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Abstract 

Over time, evolution can result in enzymes developing novel functions. An emerging 

example of this phenomenon comes from studies of pyridoxal-5ᾳ-phosphate (PLP)-dependent 

enzymes, which catalyze a diverse set of chemical reactions on amino acid substrates. This thesis 

describes the discovery and characterization of some unusual PLP-dependent enzymes. 

Some PLP-dependent enzymes have been shown to catalyze challenging oxidations of an 

L-arginine substrate using O2 as a co-substrate. In Chapter 2 I set out to describe new PLP-

dependent arginine oxidases and study how they function. Using bioinformatics, I was able to hone 

in on one particular enzyme, named RohP. Biochemical characterization of RohP revealed that it 

is an arginine hydroxylase, which catalyzes the formation of (S)-4-hydroxy-2-ketoarginine. 

Furthermore, I was able to obtain several high-resolution X-ray crystal structures of RohP at 

different stages of its catalytic cycle. Together these results advance the understanding of how O2- 

and PLP-dependent enzymes function. 

RohP was found in a conserved five gene biosynthetic gene cluster, with no known product. 

Therefore, in Chapter 3 I set out to determine what the product of this unusual biosynthetic gene 

cluster was. Using the studies of RohP as a starting point, additional in vitro biochemical 

investigations of four other enzymes encoded along with RohP in this biosynthetic gene cluster 

revealed that together they convert L-arginine to the antibiotic azomycin (2-nitroimidazole). As 

azomycin was first isolated over 50 years ago, the discoveries described in this chapter solve a 

longstanding biosynthetic mystery. 

 Interesting PLP-dependent enzymes are found in many biosynthetic pathways. In Chapter 

4 I report my characterization of BesB, an unrelated PLP-dependent enzyme which catalyzes the 

formation of a terminal alkyne bond. BesB has limited solubility in E. coli, which has hampered 

its study initially . Through use of a different heterologous expression system I was able to obtain 

soluble BesB. Through biochemical and X-ray crystallographic analysis, an active site 

phenylalanine substitution appears to be key to unlocking the novel reactivity of BesB. This study 

provides the first crystal structures of any alkyne-forming enzyme. Insights from the studies of 

RohP and BesB should prove useful in developing novel PLP-dependent biocatalysts. 

  



iv 

 

Lay Summary 

Natural products are compounds produced by living organisms and are the source of many 

of the medicines that are currently in use. Nature constructs these compounds using enzymes, 

protein catalysts that increase the rate of a chemical reaction. In this thesis I describe the discovery 

and characterization of several novel biosynthetic enzymes using a range of biochemical studies 

as well as X-ray crystallography. I discovered that one group of enzymes function together to 

produce the antibiotic azomycin. Azomycin was the lead molecule for the development of the 

nitroimidazoles, which are used today for the treatment of anaerobic bacterial infections. In a 

second study I characterize an enzyme which catalyzes an unprecedented type of oxidative 

reaction. Understanding this enzyme may lead to applications in chemical biology and 

biocatalysis. 
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Chapter 1: Introduction  

1.1 General synopsis of introduction 

Natural products contain a vast array of molecular scaffolds which can be modified with 

numerous chemical functional groups. A recent study analyzed over 186,000 natural products 

found in the Dictionary of Natural Products database using an algorithm designed to identify and 

extract unique connections between heteroatoms revealed that these molecules contained 2,785 

unique functional groups.1 This study also found that functional groups differ significantly in the 

frequency of their occurrence. For example, the most common functional group, aliphatic alcohols, 

are found in over 61% of natural products in the database. The prevalence of aliphatic alcohols is 

in stark contrast with many of the less common functional groups such as the nitro and alkyne, 

which are only present in 0.2% and 0.37% of the molecules, respectively.1 These two functional 

groups are more common in synthetic molecules and medical compounds,1,2 thus discovering 

novel biosynthetic enzymes can catalyze the formation of rare functional groups such as the nitro 

and alkyne is highly desirable. 

The work covered in this thesis will focus on characterizing steps in the biosynthesis of 

azomycin (2-nitroimidazole) (Chapters 2 and 3), and the terminal alkyne-containing amino acid 

ɓ-ethynylserine (Chapters 4). This introductory chapter first introduces nitro-containing natural 

products, including azomycin, as well as other molecules with a nitro group. Second, known 

alkyne biosynthetic pathways, including ɓ-ethynylserine, are introduced. As the biosynthesis of 

both azomycin and ɓ-ethynylserine exhibit a shared dependence on highly unusual PLP-dependent 

enzymes, a discussion of PLP-dependent enzymes follows. This discussion will include relevant 

PLP-dependent enzyme mechanisms to set the stage for mechanistic discussions in Chapters 2 and 

4 and will focus on the recent discoveries in O2- and PLP-dependent enzymology. The goals for 

each of these projects is then introduced.  
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1.2 Nitro -containing natural products 

 

Figure 1.1 Select examples of nitro-containing natural products. 

 

The nitro group is an important and versatile group in medicinal chemistry, with a long and 

continuing history of therapeutic use.3,4 The highly polar nature of the nitro group allows for strong 

interactions between nitro-containing small molecules and common biological components such 

as proteins or DNA.5,6 The nitro group serves as a prodrug, which is activated by enzymatic 

reduction to form various radicals, which are the biologically active species. However, reactions 

between drug radicals and proteins or DNA can also induce severe toxicity, and this toxicity is a 

common issue with nitro-containing drugs.3,7 Due their inherent toxicity in biological systems, 

nitro-containing compounds are not often associated with natural products, but in fact there are 

hundreds of isolated natural products that contain nitro groups, many of which have distinct natural 

biological activities.8,9 The structural diversity of these nitro-containing compounds is on display 

in Figure 1.1, which shows the structures of several relevant natural products that will be discussed 
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in more detail in the upcoming text. Investigating the biosynthetic origins of the various nitro 

groups found in these compounds has revealed several distinct biosynthetic routes the nitro 

functional group. These routes can involve direct nitration of the substrate, but most of the 

discovered biosynthetic pathways involve the direct oxidation of an amine to a nitro group. Three 

different classes of enzyme have been shown to catalyze oxidation of an amine to a nitro, and 

understanding the underlying mechanisms of nitro functional group biosynthesis is currently a 

robust area of research.10ï12 

 

1.2.1 Nitroimidazoles 

 

Figure 1.2 Structures of select 2- and 5-nitroimidazoles. 

The 2- and 5-nitroimidazole moieties are highlighted in blue and red respectively. 

 

One of the most notable naturally occurring nitro-containing compounds is azomycin (2-

nitroimidazole) (6) (Figure 1.2). Azomycin was first isolated from Streptomyces eurocidicus in 

1953,13 and its molecular structure was determined soon after in 1955.14 At the time of the 

discovery of 6, its simple 2-nitroimidazole structure represented a novel natural product scaffold, 
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and thus its biological properties were investigated. Azomycin (6) proved to be a highly efficacious 

treatment for combatting various anaerobic pathogens, most notably Trichomonas vaginalis, a 

pathogenic aerobic bacterium for which there were then no effective antibiotic treatments.15 These 

promising results inspired the chemical synthesis of many new nitroimidazoles along with the 

evaluation of the corresponding biological activities for these molecules. Thus, 6 is the founding 

member of the clinically important nitroimidazole class of drugs (Figure 1.2).  

Despite the relatively simple structure of 6, at the time of its discovery it proved to be quite 

a challenge to synthesize and it was only in 1965 that a pair of groups reported the synthesis of 

6.16,17 Both groups utilized NaNO2 and CuSO4Ț6H2O to catalyze the oxidation of 2-

aminoimidazole to 6, albeit in relatively low yields.16,17 Despite the challenges of synthesizing 2-

nitroimidazoles, some 2-nitroimidazoles were eventually developed into viable drugs. One such 

example is benznidazole (7), which was developed in 1972, and is still one of the few effective 

treatments for Trypanosoma cruzi, the cause of Chagas disease.3 

 In the intervening years, scientists also discovered that 5-nitroimidazoles (8) were much 

easier to synthesize, and more importantly, these compounds were found to be generally better 

tolerated by patients.15,18,19 Perhaps the most famous and widely used nitroimidazole drug is the 5-

nitroimidazole metronidazole (9) (Figure 1.2). Metronidazole was first synthesized in 1959 and 

subsequently rapidly approved as a drug in 1960, and is still used to this day for the treatment of 

trichomoniasis and other anaerobic bacterial infections.19ï21 Other important 5-nitroimidazoles 

include tinidazole (10), a broad spectrum antiparasitic compound developed in 1972.3,19 The 

synthesis and evaluation of novel 5-nitroimidazoles continues even today, with the 5-

nitroimidazole scaffold being continually explored to produce novel nitroimidazole drugs with 

improved biological activities.22,23 One recent example is delamanid (11), which was first 

produced in 2006,24 and subsequently approved for the treatment of multidrug-resistant 

tuberculosis by the EU in 2014 (Figure 1.2).25 
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1.2.1.1 Mechanism of action 

 

Figure 1.3 Reductive pathways of a) the 5-nitroimidazole metronidazole and b) 2-

nitroimidazoles. 

 

Due to the extensive use of nitroimidazoles over the past 60 years, the mode of action as 

well as their decomposition pathways under anaerobic conditions have been extensively studied 

(Figure 1.3). Although the specific mode of action depends on the nature of the substituents 

present on the nitroimidazole scaffold, all nitroimidazoles generally exert their antibiotic activity 

through similar reductive mechanisms. Once the nitroimidazole has diffused into the cell, the nitro-

group is reduced to a reactive radical species by the anaerobic pyruvate/ferredoxin reductase 

complex.15,18,19,21 The reduction potential of aerobic cells is too high to catalyze this reductive 

reaction, and any nitroimidazole that is reduced is re-oxidized by O2, in a process called futile 

cycling,19 revealing how nitroimidazoles specifically target anaerobic cells. The nitro radical anion 

is the primary damaging species, and can react with DNA, inducing the formation of DNA double-
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strand breaks triggering irreversible damage to the DNA.15,18ï21 The nitro radical anion can also 

decompose to yield NO2
- and an imidazole radical, that latter of which can also cause cellular 

damage. There is also evidence supporting the reduction of the nitro radical anion to corresponding 

nitroso, hydroxylamine, or even to the amine various cellular nitroreductases.20,21 However, 

reduction of the nitro radical anion is less prevalent for 5-nitroimidazoles such as tinidazole (10) 

and is more common with 2-nitroimidazoles such as 6 and benznidazole (7).19,26  

 

1.2.1.2 Early studies on the biosynthesis of 2-nitroimidazole (azomycin) 

 

Figure 1.4 Eguchiôs proposed biosynthetic route to azomycin.  

Scheme adopted from Nakane et al.27 Proposed compounds not detected during the experiments 

from Ref. 27 are highlighted in brackets and in grey. 

 

While the 1960ôs and 70ôs saw intense efforts devoted to the synthesis and evaluation of 

novel nitroimidazoles, 6 was not fully relegated to the sideline, with several groups seeking to 

uncover the biosynthesis of this molecule. Early studies from Lancini and others in the 1960ôs 

were the first to investigate the biological origin of 6. In these studies they observed the 

accumulation of 2-aminoimidazole (12), and its oxidation to 6 by the azomycin producer 

Streptomyces sp. LE/3342.28ï30 The earlier stages of azomycin biosynthesis in another bacterial 

strain, Streptomyces eurocidicus SF506, were investigated several years later by Eguchi. His group 

demonstrated that L-arginine (13) was the initial precursor to 6, and the biosynthesis of 6 proceeded 

through an unusual hydroxylated arginine derivative 4-hydroxy-2-ketoarginine (14). The 
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production of the latter was contingent on the presence of both O2 and the enzymatic cofactor 

PLP.27 Furthermore, Eguchi also observed that 14 was converted into pyruvate (15) as well as the 

already established precursor 12 by S. eurocidicus. Combining the results of all the azomycin 

biosynthetic studies, Eguchi put forth a biosynthetic hypothesis to account for all of the 

biosynthetic intermediates detected their experiments (Figure 1.4).27 

Eguchi proposed that azomycin biosynthesis begins with 13, which is oxidized in an O2- 

and PLP-dependent manner, to an enamine intermediate 16, which is in turn hydrolyzed to 14. 

Then 14 could be cleaved by an aldolase into 15 and 4-guanidinoacetaldehyde (17), the latter of 

which undergoes a spontaneous intramolecular cyclization to produce 12. Finally, 12 is oxidized 

directly to 6. Eguchiôs thorough study answered several questions about the biosynthesis of 6, but 

also raised several new intriguing questions such as: Are there enzymes that require both O2 and 

PLP? And how does nature directly oxidize the amino group to a nitro group? The answers to these 

questions would not begin to come until several decades later. 

 

1.2.2 Biosynthetic routes to nitro-containing natural products 

1.2.2.1 P450-catalyzed direct nitration: TxtE  and RufO 

 

Figure 1.5 Nitric oxide synthase and P450-coupled direct nitration of aromatic amino acids. 
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While compounds such as chloramphenicol (5) and azomycin (6) have been known for 

several decades, it is only relatively recently that the biosynthesis of nitro-containing compounds 

has become well understood. The review of nitro group biosynthesis will begin by examining one 

of the less common biosynthetic routes, which involves the direct nitration of an aromatic substrate 

using NO. First discovered during the biosynthesis of the phytotoxin thaxtomin A (1)31ï33 (Figure 

1.1), the direct nitration route requires two enzymes: a nitric oxide synthase TxtD, and a unique 

type of cytochrome P450, TxtE. Bacterial nitric oxide synthases are slightly different than their 

mammalian counterparts, but nonetheless also catalyze the five electron oxidation of L-arginine 

(13) to L-citrulline (L-Cit) and NO.34 Accordingly, in vivo studies demonstrated that TxtD produces 

NO.32 Additionally, TxtE was able to catalyze the formation of 4-nitrotryptophan (18) from L-

tryptophan (19) in vitro using the NO source NONOate (Figure 1.5).32 Crystal structures of TxtE 

indicates that it contains many structural features typically found in P450 enzymes, with its active 

site optimized for binding 19.35 However, TxtE also contains a proton transfer pathway which is 

different from other P450 enzymes, which may in part explain its unusual activity.36 A 

combination of stopped-flow spectroscopy and computational studies of TxtE indicate that the 

heme iron first reacts with O2 to form an iron(III)-superoxo species, which then reacts with NO, 

rapidly releasing NO2Å that reacts with the indole ring of 19 to form 18.37  

Furthermore, Zuo and Ding were able engineer a biocatalytic system for high level 

production of 18 using an engineered variant of TxtE.38 By coupling TxtE to the reductase domain 

of the P450 BM3, they were able to create a self-sufficient enzyme with improved catalytic 

properties.39 Engineered TxtE was heterologously expressed in E. coli along with an additional 

nitric oxidize synthase and glucose dehydrogenase for cofactor regeneration. Together, these three 

enzymes could produce up to 192 mg/L of 18, an amount significantly higher than other engineered 

nitrotryptophan pathways.38  

In addition to 18, the non-proteinogenic amino acid 3-nitrotyrosine (20), is also synthesized 

using a nitric oxide synthase-cytochrome P450 enzyme pair. Genes encoding putative bacterial 

nitric oxide synthase genes (ilaM, rufN) and putative cytochrome P450s (ilaN, rufO), were also 

identified in the biosynthetic gene clusters for the ilamycins40 and rufomycins,41 respectively. The 

activity of the cytochrome P450 RufO was verified in vitro and found to catalyze the formation of 

20 using L-tyrosine (21) and the NO source NONOate in vitro (Figure 1.5).41 
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1.2.3 FAD-dependent oxidation 

The other characterized biosynthetic routes to nitro groups involve the oxidation of an 

amino group. Several different classes of enzyme are known to catalyze such as reaction, including 

FAD-dependent, Rieske-dependent, and diiron-dependent enzymes. Each group of enzymes will 

be reviewed individually, beginning with FAD-dependent oxidases. Nitrogen oxidizing FAD-

dependent oxidases are well described in the literature, and can catalyze the oxidation of an amine 

to several different functional groups, including, but not limited to, hydroxylamines, oxazines, 

nitrones, and oximes.42 However, the following will focus on the two pathways where nitro group-

containing compounds are produced. 

 

1.2.3.1 Nitrosuccinate biosynthesis: CreE, FzmM 

 

Figure 1.6 The flavin-dependent oxidative pathway to nitrosuccinate. 

 

FAD-dependent oxidases such as CreE43 and FzmM44 are able to catalyze the oxidation of 

L-aspartic acid (22) to nitrosuccinate (23) using O2 and NADPH (Figure 1.6). CreE has be shown 

to consume approximately three equivalents of NADPH for every molecule of 23 produced, which 

indicates that this CreE-catalyzed oxidative pathway involves three individual iterative 

oxidations.43 The first oxidative intermediate, N-hydroxy aspartate (24), was detected during in 

vitro studies of FzmM, supporting the initial stages of the iterative oxidative pathway.44 

Additionally, the off-pathway product 3-nitropropionic acid (25), was also detected in FzmM-

containing in vitro assays, which suggests that 23 is unstable and must be quickly consumed by 

other enzymes before spontaneous degradation occurs.44 In these well-characterized biosynthetic 
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pathways, 23 serves as a source of nitrous acid, which is released from 23 by the actions of 

nitrosuccinate lyases such as CreD.43ï45 The liberated nitrous acid is used to construct various 

diazo and N-N bond containing compounds. For example, nitrous acid liberated by CreD is used 

by the ATP-dependent enzyme CreM to form the diazo group of cremeomycin (26) (Figure 

1.6).43,45,46 

 

1.2.3.2 Nitrosugar biosynthesis: Orf36, RubN8, KijD3  

 

Figure 1.7 Nitrosugar biosynthesis by the FAD-dependent enzymes KijD3, RubN8, and 

Orf36. 

 

Nitrosugars like D-kijanose (27), D-rubranitrose (28), and L-evernitrose (29) (Figure 1.7), 

can all be found decorating many different natural product scaffolds. For example, the biologically 

active polyketide kijanimicin (2),47 (Figure 1.1) contains a single monomer of 27 appended to the 

polyketide core of the molecule. The biosynthesis of these sugars is quite complex, and up to ten 

enzymes can be required to synthesize the complete nitrosugar. This section will focus solely on 



11 

 

the steps required to synthesize the nitrosugar from the amino sugar precursor, and the extensive 

process of amino sugar precursor biosynthesis has been reviewed elsewhere.48,49 

The enzymes responsible for catalyzing formation of the nitro group were first 

characterized by the Bachmann group.50 They observed homologous genes encoding putative 

FAD-dependent oxidases in biosynthetic gene clusters known to produce nitrosugar-containing 

compounds.50 Ultimately they cloned two of these genes, rubN8 and orf36 and produced the 

protein recombinantly using E. coli. Testing the in vitro activity of both RubN8 and Orf36 using 

the desmethyl analog of the natural TDP-substrate (30) demonstrated that both enzymes catalyze 

the formation of the TDP-hydroxylamino sugar (31) and the TDP-nitroso sugar (32) (Figure 1.7).50 

Another set of experiments showed the incorporation of an oxygen atom from 18O2, indicative of 

oxygenase activity.51
 However, in both of these studies, the final nitrosugar product (33) could not 

be detected under the in vitro reaction conditions tested. Using similar a similar TDP-aminosugar 

substrate (34) KijD3 was also found to catalyze the formation of a TDP-hydroxylamino sugar (35) 

and TDP-nitrososugar (36) intermediates, but again the final TDP-nitrosugar product (37) was not 

detected.52 The detection of various hydroxyamino and nitroso intermediates suggests that the 

nitrosugar synthases use the same three-step iterative oxidative pathway that is utilized by the 

nitrosuccinate synthases (Figure 1.6, Figure 1.7).  

 

Figure 1.8 Superposition of the 3.15 Å structure of Orf36 and 2.05 Å structure of KijD3. 

The structure of Orf36 (PDB: 3MXL)51 is shown in cyan, while the structure of KijD3 (PDB: 

3M9V)52 is shown in yellow. The dTDP-phenol in the KijD3 monomer is depicted as sticks. 
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The initial biochemical studies of nitrosugar synthases were followed by X-ray 

crystallographic studies, and in 2010 the crystal structures of both KijD352 and Orf3651 were solved 

(Figure 1.8). Both KijD3 and Orf36 adopt tetrameric assemblies and display the same fatty acyl-

CoA dehydrogenase fold-type of fold. Orf36 was crystallized in the apo-form, lacking the FAD-

cofactor,51 while KijD3 was co-crystallized with another substrate analog dTDP-phenol, which 

allowed for the active site to be identified.52 A third 2013 study reported a crystal structure of 

KijD3 bound with both FMN and its dTDP-linked sugar substrate (Figure 1.9).53 The amino-group 

of the substrate is located approximately 4.9 Å from C4a of the flavin, positioning it favorably for 

a reaction with a FMN-hydroperoxy intermediate. Subsequently, both the crystal structure of 

Orf36 and the crystal structure of the KijD3 dTP-phenol complex were used in molecular dynamics 

simulations to examine the catalytic mechanism utilized by these nitrososynthases.54,55 Modeling 

a FMN-hydroperoxy intermediate in the active site of the KijD3 complex revealed it can oxidize 

the amino group of the TDP-sugar substrate to form the experimentally detected TDP-

hydroxylamine sugar intermediate.54 Furthermore, the second study demonstrated that the second 

oxidation catalyzed by Orf36 (hydroxylamine to nitroso) proceeds through three steps: 

hydroxylation, followed by hydrogen back transfer to the flavin, and then hydroxyl group 

elimination, with the last step being the rate limiting step in this series of reactions.55 Together, the 

empirical data from in vitro experiments with KijD3 and Orf36 coupled with the computational 

analysis provide compelling evidence to support the proposed nitrososugar biosynthetic pathway 

(Figure 1.7). As several nitrososugar-containing compounds have been isolated in high yields, it 

also is possible that the nitrososugar is in fact the true enzymatic product, which is then oxidized 

to the nitro product in light and air.56 The spontaneous oxidation of a hydroxylamine to nitro has 

also been observed in other biosynthetic pathways towards nitro-containing compounds.57 
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Figure 1.9 2.10 Å structure of the FAD and TDP-sugar complex of KijD3.  

In the KijD3 structure (PDB: 4KCF)53 the dTDP-sugar is depicted as blue sticks, while the FMN 

is depicted as yellow sticks. 

 

1.2.4 Non-heme iron dependent oxidases 

Some of the most powerful oxidative catalysts are iron-dependent enzymes, which are 

capable of catalyzing highly challenging oxidative reactions with high degrees of regio- and 

stereoselectivity.58 As shown previously, the oxidation of an amine to a nitro group can result in 

the formation of undesired reactive hydroxylamines and nitroso compounds. Studies of iron-

dependent arylamine oxygenases have shown that these enzymes are well suited to the task and 

employ some uncommon oxidative chemistry to catalyze the six-electron oxidation of the 

arylamine group to an arylnitrogroup with a high degree of efficiency. Some of the best studied 

examples include the monoiron Rieske oxidase, PrnD, and the non-heme diiron enzymes AurF and 

CmlI. 
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1.2.4.1 Iron and Rieske-dependent oxidase: PrnD 

 

Figure 1.10 Reaction catalyzed by PrnD. 

 

Pyrrolnitrin (38), is a broad spectrum antifungal produced by various Pseudomonas 

strains.59,60 The amine to nitro oxidation of its precursor aminopyrrolnitrin (39) is catalyzed by the 

enzyme PrnD (Figure 1.10).61 Biochemical analysis of PrnD revealed that it contains both a 

mononuclear iron-binding site as well as a Rieske [2Fe-2S] cluster binding site, both of which are 

critical for catalysis.61 However, the catalytic mechanism utilized by PrnD still remains largely 

unknown. In the absence of PrnD crystal structures, molecular modeling coupled with site directed 

mutagenesis studies have been used probe the reactivity and substrate specificity of PrnD.62,63 

These techniques demonstrated that replacement of the bulky active site residues Leu277 and 

Phe312 with smaller residues improved the catalytic turnover of these PrnD variants, and it was 

proposed that these changes to the active site could improve the orientation of the amine of 39 with 

respect to the iron center.62 Additionally, residues Asn180 and Asp183 may also be involved in 

electron transfer pathways between the Rieske cluster and iron-binding site, based on the close 

proximity of both residues to the iron center and Rieske cluster.63 It is proposed that in the likely 

dimeric PrnD complex, electrons from the Rieske cluster of one subunit are used to reduce the 

catalytic iron of the other subunit.63 
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1.2.4.2 Non-heme diiron oxidases: AurF  

 

Figure 1.11 Proposed mechanism for the oxidation of p-aminobenzoic acid by AurF. 

Paths A and B were proposed based on initial experimental work from Hertweck66,68 and Zhao,69,70 

respectively. Path C was proposed based on later experiments by Bollinger.71 

 

The molecule p-nitrobenzoic acid (40) is a precursor required for the biosynthesis for 

several polyketides including obafluorin (3) and aureothin (4) (Figure 1.1).64,65 AurF was first 

linked to the production of 40 by He and Hertweck, who reported that deletion of aurF, a gene 

encoding a putative iron-dependent enzyme abolished production of auerothin (4) in the native 

aureothin producer S. thioluteus.64 This study also determined that production of aureothin (4) by 

S. thioluteus was contingent on the presence of 40 in the culture medium.64 Hertweck later reported 

that whole cell extracts of S. lividans heterologously expressing aurF could catalyze the oxidation 

of p-aminobenzoic acid (41) to 40 via a p-hydroxylaminobenzoic acid (42) intermediate (Figure 

1.11).66 Furthermore, AurF was found to exhibit strict regio- and chemoselectivity for aromatic 

amines situated in para to a carboxylic acid.67 Hertweck also reported that AurF could bind both 

Fe and Mn, with an apparent preference for Mn over Fe, and the assembly of a complete 

bimanganese cluster was confirmed with ICP-MS.67,68 Both the dimanganese and diiron versions 

of AurF were fully catalytically competent. 
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Figure 1.12 Di-iron active site of AurF complexed with its product 4-nitrobenzoic acid.  

In this AurF structure (PDB: 3CHT),69 the metal coordinating residues are depicted as green sticks, 

p-nitrobenzoic acid (40) as purple sticks, and the Fe-O-Fe complex is depicted as spheres. 

 

In contrast to Hertweck, Zhao and coworkers demonstrated that Fe(NH4)2(SO4)2 could 

effectively reconstitute the AurF diiron center, and asserted that iron is preferentially bound by 

AurF.69 In another breakthrough, they were also able to fully  reconstitute the activity of AurF in 

vitro through the use of PMS and ascorbate.69 Through use of this new in vitro reconstitution 

system, Zhao and coworkers detected 42 as did Hertweck, but also detected an additional 

compound, p-nitrosobenzoic acid (43) (Figure 1.11). Together, all the results supported a 

mechanism involving three iterative two-electron oxidations,69 a process analogous to the reactions 

catalyzed by FAD-dependent nitrosynthases (Chapter 1.2.3). The Zhao group was also able to 

obtain crystal structures of the oxidized form of AurF with both an atom of oxygen and 40 bound 

to the diiron center (Figure 1.12, Figure 1.13a).69 
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Figure 1.13 Selected proposed diiron sites of arylamine oxygenases.  

a) Oxo-structure of diiron center in the crystal structure of AurF, and geometry of the proposed 

active peroxo intermediate with p-nitrobenzoic acid (40) bound. b) Peroxo-structure of diiron 

center in the crystal structure of AurF, and geometry of the proposed active peroxo intermediate. 

 

Both groups offered competing hypotheses for the mechanism of nitro formation. 

Hertweck proposed that p-hydroxylaminobenzoic acid (42) is oxidized to p-

dihydroxylaminobenzoic acid (44), which is followed by dehydration to yield p-nitrosobenzoic 

acid (43) (Path A, Figure 1.11).66,68 Based on the incorporation of only one atom of 18O from 18O2 

into p-nitrobenzoic acid (40), Zhao and coworkers conversely proposed that 43 is formed directly 

via the dehydrogenation of the intermediate 42 (Path B, Figure 1.11).69,70 Both proposals have 43 

being oxidized to the final product 40. To reconcile the discrepancies between the two competing 

mechanistic proposals, the Bollinger group first created the oxidized peroxo-Fe2 form of AurF, 

which later spectroscopic analysis assigned as a protonated ɛ-1,2-peroxo-bridged Fe(III)2 

intermediate (Figure 1.13a).71,72 The AurF-peroxo intermediate was able to fully oxidize 42 to 40, 

without requiring any additional reductant or O2. They also found that the proposed intermediates 

43 and 44 do not substantially accumulate over the course of the AurF-catalyzed reaction. 
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Bollinger proposed that the AurF mechanism involves a two-electron oxidation followed by a four-

electron oxidation which proceeds through the transient intermediate 44 (Path C, Figure 1.11). 

Furthermore they propose that 43 which was observed by Zhao and coworkers is instead the result 

of nonenzymatic oxidation or disproportionation reactions.71 

 

1.2.4.3 Non-heme diiron oxidases: CmlI  

 

Figure 1.14 Proposed mechanism for the oxidation of CAM by CmlI. 

 

The chloramphenicol biosynthetic enzyme CmlI is another highly studied non-heme diiron 

oxidase. CmlI was also identified by Zhao, who noticed that it displayed iron-binding sites similar 

to those in found AurF.73 Similar to AurF, the activity of CmlI was reconstituted in vitro using 

PMS and NADH, where it oxidized NH2-Cam (45) to chloramphenicol (5) (Figure 1.14).73 

Lipscomb and coworkers found that CmlI also binds two equivalents of iron, indicating that it 

requires a diiron cluster like AurF.74 They also observed that oxidation of diferrous CmlI by O2 

resulted in the formation of an exceptionally long-lived peroxo intermediate with a half-life of over 

three hours.74 Comparing the crystal structures of both reduced CmlI and the CmlI peroxo 

intermediate allowed the peroxo adduct to be tentatively assigned as adopting a cis ɛ-1,2-peroxo 

geometry (Figure 1.13b, Figure 1.15).75 Later spectroscopic studies of the CmlI peroxo 

intermediate revealed that it in fact adopts a novel (ɛ-oxo)(ɛ-1,1-peroxo)diferric core structure 

(Figure 1.13b).76 
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Figure 1.15 Active sites of reduced and peroxo-bound CmlI .  

Reduced CmlI (PDB: 5HYH)75 is shown at the top in yellow. Peroxo-bound CmlI (PDB: 5HYG)75 

is shown at the bottom in brown. Metal coordinating residues depicted as sticks, Fe-Fe and Fe-O-

O-Fe centers depicted as spheres.  

 

 The role of the CmlI-peroxo intermediate was interrogated in vitro, where it can catalyze 

the full oxidation of NH2-Cam (45) to chloramphenicol (5) without any additional reductants.74 At 

a glance, the CmlI-peroxo intermediate should only be capable of a single two-electron oxidation, 

therefore the fact that it catalyzed the entire six electron oxidation raised questions about CmlI-
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catalyzed oxidative mechanism. The Lipscomb group devised a series of elegant isotopic labelling 

studies using 16O and 18O labelled O2 to probe the mechanism of CmlI.77 These studies revealed 

that both oxygen atoms in the nitro of 5 originate from O2 in the CmlI peroxo-intermediate, and 

not water. Synthetic hydroxylamine (46) and nitroso (47) intermediates were consumed by diferric 

and diferrous CmlI respectively, confirming that both were on pathway intermediates. Crucially, 

there is little dissociation of either of these intermediates during the course of the CmlI-catalyzed 

reaction, ensuring the reaction proceeds rapidly with high specificity, which protects other 

molecules in the cell from reactive intermediates.78  

Ultimately, Lipscomb proposed a mechanism where first O2 reacts with CmlI to form a 

highly stable peroxo intermediate, which reacts with 45 to form 46. In a key step, 47 is formed 

from 46, by reduction of the now diferric CmlI back to the diferrous state. Formation of another 

CmlI peroxo intermediate can then oxidize 47 to 5 which incorporates the second atom of oxygen. 

The (ɛ-oxo)(ɛ-1,1-peroxo) diferric intermediate generated by CmlI proves crucial for this 

reactivity, as the geometry allows the iron center to act as an electrophilic oxidant during 

hydroxylation, as well as a nucleophilic oxidant during the oxidation of 47 to 5.76 

 To summarize, although AurF and CmlI are similar in structure and both catalyze 

arylamine oxidations with the same reaction outcome, they appear to do so using different 

mechanisms and different reductive intermediates. Experimental data for AurF supports a two + 

four-electron oxidative pathway (Figure 1.11), while the experimental data for CmlI supports a 

pathway involving three successive two-electron oxidations (Figure 1.14).  
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1.3 Alkyne-containing bioactive compounds 

 

Figure 1.16 Select examples of alkyne-containing bioactive molecules. 

 

Alkyne-containing or acetylenic compounds are molecules containing at least one carbon-

carbon triple bond. Just as the nitro functional group, the alkyne is found throughout synthetic 

chemistry. However, as Minto and Blacklock note, acetylenic and polyacetylenic natural products 

are also produced by countless organisms from all branches of the tree of life.79 These acetylenic 

and polyacetylenic compounds tend to be unstable, and decompose through oxidative, photolytic, 

or pH-dependent degradative pathways, making it challenging to isolate and study these 

molecules.79 This reactivity is harnessed in some biosynthetic pathways to produce even more 

complex molecules. For example sulfur readily reacts with polyynes to generate thiophenes like 

xanthopappin C (48), which are insecticidal (Figure 1.16).80 Those acetylenic molecules that are 

stable, often display highly unusual structural motifs like Petroformyne-5 (49),81 which are highly 
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cytotoxic molecules often decorated with various functional substitutions including hydroxyl 

groups or halogens.79  

One of the most notable classes of acetylenic molecules are the enediynes. All enediynes 

are defined by the striking presence of a nine- or ten-membered ówarheadô ring which contains the 

diagnostic triple bond-double bond-triple bond structure motif, exemplified by dynemycin A (50) 

(Figure 1.16).82,83 Enediynes are remarkably cytotoxic, to the point where entire self-sacrifice 

proteins are created by the producing organism to prevent it from killing itself.84,85 This potency 

has not gone unnoticed, and today several enediynes in the form of antibody-drug conjugates are 

used clinically as anticancer agents.83,86 The biosynthesis of these compounds has been extensively 

explored.87 Comparative bioinformatics of various enediyne producers has revealed a core set of 

five PKSs that are common to all enediyne biosynthetic gene clusters.83,86,88 Despite the interest in 

enediyne biosynthesis, much is still unknown about how the nine- or ten-membered ring is created. 

It does appear that PKS-bound polyketides are intermediates in enediyne biosynthesis,89 but it still 

not known how these intermediates are converted into the nine- or ten-membered enediyne core. 

The lack of knowledge about how enzymes catalyze the formation of alkynes is a reoccurring 

theme in the biosynthetic literature. 

 

Figure 1.17 General scheme for the CuI-catalyzed click reaction. 

 

An absence of well understood alkyne-forming enzymes is somewhat unfortunate, given 

the increasing value of alkynes in chemical biology. Much of this value is due to the continued 

advancements in biorthogonal click chemistry, and in particular the copper-catalyzed azide alkyne 

(CuAAC) reaction.90,91 The CuAAC reaction is a 1,3-dipolar cycloaddition between an azide and 

an alkyne, which produces solely the 1,4-isomer (Figure 1.17). Today the CuAAC reaction has 

countless applications in chemical biology and drug discovery.91,92 Therefore, routes that can 

generate alkynes via in vivo biocatalytic reactions could prove immensely valuable for chemical 

biologists. Additionally, several important synthetic drugs including antiretroviral drugs Islatravir 

(51) and Efavirenz (52) (Figure 1.16), which are used to treat HIV contain alkyne moieties.93,94 
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Therefore, better understanding the known routes of alkyne biosynthesis and discovering new 

biological routes of alkyne biosynthesis could enable chemists access to new alkynes, which could 

also facilitate the synthesis of other clinically important drugs.92 

 

1.3.1 Internal alkyne biosynthesis 

1.3.1.1 Diiron -dependent acetylenases: Crep1 

 

Figure 1.18 Crep1-catalyzed oxidation to form internal alkynes. 

 

While the enzymatic processes that assemble more complex molecular scaffolds like the 

enediynes are still not well understood, there are a few instances of acetylenases and bi-functional 

desaturases/acetylenases whose activities have been verified experimentally both in vivo and in 
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vitro. The search for an acetylenase began in the seeds of the plant Crepis alpina, which are rich 

in the unsaturated fatty acid crepenynic acid (53) (Figure 1.18).95 To identify the enzyme which 

produces crepenynic acid a library of C. alpina cDNA was constructed. From this cDNA library 

Crep1, a gene encoding a putative non-heme diiron oxidase was identified as a prime candidate. 

Heterologous expression of crep1 in the host Arabidopsis thaliana led to a dramatic increase in 

the amount of acetylenic fatty acids in present in the seeds of A. thaliana. A detailed analysis of 

the fatty acid content of the seeds revealed that Crep1 catalyzes the oxidation of the C12-C13 double 

bond of linoleic acid (54) to produce crepenynic acid (53) (Figure 1.18).95 Interestingly, Crep1 

was also found to have weak oleate ȹ12 desaturase activity.95,96 

To probe the Crep1-catalyzed reaction in more detail, Covello and coworkers synthesized 

several versions of linoleic acid (54) which were deuterated at the C12 and C13 positions to 

investigate the mechanism of alkyne formation using kinetic isotopic effects (KIE) (Figure 

1.18).97 Incubating both deuterated linoleic acid substrates with Crep1, they observed a large KIE 

for the C12-deuterated substrate, and a negligible KIE for the C13-deuterated substrate. This result 

implies that it is a stepwise reaction with abstraction of the C12 proton being the first and 

kinetically important step, while the formation of the second degree of unsaturation much easier 

to catalyze. The Covello group continued their studies of Crep1 and a identified a number of 

residues involved in substrate recognition and catalysis through bioinformatic analysis of the 

sequences of Crep1 and other diiron desaturases.96 However, additional mechanistic studies of 

Crep1 and Crep1-like acetylenases remain hindered by the difficulties in working with membrane 

proteins, resulting in the absence of a Crep1 or Crep1-like crystal structure. The substrate scopes 

of Crep1 homologs from other higher plants have been investigated, and it appears that in some 

cases both the (E) and (Z) isomers at C12-C13 are accepted as substrates.98 The paucity of data for 

acetylenases is in contrast to the wealth of data available for other fatty acid desaturases,99,100 

efforts which have culminated with a high impact report describing the X-ray crystal structure of 

the transmembrane mammalian stearoyl-CoA desaturase, a pivotal enzyme in fatty acid 

metabolism.101 
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Figure 1.19 Various polyacetylenic compounds constructed using Crep1 homologs. 

 

Though much remains to be discovered about the mechanism of Crep1, its discovery and 

characterization has allowed for the presence of Crep1 homologs to be used as an identifier for 

biosynthetic gene clusters that produce acetylenic compounds. For example, the Crep1 homologs 

ACET1a and ACET1b are found in tomato plants and are involved in the biosynthesis of 

falcarindiol (55),102 whereas another Crep1 homolog, CL2, is involved in the biosynthesis of the 

insect pheromone dihydromatricaria acid (56).103 The acetylenase pair of CayB and CayC work 

together to create the conjugated polyacetylenic structure found in caryoynencin (57), which is 

produced by the phytopathogenic bacterium Burkholderia caryophylli (Figure 1.19).104 These 

examples also demonstrate empirically that acetylenic and polyacetylenic compounds can be 

produced by all types of organisms.  
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1.3.1.2 Cytochrome P450-dependent 1,3-enyne formation: AtyI, BisI  

 

Figure 1.20 Biosynthesis of 1,3-enyne containing compounds. 

a) Discussed cyclohexanoid terpenoids containing a 1,3-enyne moiety. b) Proposed biosynthetic 

route to the crucial intermediate eutypinic acid (60). 

 

A common structural motif amongst acetylenic natural products is the 1,3-enyne, which 

can be found in fungal-derived cyclohexanoid terpenes such as asperpentyn (58) and 

biscognienyne B (59) (Figure 1.20a).79,105,106 Based on the similar structures of both 58 and 59, it 

is not surprising that the biosynthesis of both molecules proceeds through the shared intermediate 

eutypinic acid (60), which is subjected to additional enzymatic modifications by downstream 

enzymes to generate the structural diversity seen in cyclohexanoid terpenes (Figure 1.20b). A pair 

of cytochrome P450s, AtyI and BisI, simultaneously reported in 2020 were shown to catalyze the 

oxidation of p-hydroxybenzoic acid (61) derived 4-hydroxy-3-prenyl-benzoic acid (62) substrate 

to eutypinic acid (60) in in vivo experiments using both native fungal producers.105,106 The 

discovery of these enzymes will accelerate the discovery of new enyne-containing terpenoids. 
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1.3.2 Terminal alkyne biosynthesis 

 

Figure 1.21 Selected terminal alkyne-containing natural products. 

 

There are also many examples of natural products that contain only terminal alkynes. Some 

examples of terminal alkyne-containing natural products include linear compounds such as the 

cyanobacterium-derived jamaicamide B (63),107 and carmabin A (64),108 as well as cyclic peptides 

like the depsipeptide dudawalamide A (65), from Moorea producens (Figure 1.21).109 These 

terminal alkynes can be produced using two different biosynthetic pathways, which are reviewed 

below. 

1.3.2.1 ACP-tethered desaturation: JamB 

 

Figure 1.22 JamABC-catalyzed formation of the terminal alkyne moiety during the 

biosynthesis of jamaicamide B and related compounds. 
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Both the jamaicamide B and carmabin A biosynthetic gene clusters were noted to contain 

a conserved three-gene operon in the otherwise unrelated biosynthetic gene clusters, leading to the 

proposal that the three encoded enzymes may be responsible for forming the terminal alkyne found 

in both molecules.107,108,110 The Zhang group investigated this hypothesis, cloning and 

heterologously expressing three genes from the jamaicamide biosynthetic gene cluster, jamA, 

jamB, and jamC in E. coli. Functionally, these genes were predicted to encode for a fatty acyl-CoA 

ligase, membrane-bound non-heme iron fatty acid desaturase, and an acyl carrier protein (ACP), 

respectively.110 JamA had been previously shown to activate several hexanoic acids including 5-

hexenoic acid (66),107 and so JamA was used to create several different JamC-fatty acid tethered 

complexes which were tested as substrates for JamB. Zhang and coworkers observed that JamB 

efficiently catalyzed the desaturation of 5-hexenoyl-JamC (67) to 5-hexynoyl-JamC (68) (Figure 

1.22). The JamB-catalyzed reaction was found only to occur with JamC-tethered substrate and not 

with free hexenoic acid (66). Unlike many Crep1-like acetylenases which display desaturase and 

acetylenase activity, JamB was unable to catalyze the four-electron oxidation of hexanoyl-JamC 

to 5-hexynoyl-JamC (68). 

In addition to also being found in the carmabin A biosynthetic gene cluster, bioinformatics 

revealed that the jamABC operon is widely distributed amongst other bacterial genomes, 

suggesting that many other bacterial strains may be capable of producing acetylenic natural 

products.111 As a proof of concept, the function of the ttuABC operon from Teredinibacter turnerae 

T7091 was interrogated in a follow-up study.111 As predicted, TtuA, TtuB, and TtuC were found 

to display similar activities to their JamA, JamB, and JamC counterparts. The most notable 

difference between the two sets of enzymes was that the membrane-bound non-heme iron fatty 

acid desaturase TtuB was found to have a strict specificity for C10 fatty acyl moieties, and also 

displayed bifunctional desaturase/acetylenase activity, which JamB lacked.111 Therefore it is likely 

that different JamB homologs will have different substrate specificities and could be used to 

generate a wide range of desaturated short chain fatty acids. The JamABC system was also shown 

to be capable of interfacing with other multidomain enzyme complexes from different pathways. 

The feature allowed the JamABC system to be used in conjunction with type III polyketide 

synthases (PKSs),110ï112 type I PKSs,113 and even an NRPS,110 allowing for combinatorial 

biosynthesis of new terminal-alkyne containing molecules. 
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1.3.2.2 PLP-dependent desaturation: BesB 

 

Figure 1.23 Biosynthesis of ɓ-ethynylserine in Streptomyces cattleya. 

 

Until very recently, all known biosynthetic routes to acetylenic and polyacetylenic 

compounds required membrane-bound non-heme iron-dependent acetylenases, discussed in the 

previous sections, which utilize fatty acid precursors or fatty acids as substrates.79 One of the rare 

exceptions to this phenomenon is the terminal alkyne-containing non-proteinogenic amino acid ɓ-

ethynylserine (69) produced by the soil bacterium Streptomyces cattleya.114 Michelle Changôs 

group observed that gene deletions for three non-essential fatty acid desaturase genes found in the 

genome of S. cattleya did not abolish production of 69.115 These results showed that the terminal 

alkyne of 69 was not generated using a Crep1-like acetylenase. Comparative bioinformatics 

coupled with further gene deletion studies eventually established that 69 is produced by a small 

six gene cluster, besA-F which lacked any acetylenase genes.115 

Metabolomics and in vitro biochemical characterizations of the encoded enzymes were 

employed to deduce the biosynthetic route to 69, finding that 69 is synthesized from L-lysine (70) 

in a series of several remarkable transformations (Figure 1.23). First, 70 is converted to 4-

chlorolysine (71) by BesD, a member of a group of iron, Ŭ-ketoglutarate dependent radical 

halogenases which catalyze mono- and di-chlorinations on amino acid substrates.116 The 71 
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produced by BesD is the substrate for another unusual non-heme iron-dependent enzyme, BesC, 

which catalyzes the oxidation of 71 to 4-chloroallylglycine (72), producing ammonia and 

formaldehyde as reaction byproducts. This reaction sets the stage for alkyne formation via 

elimination of a halide, as both 72 and the brominated vinylglycine 4-bromoallylglycine (73) were 

found to be substrates of the PLP-dependent lyase BesB, which produces L-propargylglycine (74) 

from both substrates. It was found that when this reaction was carried out in D2O, BesB 

incorporated two atoms of deuterium into 74, a result that was consistent with a typical 

cystathionine-ɓ-lyase/cystathionine-ɔ-synthase-like PLP-dependent reaction mechanism. Then 74 

produced by BesB is converted into a glutamate-74 dipeptide (75) by BesA, and it is 75 which is 

hydroxylated by the Fe-, Ŭ-ketoglutarate-dependent enzyme BesE (76). The final 69 product is 

proposed to be the product of hydrolysis of the dipeptide 76. Unlike the previously reviewed 

alkynases which utilize metal cofactors to catalyze alkyne bond formation, in this pathway, a PLP-

dependent enzyme is the critical alkynase. No other PLP-dependent enzyme had been previously 

linked to alkyne formation, and it remained unknown how the PLP-dependent enzyme BesB 

catalyzed this type of desaturation. 
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1.4 PLP-dependent enzymes 

1.4.1 Introduction  

 

Figure 1.24 Schiff base formation in PLP-dependent enzymes. 

 

Enzymes are the tools by which nature constructs the wide array of complexity and 

structural diversity found in natural products. Many of these enzymes require additional cofactors 

to catalyze these reactions, and examples include FAD, heme, or iron (with specific examples 

reviewed in Chapters 1.2.3 and 1.2.4 respectively). One of the most common and versatile 

enzymatic cofactors is pyridoxal-5ᾳ-phosphate (PLP) (Figure 1.24).117 PLP-dependent enzymes 

are a vast protein family catalyzing a plethora of interesting and unique reactions, which in total 

comprise over 4% of all known enzymatic activites.118ï121 To utilize PLP, all PLP-dependent 

enzymes covalently bind to PLP using a conserved active site lysine residue (Figure 1.24). The 

terminal NŮ-amino group of the lysine sidechain reacts with the aldehyde of the PLP cofactor, 

forming a covalent PLP-enzyme Schiff base adduct. This is the holo-form of the PLP-dependent 
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enzyme, and in PLP-dependent enzymes is also commonly called the internal aldimine (IA). It is 

the IA imine that is most critical for reacting with enzymeôs substrates and initiating catalysis. 

 

1.4.2 Reactions catalyzed by PLP-dependent enzymes 

 

Figure 1.25 General reaction scheme for PLP-dependent enzymes. 

 

Many substrates of PLP-dependent enzymes are amine-containing molecules, and most 

often these molecules are amino acids. Importantly, all the different reactions catalyzed by PLP-

dependent enzymes begin with the same transimination reaction. Here the neutral amine of the 

amino acid substrate reacts with the PLP-enzyme Schiff base, forming a geminal di-amine 
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intermediate. Transfer of a proton from the amino group of the substrate to the NŮ-amino group of 

the lysine sidechain catalyzes the release of the lysine sidechain from PLP. This process is coupled 

with the formation of a new Schiff base between the nitrogen of the amino acid substrate and PLP. 

As PLP is no longer covalently bound to the enzyme, this species is commonly called the external 

aldimine (EA) (Figure 1.25). 

The external aldimine (EA) is the common intermediate from which various PLP-

dependent reaction pathways begin to diverge. Different PLP-dependent enzymes can catalyze the 

cleavage of all three bonds originating from the CŬ carbon of the amino acid substrate (Figure 

1.25). One reaction pathway involves the loss of CO2, which is catalyzed by PLP-dependent 

decarboxylases. A second series of reaction pathways can be initiated by the deprotonation of the 

external aldimine, and is the first step catalyzed by enzymes such as PLP-dependent transaminases 

and PLP-dependent racemases. Lastly, the side chain (R-group) can also be cleaved from the amino 

acid. Here the type of PLP-catalyzed reaction often depends on the chemical nature of the R-group 

that is lost and can include reactions such as ɓ-eliminations, ɔ-eliminations, and retro-aldol or 

retro-Claisen-like reactions. 

In all these reactions, the PLP serves as an óelectron sinkô, and the electron density from 

the broken bond can distributed into the conjugated ˊ-system and positively charged pyridinium 

group of PLP, where it is stabilized by resonance. The resulting species is referred to as a quinonoid 

(Q) intermediate (Figure 1.25). All three of the aforementioned pathways produce different 

quinonoid intermediates based on the functional group that was previously lost. 

 

1.4.3 Dunathanôs stereoelectronic hypothesis 
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Figure 1.26 Depiction the empty ˊ-orbitals of the PLP cofactor in Dunathanôs 

stereoelectronic hypothesis. 

In this example the ů-bond of the R1 group is aligned with the empty ˊ-orbitals of the PLP cofactor 

and is the bond that will be broken. 

 

As all PLP-dependent enzymes use similar mechanisms to initiate the reaction, the question 

of how PLP-dependent enzymes dictate reaction specificity arises. Dunathan was the first to 

suggest that the reaction specificity of PLP-dependent enzymes is dictated by the orientation of 

substrate ů-bonds with respect to the ˊ-orbital system of PLP, a concept which is referred to today 

as Dunathanôs stereoelectronic hypothesis.122 In this hypothesis, PLP-dependent enzymes can 

favor certain reaction outcomes by placing the bond to be broken in the same plane as the adjacent 

-́orbital system, significantly weakening the desired ů-bond (Figure 1.26). Dunathan proposed 

that PLP-dependent enzymes create this reaction specificity by careful placement of a positively 

charged amino acid sidechain (such as an arginine) positioned near the negatively charged 

carboxylic acid group, which would prevent free rotation of the substrate. Thus, precise 

organization of the ligand binding residues properly orient the substrate amino acid for a specific 

reaction and helps to explain why PLP-dependent enzymes are able to catalyze many different 

reactions from the same substrate using the same PLP cofactor.  

 

1.4.4 PLP-dependent enzyme classification 

Table 1.1 Summary of PLP-dependent enzyme classification and activities. 

Fold Type Major activities 

I Aminotransferases, decarboxylases, lyases 

II  Tryptophan synthases, dehydratases 

III  Racemases, decarboxylases 

IV  Aminotransferases 

V Glycogen phosphorylases 

VI  Lysine 5,6-aminomutases 

VII  Lysine 2,3-aminomutases 

 

Today, extensive functional and structural studies of PLP-dependent enzymes support the 

ideas presented in Dunathanôs stereoelectronic hypothesis and show that different substrates adopt 
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different orientations when binding with PLP.120 The countless studies of PLP-dependent enzymes 

have allowed enzymologists to create a detailed classification system for these enzymes. Despite 

the 1000ôs of different reactions catalyzed by PLP-dependent enzymes, these enzymes adopt a 

limited number of common overall structural folds, and are therefore classified based on what type 

of fold they adopt. Grishin was the first to systematically investigate the structural biology of the 

entire PLP-dependent enzyme family, classifying them into five main families.123 Percudani and 

Peracchi later proposed adding two new smaller families to give a total of seven PLP-dependent 

enzyme classes, which is the number most commonly referenced today.121 Furthermore, each 

individual fold type generally catalyzes a distinct set of reactions, and the major reactions catalyzed 

by each fold type are summarized in Table 1.1. 

The most common fold type of PLP-dependent enzymes is fold type I. This family includes 

various aminotransferases and lyases and are amongst the best characterized PLP-dependent 

enzymes. This class of PLP-dependent enzymes is reviewed in more extensive detail in Section 

1.4.5. The second largest family of PLP-dependent enzymes is fold type II. This family most 

notably includes tryptophan synthase, which catalyzes formation of tryptophan via a ɓ-elimination 

of H2O from serine, followed by replacement with an indole. Unlike in fold type I enzymes, the 

active sites of these enzymes are entirely composed of residues from one monomer.124 Fold type 

III PLP-dependent enzymes include racemases such as alanine racemase as well as a number of 

decarboxylases. They are defined by the presence of an Ŭ/ɓ barrel fold and an additional pair of ɓ-

strands.123 Fold type IV includes several more aminotransferases like D-alanine aminotransferase 

and branched chain amino acid aminotransferases. These enzymes typically have a six-stranded 

antiparallel ɓ-sheet and two Ŭ-helices.125 Fold type V includes glycogen phosphorylases, which 

are unique in that the PLP-phosphate group catalyzes proton transfer to the substrate as part of the 

enzymatic reaction. Finally, fold types VI and VII include lysine 5,6- and 2,3-aminomutases 

respectively, which also require an additional SAM cofactor and a [4Fe-4S] cluster for catalysis.121 

These enzymes are structurally distinct from other PLP-dependent enzymes, and were therefore 

given separate enzyme families.121 The specific delineations of the PLP-dependent families have 

been reviewed in more extensive detail several times.118,121,124ï126 
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1.4.5 PLP-dependent aminotransferases 

 

Figure 1.27 Reaction catalyzed by aspartate aminotransferase (AAT) . 

 

PLP-dependent aminotransferases are ubiquitous in biological pathways, and accordingly 

they have been extensively studied. In general, PLP-dependent aminotransferases catalyze the 

transfer of the amino group from one substrate, an amino acid, to a second substrate, an Ŭ-keto 

acid, overall forming a new Ŭ-keto acid and new amino acid. An example of a PLP-dependent 

aminotransferase reaction is shown in Figure 1.27. This reaction is performed by aspartate 

aminotransferase, which catalyzes the transfer of the amino group of L-aspartic acid (22) to Ŭ-

ketoglutarate (77), producing both oxaloacetate (78) and L-glutamate (79) as products.127 

 

1.4.5.1 Structure of PLP-dependent aminotransferases 

There is extensive structural data for the PLP-dependent aminotransferase family. A search 

of the current PDB database reveals that there are over 740 structural entries for transaminases 

(EC 2.6.1) as of March 1st, 2021. As briefly eluded to in Section 1.4.4 PLP-dependent 

aminotransferases are classified as fold type I PLP-dependent enzymes.118,121,123ï125 Fold type I 

PLP-dependent enzymes are usually oligomeric, and generally form either functional homodimers 

or homotetramers. As such, the active site of the enzyme is often located near the interface between 

two different subunits, and residues from both monomers are involved in PLP binding and catalysis 

(Figure 1.28).125 The individual monomers can be further divided into so-called small and large 

subunits. The large subunit is located in the N-terminal region of the protein, and is distinguished 

by a seven-stranded ɓ-sheet, which is where the enzyme binds PLP.126 The small subunit is found 

in the C-terminal region of the protein, and folds into a small three or four-stranded ɓ-sheet covered 

by helices on one side.125 Due to the location of the active site between both subunits, the assembly 

of the enzyme into homodimers or homotetramers is required for both enzyme stability as well as 

enzyme activity.128 
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Figure 1.28 Structure of aspartate aminotransferase.  

Top) Structure of the aspartate aminotransferase fold type I homodimeric complex (PDB: 

1X28),129 with small subunits and active site location indicated. Bottom) Structure of active site 

with PLP-aspartic acid (22) external aldimine and important conserved active site residues 

discussed in the text depicted as sticks. 

 

Though there are minor differences between the active sites of individual 

aminotransferases, the active sites of various fold type I enzymes including aminotransferases have 

several conserved features which make them distinct from other fold types of PLP-dependent 

enzyme (Figure 1.28). First, there is an arginine residue (Arg386) which helps to coordinate the 

negatively charged carboxylate group of the amino acid substrate. On the same side of the active 
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site there is also an asparagine residue (Asn194) which coordinates with the hydroxyl group of 

PLP. At the base of the PLP is an aspartate residue (Asp222), and the negatively charged 

carboxylate group of aspartate coordinates the positively charged nitrogen of the PLP-pyridinium 

ring. There is often a bulky uncharged aromatic side chain located directly above the PLP 

(Trp140), where the two groups form stabilizing -́ˊ stacking interactions. Finally, residues from 

both side chains, often serine, tyrosine, or arginine are involved in PLP-phosphate binding 

(Arg266).130 In many aminotransferases including aspartate aminotransferase there is also a second 

positively charged residue (Arg292) which coordinates the other end of both amino acid and 

ketoacid substrates.129 
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1.4.5.2 PLP-dependent aminotransferase mechanism 

 

Figure 1.29 General mechanism of PLP-dependent aminotransferases. 

 

Due to the wealth of biochemical and structural data on PLP-dependent aminotransferases, 

the mechanism by which they catalyze reactions such as the one depicted in Figure 1.27 is well 

understood. PLP-dependent aminotransferases begin by forming an external aldimine between the 

substrate amino acid and PLP (Figure 1.29). With the amino acid destabilized by the PLP, the 
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amino group of the freed lysine residue is sufficiently basic to deprotonate the CŬ proton of the 

external aldimine. This deprotonation results in the formation of a quinonoid intermediate. Now, 

the electron density in the PLP is transferred back up through PLP and deprotonates the now acidic 

lysine, and reprotonates the C4' position of PLP. The reprotonation at C4' breaks the conjugation 

between PLP and the amino acid substrate and forms a ketimine intermediate. The resulting imine 

is hydrolyzed by water, releasing the first product, an Ŭ-ketoacid. Importantly, this first half of the 

reaction also converts PLP into pyridoxamine phosphate (PMP). The free amino group of PMP is 

can now react with a second substrate, which in this reaction is a new Ŭ-ketoacid. The Ŭ-ketoacid 

binds, and the whole reaction essentially proceeds in reverse. The PMP and the Ŭ-ketoacid 

substrate react to form a second ketimine species. This ketimine is in turn deprotonated at the C4' 

position by the active site lysine, reforming a quinonoid intermediate. The lysine then reprotonates 

the second quinonoid on the same face from which it was deprotonated, which retains the 

stereochemistry that was present at Ŭ-carbon of the amino acid substrate in the product amino acid. 

Finally, the fully reformed external aldimine reacts once again with lysine, reforming the enzyme-

PLP internal aldimine and releasing the second product, a new amino acid (Figure 1.29). 
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1.4.6 PLP-dependent ɔ-synthases and ɔ-lyases 

 

Figure 1.30 Reactions catalyzed by PF01053 synthases use serine and homoserine 

derivatives. 

 

In addition to aminotransferases, fold type I enzymes can also catalyze ɔ-substitutions and 

ɔ-eliminations of various amino acid substrates using mechanisms that are similar to those used by 

PLP-dependent aminotransferases. These types of ɔ-substitutions are found in many primary 

metabolic pathways, such as the metabolism of L-cysteine, L-cystathionine, and L-

methionine.131,132 Collectively the enzymes which are involved in this metabolic pathway are 
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designated as protein family 01053 (PF01053), as defined by the protein family online database.133 

Members of PF01053 include the synthases O-acetylserine sulfhydrylase (OASS), O-

acetylhomoserine sulfhydrylase (OAHS), O-succinylhomoserine sulfhydrylase (OSHS), and 

cystathionine ɔ-synthase (CGS) (Figure 1.30). These synthases use activated derivatives of serine 

or homoserine in order to catalyze replacement reactions using H2S or cysteine in order to generate 

new C-S bonds. OASS catalyzes the formation of L-cysteine (80) from O-acetylserine (81), while 

OAHS and OSHS use H2S to catalyze the formation of L-homocysteine (82) from O-

acetylhomoserine (83) and O-succinylhomoserine (84), respectively. Lastly, CGS catalyzes the 

formation of L-cystathionine (85) from 80 and 84. 

 

Figure 1.31 Reactions catalyzed by PF01053 lyases. 

 

Conversely, levels of sulfur-containing amino acids like L-cysteine (80), L-homocysteine 

(82), and L-cystathionine (85) are also maintained by the lyases cystathionine ɓ-lyase (CBL), 

cystathionine ɔ-lyase (CGL), which catalyze the cleavage of 85 to 82, pyruvate (15), and NH3 or 

85 to 80, Ŭ-ketobutyrate (86), and NH3, respectively. Another common type of PF01053 lyase is 
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methionine ɔ-lyase (MGL), which catalyzes the cleavage of L-methionine (87), releasing 

methanethiol (88), 86, and NH3 as byproducts (Figure 1.31).131,132 H2S is an important signaling 

molecule in cells and in order to maintain proper H2S levels the competing reactions catalyzed by 

the various synthases and lyases of PF01053 are tightly regulated.134 

 

1.4.6.1 Reaction mechanism for PF01053 

 

Figure 1.32 Crystal structure of MGL from Clostridium sporogenes.  

The dimeric form of MGL is shown (PDB: 5DX5),135 demonstrating the interactions between the 

two monomers. The PLP-internal aldimine of each subunit is shown as sticks. 

 

The molecular mechanisms used by PF01053 to catalyze the various reactions are also well 

understood. These enzymes generally exist as homotetrameric assemblies in solution, and 

structural studies have verified that they also adopt a fold type I structure (Figure 1.32).131,135 

Despite catalyzing reactions with slightly different substrates, biochemical studies have shown that 

enzymes from PF01053 catalyze their respective reactions through essentially the same series of 

steps. To eliminate the redundancy of describing the mechanism used by each of the seven types 

of enzyme in this protein family, the mechanism for the reaction catalyzed by CGL will be 

reviewed, as it will be particularly relevant to subsequent discussions involving the reaction 

catalyzed by BesB. 
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Figure 1.33 Mechanism for PLP-dependent ɔ-elimination catalyzed by CGL. 

 

The first three steps in the CGL-catalyzed reaction are identical to those catalyzed by the 

fold type I PLP-dependent transaminases, whose mechanism was also covered in Section 1.4.5.2. 

Like all PLP-dependent enzymes, the CGL-catalyzed reaction begins with the formation of an 

external aldimine between PLP and the substrate (Figure 1.33). This step is followed by 

deprotonation of the CŬ proton by lysine, generating quinonoid intermediate. This is in turn 

followed by reprotonation at C4' of the quinonoid to ketimine intermediate. It is from the ketimine 
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intermediate where the CGL catalyzed reaction diverges from the transaminase reaction pathway. 

In transaminases the ketimine intermediate is hydrolyzed by water, but in CGLs a basic residue 

instead deprotonates at Cɓ of the substrate, and the electron density is transferred to the positively 

charged imine nitrogen of PLP. The extra electron density on the nitrogen and resultant enamine 

are used to catalyze the release of the substituent located at the Cɔ position of the substrate, which 

in the case of CGL would be L-cysteine (80). As an aside, the intermediate resulting from 

elimination of the leaving group is highly electrophilic and is used by the sulfhydrylases in Figure 

1.30 to catalyze the formation of new C-S bonds using H2S. However, CGL quickly converts the 

intermediate back into a quinonoid through removal of the C4' proton from PLP. This quinonoid 

with conjugation extending through the amino acid substrate is sufficiently nucleophilic to 

deprotonate another basic residue in the active site, which ultimately reforms the external aldimine, 

with the substrate now converted into an enamine. CGL then reforms the internal aldimine, 

releasing the product enamine. The released product can then tautomerize to the corresponding 

imine, which is subsequently hydrolyzed by water, producing ammonia and the corresponding Ŭ-

keto acid, which for CGL would be Ŭ-ketobutyrate (86) (Figure 1.31, Figure 1.33). 

 

1.4.6.2 Mechanism of inhibition 

PLP-dependent ɔ-eliminations can also be found in secondary metabolic pathways. An 

example of such a reaction is the PLP-dependent ɔ-elimination of Clī catalyzed by BesB, which 

results in the formation of L-propargylglycine (74) (Figure 1.23). The incorporation of two atoms 

of deuterium into 74 was also observed when the reaction was carried out in D2O, which suggested 

that there were two enzyme-catalyzed reprotonations.115 Both results support that BesB is closely 

related to other members of PF01053. However, this classification is somewhat at odds with the 

fact that both the BesB substrate 4-chloroallylglycine (72) and BesB product 74 are well 

established irreversible inhibitors of several different members of the PF01053 enzyme family 

(Figure 1.34). 
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Figure 1.34 Proposed mechanisms of inhibition for 4-chloroallylglycine and 

propargylglycine. 

 

This phenomenon of enzyme inhibition was first reported in the 1970ôs by Abeles, who 

discovered that CGL was irreversibly inhibited by 74.136,137 Soon after in 1982, Walsh and 

coworkers also reported that 74 irreversibly inhibited both CGS and MGL.138 In all three cases 
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reported here inhibition of the enzyme by 74 was observed to be stoichiometric, with each enzyme 

tetramer requiring four equivalents of 74 to become fully  inactive.137,138 Systematic examination 

of inhibition kinetics, coupled radiochemical labeling data led both groups to propose similar 

mechanisms for CGL inhibition by 74, which are summarized on the right of Figure 1.34. Both 

groups proposed that deprotonation catalyzes an acetylenic to allenic rearrangement in the 

inhibitor molecule. The resulting allene is then attacked by a nucleophilic residue in the active site, 

triggering formation of a covalent bond between the PLP-74 adduct, irreversibly inhibiting the 

enzyme. 

Likewise, a 1989 report also describes the irreversible inhibition of MGL by 72.139 This 

study also observed that four equivalents of 72 were required to inactivate the one tetrameric MGL 

assembly. Inhibition was also accompanied by the stoichiometric release of Clī from 72.139 The 

irreversible inhibition of MGL by 72 was also proposed to proceed through an allenic intermediate, 

and mechanistically looks very similar to the pathway used by 74 (Figure 1.34). In this route, the 

allenic intermediate is formed via elimination of Clī. An active site nucleophilic residue can then 

again react with the allenic intermediate to irreversibly the enzyme. 
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Figure 1.35 Structure of the propargylglycine-tyrosine adduct in human CGL. 

A) Active site of human CGL-propargylglycine (Pra) complex (PDB: 3COG).140 Selected active 

site residues shown as sticks. B) Refined 2Fo-Fc density of the Tyr114-Pra adduct contoured at 

1.0 ů. Figure is adapted from ref.140 

 

These pioneering early studies paved the way for clinical use of L-propargylglycine (74), 

and today 74 finds use as a selective inhibitor of CGL.141 CGL, along with cystathionine-ɓ-

synthase (CBS) are responsible for producing most of the H2S in mammalian cells. Therefore, 

inhibition of CGL can be useful in alleviating disease states induced by improper levels of the 

signaling molecule H2S. As inhibition of CGL by 74 is a pharmacologically relevant interaction, 

Silvaraman et al. set out to determine the precise molecular mechanism of enzyme inhibition by 

74 by obtaining a crystal structure of human CGL in complex with 74 (Figure 1.35).140 In the 

resultant crystal structure of the CGL-74 complex they observed additional electron density 

stemming from an active site tyrosine residue in located above the PLP-pyridinium ring. The 

available electron density perfectly fit the modelled tyrosine-propargylglycine adduct (Figure 
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1.35). This result validates the earlier mechanistic proposals put forth by several groups by 

unambiguously identifying the active site nucleophile as a tyrosine residue. Although the PLP-

internal aldimine was regenerated, the covalent adduct formed by 74 (and 72 by extension) 

irreversibly inhibits CGL as well as other members of PF01053 Therefore, as BesB is not inhibited 

by either 72 or 74 it is a unique member of the protein family, and may have unique features which 

allow it to catalyze the formation of 74. Studies of BesB will be the focus of Chapter 4 in this 

thesis. 

 

1.5 O2- and PLP-dependent enzymes 

Advances in genomic sequencing technologies have facilitated the growth of immense 

databases of sequenced DNA which can be mined with bioinformatics to look for novel natural 

products and corresponding enzymes. This field is continuing to expand the catalytic repertoire of 

many different types of enzymes. PLP-dependent enzymes are no exception, with examples such 

as BesB,115 as well as the discovery of several new PLP-dependent enzymes which were initially 

annotated as aminotransferases, but have been shown to adopt a type I fold and have been found 

to use O2 as a co-substrate in their reactions. 

It had been known for some time that the carbanionic character of quinonoid intermediates 

generated during the course of some PLP-catalyzed reactions are susceptible to off-pathway or so-

called óparacatalyticô reactions with O2.
142 Paracatalytic reactions are those not considered to be 

the normal physiological reaction, and occur at slower rates, often with lower yields when 

compared to the normal physiological reaction. For example PLP-dependent decarboxylases such 

as DOPA decarboxylase can also catalyze oxidative deamination.143 Mutant versions of DOPA 

decarboxylase can stabilize the quinonoid intermediate, which can then undergo off-pathway 

reactions with O2. 
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Figure 1.36 Reactions catalyzed by O2- and PLP-dependent oxidative enzymes discussed in 

the text. 

 

The first PLP-dependent enzyme that was found to use O2 as a genuine co-substrate was 

plant phenylacetaldehyde synthase (PAAS).144 PAAS displays significant sequence similarity to 

other PLP-dependent decarboxylases but uses O2 and PLP to catalyzes an oxidative deamination 

of L-phenylalanine (89) to phenylacetaldehyde (90), releasing CO2, H2O2, and NH3 as byproducts 

(Figure 1.36). Other more recently described PLP-dependent enzymes that catalyze similar 

oxidative deaminations include Cap15, which catalyzes the conversion of 5ǋ-C-glycyluridine (91) 

to uridine-5ǋ-carboxamide (92),145 and the lincosamide biosynthetic enzyme CcbF, which catalyzes 
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the oxidative deamination of the cysteine S-conjugate intermediate (93) to the corresponding 

aldehyde (94) (Figure 1.36).146Again, both Cap15 and CcbF-catalyzed reactions also release CO2, 

H2O2, and NH3 as byproducts. Most recently, the remarkable enzyme CuaB was shown to combine 

L-alanine (95) and the PCP-tethered fatty acid intermediate (96) via a Claisen condensation 

coupled with an O2-dependent oxidation to yield 97.147 As these examples illustrate, it appears that 

many PLP-dependent enzymes have evolved to use O2 as a substrate in order to catalyze 

challenging oxidative reactions. These examples, along with several more reactions catalyzed by 

other O2- and PLP-dependent enzymes have been recently reviewed.148,149 

 

1.5.1 O2- and PLP-dependent L-arginine oxidases 

1.5.1.1 Indolmycin biosynthesis: Ind4 

 

Figure 1.37 Indolmycin biosynthesis in Streptomyces griseus. 

Biosynthetic scheme adapted from Du et al.150 

The Ryan labôs interest in O2- and PLP-dependent enzymes stems from earlier work 

studying the biosynthesis of the antibiotic indolmycin (98).150 Previous group members 

characterized the enzymes responsible for the biosynthesis of 98 in the soil bacterium Streptomyces 

griseus.150 In this biosynthetic pathway 98 is produced using the amino acids L-arginine (13) and 

L-tryptophan (19) (Figure 1.37). In one branch of the pathway, 19 is converted into indolmycenic 

acid (99) by Ind1, Ind2, and an endogenous aminotransferase. While in the second branch of the 

pathway, 13 is converted into D-dehydroarginine (100) by Ind4 and Ind5. The two intermediates 

99 and 100 are linked together by Ind3 using ATP, and the Ind5/Ind6 complex directs the reaction 
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towards the formation of demethylindolmycin (101). In the final step, the SAM-dependent 

methyltransferase Ind7 methylates 101 to produce 98.150,151 

 

Figure 1.38 Summary of on-pathway Ind4- and Ind5-catalyzed reaction pathways. 

 

 Several of the intriguing enzyme-catalyzed reactions found in indolmycin biosynthesis 

warranted further investigation. One question that remained unanswered was how the PLP-

dependent enzyme Ind4 could catalyze an oxidation of unactivated C-H bonds. Further analysis of 

the Ind4-catalyzed reaction with 13 revealed that the answer to this question was O2. The initial 

products of the Ind4-catalyzed reaction are 4,5-didehydroarginine (102), the unstable arginine 

enamine 103, as well as H2O2 (Figure 1.38).152 Stoichiometric analysis revealed that these 

products are produced in ~1.7:1 ratio respectively, and consumption of 13 is coupled with the 

stoichiometric release of H2O2, indicating that no oxygen is incorporated into any reaction 

intermediates.152 Furthermore, less than one equivalent of 13 was consumed for every equivalent 

of O2 consumed, which suggested that the reaction proceeds through two oxidative pathways, with 

the more highly oxidized 102 requiring two equivalents of O2 to synthesize. The Ind4-catalyzed 

reaction products 102 and 103 will be spontaneously hydrolyzed under aqueous conditions to the 

unproductive products 4,5-dehydro-2-ketoarginine (104) and 2-ketoarginine (105) respectively. 

To prevent hydrolysis of the imine products from occurring, both 102 and 103 are intercepted by 
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the NAD(P)H-dependent imine reductase Ind5, and reduced to the corresponding D-enantiomers, 

D-dehydroarginine (100) and D-arginine (106) (Figure 1.38).150,153 The stereochemical inversion 

to 106 instead of 13 catalyzed by Ind5 prevents unproductive cycling of 13 by Ind4.  

 

1.5.1.2 Enduracididine biosynthesis: MppP 

 
Figure 1.39 Structure of enduracidin (left) and biosynthetic pathway to L-enduracididine 

(right).  

 

Another non-proteinogenic amino acid L-enduracididine (107) is found in a few peptidic 

natural products, including the non-ribosomal peptide enduracidin (108) (Figure 1.39).154,155 Just 

li ke indolmycin (98), this unusual peptide is partially derived from L-arginine (13),156 but only 

recently have the enzymes responsible for synthesizing 107 been characterized. The first step in 

the biosynthesis of 107 is catalyzed by the PLP-dependent enzyme MppP, which catalyzes the 
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oxidation of 13 to 4-hydroxy-2-ketoarginine (14).157 Based on structural studies, it was proposed 

that MppR then catalyzes the dehydration and cyclization of 14 to form 2-ketoenduracididine 

(109).158 Lastly, it was proposed that an additional adjacent aminotransferase, MppQ, catalyzes 

the conversion of 109 to 107 (Figure 1.39). In some other biosynthetic pathways, 107 undergoes 

an additional ɓ-hydroxylation, which is catalyzed by the Fe, Ŭ-ketoglutarate-dependent oxidase 

MppO.159 

 

Figure 1.40 Overall structure (top) and active site (bottom) of MppP.  

Top) Overall structure of MppP, displaying a typical type I dimeric fold (PDB: 5DJ3).157 Bottom) 

MppP active site, with conserved active site residues shown as sticks and the PLP-D-Arg (106) 

external aldimine shown as orange sticks. 



55 

 

Additionally, the MppP-catalyzed oxidation of 13 to 4-hydroxy-2-ketoarginine (14) was 

also observed to require O2.
157 Furthermore, MppP also produces 105, and produces 14 and 105 at 

a ~1.7:1 ratio.157 This ratio happens to be same ratio as the products of the Ind4-catalyzed reaction 

with 13.152 Therefore it seems likely that both MppP and Ind4 utilize similar oxidative mechanisms 

to catalyze their respective reactions. The Silvaggi group was also able to obtain crystal structures 

of MppP complexed with 106 (Figure 1.40).157 However, 106 is not a substrate of MppP, and the 

first 23 residues of the N-terminus were absent in the crystal structures, leaving many questions 

about the structure of these kinds of enzymes. A later crystal structure of MppP complexed with 

14 revealed that MppP catalyzes the formation of the (S)-enantiomer of 14 (Figure 1.39, Figure 

1.41).160 

 

 

Figure 1.41 Active site of the MppP (S)-4-hydroxy-2-ketoarginine complex. 

In this structure of MppP (PDB: 6C9B)160 conserved active site residues are shown as light blue 

or yellow sticks with (S)-4-hydroxy-2-ketoarginine (14) shown as orange sticks. 

 

1.6 Thesis goals 

The central theme of this thesis is the discovery of characterization of new enzymes with 

rare or novel functions. Various bioinformatic programs can be used to identify genes of interest, 

and the encoded enzymes are produced through heterologous expression of these genes, and the 
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purified proteins can be used for in vitro biochemical studies and X-ray crystallographic analysis. 

As each chapter has distinct goals based on the enzyme(s) being characterized, the general goal(s) 

for each chapter will be discussed individually below. 

Ind4 and MppP are two recently described O2- and PLP-dependent enzymes which catalyze 

challenging oxidations of unactivated carbons on L-arginine substrates.152,157 These two enzymes 

are encoded by genes in two different biosynthetic gene clusters. Chapter 2 describes my search 

for homologous O2- and PLP-dependent enzymes encoded by other biosynthetic gene clusters. My 

aim was to discover and characterize novel arginine oxidases in order to gain additional insights 

into the mechanisms of O2 activation and catalysis used by O2- and PLP-dependent arginine 

oxidases. Furthermore, a search for these types of enzymes may lead to undescribed biosynthetic 

pathways. The goals in this chapter were to first characterize the activity of a novel arginine 

oxidase, RohP, and obtain complete X-ray crystal structures of RohP in complex with both its 

physiological substrates and enzymatic products in order to provide insight into the mechanisms 

of O2 activation and catalysis used by O2- and PLP-dependent arginine oxidases. 

Having characterized RohP as an O2- and PLP-dependent arginine hydroxylase in 

Chapter 2, Chapter 3 will focus on the characterization of the additional enzymes encoded by the 

cryptic five gene cluster containing rohP. Once again, I will employ a combination of 

bioinformatics, and in vitro biochemical studies to determine what the function of each enzyme 

is. By doing so I aimed to determine the final product of an unknown biosynthetic gene cluster 

and to continue to expand the biosynthetic pathways that utilize O2- and PLP-dependent arginine 

oxidases. 

Chapter 4 aims to characterize another unusual PLP-dependent enzyme, BesB. BesB 

catalyzes the ɔ-elimination of Clī from 4-chloroallylglycine (72) resulting in the formation of the 

alkyne-containing amino acid L-propargylglycine (74), which is a completely novel reaction for 

PLP-dependent enzymes.115 However, activity was only reported in vivo, due to the poor 

expression of BesB in E. coli. This was intriguing discovery on many levels, and I wanted to 

understand how BesB catalyzes this reaction as both 72 and 74 are known inhibitors of other PLP-

dependent lyases. The lack of purified BesB has prohibited any more detailed biochemical or 

structural characterization of this enzyme. Through the use of novel protein constructs and 

different heterologous expression systems I aim to obtain soluble BesB for in vitro biochemical 
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studies, as well as obtain a crystal structure of BesB. These efforts provided the first mechanistic 

and structural characterization of an alkyne-forming enzyme in any biosynthetic pathway. This 

information could prove to be extremely useful for developing biocatalytic routes to alkynes. 



58 

 

Chapter 2: Identification and characterization of the O2- and PLP-dependent 

arginine hydroxylase RohP 

2.1 Introduction  

Activation of carbon-hydrogen (C-H) bonds on sp3-hybridized carbons is an enduring 

challenge in chemical synthesis.161,162 Metalloenzymes, natureôs solution to this challenge, have 

evolved the incredible capacity to catalyze the stereospecific functionalization of C-H bonds under 

mild conditions. Common cofactors for such enzyme-catalyzed reactions are heme and non-heme 

irons. For example, in the case of hydroxylation of L-arginine (13), the Fe(II)-, Ŭ-ketoglutarate-

dependent enzymes VioC, YcfD, and OrfP catalyze hydroxylations of the sp3-hybridized carbons 

of the L-arginine side chain.163ï165 By contrast, organic cofactors such as PLP are not normally 

expected to catalyze installation of hydroxyl groups onto unactivated sp3-hybridized carbons.  

As discussed in the introduction, PLP is one of the most widely used cofactors for 

enzymatic manipulation of amino acid substrates.166 In the course of catalysis, many PLP-

dependent enzymes form a carbanionic intermediate, called a quinonoid, which can result from 

deprotonation or decarboxylation of an amino acid-PLP adduct (Figure 1.25).120 Normally, this 

quinonoid intermediate is sequestered in the active site of the enzyme and thus protected from 

reaction with O2. However, in several cases this quinonoid intermediate can be subject to off-

pathway reactions with electrophiles, including O2.
142 The O2-dependent oxidative deamination 

catalyzed by DOPA decarboxylase167 and the O2-dependent oxidative decarboxylation catalyzed 

by ornithine decarboxylase168 are two well-characterized examples of such paracatalytic enzymatic 

activities. More recently, the diversity of PLP-dependent enzymes has expanded with the 

discovery of enzymes that use O2 as a co-substrate to perform their primary enzymatic activities. 

For example, both petunia phenylacetaldehyde synthase and the celesticetin biosynthetic enzyme 

CcbF catalyze O2- and PLP-dependent decarboxylation-coupled oxidative deaminations,144,146 and 

Cap15 is an O2- and PLP-dependent monooxygenase-decarboxylase that generates uridine-5'-

carboxamide on the pathway to capuramycin (Figure 1.36).145 

The scope of such O2- and PLP-dependent reactions is not limited to oxidative 

decarboxylations but also includes functionalization of unactivated C-H bonds. In 1977, Eguchi 

and coworkers purified an active fraction from Streptomyces eurocidicus SF 506 that could convert 
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L-arginine (13) to 4-hydroxy-2-ketoarginine (14) and 2-ketoarginine (105) using PLP and O2 

(Figure 1.4).27 This work suggested that a PLP-dependent enzyme could use O2 to catalyze a 

reaction that resulted in hydroxylation of an unactivated carbon center. However, the identity of 

the enzyme, the configuration of its product, and its likely mechanism involved remained 

unknown. More recently, Silvaggi and coworkers revealed that the fold type I PLP-dependent 

enzyme MppP is responsible for production of 105 and 14 (configuration unknown), from 13 on 

the pathway to the non-proteinogenic amino acid L-enduracididine (107), a precursor to 

compounds such as enduracidin (108) (Figure 1.39).157 They demonstrated that MppP consumes 

O2, suggesting that this enzyme has evolved the ability to activate O2 for a challenging 

hydroxylation reaction. They also solved two crystal structures of MppP. One of these structures 

shows PLP bound as an internal aldimine to Lys221, and the second structure has D-arginine (106), 

which is not a substrate, bound in an external aldimine with PLP (Figure 1.40). However, the N-

terminus is disordered and the active site is exposed to solvent in all but one chain of the holo-

enzyme, where it forms a small Ŭ-helix that points away from the active site and into the solvent. 

The lack of a closed active site and the lack of structures with native substrates bound in the active 

site raise questions about how catalysis might proceed past formation of the external aldimine. 

Furthermore, the specific role of oxygen in this reaction remains unknown. 

Previously the Ryan group had discovered a predicted fold type I PLP-dependent enzyme 

Ind4 from the indolmycin biosynthetic pathway.150,152 This enzyme, like MppP, catalyzes the two-

electron oxidation of 13 to give 105. But, unlike MppP, Ind4 also catalyzes the four-electron 

oxidation of 13 to give 4,5-didehydroarginine (102) (Figure 1.38). In the imine form, 102 can be 

intercepted by the downstream enzyme Ind5 for a stereospecific NADH-dependent reduction to 

give D-dehydroarginine (100) (Figure 1.38). In the absence of Ind5, the imine tautomer is 

hydrolyzed to compound 104. The hydrolyzed compounds can react with H2O2 released from the 

reaction in a further degradative pathway.152,157 

 As this enzymology became apparent, the question of whether there are enzymes like Ind4 

that are more widely distributed in natural product pathways arose, leading to the identification of 

a novel putative biosynthetic gene cluster encoding an Ind4 homolog. Here, I report the discovery 

and characterization of the new Ind4 homolog named RohP, and I demonstrate that it catalyzes an 

MppP-like reaction. To provide a mechanistic framework for understanding how RohP catalyzes 
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a hydroxylation ï instead of an Ind4-like oxidation ï I carried out extensive mass spectral, kinetic, 

stoichiometric, and X-ray crystallographic experiments. This work suggests that both the RohP 

hydroxylase and the Ind4 oxidase catalyze challenging reactions of 13 through similar oxidative 

pathways. The described crystallographic and stoichiometric studies support a mechanism where 

both the oxidase and hydroxylase carry out an O2-dependent four-electron oxidation on 13, giving 

a PLP-tethered didehydroarginine intermediate. Whereas Ind4 then releases 102 as a product, 

RohP additionally catalyzes a stereospecific alkene hydration on the PLP-tethered 

didehydroarginine, using water to give the hydroxylated product 14. 
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2.2 Materials and Methods 

2.2.1 General methods 

Primers were purchased from Integrated DNA Technologies. DNA sequencing was carried 

out by NAPS Unit DNA Sequencing Facility (The University of British Columbia). Reagents were 

purchased from Anatrace, Bio Basic Inc., Gold Biotechnology, Hampton Research, New England 

Biolabs (NEB), Thermo Fisher Scientific Canada, and VWR International. 

2.2.2 Cloning and expression of RohP 

The gene rohP, which encoded RohP as originally annotated, was amplified from genomic 

DNA of S. cattleya (NRRL 8057, DSM 46488) by the polymerase chain reaction using the primers 

RohP-F 5¡-AGCAGCCATATGAAGTACAACCTCGCCGACGCC-3¡ (NdeI site underlined) and 

RohP-R 5¡-AGTAGTCTCGAGTCAGCGGCCATGGCGGTC-3¡ (XhoI site underlined). The re-

annotated rohP, which coded for the active form of RohP with an intact N-terminus, was similarly 

amplified using the primers RohP-F-2 5¡-AGCAGCCATATGCACCCGCAAG-CGACC-3¡ and 

RohP-R. The products were digested with NdeI and XhoI and ligated into similarly digested 

plasmid pET28a (EMD Millipore) to produce a N-terminal His6-tagged protein. Site-directed 

mutagenesis of RohP was performed using the Q5 Site-Directed Mutagenesis Kit (New England 

Biolabs), using the primers H34A-F 5¡-CGCCGACGCCGCCACCCACCAG-3¡ and H34A-R 5¡-

GAGGTTGTACTTCATGGTCA-GCGCCTGGATCTCGTG-3¡. The nucleotide sequence of the 

cloned rohP was confirmed by sequencing, and the plasmid was transformed into E. coli BL21 

(DE3) cells for protein production.  

E. coli cell cultures were grown at 37 °C in LB medium containing 50 ɛg/mL kanamycin 

to an OD600 of 0.8ï1.0, and then cooled to 16 °C. Protein expression was induced with 0.1 mM 

IPTG, and the cultures were grown for an additional 16 h at 16 °C. Cells were harvested by 

centrifugation and frozen at ï20 °C until protein purification. 

2.2.3 Purif ication of RohP 

For purification, the cells were thawed and re-suspended in 20 mM HEPES, 50 mM NaCl 

(pH 7.5) buffer and sonicated to lyse the cells. The lysate was then centrifuged at 40,500 g for 45 

min to remove insoluble material. The lysate was then applied to a column containing ~1 mL 

Chelating SepharoseÊ Fast Flow resin (GE Lifesciences) charged with NiSO4·6H2O. The lysate 
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was gravity filtered through the resin, and the resin was washed with 20 mL of 20 mM HEPES, 

50 mM NaCl (pH 7.5) buffer. The column was then washed with 5 mL portions of 20 mM HEPES, 

50 mM NaCl (pH 7.5) containing 5, 10, 20, 50, 100, 200, 300, and 500 mM imidazole in a stepwise 

manner to elute the protein. The fractions containing RohP could be identified by the yellow color, 

and most of the protein eluted in the fractions that contained 200 and 300 mM imidazole. The 

RohP containing fractions were combined and concentrated to a volume of ~5 mL using an 

Amicon Ultra Centrifugal filter (10,000 molecular weight cut-off, EMD-Millipore). The 

concentrated fraction was loaded into a HiLoadTM Superdex 16/600 Superdex column (GE 

Amersham Biosciences) pre-equilibrated with 20 mM HEPES, 50 mM NaCl (pH 7.5) buffer. The 

protein was eluted using a flow rate of 1 mL/min. The fractions containing purified RohP were 

pooled to a final concentration of ~50 µM and dialyzed against HEPES buffer containing 250 µM 

PLP for 16 h. Excess PLP was removed by further dialysis with 20 mM HEPES, 50 mM NaCl (pH 

7.5). Finally, RohP was concentrated to ~20 mg/mL by centrifugation with an ultra-centrifugal 

filter (10,000 molecular weight cut-off, EMD-Millipore). At this concentration, the purified RohP 

remained stable at 4 °C and was stored in the dark to prevent PLP degradation. 

2.2.4 In vitro biochemical assays and product analysis 

Initial in vitro reactions (100 µL) contained 30 µM RohP and 1 mM L-arginine (13), in 20 

mM Tris, 50 mM NaCl (pH 7.5) buffer and proceeded for 16 h at room temperature. HPLC analysis 

of the reaction was carried out after pre-column derivatization with DNS-Cl. A reaction mixture 

of 50 µL was treated with 80 mM Li2CO3, 70 µL of ACN, and 30 µL of 5 mM DNS-Cl dissolved 

in ACN. The reaction was carried out at room temperature for 1 h and then 40 µL of 2% ethylamine 

was added to the mixture to react with excess DNS-Cl. The mixture was centrifuged, and 20 µL 

of the supernatant was subjected to HPLC analysis. HPLC analysis was carried out on a 1260 

HPLC apparatus (Agilent), using a Luna C18(2), 5 µm, 4.6 mm ID × 250 mm column 

(Phenomenex). Elution was performed at 0.5 mL/min using a mobile-phase consisting of a linear 

gradient of water and ACN ((v/v): 95:5 to 50:50, 0 to 15 min; 0:100, 15 to 22 min), with both 

solvents containing 0.05% (v/v) TFA. DNS-Arg was detected at a wavelength of 330 nm.  

In vitro assays for ESI-MS analysis contained 10 µM RohP and 1 mM 13, in 20 mM 

HEPES, 50 mM NaCl (pH 7.5) buffer in a 100 µL reaction mixture. These reactions were carried 

out for 4 h at room temperature and then quenched with an equal volume of MeOH. Precipitated 
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protein was removed by centrifugation and 10 µL of the supernatant was subjected to ESI-MS 

analysis. MS analysis was performed with a 6120 Quadrupole LC/MS (Agilent) system equipped 

with a Poroshell 120, EC-C18, 2.7 µm, 4.6 mm ID × 50 mm column (Agilent), and operated in 

positive ion mode. 

2.2.5 NMR analysis of RohP reaction products 

The reaction mixture (5 mL) contained 20 µM RohP, and 10 mM 13 in 20 mM sodium 

phosphate buffer (pH 7.2). The mixture was incubated in an unsealed 50 mL vial at 25 °C and 

shaken at 120 rpm for 6 h. The solvent was then evaporated overnight using a SpeedVac plus 

vacuum concentrator. The dried solids were re-suspended in 600 µL D2O and centrifuged to 

remove any residual undissolved solids prior to NMR analysis. All spectra were acquired utilizing 

a Bruker Avance 600 MHz spectrophotometer. 

2.2.6 Steady-state kinetics for the RohP reaction 

Kinetic assays were performed by monitoring the consumption of O2 using a Clark-type 

polarographic O2 electrode (Hansatech, Pentney, UK) similar to the method described 

previously.152 The electrode was calibrated daily using air-saturated water and sodium hydrosulfite 

according to the manufacturerôs instructions. The standard assay was performed in 1 mL of air-

saturated 40 mM MOPS (I = 0.1 M, pH 7.2) at 25 °C containing 500 ɛM 13. The reaction was 

initiated with the addition of RohP to 1 ɛM. The observed rates were corrected with background 

O2 consumption prior to reaction initiation. The effect of pH on the rate of the RohP-catalyzed 

reaction was evaluated using air-saturated 20 mM buffers (I = 0.1 M) of MES (pH 6.0), PIPES 

(pH 6.7), MOPS (pH 7.2), HEPES (pH 7.4), HEPPS (pH 8.0), and TAPS (pH 8.5). 

The steady-state kinetic parameters of RohP with respect to 13 were determined at ambient 

oxygen levels by varying the concentration of 13 (8 ï 500 µM) using 1 µM and 5 µM of RohP, 

respectively. The steady-state kinetic parameters of RohP with respect to oxygen were measured 

using 17 ï 685 µM O2 at an 13 concentration of 500 mM. O2 concentrations were established by 

bubbling mixtures of O2 and N2 into the reaction chamber prior to reaction initiation. The final 

oxygen concentrations were standardized to the level of air-saturated buffer before the gas 

bubbling. Kinetic parameters were determined either by least-squares fitting of the Michaelis-

Menten equation to the data using LEONORA or by Hill equation using Origin 8.1 (OriginLab 

corp., Northampton, MA).  
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2.2.7 Stoichiometry of the RohP reaction 

The production of H2O2 was evaluated by comparing the reaction rates catalyzed by 2.5 

µM RohP and 0.3 mM 13 in the presence or absence of ~4000 U of catalase. H2O2 production was 

also measured colorimetrically by supplementing the reaction with 0.1 mg/mL horseradish 

peroxidase (Type-1) and 1 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid. Upon the 

consumption of 100 µM oxygen, the reaction was quenched with 1 volume of 10% TCA. The 

experimental values were compared to a calibration curve of H2O2. 

For quantification of the 13:O2 stoichiometry, reaction mixtures (1 mL) containing 12 µM 

RohP and 250 µM 13 in 40 mM MOPS (I = 0.1 M, pH 7.2) buffer were incubated at 25 °C. The 

mixture was equilibrated to ambient O2 levels prior to the addition of RohP. Upon addition of 

RohP the O2 concentration was monitored by Oxygraph and the reaction was quenched with one 

volume of MeOH after 100 µM of O2 was consumed. The 13 remaining after the reaction with 

RohP by was quantified by HPLC after pre-column derivatization with OPA/MPA. The quenched 

solution was incubated with 1 volume of 0.4 M borate buffer (pH 10.2) and 1 volume of OPA/MPA 

solution (1 mg/mL OPA, 0.1% (v/v) MPA in 0.1 M borate buffer (pH 10.2)) for 3 min before 

HPLC analysis. HPLC analysis was carried out on a 1260 HPLC apparatus (Agilent), using a 

Poroshell 120, EC-C18, 2.7 µm, 4.6 mm ID × 50 mm column (Agilent). Elution was performed at 

1.0 mL/min using a mobile-phase consisting of a linear-gradient of water and ACN ((v/v): 98:2, 0 

to 1 min; 80:20, 1 to 5 min; 50:50, 5 to 6.5 min; 0:100, 6.5 to 8 min; 98:2, 8 to 10 min), with both 

solvents containing 0.05% (v/v) TFA. Derivatized 13 was detected at a wavelength of 330 nm. 

The experimental values were compared to a calibration curve of 13 that was done using the same 

conditions. The data are reported as mean values ± s.d., with n = 5. 

2.2.8 Spectroscopic analysis of the RohP reaction 

Aerobic reaction mixtures (1 mL) were prepared in a quartz cuvette with a path length of 

1 cm and contained 30 µM of enzyme and 300 µM of substrate in 20 mM HEPES, 50 mM NaCl, 

pH 7.5. All solutions were room temperature and air saturated with oxygen. The reaction was 

initiated upon addition of substrate. Spectra were recorded using a Varian Cary 100 Bio UV-Vis 

spectrophotometer (Agilent). 
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2.2.9 RohP crystallization 

Initial crystallization conditions were identified by screening 4 mg/mL RohP against the 

Index HT Screen (Hampton Research) and Top96 Crystal Screen (Anatrace). Optimization of the 

initial crystallization conditions was carried out at room temperature using hanging drop vapor 

diffusion. Diffraction-quality crystals were obtained by mixing 1.5 ɛL of 8 mg/mL protein and an 

equal volume of a crystallization solution composed of 0.2 M sodium malonate (pH 7.0), and 16ï

20% (w/v) PEG 3350, using hanging drop vapor diffusion over a 500 µL reservoir of the 

crystallization solution. Large, yellow crystals appeared after approximately 7 d, though some 

crystals took up to 4 weeks to form under these conditions.  

The structures of RohP in complex with intermediates and product were obtained by adding 

solutions of PLP to the ~3 ɛL drops containing crystals of RohP, soaking overnight, and then 

adding 13 solutions for timed soaks. The structure of the holo-RohP resulted from adding 1 ɛL of 

20 mM PLP to a drop containing crystals for an overnight soak, giving a final concentration of 5 

mM PLP. The structure of the first RohP quinonoid intermediate (Q1) resulted from adding 0.5 

ɛL 20 mM PLP for an overnight soak and then adding 1 ɛL 100 mM 13 for 90 s, giving final 

concentrations of 2.2 mM PLP and 22 mM 13. The structure of the second RohP quinonoid 

intermediate (Q2) resulted from adding 1.0 ɛL 20 mM PLP for an overnight soak and then adding 

1 ɛL 50 mM 13 for 5 min, giving final concentrations of 4 mM PLP and 10 mM 13. The RohP-4-

hydroxy-2-ketoarginine structure resulted from adding 1.0 ɛL 20 mM PLP and 1 ɛL 50 mM 13 

for an overnight soak, giving final concentrations of 4 mM PLP and 10 mM 13. After soaking as 

described, the crystals were cryoprotected using solution composed of 0.2 M sodium malonate (pH 

7.0), 15% (w/v) PEG 3350, and 20% (v/v) ethylene glycol and flash-frozen in liquid nitrogen prior 

to X-ray data collection. 

2.2.10 Data collection, structure determination and model refinement 

X-ray diffraction data were collected at the Canadian Light Source (Saskatoon, Canada), 

beamline 08ID-1, at a wavelength of 0.97949 Å using MX300-HE and Pilatus 6M detectors. UV-

Visible spectroscopic data of RohP crystals were collected using the microspectrophotometer at 

beamline BL9-2 at the Stanford Synchrotron Radiation Light Source (Menlo Park, United States). 

All data sets were integrated using iMOSFLM,169 and scaled using AIMLESS.170 RohP 
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crystallized with two units in the asymmetric unit, forming a homodimer in the space group C2. 

Complete data collection statistics are listed in Table A.1. 

The crystal structures of each RohP complex was phased by PHASER-MR in the Phenix 

software package,171 using the L-arginine, ɔ-hydroxylase SwMppP as a model (PDB: 5DJ1 chain 

D, 32% identity across 393 amino acid residues). The initial results from molecular replacement 

were input into Phenix Autobuild172 for additional model building. The Autobuild output model 

was subjected to several rounds of manual inspection and building in COOT,173 and refinement in 

phenix.refine174 using TLS refinement. Alternate conformations of side chains and molecules from 

the crystallization solution were added to the model where appropriate. Solvent molecules were 

added automatically in phenix.refine and examined manually in COOT. Refinement statistics are 

listed in Table A.2. Non-standard ligand restraints were generated using Phenix eLBOW.175 The 

second quinonoid intermediate (Q2) was initially fit to the Fo-Fc omit density using ARP/wARP 

version 7.6.176 The coordinates generated were used to produce a restraint file containing the 

ARP/wARP optimized geometry, and the entire structure was subjected to additional refinement 

in phenix.refine. 

The holo-RohP structure has the N-terminus through residue 26 disordered in both chains. 

The first RohP quinonoid intermediate (Q1) structure has the N-terminus through residue 25 

disordered in both chains. The second RohP quinonoid intermediate (Q2) structure has the N-

terminus through residue 13 disordered in both chains. The structure of the RohP with 14 in the 

active site has the N-terminus through residue 13 disordered in Chain A and through residue 14 

disordered in Chain B. In all structures, residues 391ï393 of the C-terminus are disordered in each 

monomer, except in Chain B of both quinonoid structures, where residues 392ï393 are disordered. 

 

2.3 Results 

2.3.1 RohP is an L-arginine hydroxylase 

Previous work from the Ryan lab described the O2- and PLP-dependent oxidase Ind4, 

which generates the conjugated 4,5-didehydroarginine (102) from L-arginine (13) (Figure 1.38).152 

Using BLAST-P to search for enzymes similar to Ind4 in other bacteria led to the discovery of a 

new enzyme (accession number: AEW92768.1) from Streptomyces cattleya NRRL 8057 with 43% 
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sequence identity to Ind4,152 40% sequence identity to the Ind4-like enzyme Pel4,152 32% sequence 

identity to MppP,157 and 31% sequence identity to the MppP-like enzyme EndP (Figure 2.1).157  

 

Figure 2.1 Sequence alignment of RohP and homologous enzymes. 

Clustal Omega (www.ebi.ac.uk/Tools/msa/clustalo) was used to generate the alignment. MppP 

(accession number KDR62041), EndP (accession number ABD65947), Ind4 (accession number 

AJT38685), and Pel4 (accession number WP_010502631), are shown. AEW92768.1 corresponds 
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to the initial sequence of RohP as annotated, while RohP corresponds to the sequence of the 

enzyme used for this study. Conserved residues are highlighted in black, while similar residues are 

boxed in bold. 

 

This newly identified enzyme is encoded in an unknown putative biosynthetic gene cluster 

that has little resemblance to either the indolmycin biosynthetic gene cluster from S. griseus, or 

the region surrounding mppP in the mannopeptimycin biosynthetic gene cluster from S. 

hygroscopicus (Figure 2.2). This close sequence identity of the encoded enzyme to both Ind4 and 

MppP suggested that it could have either Ind4-like or MppP-like activity, or perhaps catalyze a 

different reaction on 13. As a first step in elucidating the product of this gene cluster, the function 

of this enzyme was determined. Based on the deposited sequencing data, this enzyme is annotated 

with a ~20 amino acid truncation in the N-terminus when compared to the other, characterized 

enzymes (Figure 2.1). The purified recombinant enzyme from E. coli was tested whether it is also 

active on 13. However, the enzyme was inactive on 13 as purified or with exogenous PLP (Figure 

2.3a). After determining that the enzyme was inactive with 13, the DNA from S. cattleya upstream 

from the start codon of the truncated enzyme was amplified and re-sequenced using Sanger 

sequencing. This sequencing revealed that this upstream region was highly GC rich, and that the 

deposited genomic sequencing data on NCBI had incorrectly contained a sequence of five 

consecutive cytosines which is actually a sequence of six consecutive cytosines. With the 

additional cytosine, an alternate annotation of the gene would have a different start site and encode 

an enzyme 25 amino acids longer that aligns along the full length of MppP, Ind4, and the other 

characterized enzymes (Figure 2.1). 
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Figure 2.2 Comparison of biosynthetic gene clusters containing O2- and PLP-dependent arginine oxidases. 

Annotated function listed below each gene. The arginine oxidases rohP from S. cattleya, ind4 from S. griseus, and mppP from S. 

hydroscopicus are shaded. 
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The gene including the new start site was recloned into pET28a, expressed and purified 

from E. coli, and the enzyme activity was assayed with 13. After 16 h of incubation, the reaction 

was derivatized with DNS-Cl and then analyzed by HPLC. This experiment revealed that 13 was 

consumed in the overnight assay (Figure 2.3b), suggesting that the enzyme ï like Ind4, Pel4, and 

MppP ï reacts directly with 13 under aerobic conditions, without the need for an exogenously 

provided keto-acid for regeneration of the PLP cofactor or any additional cofactors.

 

Figure 2.3 RohP-catalyzed consumption of L-arginine. 

A) The RohP construct lacking 25 amino acid residues of the N-terminus does not consume L-

arginine (13). B) The full -length RohP construct consumes L-arginine (13). Reaction mixtures 

were analyzed by HPLC at 330 nm after pre-column derivatization with dansyl-chloride (DNS-

Cl). 

 

To determine the product(s) of this enzyme, ESI-MS was employed to reveal that four new 

ions were generated: [M+H]+ 146, [M+H]+ 162, [M+H]+ 174, and [M+H]+ 190 (Figure 2.4). 

Previously, both the [M+H]+ 146 and the [M+H]+ 174 ions had been observed in the reaction of 

13 with Ind4. The ion at [M+H]+ 174 was previously assigned as 105, while the ion at [M+H]+ 146 

was previously assigned as 4-guanidinobutyric acid (110), arising from the non-enzymatic 

decarboxylation of 105 with H2O2 produced in the course of the reaction.152,177,178 The [M+H]+ ion 

of 190 observed in this reaction could correspond to the MppP product 14 (configuration 
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unknown),27,157 which could decarboxylate in the presence of H2O2 to give 3-hydroxy-4-

guanidinobutyric acid (111, configuration unknown), having an [M+H]+ ion of [M+H]+ 162. 

 

Figure 2.4 RohP-catalyzed oxidation of L-arginine. 

Liquid chromatography-mass spectrometry analysis of the products of the RohP reaction with L-

arginine (13). The reaction conditions are indicated above each spectrum, and representative 

integrated total ion chromatograms for each reaction are shown. 

 

To determine whether these ions correspond to the previously identified MppP products, 

catalase was added to the reaction mixture to consume any H2O2 produced. With catalase present, 

only the ions at [M+H]+ 174 and [M+H]+ 190 were observed (Figure 2.4). This supports that 105 

and 14 are the initial products of the enzymatic reaction that then decarboxylate in the presence of 

H2O2 to give 110 and 111, respectively (Figure 2.5). Furthermore, using high resolution ESI-MS 
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to analyze all four products, I was able to confirm their elemental compositions, which correspond 

to the formulas for the proposed products (Table 2.1). To further validate the structures of these 

molecules, the reaction of 13 with the S. cattleya enzyme was scaled up to provide sufficient 

material for NMR analysis. This reaction was carried out without catalase, and the 6 h incubation 

time allowed complete conversion of the initial products to the corresponding decarboxylated 

molecules. A combination of 1H-, 13C-, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC NMR 

were employed to characterize the products of this reaction, identifying them as 110 and 111 

(Figure A.1-6). These results suggest that the enzymatic products of this reaction are 105 and 14, 

which non-enzymatically convert to the products observed by NMR, 110 and 111, respectively, in 

the presence of H2O2 (Figure 2.5). Despite the NMR and mass spectral analysis, the configuration 

of the hydroxyl in 111 (and by, extension, in 14) remained unknown. Because this new enzyme 

catalyzes hydroxylation on an arginine-derived molecule, it was named RohP to indicate its 

substrate (L-arginine = R), its activity (hydroxylation = OH), and its related activity to the ñPò 

enzymes EndP and MppP. 

 
Figure 2.5 Summary of Ind4- and RohP-catalyzed reaction pathways. 

[M + H]+ ions observed from both RohP- and Ind4-catalyzed reactions are shown in purple; those 

from only the RohP-catalyzed reactions are in red, and those from only the Ind4-catalyzed reaction 

are in blue. Molecules in gray arise from nonenzymatic reactions with H2O2. 
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Table 2.1 High-resolution ESI-MS analysis of RohP- L-arginine reaction products. 

 

Reaction 

Conditions1 

Experimental 

mass [M+H]+ 

Error 

(ppm) 

Chemical 

Formula 

Chemical Name Theoretical 

mass [M+H]+ 

RohP,  

ᾛ-Arg 

146.0925 0.7 C5H12N3O2
+ 4-guanidinobutyric 

acid 

146.0924 

162.0884 6.8 C5H12N3O3
+ 3-hydroxy-4-

guanidinobutyric 

acid 

162.0873 

174.0879 3.4 C6H12N3O3
+ 2-ketoarginine 174.0873 

190.0831 4.7 C6H12N3O4
+ 4-hydroxy-2-

ketoarginine 

190.0822 

RohP,  

ᾛ-Arg, 

catalase 

174.0873 0 C6H12N3O3
+ 2-ketoarginine 174.0873 

190.0826 2.1 C6H12N3O4
+ 4-hydroxy-2-

ketoarginine 

190.0822 

1Reaction mixtures (250 µL) contained 10 µM RohP, 1 mM L-arginine (13) and 0.25 mg/mL 

catalase (as indicated) in 20 mm HEPES, 50 mM NaCl (pH 7.5) and were allowed to react for 6 h 

at room temperature. Samples were analyzed using a Waters/Micromass LCT TOF-MS 

spectrometer. 

 

 

2.3.2 Kinetics and stoichiometry of the RohP-catalyzed reaction 

 

Figure 2.6 pH-dependence of the rate of the RohP-catalyzed reaction. 

The following buffers were used MES (pH 6.0), PIPES (pH 6.7), MOPS (pH 7.2), HEPES (pH 

7.4), HEPPS (pH 8.0), and TAPS (pH 8.5) and the rate of O2 consumption was monitored by 

Oxygraph. 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

4 6 8 10

lo
g

(V
o

) 
(ɛ

M
/m

in
)

pH



74 

 

It was hypothesized that RohP requires O2 for activity the same way Ind4 and MppP do. 

Accordingly, the RohP reaction with 13 was carried out in a series of buffers and the O2 

consumption was monitored using an Oxygraph to develop a pH-dependent activity profile for 

RohP (Figure 2.6). No significant changes in the rate of oxygen consumption were detected at the 

tested pHs suggesting that the rate-limiting step in the reaction catalyzed RohP is not dependent 

on acid-base chemistry. Nonetheless it was found that RohP functioned best at a pH between 7 and 

7.2. Therefore a 40 mM MOPS pH 7.2 buffer was used for subsequent kinetic studies. 

 

Figure 2.7 Steady state consumption of O2 by RohP. 

Rate of oxygen consumption by 2.5 µM RohP with 300 µM L-arginine (13) in the absence and 

presence of 0.1 mg/mL catalase in 40 mM MOPS (pH 7.2). 

 

Similar experiments to monitor the effect of catalase on the RohP-catalyzed reaction were 

also carried out. In these experiments, O2 was consumed at a rate of 15 µM min-1 in 40 mM MOPS 

pH 7.2, a rate that decreased to ~8 mM min-1 in the presence of catalase (Figure 2.7). This 

approximate halving of the rate of O2 consumption in the presence of catalase ï an enzyme that 

converts two molecules of H2O2 to one molecule of O2 ï suggests that the RohP-catalyzed reaction 

consumes O2 with stoichiometric conversion of O2 to H2O2. To further confirm the stoichiometry 

of the reaction, 2.5 mM RohP was incubated with 300 mM 13 in the presence of 0.1 mg/mL 

Horseradish Peroxidase (Type-1) and 1 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) and the reaction was quenched when 100 mM of O2 was consumed. In this condition, the 

production of 96 ° 6 mM of H2O2 was detected, indicating stoichiometric conversion of O2 to H2O2. 
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It was also determined that 77 ° 4 mM of 13 was consumed when 100 mM of O2 was consumed. 

This result suggests there are two reaction pathways, as observed for Ind4. In one pathway, 13 

undergoes a two-electron oxidation, with consumption of one equivalent of O2. In the second 

pathway, 13 undergoes a four-electron oxidation, with consumption of two equivalents of O2. The 

observed O2:13 stoichiometry can be rationalized if the first, less oxidizing pathway consumes 

twice as much 13 as the more oxidizing pathway. That is, for every 100 µM of O2 consumed in 

total, 50 µM is consumed by the first pathway to convert 50 µM of 13, and 50 µM is consumed by 

the more oxidizing pathway to convert 25 µM of 13. The first pathway leads 105, as observed for 

Ind4, whereas the second pathway should give a more oxidized product, such as 14. 

 

ὺ
ὠ Ὓ

ὑ Ὓ
 

Equation 1 Michaelis ï Menten equation. 

 

ὺ
ὠ Ὓ

ὑ Ὓ
 

Equation 2 Hill Equation.   

 

 Steady-state kinetic parameters for the RohP-catalyzed reaction were also determined for 

both 13 and O2 by fitting experimental data to the Michaelis ï Menten equation (Equation 1) or 

the Hill Equation (Equation 2).179 In the presence of air-saturated buffer, RohP has a Km = 40 ± 

10 µM and a kcat = 7.8 ± 0.6 min-1 for 13 (Figure 2.8a). These values are consistent with those 

previously reported for the related enzymes Ind4 (Km = 69 ± 6 µM, kcat = 3.5 ± 0.1 min-1) and MppP 

(Km = 50 ± 8 µM and kcat = 13.2 ± 0.6 min-1). Visual inspection of the non-linear fitting of the 

kinetic data for RohP with respect to 13 revealed that the best fit of the experimental data is 

achieved using a Hill coefficient of 0.7, indicative of slight negative cooperativity. Though 

uncommon in PLP-dependent enzymes, negative cooperativity has been previously reported for 4-

aminobutyrate aminotransferase.180,181 The decreased affinity for 13 once bound may be a 

mechanism to decrease the amount of O2 consumed by the other RohP monomer, which would 

increase the likelihood of more highly oxidized products being produced. Additionally, in the 

presence of saturating amounts of 13, RohP has a Km = 78 ± 6 µM and a kcat = 10.2 ± 0.2 min-1 for 
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O2 (Figure 2.8b), which is comparable to the values previously obtained for Ind4 (Km = 90 ± 10 

µM, kcat = 4.6 ± 0.1 min-1). 

A          B 

 

Figure 2.8 RohP steady-state kinetics with respect to L -arginine and oxygen. 

a) Orange and blue lines indicate the data fit to the Michaelis ï Menten equation with Hill 

coefficients of 1 and 0.7 ± 0.1, respectively (Equation 2 Hill Equation.).179 (b) RohP steady-state 

kinetics for O2. Full details of the experiment are described in the Methods. 

 

2.3.3 The hydroxyl group in the RohP product derives from water, not oxygen or H2O2 

The observed stoichiometric conversion of O2 to H2O2 revealed that there are no remaining 

oxygen atoms that could be incorporated into the product from either O2 or H2O2. Thus, these 

stoichiometry results suggest that the hydroxyl oxygen atom in 14 derives from H2O. To further 

interrogate the source of this oxygen atom, the RohP reaction was carried out in 50% H2
18O in the 

absence of catalase (Figure 2.4), and the results were analyzed by LC-MS, revealing ten unique 

ions. Four of these ions, those at [M+H]+ 146, 162, 174, and 190, are also present in the reaction 

in unlabeled water, and correspond to the unlabeled compounds 110, 111, 105, and 14, 

respectively. Additionally, four ions, those at [M+H]+ 148, 164, 176, and 192, are two mass units 

higher, and should arise from hydrolysis of the likely imine products by H2
18O, giving the 

corresponding labeled carbonyl oxygens. Finally, the remaining two ions, [M+H]+ 166 and 194, 

are 4 Da heavier when compared to [M+H]+ 162 and [M+H]+ 190, meaning two labeled oxygens 

are present. One label should result from hydrolysis of the imine product by H2
18O, giving a labeled 

carbonyl, and the second label should result from incorporation of H2
18O into the hydroxyl group. 
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Altogether, the stoichiometric generation of H2O2 from 13 and H2
18O labeling studies support that 

the hydroxyl oxygen derives from water, not O2 or H2O2. 

 

2.3.4 UV-Visible spectrum of RohP 

To further investigate the RohP-catalyzed reaction, the UV-Visible spectra of RohP was 

also analyzed. Initially, the spectrum of RohP (30 ÕM) contains a single peak with a ɚmax at 422 

nm, typical of an enzyme-PLP internal aldimine. With the addition of excess 13 (300 µM) a 

decrease in the absorbance at 422 nm was observed (Figure 2.9). At the same time, a peak at 515 

nm, which is diagnostic of a quinonoid, increased over the 10 min incubation. Finally, a peak at 

563 nm increased initially and then decreased after 5 min over the course of the experiment. A 

similar peak at 567 nm in the Ind4 reaction was previously assigned as a more conjugated 

quinonoid intermediate,152 and Silvaggi and coworkers assigned a similar peak at 560 nm from the 

MppP reaction as a more conjugated quinonoid intermediate.157 This experiment suggests that 

RohP, like Ind4 and MppP, may transition through a more conjugated quinonoid intermediate with 

a ɚmax at 563 nm. 

 

Figure 2.9 UV-Vis absorption spectroscopy of the reaction between RohP and L-arginine. 

The samples were prepared by mixing 30 µM of enzyme with 300 µM of substrate under aerobic 

conditions. The spectra were recorded at the timepoints as indicated. 
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2.3.5 Crystal structure of holo-RohP 

Stoichiometric, mass spectral, and spectroscopic results all suggest that RohP consumes 

two molecules of O2 to carry out a four-electron oxidation and incorporates water to yield 4-

hydroxy-2-ketoarginine (14). However, several questions remained unanswered. First, what is the 

stereochemistry of the 14 product? Second, what intermediates arise in such a reaction scheme? 

To address these questions, I turned to an X-ray crystallographic investigation of RohP.  

I obtained four X-ray crystallographic structures of RohP at resolutions from 1.50 to 1.55 

Å (Table A.1). Each of these structures crystallized as homodimers in space group C2. First, I 

determined the initial structure of holo-RohP by soaking RohP crystals with 5 mM PLP for 4 h. 

Then the structure of MppP (PDB: 5DJ1) was used as a model for molecular replacement. Holo-

RohP exhibits an overall structure that is typical of other fold type I PLP enzymes and is very 

similar to MppP (RMSD of 1.215 Å for CŬ pairs, Figure 2.10a). The RohP monomer consists of 

a large domain (residues 25-265) and a small domain (residues 266-393) both of which exhibit an 

Ŭ-ɓ-Ŭ motif. Active sites are sandwiched between the large and small domains in individual 

monomers and exposed to solvent. Unlike other PLP enzymes of fold type I and similar to MppP, 

there are only minor contributions from one monomer to the active site of the other monomer. As 

was the case for MppP, the N-terminus of the RohP holoenzyme is incomplete and missing 

residues 1-25. 
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Figure 2.10 Comparison of the MppP and RohP internal aldimine structures. 

a) Overall structure of the MppP (PDB ID: 5DJ1) and RohP holoenzymes. b) The structure of 

MppP is depicted in blue, while RohP is depicted in green. Light and dark shades designate the 

two monomers composing each homodimer. The PLP of each RohP monomer is depicted as 

spheres to indicate the location of the active site. The structures were aligned with a RMSD of 

1.215 ¡ for CŬ pairs (Pymol). b) Overlay of the active site of the internal aldimine structures. 

Conserved residues are depicted in stick form with RohP numbering. The corresponding residue 

numbering for MppP can be found in Table A.3. 

 

The RohP internal aldimine is formed between Lys235 and PLP, as was observed for 

Lys221 and PLP in MppP. Furthermore, all of the same residues that have stabilizing interactions 

with the internal aldimine in MppP are also observed in RohP (Figure 2.10b; Table A.3). The 

conserved residue Lys243 (Lys229 in MppP) provides positive charge to stabilize the PLP 

phosphate. The position of Ser95 (Ser91 in MppP) also causes the phosphate to rotate away from 

the plane of the pyridine ring, as observed in MppP. Additional interactions serve to stabilize the 
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pyridine ring of PLP. Asp198, conserved in fold type I PLP-enzymes is located near the pyridinyl 

nitrogen and stabilizes positive charges on the pyridinium cation through a hydrogen bond (Figure 

2.10). Asn167 hydrogen bonds with the hydroxyl group of the PLP pyridine ring. As is the case 

with many PLP enzymes, an aromatic residue, Phe119, is located ~3.5 Å above the pyridine ring. 

Finally, the phosphate also forms a water-mediated hydrogen-bonding network with Asp241 

(Asp227 in MppP) and Tyr92 (Tyr88 in MppP) of the other monomer of the homodimer. This 

structure of RohP provided a good initial model and was used to build structures produced from 

subsequent experiments. 

 

2.3.6 Trapping RohP the first quinonoid 

The slow rate of RohP catalyzed oxidation of 13 afforded the opportunity to capture 

intermediates in the catalytic cycle by aerobic soaking of 13. A RohP quinonoid intermediate 

structure was produced by soaking a crystal with 22 mM 13 for 90 s. In the resulting structure, 

there is no evidence of a Schiff base linkage between Lys235 and PLP. Instead, positive Fo-Fc 

electron density in the shape of arginine was found to extend from the C4' aldehyde of PLP. Both 

the external aldimine (EA1) and quinonoid (Q1) intermediate were modelled into the electron 

density (Figure A.7). Although both EA1 and Q1 fit well to the density, Q1 was modelled into the 

final structure (Figure 2.11) because of its fit to the available density and the observation that a 

quinonoid intermediate with an absorbance at 515 nm accumulates in the reaction of RohP with 

13 (Figure 2.9), suggesting that Q1 is more stable than EA1. Despite the formation of a quinonoid, 

the overall structure is very similar to that of holo-RohP, with the two structures superposing with 

an RMSD of 0.106 Å across CŬ pairs. In the active site, only Asn121 exhibits a minor change in 

conformation, rotating towards the quinonoid (Figure 2.11). Furthermore, when the quinonoid is 

present, the guanidium of Arg367 forms a salt bridge with the carboxylic acid of the arginine 

substrate. Additionally, Leu266 of the second monomer, which is unchanged in position relative 

to holo-RohP, now forms part of the periphery of the active site and helps to orient the guanidium 

end of the quinonoid. Because the N-terminal amino acids are disordered in this structure, the 

sidechain of the 13 substrate is pointed into solvent. As such, Cɔ is 3.9 ¡ from His34 (Figure 

2.12), which is a residue conserved among RohP, MppP, and Ind4 (Figure 2.1) but not observed 

in other fold type I aminotransferases. 
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Figure 2.11 Modeling of RohP-quinonoid 1 intermediates. 

Left: External aldimine species modelled shown in stick form. The fits to the available Fo-Fc 

density in the active site of RohP is shown below (positive density is contoured at 3.0 ů). Right: 

Modelled quinonoid ligand in the active site of RohP. Residue side chain that interact with the 

ligand are shown as sticks. 

 

Figure 2.12 Distances between modelled intermediates and conserved residues Glu20 and 

His34 in Chain A of the RohP homodimer. 

A) The RohP holoenzyme has only a water molecule (red sphere) positioned 2.4 Å from His34. 

B) The N-terminus and Glu20 are absent in the RohP-quinonoid I. His34 is positioned 3.9 Å from 
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the Cɔ atom of the bound substrate and 2.5 ¡ from a water molecule. C) In the RohP-quinonoid 

II, the N-terminus is ordered, including Glu20, which is now positioned 4.0 Å from the Cɓ of the 

bound substrate. Furthermore, the new positioning of the amino acid substrate places its Cɓ and Cŭ 

atoms 3.2 Å and 3.5 Å, respectively, from His34. No ordered water was present near His34. D) 

The product 14 has its Cɓ 3.3 Å from Glu20 and its Cŭ 3.6 Å from His34. The 4' hydroxyl group 

is positioned 2.7 Å from His34. 

 

2.3.7 Trapping of a more conjugated quinonoid orders the N-terminus of RohP 

When another RohP crystal was soaked with 4 mM PLP overnight and 10 mM 13 for 5 

min, the crystal changed color from yellow to red (Figure 2.13). I cryoprotected and flash-froze 

this red crystal. Solving the structure of this red crystal again revealed unknown positive Fo-Fc 

electron density in the shape of arginine in the active site. Initially, several different intermediates 

were built using Phenix eLBOW and then modelled into the available Fo-Fc density (Figure A.8). 

However, none of these intermediates gave a satisfactory fit to the available density. Thus, I 

employed an alternate approach, utilizing ARP/wARP,176 an online automated protein model 

building and refinement program to build a ligand structure based upon the unknown density. The 

initial ARP/wARP output was adjusted in COOT, refined, and found to match available omit 

density well (Figure A.9). This modelled ligand has bond lengths that closely match what would 

be expected for the more conjugated quinonoid (Q2) intermediate, containing a double bond 

between Cɓ and Cɔ positions of the arginine (Table A.4). 

To interrogate whether modeling Q2 was reasonable for such a red crystal, I carried out 

spectroscopic analysis on a second set of crystals that had been soaked with 13 using the 

microspectrophotometer outfitted on beamline 9-2 at the Stanford Synchrotron Radiation 

Lightsource. This work revealed that such red crystals have an absorbance spectrum with a ɚmax of 

515 and 563 nm (Figure 2.14), matching the peaks observed by UV-Visible spectroscopy in 

solution (Figure 2.9). 
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Figure 2.13 L-arginine soaking of RohP crystals. 

Representative results of soaking a single crystal (top) or several plate crystals (bottom) with L-

arginine (13). Crystals were soaked for illustrative purposes and no additional data were obtained 

using the crystals depicted in these images. 

 

 

Figure 2.14 Quinonoid intermediates from a red, L-arginine soaked crystal. 

Holo-enzyme (yellow) and a representative spectrum from crystals that had been soaked with ᾛ-

arginine (13) prior to being frozen (red). The baseline absorbance of the holo-enzyme was offset 

by -0.04 absorbance units to align the spectra for comparison. 

 

The structure of one of these second set of red crystals, which diffracts to a lower, 2.0 Å 

resolution was solved, revealing that the electron density present in the active site of this second 

crystal is also supportive of an external aldimine adduct. However, the lower resolution (2.0 Å) of 
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this second crystal did not allow for unambiguous assignment of the modelled quinonoid 

intermediates, as both Q1 and Q2 fit into the available density well (Figure A.10). 

As a more conjugated quinonoid intermediate was observed in the UV-visible spectra both 

in solution and in crystallo (Figure 2.9, Figure 2.14), it is likely that Q2 is a more stable 

intermediate than a more conjugated external aldimine (EA2). Therefore, Q2 was modeled into the 

final structure from the initial set of soaking experiments, based on the ARP/wARP coordinates 

(Figure A.9, Figure 2.15). However, the ~1.5 Å resolution of this structure does not allow us to 

unambiguously assign the pattern of double bonds. Furthermore, a mixture of intermediates may 

contribute to the density that was observed. 

 

Figure 2.15 Modeling of RohP-quinonoid 2 intermediates. 

Left: External aldimine species modelled shown in stick form. The fits to the available Fo-Fc 

density in the active site of RohP is shown below (positive Fo-Fc density is contoured at 3.0 ů). 

Right: Modelled quinonoid ligand in the active site of RohP. Residue side chains that interact with 

the ligand are shown as sticks. 

 

In this structure of the Q2 intermediate, electron density for residues 13-25 of the N-

terminus is present, forming a small Ŭ-helix that closes off the active site, isolating the active site 

from the bulk solvent (Figure 2.15). With the ordering of the N-terminus, the amide nitrogen of 

Leu16 forms a hydrogen bond with Asp120. Additionally, the hydroxyl sidechain of Thr17 forms 

a hydrogen bond with the guanidium group of Q2 and pushes the guanidium deeper into the active 

site where it forms additional hydrogen bonds with Ser95 and the carbonyl oxygen of Val264. The 

conserved residue Glu20 becomes ordered near the carboxylic acid and Cɓ of Q2. Phe119 also 
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exhibits a dual conformation, with the additional conformer rotating from its previous position 

above the pyridine ring to a position ~3.5 Å above the carboxylic acid of Q2. Asn121 also moves 

~180° from its previous position to partially occupy the area that was vacated by the rotation of 

Phe119. Collectively, these changes push Q2 deeper into the active site, into a position where 

Glu20 is 4.0 ¡ away from Cɓ and His34 is 3.2 ¡ and 3.5 ¡ away from Cɓ and Cŭ, respectively, 

of the 13 substrate (Figure 2.12). 

 

2.3.8 Structure of RohP-product complex 

A final snapshot of the RohP catalytic cycle was obtained by soaking RohP crystals with 

10 mM 13 overnight. During this experiment, the crystal changed from yellow to red and then back 

to yellow. The resulting yellow crystal was cryoprotected and flash-frozen. The structure I 

obtained has residues 14-25 of the N-terminus present, though the density of these residues in 

chain B is weaker. Therefore, these residues were modelled with an occupancy of ~0.7-0.8 in chain 

B, compared to full occupancy in chain A. The active site of the enzyme also remains largely 

unchanged compared to the Q2 structure, with Asn121 remaining flipped relative to its initial 

position, and Phe119 exhibiting a dual conformation away from the pyridine ring of PLP. 

However, in this structure, PLP has again formed an internal aldimine with Lys235 (Figure 2.16). 
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Figure 2.16 Active site of RohP-product complex. 

Residue side chains that interact with (S)-4-hydroxy-2-ketoarginine 14 (teal) are shown as sticks. 

 

Strong Fo-Fc density was present above the internal aldimine, displaying a shape consistent 

with a product containing a 4-hydroxy group. As the stereochemistry of the 4-hydroxyl was still 

undetermined, both the R and S enantiomers of the molecule were modelled into the positive Fo-

Fc density present in the active site (Figure 2.17). Refinement of the R-enantiomer produced strong 

negative Fo-Fc density around the hydroxyl group, while the same refinement of the S-enantiomer 

produced no negative Fo-Fc density around the hydroxyl group. I also modelled both enantiomers 

of the presumed enamine product into the available density to determine their fit as well (Figure 

2.18). Once refined, I again observed a clear preference for the S-enantiomer based on the refined 

density. However, I also observed slightly more negative density over the enamine double bond, 

leading us to ultimately model (S)-14 into the final structure. It is likely that the dynamic nature of 

the N-terminus should allow for hydrolysis of the enamine product over the extended incubation 

period, and therefore it is more likely that the hydrolysis product is present in the active site. 
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Figure 2.17 Possible stereoisomers of 4-hydroxy-2-ketoarginine. 

A) The R-enantiomer modelled into Fo-Fc omit density present in the active site. B) The density 

present around the R-enantiomer after refinement using Refmac. C) The S-enantiomer modelled 

into Fo-Fc omit density present in the active site. D)The density present around the S-enantiomer 

after refinement using Refmac. The Fo-Fc maps are contoured at 3.0 ů with positive and negative 

density indicated as green and red, respectively. The 2Fo-Fc maps are contoured at 1.0 ů in gray. 

Ligands were built using eLBOW in the Phenix software suite. 
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Figure 2.18 Refinement of alternative products. 

A) The density surrounding the R-enantiomer after refinement. B) Density surrounding the S-

enantiomer after refinement. Comparison of the refinement of C) (S)-14 and D) the modelled 

enamine. The Fo-Fc maps are contoured at 3.0 ů with positive and negative density indicated as 

green and red, respectively. The 2Fo-Fc maps are contoured at 1.0 ů in gray. Ligands were built 

using eLBOW in the Phenix software suite. 

 

2.3.9 Characterization of the RohP-His34Ala variant 

Based upon the analysis of the four crystal structures of RohP, His34 appears likely to be 

involved in the installation of the 4-hydroxyl group, due to its position relative to the quinonoid 

intermediates and hydroxyl group of the final product (Figure 2.12). To probe the function of 

His34 I created a His34Ala variant of RohP with site-directed mutagenesis. ESI-MS analysis was 

again employed to determine the product(s) of the His34Ala variant. The production of 14 was 

abolished, however, the variant was still able to produce 105. The corresponding decarboxylation 

product 110 was also detected (Figure 2.19). That this variant was only able to perform one 

oxidation, and no other intermediates were detected, suggests that His34 may also be involved in 

catalyzing the second oxidation of the arginine substrate and possibly the final hydration reaction. 
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Figure 2.19 Reaction of the RohP-His34Ala variant with L-arginine. 

Liquid chromatography-mass spectrometry analysis of the products of (a) the reaction of L-

arginine (13) and (b) the reaction with L-arginine (13) in the presence of catalase. Assays were 

carried out under the same reaction conditions as the wild type but using 2 mM L-arginine (13) 

and 20 µM of enzyme. Representative integrated total ion chromatograms are shown for each 

spectrum. 

 

2.4 Discussion 

This work describes the investigation of RohP, an enzyme that uses pyridoxal phosphate 

to catalyze the transformation of L-arginine (13) and O2 to two products: 2-ketoarginine (105) and 

(S)-4-hydroxy-2-ketoarginine (14). While previous studies by Eguchi and Silvaggi highlighted this 

enzymatic reaction, the key question of how an enzyme uses PLP and O2 to hydroxylate an 

unactivated, sp3-hybridized carbon remained unaddressed. Here, I use detailed mass spectral, 

kinetic, stoichiometric, and X-ray crystallographic analysis to build a firm mechanistic framework 

for understanding this group of PLP-, O2-dependent hydroxylases. This work demonstrates that 

RohP and the oxidase Ind4 share many key features: both stoichiometrically convert O2 to H2O2, 

both generate quinonoid and conjugated quinonoid intermediates, and both produce the less 

oxidized product, 105, which results from hydrolysis of the corresponding imine. The enzymes 

differ only in whether they produce 4,5-didehydroarginine (102) or 14. The X-ray crystal structures 

of RohP containing trapped quinonoid and conjugated quinonoid intermediates, along with a 

structure with product bound, unveil a shared mechanism whereby both RohP and Ind4 can 

catalyze a four-electron oxidation of 13. However, only RohP can utilize water to carry out a 

stereospecific alkene hydration.  
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The crystallographic work described in this chapter shows that RohP forms an external 

aldimine at the Ŭ-amino group of arginine, exactly as would be expected for a PLP-dependent 

aminotransferase. The following mechanistic proposal (Figure 2.20), begins with the CŬ proton 

of the external aldimine (EA1) being abstracted by Lys235, with the resulting anionic species 

stabilized by formation of a quinonoid intermediate (Q1). Q1 is a typical intermediate in PLP-

dependent aminotransferases, and one that is also observed to accumulate by UV-Visible 

spectroscopy. It is here that Q1, like in the proposed Ind4 mechanism, reacts directly with O2, 

oxidizing the bound amino acid and releasing H2O2. The exact mechanism of how O2 interacts 

with Q1 is currently unknown, as is the mechanism for release of H2O2. Current speculative 

proposals for oxygen activation by arginine oxidases like MppP, Ind4, and RohP involve an 

electron transfer from Q1 (or Q2) to O2, which would generate superoxide,152,157,160 in a process 

similar to those used by both flavin-dependent enzymes182 and some cofactor-independent 

oxidases.183 The superoxide could then oxidize the quinonoid radical at particularly electron rich 

positions of the resultant quinonoid radical, such as CŬ of the 13 substrate, or C4' of PLP.184 After 

oxidation, the resulting external aldimine intermediate (EA2) forms. This intermediate can 

undergo one of two fates: it can either be attacked by Lys235, which will reform the internal 

aldimine and release an enamine product, which tautomerizes to the imine and is then hydrolyzed 

to give 2-ketoarginine (105). Alternatively, the oxidized intermediate can remain in the active site. 

If it remains in the active site, the Cɔ proton can undergo rapid deprotonation by the adjacent 

His34, shuttling electron density into the cofactor to give the more conjugated quinonoid (Q2) 

intermediate. Then, a second molecule of O2 could react with Q2, again oxidize the substrate, and 

release a second molecule of H2O2. Now, the PLP-tethered didehydroarginine could undergo 

hydration. One possible scenario is that the double bond between Cɔ-Cŭ is first protonated at the 

Cŭ position. The resulting carbocation at Cɔ could be stabilized through resonance with density 

from the PLP pyridine ring. Now His34 deprotonates an adjacent water to insert the hydroxyl 

group at Cɔ and give the resulting PLP-tethered final product. The stereospecificity of the 

hydration appears to be promoted by the positioning of His34, which is positioned to the si face of 

the alkene. At the same time, the phosphate of PLP occludes solvent access to the re face of the 

alkene. To complete the catalytic cycle, the 4-hydroxy product is then released when Lys235 
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attacks to release the enamine with the concomitant formation of the RohP-PLP internal aldimine. 

The imine tautomer is then hydrolyzed by water to produce the final product 14. 

  

Figure 2.20 Proposed mechanism of the RohP-catalyzed reaction to 4-hydroxy-2-

ketoarginine. 

 

The work described in this chapter raises new questions about O2, PLP-dependent oxidases. 

First, what are the structural features that distinguish arginine oxidases like Ind4 from arginine 

hydroxylases like RohP and MppP? The data supports that the remarkable feat of RohP ï 

installation of a hydroxyl group ï could be the stereospecific hydration of a PLP-tethered 

didehydroarginine. If this possibility is true, what causes the hydroxylase RohP to catalyze the 

hydration, whereas the oxidase Ind4 releases didehydroarginine as a product? The two types of 

enzymes have all residues conserved in their active sites ï including His34 ï suggesting that other 

residues will be key to determining the product outcome (Table A.3). An Ind4 structure will be 

essential for pinpointing which residues are critical to determining product outcome. Second, in 
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both RohP-like and Ind4-like enzymes, 105 is produced. Is the production of 105 an unavoidable 

waste product for such 13, PLP-, O2-dependent enzymes, or is there a purpose for production of 

105? Elucidation of the full biosynthetic pathway will begin to address this issue. Finally, an 

unresolved question is why a select group of PLP-dependent enzymes are able to use O2 to catalyze 

oxidation reactions and how O2 is activated during catalysis.142,144,146 Answers to these questions 

await further study.  
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Chapter 3: In vitro biochemical characterization of the azomycin biosynthetic 

gene cluster 

3.1 Introduction  

Nitroimidazoles are an essential component of the modern antibiotic arsenal. For example, 

5-nitroimidazole derivatives, exemplified by metronidazole (9) (Figure 1.2), are commonly used 

to treat both gram-positive and gram-negative anaerobic bacterial infections, including 

Clostridium difficile and Helicobacter pylori.18,19 The low redox potential of anaerobic bacterial 

cells allows the nitroimidazole drug to act as an electron sink for the bacterial pyruvate:ferredoxin 

oxidoreductase complex.18 The resultant radical species, whose specific identity varies depending 

on the particular nitroimidazole and target bacteria, cause DNA damage, eventually inducing 

bacterial cell death.18,185 Despite several decades of their use, incidents of nitroimidazole resistance 

remain relatively low, and nitroimidazoles are increasingly being utilized to treat multidrug-

resistant bacteria.18 

The development of the nitroimidazoles can be traced back to the discovery of azomycin 

(6) in 1953.13 The novel 2-nitroimidazole pharmacophore was found to be an effective treatment 

for Trichomonas vaginalis.15 Interest in this intriguing heterocycle led to several investigations 

into its biosynthetic origins.28,29 These early studies established that L-arginine (13) is converted 

to 6 via 2-aminoimidazole (12) in the producing strain Streptomyces eurocidicus. Building upon 

these studies, Eguchi and coworkers determined that in S. eurocidicus, O2 and PLP were required 

to convert 13 to the unusual oxidized intermediate 4-hydroxy-2-ketoarginine (14).27 They also 

observed that 14 was converted stoichiometrically to pyruvate (15) and 12. Based on these results, 

they proposed guanidinoacetaldehyde (17) as a key intermediate capable of spontaneously 

cyclizing to 12, which is in turn oxidized to produce 6 (Figure 1.4, Figure 3.1). However, no 

azomycin biosynthetic enzymes were ever identified. 

Perhaps the most intriguing aspect of Eguchiôs biosynthetic proposal was an O2- and PLP-

dependent enzymatic reaction. While PLP-dependent enzymes are extremely diverse, their 

reactions with oxygen are generally limited to so-called óparacatalyticô reactions that produce 

unintended side products in low amounts.142,143 Recently, several PLP-dependent enzymes that use 

O2 as a co-substrate have been reported.148 These include decarboxylases such as plant 

phenylacetaldehyde synthase,144 as well as the L-arginine oxidases MppP from L-enduracididine 
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biosynthesis157,160 and Ind4 from indolmycin biosynthesis (Figure 1.38, Figure 1.39).150,152 

Interest in these O2- and PLP-dependent enzymes led me to identify a third O2- and PLP-dependent 

arginine oxidase RohP, which was described in Chapter 2.186 RohP generates (S)-4-hydroxy-2-

ketoarginine (14) and 2-ketoarginine (105) from 13 like MppP (Figure 2.5),157 but is encoded in a 

gene cluster unrelated to either the L-enduracididine or indolmycin gene clusters (Figure 2.2). 

Therefore my hypothesis is that this novel cryptic gene cluster containing RohP could be 

responsible for the biosynthesis of azomycin (6) (Figure 3.1). 

 

Figure 3.1 In vitro reactions linking L-arginine to azomycin. 

 

3.2 Materials and Methods 

3.2.1 General Methods 

Primers were purchased from Integrated DNA Technologies. DNA sequencing was carried 

out by the NAPS Unit DNA Sequencing Facility and the DNA Sequencing Core Facility at the 

Center for Molecular Medicine and Therapeutics (The University of British Columbia). Gene 

synthesis and codon optimization was performed by Bio Basic Inc. (Markham, Canada). Reagents 

were purchased from Alfa Aesar, Bio Basic Inc., Enamine Ltd., Gold Biotechnology, Millipore 

Sigma, New England Biolabs (NEB), Thermo Fisher Scientific Canada, and VWR International. 

3.2.2 Cloning and expression of recombinant proteins 

Genomic DNA of Streptomyces cattleya (DSM 46488) was isolated using 

phenol:chloroform extraction. The cell pellet of a 50 mL culture of S. cattleya was washed three 

times with 10 mL of 25 mM Tris, 25 mM EDTA, 0.3 M sucrose pH 8 buffer (TES). The cells were 

then lysed at 37 ÁC for 2 h with 5 mL of 3 mg/mL lysozyme, and 100 ɛg/mL RNase in TES buffer. 

Then 100 ɛL of 20 mg/mL proteinase K and 1 mL of 10% sodium dodecyl sulfate were added, 

and this mixture was incubated at 55 °C for 2 h. After cooling on ice, 2.5 mL of 5 M sodium acetate 

was added, followed by 8 mL of a phenol:choroform mixture (1:1) and gently mixed. After 
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centrifugation of the mixture the DNA was isolated from the aqueous phase by precipitation with 

isopropanol and stored in 10 mM Tris, 1 mM EDTA, pH 8.0 buffer. The desired gene sequences 

were amplified from the purified genomic DNA by the polymerase chain reaction using primers 

found in Table B.2. The amplified DNA and pET28a were digested with NdeI and XhoI, and 

pET28a was also treated with Calf Intestinal Alkaline Phosphatase. These reactions were purified 

using the QIAquick PCR purification kit, and the digested products were ligated together using T4 

ligase. The ligation mixture was used to transform chemically competent E. coli DH5Ŭ cells. The 

nucleotide sequence of the insert was confirmed by sequencing. The plasmid containing the gene 

of interest was transformed into E. coli BL21 (DE3) cells for recombinant protein production. 

For recombinant production of RohP, RohQ, SCyRohS (RohS from S. cattleya, NCBI 

accession number: AEW92765.1), KAzRohS (RohS from Kitasatospora azatica, NCBI accession 

number: WP_063774763.1) and RohT, overnight cultures of E. coli BL21 (DE3) harboring the 

desired plasmid were used to inoculate 4 x 750 mL of LB medium containing 50 ɛg/mL 

kanamycin. These cultures were grown at 37 °C at 200 rpm to an OD600 of between 0.7-1.0 and 

then cooled to 16 °C for 1 h. Protein expression was induced by adding 0.2 mM IPTG. For RohT, 

1 mM (NH4)2Fe(SO4)2Ț6H2O and 1 mM L-cysteine were also added to the cultures at the time of 

induction with IPTG. All cultures were then grown for an additional 16 h at 16 °C. Cells were 

harvested by centrifugation at 5000 rpm and frozen at -20 °C until protein purification. 

Due to its low yields in LB media, RohR was instead produced using an autoinduction 

protocol capable of supporting high cell densities. The autoinduction media contained 20 g/L 

tryptone, 10 g/L yeast extract, 2.675 g/L NH4Cl, 0.24 g/L MgSO4, 8 g/L glycerol, 2.31 g/L 

KH2PO4, 12.54 g/L K2HPO4, 0.05 g/L glucose, 0.2 g/L lactose, and 50 µg/mL kanamycin. 

Overnight E. coli cell cultures in LB were prepared as described above and were used to inoculate 

1 L of autoinduction media. These cultures were initially grown for 1 h at 37 °C at 200 rpm. After 

1 h the growth conditions were changed to 16 °C and 130 rpm for ~72 hours. Cells were harvested 

by centrifugation at 5000 rpm and frozen at -20 °C until protein purification. 

3.2.3 Purification of recombinant proteins 

All proteins were purified using the same general procedure. Briefly, the cells were thawed 

and resuspended in the appropriate binding buffer (see Table B.3). The cells were lysed with 

sonication, and then centrifuged at 12,000 rpm for 45 min. The clear lysate was gravity filtered 
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through ~1 mL of Chelating SepharoseÊ Fast Flow resin charged with NiCl2Ț6H2O. After the 

lysate had passed through the column, the resin was washed with 15 mL of binding buffer. The 

protein was then eluted using a stepwise gradient using binding buffer containing increasing 

concentrations of imidazole (5-500 mM) in 5 mL fractions. The fractions containing protein were 

identified using SDS-PAGE. These fractions were either combined and placed in dialysis 

overnight, or the protein was further purified using a HiLoadTM Superdex 16/600 200 pg column 

equilibrated with the appropriate storage buffer (see Table B.3). After the proteins were exchanged 

into the appropriate storage buffer after dialysis or FPLC, they were concentrated by centrifugation 

with an ultra-centrifugal filter (10,000 molecular weight cut-off for RohP, RohQ, RohR, SCyRohS, 

and KAzRohS or 3000 molecular weight cut-off for RohT). The proteins were then stored at 4 °C 

or flash frozen and stored at -20 °C. 

3.2.4 In vitro biochemical analysis of the RohP-RohR coupled reaction 

In vitro assays for the RohP-RohR coupled reaction were carried out in 100 µL reactions 

containing 4 mM 13, 10 µM RohP, 20 µM RohR and 25 µg/mL catalase in 20 mM HEPES, 50 

mM NaCl, pH 7.5 buffer. The reactions proceeded for 16 h at room temperature and were then 

quenched with 100 µL of MeOH. Precipitated protein was removed by centrifugation. 

All direct ESI-MS and LC-MS analysis of in vitro reactions was performed using a 1260 HPLC 

apparatus (Agilent) coupled to a 6120 Quadrupole LC/MS system (Agilent) equipped with a 

Poroshell 120, EC-C18, 2.7 µm, 4.6 mm ID × 50 mm column (Agilent), operated in positive ion 

mode. For direct ESI-MS analysis of the reaction mixture, 10 µL of the supernatant was analyzed 

unless otherwise indicated. 

For DNS-Cl derivatization, 50 µL of the reaction mixture was reacted with 50 µL 80 mM 

Li 2CO3, 70 µL ACN, and 30 µL of 5 mM DNS-Cl dissolved in ACN. The reaction was carried out 

at room temperature for 1 h and then 40 µL of 2 % ethylamine was added to the mixture to react 

with excess DNS-Cl. The mixture was centrifuged, and 10 µL of the supernatant was subjected to 

LC-MS, using a Luna C18, 5 µm, 4.6 mm ID × 250 mm column (Phenomenex). Elution was 

performed at 0.5 mL/min using a mobile-phase consisting of a linear gradient of water and ACN 

((v/v): 95:5 to 50:50, 0 to 15 min; 0:100, 15 to 20 min, 95:5, 20 to 22 min; 95:5 22 to 26 min), 

with both solvents containing 0.1% (v/v) FA. 
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For OPD derivatization, 100 µL of the reaction mixture was treated with 100 µL of H2O 

and 100 µL of 100 mM OPD dissolved in 2 M HCl for 20 minutes at 80 °C. The reaction mixture 

was then cooled on ice for 5 minutes, centrifuged, and 10 µL of supernatant was subjected to LC-

MS analysis, using the same instrument and column as the DNS-Cl analysis. Elution was 

performed at 0.5 mL/min using a mobile-phase consisting of a linear gradient of water and ACN 

((v/v): 95:5 to 50:50, 0 to 15 min; 0:100, 15 to 20 min, 95:5, 20 to 22 min; 95:5 22 to 25 min), 

with both solvents containing 0.1% (v/v) FA. 

3.2.5 In vitro biochemical analysis of the RohQ-catalyzed reaction 

In vitro assays for the RohP-RohR-RohQ coupled reaction were carried out in 100 µL 

reactions containing 4 mM 13, 10 µM RohP, 20 µM RohR, 8 µM of RohQ and 25 µg/mL catalase 

in 20 mM MOPS, 50 mM NaCl, pH 7.0 buffer. For the initial assays the mixture reacted for 16 h 

at room temperature and was then quenched with an equal volume of MeOH. To monitor the initial 

product distributions in the presence and absence of RohQ, the reaction was scaled up to 600 µL. 

From this mixture 60 ɛL aliquots were taken at various time points and quenched immediately 

with an equal volume of MeOH. In both sets of experiments the precipitate was removed by 

centrifugation, and 1 µL of the resulting supernatant was then analyzed by ESI-MS. 

To directly test the activity of RohQ, its proposed substrate 17 was generated in situ using 

the RohP-RohR coupled reaction. In this case, six 200 µL reactions were set up in parallel, 

consisting of 1 mM 13, 10 µM RohP, 20 µM RohR, 25 µg/mL catalase in 20 mM MOPS, 50 mM 

NaCl, pH 7.0 buffer. The reactions were incubated at room temperature for 2 h, combined, and 

then RohP and RohR were removed from the reaction mixture by centrifugation using an ultra 

centrifugal filter with a 10,000 Da molecular weight cut-off. Next, 10 µL of 80 µM RohQ (4 µM 

final concentration), and 20 µL of 20 mM MOPS, 50 mM NaCl, pH 7.0 were added to 170 µL of 

supernatant. A control reaction with an equivalent volume of boiled RohR was carried out in 

parallel. Aliquots of 20 µL were collected at the time points as indicated and quenched by the 

addition of 180 µL of ACN. Precipitation was removed by a brief centrifugation, and then 1 µL of 

the resulting supernatant was analyzed with ESI-MS. 

3.2.6 In vitro biochemical analysis of the KAzRohS-catalyzed reaction 

In vitro assays for the KAzRohS-catalyzed reaction were carried out in 100 µL reactions 

containing 2 mM 12, 15 µM KAzRohS, 2 mM FeSO4·7H2O, 50 µM PMS, and 5 mM NADH, in 
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20 mM HEPES (pH 7.5) buffer. Control reactions lacking each reaction component were carried 

out in parallel. To test the activity of KAzRohS in the presence of various metal ions the reaction 

was the same as described above except for the inclusion of 2 mM of the following metal hydrates: 

MnCl2·4H2O, FeSO4·7H2O, CuSO4·5H2O, NiSO4·6H2O, CoCl2·2H2O, or ZnSO4·5H2O. In all 

cases the reactions proceeded for 16 h at room temperature and were quenched by the addition of 

an equal volume of MeOH. The precipitate was removed by centrifugation, and 5 µL of the 

resulting supernatant was then analyzed by ESI-MS. 

The activity of KAzRohS was also tested in the presence of the characterized Rieske 

ferredoxin-ferredoxin reductase pair of BphF and BphG from the biphenyl degradation 

pathway.187,188 These assays were 100 µL in volume, and contained 500 12, 2 mM FeSO4·7H2O, 

3 mM NADH, 10 µM KAzRohS, 5 µM of BphF, and 5 µM of BphG in 20 mM HEPES (pH 7.5) 

buffer. The reactions proceeded for 16 h at room temperature and were then quenched with 100 

µL of MeOH. Precipitated protein was removed by centrifugation and 10 µL of the resulting 

supernatant was analyzed by ESI-MS. 

3.2.7 KAzRohS kinetic methods 

For determination of Michaelis-Menten kinetic parameters the reaction mixture contained 

20 mM HEPES, pH 7.5, 5 mM NADH, 2 mM FeSO4Ț7H2O, 50 ɛM PMS in a total volume of 95 

ɛL. The concentration of 12 was varied from 31 ɛM to 1 mM, and each chosen concentration was 

performed in triplicate. The reaction was initiated upon addition of 15 ɛM of KAzRohS (5 ɛL of 

300 ɛM stock) to the reaction mixture. The reaction proceeded for 5 min at room temperate and 

was quenched with the addition of 100 ɛL of MeOH. The solution was briefly centrifuged to 

remove precipitated enzyme and the resulting supernatant was immediately analyzed by HPLC 

using an Agilent 1260 HPLC apparatus, equipped with a Luna C18, 5 µm, 4.6 mm ID × 250 mm 

column (Phenomenex). Elution was performed at 0.5 mL/min using a mobile-phase consisting of 

a linear gradient of water and ACN ((v/v): 90:10, 0 to 5 min, 90:10 to 0:100, 5 to 6 min; 0:100, 6 

to 10 min, 90:10, 10 to 11 min; 90:10 11 to 15 min), with both solvents containing 0.05% (v/v) 

TFA. The amount of 6 produced by the reaction was calculated by comparison to a standard curve 

of authentic 6 generated using the same elution gradient. The data points were plotted and 

subjected to a non-linear regression in GraphPad Prism v. 5.04 to obtain the final kinetic 

parameters. 
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3.2.8 ICP-MS analysis of KAzRohS and RohT 

KAzRohS and RohT were purified from E. coli BL21(DE3) as described in the protein 

purification section. For ICP-MS analysis, KAzRohS and RohT were transferred into 20 mM Tris, 

50 mM NaCl, pH 8.0 buffer by dialysis overnight. The concentration of KAzRohS was adjusted 

to 105 ɛM using the ExPASy ProtParam calculated coefficient of 32,555 M-1Țcm-1 and measured 

by Nanodrop. The concentration of RohT was adjusted to 100 ɛM as calculated by the Bradford 

assay by comparison to a standard curve generated using bovine serum albumin. ICP-MS data 

were generated by ALS Limited in Burnaby, BC, Canada. Protein samples were treated with 

hydrochloric acid and nitric acid to release all metal ions prior to analysis. The metal:molar enzyme 

molar ratio was calculated using enzyme concentration. 

3.2.9 UV Vis-spectroscopy of RohT 

A quartz cuvette with a path length of 1 cm and a Varian Cary 100 Bio UV-Vis 

spectrophotometer (Agilent) were used to record UV-Vis spectra of RohT. As purified RohT was 

used to obtain the oxidized spectrum, while RohT was incubated with 2 mM of reductant for 15 

minutes prior to obtaining each reduced spectrum. The concentration of RohT in each spectrum 

was 110 µM as calculated using the Bradford assay by comparison to a standard curve generated 

using bovine serum albumin. 

3.2.10 In vitro  biochemical analysis of RohT 

In vitro assays for the reaction between 12 and RohT were carried out in 100 µL reactions 

containing 2 mM 12, 30 µM RohT, 2 mM FeSO4·7H2O, 100 µM PMS, and 2 mM NADH in 20 

mM HEPES, pH 7.5 buffer. A reaction containing 28 µM KAzRohS instead of RohT was used as 

a positive control. The reactions proceeded for 16 h at room temperature and were then quenched 

with 100 µL of MeOH. Precipitated protein was removed by centrifugation and 10 µL of the 

resulting supernatant was analyzed by ESI-MS. 

In vitro assays for the RohT and KAzRohS coupled reaction were carried out in 100 µL 

reactions containing 1 mM 12, 2 mM FeSO4·7H2O, 100 µM PMS, 2 mM NADH, 15 µM 

KAzRohS, and 30 µM RohT in 20 mM HEPES, pH 7.5 buffer. Controls lacking RohT were carried 

out in parallel. The reactions proceeded for 16 h at room temperature and were then quenched with 

100 µL of MeOH. Precipitated protein was removed by centrifugation and 10 µL of the resulting 

supernatant was analyzed by ESI-MS. 
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In vitro assays for the RohT and KAzRohS coupled reaction under reducing conditions 

were carried out in 100 µL reactions containing 2 mM 12, 2 mM FeSO4·7H2O, 5 mM NADH, 4 

mM DTT, 10 µM KAzRohS, and 10 µM RohT in 20 mM HEPES, pH 7.5 buffer. The reactions 

proceeded for 16 h at room temperature and were then quenched with 100 µL of MeOH. 

Precipitated protein was removed by centrifugation and 10 µL of the resulting supernatant was 

analyzed by ESI-MS. 

In vitro biochemical analysis of the RohT and KAzRohS coupled reaction including non-

cognate ferredoxin reductases was carried out in 100 µL reactions containing 500 µM 12 

FeSO4·7H2O, 3 mM of NADH or NADPH, 5 µM KAzRohS, 10 µM RohT, and 5 µM of either 

spinach ferredoxin reductase, ferredoxin reductase from the cyanobacterium Synechococcus 

elongatus,189 seFDR or BphG188 in 20 mM HEPES, pH 7.5 buffer. The reactions proceeded for 16 

h at room temperature and were then quenched with 100 µL of MeOH. Precipitated protein was 

removed by centrifugation and 10 µL of the resulting supernatant was analyzed by ESI-MS. 

3.2.11 Anaerobic reconstitution of RohT 

Aerobically purified RohT (400 ɛL) was dialyzed into 200 mL of 20 mM Tris, 50 mM 

NaCl (pH 8) buffer, and the buffer was purged with N2 for 1 hour. After this time, sodium dithionite 

was dissolved in de-gassed buffer, and added to this solution to a final concentration of 4 mM and 

allowed equilibrate for 30 mins. Next, Na2SȚ9H2O was dissolved in de-gassed buffer, and then 

added to this solution to a final concentration of 1 mM. The solution was allowed to mix for an 

additional 30 mins. Then, (NH4)2Fe(SO4)2Ț6H2O was dissolved in de-gassed buffer, and then added 

to the anaerobic mixture to a final concentration of 1 mM. The protein was allowed to mix with 

this now black mixture for 3 hours. Then the protein was removed from this mixture and 

transferred to fresh, de-gassed 20 mM Tris, 50 mM NaCl (pH 8) buffer containing 1 mM sodium 

dithionite. Here it was allowed to equilibrate for an additional 2 h. At this point it was removed 

from the anaerobic conditions and then used for analysis. 

3.2.12 In vitro  production of azomycin using four enzymes  

For the one-pot reaction to produce 6 the reaction mixture contained 4 mM 13, 50 µg/mL 

catalase, 5 mM NADH, 50 µM PMS, 500 µM FeSO4, 20 µM RohP, 10 µM RohQ, 20 µM RohR, 

and 20 ÕM KAzRohS in 20 mM HEPES, pH 7.5 buffer in a final volume of 100 ɛL The reaction 

was initiated upon the addition of 13 and reacted for 16 h at room temperature. The reaction was 



101 

 

quenched with an equal volume of MeOH. The precipitate was removed by centrifugation, and 5 

µL of the resulting supernatant was then analyzed by ESI-MS. 

3.2.13 Cult ivation and extraction of metabolites from Streptomyces cattleya  

Frozen spore stocks of S. cattleya (in 10% glycerol) were used to inoculate 50 mL of seed 

culture medium containing 10 g/L yeast extract, 10 g/L glucose, 0.182 g KH2PO4, 0.190 Na2HPO4, 

0.05 g/L MgSO4Ț7H2O, adjusted to pH 6.5.190 The culture was grown for 3 d at 28 °C, 150 rpm. 

Next 20 µL of growing seed culture was used to inoculate 50 mL of growth medium. Three 

different growth mediums were used, glucose yeast maltose (GYM) medium containing 4 g/L 

glucose, 4 g/L yeast extract, 10 g/L malt extract, adjusted to pH 7.2, peptone glycerol (PG) medium 

containing 10 g/L peptone, 20 g/L glycerol, 2.5 g/L NaCl, 0.5 g/L MgSO4Ț7H2O, 0.25 g/L KH2PO4, 

0.5 g/L CaCl2Ț2H2O, adjusted to pH 7.0,30 and soybean glycerol (SG) medium containing 15 g/L 

soybean meal, 20 g/L glycerol, 2.5 g/L NaCl, 0.5 g/L MgSO4Ț7H2O, 2 g/L NaNO3, adjusted to pH 

7.0.27 The growth cultures were incubated at 28 °C, 150 rpm. After 5 d, 20 mg of 12 was added to 

each culture to directly feed into the azomycin biosynthetic pathway, grown for an additional 2 d 

at 28 °C, 150 rpm, and then analyzed for production of 6 as follows. 

To extract metabolites the culture was lowered to pH 2 using concentrated HCl and then 

centrifuged to remove the mycelium. The supernatant was extracted with 50 mL of ethyl acetate 

three times. The organic phases were collected and then the ethyl acetate was removed by rotary 

evaporation. The residual solid was resuspended in 1 mL DMSO and diluted ten-fold with MeOH. 

The resulting mixture was analyzed by LC-MS using a Luna C18, 5 µm, 4.6 mm ID × 250 mm 

column. Elution was performed at 0.5 mL/min using a mobile-phase consisting of a linear gradient 

of water and ACN ((v/v): 90:10 0 to 5min, 90:10 to 0:100 5 to 6 min, 0:100, 6 to 10 min, 0:100 to 

90:10, 10 to 11 min, 90:10, 11 to 15 min), with both solvents containing 0.1% (v/v) FA. Selected 

ion monitoring of m/z 84 and m/z 114 was used to specifically detect production of 12 and 6, 

respectively. 

3.2.14 Cultivation and extraction of metabolites from Pseudomonas  

The Pseudomonas strains P. syringae pv. tomato str. DC 3000 and P. brassicacearum 

DF41, both harbouring putative azomycin biosynthetic gene clusters were obtained from the lab 

of Cara Haney (Michael Smith Labs, UBC). To detect the production of 6 in these Pseudomonas 

strains, bacterial cells of both strains were used to inoculate 50 mL liquid cultures of both LB and 
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Kingôs medium B (KB). The latter medium consisted of 20 g/L peptone, 1.5 g/L K2HPO4, 1% 

(v/v) glycerol, and 5 mM MgSO4. The cell cultures were grown at 30 °C for either one, three, or 

five days. After the indicated time had elapsed the cultures were centrifuged to remove the cells, 

the supernatant was acidified to pH 2 with HCl, and then stored at -20 °C until extraction. 

For polar metabolite extraction, frozen supernatant samples were first thawed, then 

extracted with 50 mL of ethyl acetate twice. Both ethyl acetate fractions were combined, and then 

solvent was removed by rotary evaporation. The residual solids were resuspended in 500 ɛL 

DMSO. Prior to analysis samples were diluted two-fold with MeOH. For LC-MS analysis, 5 ɛL 

of the MeOH diluted sample was separated using a Luna C18, 5 µm, 4.6 mm ID × 250 mm column 

(Phenomenex), and was eluted at 0.5 mL/min using a mobile phase consisting of a linear gradient 

of water and ACN ((v/v): 90:10, 0 to 5 min, 90:10 to 0:100, 5 to 6 min; 0:100, 6 to 10 min, 90:10, 

10 to 11 min; 90:10 11 to 15 min), with both solvents containing 0.1% (v/v) FA. 

 

3.3 Results 

3.3.1 Bioinformatic  analysis of a cryptic gene cluster 

To better understand the distribution and genomic context of RohP-like arginine 

hydroxylases I conducted a BLASTp analysis using RohP as a template. I screened out all the 

identified homologs from indolmycin or L-enduracididine gene clusters and used this curated 

sequence database to construct a phylogenetic tree (Figure B.1). This phylogenetic tree revealed 

that RohP homologs align into multiple subgroups, with each major branch of the tree linked to a 

distinct gene cluster (Figure 3.2). In all but one case, rohP was found in-frame with four other 

predicted genes: rohQ, a hypothetical protein; rohR, a dihydrodipicolinate synthase; rohS, an iron 

oxidase; and rohT, a Rieske ferredoxin (Figure 3.2, light blue, Table B.6). Two discrete copies of 

this cryptic five gene cluster were also found in the recently deposited genomic data for the 

azomycin (6) producer Streptomyces eurocidicus ATCC 27428 (Table 3.1, Figure 3.3), and copies 

of this gene cluster in genomes of several Pseudomonas and Burkholderia strains (Figure 3.2, 

Figure B.1). I hypothesized that this five-gene region could be the long-elusive azomycin 

biosynthetic gene cluster. 
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Figure 3.2 Organization of the azomycin biosynthetic gene cluster in different soil-dwelling 

bacteria. 

Putative azomycin biosynthetic genes are indicated in light blue with rohP-homologs indicated by 

diagonal striping. 

 

 

Figure 3.3 Dual azomycin biosynthetic gene clusters in Streptomyces eurocidicus ATCC 

27428. 

The NCBI accession numbers for the accessory genes shown and the genes comprising each cluster 

are indicated. 
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Table 3.1 Bacterial strains with dual copies of the azomycin biosynthetic gene cluster. 

 

Bacterial strain NCBI accession number of rohP 

homolog 1 

NCBI accession number of rohP 

homolog 2 

Streptomyces eurocidicus 

ATCC 27428 

WP_102919045.1 WP_102917515.1 (62) 

Streptomyces albireticuli 

MDJK11 

WP_087925758.1 (97) WP_087924922.1 (80) 

Streptomyces albireticuli 

NRRL B-1670 

WP_095581505.1 (94) WP_095584167.1 (78) 

Streptomyces 

griseocarneus strain 132 

WP_121801107.1 (78) WP_121803594.1 (78) 

Streptomyces exfoliatus 

DSM 41693 

WP_024758609.1 (77) WP_024754986.1 (76) 

Streptomyces olivioreticuli 

ATCC 31159 

WP_116214779.1 (76) WP_116210246.1 (79) 

Values in parenthesis are the amino acid sequence percent identities to each corresponding S. 

eurocidicus seqeunce, WP_102919045.1 for homolog 1, and the percent identities to RohP from 

S. cattleya for homolog 2. Cells are shaded according to the type of cluster containing the rohP 

homolog, using the same color scheme as Figure 3.2 and Figure B.1, with blue being S. 

eurocidicus-type, green being S. cattleya-type, and red being a redox-type. 

 

3.3.2 In vitro analysis of the aldolase RohR 

To determine the fate of the RohP product 14, I examined the in vitro activity of RohR. 

RohR is annotated as a dihydrodipicolinate synthase (DHDPS), which catalyzes the condensation 

of 15 and L-aspartate semialdehyde (112) to (2S,4S)-4-hydroxy-2,3,4,5-tetrahydrodipicolinate 

(HTPA) (113) in the biosynthesis of L-lysine (70).191 Several closely related enzymes have been 

shown instead to catalyze retro-aldol reactions, generating pyruvate (15) and the corresponding 

aldehyde from various Ŭ-ketoacid-containing substrates (Figure 3.4, Figure 3.5).192 
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Figure 3.4 Diverse reactions catalyzed by dihydrodipicolinate-like enzymes.192 
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Figure 3.5 Sequence alignment of RohR compared to DHDPS and other characterized retro-

aldolases. 

The sequences of E. coli DHDPS (PDB ID: 1DHP), human HOGA (PDB ID: 3S5O), and 

Thermoproteus tenax KDPGA (PDB ID: 2R91) were used to construct the alignment. The 

conserved catalytic lysine residue is highlighted in red. Sequence alignment generated with Clustal 

Omega,193 and visualized with ESPript 3.0.194 
















































































































































































































































































