. 

 

2.4.6 Production and Purification of Triacsins 

After the 5-day culture period for K. aureofaciens, the cultures were pelleted by 

centrifugation (4,000 x g for 15 min), and the spent media was extracted 1:1 by volume 

with ethyl acetate. The ethyl acetate was removed by rotary evaporation, and the dry extract 

was dissolved in a 1:1 mixture (vol/vol) of dichloromethane and methanol. The dissolved 

extract was loaded onto a size exclusion column packed with Sephadex LH-20 (Sigma-

Aldrich) and manually fractionated in a 1:1 dichloromethane and methanol running solvent. 

The fractions were screened by LC-MS with a diode array detector (DAD). Fractions 

containing triacsins were subjected to high performance liquid chromatography (HPLC) 

using an Agilent 1260 HPLC and an Atlantis T3 OBD Prep column (100 Å pore size, 5 µm 

particle size, 10 x 150 mm). Linear gradients of 5-95% acetonitrile (vol/vol) in water with 

0.1% formic acid (vol/vol) at 0.5 ml/min were used. Purified products were dried and 

analyzed by LC-MS and NMR. All NMR spectra were recorded on a Bruker AVANCE at 

900 MHz (1H NMR) and 226 MHz (13C NMR). 

 

2.4.7 Labeled Precursor Feeding Experiments 

K. aureofaciens was cultured as described above and 24 hours after the 30 ml culture 

inoculation, the culture was supplied with glycine or aspartate to a final concentration of 

10 mM. Substrates tested were unlabeled glycine, [2-13C]glycine, [15N]glycine, [2-
13C,15N]glycine, and [15N]aspartate. The same methodology was used for supplying liquid 

cultures of K. aureofaciens with either sodium nitrite or sodium [15N]nitrite, but a final 

concentration of 1 mM was used. Compound extraction and LC-HRMS analysis were 

performed as described above. 
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Chapter 3. Isolation of a Triacsin Intermediate and In Vitro 

Reconstitutions in the Triacsin Pathway 
 

Parts of this chapter have been adapted from the following with permission: 

Twigg, F. F., Cai, W., Huang, W., Liu, J., Sato, M., Perez, T. J., Geng, J., Dror, M. J., 

Montanez, I., Tong, T. L., Lee, H, Zhang, W. “Identifying the biosynthetic gene cluster for 

triacsins with an N-hydroxytriazene moiety.” ChemBioChem, 20(9), 1145-1149 (2019). 

 

3.1 Introduction 
Mutagenic gene disruptions combined with labeled precursor feeding allow great 

insight into the essential genes required for natural product biosynthesis as well as the 

origin of certain substructures within a natural product’s structural scaffold. The 

experimental results from these efforts often allow researchers to infer or suggest the 

biochemical function of enzymes encoded in the gene cluster. Hypotheses regarding the 

biosynthetic pathway can be tested by further targeted gene disruptions or feeding 

experiments. One additional way in which targeted gene disruption mutants may aid in the 

elucidation of a biosynthetic pathway is by the isolation and structural analysis of an 

intermediate. If a mutant strain lacks the enzyme to catalyze a key natural transformation 

on-path towards the natural product, then this strain may accumulate the substrate to this 

enzyme.62 If enough pure product is obtained from the cultivation and extraction of such a 

compound, the structure may be determined via NMR methodology. These structures can 

provide invaluable anchor points within the biosynthetic pathway being studied. 

There are several challenges in the endeavors of isolating chemical intermediates from 

gene disruption mutants. One challenge is the reabsorption of common substrates into 

primary metabolism. In the triacsin pathway, bioinformatic evidence suggests that Tri28 

promotes the formation of a hydrazine linkage between glycine and N6-hydroxylysine. This 

product is critical to triacsin biosynthesis, so a mutant lacking Tri28 would not produce 

triacsins, but since the amino acid substrates are part of primary metabolism it is unlikely 

that any meaningful amount of either of these substrates would accumulate. A second 

challenge is chemical degradation. The biosynthetic intermediates of a natural product may 

not always be chemically stable. In their natural context, enzymes may be associated or 

otherwise localized in such a way that the intermediate is present for only transient 

moments in time. If a mutant strain were to accumulate these intermediates, reactive 

moieties in their structure may cause chemical changes with any number of compounds 

present in the cellular environment. The challenges of chemical degradation can be further 

complicated by traditional extraction and purification procedures. Natural product extracts 

are typically obtained through liquid-liquid extraction by solvents such as ethyl acetate, 

chloroform, or diethyl ether. Purification of target compounds with these extracts is 

typically done in water/methanol or water/acetonitrile mixtures that are acidified with 

trifluoroacetic acid.63,64 While any given intermediate may be susceptible to one, all, or 

none of these degradation modalities, any mutant strains that accumulate an intermediate 

may finally yield a definitive structure. A third challenge is the potential covalent binding 

of an intermediate to a structure which is not compatible with extraction methodologies.65 

This scenario is highly like in the context of the triacsin BGC which encodes two ACPs. 

Organic extraction methods generally precipitate or destroy large peptidyl structures, so 
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these intermediates frequently avoid detection. Even if the covalently linked protein-

intermediate complex can be isolated, generating the quantity of a protein-intermediate 

complex suitable for NMR structure elucidation is typically impractical in the native 

producing strain. 

Even though the successful isolation of natural product intermediates permits the 

assignment of encoded enzymes to potential chemical transformations in the pathway, the 

complexity of biological mixtures makes characterization of a specific enzymatic scheme 

unfeasible. Another approach to elucidating a biosynthetic pathway is through in vitro 

reconstitution of purified enzymes.66 In this approach, enzymes from the native producer 

are overexpressed with an affinity tag in a host such as E. coli to generated large quantities 

of specific enzymes. These enzymes can then be combined in a highly controlled 

environment where all substrates, cofactors, and pH can be controlled by the researcher. 

This approach affords the capability of rapid and highly controlled hypothesis-testing of 

specific enzyme-catalyzed transformations. The in vitro reconstitution methodology is 

primarily stymied by the a priori knowledge required for successful catalysis. Current 

computational approaches grant us the ability to find conserved motifs for common 

cofactors and classify enzymes into superfamilies with conserved catalytic mechanism 

solely based on primary amino acid sequence.67,68 These powerful tools have contributed 

greatly to successful in vitro reconstitutions, but generally cannot identify specific substrate 

structures. Since many enzymes are highly specific for their exact substrate, being close 

does not generally yield a successful enzyme-catalyzed reaction. However, when in vitro 

experiments are informed by a combination of bioinformatics and pathway anchor-points 

provided by the structural elucidation of select intermediates, it becomes a powerful tool 

to characterize enzymes. 

Both strategies have been key to understanding and identifying the enzymes involved 

in NN bond biogenesis in triacsins. Previous work described in Chapter 2 generated 

targeted gene disruptions for many of the 32 ORFs encoded in the triacsin BGC (Table 2-

1). These mutant strains of the two confirmed native triacsin producers, Kitasatospora 

aureofaciens ATCC 31442 and Streptomyces tsukubaenesis NRRL 18488, permit the 

search for potential accumulation of triacsin biosynthetic intermediates. Structural analysis 

of any intermediates will contribute to the partial in vitro reconstitution of the triacsin 

pathway which is also informed by bioinformatic comparison to existing literature 

published on other compounds containing NN bonds. The triacsin BGC encodes enzymes 

implicated in two separate mechanisms for NN bond formation. One enzymatic route to 

NN bonds is derived from the production of nitrous acid from aspartate by homologs of a 

flavin-dependent enzyme, CreE, and a lyase, CreD (Figure 1-4B).29 In the cremeomycin 

pathway, the acyl-CoA ligase CreM catalyzes the diazotization between nitrous acid and 

an aryl amine.30 The incorporation of aspartic acid’s lone nitrogen, likely via the nitrous 

acid intermediate, has been confirmed in the biosynthesis of fosfazinomycins and 

kinamycins as well, though their BGCs do not contain homologs of CreM.61,69–71 Although 

the enzymatic fate of nitrous acid is unknown in most cases, the presence of CreE and CreD 

homologs in many of BGCs of NN bond-containing natural products implicates it as a 

common intermediate in NN biogenesis. Tri16 and Tri21 are homologs of CreD and CreE 

respectively and were essential probes in the initial discovery of the triacsin BGC (Figure 

2-2). Additionally, Tri17 is a putative acyl-CoA ligase with unassigned function and shares 

a modest similarity score of 39% with CreM. A second known enzymatic route to a NN 



 

24 
 

bond was recently discovered in the biosynthesis of s56-p1.31 Lysine is first hydroxylated 

by the action of a hydroxylase, Spb38. Then Spb40, a fusion enzyme consisting of cupin 

and methionyl-tRNA synthetase domains, is proposed to activate a glycine residue which 

is attacked by the nucleophilic oxygen species of N6-hydroxylysine.32 The ester 

intermediate is then suggested to rearrange to the internal hydrazine linkage by 

nucleophilic attack of the glycine-derived amino group on the electron poor nitrogen 

derived from N6-hydroxylysine (Figure 1-4C). Spb39, a D-amino acid oxidase, is postulated 

to then release HAA and L-2-aminoadipate 6-semialdehyde through oxidative cleavage. 

Six consecutively encoded enzymes in the triacsin BGC, Tri26-31, are homologous to 

Spb38-43 though the latter three enzymes, putatively annotated as an AMP-dependent 

synthetase, an ACP, and an N-acetyltransferase respectively, were not characterized in the 

work on s56-p1. Since our work described in Chapter 2 demonstrates that the C1-N1’ 

chemical bond in the triacsin structural scaffold is derived from an intact unit of glycine 

(Figure 2-5), it suggests the intermediacy of HAA to yield the C1-N1’-N2’ linkages in the 

triacsins (Figure 3-1). 

Figure 3-1. Abbreviated logic of the proposed triacsin biosynthetic pathway. 

 

Here we report the structural elucidation of a key late-stage intermediate and the partial 

in vitro reconstitution of the triacsin biosynthetic pathway pertaining to the assembly of 

the N-hydroxytriazene moiety. Deletion of tri9 and tri10, genes encoding decarboxylase 

activity, yielded a mutant that accumulated a chemical intermediate resembling a fully 

unsaturated triacsin analog with a carboxylate attached to the C11 position. In vitro 

reconstitution confirms that purified Tri10 is capable of decarboxylating this compound to 

yield an intermediate observed in wild type cultures of K. aureofaciens, and only a few 

remaining alterations in the unsaturation pattern are required to yield the four originally 

reported triacsin congeners. Furthermore, in vitro reconstitution of several enzymes 

encoded in the triacsin BGC has revealed that HAA produced by the action of Tri26-28 is 

succinylated before being loaded onto an ACP. This moiety undergoes further modification 

on the ACP suggesting that the N-hydroxytriazene moiety is assembled on an acyl carrier 

protein before PKS-like extension to yield the elucidated triacsin intermediate. Finally, in 

vitro reconstitution of Tri21 and Tri16 confirms their ability to produce nitrous acid from 

aspartate suggesting it contributes the third and final nitrogen observed in the triacsin 

structural scaffold. Only a few remaining enzymes remain unassigned, and future 

biochemical work is posed to complete the enzymatic reconstitution of the N-

hydroxytriazene moiety. 
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3.2 Results 

3.2.1 Elucidating a Late-Stage Intermediate in the Triacsin Biosynthetic Pathway 

Mutant strains of many of the triacsin BGC’s 32 ORFs had been created in previous 

work to determine the essential genes for triacsin biosynthesis as described in Chapter 2 

(Table 2-1). We examined the spent media of these gene disruption mutants looking for 

potential triacsin biosynthetic intermediates. Through UV and LC-HRMS analysis, we 

discovered a potential metabolite with a strong absorbance at 400 nm and a predicted 

molecular formula of C12H13N3O3 in a dual gene disruption of tri9-10, predicted to encode 

two decarboxylases (Figure 3-2). The formula is notably one CO2 group less than the 

triacsin scaffold if the alkyl chain was fully unsaturated. We searched for other possible 

intermediates that might be consistent with C12H15N3O3 or C12H17N3O3, but not even trace 

amounts could be identified. No potential intermediates were identified in other gene 

disruption mutants which may suggest that many of the intermediates are covalently linked 

to an ACP during biosynthesis. 

Figure 3-2. HPLC/UV and LC-HRMS analysis of a triacsin intermediate. A) HPLC/UV 

trace (400 nm) demonstrating accumulation of a new compound in the Δtri9-10 mutant 

and abolishment of the triacsins. Triacsin D with a λmax of 340 nm is still observed on the 

400 nm scan in the wild type (Appendix C). B) LC-HRMS extracted ion chromatogram 

illustrating this new compound is not observed in the wild type. C) HRMS detection of 

the compound determined to carboxytriacsin. D) UV spectrum of the accumulated 

compound. Though a doublet is observed in all LC separation methods, only one unique 

mass and characteristic UV spectrum appears and suggests they are isomers. 
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We scaled up the Δtri9-10 mutant strain to generate enough product for purification 

by HPLC. The intermediate was determined to be acid-labile, so the mobile phase was 

buffered to a neutral pH. Additional purification efforts were thwarted by apparent 

chemical degradation as HPLC-based purification using isocratic elution led to the 

collection of several distinct spikes with highly similar UV. Iterative purification on these 

fractions showed continued splitting into multiple spikes. This degradation was minimized 

by eliminating exposure to light and oxygen and enough material was eventually generated 

for NMR analysis (Appendix I). Comparison to NMR spectra of Triacsin C revealed the 

compound to be structurally similar to other triacsins. The two distinct differences being 

the presence of a C12 carboxylate and a fully unsaturated alkyl chain (Figure 3-3). This 

compound will henceforth be referred to as carboxytriacsin. 

Figure 3-3. Carboxytriacsin structure and the Tri9-10 reactions. A) Structures of 

carboxytriacsin, protriacsin, and triacsin C. B) Elucidation of the carboxytriacsin 

intermediate isolated from the Δtri9-10 gene disruption mutant implied that protriacsin 

was the likely product of the reaction catalyzed by Tri10. C) As a homolog of UbiX, Tri9 

is proposed to promote formation of a prenylated flavin mononucleotide required for the 

activity of Tri10. 

 

3.2.2 In Vitro Reconstitution of Tri10 

Homology modelling and structural prediction using HHPred showed that Tri9 and 

Tri10 are likely structural homologs of UbiX and UbiD respectively.72 Published work on 

UbiX and UbiD from the ubiquinone biosynthetic pathway has shown that UbiX is in fact 

a flavin prenyltransferase that modifies flavin mononucleotide (FMN) using an isoprenyl 

unit as a co-substrate (Appendix J).73 The prenylated FMN (prFMN) product is a required 

cofactor for the decarboxylase activity of UbiD which catalyzes non-oxidative 

decarboxylation.74–76 UbiD and UbiX homologs have been identified in the tautomycetin 

biosynthetic pathway from Streptomyces griseochromogenes where an unsaturated fatty 

acyl group is decarboxylated to produce a terminal alkene moiety (Figure 3-4A).77,78 We 

predicted that a similar reaction would be catalyzed by Tri10, decarboxylating the 

intermediate to yield a compound with a molecular formula of C11H13N3O. LC-HRMS 

analysis identified trace amounts of a metabolite consistent with that formula and a UV 
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maximum absorption of 385 nm in the culture broth of wild type Kitasatospora 

aureofaciens ATCC 31442 (Figure 3-4B, C, and D). 

To confirm the decarboxylation activity of Tri10, we expressed it recombinantly in E. 

coli with an N-terminal polyhistidine tag and purified it through immobilized metal affinity 

chromatography (IMAC) on nickel-nitrilotriacetic acid (Ni-NTA) agarose resin. Tri10 was 

incubated with semi-purified fractions containing carboxytriacsin, but no decarboxylated 

product was observed. We hypothesized that no activity was observed due to the lack of 

prFMN. Attempts to generate Tri9 recombinantly were unsuccessful due to poor 

expression and solubility of Tri9 in E. coli. Since only trace amounts of prFMN should be 

required for catalytic activity, we co-expressed Tri10 and Tri9 in pET-Duet and purified 

Tri10 as previously described. Incubation of this Tri10Tri9 with semi-purified 

carboxytriacsin resulted in the accumulation of the expected triacsin analog consistent with 

the non-oxidative decarboxylation event. Although only very trace amounts of the prFMN 

cofactor could be detected by HRMS, precedent research on UbiX and UbiD supports the 

hypothesis that co-expression is generally sufficient to yield a catalytically active form of 

UbiD homologs. 

Figure 3-4. Protriacsin in wild type cultures and the activity of Tri10. A) The UbiD 

homolog TtnD in the tautomycetin biosynthetic pathway shows precedent for non-

oxidative decarboxylation of α, β-unsaturated fatty acyl groups in streptomycetes. B) LC-

HRMS analysis shows that the retention time of protriacsin in the K. aureofaciens wild 

type is consistent with the pattern of reported triacsin congeners. C) HRMS analysis of 

the mass is consistent with the predicted molecular formula of protriacsin. D) The UV 

spectrum of protriacsin is redshifted relative to the reported triacsins as expected. E) 

Purified Tri10 only displays in vitro catalytic activity when co-expressed with Tri9. 
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3.2.3 In Vitro Reconstitution of Tri21 and Tri16 

The two nonsequential genes tri21 and tri16 encode homologs of CreE and CreD 

respectively. Homologs of CreE and CreD have been implicated in several NN bond-

containing natural products including the kinamycins, fosfazinomycins, and L-

alanosine.29,61,70,79–81 In each, these enzymes have been shown to produce nitrous acid from 

asparate in vitro. Since our labeled precursor feeding described in Chapter 2 demonstrates 

that [15N]asparate and [15N]nitrite each result in isotopic enrichment of triacsin, it is likely 

that Tri21 and Tri16 perform the same reaction (Figure 2-5). Tri21 and Tri16 were 

expressed recombinantly in E. coli with an N-terminal polyhistidine tag and purified 

through IMAC on Ni-NTA. To confirm the production of nitrous acid, a commercial kit 

utilizing the colorimetric Griess test for the detection of nitrites was used.82–84 As expected 

Tri21, Tri16, aspartate, and NADPH or NADH were required for the Griess test to detect 

the formation of nitrites (Figure 3-5). Negative controls lacking any of the four reagents 

resulted in no color change. A colorimetric time course suggests a stronger preference of 

Tri21 for NADPH over NADH. 

Figure 3-5. In vitro generation of nitrite by Tri21 and Tri16. Addition of the Griess 

reagent every four minutes quenches the reaction in the corresponding well and allows 

quantitation of the azo dye at 550 nm. Nitrite concentrations were determined by a 

standard curve generated through serial dilution of 10 mM sodium nitrite (Appendix K). 

 

3.2.4 In Vitro Reconstitutions of Tri26-31 

The genes tri26-31 where shown to encode enzymes with a high sequence similarity 

to those encoded by spb38-43. Of these six genes, prior work from another research group 

showed Spb38-40 to generate HAA through the intermediacy of N6-

(carboxymethylamino)lysine.32 The enzymes encoded by spb41-43 were not reported and 

include an AMP-dependent synthetase, an ACP, and an N-acetyltransferase respectively. 

We thus proposed that Tri26-28 would catalyze the same reactions to yield HAA and then 

Tri29 would activate and load HAA onto the phosphopantetheine prosthetic arm of the 

ACP encoded by tri30 (Figure 3-6A). Tri31 was proposed to acetylate the hydrazino group 

of the ACP-bound HAA intermediate. 

Tri26-31 were expressed recombinantly in E. coli with an N- or C-terminal 

polyhistidine tag and purified through IMAC on Ni-NTA. As expected Tri26 utilizes 

NADPH to hydroxylate the amino group of lysine’s side chain. Subsequently Tri28 utilizes 

ATP, glycine, and the N6-hydroxylysine product of Tri26 to yield N6-

(carboxymethylamino)lysine. A soluble form of Tri27 was not obtained, so the formation 

of HAA by this enzyme could not specifically be confirmed. HAA is commercially 

available so we incubated the AMP-dependent synthetase, Tri29, with the ACP, Tri30. We 

examined this in vitro reaction via LC-HRMS using a large pore reverse phase stationary 
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phase column suitable for examining intact proteins. We did not observe the expected ion 

consistent with the loading of HAA so we proposed that Tri31 may act to acetylate HAA 

prior to Tri29-catalyzed loading of the ACP. Tri29-31 were incubated with HAA, ATP, 

and acetyl-CoA for LC-HRMS analysis. While we still did not observe the expected ion, 

we did observe conversion of the holo-ACP to a new ion with a mass larger than expected 

(Figure 3-6B). To determine the exact molecular formula of our unexpected adduct we 

performed a phosphopantetheine ejection assay in which a high source voltage causes a 

predictable removal of the phosphopantetheine prosthetic from the ACP.85,86 The mass-to-

charge ratio of this much smaller ion allows accurate prediction of the molecular formula 

by HRMS and by targeted HRMS/MS. This approach revealed that the adduct was 

consistent with the N-alkylation of HAA by a C4H5O3 motif rather than the C2H3O motif 

expected from acetyl-CoA (Figure 3-7). 

Figure 3-6. Loading of Tri30 with N-(succinyl)HAA. A) The biochemical pathway of 

Tri26-31 yields N-(succinyl)HAA which is loaded onto an ACP. B) HRMS followed by 

mass spectrum deconvolution demonstrates the molecular weight of the modified Tri30 is 

consistent with the addition of N-(succinyl)HAA. 

 

This suggests that Tri31 had likely been co-purified with trace amounts of its cognate 

substrate. Targeted HRMS/MS analysis of extracts from the solution of purified Tri31 

revealed trace amounts of a compound consistent in mass and retention time with a 

chemical standard of succinyl-CoA. This further led us to hypothesize that Tri31 catalyzes 

the N-succinylation of HAA, and that this transformation is required for Tri29 to catalyze 
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the ATP-driven loading of the ACP. In vitro reconstitution of Tri31 incubated with 

succinyl-CoA and HAA demonstrated formation of an ion consistent with the expected N-

(succinyl)HAA product (Figure 3-8). This work confirms that Tri31 is an N-

succinyltransferase and that Tri29 requires the succinylation of HAA before recognizing it 

as a substrate for activation and loading onto the ACP encoded by tri30. 

Figure 3-7. HRMS phosphopantetheine ejection assay demonstrates accurate mass of the 

ACP-bound intermediate. The mass resolution of molecular ions exceeding 10,000 

molecular weight limits the ability of HRMS to determine the exact molecular formula of 

a small acyl group on an ACP. Increasing the source voltage during LC-HRMS analysis 

causes efficient fragmentation of the phosphodiester linkage of the phosphopantetheine 

prosthetic arm of holo-Tri30. Detection of this much smaller ion allows accurate 

determination of the ACP-bound intermediate’s molecular formula. Characteristic ions 

are shown for both unloaded and loaded forms of holo-Tri30 (Figure 3-6B). 

Figure 3-8. Tri31 is an N-succinyltransferase that acylates HAA. LC-HRMS analysis 

shows the formation of N-(succinyl)HAA when Tri31 is incubated with HAA and 

succinyl-CoA. 

 

3.3 Discussion 
In summary, we have elucidated a late-stage intermediate in the triacsin biosynthetic 

pathway and determined that the nitrogen atoms found in the N-hydroxytriazene moiety 
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are assembled early in the pathway via the action of Tri28 and then by further modification 

on the ACP encoded by tri30. Since our evidence strongly suggests nine of the eleven 

carbons in the triacsin scaffold are likely derived from the action of the PKS components 

of the triacsin BGC, the presence of the carboxylic acid on the alkyl tail of carboxytriacsin 

suggests that it could be the final PKS elongation product after hydrolytic removal from an 

ACP. This would be consistent with the hypothesis of two carbons being derived from 

glycine and ten from malonyl-CoA. Decarboxylation of carboxytriacsin by Tri10 followed 

by a few final alterations in the unsaturation pattern would generate the known triacsin 

congeners. 

Our in vitro work on the loading of Tri30 shows that N-(succinyl)HAA is utilized as a 

novel starter unit to prime an ACP, followed by further elongation by the discrete PKS 

enzymes encoded in the triacsin BGC. With this evidence, we are able to assign nearly all 

the enzymes encoded in the triacsin BGC and propose a complete biosynthetic pathway 

(Figure 3-9). After HAA is loaded onto Tri30, one further NN bond needs to be formed. 

The nitrogen donor is very likely to be aspartate through the intermediacy of nitrous acid 

formed by Tri21 and Tri16. This hypothesis is supported by the in vitro production of 

nitrous acid by these two enzymes and by the isotopic enrichment of triacsin by labeled 

precursor feeding of [15N]asparate and [15N]nitrite in vivo. Prior to this final NN bond 

formation, the succinyl group will likely need to be removed. This reaction is likely 

catalyzed by Tri14, annotated as a peptidase associated with the cleavage of non-

proteinogenic amide bonds. Cleavage of this will expose the nucleophilic nitrogen species 

on the hydrazino moiety. One possible route would mimic the activity of CreM, which 

catalyzes the ATP-activation of nitrous acid as reported in the cremeomycin pathway.30 

While Tri17 has only mild sequence similarity to CreM, it is a good candidate for 

catalyzing the activation of nitrous acid. Alternatively, or perhaps additionally, Tri19 and 

Tri18 are both unassigned oxidoreductases that may be critical in affecting the oxidation 

state of the final N2’-N3’-OH linkages in the N-hydroxytriazene moiety. The last chemical 

modification required for the ACP-bound intermediate before elongation would be 

oxidation of the C1-N1’ chemical bond. The acyl-CoA dehydrogenase Tri22 likely 

catalyzes this oxidation as it is very similar to the canonical reaction scheme of acyl-CoA 

dehydrogenases that promote the reduction of α, β-unsaturated fatty acids.  

After the completion of the highly modified glycine residue bearing an N-

hydroxytriazene moiety thiotemplated on Tri30, the remaining steps to connect this 

pathway to the carboxytriacsin intermediate are straightforward. The triacsin BGC contains 

a second ACP, Tri20, and this suggests that the Tri30-bound intermediate is translocated 

to Tri20, likely promoted by the discrete ketosynthase encoded by tri13. The remaining 

unassigned enzymes believed to have biosynthetic function are readily assigned to the 

typical components of a discrete PKS. The gene tri5 encodes a ketoreductase and tri11-12 

encodes a pair of enzymes that likely dimerize to form a single functional dehydratase. 

Two ketosynthases are encoded by tri6-7, but Tri7 lacks the active site associated with 

ketosynthases. This is typical of ketosynthases formed by heterodimers in which one 

domain performs the canonical activity of a ketosynthase and the second acts as a chain 

length factor that controls the number of iterative elongation steps which may occur on the 

partnering ACP. Together these three functional enzymes combined with the ACP encoded 

by tri20 are proposed to add five stoichiometric equivalents of malonyl-CoA to yield a net 

of ten extra carbon atoms, reducing each ketone to the corresponding alkene oxidation state 
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after each elongation. Finally, after hydrolysis from Tri20, carboxytriacsin is 

decarboxylated by Tri10 to yield a triacsin analog which only requires minimal 

modification to yield the four most common triacsin congeners, including Triacsin C.  

Figure 3-9. Proposed biochemical pathway for the triacsin family of natural products. 

 

The biochemical insight from these experiments have set the stage for the complete 

elucidation of the N-hydroxytriazene moiety and targeted biochemical study of just a few 

remaining enzymes is all that is necessary to fully understand the biosynthetic origins of 

this motif. This work has promoted the understanding of nature’s chemical logic for NN 

bond formation and has revealed novel biosynthetic strategies for the creation of 

polyketides primed by atypical starter units assembled in separate biosynthetic pathways. 

The triacsin BGC is fascinating in that it contains two distinct gene cassettes associated 

with natural products containing NN bonds, and that there is yet a third to be elucidated 

which has not been characterized in any other compound studied to-date. Whether through 

shared evolutionary ancestry or through independent evolution of effective strategies, the 

native producers of triacsins are capable of promoting several selective chemical addition 
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reactions that are exceedingly difficult to replicate in mild conditions in synthetic 

approaches. 

 

3.4 Materials and Methods 

3.4.1 Bacterial Strains and Growth Conditions 

The wild type and Δtri9-10 gene disruption mutant of Kitasatospora aureofaciens 

ATCC 31442 was cultured on ISP4 agar plates to allow sporulation. Individual spore 

colonies would be inoculated into a 2 ml seed culture of R5 liquid media and grown at 

30°C and 240 rpm for 48 hours. The seed culture would be inoculated into 30 ml R5 liquid 

media and grown for 5 days at 30°C and 240 rpm before cell harvesting. Culturing was 

performed in 125 ml Erlenmeyer vessels with a wire coil placed at the bottom to encourage 

aeration. For large scale culturing of the Δtri9-10 mutant, the 2 ml seed culture would 

instead be inoculated in 1 l R5 liquid media and grown in the same conditions. Escherichia 

coli strains were cultivated on lysogeny broth (LB) agar plates or in LB liquid media. 

Growth media was supplied with antibiotics as required at the following concentrations: 

kanamycin (50 µg/ml), apramycin (50 µg/ml), ampicillin (100 µg/ml). 

 

3.4.2 LC-HRMS Analysis of Triacsins and Carboxytriacsin 

Streptomycete cultures were pelleted by centrifugation (4,000 x g for 15 min), and the 

spent media was extracted 1:1 by volume with ethyl acetate. The ethyl acetate was removed 

by rotary evaporation, and the dry extract was dissolved in 300 µl of methanol for liquid 

chromatography-mass spectrometry (LC-MS) analysis by 10 µl injection onto an Agilent 

Technologies 6120 Quadrupole LC-MS instrument with an Agilent Eclipse Plus C18 

column (4.6 x 100 mm). For high resolution MS (HRMS) analysis, the extract in methanol 

could be diluted by a factor of 5 for LC-HRMS and HRMS/MS analysis by 10 µl injection 

onto an Agilent Technologies 6545 Q-TOF LC-MS instrument with the same column. 

Linear gradients of 5-95% acetonitrile (vol/vol) in water with 0.1% formic acid (vol/vol) 

at 0.5 ml/min were used. 

 

3.4.3 Production and Purification of Carboxytriacsin 

After the 5-day culture period for the Δtri9-10 mutant of K. aureofaciens, the cultures 

were pelleted by centrifugation (4,000 x g for 15 min), and the spent media was extracted 

1:1 by volume with ethyl acetate. The ethyl acetate was removed by rotary evaporation, 

and the dry extract was dissolved in a 1:1 mixture (vol/vol) of dichloromethane and 

methanol. The dissolved extract was loaded onto a size exclusion column packed with 

Sephadex LH-20 (Sigma-Aldrich) and manually fractionated in a 1:1 dichloromethane and 

methanol running solvent. The fractions were screened by LC-MS with a diode array 

detector (DAD). Fractions containing the compound determined to be carboxytriacsin were 

subjected to high performance liquid chromatography (HPLC) using an Agilent 1260 

HPLC and an Atlantis T3 OBD Prep column (100 Å pore size, 5 µm particle size, 10 x 150 

mm). A water/acetonitrile mobile phase buffered to a pH of 7.2 with ammonium 

bicarbonate was used to prevent exposing the fractions to acidic conditions. Linear 

gradients of 5-50% acetonitrile (vol/vol) at 2.5 ml/min were used for initial purification. 

Final purification of carboxytriacsin was performed using an isocratic gradient at 14% 

acetonitrile using the same mobile phase, column, and flow rate. All fractions containing 
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the product were kept covered to avoid light exposure and stored under N2 gas whenever 

practically achievable to avoid chemical degradation. Purified products were dried and 

analyzed by LC-MS and NMR. All NMR spectra were recorded on a Bruker AVANCE at 

900 MHz (1H NMR) and 226 MHz (13C NMR). 

 

3.4.4 Construction of Plasmids for Protein Expression 

Three vectors were used for the E. coli induced expression of recombinant proteins 

with polyhistidine tags. The plasmid pETDuet-1 was used for the dual expression of Tri10 

and Tri9. The tri10 gene was amplified with HindIII and NotI sites and inserted into the 

first multiple cloning site (MCS) of pETDuet-1 which encodes an N-terminal polyhistidine 

tag. The tri9 gene was amplified with NdeI and XhoI sites and inserted into the second 

MCS of pETDuet-1 which encodes a C-terminal S-tag derived from pancreatic 

ribonuclease A. The plasmid pET-24b(+) was used for the expression of Tri28 and Tri30 

with C-terminal polyhistidine tags. The NdeI and XhoI sites were used for the restriction 

digest and ligation-based installation of the corresponding gene. The plasmid pLATE52 

was used for the expression of Tri16, -21, -26, -29, and -31 with N-terminal polyhistidine 

tags. The corresponding genes were amplified and inserted through ligation-independent 

cloning as described by the manual from Thermo Fisher Scientific’s aLICator Expression 

System, #K1281. All genes were amplified from either K. aureofaciens ATCC 31442 or S. 

tsukubaensis NRRL 18488 as listed in Table 3-2. PCR-targeted amplification of all genes 

for insertion into expression vectors was performed using Phusion High-Fidelity PCR 

Master Mix purchased from New England Biolabs. Restriction and ligation enzymes were 

purchased from Thermo Fisher Scientific and all oligonucleotides used in this study were 

purchased from Integrated DNA Technologies. All oligonucleotides used are listed in 

Table 3-1 and all strains and constructs are listed in Tables 3-2 and 3-3. 

 

Table 3-1. Primers used in this study. 

Primer Sequence (5' → 3') Description 

tri10-F attaagcttATGACACATCTGGC Expression of Tri10 from K. 

aureofaciens tri10-R aagcggccgcTCAGTCGTCCCAG 

tri9-F aacatATGCCGACGGAACG Expression of Tri9 from K. 

aureofaciens tri9-R aactcgagTGAGGTCGCCCCTC 

tri16-F ggttgggaattgcaaACGACCACCCCCGTAC Expression of Tri16 from K. 

aureofaciens tri16-R ggagatgggaagtcaTTATGGGGTTTTCTCCG 

tri21-F ggttgggaattgcaaTCACAGCCGCCTCGGA Expression of Tri21 from K. 

aureofaciens tri21-R ggagatgggaagtcaTTACCGGCCGAGCACCG 

tri26-F ggttgggaattgcaaATGGCGCATGAGCCCATA Expression of Tr26 from S. 

tsukubaensis tri26-R ggagatgggaagtcattACGATGCGCCTCCCG 

tri29-F ggttgggaattgcaaATGACGGAGGGAACCC Expression of Tri29 from S. 

tsukubaensis tri29-R ggagatgggaagtcattAACGGGCATGGATTCC 

tri31-F ggttgggaattgcaaATGAGCTGGGCGGAAC Expression of Tri31 from S. 

tsukubaensis tri31-R ggagatgggaagtcattAGTCCGCCGCGGT 
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tri28-F aacatATGATCATCAGCCGT Expression of Tri28 from S. 

tsukubaensis tri28-R aactcgagTCGGTCACCCTCC 

tri30-F aaggATCCATGCCCGTTGAC Expression of Tri30 from S. 

tsukubaensis tri30-R aactcgagTGCCTGTGGATTCCC 

 

Table 3-2. Plasmids used in this study. 

Plasmid Derived From Function 

pCC2FOS-triBGC pCC2FOS Fosmid containing tri BGC from K. aureofaciens 

pCC2FOS-tri9-tri10 pCC2FOS Gene disruption of tri9-10 in K. aureofaciens 

pCR-Blunt-tri26-28 pCR-Blunt II-TOPO Plasmid containing tri26-28 from S. sukubaensis 

pCR-Blunt-tri29-32 pCR-Blunt II-TOPO Plasmid containing tri29-32 from in S. tsukubaensis 

pETDuet-1::tri10 pCR-Blunt II-TOPO Expression vector of tri10 from K. aureofaciens 

pETDuet-1::tri9-10 pCR-Blunt II-TOPO Dual expression vector of tri10 and tri9 from K. aureofaciens 

pLATE52::tri16 pCR-Blunt II-TOPO Expression vector of tri16 from K. aureofaciens 

pLATE52::tri21 pCR-Blunt II-TOPO Expression vector of tri21 from K. aureofaciens 

pLATE52::tri26 pCR-Blunt II-TOPO Expression vector of tri26 from S. tsukubaensis 

pLATE52::tri29 pCR-Blunt II-TOPO Expression vector of tri29 from S. tsukubaensis 

pLATE52::tri31 pCR-Blunt II-TOPO Expression vector of tri31 from S. tsukubaensis 

pET-24b(+)::tri28 pCR-Blunt II-TOPO Expression vector of tri28 from S. tsukubaensis 

pET-24b(+)::tri30 pCR-Blunt II-TOPO Expression vector of tri30 from S. tsukubaensis 

 

Table 3-3. Strains used in this study. 

Strain Description 

Kitasatospora aureofaciens 

ATCC 31442 
Triacsin producer and genetic source for Tri9-10, -16, and -21 

Kitasatospora aureofaciens 

Δtri9-10 ATCC 31442 
Mutant strain accumulating carboxytriacsin 

Streptomyces tsukubaensis 

NRRL 18488 
Triacsin producer and genetic source for Tri26 and Tri28-31 

Escherichia coli 

XL1-Blue 
General cloning host 

Escherichia coli 

BL21 Star (DE3) 
Host for expression of recombinant enzymes 

Escherichia coli 

BAP1 
Host for expression of holo forms of acyl carrier proteins 

 

3.4.5 Expression and Purification of Recombinant Proteins 

Expression strains were grown in 1 l of LB supplemented with 50 μg/ml of kanamycin 

or 100 μg/ml of ampicillin at 37°C and 250 rpm until an OD600 of 0.5 was reached. Cultures 

were then cooled on ice for 10 minutes before induction with 120 μM IPTG. Post-induction, 

the strains were cultured for 16 hours at 16°C and 200 rpm. The cells were then harvested 

by centrifugation (6000 x g, 15 min, 4°C) and the supernatant was decanted. The E. coli 

cell pellet was resuspended in 30 ml of lysis buffer (25 mM HEPES, pH 8, 0.5 M NaCl, 5 

mM imidazole) and homogenized via sonication on ice. The insoluble fraction was 

removed by centrifugation (15,000 rpm, 1 h, 4°C), and the supernatant was filtered with a 

0.45 μM filter before batch binding. Ni-NTA resin (Qiagen) was added to the filtrate at 1.5 
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ml/l of cell culture, and samples were nutated for 1 hour at 4°C. The protein resin mixture 

was added to a gravity filter column. The flow-through was discarded, the column was then 

washed with approximately 20 – 30 ml of wash buffer (25 mM HEPES, 300 mM NaCl, pH 

8), and polyhistidine-tagged protein was eluted in approximately 12 – 20 ml of elution 

buffer (25 mM HEPES, 100 mM NaCl, 250 mM imidazole, pH 8). Elution progress was 

monitored by Bradford assay. Purified proteins were then concentrated and exchanged into 

the appropriate buffer (25 mM HEPES, 100 mM NaCl, pH 8) using Amicon ultra filtration 

units. After two rounds of exchange and concentration, the purified enzyme solution was 

removed, and glycerol was added to a final concentration of 8% (vol/vol). Enzyme 

solutions were flash frozen in liquid nitrogen and stored at −80°C or used immediately for 

in vitro assays. Presence and purity of enzymes was assessed using SDS-PAGE and the 

concentration was determined using a NanoDrop UV-Vis spectrophotometer (Thermo 

Fisher Scientific). All proteins were purified using the HEPES buffer system described 

above except Tri29 which precipitated upon concentration in alkaline HEPES. Tri29 was 

purified using an analogous buffer system using Tris at a pH of 7.5 rather than HEPES at 

a pH of 8. The E. coli strain BL21 Star (DE3) was used for the expression of all proteins 

except Tri30. Since Tri30 is a predicted ACP, it was expressed in the E. coli strain BAP1 

which encodes Sfp to enhance the recovery of holo-ACPs with the phosphopantetheine 

prosthetic installed. Tri21 and Tri26 were both observed to be purified with a strong yellow 

color indicative of their co-purification with flavin cofactors. 

 

3.4.6 LC-HRMS Analysis of Tri10 In Vitro Reconstitution 

Reactions were performed at room temperature for 30 minutes in 100 μl of 50 mM 

HEPES (pH 8.0) containing 20 μM Tri10 and 100 μM carboxytriacsin. The carboxytriacsin 

was delivered in the form of partially purified extracts from the tri9-10 gene disruption 

mutant hydrated in water with 0.5% methanol (vol/vol) to aid in solubility. The 

concentration of carboxytriacsin in the extracts was estimated by HPLC/UV analysis at 

400 nm. The final methanol concentration in the reaction volume was 0.1% (vol/vol). After 

the 30-minute incubation period, the reaction was quenched with two volumes of chilled 

methanol. The precipitated protein was removed by centrifugation (15,000 x g, 2 min) and 

the supernatant was used for analysis. LC-HRMS analysis was performed on an Agilent 

Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 column 

(4.6 x 100 mm). Using a water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid, 

analysis was performed with a linear gradient of 5-95% acetonitrile at a flow rate 0.5 

ml/min. 

 

3.4.7 Griess Test for Nitrous Acid Production by Tri21 and Tri16 

Reactions were performed at room temperature in 100 μl of 50 mM Tris (pH 7.5) 

containing 0.1 mM FAD, 1 mM NADPH or NADH, 1 mM aspartate, 20 μM Tri21, and 20 

μM Tri16. The reaction was prepared with all reagents except NAD(P)H and aliquoted 

identically into 12 wells (Figure 3-5). Reactions were initiated simultaneously by the 

addition of NAD(P)H with a multichannel pipette. Starting with an initial time point, one 

reaction well was quenched every 4 minutes by the addition of one volume of Griess 

reagent purchased from Cell Signaling Technology. Nitrite concentrations were 

determined by interpolation from a standard curve developed with a nitrite standard. 
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3.4.8 LC-HRMS Analysis of Tri26 and Tri28 In Vitro Reconstitution 

Reactions were performed at room temperature for 30 minutes in 100 μl of 50 mM 

Tris (pH 7.5) containing 1 mM lysine, 1 mM glycine, 2 mM NADPH, 5 mM ATP, 2 mM 

MgCl2, 20 μM Tri26, and 20 μM Tri28. After the 30-minute incubation period, the reaction 

was quenched with two volumes of chilled methanol. The precipitated protein was removed 

by centrifugation (15,000 x g, 2 min) and the supernatant was used for analysis. LC-HRMS 

analysis was performed on an Agilent Technologies 6545 Q-TOF LC-MS equipped with 

an Agilent InfinityLab Poroshell 120 HILIC-Z column (4.6 x 100 mm). A mobile phase of 

water/acetonitrile was buffered with 10 mM ammonium formate and titrated to a pH of 3.2 

with formic acid. LC-HRMS analysis was performed with a decreasing linear gradient of 

90-60% acetonitrile at a flow rate 1.0 ml/min. 

 

3.4.9 LC-HRMS Analysis of Tri30 Loading Reaction and Phosphopantetheine 

Ejection Assay 

Reactions were performed at room temperature for 20 minutes in 50 μl of 50 mM 

HEPES (pH 8.0) containing 0.2 mM succinyl-CoA, 1 mM HAA, 5 mM ATP, 2 mM MgCl2, 

20 μM Tri31, 20 μM Tri29, and 50 μM Tri30. After the 20-minute incubation period, the 

reaction was diluted with 4 volumes of purified water and chilled on ice to slow further 

reaction progress. The diluted reaction mixture was immediately filtered by a 0.45 μm 

PVDF filter, and 10 μl was promptly injected onto an Agilent Technologies 6545 Q-TOF 

LC-MS equipped with a Phenomenex Aeris 3.6 μm Widepore XB-C18 column (2.1 x 100 

mm). Using a water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid, analysis 

was performed with a linear gradient of 30-50% acetonitrile at a flow rate 0.25 ml/min. 

The molecular weights of proteins observed during electrospray ionization were 

determined using ESIprot to deconvolute the array of observed charge state spikes.87 For 

phosphopantetheine ejection assays, the same conditions were used, but the source voltage 

was increased from 75 to 250 V to increase the fragmentation of the phosphodiester bond 

covalently linking the phosphopantetheine prosthetic to a holo-ACP. 

 

3.4.10 LC-HRMS Analysis of Tri31 In Vitro Reconstitution 

Reactions were performed at room temperature for 30 minutes in 100 μl of 50 mM 

HEPES (pH 8.0) containing 1 mM succinyl-CoA, 2 mM HAA, and 20 μM Tri31. After the 

30-minute incubation period, the reaction was quenched with two volumes of chilled 

methanol. The precipitated protein was removed by centrifugation (15,000 x g, 2 min) and 

the supernatant was used for analysis. LC-HRMS analysis was performed on an Agilent 

Technologies 6545 Q-TOF LC-MS equipped with an Agilent Eclipse Plus C18 column 

(4.6 x 100 mm). Using a water/acetonitrile mobile phase with 0.1% (vol/vol) formic acid, 

analysis was performed with a linear gradient of 5-95% acetonitrile at a flow rate 0.5 

ml/min. 
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Chapter 4. Structural Analysis of an NN Bond-Forming 

Enzyme 
 

4.1 Introduction 
Elucidation of the biosynthetic pathway of the triacsins has led to the discovery of key 

enzymes in the chemical logic of N-hydroxytriazene formation. Understanding the 

enzymology behind this unique chemical entity has provided insight into previously 

unknown forms of cellular metabolism and may be leveraged by future work to engineer 

biocatalysts to produce new bioactive compounds with this unusual functional group. 

While directed evolution methodologies and rational engineering of enzymes may itself 

provide a viable strategy in enzyme-assisted syntheses, simply understanding the reactions 

catalyzed does not provide a detailed mechanistic understanding of the catalysis itself at a 

molecular level. Bioinformatic analysis and structural characterization of key enzymes 

contributes to a more fundamental understanding of these dynamic molecular machines’ 

ability to stabilize a transition state and enable a selective reaction that is normally too high 

energy to achieve in physiological conditions. 

In the context of the triacsin family of natural products, we plan to pursue a detailed 

molecular understanding of each enzyme key to the assembly of the N-hydroxytriazene 

motif. As described in Chapter 3, Tri28 forms the critical NN bond between glycine and 

the activated amino group of N6-hydroxylysine. Prior to our work on Tri28, Spb40 from 

the s56-p1 biosynthetic pathway was the only homolog with published information 

available. Although the team was unable to isolate a functional version of Spb40, 

heterologous expression of Spb40 in E. coli led to the finding that it promotes the formation 

of N6-(carboxymethylamino)lysine in vivo. Our work in Chapter 2 confirms this reaction 

through the in vitro reconstitution of Tri28 with purified recombinant protein. 

Basic bioinformatic annotation of Tri28 shows that it is a fusion protein consisting of 

an N-terminal cupin domain and a C-terminal methionyl-tRNA synthetase (metRS) domain. 

Cupins are proteins characteristic for being small and containing a beta-barrel fold. They 

are functionally diverse and span over 50 distinct biochemical roles.88 Cupins almost 

always contain an active site metal and just about every metal known to be used by 

metalloenzymes has been observed to be associated with at least one member of the cupin 

superfamily.89,90 The small size and large diversity of cupins makes functional inferences 

based upon sequence similarity difficult. The most relevant structural work on a cupin that 

may serve as a model for Tri28 is the recent study of SznF which contains a cupin and 

catalyzes two hydroxylation events and an oxidative intramolecular rearrangement to form 

the nitrosamine found in streptozotocin (Figure 1-4E).35 SznF is also a fusion protein, but 

consists of an N-terminal heme oxygenase domain and a C-terminal cupin domain. They 

obtained X-ray structures of SznF and determined that the cupin domain contains iron and 

uses molecular oxygen to promote the oxidative rearrangement (Figure 4-1).35 The cupin 

domain of Tri28 does show limited sequence similarity to the cupin domain of SznF, but 

critically, the reaction catalyzed by Tri28 is redox-neutral and is unlikely to consume 

molecular oxygen. 

In contrast to the diverse roles of cupins, metRS domains are almost singularly 

involved in aminoacylation reactions although members of this protein family are not 

exclusively limited to their participation in protein synthesis or the initiation of mRNA 
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translation.91 While a few amino acid-tRNA synthetases (aaRS) have been implicated in 

the biosynthesis of secondary metabolites, generally they follow the logic of aminoacyl-

tRNA formation performed by an aaRS followed by incorporation of the aminoacyl group 

by a tRNA-dependent transferase.92,93 In contrast, in vitro reconstitution of Tri28 as 

described in Chapter 2 shows tRNA-independent formation of N6-

(carboxymethylamino)lysine. This suggests that the aaRS domain of Tri28 activates 

glycine through adenylation and then promotes attack of the N6-hydroxylysine hydroxyl 

group on the activated glycine carboxylate. Finally, an intramolecular rearrangement 

results in the observed hydrazine linkage of the product. Presumably the latter part of the 

reaction occurs in the locale of the cupin domain but understanding the translocation of the 

assumed adenylated glycine between the two domains will require structural evidence. 

Additionally, it is unclear if the intramolecular rearrangement is spontaneous or dependent 

on Tri28 to catalyze this reaction.  

Figure 4-1. Mechanism of SznF compared to Tri28 and Spb40. A) The heme oxygenase 

domain of SznF performs two hydroxylations and then the iron-dependent cupin domain 

subsequently catalyzes the oxidative rearrangement to form the nitrosamine. B) The 

suggested mechanism of Tri28 and Spb40 in which the proposed cupin-catalyzed reaction 

is notably redox neutral. 

 

The following sections examine the results of bioinformatic analysis of Tri28 and 

describe preliminary efforts towards a structural characterization of this enzyme. The cupin 

domain is analyzed in comparison to the cupin domain of SznF and to cupins generally. 

The metRS domain is examined against canonical homologs from E. coli and select motifs 

from a wide array of well-characterized aaRS domains. Furthermore, we describe how ICP-

OES has determined that Tri28 is a zinc-dependent enzyme, and that these metal cofactors 

are likely key to structural stability. Finally, we report the initial attempts at crystallization 
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via hanging drop vapor diffusion for study by X-ray diffraction (XRD) and flash freezing 

for study by cryogenic electron microscopy (cryoEM). It is our hope that this work will 

provide a steppingstone for the proceeding inheritors of this project in characterizing the 

catalytic mechanism of Tri28. 

 

4.2 Results 

4.2.1 Bioinformatic Analysis of Tri28 

The cupin domain of Tri28 homologs from K. aureofaciens and S. tsukubaensis was 

annotated by comparison to the nearest structural homologs as determined by HHPred.72 

Given the high sequence identity of 82% between the Tri28 homologs, all amino acid 

numberings are based on the encoded enzyme sequence as determined in K. aureofaciens. 

Pairwise and multiple sequence alignments of Tri28, SznF (PDB #: 6M9R), and Spb40 

cupin domains were performed by Water and Clustal Omega algorithms respectively.94 

Alignments demonstrate that the Tri28 cupin domain has 67% sequence identity to the 

cupin domain of Spb40 and 24% sequence identity to the cupin domain of SznF. Two 

histidines and one glutamate are conserved between all three cupin domains (Figure 4-2). 

Both of these conserved histidine residues were shown to be essential to the activity of 

SznF.35 An additional third histidine is conserved between Tri28 and SznF but displays as 

an aspartate residue in Spb40. This residue was also found to be essential to the activity of 

SznF.35 3-His, 3-His-1-Glu, and 2-His-1-Asp/Glu active site geometries are all well 

established in literature on studied cupins, but does not provide any evidence as to the 

identity of the metal bound by the native protein in vivo.88,89 It should also be noted that 

there is precedent for cupins that do not require any bound metal for catalytic activity but 

still contain predicted metal binding sites.88 

Figure 4-2. Multiple sequence alignment of the cupin domains of Tri28, Spb40, and 

SznF. Arrows in black highlight the residues suggested by Matsuda et al. (2018) to be 

critical to the catalytic activity of Spb40.32  Arrows in orange highlight the residues 

demonstrated by Ng et al. (2019) through structural analysis and mutagenesis to be key 

for the activity of SznF. This analysis suggests that Tri28 most likely has a 2-His-1-Asp 

or a 3-His-1-Asp active site. 

 

The metRS domain of Tri28 homologs from K. aureofaciens and S. tsukubaensis was 

annotated by comparison to the nearest structural homologs as determined by HHPred.72 

Additional motifs relevant to aaRS domains were annotated through InterPro.95 Pairwise 

and multiple sequence alignments of Tri28 along with the metRS from E. coli (PDB #: 

1QQT) and Thermus thermophilus (PDB #: 1A8H) were performed by Water and Clustal 

Omega algorithms respectively. The core structure of Tri28 is consistent with that of 

typical class Ia aaRSs including the canonical metRS (Figure 4-3). It contains a Rossman 

fold interrupted by a single interior connective peptide (CP). The E. coli metRS contains 
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two zinc-binding knuckles, but experimental evidence has shown that only the distal 

knuckle is occupied in active forms of the enzyme.96 

Figure 4-3. Multiple sequence alignment of the metRS domain from Tri28. A) The 

metRS domains of two Tri28 homologs are compared against two standard metRSs. All 

the features boxed in red are described in order as they appear from the amino to the 

carboxy terminus. HIGH Sequence: this sequence interacts in ATP binding and manifests 

as HLGH in all four sequences. DPEK/SVVS: this is the unoccupied proximal zinc 

knuckle in E. coli metRS; loss of the proline residue in Tri28 likely implies this knuckle 

does not form a stable structure. CPKC/CEVC: this is the occupied distal knuckle in E. 

coli metRS and appears conserved in Tri28. CVSC/CPIH: this is the only zinc knuckle in 

T. thermophilus metRS and it is not present in Tri28 despite overlap of the Cys2 motif of 

the distal knuckle in Tri28. WDISR Sequence: the binding pocket for hydrophobic 

residues is not present in Tri28. KMSKS Sequence: this sequence interacts in ATP 

binding and manifests as KFSTS in Tri28. B) Schematic of Tri28 with key metRS motifs 

featured. The zinc knuckles are located in the CP1 region. 

 

Sequence alignments of the E. coli metRS with the Tri28 metRS domain shows that 

the two sequence features of the distal zinc knuckle are conserved but does not appear to 

have the second proximal knuckle associated with the metRS either from E. coli or T. 

thermophilus. The Tri28 metRS also contains the critical HIGH and KMSKS motifs 
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involved in ATP-binding within typical consensus for the family. Another major 

component of canonical metRSs is the C-terminal domain which is involved in the anti-

codon binding which allows transfer of the aminoacyl group to a tRNA.91 Notably Tri28 

has virtually no local alignment to the C-terminal domains of either metRS nor the glycine 

counterpart from E. coli aaRSs. This is in good agreement with our in vitro results which 

show an tRNA-independent reaction. Finally, Tri28 lacks any variant of the WDISR 

consensus sequence which is associated with the binding pocket of aaRSs that bind 

hydrophobic amino acids which includes metRS. This result is consistent with the apparent 

activation of glycine rather than methionine. 

 

4.2.2 Determination of Tri28 as a Zinc-dependent Enzyme 

Bioinformatic analysis strongly suggests that the metRS domain of Tri28 likely 

requires one bound zinc ion per monomer for activity. However, the diversity of cupin 

proteins does not permit reasonable estimation of the active site metal even after 

identification of the putative active site residues. To determine which metals, if any, aside 

from zinc were required for catalytic activity, we subjected IMAC-purified samples of 

Tri28 to inductively coupled plasma-optical emission spectrometry (ICP-OES). The 

sample was carefully treated to reduce metal contamination and compared against a control 

using an identical set of buffers and reagents lacking the Tri28 enzyme. After testing the 

sample for a panel of metals including Fe, Ni, Cu, Cd, Zn, and Mn, it was found that zinc 

was the only metal found to be statistically significant relative to controls (Figure 4-4). 

This indicates that the cupin domain of Tri28 either binds zinc, no metal at all, or a highly 

unusual metal not tested in this panel or previously reported in cupins. 

Figure 4-4. ICP-OES analysis determines Tri28 to contain zinc. Error bars illustrate the 

standard error of each technical triplicate. Using a paired sample t-test, zinc was found to 

be the only metal significantly higher than in the control sample (p < 0.01). The elevated 

nickel concentration is not significant (p > 0.05) and may have partially arisen from 

contamination by the Ni-NTA resin used to purify Tri28 through IMAC. 
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To confirm the metal dependence of Tri28 in vitro, we dialyzed Tri28 in solutions 

containing EDTA to strip all metals from solution. LC-HRMS analysis of Tri28 reactions 

post-dialysis confirmed that no activity was observed. Subsequently the reaction was 

incubated with zinc, but in vitro activity was not restored. Though ICP-OES analysis 

suggests there is no significant concentration of any other metal in the active Tri28 samples, 

we additionally incubated dialyzed Tri28 with zinc and one other metal from a 

comprehensive panel (Table 4-3). In vitro activity was still not restored suggesting that the 

zinc may be critical for the structural stability of Tri28 and that dialysis caused irreparable 

denaturation. 

 

4.2.3 Preliminary Efforts to Structural Characterization of Tri28 

In order to further permit structural studies of Tri28 we sought to analyze crystalline 

structures either through vapor diffusion crystallization followed by XRD analysis, or flash 

freezing followed by cryoEM analysis. All samples used for these studies were purified 

through the two modalities of IMAC and size exclusion chromatrography (SEC) to 

maximize the homogeneity of our Tri28 protein solutions. Previous in vitro reconstitutions 

of Tri28 in Chapter 2 required the activity of the N-hydroxylase, Tri26, to generate the 

substrate N6-hydroxylysine in situ. Future work attempting to capture Tri28-bound 

transition states will be hindered if the prepared reactions contain multiple enzymes. To 

avoid this challenge we synthesized a chemical standard of N6-hydroxylysine and verified 

the activity of Tri28 promotes formation of N6-(carboxymethylamino)lysine utilizing the 

three substrates ATP, glycine, and N6-hydroxylysine. 

Tri28 homologs from K. aureofaciens and S. tsukubaensis were both screened for 

crystallization conditions through hanging drop vapor diffusion crystallization. No 

potential hits were found for the S. tsukubaensis homolog, but one singular hit for the K. 

aureofaciens variant was observed. An optimization screen was set up around the hit which 

contained 1,2-propanediol as the primary precipitant. Unfortunately, we did not observe 

sufficient crystallization for further work. Given that Tri28 is 75 kDa in size and may form 

a dimeric structure when active (a common feature of metRSs), we proposed that it may 

be a good candidate for cryoEM. During SEC purification, two major peaks were observed 

by UV detection at 280 nm, and we pondered if these two fractions were monomeric and 

dimeric forms of the enzyme as both fractions demonstrated catalytic activity in vitro. 

Using negative stain electron microscopy, we determined that the fraction eluting earlier 

was a heterogeneous mixture of species suggesting that this may be due to partial 

aggregation of Tri28. The second fraction however was determined to be highly 

homogenous and was determined ideal for cryoEM analysis. Preliminary cryoEM analysis 

of Tri28 plunge-frozen without any substrates or cofactors was promising, but the 

micrograph contrast proved insufficient for a resolved structure (Figure 4-5). Finally, we 

screened Tri28 in the detergents NP-40 and DDM in combination with its substrates to see 

if the contrast was improved in these conditions (Table 4-4). Although follow-up is being 

considered, no structure could be resolved. 
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Figure 4-5. Negative stain EM and cryoEM images of Tri28. All scale bars indicate 100 

Å. A) Representative negative stain EM 2D class averages. Length of particles ranges 

from 100 – 130 Å. B) Representative cryoEM 2D class averages of Tri28 without any 

substrates provided. Tilted angles are boxed in cyan and side views are boxed in purple. 

The maximal length of tilted views is 127 - 131 Å. The maximal length in side views is 

98 – 120 Å. C) Representative cryoEM 2D class averages of Tri28 with the substrates 

provided. Image clarity was quite poor with views typically around 100 Å long with 

some views as small as 45 Å. 

 

4.3 Discussion 
Though the preliminary structural work has been stymied by difficulties in obtaining 

a high-quality crystalline form of Tri28, continued efforts will be bolstered by additional 

research strategies discussed here. Foremost among these is a follow-up on the ICP-OES 

study of Tri28. The determination that Tri28 contained zinc was consistent with 
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expectations of the metRS domain, but the absence of any other metal has interesting 

implications for the cupin domain. The reaction catalyzed by Tri28 is in fact redox neutral, 

so zinc is a possible candidate for the cupin’s metal partner. Alternatively, the Tri28 cupin 

may be among the rare subset of cupins that do not require a metal for activity. To examine 

this possibility, we plan to express the two domains of Tri28 as separate enzymes. If the 

activity of Tri28 is retained when the two components are incubated as separate enzymes, 

then further ICP-OES analysis can be performed on the cupin domain alone. The separate 

expression of these two domains may also provide an opportunity for further conditions 

that can be screened for independent structural analysis. 

Based on the current evidence available regarding Tri28 we propose that the metRS 

domain activates glycine through the canonical aaRS mechanism. The modified C-terminal 

domain which does not resemble the anti-codon binding sequence of canonical aaRSs may 

then play a key role in a structural conformation change to relocate the adenylated glycine 

to the cupin domain. Attack of the glycine’s carboxylate by the hydroxyl group of N6-

hydroxylysine both creates and positions the transient product in a way to quickly promote 

the intramolecular rearrangement that yields the final hydrazino functional group. Release 

of the product may relax the conformational structure so that the metRS domain can 

activate another glycine unit. Further experimentation and screening conditions with Tri28 

will help test these hypotheses to build an understanding of the mechanistic logic that 

permits the formation of this NN bond. 

 

4.4 Materials and Methods 

4.4.1 Construction of Plasmids for Protein Expression 

The vector pET-24b(+) encoding a C-terminal polyhistidine tag was used for the 

recombinant expression of Tri28 in E. coli from both K. aureofaciens and S. tsukubaensis. 

The NdeI and XhoI sites were used for the restriction digest and ligation-based installation 

of Tri28. All genes were amplified from either K. aureofaciens ATCC 31442 or S. 

tsukubaensis NRRL 18488 as listed in Table 4-2. PCR-targeted amplification of all genes 

for insertion into expression vectors was performed using Phusion High-Fidelity PCR 

Master Mix purchased from New England Biolabs. Restriction and ligation enzymes were 

purchased from Thermo Fisher Scientific and all oligonucleotides used in this study were 

purchased from Integrated DNA Technologies. All oligonucleotides used are listed in 

Table 4-1 and all strains and constructs are listed in Table 4-2. 

 

Table 4-1. Primers used in this study. 

Primer Sequence (5' → 3') Description 

tri28-F-Stsu aacatATGATCATCAGCCGT 
Expression of Tri28 from S. tsukubaensis 

tri28-R-Stsu aactcgagTCGGTCACCCTCC 

tri28-F-Kaur aacatATGATCATCAACCACTACGA 
Expression of Tri28 from K. aureofaciens 

tri28-R-Kaur aactcgagCCGTTCCTCCCCG 

 

Table 4-2. Plasmids and strains used in this study. 

Strain/Plasmid Description 

Escherichia coli 

BL21 Star (DE3) 
Host for expression of recombinant enzymes 
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pET-24b(+)::tri28_Stsu Expression vector of tri28 from S. tsukubaensis 

pET-24b(+)::tri28_Kaur Expression vector of tri28 from K. aureofaciens 

 

4.4.2 Expression and Purification of Recombinant Proteins 

Escherichia coli BL21 Star (DE3) were grown in 1 l of LB supplemented with 50 

μg/ml of kanamycin at 37°C and 250 rpm until an OD600 of 0.5 was reached. Cultures were 

then cooled on ice for 10 minutes before induction with 120 μM IPTG. Post-induction, the 

strains were cultured for 16 hours at 16°C and 200 rpm. The cells were then harvested by 

centrifugation (6000 x g, 15 min, 4°C) and the supernatant was decanted. The E. coli cell 

pellet was resuspended in 30 ml of lysis buffer (25 mM HEPES, pH 8, 0.5 M NaCl, 5 mM 

imidazole) and homogenized via sonication on ice. The insoluble fraction was removed by 

centrifugation (15,000 rpm, 1 h, 4°C), and the supernatant was filtered with a 0.45 μM filter 

before batch binding. Ni-NTA resin (Qiagen) was added to the filtrate at 1.5 ml/l of cell 

culture, and samples were nutated for 1 hour at 4°C. The protein resin mixture was added 

to a gravity filter column. The flow-through was discarded, the column was then washed 

with approximately 20 – 30 ml of wash buffer (25 mM HEPES, 300 mM NaCl, pH 8), and 

polyhistidine-tagged protein was eluted in approximately 15 – 20 ml of elution buffer (25 

mM HEPES, 100 mM NaCl, 250 mM imidazole, pH 8). Elution progress was monitored 

by Bradford assay. Purified proteins were then concentrated and exchanged into the 

appropriate buffer (25 mM HEPES, 100 mM NaCl, pH 8) using Amicon ultra filtration 

units. After two rounds of exchange and concentration, the purified enzyme solution was 

removed, and glycerol was added to a final concentration of 8% (vol/vol). Enzyme 

solutions were flash frozen in liquid nitrogen and stored at −80°C or used immediately for 

in vitro assays. Presence and purity of enzymes was assessed using SDS-PAGE and the 

concentration was determined using a NanoDrop UV-Vis spectrophotometer (Thermo 

Fisher Scientific). 

 

4.4.3 FPLC Size Exclusion Purification of Tri28 

Tri28 initially purified through IMAC as described above was further purified through 

SEC using an GE ÄKTAexplorer. Fraction collection based on 280 nm UV absorption was 

performed isocratically with a low salt mobile phase (25 mM HEPES, 50 mM NaCl, pH 8) 

at 0.5 ml/min on a GE HiPrep 16/60 Sephacryl S-300 High Resolution column. Tri28 

purified in this manner was either used immediately or flash frozen without the addition of 

glycerol. 

 

4.4.4 ICP-OES Analysis of Tri28 

Tri28 purified by both IMAC and SEC modalities was exchanged via spin-filtration 

into a Chelex-treated buffer (25 mM HEPES, 100 mM NaCl, pH 8) to reduce enzyme-

independent metal contamination and dried via lyophilization. The dessicated protein was 

resuspended in 70% trace metal grade nitric acid. The solution was raised to an aggressive 

boil in acid-washed Pyrex glass containers. This was continued until no liquid volume 

remained. The samples were then dissolved in a 2% solution of the trace metal grade nitric 

acid to a concentration of 6.7 mg/ml. An equivalent volume of the corresponding exchange 

buffer (25 mM HEPES, 100 mM NaCl, pH 8) was treated using this procedure as a control. 

Metal standards were prepared in a matching 2% nitric acid matrix. The concentration of 
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the trace elements was determined using a Perkin Elmer 5300 DV ICP-OES at the College 

of Natural Resources, University of California, Berkeley. 

 

4.4.5 Synthesis of N6-hydroxylysine 

The synthesis strategy for N6-hydroxylysine was adapted from published literature on 

the synthesis of the similar N5-hydroxyornithine.97 A starting material of Nα-Boc-lysine 

was used in place of the reported Nα-Boc-ornithine. 

 

4.4.6 LC-HRMS Analysis of Tri28 In Vitro Reconstitution 

Reactions were performed at room temperature for 30 minutes in 100 μl of 50 mM 

Tris (pH 7.5) containing 200 μM N6-hydroxylysine, 1 mM glycine, 5 mM ATP, 2 mM 

MgCl2, and 20 μM Tri28. After the 30-minute incubation period, the reaction was quenched 

with two volumes of chilled methanol. The precipitated protein was removed by 

centrifugation (15,000 x g, 2 min) and the supernatant was used for analysis. LC-HRMS 

analysis was performed on an Agilent Technologies 6545 Q-TOF LC-MS equipped with 

an Agilent InfinityLab Poroshell 120 HILIC-Z column (4.6 x 100 mm). A mobile phase of 

water/acetonitrile was buffered with 10 mM ammonium formate and titrated to a pH of 3.2 

with formic acid. LC-HRMS analysis was performed with a decreasing linear gradient of 

90-60% acetonitrile at a flow rate 1.0 ml/min. 

 

4.4.7 Dialysis of Tri28 

Tri28 was first purified through IMAC as described above. The concentrated Tri28 

solution was then loaded into a Slide-A-Lyzer dialysis cassette (Thermo Fisher Scientific) 

with a 10 kDa molecular weight cutoff. The cassette was immersed in 1 liter of chelating 

buffer (25 mM HEPES, 100 mM NaCl, pH 8, 1 mM EDTA) under gentle stir for 8 hours. 

The chelating buffer was refreshed twice for two additional 8-hour periods to dialyze. The 

dialyzed protein was then removed from the cassette and exchanged in an Amicon ultra 

filtration unit with the identical buffer, but lacking EDTA. After two rounds of exchange 

and concentration, the purified enzyme solution was removed, and glycerol was added to 

a final concentration of 8% (vol/vol). Enzyme solutions were flash frozen in liquid nitrogen 

and stored at −80°C or used immediately for in vitro assays. Assays were performed as 

described in 4.4.6 with the addition of zinc and up to one other metal from the panel listed 

in Table 4-3 to a final concentration of 200 μM. 

 

Table 4-3. Metals used for in vitro reconstitution of Tri28. 

Metal Ion Source 

Fe(II) Ferrous sulfate heptahydrate 

Fe(III) Ferric chloride 

Cu(II) Copper chloride dihydrate 

Mn(II) Manganese sulfate monohydrate 

Ni(II) Nickel chloride hexahydrate 

Zn(II) Zinc chloride 

Cd(II) Cadmium sulfate 

Co(II) Cobalt chloride hexahydrate 
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4.4.8 Hanging Drop Vapor Diffusion Crystallization of Tri28 

For hanging drop vapor diffusion crystallization Tri28 was purified by IMAC and SEC 

as described above. Tri28 was screened for crystallization conditions in CrystalMation 

Intelli-Plate 96-3 low profile plates. The three crystal screens Index, Crystal Screen, and 

PEG/Ion (Hampton Research) as well the crystal screen JCSG+ (Rigaku) were used for 

testing Tri28 homologs from K. aureofaciens and S. tsukubaensis. A final enzyme 

concentration of 15 mg/ml was used for all screens and was deposited on plates by a 

Mosquito Crystal Liquid Handler (SPT Labtech). A singular hit was noted in the JCSG+ 

condition C9 containing 25% (vol/vol) 1,2-propanediol, 100 mM Na+/K+ phosphate buffer 

(pH 6.2), and 10% glycerol. An optimization screen around these conditions is shown in 

Appendix L. Sufficient crystals of quality were not isolated from this screen. 

 

4.4.9 EM Analysis of Tri28 

For negative stain EM, Tri28 was purified by IMAC and SEC as described above. 

Tri28 was diluted to 150 nM and stained with 2% uranyl formate (pH 5.5–6.0) on thin 

carbon-layered 400 mesh copper grids (EMS).98 Micrographs were collected on a Tecnai 

12 microscope (Thermo Fisher Scientific) operated at 120 keV with 2.2 Å per pixel using 

a 4k TemCam-F416 camera (TVIPS). Micrographs were CTF-corrected using CTFFIND4 

in Relion.99,100 Single particles were automatically selected using Relion Laplacian 

autopicker and 2D classification was performed in Relion.100 

For cryoEM analysis of Tri28 without substrates the enzyme was diluted to 7 M 

before applying 3.5 l to a glow-discharged C-Flat holey carbon grid (CF-2/1-3C-T, EMS). 

The sample was plunge-frozen using a Vitrobot (Thermo Fisher Scientific) and imaged at 

on a Talos Arctica TEM operated at 200 keV (Thermo Fisher Scientific) with 1.14 Å per 

pixel using a K3 Camera (Gatan). Dose-fractionated imaging was performed by automated 

collection methods using SerialEM.101 Images were collected with a 5.49 sec total exposure 

with a 0.11 sec frame rate, for a total dose of 50 electrons. Autofocus was performed using 

a defocus range -1.5 to -3.0 m. Whole-frame drift correction was performed via 

Motioncor2 with dose weighting applied.102 Micrographs were CTF-corrected using 

CTFFIND4 in Cryosparc.99,103 Single particles were automatically selected using 

Cryosparc Template Picker with a negative stain 2D average as the template, and with 

subsequent 2D classification performed in Cryosparc.103 

For cryoEM analysis of Tri28 with its substrates the reaction was prepared in a reaction 

of 50 mM HEPES (pH 8) containing 200 μM N6-hydroxylysine, 200 μM glycine, 5 mM 

ATP, 2 mM MgCl2, and 10 μM Tri28. Additionally, the reaction was supplemented by 

either 85 μM DDM or 0.05% (vol/vol) NP-40 as a detergent. The reaction was allowed to 

proceed at room temperature for 2 min on ice before plunge-freezing. The sample was 

imaged on a Talos Arctica TEM operated at 200 keV (Thermo Fisher Scientific) with 0.72 

Å per pixel using a K3 Camera (Gatan). Dose-fractionated imaging was performed by 

automated collection methods using SerialEM.101 Images were collected with a 2.71 sec 

total exposure with a 0.0275 sec frame rate, for a total dose of 100 electrons. Autofocus, 

whole-frame drift correction, CTF-correction, particle picking, and classification were 

performed as described above. Alternative screening conditions including higher Tri28 
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concentration and variable hole spacing (CF-1.2/1.3 or CF-2/1) are described in Table 4-4. 

Grid #4 was used for the data collection described above. 

 

Table 4-4. Summary of grid screening of Tri28 performed on a Talos Arctica. 

Grid # Freezing Conditions Notes 

2 NP-40 10 μM CF2/1 
Mostly black (thick) ice or broken squares, low concentration of 

particles 

3 NP-40 15 μM CF2/1 
Lots of black ice or broken squares, better concentration than #2, 

but ice is too thick 

4 DDM 10 μM CF2/1 
Really good particle contrast, lots of imageable ice, particles are 

better when shot in the center of the hole (rather than the edge) 

5 DDM 15 μM CF2/1 Pretty good ice and particle spread, but ice is probably too thick 

6 NP-40 10 μM CF1.2/1.3 Nice ice spread, particles can be found close to edge of the hole 

7 NP-40 15 μM CF1.2/1.3 Completely black grid, ice is too thick 

8 DDM 10 μM CF1.2/1.3 Completely black grid, ice is too thick 

9 DDM 15 μM CF1.2/1.3 
Pretty good ice spread, really nice particle contrast. Perhaps too 

crowded 

 

Chapter 5. Conclusion 
 

Over evolutionary time, Nature has developed an innumerable arsenal of structurally 

diverse small molecules with an equally expansive list of bioactivities. In their natural 

context, these secondary metabolites have evolved to meet many niche roles in cell 

signaling, virulence, nutrient acquisition, and chemical warfare just to name a few. Since 

the dawn of human history, these natural chemicals have also established a history of 

medical and commercial relevance for their use as antibiotics, anticancer drugs, 

agrochemicals, flavors, and aromas. For all these reasons, natural products have an 

immense biotechnological and medical importance to our modern society. 

Underlying these natural products are the molecular machines that build them. Quietly, 

these complex enzymes lower the activation barrier to chemical reaction and, with nigh 

unbeatable selectivity, promote the formation of these wonderous compounds. Even today, 

when the structures and biosynthetic genes for many natural products are known, there is 

frequently little to no information available on the enzymes or their mechanisms in these 

biosynthetic pathways. This dearth of knowledge is a major obstacle in discovering new 

natural products and in leveraging known biosynthetic enzymes for applied use in the 

commercial synthesis of bioactive compounds. The study of enzyme catalysts contributes 

to our understanding of cellular metabolism generally and provides mechanistic insight 

into reactions that are currently out of reach for current synthetic strategies. 
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There are many unique functional groups found in natural products. These diverse 

moieties both play a major role in imparting bioactivity and often suggest that novel 

biochemical logic is waiting to be discovered, understood, and applied. This manuscript 

has focused on just one such moiety literally scooped from the dirt. The N-hydroxytriazene 

moiety conserved in all members of the triacsin family is highly unique and contains 

multiple consecutive heteroatom-heteroatom chemical bonds. This study has revealed the 

treasure trove of enzymes and biosynthetic “ideas” bootstrapped together to build this 

moiety. It is telling when it takes more enzymes than atoms found in the N-hydroxytriazene 

moiety to build one of these functional groups. 

The discovery of the triacsin biosynthetic gene cluster highlights the challenges in 

gene function prediction and the value of investigating the biosynthetic logic of unique 

chemical moieties. In the early stages of this project, identifying promising BGC 

candidates felt like grasping for straws, and indeed none of the first four targeted gene 

clusters turned out to be the tri BGC. The discovery of CreE and CreD in the relatively 

short cremeomycin pathway was a major windfall for the study of NN bond-containing 

natural products. The triacsin producing strain K. aureofaciens had two BGCs containing 

homologs to this pair of nitrous acid-producing enzymes. Notably, neither of these BGCs 

are correctly predicted by antiSMASH, an incredibly valuable and important tool in 

genome mining. Furthermore, the predicted gene roles for the CreE and CreD homologs 

retrieved by a BLASTP analysis or by RAST annotation did not suggest any relationship 

to nitrogen metabolism despite the critical role we now know they play. After mutagenesis 

confirmed one of these BGCs to be the tri BGC, manual curation and bioinformatic 

analysis led to the recognition of S. tsukubaensis as a native triacsin producer. The 

discovery that 32 ORFs spanning about 40 kb were necessary for the biosynthesis of 

triacsins was daunting given that the triacsins weigh in at just over 200 Da molecular 

weight. 

 An interesting, though perhaps tangential, realization was made in the early 

metabolomic experiments with S. tsukubaensis and the targeted gene disruption mutants of 

K. aureofaciens. There are several free-source and commercial options available for the 

rapid identification of secondary metabolites through untargeted HRMS/MS analysis of 

complex biological extracts such as MS-DIAL.104 This process of dereplication aims to 

reduce the “re-discovery” of previously known natural products by either matching the 

fragmentation pattern of an observed ion to a known compound in an HRMS/MS database 

or by predicting characteristic substructures by the physics of molecular fragmentation. In 

analysis of extracts from S. tsukubaensis wild type cultures with MS-DIAL, we 

immediately found the presence of triacsins despite there being no reported HRMS/MS 

fragmentation profile for any of the triacsins at the time. Furthermore, S. tsukubaensis 

produced triacsins in all the routine media formulations we typically use when growing 

soil streptomycetes. Given the relatively high titer of triacsin C in S. tsukubaensis and the 

hard-to-miss UV signature we were surprised this had not been reported since this strain 

has an immense body of literature published on it and the biosynthesis of the anticancer 

drug tacrolimus. This finding shows the importance of depositing MS data when publishing 

and the enormous potential value of HRMS/MS-based dereplication to annotate 

metabolomic profiles and focus researchers on only those ions they wish to study. 

Aside from the excitement of recognizing S. tsukubaensis as an additional producer of 

the triacsins, it also provided a major boost to the further study of triacsin’s biochemical 
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logic. Generating targeted gene disruptions in K. aureofaciens had proven to be very slow 

and difficult whereas S. tsukubaensis was highly genetically tractable. We were able to 

rapidly probe the necessity of nearly every ORF in the tri BGC and now had access to an 

additional genomic template for the expression of recombinant enzymes required for N-

hydroxytriazene biosynthesis. These targeted gene disruptions were performed in parallel 

with the isotopically labeled precursor feeding experiments that demonstrated the intact 

installation of a glycine residue. Establishing the key primary metabolites used to build 

triacsins guided further inferences into which enzymes were key to the assembly of the N-

hydroxytriazene functional group. 

The reported formation of HAA by the enzymes Spb38-40 was another major 

contribution to our own elucidation of the triacsin biosynthetic pathway. Having 

established glycine as the key connection between the alkyl constituent and the N-

hydroxytriazene moiety of the triacsins, learning that HAA is built from glycine and lysine 

made the puzzle pieces fall in place. Our in vitro reconstitution work confirmed the key 

step where an NN bond is formed between glycine and an activated lysine. Additionally, 

we have shown that HAA is first succinylated then loaded onto an ACP for further 

modification. There are still ongoing experiments to confirm the final enzyme-catalyzed 

steps, but we now have a clear image of the full triacsin biosynthetic pathway (Figure 3-9).  

While we could have proposed the biosynthetic pathway only through bioinformatic 

conjecture, the in vitro reconstitution of Tri31 demonstrates the importance of confirming 

the specific activities of enzymes in controlled environments. Bioinformatic analysis had 

annotated Tri31 as an N-acetyltransferase, and certainly, the process of acetylation is 

ubiquitous in microbial metabolism. Our results have shown that Tri31 does not recognize 

acetyl-CoA, and in fact, uses succinyl-CoA as the acylating agent which is used to modify 

HAA. Our in vitro reconstitution of Tri31 also shows that it efficiently acylates HAA as a 

free acid, whereas bioinformatic analysis alone may have suggested that HAA is loaded 

onto the ACP (Tri30) prior to acylation given the arrangement of the genes on the operon. 

In summary we were able to discover the novel N-succinylation of HAA and the 

subsequent loading of this product onto an ACP through in vitro reconstitution. Many of 

these observations are made possible by the HRMS analysis of these reactions when they 

are not obfuscated by the challenges of working with complex cell lysates or biological 

extracts. We expect that future work utilizing similar strategies will resume upon mitigation 

of the COVID-19 health crisis and establish the addition of the final nitrogen atom of the 

N-hydroxytriazene moiety. 

As the specific activities of the triacsin biosynthetic enzymes are established, we have 

also turned our efforts to the mechanistic elucidation of Tri28 which catalyzes the 

formation of an NN bond between glycine and N6-hydroxylysine. Determining the 

activities of enzymes involved in the formation of novel functional groups can enable their 

use in the production of new novel compounds but is limited by our understanding of how 

an enzyme catalyzes these reactions. Our preliminary work with Tri28 has shown it is a 

zinc-dependent metalloenzyme and likely forms a dimer in its active form. Given the large 

size and complexity of this fusion protein, structural elucidation of the enzyme in different 

catalytic states may contribute not only to future engineering efforts with homologs of 

Tri28, but also a physical understanding of how this metalloenzymes stabilizes the 

transition state to enable this reaction. 
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This research has shown how the discovery and characterization of biosynthetic 

pathways associated with novel functional group-bearing natural products can lead to novel 

enzymology and insight for future biocatalytic approaches to difficult-to-synthesize 

chemical entities. Even in the seemingly niche space of nitrogen-nitrogen bonds, our work 

on triacsin biosynthesis and the work of others with additional NN bond-containing natural 

products has shown that nature has several clever logics by which to form these functional 

groups which are often practically inaccessible with current synthetic strategies. Each 

unexpected discovery only emphasizes how much value can be derived from investigating 

natural products with interesting or desirable chemical moieties. I am excited to have left 

my mark on the NN bond world, and eagerly look forward to seeing how many more 

strategies nature is hiding in its amazing library of molecular machines to build these motifs.  
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A. Candidate BGCs investigated in K. aureofaciens. Targeted regions for multigene 

disruption are indicated by a red box. A1) Clusters A – D were investigated prior to 

publication of the nitrous acid pathway catalyzed by CreE and CreD. A2) Clusters 1 

– 2 were additional candidates located using CreE and CreD as bioinformatic probes. 

Cluster 2 was determined to be the tri BGC. 
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B. HPLC/UV traces (300 nm) demonstrating triacsin production in multigene disruption 

mutants of K. aureofaciens. B1) A multigene disruption in cluster 2 abolished the 

production of triacsin C. B2) Multigene disruption mutants in clusters A – D could 

produce triacsin C. Some mutants showed lower titers which was likely due to 

overall lower viability of those mutants. See appendix A for gene cluster context. 
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C. UV spectra of triacsins and proposed hydroxylated triacsins. C1) UV spectra of 

compounds 1 – 4, the originally reported triacsin congeners, and compounds 5 – 8, 

the compounds discovered in the wild type S. tsukubaensis proposed to be 

hydroxylated triacsins based on UV and HRMS analysis. C2) Extracted ion 

chromatogram showing compounds 5 – 8. See appendix D for HRMS data. 
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D. LC-HRMS analysis of triacsins and proposed hydroxylated triacsins. See appendix C 

for the associated UV analysis and an extracted ion chromatogram demonstrating 

retention times. 
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E. Gene clusters in published genomes homologous to the tri BGC. 
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F. HPLC/UV analysis of all gene disruption mutants in K. aureofaciens. 
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G. HPLC/UV analysis of all gene disruption mutants in S. tsukubaensis. Compounds 6 

and 8 are the proposed hydroxylated triacsins (see appendices C and D). Targeted 

single-gene disruption mutants that could not produce triacsin C also did not produce 

compounds 5 – 8, supporting their identity as relatives of the reported triacsins. 
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H. NMR spectra of triacsin C purified from K. aureofaciens grown without feeding, 

with [2-13C,15N]glycine, and with [15N]nitrite. 

 

H1) NMR peak assignments for triacsin C. 
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H2) NMR characterization of triacsin C purified from cultures fed unlabeled glycine. 1H 

NMR spectrum (DMSO-d6) of triacsin C. 
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 H3) NMR characterization of triacsin C purified from cultures fed unlabeled glycine. 13C 

NMR spectrum (DMSO-d6) of triacsin C. 
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 H4) NMR characterization of triacsin C purified from cultures fed unlabeled glycine. 1H, 
1H COSY spectrum (DMSO-d6) of triacsin C. 
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 H5) NMR characterization of triacsin C purified from cultures fed unlabeled glycine. 1H, 
13C HSQC spectrum (DMSO-d6) of triacsin C. 
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 H6) NMR characterization of triacsin C purified from cultures fed unlabeled glycine. 1H, 
13C HMBC spectrum (DMSO-d6) of triacsin C. 

 

 

  



 

73 
 

 H7) NMR characterization of triacsin C purified from cultures fed [2-13C, 15N]glycine. 1H 

NMR spectrum (DMSO-d6) of labeled triacsin C. 
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 H8) NMR characterization of triacsin C purified from cultures fed [2-13C, 15N]glycine. 13C 

NMR spectrum (DMSO-d6) of labeled triacsin C. 
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H9) NMR characterization of triacsin C purified from cultures fed [15N]nitrite. 1H, 15N 

HMBC spectrum (DMSO-d6) of labeled triacsin C. 
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I. NMR spectra of carboxytriacsin purified from the Δtri9-10 gene disruption mutant of 

K. aureofaciens grown without feeding. 

 

I1) NMR peak assignments for carboxytriacsin. 
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I2) NMR characterization of carboxytriacsin purified from the Δtri9-10 mutant without 

feeding. 1H NMR spectrum (DMSO-d6) of carboxytriacsin. 
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I3) NMR characterization of carboxytriacsin purified from the Δtri9-10 mutant without 

feeding. 1H, 1H COSY spectrum (DMSO-d6) of carboxytriacsin. 
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I4) NMR characterization of carboxytriacsin purified from the Δtri9-10 mutant without 

feeding. 1H, 13C HSQC spectrum (DMSO-d6) of carboxytriacsin. 
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I5) NMR characterization of carboxytriacsin purified from the Δtri9-10 mutant without 

feeding. 1H, 13C HMBC spectrum (DMSO-d6) of carboxytriacsin. 
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J. Canonical reaction scheme for UbiX and UbiD. The flavin prenyltransferase, UbiX, 

promotes the prenylation of flavin mononucleotide using dimethylallyl 

monophosphate as the prenylating agent. Subsequent oxidation spontaneously forms 

the oxidized iminium form. UbiD catalyzes the non-oxidative decarboxylation of the 

cognate aromatic substrate. UbiD does not show in vitro activity in the presence of 

FMN. Activity is observed only when UbiX is also supplied with DMAP. 
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K. Determination of nitrite concentrations generated by Tri21 and Tri16. A chemical 

standard of 10 mM sodium nitrite was serially diluted, treated with Griess reagent, 

and measured for absorption at 550 nm corresponding to the azo dye. Experimental 

samples were interpolated to determine the concentrations in the range of 10 – 1000 

µM. 
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L. Optimized screen of Tri28 crystallization from the JCSG+ C9 well. All reservoirs 

contained 500 µl of a buffer with 0.1 M Na+/K+ phosphate solution (pH 6.2) and a 

variable concentration of 1,2-propanediol (PD) and glycerol as depicted. The PD 

concentration was varied with the x-coordinate and the glycerol concentration was 

varied with the y-coordinate. The original JCSG+ C9 formulation was 25% (vol/vol) 

PD and 10% (vol/vol) glycerol. To form a hanging drop above each reservoir, 2 µl of 

Tri28 in its exchange buffer (25 mM HEPES, 100 mM NaCl, pH 8) was mixed with 

2 µl pulled from the corresponding well and deposited on the lens. 

 

 1 2 3 4 5 

A 
17.5% PD 

8% Glycerol 

20% PD 

8% Glycerol 

22.5% PD 

8% Glycerol 

25% PD 

8% Glycerol 

27.5% PD 

8% Glycerol 

B 
17.5% PD 

10% Glycerol 

20% PD 

10% Glycerol 

22.5% PD 

10% Glycerol 

25% PD 

10% Glycerol 

27.5% PD 

10% Glycerol 

C 
17.5% PD 

12% Glycerol 

20% PD 

12% Glycerol 

22.5% PD 

12% Glycerol 

25% PD 

12% Glycerol 

27.5% PD 

12% Glycerol 

 




