
ABSTRACT 

CHA, LIDE. Investigation of Aziridination & Cyclopropanation Enabled by Non-Heme Iron 

Enzymes. (Under the direction of Dr. Wei-chen Chang). 

 

In nature, enzymes use simple building blocks to assemble diverse and complex molecules. 

To increase structural complexity, some enzymes are found to ñdecorateò parental molecules by 

introducing different functional groups at the late stage of biosynthesis. This approach is 

commonly utilized in natural products. Among different types of decorations, functional group 

installation via oxidative C-H bond functionalization is typically enabled through a designated C-

H bond cleavage via a reactive organic cofactor or a transition metal in the active site of the 

enzyme, wherein diverse reaction outcomes are achieved. Mechanistic understanding of these 

enzymatic reactions at the molecular level not only provides insights on how enzymes catalyze the 

reactions, but also delivers knowledge to develop new methods to (bio)synthesize valuable 

molecules.  

Mononuclear Fe(II)/2-oxoglutarate (Fe/2OG) dependent enzymes are known to catalyze 

diverse types of oxidation transformations. In addition to those well-characterized reactions such 

as hydroxylation, desaturation, and halogenation, Fe/2OG enzymes have also been identified to 

catalyze other synthetically challenging transformations including epimerization and cyclization 

through C-H bond activation. In the past decades, tremendous efforts have been devoted to 

understanding Fe/2OG enzyme catalysis. However, multiple reaction types discovered in natural 

product biosynthetic pathways remains to be explored. Herein, we demonstrate our current 

progress toward the identification and mechanistic understanding of how Fe/2OG enzymes 

catalyze three-membered ring formation, including aziridination and cyclopropanation.  

Chapter 2 describes the use of in silico methods to identify Fe/2OG enzymes with potential 

aziridine-installing (aziridinase) functionality. To validate candidates, the enzymatic activity is 



reconstituted in vitro. In this reaction, an iron(IV)-oxo species initiates aziridine ring closure by 

the targeted C-H bond cleavage. Furthermore, the reaction pathway can be diverted from 

aziridination to hydroxylation using mechanistic probes. Furthermore, isotope tracing experiments 

using H2
18O and 18O2, and quantitative product analysis provide experimental support for the polar 

capture of a carbocation species by the amine during aziridine installation. 

In chapter 3, a similar in silico approach that uses heme oxygenase-like dinuclear (HO-

diiron) enzyme and Fe/2OG enzyme pair to search for candidate enzymes responsible non-

canonical cyclopropane amino acid formation and mechanistic study are reported. Through NMR, 

MS, X-ray crystallography and substrate isotopologues, the results reveal that Fe/2OG enzymes 

can catalyze stereo-divergent cyclopropanation. As informed by transient kinetics and Mössbauer 

spectroscopy, the reaction undergoes an Fe(IV)-oxo triggered C4-proS-H activation. Instead of 

using a hydroxylated compound as an intermediate, the reaction likely undergoes a pathway that 

includes a nitronate, a.k.a. nitro enolate, species wherein the C=N moiety serves as a chemical 

handle to facilitate stereo-divergent intramolecular C-C bond formation. 

In chapter 4, an ongoing project about the engineering of Fe/2OG hydroxylases into 

cyclopropanase is described. First, the hydroxylases which share the same substrate as 

cyclopropanases  are identified. Second, mutation of two residues is shown to redirect the 

reactivity to cyclopropanation. Ongoing efforts including isotopologue analysis, transient kinetics, 

Mössbauer spectroscopy and computational analysis will elucidate the mechanism behind this 

reactivity alteration.  
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Chapter 1 

Introduction of Diverse Reaction & Mechanism of Fe/2OG Enzymes 
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1.1 Introduction to Fe/2OG enzymes 

Mono iron and 2-oxoglutarate (Fe/2OG) dependent enzymes represent one of the largest 

enzyme families in nature. Fe/2OG enzyme family utilizes molecular oxygen as the oxidant and 

2OG as the co-substrate to generate an Fe(IV)-oxo species that effects C-H bond activation of the 

substrate. The oxidative modification of the substrate is accompanied with the production of 

succinate, CO2 as well as the regeneration of Fe(II), and no external reductant or reducing system 

is required.1  From the structural perspective, the mono iron center is coordinated by a conserved 

HxD/ExnH facial triad (Figure 1.1a), leaving three coordination sites for substrates and O2 

binding.2 In Fe/2OG dependent halogenases, however, the carboxylate residue will be replaced by 

either an alanine or glycine residue, leaving a vacant site for halide binding.3 

Since first being reported as a proline hydroxylase back in 1966,4 the diverse catalytic 

potential of this enzyme family has gradually been identified. Up to date, Fe/2OG dependent 

enzymes have been reported to catalyze oxidative transformations including hydroxylation5, 

halogenation6, olefination7, epoxidation8, epimerization7, cyclization9 and etc. (Figure 1.1b).  
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Figure 1.1 a) The active site of TauDÅ2OGÅtaurine complex (PDB ID: 1OS7); b) diverse oxidative 

transformations catalyzed by Fe/2OG dependent enzymes. 
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1.2 General mechanism of Fe/2OG enzymes catalyzed reactions 

To understand how this enzyme family modulates the above listed diverse yet well-

controlled reaction outcomes, considerable amounts of effort have been devoted to characterizing 

Fe/2OG enzyme reaction mechanism in the last thirty years. The combination of crystallographic10-

14, spectroscopic1, 15, 16, and computational17, 18 analysis has led to a legitimate rational of the whole 

catalytic cycle: The catalysis initiates with the entrance of 2OG and substrate into the iron center, 

in which 2OG coordinates with the Fe(II) in a bidentate manner. Addition of molecular oxygen 

(O2) yields an Fe(IV)-oxo (ferryl) species, which serves as the key intermediate to enable C-H 

bond activation. Two different pathways are proposed concerning the generation of this reactive 

species. In pathway A (Figure 1.2), 2OG undergoes rearrangement and results in the carboxylate 

of 2OG positions trans to His2. It Is then followed by the introduction of the O2 and the formation 

of the Fe(III)-peroxo. The resulting peroxo then attacks the C2 of 2OG to produce the Fe(IV)-oxo 

species with its oxo poised towards the target C-H bond of the substrate, which is  called ñin-lineò 

mode. Alternatively, the O2 binds to the iron center trans to His2 and ultimately yields the Fe(IV)-

oxo species with its oxo trans to His2 (the ñoff-lineò mode). A ferryl flip process occurs to allow 

the oxo rearranges to ñin-lineò mode (Figure 1.2, pathway B). Such an  ñoff-lineò oxo species was 

recently crystallographically characterized in TauD utilizing a ñvanadyl mimicò strategy10, 

suggesting that the TauD catalysis likely go through the ferryl flip pathway. On the other hand, 

both ñin-lineò and ñoff-lineò binding of 2OG have been identified from the crystal structure of 

PHF819, 20, and recent computational studies on PHF817 and AlkB18 suggest that the 2OG 

rearrangement pathway to be energetically more favorable.  Thus, different dioxygen activation 

pathways might be involved as the protein environment of Fe/2OG dependent enzymes varies. 
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The resulting ferryl species functions as a hydrogen atom abstractor, which initiates the 

abstraction of a hydrogen atom from the substrate, yielding an Fe(III)-OH species and the substrate 

radical.1 As the function of Fe/2OG dependent enzymes varies, diverse reaction outcomes are 

achieved. Taking the most well-known reactivity, hydroxylation, as an example, the catalytic cycle 

is completed via the transfer of the hydroxyl group from Fe(III)-OH to generate the hydroxylated 

product, a.k.a hydroxyl rebound, while reducing the metal center back to Fe(II) state (Figure 1.2).   

 

Figure 1.2 Proposed catalytic cycle of Fe/2OG enzymes catalyzed hydroxylation. 

 For non-hydroxylation reactivities catalyzed by Fe/2OG dependent enzymes, the 

mechanisms of the majority are still under investigation. It is unclear how some members of this 

enzyme family can utilize the same reactive species i.e., Fe(IV)-oxo, to achieve the different 

reaction outcomes while outcompeting hydroxyl rebound. 
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Figure 1.3 a) Proposed mechanism of Fe/2OG enzymes catalyzed cyclizations; b) In DPS and KabC, an 

olefin moiety is utilized to capture the cation or radical species. 

For example, a few different pathways have been proposed to account for the 

intramolecular C-X (X = C, O, N) bond formation.21 First, utilization of hydroxylated species as 

intermediates is proposed. Following hydroxylation, the hydroxyl group can be protonated to result 

in a good leaving group, thus enabling ring closure (Figure 1.3a, pathway i). Alternatively, it is 

also proposed that following substrate radical formation, one electron transfer from substrate 

radical to Fe(III) occurs, yielding substrate cation. Herein, the ring closure can again be achieved 

via polar pathway (Figure 1.3a, pathway ii ). On the other hand, ring closure can proceed through 

radical mechanism: following initial radical formation, a secondary hydrogen atom transfer may 
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be conducted by the Fe(III)-OH species, and radical recombination completes intramolecular C-X 

bond installation (Figure 1.3a, pathway iii ). Notably, the cyclization mechanism is further 

complicated by the existence of preinstalled C=C double bond. Such functionality can capture the 

resulting radical or cation. For example, in DPS22 and KabC23 catalyzed cyclization, such an olefin 

moiety is utilized to capture a benzylic cation and a secondary radical, respectively (Figure 1.3b). 

Other than above mentioned reaction types, Fe/2OG enzymes are known to enable other 

synthetically challenging, but potentially useful reactions. In chapter 2 and 3, I will discuss the 

discovery & reaction mechanism of Fe/2OG enzymes catalyzed aziridination and cyclization. My 

studies reveal that the aziridination is likely to include a tertiary cation formation which is followed 

by polar capture via the amine group.24 On the other hand, a nitronate species is likely formed and 

captures the potential radical or cation species to enable cyclopropanation.25, 26 
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1.3 Strategies to engineer Fe/2OG enzymes for non-native reactivities 

With rapid accumulation of new understandings in metalloenzyme catalysis, using enzyme 

as biocatalysts have become a compatible tool in synthesizing valuable compounds.27 The 

combination of mild reaction condition and high regio- & stereo- selectivity makes it an alternative 

option to obtain compounds that are synthetically challenging. However, the lack of enzymatic 

counterparts for some organic transformations has limited the application of enzymes to allow 

non-native transformations in the field of nature product synthesis.  

 To overcome this obstacle and to enable non-native reactivities, decoy approaches have 

been successfully employed on metalloenzymes. By utilizing well-designed non-native substrates, 

new reactivities can be achieved. One example is the utilization of hemoproteins. While the native 

reaction catalyzed by hemoproteins are mostly hydroxylation and olefination, new reactivities 

including C-C, C-Si, C-N and C-B bond formation have been developed28-30 wherein  alternative 

co-substrates are used to generate novel high-valent iron reactive species (e.g., iron-carbenoid/ 

iron-nitrenoid). Notably, directed evolutions are commonly used to improve the efficiency and  

selectivity. It is impressive, yet not surprising to witness such a tremendous progress in the 

engineering of hemoproteins in the past decade. Among the iron-dependent metalloenzyme family, 

hemoproteins are one of the earliest to be extensively studied mechanistically.31-33 The active 

species, iron(V)-oxo species (compound I), functioned as a template for designing novel ñactive 

species mimicsò, which would ultimately lead to new reactivities of hemoproteins.  

While such strategies of exploiting active species are quite successful on hemoprotein, it 

is not as feasible to duplicate similar approach on Fe/2OG enzymes. The involvement of both O2 

and 2OG in the generation of active Fe(IV)-oxo species complicates the design of active species 

mimics. Currently, only two cases are reported where Fe/2OG enzymes are shown to introduce 
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new reactivities via generating the presumptive iron(IV)-nitrenoid species, 34,35 while others are 

developed on the basis of utilizing the Fe(IV)-oxo species as the reactive species.36 These examples 

can be separated into two main categories: substrate engineering and enzyme engineering. 

 

Figure 1.4 Selected examples of engineering Fe/2OG dependent enzymes for non-native reactivities with 

two different strategies: a) substrate engineering and b) enzyme engineering. 

Substrate engineering refers to redirect enzyme reactivities using designed substrate 

analogs. While oftentimes substrate analogs were applied to probe enzyme mechanisms, analog 

design on the basis of mechanism understanding may lead to targeted non-native reactivities. For 

example, our lab has previously demonstrated that hydroxylases can be redirected to catalyze 

nitrile37 and epoxide38 formations with the assistance of azide and olefin groups (Figure 1.4a). In 

these cases, the assisting groups are installed either adjacent or directly at the C-H activating site, 

thus diverging the reaction pathway either before or after the occurrence of hydrogen atom transfer. 

Enzyme engineering refers to redirecting enzyme reactivities via residue mutagenesis, wherein 

mutations are always guided by substrate-bound enzyme crystal structures. Reported examples so 

far have been focused on the engineering of hydroxylases into halogenases. For example,  a lysine 
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C4-hydroxylase catalyzes a chemoselective halogenation of lysine after 14 mutations are 

introduced (Figure 1.4b).39 Such reactivity alteration can further be accompanied by regio-

selectivity changing, as seen in the case of P4H.40 

In chapter 4, we will discuss an on-going effort to engineer several Fe/2OG hydroxylases 

into cyclopropanases. 
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Chapter 2 

Mechanistic Studies of Aziridine Formation  

(Part of the chapter is published in J. Am. Chem. Soc. 2023, 145, 6240ï6246) 
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2.1 Introduction 

The aziridine or azacyclopropane moiety is present in a number of natural products 

including azicemicins, azinomycins, ficellomycin, miraziridine A and mitomycins.41-43 Several of 

these specialized metabolites have shown anticancer, antibacterial, and antimicrobial activities. In 

addition, aziridines are valuable synthons broadly used in chemical synthesis.44-46 In nature, two 

different strategies are known to enable aziridine installation. In the biosynthesis of ficellomycin, 

a primary hydroxyl group is activated as a sulfonate that displaced by the a-amine to form the 

aziridine,47, 48 whereas an oxidative C-N bond formation is utilized in the biosynthesis of 2-

aminoisobutyric acid (1) (Figure 2.1).49, 50 

 

Figure 2.1 In the biosynthesis of ficellomycin and 2-aminoisobutyric acid (1), two different strategies are 

deployed to install the aziridine moiety. 

The biosynthetic pathway of a non-proteinogenic 2-aminoisobutyric acid (1) has been 

elucidated in Penicillium aethiopicum, Penicillium arizonense and Neurospora crassa, and further 

substantiated by in vitro studies and a protein crystal structure.49, 50 Formation of 1 starts with an 

aziridination of valine (2) catalyzed by a Fe/2OG enzyme, TqaL. Subsequently, a ring-opening 

reaction is catalyzed by a haloalkanoic acid dehalogenase-like protein (TqaF), which is followed 

by decarboxylation of the a-hydroxy, ɓ-amino intermediate to afford 1 by another non-heme-iron 

enzyme (TqaM) (Figure 2.1). Because several natural products including alamethicin, 
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emericellipsin, tryptoquialanine and zervamicin contain 1,51-54 we speculate that analogous 

biosynthetic strategies involving a three-enzyme cascade reaction, similar to those catalyzed by 

TqaL, TqaF and TqaM could be deployed in other natural products biosynthesis. From a reaction 

mechanism point of view, in comparison with other reactions catalyzed by Fe/2OG enzymes, how 

aziridine formation takes place remains poorly understood. To enrich the Fe/2OG enzyme toolbox 

with aziridinase activity and to elucidate the reaction mechanism, we used in silico methods 

including sequence-similarity-network (SSN) and genome-neighborhood-network (GNN) 

analysis to search for potential Fe/2OG aziridinases. We reconstituted the enzyme activities in 

vitro, carried out transient-kinetics measurements and product structural elucidation, and applied 

isotope tracing experiments and mechanistic probe to reveal the reaction pathway. Our studies 

suggest that aziridination requires avoidance of the oxygen-rebound step. Specifically, following 

hydrogen abstraction by the  Fe(IV)-oxo intermediate, formation of a tertiary carbocation is likely 

employed to enable a polar intramolecular C-N bond coupling that completes aziridine formation. 
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2.2 Identification of new aziridinases 

To search for aziridinase candidates, we applied SSN and GNN to identify TqaL 

homologues. Using TqaL-pae as the query, 148 TqaL homologues were identified.55-58 Next, these 

candidates were subjected to GNN analysis, wherein 25 predicted biosynthetic gene clusters that 

also encode apparent haloalkanoic acid dehalogenase (TqaM) and non-heme-iron decarboxylase 

(TqaF) homologues were identified (Figure 2.2). This analysis implies that a similar strategy is 

likely deployed to biosynthesize aziridine-containing intermediates in these uncharacterized 

biosynthetic pathways. Additionally, we also used the basic local alignment search tool (BLAST) 

to search for TqaL homologues. As shown in Table 1, more than 300 candidates were identified 

(with 55% identity cutoff), in which the majority of them do not have assigned functions. Because 

Fe/2OG enzymes catalyze a broad array of reactions,59-64 the functions of these homologues cannot 

be easily annotated. Therefore, applying the SSN and GNN strategy to search for Fe/2OG gene 

and neighboring genes provides a method to identify potential aziridinases with greater confidence.  
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Figure 2.2 The sequence similarity network (SSN) of TqaL identifies 148 homologues (gray cycle). Hits 

that contain tqaF and tqaM as revealed by GNN analysis are highlighted in dark gray circle. Reported 

TqaLs including TqaL-pae (by Tang et al.) and TqaL-pa/TqaL-nc (by Abe et al.) are highlighted in blue 

and yellow. TqaL-ha and TqaL-pd are highlighted in red (this work), respectively. 

In the previous studies of the TqaLs from Penicillium arizonense (TqaL-pa) and 

Neurospora crassa (TqaL-nc), Abe et al. experienced challenges in obtaining soluble proteins 

owing to disorder region in the N-terminus of both proteins wherein truncation of the N-terminal 

region (~ 60 amino acids) effectively improves the solubility of the proteins.50 Inspired by this 

work, I built predicted structures of identified TqaL homologues using AlphaFold65 and chose two 

candidates that do not contain the large N-terminal disordered region for further studies 

(Figure2.3). Because these two putative aziridinases originated from Hypocrea atroviridis and 

Penicillium digitatum, we designate them as TqaL-ha and TqaL-pd, respectively. 
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Figure 2.3 Predicted structures of TqaL-pae (magenta), TqaL-ha (cyan), TqaL-pd (green), TqaL-pa (blue) 

and TqaL-nc (gray) by Alphafold. A large N-terminal disorder region in TqaL- pae, TqaL-pa and TqaL-nc 

are not observed in TqaL-ha and TqaL-pd.  



   

17 

 

2.3 Reconstitution of enzyme activity 

To validate the in silico analysis results, I expressed TqaL-ha and TqaL-pd in E.coli and 

purified them by immobilized metal chelate affinity chromatography. The protein yields were ~38 

mg/L and 13 mg/L for TqaL-ha and TqaL-pd. Compared with TqaL-pa & TqaL-nc50, this 

represents an improvement of ~ 7- and 20-fold of soluble proteins. As suggested by GNN analysis, 

the substrate prediction of adenylation domain within the downstream non-ribosomal peptide 

synthetase (NRPS) of TqaL-pd is specific to 1 (Figure 2.4a), therefore, TqaL-pd is predicted to use 

L-valine (2) as the substrate. By contrast, atroviridins isolated from Hypocrea atroviridis contain 

both 1 and isovaline moieties (Figure 2.4b).66 Thus, TqaL-ha in principle can catalyze aziridine 

formation of 2/L-isoleucine (3), respectively.  
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Figure 2.4 a) The neighbor genes of TqaL-pd and TqaL-ha in Penicillium digitatum and Hypocrea 

atroviridis; b) The chemical structure of atroviridin B produced by Hypocrea atroviridis. As highlighted in 

boxes, both 2-aminoisobutyric acid and isovaline moieties are incorporated. 

To confirm the reactivity of these two TqaL homologs, I monitored the enzymatic reaction 

outcome using several different approaches. Initially, the enzymatic reaction mixture was directly 

subjected to LC-MS analysis. While the consumption of substrate and the concomitant product 

formation was detected, this result is insufficient to support these enzymes can catalyze 

aziridination but not other reactions such as dehydrogenation. Aiming to elucidate the structures 

of the products, I attempted to set up a large-scale enzymatic reaction and isolate the products via 

HPLC. Unfortunately, the products were unstable and degraded during the HPLC purification 
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process. Also, adjusting the pH of the aqueous buffer from acidic to neutral did not improve its 

stability. 

With product isolation proven impractical, I decided to synthesize the potential aziridine 

product standards. The corresponding aziridines 4, 5 and 6 are thus synthesized following literature 

reported procedures.67, 68 In addition, I also established a reliable LC-MS method. The 

aforementioned method is based on a normal phase column which gives a poor separation of amino 

acid compounds. Thus, an alternative approach using derivatization which allows analyzing 

products on a reverse phase column is developed. Two common amino acid derivatizing reagents, 

1-fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA)69 and 5-(dimethylamino)naphthalene-1-

sulfonyl chloride (dansyl chloride)70, were tested and dansyl derivatization method was selected 

because partial aziridine decomposition was observed during the FDAA derivatization process. 

As shown in Figure 2.5, LC-MS analysis of the reactions of TqaL-pd and TqaL-ha with 2 

and 2/3 in the presence of 2OG and O2 revealed formation of 4 and 5 with retention times and 

isotope distribution matching those synthetic standards. Notably, 6 was not detected in the reaction 

of TqaL-ha with 3. These results confirm the aziridinase activities of TqaL-ha and TqaL-pd and 

imply that the TqaL-ha catalyzes stereospecific azacyclization. 
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Figure 2.5 LC-MS analysis of TqaL-ha, TqaL-pd catalyzed reactions with L-valine (2) and L-isoleucine 

(3). 
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2.4 An Fe(IV)-oxo species initiates aziridination by C-H but not N-H cleavage 

To explore the reaction mechanism of aziridine formation, we first established the initial 

step of the reaction. It is well-established that Fe/2OG enzymes generally use an Fe(IV)-oxo 

species to initiate reactions via C-H activation.59, 62, 63, 71-73 We speculated that such a complex 

would initiate the aziridine formation by either C-H or N-H activation of 2. Modulation of the 

reaction kinetics via the deuterium kinetic isotope effect (D-KIE) is used to support the existence 

of an Fe(IV)-oxo intermediate and to pinpoint the site of hydrogen atom transfer (HAT). If the 

reaction is initiated by C-H cleavage, an extended lifetime and an increased level of accumulation 

of the Fe(IV)-oxo species should be observed in the reaction with the C3-deuterated substrate (d8-

2) when compared to the reaction with 2. Considering the relative yields and stabilities of the two 

homologues, we used TqaL-ha for kinetic studies. As revealed by stopped-flow absorption 

spectroscopy (SF-Abs), an increased accumulation and a slower decay of a broad absorption 

feature centered at ~320 nm was observed in the reaction with d8-2 when compared with the 

reaction with 2 (Figures 2.6 and Appendix 3-4, both SF-Abs and Mössbauer analysis were carried 

out in Dr. Guoôs group at Carnegie Mellon University). This observation suggests that an Fe(IV)-

oxo species is likely used as a key intermediate to enable HAT at C3 of 2. To verify this 

observation, we carried out freeze-quench Mössbauer experiments by using d8-2 as the substrate 

(Mössbauer parameters and description in Appendix 6). In the spectrum of a sample prepared by 

rapid mixing of the TqaL-haÅFe(II)Å2OGÅd8-2 quaternary complex with O2 saturated buffer and 

freeze-quenching at 0.2 s, a quadrupole doublet with Mºssbauer parameters of ŭ = 0.28 mm/s and 

|ȹEQ| = 0.65 mm/s was observed and represented ~ 20% of the total absorption area. The 

parameters of this species are consistent with those of several Fe(IV)-oxo intermediates found in 

Fe/2OG enzymes.16, 23, 74-81 This intermediate slowly decayed to ~ 10% by a reaction time of 1 s. 
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These results confirm that the transient 320 nm absorption features observed in the SF-Abs 

experiment is associated with an Fe(IV)-oxo intermediate and the aziridine formation is initiated 

by C3-H bond cleavage. 

 

Figure 2.6 SF-Abs derived transient kinetics reveals the use of Fe(IV)-oxo species for C3-H bond cleavage 

in the TqaL catalyzed reaction. The main panel shows the changes of the UV-vis spectra taken at the 

indicated reaction times after mixing the TqaL-haÅFe(II)Å2OGÅ2 complex with O2 saturated buffer. A broad 

absorption feature centers at ~320 nm can be identified. The inset shows the kinetic traces at 320 nm with 

2 (black) or d8-2 (red) as the substrate, demonstrating the different kinetics of the Fe(IV)-oxo species due 

to D-KIE. 
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2.5 Elucidating the C-N bond formation mechanism 

To elucidate the reaction mechanism of aziridine formation, we first explored the 

possibility of using a hydroxylated intermediate. Given that hydroxylation is a common reactivity 

employed by Fe/2OG enzymes,59-63, 82 we hypothesized that a hydroxylated molecule (7 or 8) could 

be generated as the intermediate product en route to the aziridine. The subsequent elimination of 

the preinstalled hydroxyl group in 7 and 8 by a nucleophilic attack of the amino group would 

complete aziridination (Scheme 2.1a). If this was indeed the case, incubating 7 or 8 with enzyme 

in the absence of 2OG and O2 might produce the aziridine. However, after mixing 7 and 8 with 

TqaL-ha and TqaL-pd in the absence or presence of 2OG, the corresponding aziridines (4, 5 or 6) 

could not be detected by LC-MS (Figure 2.7). Thus, our results suggest that formation of aziridine 

is unlikely to proceed through a hydroxylated intermediate.  

 

Figure 2.7  LC-MS analysis of the TqaL catalyzed reactions using 3-hydroxy-valine (7) and (3S)-3-

hydroxy-isoleucine (8) in the presence or absence of 2OG. The results indicate that TqaL cannot catalyze 

the aziridine formation using corresponding hydroxylated molecules.  

Starting from the C3-centered substrate radical generated by the HAT step as demonstrated 

in Figure 2.6, a C-N bond must be formed to complete the aziridine construction. In the SF-Abs 

experiment, following Fe(IV)-oxo formation and decay, no other species with characteristic optical 
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features was detected. To elucidate the following mechanistic steps occur after the HAT step, I 

used substrate analogues L-homoalanine (9), L-alanine (10) and L-cyclopropyl alanine (11) as 

mechanistic probes to elucidate possible reaction mechanism. TqaL-ha converts 2 and 3 to 4 and 

5, respectively, whereas 9 undergoes hydroxylation to yield L-threonine (12) as the major product 

(Figure 2.8). Additionally, I could not detect either substrate consumption or formation of a 

hydroxylated product in reactions of either enzyme with 10 or 11 (Appendix 6). SF-Abs 

experiments using 2, 3, 9, and 11 revealed similar Fe(IV)-oxo formation rates (by monitoring the 

320 nm absorption changes) with a rate constant (kform) ranging from ~ 5 ï 18 mM-1 s-1. These data 

implied decay rate constants (kdecay) of the Fe(IV)-oxo species of 12, 4, and 1 s-1 for 2, 3, and 9. 

For the reaction with 11, decay of the absorption feature was much slower (kdecay< 0.05 s
-1, 

Appendix 3-4). Taken together, these results demonstrate that valine (2), isoleucine (3), 

homoalanine (9) and cyclopropyl alanine (11) can effectively trigger Fe(IV)-oxo formation. The 

decreased kdecay with 9 is likely associated with the increased strength of the C3-H bond or the 

substrate positioning in the enzyme active site. Compared to a tertiary C-H bond, e.g. the C3-H in 

2 and 3, the bond dissociation energy (BDE) of secondary C-H bond, e.g. the C3-H in 9, is 

increased by ~2 kcal/mol.83 Accumulation of Fe(IV)-oxo species was not observed in the SF-Abs 

experiment with 10, suggesting that 10 is unlikely the substrate for TqaL. On the other hand, 

observation of a 320 nm feature suggests that 11 can trigger Fe(IV)-oxo formation. Thus, the 

increased C3-H bond strength of 1184, 85 appears to block the reaction, as previously observed in 

the reaction of the Fe/2OG halogenase, SyrB2.86 Importantly, the reactivity switch observed in 9 

provides a clue to the most likely mechanism of aziridine formation. Specifically, following C3-H 

cleavage in 2 and 3, generation of the tertiary carbocation by electron transfer (ET) from the 

substrate radical to the Fe(III)-OH cofactor can be envisioned. Herein, the C-N bond formation is 
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completed via a polar mechanism. Additionally, involvement of a 4-membered lactone 

intermediate followed by nucleophilic attack of the amino group can also be envisioned. In the 

presence of 9, due to the decreased stability of the resulting secondary carbocation,35 oxygen 

rebound could become the dominant pathway, redirecting the reaction to hydroxylation. 

 

Figure 2.8 a) LC-MS analysis of TqaL-ha catalyzed reactions with L-homoalanine (9); b) similar to the 

reaction of 9, if the observed hydroxylation in isoleucine reaction only come from hydroxyl rebound, only 

14 can be formed. 

A careful examination of LC-MS reactions using 2 as the substrate revealed that 4 and 7 

(C3-hydroxylated product) are produced in a ratio of ~ 94/6. Analogously, in the case of 3, 5 and 

two C3-hydroxylated products (8 and 14) are produced in a ratio of ~ 96/3/1 (Figure 2.9a and 

Appendix 7). Based on our current understanding of Fe/2OG enzyme catalyzed hydroxylation 

reaction, the stereochemistry in the oxygen rebound-step is retained.59-63, 82 Therefore, if 

hydroxylation results from the oxygen rebound pathway, 3 should yield only 14 as 9 yields only 

12 (Figure 2.8b). By contrast, in the case of carbocation hydration or lactone formation followed 

by transesterification, a mixed stereochemistry of the hydroxylated product would be anticipated. 

Observation of both 8 and 14 in the reaction with 3 suggests that the latter possibility might be 
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operative and further implies that the hydroxylated products 7, 8/14 and 12 might derive from 

discrete reaction pathways. 

 

Figure 2.9 a) In addition to 4 and 5 (as shown in Figure 2.5), hydroxylation products 7, 8, and 14 are also 

produced in TqaL-ha catalyzed reactions; b) Under 18O-water or 18O2, different levels of 16O/18O 

incorporation (black vs red traces) are observed in hydroxylated products 7, 8, 12, and 14. 

Next, we carried out isotope-tracer experiments to elucidate the reaction pathway. In the 

presence of 18O2 (~ 70% 
18O2 revealed by the ratio of 

16O/18O-succinate), 12 was found to have ~ 

43% of 18O incorporation. In the presence of 18O-water (~ 80% H2
18O), 12 had ~ 21% of 18O 

incorporation (Figure 2.9b). Observation of 18O-derived product using either 18O-water or 18O2 can 

be explained by solvent exchange of the oxo/hydroxo ligand in the Fe(IV)=O and/or Fe(III)-OH 

intermediate.78, 87 In contrast, 7 (the minor hydroxylated product in the reaction with 2) had a 

greater level of 18O incorporation (~ 45%) from H2
18O, but much less  (<5%) from 18O2. These 

observations imply that 7 and 12 are produced via different reaction pathways. Notably, two 

hydroxylated products (8 and 14) of 3 also had different 18O incorporation patterns. With H2
18O, 8 

and 14 showed ~ 48% and 20% 18O incorporation, respectively. Under 18O2, 14 had ~ 45% 
18O 
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incorporation, whereas 8 had less than 3% 18O incorporation. Significantly different levels of 18O 

incorporation between 8 and 14 suggest that they are likely produced by different pathways. 

Namely, a similar level of 18O incorporation using 18O2 and 
18O-water of 12 and 14 suggests that 

their formations likely proceed by oxygen-rebound pathway. In contrast, a substantial level of 18O-

water incorporation, but minimal incorporation from 18O2 in 7 and 8 are more consistent with 

quenching of a cation or a lactone species. 

 

Figure 2.10 LC-MS analysis of the TqaL catalyzed reactions using trifluoro-valine (15). Product with an 

m/z value of +16 to the substrate was detected. On the other hand, possible C-N formation product with an 

m/z value of -2 was not detected. 

The stereochemistry assignments and the isotope labeling experiments on the hydroxylated 

products show that the electronic properties of the substrates can dictate the reaction outcomes 

(i.e., aziridination vs. hydroxylation). On the other hand, it is also important to consider the 

perturbation of substrate positioning due to substrate modification. In the halogenase SyrB2, 

substrate modifications were shown to impact the substrate-cofactor disposition and reaction 

outcome.34,-38 Thus, replacement of one alkyl group (methyl or ethyl) by hydrogen of the substrate 

to favor oxygen-rebound could arise from either an electronic effect (i.e., instability of the resulting 

secondary cation), or a steric effect. To discern these two factors, I prepared a fluorinated analog 

(15) of 2. Replacement of the three methyl hydrogens with fluorine should have only a modest 

steric impact, but, due to the strong electron withdrawing character of fluorine, should drastically 

decrease the stability of the C3-cation, leading to increasing (or exclusive) of hydroxylation.39 LC-
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MS analysis of the reaction with 15 revealed a single hydroxylation product with an m/z shift of 

+16 to the substrate. No aziridination product with an m/z shift of -2 could be detected (Figure 

2.10). Together with the stereochemical assignments and isotope labeling of hydroxylated products, 

these results strongly favor a carbocation mechanism and show that the relative stabilities of this 

intermediate and its radical precursor influence the outcome of the reaction. In the presence of 2 

and 3, the reaction mainly undergoes C-N bond formation with minor flux through oxygen rebound. 

In contrast, due to the diminished stability of the secondary carbocation, 9 and 15 favor oxygen-

rebound and make it the dominant pathway. 
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2.6 Discussion and conclusion 

We present a study using in silico analysis to search for uncharacterized enzyme 

candidates. When combined with transient kinetics measurements and product structural 

elucidation, this approach provides a robust method to search for Fe/2OG enzymes with targeted 

functions. We have also presented experimental evidence to reveal how TqaL-ha catalyzes 

intramolecular C-N bond formation. Specifically, an Fe(IV)-oxo intermediate is deployed to 

enable the secondary and tertiary C-H cleavage, e.g. 9 and 2/3, and results in a C3-centered radical. 

Following electron transfer, to result in a tertiary carbocation, an intramolecular C-N bond 

formation takes place to install the aziridine moiety. In contrast, owing to the decreased stability 

of the corresponding secondary carbocation, 9 undergoes oxygen rebound and yields the 

corresponding hydroxylated product (Scheme 2.1b). Observation of only one hydroxylation 

product 12 using 9, but two hydroxylation products, 8 and 14, in the presence of 3 with distinctive 

18O incorporation level further support the involvement of carbocation during aziridine formation. 

Formation of only hydroxylated product using fluorinated analog 15 of valine also implies an 

involvement of a carbonation intermediate in the TqaL-catalyzed aziridination. 
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Scheme 2.1 Possible mechanisms of aziridine formation and mechanistic probes used in this study. 

Taken together, these results not only shed light on the reaction mechanism of Fe/2OG 

enzyme-catalyzed aziridination, but also demonstrate that inherent properties of the substrates can 

dictate the reaction outcomes. 
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2.7 Experimental procedures 

DNA construct for over-expression of TqaL-ha and TqaL-pd 

The DNA sequences encode the corresponding genes (TqaL-ha: EHK47614.1; TqaL-pd: 

EKV18313.1) were codon-optimized for over-expression in E. coli, synthesized, and inserted into 

the NdeI and BamHI restriction sites of expression vector pET-28a. The codon-optimized gene 

sequences are shown below. 

TqaL-pd 

ATGAAACCGCGTCAGCCGCCGCTGAACGTTCACAAACAGCGTGGTAAACCGGAATT

TTACGACGCGATCAGTCAGATCTGCCAGCTGCGTCAGAAATACCTGGAAAACCGTA

CCGTTTTCGTTGATGGTCGTGAAATGGCTCCGCTGCTGAAAGCGCTGGGTGCTCGTG

ATGAAGATTTCGTTACCCTGCAGGCAGTTAATAACGTTCTGATCGACGACCCGACCC

TGCCGTTCCGTAAATCTCGTAACGGTCGTTTCTGCTTCGACTGGGAAACCCAGACCC

TGCGTCGTCTGGAATTCCAGCCGTTCGCGCTGTCCCTGGAAGAAGATTTCAAACGTC

ACGATTCTAACACTGTTCGTCGTTTCGACGAAGTTGACAACGATCTGCAGCTGAACA

CCGTTTTCCAGGCACTGCTGCTGTTCAAAGGCCTGATGTGTCATGGTATGACTGTTA

ACGAACGTGCGAAACTGGATTATCGTTCTAACCAGTGGGTGTGCACCCTGTTCGCGC

TGCGCACCATCACCACCCCGGAAATGCTGGGTGAACCGGCGCTGGAAGGCGTTCAC

ACCGACGGTGTTGACCACACCATGACCACCTACCTGCGTTCTACTAACATGAGCTCT

AAATCTGCGGTTACCTTCCTGCACGACAACGCGGAAAAAACCGGTATCCAGCTGAA

CGAAACCGCGCCGGAACTGATCCAGGCGCGTGCGCAGCACCGTAACTTCCTGGACA

CCCTGCTGATCGTTGACAACGAACGTAAACACTCTATCTCCCCGGTTTACGCAGTTG

ACGCGTCTAAAGAAGCGACCCGTGACATGCTGATCTTCTTCACCCGTCGTCCGGTTG
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TTGACGGTCACATCTCTTCTGACATCGACTCTCTGAACCCCCACATGGAAATGGAAA

TGGAATTCCCGCTGATGTCTCTGCGTGACGGTTACGGTTTCGGTAAATCTTAA 

TqaL-ha 

ATGATGGCACAGCTGCTGCAGCAGCCGCAGCAGCTGCTGGCTGAACCGTTCCCGCA

GCCGGAAGGTTACACCCAGCTGAACGTTCGTGAACAGGCTTACAACCCGCGTTTCTA

CGAAACCGTTGGTAAAATCATGAAACTGCGTGAAAAATACCTGCGTGATCGTTGCAT

CTTCGTGGAATCGGCTGACATGATCGACATCGTTCTGGGTCTGGGTGCGAACGAAGC

CGATCTGCCGAAAATGGAAAAGGTTTCCGACCACCTGTACCACGACCCGACCCTGC

CGTTCCGTCTGACCCGTAACTCTCGTTTCTGCCTGGACTTCGATACCCACACCATCCG

TCGTCTGGAGTTCCAGCCGTTCGTACTGACCGTGGAAGAGGACTTCAACCGCTACGA

TTCTGGCGCCATTCGTCGCTTTGACGAAGTTCAGAACGAACTGCAGCTGAACTCTGT

TTTCCAGGCGCTGTTCGCGTTCAAAGCTATGGTTATCCACGGTGTTCAGATCGCGCA

CCGTCCGAAACTGGAATACGGTATTAACAAATGGGTGTGCACTCTGTTCAACCTGCG

TACCGTTACCACCCCGCACATCCTGGGTGAACCGGCGCTGGAAGGTGTTCACTCTGA

CGGCGTGGACCACACCATGACCACCTTCCTGGGTTCTTACAACATGTCTGATAACTC

CGCTGCGACCTTCATGCACGATATGGACGAAAAAACCGGTATCCCGCTGGAAGAAA

TCAAACCGAAACACCTGCTGGCACGTGTTCAGCACAAACGTCTGCTGGATACCCTGA

TGATCGTTGACCACGAACGTAAACACTCTCTGTCTGCTGTTTACCCGGTTGACGAAA

CCAAAGAAGCGCACCGTGATATGCTGGTTTTCTTCACCCGTAAACCGGTTGAACGTA

CCCACGTTAGCGGTTCTATCGACTCTCTGACCCCGCACAAAGAACTGCCGATGGAAA

TCCCGCTGTACCTGCCGGGTGCGAACCAGTAA 
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Overexpression and Purification of the target proteins 

The above transformants were cultured in Terrific Broth (TB) growth medium with 50 

ɛg/mL kanamycin at 37 ÁC with shaking at 220 rpm. Upon reaching an OD600 of ~ 0.6, IPTG with 

final concentration of 0.5 mM was added to the cell culture at 18 °C. The cell culture was kept 

shaking at 220 rpm for 14ï16 h. The cells were harvested by centrifugation at 8 °C. The cell pellets 

were stored at ī80 ÁC before use. During purification, the cells were thawed and suspended in an 

ice-chilled buffer with 100 mM Tris, 300 mM NaCl (pH 7.5) and lysed by sonication. The lysate 

was subjected to centrifugation for 30 minutes at 22,000 g at 8 °C. The supernatant was loaded 

onto a Ni-NTA agarose column. The column was washed with 5 volumes of buffer containing 100 

mM Tris, 300 mM NaCl and 10 mM imidazole (pH 7.5). The desired proteins were eluted using 

buffer containing 100 mM Tris, 300 mM NaCl and 250 mM imidazole (pH 7.5) and were 

concentrated using Pall® centrifugal 10K filter. The collected protein solutions were dialyzed 

against 2 L of buffer containing 5.0 mM EDTA, 300 mM NaCl, 100 mM Tris (pH 7.50) and 

followed by sequential dialysis against 2 L of buffer (100 mM Tris, 300 mM NaCl, pH 7.50) twice. 

The purity of protein was shown by SDS-PAGE gel (Appendix-2). Protein concentration was 

determined by UV absorption at 280 nm-1 (http://ca.expasy.org). The protein was aliquoted and 

frozen in ī80 ÁC. 

Using LC-MS to monitor the enzymatic reactions 

LC-MS was conducted on an Agilent Technologies (Santa Clara, CA) 1200 system coupled 

to an Agilent Technologies 6120 quadrupole mass spectrometer. The associated Agilent 

MassHunter and OpenLAB software packages are used for data collection and analysis. Detection 

was performed using electrospray ionization in positive mode (ESI+). The drying gas temperature 
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was 350 °C with a nebulizer pressure of 60 psi and flow rate of 12 L/min. The capillary voltage 

was set to 3000 V. The fragmentor voltage was set at 130 V.  

Reactions containing 0.22 mM enzyme, 0.20 mM Fe(II), 1.0 mM of the substrate (2, 3, 7, 

8, 9, 10, 11 and 15), 2.0 mM of 2-oxoglutarate (2OG) and 1.0 mM of ascorbate in a total volume 

of 200 µL (50 mM Tris, pH 7.5) were incubation at 4 °C. For the substrate 7 and 8, the reactions 

were also carried out in the absence of 2OG. Reactions were carried out analogously by omitting 

2OG. After overnight incubation (~ 12 hr), 50 µL of the reaction mixture was treated with 100 µL 

MeCN that contains dansyl chloride (10 % w/v dansyl chloride) and 20 µL 1M NaHCO3. The 

mixture was incubated at 43 °C for 1 hr. Following addition of 20 µL 1M HCl, the mixture was 

subjected to centrifugation (14,000 g for 30 mins). The samples were analyzed with an Agilent 

Extend-C18 column (4.6 × 50mm) at a flow rate of 0.5 mL/min using 38 % of solvent A (0.1% 

formic acid in H2O) and 62 % of solvent B (acetonitrile). For 18O-water experiments, 18O-water 

was mixed with 2 M Tris-HCl to make 50 mM Tris-HCl buffer with 97.5 % H2
18O. After addition 

of all the reagents, the 18O content was ~ 80%. For 18O2 experiments, the reactions were carried 

out using tubes with the screwed cap. After mixing TqaL, substrate and ascorbate, the reaction 

mixture was subjected to the vacuum to remove the headspace gas. 18O2 (98% 18O2, Sigma Aldrich) 

was then introduced to the tube followed by addition of 2OG via syringe.  

In Silico Analysis to search for TqaL homologues 

The sequence similarity network (SSN) of TqaL-pae is generated via the EFI-EST 

(https://efi.igb.illinois.edu/efi-est/, sequence length 300-450; alignment score threshold of 114; 

hits with over ~60 % identity are connected with edge),88 and the SSN is visualized by Cytoscape 

3.8.2.89 The genome neighbor of TqaL homologues are analyzed using EFI-GNT 

https://efi.igb.illinois.edu/efi-est/
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(https://efi.igb.illinois.edu/efi-gnt/). On the other hand, TqaL-pae homologs were also identified 

via NCBI BLASTP (Non-redundant protein sequences Database, 1000 max protein sequences).90 

Transient kinetic analysis of TqaL-ha 

SF-Abs and Mössbauer experiments were conducted by the Guo group at Carnegie Mellon 

University. 

General chemical procedures  

The chemical shift (ŭ) values are reported in ppm (parts per million) relative to the standard 

chemical shift for the proton residue peak and 13C peak in the deuterated solvent (CDCl3, or D2O). 

The coupling constant (J) values are expressed in hertz (Hz). Thin-layer chromatography (TLC) 

was performed on silica gel plate. TLCs were visualized by illumination under UV light (254 nm) 

or by dipping the TLCs into a KMnO4 solution followed by charring on heat gun. Silica gel (230 

ï 400 mesh) was used for flash column chromatography. Evaporations were carried out under 

reduced pressure (water aspirator or vacuum pump) with the bath temperature below 50 °C unless 

specified otherwise. Materials obtained from commercial suppliers were used directly without 

further purification. 

Preparation of 3-hydroxy-valine (7) and pleurocybellaziridine (4) 

 

The substrate, N-Boc-diol, was prepared following the literature procedure.68  

https://efi.igb.illinois.edu/efi-gnt/
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The diol (0.93 g, 4.24 mmol, 1.0 equiv) was dissolved in 10 mL of acetonitrile and 12 mL 

of 0.5 M pH 6.5 KPi buffer. The solution was cooled to 0 °C before the sequential addition of 

TEMPO (0.13 g, 0.85 mmol, 0.2 equiv), PhI(OAc)2 (0.14 g, 0.42 mmol, 0.1 equiv) and NaClO 

(1.27 g, 14.0 mmol, 3.3 equiv). The resulting mixture was allowed to gradually warm to room 

temperature. After stirring at room temperature overnight, the mixture was quenched with 

saturated NH4Cl(aq) solution and extracted with ethyl acetate (EA) (1V × 7). The organic layers 

were combined, washed with 1M HCl(aq), brine and dried over anhydrous MgSO4. After 

concentrating under reduced pressure, the crude product was dissolved in DMF (20 mL). K2CO3 

(1.76 g, 12.72 mmol, 3.0 equiv) and BnBr (0.76 mL, 6.36 mmol, 1.5 equiv) were added to the 

reaction. After stirring at room temperature overnight, the reaction with quenched with H2O (1V), 

extracted with EA (5 × 1V). The organic layers were combined, washed with brine (1V), H2O (2 

× 1V) and brine (1V). After concentrating under reduced pressure, the reaction mixture was 

subjected to silica gel chromatography (1:4, EA/hexanes (v/v)) to give benzyl (S)-2-((tert-

butoxycarbonyl)amino)-3-hydroxy-3-methylbutanoate (0.97 g, 71 %). 1H NMR (500 MHz, 

CDCl3): ŭ 7.38-7.32 (m, 5H), 5.43 (d, J = 7.6 Hz, 1H, exchangeable N-H), 5.23 (d, J = 12.2 Hz, 

1H), 5.16 (d, J = 12.2 Hz, 1H), 4.24 (d, J = 7.6 Hz, 1H), 1.43 (s, 9H), 1.23 (s, 3H), 1.20 (s, 3H); 

13C NMR (125 MHz, CDCl3): ŭ 171.9, 155.9, 135.2, 128.7, 128.6, 128.5, 80.3, 72.1, 67.3, 61.4, 

28.4, 26.9, 26.5. 

Benzyl (S)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-methylbutanoate (0.97 g, 3.00 

mmol, 1.0 equiv) was dissolved in dichloromethane (DCM, 10 mL). Trifluoroacetic acid (TFA, 

4.60 mL, 60.00 mmol, 20.0 equiv) was added dropwise at room temperature. The resulting mixture 

was allowed to stir at room temperature until no substrate was left as indicated by TLC, then the 

reaction was concentrated under reduced pressure and subjected to silica gel chromatography 
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(10:1, DCM/Methanol (MeOH)) to give (S)-1-(benzyloxy)-3-hydroxy-3-methyl-1-oxobutan-2-

aminium as a TFA salt in quantitative yield. 1H NMR (500 MHz, CDCl3): ŭ 7.35-7.30 (m, 5H), 

5.24 (d, J = 12.0 Hz, 1H), 5.11 (d, J = 12.0 Hz, 1H), 4.01 (s, 1H), 1.40 (s, 3H), 1.12 (s, 3H); 13C 

NMR (125 MHz, CDCl3): ŭ 168.0, 134.1, 129.1, 129.0, 128.9, 70.4, 68.8, 61.8, 28.3, 24.0. 

Followed by addition of Pd/C (10% Pd loading, catalytic amount) to a substrate containing 

solution (0.75 mmol dissolved in 5 mL of MeOH), the reaction was subjected to hydrogenation 

under atmospheric pressure using hydrogen balloon. After the reaction, the mixture was filtered 

through celite. The filtrate was concentrated under vacuum to give 3-hydroxyl-L-valine (0.6 mmol, 

80 %). 1H NMR (500 MHz, D2O): ŭ 3.90 (s, 1H), 1.45 (s, 3H), 1.29 (s, 3H); 
13C NMR (125 MHz, 

D2O): ŭ 170.1, 69.7, 61.7, 26.9, 23.6. 

 

The substrate (2.25 mmol) was dissolved in dry tetrahydrofuran (THF, 15 mL) and cooled 

to 0 °C. Following addition of Na2CO3 (0.72 g, 6.75 mmol, 3.0 equiv) and CbzCl (0.48 mL, 3.38 

mmol, 1.5 equiv), the reaction was allowed to stir overnight at room temperature. After 

concentrating under reduced pressure, the reaction mixture was subjected to silica gel 

chromatography (1:2, EA/hexanes (v/v)) to give benzyl (S)-2-(((benzyloxy)carbonyl)amino)-3-

hydroxy-3-methylbutanoate (0.37 g, 46 %). 1H NMR (700 MHz, CDCl3): ŭ 7.38-7.30 (m, 10H), 

5.67 (d, J = 8.0 Hz, 1H, exchangeable N-H), 5.23 (d, J = 12.0 Hz, 1H), 5.17 (d, J = 12.0 Hz, 1H), 

5.14-5.10 (m, 2H), 4.31 (d, J = 8.0 Hz, 1H), 1.24 (s, 3H), 1.22 (s, 3H); 13C NMR (175 MHz, 
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CDCl3): ŭ 171.6, 156.5, 136.2, 135.0, 128.8, 128.7, 128.7, 128.6, 128.4, 128.3, 72.1, 67.5, 67.4, 

61.8, 27.0, 26.5. 

Benzyl (S)-2-(((benzyloxy)carbonyl)amino)-3-hydroxy-3-methylbutanoate (0.20 g, 0.56 

mmol, 1.0 equiv) was dissolved in THF (8 mL) and cooled to 0 °C. PPh3 (0.27 g, 1.02 mmol, 2.05 

equiv) and DIAD (0.20 mL, 1.02 mmol, 2.05 equiv) were added. The reaction was gradually 

warmed to room temperature and kept this temperature for 3 hr. After concentrated under reduced 

pressure, the reaction mixture was subjected to silica gel chromatography (1:8, EA/hexanes (v/v)) 

to afford dibenzyl (S)-3,3-dimethylaziridine-1,2-dicarboxylate (80 mg, 50 %). 1H NMR (700 MHz, 

CDCl3): ŭ 7.37-7.32 (m, 10H), 5.22 (d, J = 12.2 Hz, 1H), 5.18 (d, J = 12.2 Hz, 1H), 5.16-5.13 (m, 

2H), 3.05 (s, 1H), 1.33 (s, 3H), 1.32 (s, 3H); 13C NMR (175 MHz, CDCl3): ŭ 167.7, 160.4, 135.7, 

135.4, 128.8, 128.7, 128.7, 128.7, 128.7, 128.7, 128.6, 68.5, 67.3, 46.9, 46.2, 22.8, 19.3. 

Followed by addition of Pd/C (10% Pd loading, catalytic amount) to a solution (5 mL of 

MeOH) containing the dibenzyl (S)-3,3-dimethylaziridine-1,2-dicarboxylate (70 mg, 0.21 mmol, 

1.0 equiv), the reaction was subjected to hydrogenation under atmospheric pressure using 

hydrogen balloon. Subsequently, the mixture was filtered through celite. The filtrate was 

concentrated under vacuum to give pleurocybellaziridine (4) (0.17 mmol, 81 %). 1H NMR (700 

MHz, D2O): ŭ 3.58 (s, 1H), 1.57 (s, 3H), 1.50 (s, 3H); 
13C NMR (175 MHz, D2O): ŭ 168.6, 47.6, 

46.1, 21.5, 16.2. 
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Preparation of (3R)-3-Hydroxylisoleucine (14) and (2S,3S)-3-ethyl-3-methylaziridine-2-

carboxylic acid (6) 

 

The substrate used to prepare 6 and 14, N-Boc-diol, was prepared following literature.67 

Benzyl (2S,3R)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-methylpentanoate (0.83 g, 

67 %) was prepared using the method described above, from 0.87 g of the N-Boc-diol. 1H NMR 

(700 MHz, CDCl3): ŭ 7.40-7.31 (m, 5H), 5.43 (d, J = 7.8 Hz, 1H, exchangeable N-H), 5.22 (d, J = 

12.0 Hz, 1H), 5.17 (d, J = 12.0 Hz, 1H), 4.28 (d, J = 7.8 Hz, 1H), 2.31 (broad s, 1H, exchangeable 

O-H), 1.58-1.50 (m, 2H), 1.43 (s, 9H), 1.12 (s, 3H), 0.90 (t, J = 7.5 Hz, 3H). 

(2S,3R)-1-(benzyloxy)-3-hydroxy-3-methyl-1-oxopentan-2-aminium was prepared using 

the method described above in quantitative yield as a TFA salt. 1H NMR (700 MHz, CDCl3): ŭ 

7.36-7.28 (m, 5H), 5.23 (d, J = 12.0 Hz, 1H), 5.12 (d, J = 12.0 Hz, 1H), 4.02 (s, 1H), 1.72-1.62 

(m, 1H), 1.06 (s, 3H), 0.90 (t, J = 7.4 Hz, 3H); 13C NMR (175 MHz, CDCl3): ŭ 168.0, 134.2, 129.1, 

128.9, 128.8, 72.7, 68.8, 60.3, 32.8, 21.1, 7.2. 

(3R)-3-Hydroxylisoleucine (0.24 mmol, 78 %) was prepared in an analogous manner as of 

7. 1H NMR (700 MHz, D2O): ŭ 3.93 (s, 1H), 1.83-1.78 (m, 1H), 1.74-1.69 (m, 1H), 1.23 (s, 3H), 

0.95 (t, J = 7.5 Hz, 3H); 13C NMR (175 MHz, D2O): ŭ 170.3, 72.2, 60.5, 31.7, 20.2, 6.6. 
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The substrate (1.91 mmol) was dissolved in dry THF (10 mL) and cooled to 0 °C, 

triethylamine (Et3N, 0.80 mL, 5.73 mmol, 3.0 equiv) and CbzCl (0.54 mL, 3.82 mmol, 2.0 equiv) 

were added. The mixture was allowed to stir overnight at room temperature. After concentrated 

under reduced pressure, the reaction mixture was subjected to silica gel chromatography (1:3, 

EA/hexanes (v/v)) to give benzyl (2S,3R)-2-(((benzyloxy)carbonyl)amino)-3-hydroxy-3-

methylpentanoate (0.48 g, 67 %). 1H NMR (700 MHz, CDCl3): ŭ 7.36-7.32 (m, 10H), 5.64 (d, J = 

8.4 Hz, 1H, exchangeable N-H), 5.23 (d, J = 12.2 Hz, 1H), 5.17 (d, J = 12.1 Hz, 1H), 5.13-5.10 

(m, 2H), 4.35 (d, J = 8.4 Hz, 1H), 1.58-1.50 (m, 2H), 1.13 (s, 3H), 0.9 (t, J = 7.2 Hz, 3H); 13C 

NMR (175 MHz, CDCl3): ŭ 171.9, 156.4, 136.2, 135.1, 128.8, 128.7, 128.7, 128.6, 128.4, 128.3, 

74.2, 67.4, 67.4, 60.0, 31.4, 23.6, 8.0. 

Dibenzyl (2S,3S)-3-ethyl-3-methylaziridine-1,2-dicarboxylate (0.22 g, 48 %) was prepared 

analogously using the method described above from 0.48 g of the N-Cbz benzyl ester. 1H NMR 

(700 MHz, CDCl3): ŭ 7.37-7.31 (m, 10H), 5.22-5.18 (m, 2H), 5.15 (s, 2H), 3.06 (s, 1H), 1.68-1.63 

(m, 1H), 1.57-1.52 (m, 1H), 1.27 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H); 13C NMR (175 MHz, CDCl3): 

ŭ 167.7, 160.4, 135.7, 135.4, 128.7, 128.7, 128.7, 128.5, 128.5, 128.5, 68.5, 67.3, 51.2, 46.5, 26.1, 

19.3, 9.9. 

(2S,3S)-3-ethyl-3-methylaziridine-2-carboxylic acid (0.54 mmol, 87 %) was prepared from 

0.22 g protected aziridine using the procedure sued for the preparation of 4. 1H NMR (700 MHz, 
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D2O): ŭ 3.56 (s, 1H), 1.82-1.57 (m, 2H), 1.54 (s, 3H), 1.05 (t, J = 7.4 Hz, 3H); 13C NMR (175 

MHz, D2O): ŭ 168.5, 50.0, 47.8, 23.7, 18.4, 8.5. 

Preparation of (3S)-3-Hydroxylisoleucine (8) and (2S,3R)-3-ethyl-3-methylaziridine-2-

carboxylic acid (5) 

 

 

The substrate used to prepare 5 and 8, N-Boc-diol, was prepared following literature 

prepared following literature.67 

Benzyl (2S,3S)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-methylpentanoate (1.50 g, 

80 %) was prepared using the procedure described above, from 1.30 g of the N-Boc-diol. 1H NMR 

(700 MHz, CDCl3): ŭ 7.36-7.31 (m, 5H), 5.42 (d, J = 8.3 Hz, 1H, exchangeable N-H), 5.24 (d, J = 

12.2 Hz, 1H), 5.15 (d, J = 12.2 Hz, 1H), 4.29 (d, J = 8.3 Hz, 1H), 2.27 (broad s, 1H), 1.49-1.41 

(m, 11H), 1.15 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H); 13C NMR (175 MHz, CDCl3): ŭ 172.2, 155.8, 

135.2, 128.7, 128.6, 128.5, 80.2, 74.5, 67.2, 60.0, 32.6, 28.4, 22.5, 8.2. 

Following the procedure described above, (2S,3S)-1-(benzyloxy)-3-hydroxy-3-methyl-1-

oxopentan-2-aminium was prepared in quantitative yield as a TFA salt. 1H NMR (700 MHz, 

CDCl3): ŭ 7.35-7.30 (m, 5H), 5.22 (d, J = 12.0 Hz, 1H), 5.11 (d, J = 12.0 Hz, 1H), 4.05 (s, 1H), 

1.59-1.54 (m, 1H), 1.35 (s, 3H), 1.29-1.23 (m, 1H), 0.84 (t, J = 7.4 Hz, 3H); 13C NMR (175 MHz, 

CDCl3): ŭ 168.1, 134.2, 129.0, 128.8, 128.8, 72.8, 68.7, 61.7, 29.7, 23.9, 7.5. 
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Following the procedure used for the preparation of 14, (3S)-3-Hydroxylisoleucine (0.50 

mmol, 83 %) was prepared. 1H NMR (700 MHz, D2O): ŭ 3.96 (s, 1H), 1.66-1.57 (m, 2H), 1.36 (s, 

3H), 0.92 (t, J = 7.5 Hz, 3H); 13C NMR (175 MHz, D2O): ŭ 170.3, 72.2, 60.5, 31.7, 20.2, 6.6. 

 

Benzyl (2S,3S)-2-(((benzyloxy)carbonyl)amino)-3-hydroxy-3-methylpentanoate (0.90 g, 

78 %) was prepared from the substrate (~2.42 mmol) using the method described above. 1H NMR 

(700 MHz, CDCl3): ŭ 7.35-7.31 (m, 10H), 5.65 (d, J = 8.9 Hz, 1H, exchangeable N-H), 5.24 (d, J 

= 12.2 Hz, 1H), 5.16 (d, J = 12.2 Hz, 1H), 5.14-5.10 (m, 2H), 4.35 (d, J = 8.9 Hz, 1H), 1.48-1.40 

(m, 2H), 1.16 (s, 3H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR (175 MHz, CDCl3): ŭ 171.9, 156.4, 136.2, 

135.1, 128.8, 128.7, 128.7, 128.6, 128.4, 128.3, 74.5, 67.4, 67.4, 60.5, 32.6, 22.5, 8.1. 

Dibenzyl (2S,3R)-3-ethyl-3-methylaziridine-1,2-dicarboxylate (0.43 g, 50 %) was 

prepared as described above, from 0.90 g of the N-Cbz benzyl ester. 1H NMR (700 MHz, CDCl3): 

ŭ 7.36-7.32 (m, 10H), 5.22 (d, J = 12.3 Hz, 1H), 5.17 (d, J = 12.3 Hz, 1H), 5.15 (d, J = 12.1 Hz, 

1H), 5.12 (d, J = 12.1 Hz, 1H), 3.04 (s, 1H), 1.80-1.75 (m, 1H), 1.32 (s, 3H), 1.27-1.21 (m, 1H), 

0.99 (t, J = 7.5 Hz, 3H); 13C NMR (175 MHz, CDCl3): ŭ 167.7, 160.1, 135.7, 135.5, 128.7, 128.7, 

128.6, 128.6, 128.5, 128.5, 68.4, 67.3, 50.9, 44.9, 30.4, 15.9, 10.4. 

(2S,3R)-3-ethyl-3-methylaziridine-2-carboxylic acid (0.22 mmol, 54 %) was prepared in 

an analogous manner as of 4 from 0.14 g protected aziridine. 1H NMR (700 MHz, D2O): ŭ 3.58 (s, 
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1H), 1.78-1.75 (m, 2H), 1.47 (s, 3H), 1.08 (t, J = 7.5 Hz, 3H); 13C NMR (175 MHz, D2O): ŭ 168.6, 

50.2, 47.3, 28.8, 13.2, 8.5. 

Preparation of Trifluorovaline (15) 

 

Following the literature, 15 was prepared. The 1H-, 13C- and 19F-NMR spectra are consistent with 

those reported in literature.91 
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Table 2.1 The BLAST results of TqaL-pae with 55 % identity cutoff. Total of 302 hits are identified. Hits 

identified in the SSN and GNN approach are highlighted in yellow. 
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Table 2.1 (Continued) 

 

 

 

TqaL-pae GFF35396.1 62.048 166 63 0 51 216 17 182 4.86e-66   218 76.51 

TqaL-pae XP_046122205.1 61.905 294 112 0 70 363 32 325 9.43e-132 390 77.21 

TqaL-pae XP_023909612.1 61.628 344 124 2 15 358 28 363 4.13e-150 438 76.74 

TqaL-pae EMF06263.1 61.628 258 99 0 97 354 1 258 8.78e-109 330 76.74 

TqaL-pae AIA47086.1 61.628 258 99 0 97 354 1 258 1.20e-108 329 76.74 

TqaL-pae ANM79514.1 61.628 258 99 0 97 354 1 258 1.24e-108 329 76.74 

TqaL-pae ERH65630.1 61.628 258 99 0 97 354 1 258 1.88e-108 329 76.74 

TqaL-pae KFD14658.1 61.628 258 99 0 97 354 1 258 3.18e-108 328 76.36 

TqaL-pae XP_003349558.1 61.613 310 112 2 57 359 74 383 1.26e-135 402 77.74 

TqaL-pae RJE18183.1 61.607 112 43 0 248 359 1 112 1.04e-39   147 77.68 

TqaL-pae 7EEH_A         61.438 306 113 2 59 359 3 308 5.91e-131 387 75.49 

TqaL-pae WP_189397140.1 61.429 280 108 0 70 349 6 285 2.75e-121 363 77.86 

TqaL-pae WP_208877978.1 61.429 280 108 0 70 349 6 285 5.46e-121 362 77.50 

TqaL-pae AJT65132.3 61.348 282 109 0 68 349 4 285 7.84e-122 365 77.30 

TqaL-pae WP_244319077.1 61.348 282 109 0 68 349 48 329 1.88e-121 365 77.30 

TqaL-pae WP_243146438.1 61.290 248 96 0 104 351 1 248 4.45e-104 318 76.21 

TqaL-pae XP_036575515.1 61.165 309 120 0 50 358 81 389 3.51e-142 420 79.61 

TqaL-pae MBV9022750.1 61.111 180 70 0 97 276 1 180 1.16e-72   234 74.44 

TqaL-pae WP_219605408.1 61.111 72 28 0 208 279 1 72 2.59e-20   95.1 77.78 

TqaL-pae XP_030978852.1 61.062 339 130 1 23 359 37 375 8.21e-142 418 72.86 

TqaL-pae OPB41435.1 61.000 300 117 0 59 358 86 385 1.79e-135 402 78.00 

TqaL-pae XP_024771491.1 61.000 300 117 0 59 358 87 386 1.85e-135 402 78.00 

TqaL-pae KKP04812.1 61.000 300 117 0 59 358 85 384 5.03e-135 401 78.00 

TqaL-pae KAF3073242.1 61.000 300 117 0 59 358 84 383 3.42e-134 399 78.33 

TqaL-pae MBX9333984.1 60.853 258 101 0 97 354 1 258 4.45e-107 325 75.97 

TqaL-pae XP_046008825.1 60.797 301 118 0 59 359 2 302 4.32e-133 393 77.74 

TqaL-pae PGH12167.1 60.791 278 109 0 73 350 13 290 3.87e-119 357 75.54 

TqaL-pae KAH0524469.1 60.667 300 118 0 59 358 85 384 2.21e-133 397 78.00 

TqaL-pae WP_231399187.1 60.650 277 109 0 80 356 3 279 9.91e-116 348 74.01 

TqaL-pae RYO98793.1 60.390 308 122 0 51 358 56 363 2.25e-134 399 78.57 

TqaL-pae RFU76194.1 60.333 300 119 0 59 358 85 384 3.91e-134 399 78.33 

TqaL-pae XP_006967792.1 60.333 300 119 0 59 358 2 301 5.53e-134 395 77.33 

TqaL-pae XP_013951365.1 60.333 300 119 0 59 358 85 384 1.65e-133 397 77.67 

TqaL-pae UKZ55582.1 60.333 300 119 0 59 358 54 353 1.82e-133 396 77.67 

TqaL-pae PTB72775.1 60.333 300 119 0 59 358 86 385 2.26e-133 397 77.67 

TqaL-pae OTA03525.1 60.333 300 119 0 59 358 90 389 5.10e-133 396 77.33 

TqaL-pae PNP47107.1 60.333 300 119 0 59 358 86 385 2.84e-132 394 77.33 

TqaL-pae KAH6604340.1 60.333 300 119 0 59 358 85 384 1.87e-131 392 77.00 

TqaL-pae XP_001273796.1 60.333 300 119 0 59 358 23 322 7.06e-127 378 76.67 

TqaL-pae KAI6784867.1 60.333 300 119 0 59 358 94 393 5.72e-126 378 76.00 

TqaL-pae XP_046114218.1 60.333 300 119 0 59 358 94 393 1.94e-125 377 75.67 

TqaL-pae HCG5946891.1 60.317 126 50 0 148 273 8 133 1.21e-44   161 75.40 

TqaL-pae TLD08122.1 60.201 299 117 1 59 355 11 309 5.32e-128 380 75.59 

TqaL-pae XP_031900383.1 60.135 296 118 0 64 359 4 299 3.00e-126 375 75.00 

TqaL-pae KAF5858847.1 60.135 296 118 0 64 359 4 299 5.06e-126 375 75.00 

TqaL-pae XP_024745882.1 60.000 300 120 0 59 358 42 341 1.17e-133 396 77.67 

TqaL-pae KAH0495856.1 60.000 300 120 0 59 358 85 384 1.80e-133 397 77.33 

TqaL-pae UKZ81349.1 60.000 300 120 0 59 358 67 366 1.01e-132 394 77.33 

TqaL-pae XP_024756253.1 60.000 300 120 0 59 358 85 384 8.27e-132 393 77.00 

TqaL-pae KAH8126484.1 60.000 300 120 0 59 358 85 384 8.27e-132 393 77.00 

TqaL-pae GFP59522.1 60.000 300 120 0 59 358 85 384 8.55e-132 393 77.00 

TqaL-pae WP_180904287.1 60.000 145 58 0 212 356 1 145 3.21e-51   178 73.10 

TqaL-pae WP_263421183.1 59.925 267 107 0 97 363 1 267 9.32e-105 320 71.91 

TqaL-pae XP_040657438.1 59.816 326 127 1 37 358 62 387 7.17e-140 413 74.85 

TqaL-pae KAE8387685.1 59.797 296 119 0 64 359 4 299 4.30e-125 372 74.32 

TqaL-pae GIG63137.1 59.794 291 116 1 67 356 2 292 3.16e-118 355 73.20 

TqaL-pae KAF7592957.1 59.790 286 115 0 73 358 13 298 1.56e-120 361 76.22 

TqaL-pae TOJ57220.1 59.740 77 31 0 185 261 1 77 9.48e-22    99.4 75.32 

TqaL-pae WP_152265002.1 59.712 278 112 0 72 349 9 286 2.96e-112 340 73.38 

TqaL-pae XP_018657960.2 59.667 300 121 0 59 358 85 384 1.54e-131 392 77.67 

TqaL-pae TXH22331.1 59.551 267 108 0 97 363 1 267 1.01e-104 320 70.79 

TqaL-pae WP_219626669.1 59.494 79 32 0 208 286 1 79 2.39e-22   100 74.68 

TqaL-pae KAE8353032.1 59.441 286 116 0 73 358 13 298 1.45e-121 363 76.22 

TqaL-pae PNP38377.1 59.333 300 122 0 59 358 85 384 8.09e-131 390 77.67 
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TqaL-pae KAF3997264.1 59.289 253 103 0 97 349 1 253 1.26e-100 309 74.70 

TqaL-pae MVZ10064.1 59.259 216 88 0 139 354 1 216 7.12e-85   267 75.93 

TqaL-pae ASW04077.1 59.216 255 104 0 97 351 1 255 3.29e-100 308 73.33 

TqaL-pae KAF6834482.1 59.211 304 120 1 59 358 89 392 5.24e-131 391 76.64 

TqaL-pae WP_180803232.1 59.211 152 62 0 205 356 1 152 2.86e-53   184 72.37 

TqaL-pae WP_180800243.1 59.211 152 62 0 205 356 6 157 3.22e-53   184 72.37 

TqaL-pae XP_003011414.1 59.206 277 113 0 73 349 13 289 1.67e-117 353 76.53 

TqaL-pae EIZ0687573.1 59.116 181 74 0 148 328 8 188 5.16e-68   223 74.03 

TqaL-pae TOC01230.1 59.060 149 61 0 208 356 1 149 1.10e-52    182 73.15 

TqaL-pae WP_233473198.1 59.028 288 118 0 69 356 2 289 8.48e-118 353 73.26 

TqaL-pae XP_013945817.1 59.000 300 123 0 59 358 26 325 1.60e-129 385 76.33 

TqaL-pae UKZ71287.1 59.000 300 123 0 59 358 85 384 3.59e-129 386 76.33 

TqaL-pae WP_167324590.1 58.993 278 114 0 74 351 4 281 4.70e-115 347 76.62 

TqaL-pae WP_033635886.1 58.993 278 114 0 74 351 4 281 1.27e-114 345 76.26 

TqaL-pae MBH3073171.1 58.993 278 114 0 74 351 4 281 1.53e-114 345 76.26 

TqaL-pae MBN5403247.1 58.993 278 114 0 74 351 4 281 1.88e-114 345 76.26 

TqaL-pae WP_164039765.1 58.993 278 114 0 74 351 4 281 2.21e-114 345 76.26 

TqaL-pae WP_033645639.1 58.993 278 114 0 74 351 4 281 2.58e-114 345 76.26 

TqaL-pae WP_015379003.1 58.993 278 114 0 74 351 4 281 4.30e-114 344 76.26 

TqaL-pae WP_099982744.1 58.993 278 114 0 74 351 4 281 4.64e-114 344 76.26 

TqaL-pae WP_031300630.1 58.993 278 114 0 74 351 4 281 5.06e-114 344 76.26 

TqaL-pae WP_154871774.1 58.993 278 114 0 74 351 4 281 5.45e-114 344 76.26 

TqaL-pae WP_261441138.1 58.993 278 114 0 74 351 4 281 5.90e-114 344 76.26 

TqaL-pae WP_033632129.1 58.993 278 114 0 74 351 4 281 7.24e-114 343 76.26 

TqaL-pae HAT4516824.1 58.993 278 114 0 74 351 4 281 7.42e-114 343 76.26 

TqaL-pae MBH2774767.1 58.993 278 114 0 74 351 4 281 7.56e-114 343 76.26 

TqaL-pae WP_060434957.1 58.993 278 114 0 74 351 4 281 1.14e-113 343 75.90 

TqaL-pae HAT3716119.1 58.993 278 114 0 74 351 4 281 1.20e-113 343 75.90 

TqaL-pae WP_166445391.1 58.993 278 114 0 74 351 4 281 1.41e-113 343 75.90 

TqaL-pae WP_028127702.1 58.993 278 114 0 74 351 4 281 1.43e-113 343 75.90 

TqaL-pae WP_206196295.1 58.993 278 114 0 74 351 4 281 2.60e-113 342 75.54 

TqaL-pae WP_229849115.1 58.993 278 110 1 72 349 8 281 1.19e-112 340 73.38 

TqaL-pae PHY64526.1 58.974 39 16 0 316 354 31 69 0.004                47.8 66.67 

TqaL-pae RZA47150.1 58.974 39 16 0 316 354 26 64 0.004                47.4 66.67 

TqaL-pae RJT94868.1 58.974 39 16 0 316 354 26 64 0.004                47.4 66.67 

TqaL-pae RTF45738.1 58.974 39 16 0 316 354 31 69 0.004                     47.8 66.67 

TqaL-pae KAF6795320.1 58.882 304 121 1 59 358 91 394 1.41e-130 390 76.97 

TqaL-pae WP_037956671.1 58.865 282 115 1 71 351 4 285 3.54e-114 345 75.18 

TqaL-pae KAF6831713.1 58.824 306 122 1 57 358 84 389 1.83e-130 390 76.47 

TqaL-pae WP_208869250.1 58.719 281 116 0 69 349 5 285 2.72e-114 345 74.38 

TqaL-pae GBF61834.1 58.657 283 117 0 73 355 13 295 2.29e-118 355 75.97 

TqaL-pae KAF3896074.1 58.657 283 117 0 73 355 13 295 3.47e-118 355 75.97 

TqaL-pae MBH2670075.1 58.633 278 115 0 74 351 4 281 5.06e-114 344 76.26 

TqaL-pae HAT4919247.1 58.633 278 115 0 74 351 4 281 5.29e-114 344 76.26 

TqaL-pae WP_025304191.1 58.633 278 115 0 74 351 4 281 2.02e-113 342 75.90 

TqaL-pae MBH3104841.1 58.633 278 115 0 74 351 4 281 2.66e-113 342 75.90 

TqaL-pae MBH2594366.1 58.633 278 115 0 74 351 4 281 2.78e-113 342 75.90 

TqaL-pae MBN5181272.1 58.633 278 115 0 74 351 4 281 3.73e-113 342 75.54 

TqaL-pae WP_063917991.1 58.633 278 115 0 74 351 4 281 5.83e-113 341 76.26 

TqaL-pae WP_211130100.1 58.633 278 115 0 74 351 4 281 9.52e-113 341 76.26 

TqaL-pae WP_198636984.1 58.633 278 115 0 74 351 4 281 1.04e-112 340 76.26 

TqaL-pae WP_198809235.1 58.633 278 115 0 74 351 4 281 2.11e-112 340 75.18 

TqaL-pae WP_019455603.1 58.633 278 115 0 74 351 4 281 2.18e-112 340 76.26 

TqaL-pae WP_261138980.1 58.555 263 109 0 97 359 1 263 7.91e-106 322 76.43 

TqaL-pae WP_261253211.1 58.555 263 109 0 97 359 1 263 1.24e-105 322 76.43 

TqaL-pae WP_182473256.1 58.511 282 116 1 71 351 4 285 5.18e-114 344 74.82 

TqaL-pae WP_205409834.1 58.462 130 54 0 148 277 8 137 3.37e-45   162 74.62 

TqaL-pae NMV21827.1 58.333 84 35 0 237 320 1 84 1.08e-21   99.4 71.43 

TqaL-pae WP_180820182.1 58.333 72 30 0 274 345 1 72 2.66e-18   89.7 72.22 

TqaL-pae KDB27156.1 58.304 283 118 0 73 355 13 295 5.36e-118 354 75.97 

TqaL-pae EZF33249.1 58.304 283 118 0 73 355 13 295 5.48e-118 354 75.97 

TqaL-pae XP_003020913.1 58.304 283 118 0 73 355 13 295 7.86e-118 354 75.62 

TqaL-pae WP_199757936.1 58.304 283 118 0 74 356 1 283 5.73e-113 341 73.50 

TqaL-pae HAV2138231.1 58.273 278 116 0 74 351 4 281 1.21e-112 340 75.54 
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TqaL-pae WP_049199316.1 58.273 278 116 0 74 351 4 281 1.52e-112 340 75.18 

TqaL-pae WP_123892588.1 58.273 278 116 0 74 351 4 281 1.83e-112 340 75.90 

TqaL-pae WP_038871106.1 58.273 278 116 0 74 351 4 281 1.85e-112 340 75.54 

TqaL-pae WP_149559812.1 58.273 278 116 0 74 351 4 281 2.23e-112 340 75.54 

TqaL-pae WP_107227950.1 58.273 278 116 0 74 351 4 281 2.99e-112 339 75.54 

TqaL-pae WP_241173993.1 58.273 278 116 0 74 351 4 281 3.60e-112 339 75.54 

TqaL-pae WP_126180309.1 58.273 278 116 0 74 351 4 281 3.64e-112 339 75.54 

TqaL-pae WP_064290733.1 58.273 278 116 0 74 351 4 281 3.72e-112 339 75.18 

TqaL-pae WP_049273779.1 58.273 278 116 0 74 351 4 281 5.75e-112 338 75.18 

TqaL-pae WP_240023537.1 58.273 278 116 0 74 351 4 281 1.35e-111 338 75.18 

TqaL-pae WP_261112132.1 58.175 263 110 0 97 359 1 263 2.25e-105 321 76.43 

TqaL-pae MBE4367678.1 58.036 224 94 0 126 349 2 225 1.25e-86   272 72.77 

TqaL-pae EGD97959.1 57.951 283 119 0 73 355 13 295 7.12e-117 351 75.62 

TqaL-pae WP_030283620.1 57.951 283 118 1 68 349 4 286 1.35e-109 333 72.08 

TqaL-pae WP_185940928.1 57.931 290 122 0 72 361 9 298 2.39e-113 343 71.72 

TqaL-pae WP_221902574.1 57.931 290 122 0 72 361 24 313 5.49e-113 343 71.72 

TqaL-pae MBH2961974.1 57.914 278 117 0 74 351 4 281 2.62e-112 340 75.54 

TqaL-pae WP_100396859.1 57.914 278 117 0 74 351 4 281 2.77e-112 340 75.54 

TqaL-pae WP_147840291.1 57.914 278 117 0 74 351 4 281 4.58e-112 339 75.54 

TqaL-pae MBN5321610.1 57.914 278 117 0 74 351 4 281 2.04e-111 337 75.54 

TqaL-pae MBH2874301.1 57.914 278 117 0 74 351 4 281 4.28e-111 337 75.18 

TqaL-pae HBK4794294.1 57.914 278 117 0 74 351 4 281 4.52e-111 337 75.18 

TqaL-pae XP_018148093.1 57.895 304 128 0 59 362 75 378 1.36e-127 382 76.32 

TqaL-pae EJB1786552.1 57.895 209 88 0 148 356 8 216 2.84e-78   250 72.25 

TqaL-pae EJG1206508.1 57.895 209 88 0 148 356 8 216 3.52e-78   250 72.25 

TqaL-pae RYP23429.1 57.878 311 128 1 51 358 18 328 8.89e-129 383 75.88 

TqaL-pae MBZ4322542.1 57.877 292 123 0 72 363 9 300 1.41e-112 341 70.89 

TqaL-pae WP_125757228.1 57.801 282 118 1 71 351 4 285 9.63e-113 341 74.11 

TqaL-pae WP_059147513.1 57.801 282 118 1 71 351 4 285 1.49e-112 340 74.11 

TqaL-pae XP_022405081.1 57.778 90 38 0 248 337 1 90 2.21e-26   112 75.56 

TqaL-pae WP_202965898.1 57.721 272 115 0 80 351 1 272 9.65e-99   305 71.69 

TqaL-pae RYP07245.1 57.706 279 118 0 79 357 2 280 1.22e-115 348 76.70 

TqaL-pae KAF4311764.1 57.692 364 148 4 1 358 1 364 1.90e-148 434 75.00 

TqaL-pae KAF7503219.1 57.667 300 127 0 59 358 68 367 3.91e-121 365 75.00 

TqaL-pae WP_180920527.1 57.627 177 75 0 180 356 2 178 1.63e-64   214 72.88 

TqaL-pae WP_212159544.1 57.455 275 117 0 77 351 10 284 7.25e-106 323 72.00 

TqaL-pae WP_020865108.1 57.447 282 120 0 70 351 4 285 2.04e-112 340 73.76 

TqaL-pae WP_228750869.1 57.426 202 86 0 127 328 1 202 1.20e-76   246 73.27 

TqaL-pae WP_229652627.1 57.416 209 89 0 148 356 8 216 8.40e-78   249 72.25 

TqaL-pae EJG2369852.1 57.416 209 89 0 148 356 8 216 9.99e-78   249 72.25 

TqaL-pae WP_203506675.1 57.416 209 89 0 148 356 8 216 1.21e-77   248 72.25 

TqaL-pae WP_229651684.1 57.416 209 89 0 148 356 8 216 1.65e-77   248 72.25 

TqaL-pae HCG8562287.1 57.416 209 89 0 148 356 8 216 2.38e-77   248 71.77 

TqaL-pae HBC3951700.1 57.416 209 89 0 148 356 8 216 2.96e-77   248 72.25 

TqaL-pae HCG8160596.1 57.416 209 89 0 148 356 8 216 3.30e-77   248 72.25 

TqaL-pae GDY52031.1 57.343 286 122 0 66 351 5 290 5.51e-114 344 73.78 

TqaL-pae PHH63371.1 57.329 307 129 1 54 358 69 375 9.12e-126 377 74.59 

TqaL-pae WP_004940967.1 57.288 295 126 0 72 366 9 303 2.00e-112 341 71.19 

TqaL-pae WP_126642499.1 57.252 262 112 0 97 358 1 262 9.57e-103 315 71.37 

TqaL-pae ATL87959.1 57.252 262 112 0 101 362 1 262 1.75e-101 311 72.90 

TqaL-pae XP_007291026.1 57.040 277 119 0 74 350 26 302 6.03e-106 325 71.48 

TqaL-pae TOP65437.1 56.977 172 74 0 185 356 1 172 7.86e-61   204 72.09 

TqaL-pae HCG5557459.1 56.938 209 90 0 148 356 8 216 1.76e-77   248 72.73 

TqaL-pae WP_237458891.1 56.938 209 90 0 148 356 8 216 4.14e-77   247 72.25 

TqaL-pae EJG0661895.1 56.938 209 90 0 148 356 8 216 4.93e-77   247 72.25 

TqaL-pae EIE1194261.1 56.938 209 90 0 148 356 8 216 7.05e-77   246 71.77 

TqaL-pae WP_198421119.1 56.938 209 90 0 148 356 8 216 7.61e-77   246 71.77 

TqaL-pae WP_228841983.1 56.938 209 90 0 148 356 8 216 7.61e-77   246 71.77 

TqaL-pae HCE3380728.1 56.938 209 90 0 148 356 8 216 1.56e-76       246 71.77 

TqaL-pae EHR7162698.1 56.938 209 90 0 148 356 8 216 1.57e-76                 246 71.77 

TqaL-pae EIA1553938.1 56.938 209 90 0 148 356 8 216 1.68e-76           246 71.77 

TqaL-pae HCG7374491.1 56.938 209 90 0 148 356 8 216 2.68e-76                 245 71.77 

TqaL-pae HCE3705446.1 56.938 209 90 0 148 356 8 216 3.26e-76                 245 71.77 

TqaL-pae WP_229651851.1 56.938 209 90 0 148 356 8 216 5.98e-76                 244 71.77 
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TqaL-pae OAL72048.1 56.890 283 122 0 73 355 13 295 6.16e-115 347 75.62 

TqaL-pae XP_003232323.1 56.890 283 122 0 73 355 13 295 6.58e-115 346 75.27 

TqaL-pae XP_002844471.1 56.890 283 122 0 73 355 13 295 2.30e-112 340 74.20 

TqaL-pae ALG54064.1 56.790 81 35 0 248 328 1 81 6.06e-20                 95.1 71.60 

TqaL-pae MYU12419.1 56.767 266 115 0 97 362 1 266 4.87e-102 313 72.56 

TqaL-pae EGQ7960102.1 56.710 231 100 0 126 356 2 232 2.90e-87                 274 71.86 

TqaL-pae EGR2184820.1 56.710 231 100 0 126 356 11 241 5.15e-87                 273 71.86 

TqaL-pae WP_209216756.1 56.475 278 121 0 72 349 10 287 6.79e-108 329 73.74 

TqaL-pae HCG7124732.1 56.459 209 91 0 148 356 8 216 3.15e-75                242 71.29 

TqaL-pae WP_180801665.1 56.410 195 85 0 162 356 1 195 1.25e-69                227 71.79 

TqaL-pae HAU5713783.1 56.410 39 17 0 316 354 26 64 0.031                45.1 64.10 

TqaL-pae AVE51580.1 56.410 39 17 0 316 354 26 64 0.035                45.1 64.10 

TqaL-pae PYA01359.1 56.410 39 17 0 316 354 26 64 0.036                44.7 64.10 

TqaL-pae POX27565.1 56.410 39 17 0 316 354 26 64 0.037                44.7 64.10 

TqaL-pae NDJ04149.1 56.410 39 17 0 316 354 31 69 0.039                45.1 64.10 

TqaL-pae KAF8862982.1 56.401 289 121 2 71 354 10 298 8.88e-109 331 73.01 

TqaL-pae WP_180795323.1 56.373 204 89 0 153 356 1 204 6.96e-74                 238 71.57 

TqaL-pae WP_262795766.1 56.291 151 62 1 208 358 1 147 1.84e-53                 184 76.82 

TqaL-pae WP_180913234.1 56.250 192 84 0 165 356 1 192 2.99e-68                 224 71.88 

TqaL-pae POC80874.1 56.250 112 49 0 165 276 1 112 1.55e-37                 142 79.46 

TqaL-pae KAI9148328.1 56.113 319 131 2 49 358 56 374 4.22e-120 363 72.41 

TqaL-pae NNG83353.1 56.107 262 115 0 97 358 1 262 2.38e-100 308 72.90 

TqaL-pae WP_254911716.1 56.087 230 101 0 127 356 1 230 3.27e-86                 271 71.74 

TqaL-pae WP_228218803.1 56.087 230 101 0 127 356 1 230 7.81e-86                 270 71.30 

TqaL-pae ROO50771.1 55.960 302 133 0 55 356 7 308 4.28e-114 345 71.52 

TqaL-pae XP_047841866.1 55.932 236 104 0 127 362 1 236 2.81e-87                 274 72.46 

TqaL-pae MBK0032627.1 55.844 77 34 0 97 173 1 77 6.30e-18                 90.5 72.73 

TqaL-pae VUC35865.1 55.667 300 133 0 59 358 81 380 1.46e-117 356 72.00 

TqaL-pae WP_256856995.1 55.652 230 102 0 127 356 1 230 1.84e-85                 269 71.74 

TqaL-pae WP_257980082.1 55.652 230 102 0 127 356 1 230 6.73e-85                 268 71.30 

TqaL-pae WP_143620970.1 55.596 277 123 0 73 349 9 285 4.07e-108 329 74.01 

TqaL-pae KAI1247302.1 55.596 277 123 0 74 350 4 280 9.78e-102 313 70.04 

TqaL-pae EMR64670.1 55.596 277 123 0 74 350 15 291 1.30e-101 313 70.04 

TqaL-pae KAE8150322.1 55.593 295 131 0 64 358 4 298 3.24e-115 347 73.22 

TqaL-pae WP_261153455.1 55.556 288 128 0 72 359 2 289 8.90e-112 338 75.00 

TqaL-pae WP_234586184.1 55.556 288 128 0 72 359 2 289 4.42e-111 337 75.00 

TqaL-pae WP_261146457.1 55.556 288 128 0 72 359 2 289 5.04e-111 336 75.00 

TqaL-pae WP_095099154.1 55.556 288 128 0 72 359 2 289 6.69e-111 336 74.65 

TqaL-pae CAI1070540.1 55.556 288 128 0 72 359 2 289 7.46e-111 336 75.00 

TqaL-pae WP_252960954.1 55.556 288 128 0 72 359 2 289 8.05e-111 336 74.65 

TqaL-pae WP_214659832.1 55.556 288 128 0 75 362 8 295 4.36e-110 334 71.88 

TqaL-pae KAF2641914.1 55.516 281 125 0 70 350 10 290 1.61e-103 318 69.75 

TqaL-pae WP_245695464.1 55.357 280 125 0 73 352 73 352 1.50e-104 323 72.86 

TqaL-pae CAH0027879.1 55.333 300 134 0 59 358 81 380 5.41e-117 355 72.33 

TqaL-pae WP_201190211.1 55.311 273 122 0 77 349 12 284 1.51e-101 312 74.36 

TqaL-pae WP_030843933.1 55.282 284 127 0 75 358 8 291 1.04e-107 328 71.83 

TqaL-pae WP_257879936.1 55.217 230 103 0 127 356 1 230 5.60e-84                 265 70.87 

TqaL-pae WP_012146654.1 55.208 288 129 0 72 359 2 289 4.06e-112 339 75.69 

TqaL-pae WP_153859163.1 55.208 288 129 0 72 359 2 289 1.45e-111 338 75.35 

TqaL-pae WP_261421095.1 55.208 288 129 0 72 359 2 289 1.52e-111 338 75.00 

TqaL-pae WP_261465935.1 55.208 288 129 0 72 359 2 289 1.36e-110 335 75.00 

TqaL-pae WP_061800750.1 55.208 288 129 0 72 359 2 289 3.70e-110 334 74.65 

TqaL-pae WP_197710378.1 55.208 288 129 0 75 362 8 295 1.07e-108 331 71.53 

TqaL-pae WP_257636012.1 55.208 288 129 0 75 362 8 295 1.09e-108 331 71.53 

TqaL-pae WP_069875302.1 55.208 288 129 0 75 362 8 295 1.32e-108 330 71.53 

TqaL-pae EGR2056014.1 55.144 243 109 0 114 356 1 243 8.77e-91                 283 72.02 

TqaL-pae KAI6782259.1 55.132 341 145 2 32 364 32 372 2.91e-130 388 71.55 

TqaL-pae MBV9022751.1 55.128 78 35 0 282 359 3 80 3.58e-17                 87.0         69.23 

TqaL-pae MCJ1355768.1 55.068 296 132 1 72 367 11 305 1.35e-106 325 70.95 
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Chapter 3 

Identification and Mechanistic Studies of Non-heme Iron Enzyme Catalyzed 

Cyclopropanation 
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3.1 Introduction 

Using metalloenzymes to enable synthetically challenging reactions via unactivated sp3 C-

H bond activation bridges the chemical and biological methods and has been deployed in the 

preparation of several natural products including colchicine, kainic acid and 

deoxypodophyllotoxin.92-96 By using a potent Fe(IV)-oxo (ferryl) intermediate as the reactive 

species, Fe/2OG enzymes catalyze diverse reactions including hydroxylation, desaturation, 

halogenation, epoxidation, cyclization, endoperoxide formation, and stereo-inversion.61, 97, 98 In 

hydroxylation and chlorination, a ferryl intermediate generated at expense of O2 and 2OG triggers 

regio- and stereo-specific C-H bond activation, in which the resulting substrate radical interacts 

with the Fe(III)-OH or Fe(III)-Cl (OH) species to furnish C-O or C-Cl bond and regenerates 

Fe(II).62, 82, 99 On the other hand, the radical or the subsequent cation can be captured by a 

preinstalled C=C bond of the substrate to enable cyclization and chain elongation.22, 23, 100, 101 These 

emerging precedents of new reactions presage novel reactivity for this enzyme family. As such, 

developing new strategies to search for novel reactivities, e.g. C-C forming reactions, could help 

explore catalytic diversity of Fe/2OG enzymes and expand their potentials for biocatalytic 

applications. 
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Figure 3.1 a) Heme oxygenase-like dinuclear iron enzymes (HrmI/BelK) and mononuclear iron enzymes 

(HrmJ/BelL) catalyze sequential nitration (L-Lys Ą 16) and cyclopropanation (16 Ą 17 and 18) in the 

biosynthesis of hormaomycins and belactosin A; b) Four HrmJ homologues, HrmJ-ssc, HrmJ-ss3, HrmJ-

rsc and HrmJ-sr, are identified through bioinformatic analysis wherein HrmJ-ssc, HrmJ-ss3 and HrmJ-rsc 

catalyze 19 formation, while HrmJ-sr enables 20 formation. 

Recently, two Fe/2OG enzymes, HrmJ and BelL, are found to catalyze cyclopropanation 

in which 6-nitro-L-norleucine (16) is converted into (1ᾳR, 2ᾳR)- and (1ᾳS, 2ᾳS)-3-(trans-2-

nitrocyclopropyl)-L-alanine (17 and 18) in the production of hormaomycins and belactosin A, 

respectively (Figure 3.1a).102, 103 Notably, two consecutive genes, i.e., hrmI/hrmJ and belK/belL, 

are present in the biosynthetic gene clusters of hormaomycin (hrm) and belactosin (bel). HrmI and 

BelK belong to heme oxygenase-like dinuclear iron (HO-diiron) enzymes and catalyze oxidation 

of e-NH2 of L-lysine (Lys) to 16. The downstream HrmJ and BelL enable cyclopropanation to 

afford 17 and 18, respectively. While these pioneer studies revealed that nature has evolved a 

strategy to utilize HO-diiron-Fe/2OG enzyme pair for effective cyclopropanation, whether this 
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strategy is deployed in other unidentified natural products and how Fe/2OG enzymes catalyze 

cyclopropanation are largely unknown. In comparison with other enzymatic cyclopropanations 

using S-adenosylmethionine, pyridoxal 5ᾳ-phosphate, heme, or flavin adenine dinucleotide as a 

cofactor (Figure 3.2),104-106 Fe/2OG enzymes deploy different, yet uncharacterized oxidative C-C 

bond formation strategy to enable cyclopropanation. Additionally, because the majority of Fe/2OG 

enzymes share common structural scaffold,36, 60-62 it remains a challenging task to use canonical 

methods, e.g. sequence similarity and structure predictor, to annotate enzymes with targeted 

reactivity. 

 

Figure 3.2 Examples of enzymatic cyclopropanation that utilizing different cofactors: a) S-

adenosylmethionine, b) flavin adenine dinucleotide, c) pyridoxal 5ᾳ-phosphate and d) heme. 
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3.2 Identification of cyclopropanases 

 We, Abe and Kaysser recently discovered HrmI and BelK catalyzed oxidation of e-NH2 of 

L-Lys, in which 16 is converted to 17 and 18 by HrmJ and BelL through intramolecular C-C bond 

formation.102, 103 While more than thousands of Fe/2OG enzymes have been identified to date,107 

it remains challenging to access the function of Fe/2OG enzymes from the corresponding DNA or 

protein sequences.36 In the Protein BLAST search using HrmJ as the query, ~ 1,000 potential HrmJ 

homologues are identified at 30% or higher sequence identity.90, 108 Because HO-diiron and 

Fe/2OG enzyme genes, i.e., hrmI/hrmJ and belK/belL, are present in the biosynthetic gene clusters 

of hrm and bel in tandem, we hypothesized that the nitration-cyclopropanation pathway may 

represent a general strategy for cyclopropane-containing natural products formation. Thus, an HO-

diiron-Fe/2OG enzyme pair may be used to search for new biosynthetic pathways of 

uncharacterized molecules that contain cyclopropyl groups. We use the sequence similarity 

network (SSN) to identify 32 clusters with total of 919 potential hrmI homologues from the 

UniProt database (Figure 3.3, alignment score threshold of 91; hits with over ~60 % identity are 

connected with edge).57, 58, 109 Next, we applied the genome neighboring tool (GNT) to look for 

gene clusters that contain hrmJ homologues wherein 96 potential biosynthetic gene clusters that 

include hrmI/hrmJ-like gene pair are identified. Alternatively, in the SSN analysis using hrmJ, 56 

clusters with 915 potential hrmJ homologues are identified wherein the GNT analysis reveals 92 

clusters contain potential hrmI (Appendix 28, alignment score threshold of 87; hits with over ~60 % 

identity are connected with edge). We hypothesize these uncharacterized HO-diiron-Fe/2OG 

enzyme pairs may catalyze non-canonical cyclopropane formation to produce novel natural 

products. In our SSN search of hrmI homologues, the HO-diiron-Fe/2OG enzyme pairs are mainly 

distributed in 2 clusters (clusters 4 and 5, respectively). In cluster 5, the annotated gene clusters 
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share similar neighboring gene composition to the hrm or bel. For example, hrmO/hrmP (multi-

domain nonribosomal peptide synthetases) or belN (molybdenum-dependent oxidoreductase) are 

commonly found in cluster 5. On the other hand, majority of the members in cluster 4 do not 

contain these neighboring genes. Therefore, these potential gene clusters in cluster 4 might be 

associated with uncharacterized cyclopropane-containing molecules production. To validate this 

in silico approach in identifying potential Fe/2OG enzymes with targeted function, I 

heterologously expressed and purified two annotated Fe/2OG enzymes, HrmJ-ssc and HrmJ-sr, 

originated from Streptomyces sp. CFMR 7 and Streptomyces rimosus, respectively with the 

corresponding HO-diiron-enzymes, HrmI-sr and HrmI-ssc, locate in the cluster 4 (Figure 3.3). 
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Figure 3.3 The sequence similarity network of HrmI. Hits that contain hrmJ homolog as genome neighbor 

are highlighted in dark gray. HrmI and BelK located in cluster 5 (highlighted in orange) are involved in 

hormaomycins and belactosin A biosynthesis. As for the four Fe/2OG enzymes characterized in this study, 

HrmJ-ssc, HrmJ-ss3, HrmJ-rsc and HrmJ-sr, their corresponding HDO enzymes HrmI-ssc, HrmJ-ss3, 

HrmJ-rsc and HrmI-sr (highlighted in red and green) are located in clusters 4 and 21. 
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3.3 Reconstitute enzyme reactivity in vitro 

Following incubation of HrmJ-ssc and HrmJ-sr with 2OG and O2, consumption of 1 with 

concomitant formation of peaks with m/z values of -2 and +16, were detected by LC-MS. To 

elucidate the structure of products, we carried out in vitro 13C-NMR assays using [6-13C]-16. The 

product ([6-13C]-19) derived from the HrmJ-ssc catalyzed reactions has a chemical shift (d) of 56.5 

ppm which likely arises from the installation of a cyclopropane ring. The 13C signal of [6-13C]-19 

is slightly different from those of [6-13C]-17 and [6-13C]-18 generated by HrmJ and BelL (56.7 and 

56.8 ppm, BelL product not shown) (Figure 3.4a), implying the potential difference in the 

stereochemistry of the cyclopropane ring. To conform the 13C-NMR result, I used Marfeyôs reagent 

(FDAA) to derivatize the reaction products (Figure 3.4b).110 As revealed in Figure 3.4c, products 

originated from HrmJ, HrmJ-ssc and BelL have different elution times from a C-18 column which 

also indicate different stereogenic centers in 17, 18 and 19. To establish the structure of the 

products, I carried out a large-scale enzymatic reaction. The structure of the dansylated product 

(Dan-19) solved by X-ray crystallography reveals that the newly formed stereogenic centers are 

(1ᾳS, 2ᾳR), which are different from (1ᾳR, 2ᾳR) and (1ᾳS, 2ᾳS) produced by HrmJ and BelL, 

respectively (Figures 3.4d).102, 103, 111 

The product ([6-13C]-20) of HrmJ-sr has a chemical shift of 56.4 ppm. This chemical shift 

again falls into the range of cyclopropyl carbon, and the minor chemical shift difference with the 

HrmJ, BelL and HrmJ-ssc products indicate that 20 may complement the last missing 

stereoselectivity of 2-nitrocyclopropyl-L-alanine construction. Additionally, LC-MS analysis of 

the HrmJ-sr enzymatic reaction followed by FDAA derivatization revealed a m-2 peak with 

different retention time from those of 17, 18 and 19. These evidences suggest that 20 likely possess 

a (1ᾳR, 2ᾳS) stereochemistry. Moreover, our collaborators in the Abe lab at University of Tokyo 
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(Japan) conducted large scale enzymatic reaction and characterized the structure of 20 as (1ᾳR, 

2ᾳS)-2-nitrocyclopropyl-L-alanine. Thus, HrmJ-ssc and HrmJ-sr represent new cyclopropanases 

that catalyze stereo-divergent cyclopropanation. 

 

Figure 3.4 a) 13C-NMR spectra of HrmJ, HrmJ-ssc and HrmJ-sr catalyzed reactions using [6-13C]-16 as the 

substrate; b) FDAA derivatization and dansylation are used to elucidate the structure of 19 and 20; c) LC-

MS analysis of HrmJ, BelL, HrmJ-ssc and HrmJ-sr catalyzed reaction products after FDAA derivatization 

detected at m/z value of 427.1; d) The crystal structure of dansyl-derivatized HrmJ-ssc product 19. 

To further test the generality of our strategy, we set to examine the reactivity of other 

potential HrmJ homologues. Two additional annotated Fe/2OG enzymes, HrmJ-ss3 and HrmJ-rsc 

which originate from Streptomyces sp. 3214.6 and Rhodococcus sp. Chr-9, were investigated. In 

vitro 13C-NMR assays using [6-13C]-16 revealed that both enzymes can catalyze cyclopropanation 

of 16 to yield 19 (Figure 3.5). Notably, hrm-ss3 gene cluster is also located in cluster 4 while hrm-

rsc gene cluster is identified in cluster 21 which possesses a very different gene composition as 

hrm-ssc and hrm-ss3 (Figure 3.3 and Appendix 29). 
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Figure 3.5 13C NMR spectra of HrmJ-ss3, HrmJ-rsc, HrmJ-ssc and HrmJ-sr catalyzed reactions using [6-

13C]-16 as the substrate. The results suggest that HrmJ-ss3 and HrmJ-rsc have similar reactivity as HrmJ-

ssc, they both can catalyze the cyclopropanation of 16 to yield 19. 
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3.4 An Fe(IV)-oxo species initiates cyclopropanation by C4-proS-H cleavage 

Due to different stereocenters installed during cyclopropane formation, the reaction 

account for 17-20 may involve stereo-selective hydroxylation followed by C-C bond formation 

concomitant with hydroxyl group removal. In addition, observation of hydroxylation in the HrmJ 

catalyzed reaction also implies this reaction possibility. Next, we synthesized (3S,4S)-[3,4-2H2]-16 

to reveal possible reaction pathways (synthesized by Dr. Xiaojun Li, postdoc in the Chang lab). 

After incubating (3S,4S)-[3,4-2H2]-16 with enzymes in the presence of 2OG and O2, HrmJ, BelL, 

HrmJ-ssc and HrmJ-sr produce major products with an m/z value of +1 (176.1) to the native 

products (17-20, m/z value of 175.1) (Figure 3.6). This observation is consistent with the result 

reported previously using a mixture of substrates (4S-[4-2H]-16 and (4S,5R)-[4,5-2H2]-16) in the 

HrmJ and BelL catalyzed reactions. These results support that all reactions include a step involving 

C4-proS-H removal in 17-20 formation and disfavors pathway that involves stereo-selective C-H 

cleavage. Combined with the productsô structures elucidated by NMR, FDAA-derivatization, and 

X-ray crystallography (Figure 3.5), these observations reveal that the stereochemistry of C2ᾳ in 17 

(by HrmJ) and 19 (by HrmJ-ssc) is retained. In contrast, an inversion of configuration at C2ᾳ takes 

place in 18 (by BelL) and 20 (by HrmJ-sr). Additionally, the C1ᾳ has R, S, S and R chirality in 17, 

18, 19 and 20, respectively. These results weigh against the pathway involving C4-hydroxylation 

as the reaction intermediate. Formation of a C-C bond via a hydroxyl group departure most likely 

undergoes a substitution mechanism. In this instance, following C4-proS-H activation, the chirality 

at C2ᾳ should remain the same in all cyclopropanation products (i.e., 17-20).  
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Figure 3.6 LC-MS analysis of the enzymatic reactions with (3S,4S)-[3,4-2H2]-16. Compared with 17-20 

(m/z = 175.1), major products derived from (3S,4S)-[3,4-2H2]-16 in the HrmJ, BelL, HrmJ-ssc and HrmJ-sr 

catalyzed reactions have an m/z value increase of +1 (175.1 Ÿ 176.1). 

To reveal plausible reaction mechanism of cyclopropanation, we also identified that an 

Fe(IV)-oxo intermediate serves as the reactive species to trigger C4-H activation via stopped-flow 

optical absorption (SF-Abs) spectroscopy and Mºssbauer spectroscopy. As shown in Figure 3.7, 

rapid mixing of the HrmJ-sscÅFe(II)Å2OGÅ16 quaternary complex with O2 saturated buffer (pH 7.6) 

results in a rapid depletion of an optical feature centered ~ 520 nm, which is the typical metal-to-

ligand-charge-transfer (MLCT) band of Fe(II)-2OG moiety in the ferrous quaternary complex of 

Fe/2OG enzymes.112, 113 Its rapid depletion suggests the facile reaction between the ferrous 

quaternary complex with O2. Concomitantly, a rapid formation of another optical feature in the 

near UV region is also observed, which accumulated to a maximum at ~ 0.1 s and completely 

decayed after ~ 1 s. When using [4,4-2H2]-16 as the substrate, this optical feature exhibits a similar 

formation kinetics, but with a much higher accumulation level and a slower decay rate. The 
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substantial decay is only observed after ~ 30 s. Therefore, this species is likely originated from a 

ferryl intermediate and the difference in the presence of 16 and [4,4-2H2]-16 may reflect the large 

H/D kinetic isotope effect (KIE). Next, we collaborated with Dr. Guoôs group at Carnegie Mellon 

University and carried out freeze-quench coupled Mºssbauer analysis to test this hypothesis. When 

16 is used, a transient Mºssbauer species with parameters typical of a ferryl intermediate (isomer 

shift of 0.27 mm/s and quadrupole splitting of 0.80 mm/s) is observed,72, 114, 115 wherein it 

accumulates to a maximum (~20% of the total iron in the sample) at 0.1 s. It is fully decayed after 

1 s. Differently, this ferryl intermediate accumulates to a larger extent (~ 60%) and is fully decayed 

after 30 s in the presence of [4,4-2H2]-16. The kinetics of the ferryl intermediate observed in 

Mºssbauer are fully consistent with the transient near-UV optical species observed in the SF-Abs 

experiments, revealing the reaction involves an Fe(IV)-oxo catalyzed C4-H bond activation. 

Additionally, a highly similar optical feature in the near UV region is also detected in the presence 

of (3S,4S)-[3,4-2H2]-16 (Figure 3.7c). The subtle difference likely arises from the hydrogen 

contamination during the deuterium introduction in the preparation of (3S,4S)-[3,4-2H2]-16. In 

summary, these observations provide direct evidence to support that a ferryl species serves as the 

intermediate to trigger C4-proS-H activation and is consistent with the mono-deuterium retention 

of 17-20 after incubating enzymes with (3S,4S)-[3,4-2H2]-16. 
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Figure 3.7 Spectroscopic evidence of C4-H activation by a ferryl intermediate during HrmJ-ssc catalyzed 

cyclopropanation. a) selected spectra demonstrating the optical feature changes upon rapid mixing of the 

HrmJ-sscÅFe(II)Å2OGÅ16 with O2 saturated buffer. The decay and reformation of the optical feature 

centered at ~520 nm is accompanied by the formation and decay of a broad UV feature (ca. 300-400 nm). 

The inset shows the absorption change at 330 nm with 16 or [4,4-2H2]-16; b)  Mºssbauer spectra of samples 

generated by freeze-quench technique on the selected time points from the reaction with 1 (left) or with or 

[4,4-2H2]-16 (right). The grey solid lines represent the overall spectral simulations. The red solid lines 

represent the spectral component of the ferryl intermediate with isomer shift (ŭ) of 0.27 mm/s and 

quadrupole splitting (|ȹEQ|) of 0.80 mm/s. See Table 3.2 and 3.3 for detailed simulation parameters; c) The 

absorption change at 330 nm upon rapid mixing of the HrmJ-sccÅFe(II)Å2OGÅd-sub quaternary complex 

with O2 saturated buffer; d) The absorption change at 330 nm upon rapid mixing of the HrmJ-

sscÅFe(II)Å2OGÅsub quaternary complex with O2 saturated buffer at pH 10. 
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3.5 Elucidating the ring closure mechanism 

 As shown in Scheme 3.1, subsequent to an Fe(IV)-oxo triggered C4-H activation, a 

pathway includes a C6-H cleavage followed by an intramolecular radical-radical coupling to afford 

C-C bond can be envisioned. Notably, based on the deuterium-labeling experiment and structures 

of 17-20 (Figure 3.4, 3.6), a rapid configuration change of the C4-centered radical has to occur to 

accommodate the stereo-inversion at the C2ᾳ position during the formation of 18 and 20. In another 

Fe/2OG enzyme (CarC) catalyzed reaction, a stereo-inversion takes place in which a tyrosine 

residue in the active site captures the substrate radical to complete epimerization.116 Additionally, 

because the C6-proton acidity is elevated by the adjacent nitro group,117-119 a pathway includes C6 

carbanion or a corresponding nitronate form (-O2
+N=C-R) is also feasible. In this instance, the 

resulting C6-anion is deployed to capture the C4 carbocation or radical and affords the C4-C6 

bond. In this instance, conversion of 16 to 21 should occur either in solution or in the enzyme 

active site. We carried out the deuterium-incorporation experiment to assess this possibility. The 

chemical shifts at C6 in 16 (sp3) and 21 (sp2) can be differentiated by 13C-NMR. In the presence 

of D2O, interconversion of 21 and 16 will result in deuterium incorporation, wherein introduction 

of a deuterium at C6 of 16 or 21 splits the 13C signal from a singlet into a triplet due to spin-spin 

coupling of 2H and 13C. Under the assay conditions (50 mM Tris, pH 7.5 or CAPS, pH 10.5; 

H2O/D2O = 1/1), only a minimum amount of deuterium incorporation on 16 and 21 was observed 

after 3 hours incubation in the presence of HrmJ-ssc. In here, 2OG was not introduced to prevent 

cyclopropanation. Additionally, a similar level of deuterium incorporation was also observed in 

the absence of enzyme (Appendix 34). These experiments suggest that a fast interconversion of 16 

and 21 is less likely to be included in cyclopropanation. However, we cannot rule out the possibility 

that a conformational change resulting from the Fe(IV)-oxo formation may trigger 21 formation 
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in situ. Notably, 13C-NMR reveals that 16 (d = 72.6 ppm) is a major species at pH 7, while 21 (d 

= 116.1 ppm) dominates at pH 10.5.  

 

Scheme 3.1 Possible reaction pathways account for stereo-divergent cyclopropanation catalyzed by HrmJ, 

BelL, HrmJ-ssc and HrmJ-sr. 

Next, we accessed the possibility of using 21 as the substrate for cyclopropanation. If 21 

serves as the substrate, we anticipate that the reaction efficiency should be increased under the 

conditions that 21 is the dominant species. First, we adjust the distribution of 16 and 21 by tuning 

the pH. As shown in Figure 3.8a, the ratio of 16 and 21 correlates with the pH change. Through an 

increase of pH, 21 becomes a dominant species. At pH of 11, only 21 was observed. We then 

carried out enzymatic reactions under various pH conditions. Enzymatic reactions (0.22 mM 

enzyme, 0.20mM Fe(II), 1.0 mM of 16, and 2.0 mM of 2OG) at different pH conditions were 

prepared. After 1 hr. incubation, the reactions were derivatized using FDAA and analyzed by LC-

MS. As shown in Figure 3.8b, ~ 10-fold increase of product formation was detected when changing 

pH from 7.0 to 10.5. At a higher pH (pH 11), a decrease of reactivity is observed which is likely 

associated with protein instability. In HrmJ, HrmJ-sr and BelL, a similar increase of product 

formation was also detected at pH 10.5 (Appendix 36). Herein, increasing the pH can facilitate the 

reaction by tuning the ratio of 21 and 16. During Fe/2OG enzyme catalyzed cyclopropanation, a 

base in the active site might be deployed in the formation of 21. Additionally, the SF-Abs analysis 
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reveals that similar H/D KIE on the kinetics of the Fe(IV)-oxo intermediate was detected at pH 10 

when comparing the reaction using 16 and [4,4-2H2]-16 (Figure 3.7d). Notably, a decreased 

amplitude of the ferryl species implies that a lesser extent of Fe(IV)=O is accumulated. 

Nevertheless, a correlation between nitronate ratio and the product efficiency suggests that 21 is 

likely the real substrate. As revealed by the KIE of 16 and [4,4-2H2]-16, Following C4-H activation, 

the resulting radical or the subsequent C4-centered cation or radical is captured by the C=N bond 

of 21 to enable C-C bond installation.  

 

Figure 3.8 a) Distribution of 16 and 21 and b) HrmJ-ssc catalyzed reaction efficiency at various pH 

conditions. 
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3.6 Attempts to probe the cyclopropanation mechanism with mechanistic probes 

 While our observations suggest the likely involvement of the nitronate species in the 

cyclopropanation process, it remained unclear whether the ring closure proceeds through a radical 

or polar mechanism (Scheme 3.1). Aiming to settle this argument, we designed a few substrate 

analogs to potentially probe the mechanism. 

 Substrate analogs that may trap the potential radical species were first designed and tested. 

6-difluoro substituted substrate (22) may block further ring closure upon the occurrence of C4-

HAT, thus extending the lifetime of the potential radical species. Unfortunately, no substrate 

consumption nor product formation was observed when 22 was incubated with HrmJ-ssc, and our 

collaborators were unable to observe any spectroscopic features in SF-Abs. The failure led us to 

redesign analogs with an alternative strategy: aminoxyl radicals are known to be stable species and 

are characterized by EPR. Reaction of oxime or nitrone analogs (23-25) following potential radical 

pathway may result in the formation of aminoxyl radical species, which can be detected by EPR. 

23 was synthesized yet again no reactivity nor corresponding EPR signal can be observed. On the 

other hand, the synthesis of 24 and 25 is still ongoing due to the instability of the nitrone group 

during deprotection process. 

 

Figure 3.9 List of the substrate analogs in this study, compounds that have not been synthesized yet are 

circled in dashed box. 
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 As for the cation mechanism, this pathway may be probed with fluorine substitution at 

either C3 or C5 position. The existence of adjacent fluoroalkyl group will greatly destabilize the 

potential C4 cation species, thus these compounds may result in hydroxylation pathway. 26 was 

designed based on this logic and the synthesis of 26 will also be part of the future direction. 
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3.7 Discussion and conclusion 

Through bioinformatic analysis, we discovered plausible biosynthetic gene clusters which 

lead to new Fe/2OG cyclopropanases and hydroxylase identification. HrmJ-ssc, HrmJ-ss3, HrmJ-

rsc and HrmJ-sr catalyze cis cyclopropanation of 6-nitro-norleucine (16). While an Fe(IV)-oxo is 

deployed to initiate stereo-specific C4-H activation, HrmJ, BelL, HrmJ-ssc and HrmJ-sr enable 

stereo-divergent cyclopropanation to afford 17, 18, 19 and 20, respectively. A correlation of 

product formation and nitronate species implicates that 21 is likely included in the reaction. 

Specifically, the C=N bond of 21 serves as a chemical handle to capture the C4-radical or the 

subsequent cation species. Notably, MS analysis using deuterated substrate and product structure 

elucidation by detailed NMR and X-ray crystallography suggest that cyclopropanation does not 

include a hydroxylation intermediate. In short, this work highlights a strategy to identify novel 

Fe/2OG enzymes with the targeted function, and to reveal uncharacterized biosynthetic pathways 

of cyclopropane-containing natural products. It also provides experimental evidence to elucidate 

plausible reaction mechanism of oxidative C-C bond formation to allow regio- and stereo-selective 

cyclopropanation. 

 The future efforts will focus on the preparation of mechanistic probes 29-31, to distinguish 

between the radical and cation mechanism. How these enzymes facilitate cyclopropanation while 

preventing hydroxyl rebound pathway is another topic to pursue. In the next chapter, I will discuss 

the attempt to engineer hydroxylases into cyclopropanases. These efforts may help us better 

understand how Fe/2OG dependent cyclopropanases control their reactivity. 

With these many cyclopropanases identified in this work, it is important to elucidate the 

corresponding nature products associated with these cyclopropanase-containing gene clusters. 

Considering the excellent antibacterial and proteasome inhibiting activity of hormaomycins and 
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belactosin A, the undiscovered nature products behind these ~90 gene clusters may also possess 

superior bioactivities. 
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3.8 Experimental procedures 

General chemical procedures  

The chemical shift (ŭ) values are reported in ppm (parts per million) relative to the standard 

chemical shift for the proton residue peak and 13C peak in the deuterated solvent (CDCl3, D2O or 

DMSO-d6). The coupling constant (J) values are expressed in hertz (Hz). Thin-layer 

chromatography (TLC) was performed on silica gel plate. TLCs were visualized by illumination 

under UV light (254 nm) or by dipping the TLCs into a KMnO4 solution followed by charring on 

heat gun. Silica gel (230 ï 400 mesh) was used for flash column chromatography. Evaporations 

were carried out under reduced pressure (water aspirator or vacuum pump) with the bath 

temperature below 50 ÁC unless specified otherwise. Materials obtained from commercial 

suppliers were used directly without further purification. 

DNA construct for over-expression of HrmJ-ssc, HrmJ-sr, HrmJ-ss3 and HrmJ-rsc  

The DNA sequences encode the corresponding genes were codon-optimized for over-

expression in E. coli, synthesized, and inserted into the NdeI and BamHI restriction sites of 

expression vector pET-28a. The codon-optimized gene sequences are shown below. 

hrmJ-ssc 

ATGCCGCTGGGTACCGAAGGTTTCACCGTTATCGACCTGCCGGAAGTTGCGCCGGAC

ATCCTGCCGTCTTACGACCGTTGCCCGGTTGACGACTACATGGGTAACGGTACCCGTT

TCAAACGTTTCTCTCAGTACAAACTGACCCCGGCTGAAGATGACACCTGGTCTTTCA

AACGTCTGCCGCATCGTGACTACACCACCTACAAAAAATTCAACCCGGTTGGTGGTG

GTATCCGTCGTGTTTACGAACCGATCGAGGTGGACTTCACCCCGCTGATCTCCGAAGG

TATCCGCGAACTGGGTCTGGACCGTTCTGAACCGTGGCAGATCAACGTTCACCAGAA

CCGTACCCGTGCGGACGGTGGCCGTCCGGGTCCGCTGACGCCGGAAGGTGTTCACCA
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CGACGGTCACGAATTCGTTATGATCGCGATCCTGAACAAGGTTAACGTTGCGGGTGG

CACCACCCGTCTGTGGAAACCGGGTGCAGACGCGCCGTTCTGGTCTGGTACCCTGGA

AGCTGGTCAGGCGGTTCTGCTGGACGACCGTGGTCTGGCTCACGATGTTACCGACGT

ACTGTCTGCGGACGGTGGTCCGGGTCACCGTGACATCGTTATCATCGCGTTCTCTCGT

TGGGCGGAAAAATGGTACGGTGACGAACACGACGCTGCTGCTCTGGAAGAACAGGA

AGCT 

hrmJ-sr 

ATGGCAATCGGCCCTCAGGCATTCTCGATCATCGACTTGCCTCCGGTGGCACCGGAGA

CGCTGGACAGCTACGACAACCTCCCGGTCGACCCGTTCATGGGCAACGGCACGCGCT

ACAAACGGTTCACGCAGTACAAGCTGTCGCCGGAGACCGGCAGCGACCAGGGCTGG

GTCTACGAGAAGCTGCCCCAGCGCGACTACATCATCTCCAAGAGGTACAACAACGTG

GCCGGCGGCATCCGTCGCCCCTACGAGCCGATCGAGGTCGACTTCACCCCGCTGGTC

ACCGTCGGCGCGGACGCGATCGGCCTGGACCGCAGCCATGACTGGCAGATCAACATC

CACCAGAACCGCAGCAGGGCCGAGAGCGAGAACGCCGCGCCGATCACCCCGGAGG

GCGTGCACAGCGACGGACACGAGTACATCATGATCGCCGTGCTGCGGCGGCACAACG

TCGCCGGCGGCGAGACCCGCCTGTGGCTGCCGGACACCGACAAGCCGGCCTGGACG

GGCACCCTGGCGGCGGGACAGGCCGTCCTGCTGGACGACAAGGCGATCAAGCACGA

AGCCACCGACGTCACCTCCGCCGACGGCGGCTCCGGCCACCGGGACATCATCATCGT

CGCCTACTCCACCTGGGAAAAGGGCTGGTACGGCGAGGAGTACGAAGCGGCGGCCC

TCTCCAACCGCCCGCTGAACTGA 

hrmJ-ss3 

ATGCCGCTGGGTTCTGAAGGTTTCGTTATCATCGACCTGCCGGACGTTTCTCCGGACA

TCCTGCCGTCCTACGACGACTGCCCGGTTGATGAATACATGGGTAACGGCACCCGTTT
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CAAACGTTTCTCTCAGTACCGTCTGAGCCCGCAGGGTGACCAGGCTTGGTCCTTCGA

ACGCCTGGCGCACCGTGACTACACCACCTACAAAAAATTCAACTCTGTTGGTGGCGG

TATCCGTCGTGTTTACGAACCGATCAAAGTTGACTTCACCCCGCTGATCGAAGCGGGT

ATCCGTGAACTGGGTCTGGACCGTTCTGAAGATTGGCAGATCAACGTTCACCAGAAC

CGTACCCGTGCGGACGGTGGTAAACCGGGTCCGCTGACCCCGGAAGGTGTTCACCAC

GACGGTCACGAGTTCGTTATGATCGCGATCCTGAACAAAGTTAACGTTGCGGGTGGC

ACCACCCGTCTGTGGCACGAAGGTGCTGACCAGCCGTTCTGGACTGGTACTCTGGAA

CCGGGTCAGGCGGTTCTGCTGGACGACCGTGCGCTGTCCCACGACGTTACCGACGTT

CTGTCTGCGGACGGTGGTCCGGGTCACCGTGACATCGTTATCGTTGCGTTCTCTCGTT

GGGCGGAAAAATGGTACGGTGAAGAACACGACGCGGCTGCGCTGGCTGAAAAA 

hrmJ-rsc 

ATGAACACCGACCTGGCGCAGCGTGGTTACGCGCTGGTTGACGGTCTGTTCGCGACC

GCTGAACAGCTGATCTCCTACGAAAACTGCCCGCACGACCCGTTCATGGGTAACGGC

ACCCGTTACAAACGTTTCTCCCAGTTCAAACTGGTTCACGACTCCGACGGTTGGGGC

ACCGAACTGCTGCCGGCGCGTGCTTACACCGCGCCGAAAGAATTTAACCCGGTTGGT

GGTGGTTTCAAACGTCCGTACGAACCGCTGGAAGTTGATTTCTCTGGTATCGTTACCG

AACTGGCGGACCAGCTGGGTCTGGACCGTACCACCGCGTGGCAGATCAACGTTCACC

AGAACCGTTCTATCGCGGAACCGCGTCGTTCTGGTCAGCTGACCCCGGAAGGTCGTC

ACAAAGATGGTCACGAGTTCGTTACCATCTCTGCGTTCGCGCGTTCTAACGTTACCGG

TGGTTGCACCCGTGTTTGGTCTGACGAAGAAGCGGGTCAGCCGCTGTGGGAACACA

CCATGACCCCAGGTCAGACCCTGCTGCTGGACGACCGTGCGGTTCTGCACGACGTTA

CCGACATCCAGGCGGCGACCGACGTTCGTGGTACTCGTGACATCCTGATCGTTGCGTA
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CTCCCGTTGGGACGAACGTTGGTACGGTGACGAACACGACACCGCGGTTCTGGAAC

CGCACGTTGTTCCGGGTCGTATG 

Overexpression and Purification of the target proteins  

The above transformants were cultured in Terrific Broth (TB) growth medium with 50 

ɛg/mL kanamycin at 37 ÁC with shaking at 220 rpm. Upon reaching an OD600 of ~ 0.6, IPTG with 

final concentration of 0.5 mM was added to the cell culture at 18 ÁC. The cell culture was kept 

shaking at 220 rpm for 14ï16 h. The cells were then harvested by centrifugation at 10 ÁC and the 

cell pellets were stored at ī80 ÁC before use. During purification, the cells were thawed and 

suspended in an ice-chilled buffer with 100 mM Tris-HCl (pH 7.5) and lysed by sonication. The 

lysate was subjected to centrifugation for 30 minutes at 22,000 Ĭg at 8 ÁC. The resulting 

supernatant was loaded onto a Ni-NTA agarose column. The column was washed with 5 volumes 

of buffer containing 100 mM Tris-HCl and 10 mM imidazole (pH 7.5). The desired protein was 

then eluted using buffer containing 100 mM Tris-HCl and 250 mM imidazole (pH 7.5). Fractions 

containing the His-tagged proteins were concentrated to a concentration using PallÈ centrifugal 

10K filter. The collected protein solutions were then dialyzed against 2 L of buffer with 5.0 mM 

EDTA, 100 mM Tris (pH 7.50) and followed by sequential dialysis against 2 L of buffer (100 mM 

Tris, pH 7.50) twice. The purity of protein was shown by SDS-PAGE gel (Appendix 30). Protein 

concentration was determined by UV absorption at 280 nm-1 (http://ca.expasy.org). The protein 

was aliquoted and frozen in ī80 ÁC. 

Using LC-MS and 13C-NMR to monitor the enzymatic reactions 

LC-MS was conducted on an Agilent Technologies (Santa Clara, CA) 1200 system coupled 

to an Agilent Technologies 6120 quadrupole mass spectrometer. The associated Agilent 

MassHunter and OpenLAB software packages were used for data collection and analysis. Assay 
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mixtures were separated on an Agilent InfinityLab Poroshell 120 HILIC column (4.6 Ĭ 50 mm, 

4.0 mm particle size) with isocratic eluent system of 45 % of solvent A (water with 0.1 % (v/v) of 

formic acid) and 55 % solvent B (acetonitrile), and with flow rate of 0.4 mL/min. Detection was 

performed using electrospray ionization in positive mode (ESI+). The drying gas temperature was 

350 ÁC with a nebulizer pressure of 60 psi and flow rate of 12 L/min. The capillary voltage was 

set to 3000 V. The fragmentor voltage was set at 130 V. Reactions containing enzyme substrate 

and 2OG (2-oxoglutarate) with the final concentration of 0.22 mM enzyme, 0.20 mM Fe(II), 1.0 

mM of the substrate, and 2.0 mM of 2OG in a total volume of 200 ÕL (50 mM Tris, pH 7.5). After 

2ï12 h incubation at 4 C, the reactions were halted by adding equal volume of acetonitrile.  For 

those reactions associated with 13C-NMR, the reactions were prepared in a similar manner except 

that the final volume of each reaction is 500 ÕL. After the reaction, 30 ÕL of DMSO-d6 was added 

to the reactions. The 13C NMR spectra were recorded using Bruker Advance NEO 700 MHz 

spectrometers. 

Enzymatic preparation and purification of Dan-19 

For the large-scale reaction, 6-nitro-L-norleucine (16, 4 mM) was incubated with HrmJ-ssc 

(40 ɛM), Fe2+ (48 ɛM), 2OG (10 mM) and sodium ascorbate (2 mM) in Tris buffer (50 mM, pH 

7.5). The reaction was allowed to stir for 24 h. at 4 ÁC in 30 mL scale. Under these conditions, LC-

MS indicated that ~90 % of the substrate was consumed. The reaction was then quenched by 

acetonitrile (50 mL). After centrifugation, to the mixture was added 25 mL of 2 M KHCO3/K2CO3 

buffer (pH 9.8) and 50 mL of saturated dansyl chloride solution in acetonitrile. After 1.5 h 

incubation in 43 ÁC, acetonitrile was removed under reduced pressure. After 1 M HCl was added 

until the pH of the solution reached 6.0, the resulting mixture was extracted with ethyl acetate (10 

Ĭ 20 mL). The organic phase was dried over MgSO4, filtered, and evaporated under reduced 
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pressure. The crude product was purified using HPLC with a Waters SunFireÈ C18 OBDÊ Prep 

column (5 ɛm, 10 Ĭ 250 mm) at a flow rate of 3 mL/min using 0.1% formic acid in H2O (solvent 

A) and acetonitrile (solvent B) with the following gradient program: 0ï2 min 10% B, 2ï20 min 

10ï100% B, 20ï24 min 100% B, 24ï26 min 100ï10% B, 26ï32 min 10 % B. The analytes were 

monitored at a wavelength of 330 nm. Fractions containing Dan-19 were collected. Acetonitrile 

was removed under reduced pressure, and H2O was removed by lyophilization to yield Dan-19 (65 

mg). 1H NMR (700 MHz, DMSO-d6) ŭ 8.44 (d, J = 8.4 Hz, 1H), 8.28 (d, J = 8.6 Hz, 1H), 8.12 (dd, 

J = 7.3, 1.0 Hz, 1H), 7.60ï7.58 (m, 1H), 7.23 (d, J = 7.5 Hz, 1H), 4.44ï4.41 (m, 1H), 3.67 (t, J = 

6.2 Hz, 1H), 2.82 (s, 6H), 1.77ï1.74 (m, 1H), 1.66ï1.62 (m, 1H), 1.43ï1.36 (m, 1H), 0.89ï0.86 

(m, 1H);  13C NMR (175 MHz, DMSO-d6) ŭ 172.0, 151.3, 136.1, 129.6, 129.1, 129.0, 128.4, 127.8, 

123.5, 119.3, 115.1, 59.2, 55.4, 45.1, 28.6, 20.9, 15.1. 

Monitoring the dependency of enzyme efficiency with pH by LC-MS 

Reconstituted enzyme in pH 7.5 Tris was added into the buffer (pH 7.5-9.0 Tris; pH 9.5 

AMP; pH 10-11 CAPS) containing enzyme substrate and 2OG (2-oxoglutarate) to reach the final 

concentration of 0.22 mM enzyme, 0.20mM Fe(II), 1.0 mM of the substrate, and 2.0 mM of 2OG 

in a total volume of 200 ÕL. The reaction mixture maintained the desired pH after enzyme addition. 

After 1 h incubation at 4 ÁC, 100 ÕL of the FDAA solution (0.1 % w/v, in MeCN) and 20 ÕL of 1 

M NaHCO3 was added into 50 ɛL of the reaction solution. The resulting mixture was allowed to 

incubate at 43 ÁC for 1 h before 20 ÕL of 1 M HCl and 10 ÕL of H2O was added. The mixtures are 

subject to LC-MS analysis on an Agilent Extend-C18 column (4.6 Ĭ 50mm) at a flow rate of 0.5 

mL/min using 0.1% formic acid in H2O (solvent A) and acetonitrile (solvent B) with the following 

gradient program: 0ï10 min 45-55 % B, 10ï12 min 55% B, 12ï14 min 55-45 % B, 14ï17.5 min 

45 % B. 
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In situ 13C-NMR experiments to monitor the C=N formation upon pH change 

A solution of [6-13C]-16 (200 mM in D2O, 5 ɛL) was added to buffer (50 mM, pH 7.5-9.0 

Tris; pH 9.5 AMP; pH 10-11 CAPS, 495 ɛL) and placed in an NMR tube. The 13C NMR spectrum 

was recorded immediately after the addition. Alternatively, reconstituted HrmJ-ssc in pH 7.5 Tris 

was added into buffer (50 mM, pH 7.5 Tris or pH 10.5 CAPS, 50: 50 H2O: D2O) to reach the final 

concentration of 0.20 mM enzyme, 0.20mM Fe(II) and 2.0 mM [6-13C]-16 in a total volume of 

500 ɛL. The 13C NMR spectrum was recorded after 3 h incubation at 4 ÁC. 

Synthetic Procedures 

Synthesis of 6-nitro-L-norleucine (16) and its isotopologues 

The synthesis of 16 and its isotopologues [6-13C]-16, [4,4-2H2]-16 and (3S,4S)-[3,4-2H2]-

16 were performed by Dr. Xiaojun Li, previous postdoc of the Chang lab. 

Synthesis of (S)-2-amino-6,6-difluoro-6-nitrohexanoic acid (22) 

 

Protected 6-nitro-L-norleucine was prepared following literature reported procedure.120 

Nitro substrate (0.5 g, 1.50 mmol) was dissolved in anhydrous DCM (8 mL) and cooled to 

0 ęC. It was then followed by the addition of DBU (0.54 mL, 3.61 mmol, 2.4 equiv) and selectfluor 

(1.33 g, 3.76 mmol, 2.5 equiv).121 The resulting mixture was allowed to react at room temperature 

for 3 hrs. The mixture was then concentrated and subjected to silica gel chromatography (1:10, 

EA/hexanes (v/v)) to give tert-butyl (S)-2-((tert-butoxycarbonyl)amino)-6,6-difluoro-6-

nitrohexanoate (0.08 g, 14 %). 1H NMR (700 MHz, CDCl3): ŭ 5.11 (d, J = 6.7 Hz, 1H), 4.16 (dd, 

J = 12.2, 6.6 Hz, 1H), 2.50-2.32 (m, 2H), 1.89-1.82 (m, 1H), 1.70-1.59 (m, 2H), 1.54-1.50 (m, 1H), 
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1.44 (s, 9H), 1.42 (s, 9H); 13C NMR (175 MHz, CDCl3): ŭ 171.3, 155.5, 125.2 (t, J = 284.7 Hz), 

82.6, 80.1, 53.2, 32.8 (t, J = 21.7 Hz), 32.0, 28.4, 28.0, 17.6; 19F NMR (658 MHz, CDCl3): ŭ -86.1. 

tert-butyl (S)-2-((tert-butoxycarbonyl)amino)-6,6-difluoro-6-nitrohexanoate was dissolved in 2 

mL TFA at room temperature. After stirring for 2 h, the reaction mixture was concentrated under 

reduced pressure to give (S)-2-amino-6,6-difluoro-6-nitrohexanoic acid in quantitative yield as a 

TFA salt. 1H NMR (700 MHz, D2O): ŭ 4.06 (t, J = 6.4 Hz, 1H), 2.57-2.51 (m, 2H), 2.07-2.02 (m, 

1H), 2.00-1.95 (m, 1H), 1.76-1.69 (m, 1H), 1.67-1.61 (m, 1H); 13C NMR (175 MHz, D2O): ŭ 171.4, 

125.3 (t, J = 284.0 Hz), 52.2, 31.7 (t, J = 21.6 Hz), 28.5, 17.1; 19F NMR (658 MHz, D2O): ŭ -86.1. 

Synthesis of (S)-2-amino-6-(hydroxyimino)hexanoic acid (23) 

 

 The aldehyde is prepared following literature reported procedure.122 

 Aldehyde (0.23 g, 0.64 mmol) was dissolved in MeOH (5 mL), and then NH2OHĿHCl (54 

mg, 0.77 mmol, 1.2 equiv) and sodium acetate (63 mg, 0.77 mmol, 1.2 equiv) were added 

sequentially. The resulting mixture was then allowed to react at 60 ęC for 3hrs, then it was diluted 

with water (10 mL), extracted with ethyl acetate (3Ĭ10 ml), and the combined organic phase was 

washed with saturated sodium bicarbonate solution, brine and then concentrated under reduced 

pressure before subjected to silica gel chromatography (1:10, DCM/Methanol (v/v)) to yield 

methyl (S)-2-(bis(tert-butoxycarbonyl)amino)-6-(hydroxyimino)hexanoate (0.15 g, 63 %) as ~1:1 

E/Z isomer. 1H NMR (700 MHz, D2O): ŭ 7.38 (t, J = 6.0 Hz, 0.5H), 6.68 (t, J = 4.9 Hz, 0.5H), 
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4.87-4.82 (m, 1H), 3.68 (s, 3H), 2.43-2.33 (m, 1H), 2.26-2.18 (m, 1H), 2.17-2.10 (m, 1H), 1.97-

1.86 (m, 1H), 1.69-1.52 (m, 2H), 12.57-2.51 (m, 2H), 2.07-2.02 (m, 1H), 2.00-1.95 (m, 1H), 1.76-

1.69 (m, 1H), 1.67-1.61 (m, 1H); 13C NMR (175 MHz, D2O): ŭ 171.2, 152.2, 151.3, 83.3, 77.2, 

57.8, 52.3, 29.7, 29.5, 29.2, 28.0, 24.8, 23.4, 22.9. 

 To a solution of oxime (0.34 g, 0.91 mmol) dissolved in acetonitrile (5 mL) was added LiBr 

(0.32 g, 3.63 mmol, 4.0 equiv). The reaction was then heated up to 65 ÁC for ~ 14 h. After cooling 

down to room temperature, the reaction was diluted with ethyl acetate(25 mL) and washed with 

brine (3 Ĭ 5 mL), water (2 Ĭ 5 mL) and then brine. The organic layer was dried using MgSO4 and 

concentrated under reduced pressure. The crude product was then dissolved in dichloromethane 

(DCM) (~ 0.2 M). TFA (0.29 mL, 3.83 mmol, 5.0 equiv) was added dropwise to the reaction at 

room temperature. After consumption of the starting material as visualized by TLC, the reaction 

mixture was concentrated under reduced pressure and subjected to silica gel chromatography (5:1, 

DCM/MeOH) to give the product as ~1:1 E/Z isomer. 1H NMR (500 MHz, CD3OD): ŭ 7.36 (t, J 

= 5.9 Hz, 0.5H), 6.67 (t, J = 5.5 Hz, 0.5H), 4.09-4.04 (m, 1H), 3.84 (s, 3H), 2.43-2.39 (m, 1H), 

2.25-2.21 (m, 1H), 2.01-1.85 (m, 2H), 1.71-1.54 (m, 2H); 13C NMR (175 MHz, CD3OD): ŭ 170.9, 

151.3, 150.9, 53.7, 53.6, 31.2, 30.9, 29.7, 25.2, 23.0, 22.6.  

The crude product (70 mg) was dissolved in 0.5 M potassium phosphate buffer (KPi, pH 

7.5, ~ 5 mL) was added esterase (~15 mg, from porcine liver, CAS: 9016-18-6) at room 

temperature. The reaction was monitored via TLC and once the reaction was completed, esterase 

was filtered using 3K filter (PallÈ) membrane under centrifugation (30 minutes at 10,000 rpm). 

The filtrate was concentrated under reduced pressure to yield (S)-2-amino-6-

(hydroxyimino)hexanoic acid as ~1:1 E/Z isomer in 15 % yield over three steps. 1H NMR (500 

MHz, D2O): ŭ 7.37 (t, J = 5.8 Hz, 0.5H), 6.74 (t, J = 5.0 Hz, 0.5H), 3.62 (dd, J = 11.8, 5.8 Hz, 1H), 
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2.29-2.07 (m, 2H), 1.82-1.68 (m, 2H), 1.53-1.37 (m, 2H); 13C NMR (125 MHz, D2O): ŭ 174.7, 

153.9, 153.8, 54.3, 30.0, 29.7, 28.3, 24.2, 21.3, 20.9. 

Transient kinetic analysis of HrmJ -ssc 

SF-Abs and Mössbauer experiments were conducted by the Guo group at Carnegie Mellon 

University. 

 
Table 3.1 Crystal data and structure refinement for Dan-19. 

CCDC deposition number  2174770 

Empirical formula  C18 H20 N3 O6 S1 

Formula weight  406.44 

Temperature  150 K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 5.8886(9) Å a= 90°. 

 b = 10.5537(18) Å b= 90°.  

 c = 29.567(5) Å g = 90°.  

Volume 1837.5(5) Å3 

Z 4 

Density (calculated) 1.469 Mg/m3 

Absorption coefficient 0.219 mm-1 

F(000) 852 

Crystal size 0.200 x 0.100 x 0.030 mm3 

Theta range for data collection 2.049 to 25.045°. 

Index ranges -6<=h<=7, -12<=k<=11, -35<=l<=35 

Reflections collected 13155 

Independent reflections 3248 [R(int) = 0.070] 

Completeness to theta = 25.045° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.99 and 0.98 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3234 / 4 / 258 
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Table 3.1 (Continued) 

Goodness-of-fit on F2 0.9968 

Final R indices [I>2sigma(I)] R1 = 0.0525, wR2 = 0.1255 

R indices (all data) R1 = 0.0594, wR2 = 0.1302 

Absolute structure parameter 0.05(12) 

Largest diff. peak and hole 0.38 and -0.44 e.Å-3 

Flack Parameter 0.053 (0.124 esd) 

Weighting scheme 

 

 

Table 3.2 Mºssbauer Simulation Parameters for the samples generated by the HrmJ-ssc reaction with 16. 

 
Sample Site  ʵ όƳƳκǎύ ҟEQ (mm/s) Linewidth 

(mm/s) 
Relative 
Area (%) 

0 sec A: Fe2+ 1.23 2.80 0.29 100 

      

0.1 sec A: Fe2+ 1.23 2.80 0.35 68 

 B: Fe4+ 0.27 0.80 0.4 22 

      

3 sec A: Fe2+ 1.22 2.80 0.35 95 

      

30 sec A: Fe2+ 1.22 2.80 0.35 91 

 
 

Table 3.3 Mºssbauer Simulation Parameters for the samples generated by the HrmJ-ssc reaction with 

[4,4-2H2]-16. 

 
Sample Species  ʵ όƳƳκǎύ ҟEQ (mm/s) Linewidth 

(mm/s) 
Relative 
Area (%) 

0 sec A: Fe2+ 1.23 2.80 0.29 100 

      

0.1 sec A: Fe2+ 1.23 2.80 0.29 59 

 B: Fe4+ 0.27 0.80 0.28 38 

      

3 sec A: Fe2+ 1.23 2.80 0.29 39 

 B: Fe4+ 0.27 0.80 0.28 60 

      

30 sec A: Fe2+ 1.23 2.80 0.29 96 
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Chapter 4  

Redirecting a Non-heme Iron Hydroxylase to Cyclopropanase ï Effect of 

Secondary Sphere Residues 
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4.1 Introduction 

Fe/2OG dependent enzymes are known for the ability to abstract unactivated C-H bonds, 

which leads to diverse reactivities.59, 107, 123-125 However, how these enzymes carry out non-

hydroxylation reactivities while avoiding hydroxylation remain largely unknown. Over the past 

decades, scientists have attempted to engineer hydroxylases to afford non-hydroxylation 

reactions.36 Recently, we applied mechanism-based analogs and successfully repurposed 

hydroxylases PolL and LdoA into nitrilase and/or epoxidase with substrate analogs bearing an 

azide or olefin substitution.37, 38 Alternatively, structure-guided mutagenesis were also shown to 

shift the reactivity. For example, in SadA, mutation of iron-binding aspartate is sufficient to 

introduce halogenation reactivity.126 In the case of proline-4-hydroxylase40 or lysine-4-

hydroxylase39, directed evolution or DNA shuffling were applied to identify mutation sites which 

increase the efficiency and selectivity of non-native reactions. In contrast, engineering 

hydroxylases for other reactivities, e.g., cyclopropanation, is relatively less explored. This is likely 

due to the insufficient understanding for those reactivities. 

In Fe/2OG enzyme catalyzed hydroxylation, the reaction is initiated via the hydrogen atom 

transfer (HAT) by the Fe(IV)-oxo species, yielding a substrate radical as well as the Fe(III)-

hydroxyl species. It is then followed by the hydroxyl rebound to complete the catalytic cycle. 

Similarly, in halogenation, instead of hydroxyl rebound, the halide ligand is rebound to the 

substrate radical and facilitate carbon-halogen bond formation.1, 59 (Figure 4.1) The similarity 

between hydroxylation and halogenation pathways provides convenience for reactivity 

engineering. However, for other reactivities, e.g. HrmJs catalyzed cyclopropanation, the reaction 

pathway is largely different from those of hydroxylation. It is proposed that following C4 HAT, a 

C4 radical or cation species is captured by the terminal nitronate species, thus facilitating 
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cyclopropane ring closure.25, 26 The divergent reaction pathway, the lack of hydroxylase 

counterpart and substrate-bound protein structure make it challenging to engineer hydroxylases 

for cyclopropanase reactivities. 

 

Figure 4.1 Current understanding of the mechanism of Fe/2OG enzymes catalyzed hydroxylation and 

halogenation. 

Inspired by Chang et alôs recent work,39 we propose that the two ɓ-sheets adjacent to the 

metal center are crucial in controlling enzymeôs reactivity. Herein we report the identification and 

engineering of non-heme iron dependent hydroxylases for cyclopropanation reactivity. In short, 

two residue mutations are sufficient to achieve chemo-selectivity redirection. As far as we know, 

this is the first reported example where an Fe/2OG dependent hydroxylase is redirected to non-

rebound pathway.  
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4.2 Identification of a 6-nitronorleucine C4 hydroxylase 

 

Figure 4.2 Fe/2OG dependent enzyme HrmJ as well as its homologs are recently identified to catalyze the 

stereoselective cyclopropanation of 6-nitro-L-norleucine (16). 

     As described in chapter 3, two Fe/2OG enzymes, HrmJ and BelL, are found to catalyze 

cyclopropanation in which 6-nitro-L-norleucine (16) is converted into (1ᾳR, 2ᾳR)- and (1ᾳS, 2ᾳS)-3-

(trans-2-nitrocyclopropyl)-L-alanine (17 and 18) in the production of hormaomycins and 

belactosin A, respectively.25, 26 Notably, a HO-diiron enzyme-Fe/2OG enzyme pair, i.e., hrmI/hrmJ 

and belK/belL, are present in the biosynthetic gene clusters of hormaomycin (hrm) and belactosin 

(bel). This gene pair (hrmI/J) is later used as a hook in mining the HrmJ homologs. A total of ~90 

potential HrmJ homologs were thus identified, and we characterized a few of them in vitro. The 

results suggest that these homologs are indeed cyclopropanases, and some of them possess 

different stereoselectivity as HrmJ and BelL. For example, HrmJ-ssc and HrmJ-sr can also accept 

16 but will instead catalyze cis cyclopropanation and afford (1ᾳS, 2ᾳR)- and (1ᾳR, 2ᾳS)-3-(trans-2-

nitrocyclopropyl)-L-alanine (19 and 20), respectively (Figure 4.2). 



   

85 

 

 

Figure 4.3 The sequence similarity network (SSN) of HrmI. Hits that contain hrmJ homolog as genome 

neighbor are highlighted in dark gray. As for the new C4-hydroxylase characterized in this work, HrmJ-aw, 

its corresponding HDO enzyme HrmI-aw is also located in cluster 4. 

During the bioinformatic analysis, we noticed one homolog from Actinocrispum 

wychmicini (Figure 4.3, denoted as HrmJ-aw) that have a much lower identity comparing to other 

cyclopropanases. Owing to the low identity, HrmJ-aw canôt be identified in the SSN of HrmJ. Next, 

we expressed HrmJ-aw in E.coli and tested its reactivity with 16 in vitro. LC-MS analysis of the 

enzymatic reaction revealed that the formation of 24 with m/z shift of +16 to 16, hinting the 

potential hydroxylation reactivity of HrmJ-aw (Figure 4.4b). In vitro 13C-NMR assay of HrmJ-aw 

with [6-13C]-16 established the formation of a new peak with chemical shift of 69.6 ppm (Figure 

4.4a). This chemical shift is consistent with C4-hydroxylation in which introduction of a 
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heteroatom at C4, ɔ-position to the detected nucleus, results in an upfield shift of C6. This 

observation is further supported by HSQC and COSY NMR analysis of the reaction product 24 

isolated via a large-scale reaction. Notably, this product has the identical chemical shift as the 

minor product generated in the HrmJ catalyzed reaction (Figure 4.4a).  

 

Figure 4.4 a) 13C-NMR spectra of HrmJ, HrmJ-ssc and HrmJ-aw catalyzed reactions using [6-13C]-16 as 

the substrate; b) LC-MS analysis of HrmJ-aw catalyzed reaction with 16; c) HrmJ-aw catalyzes the C4-

hydroxylation of 16. 
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4.3 Attempts to engineer hydroxylases into cyclopropanases 

Recently, Chang et al. reported a strategy to engineer Fe/2OG dependent hydroxylase into 

halogenase.39 By utilizing a DNA shuffle strategy, a library of hydroxylase variants were generated, 

wherein halogenation-active variants were identified. Sequence alignment between the wild-type 

enzyme and variants highlight the potential residues that control chemoselectivity, and majority of 

these residues are located in the two ɓ-sheets that are adjacent to the enzyme metal center. Inspired 

by these observations, we speculate that swapping these ɓ-sheets of hydroxylases and 

cyclopropanases can result in reactivity swap. To our surprise, while HrmJ-aw only share ~ 25 % 

identity with the characterized cyclopropanases, their predicted structures by AlphaFold2 are well-

aligned (Figure 4.5a). With this in mind, I picked the HrmJ homolog, HrmJ-ssc, with the best 

heterologous overexpression yield in my hand, and generated the corresponding HrmJ-aw and 

HrmJ-ssc domain swap variants. Unfortunately, heterologous overexpression of these two variants 

in E.coli failed to yield any soluble protein.  Typical solubility-assisting methods using chaperone 

and/or reduced temperature failed to provide any improvement. We speculate that introduction of 

~20 mutations in the enzyme active site may completely alter the protein folding, thus results in 

mis-folding and protein precipitation. 
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Figure 4.5 a) Overlay of the Alphafold2 predicted structure of HrmJ-ssc (cyan) and HrmJ-aw (magenta), 

the two ɓ-sheets of interest are labelled in white, and the metal binding facial triad are labelled in dashed 

box; b) The sequence alignment of HrmJ-aw with the four cyclopropanases, the two ɓ-sheets are highlighted 

in yellow; c) A zoom-in view of the enzymes active site, the key residues identified in this work are 

highlighted in cyan (G167A168, HrmJ-aw) and magenta (V140M141, HrmJ-ssc). 

The failure of domain-swap led us to reconsider our approach. Instead of changing the 

whole domain, only mutating selected residues that are subtly different among HrmJ-aw and HrmJ-

ssc may have a higher chance of yielding soluble variants. By aligning the two ɓ-sheets of HrmJ-

aw and the cyclopropanes including HrmJ, BelL, HrmJ-ssc and HrmJ-sr, we located two residues 

in HrmJ-aw, G167 and A168. These two residues are 1) sharing low similarity with their 

cyclopropanase counterparts and 2) close to the iron binding site in the predicted structures. Thus, 

the corresponding HrmJ-aw-G167V-A168M (denoted HrmJ-aw-VM) mutant was first generated, 

cloned, expressed in E.coli and purified. Encouragingly, this time we are able to obtain soluble 

protein (Appendix 44). This variant is then subjected to in vitro reactivity characterization and 

surprisingly, upon incubating with 6-13C-16, Fe(II), 2OG and ascorbate, formation of one peak 
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with the chemical shift of 59.4 ppm is observed. This shift is consistent with the formation of a 

cyclopropane moiety. LC-MS analysis of the HrmJ-aw-VM enzymatic reaction following FDAA 

derivatization further confirmed this observation. While no product with corresponding m/z shift 

of + 16 can be detected, only one product peak with m/z shift of -2 appeared and this peak has the 

same retention time as the cyclopropanation product (1ᾳR, 2ᾳS)-3-(trans-2-nitrocyclopropyl)-L-

alanine (20) of HrmJ-sr enzymatic reaction (Figure 4.6). Overall, these results suggest that 

mutating two residues in the enzyme active site is able to redirect a Fe/2OG dependent hydroxylase 

into a stereoselective cyclopropanase. 

 

Figure 4.6 a) 13C-NMR analysis of HrmJ-aw-VM catalyzed reactions using [6-13C]-16 as the substrate; b) 

LC-MS analysis of HrmJ-aw-VM catalyzed reaction with 16; c) HrmJ-aw-VM is identified to catalyze the 

cyclopropanation of 16 to yield 20. 
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 While the success with HrmJ-aw is promising, we also wish to test the generality of our 

approach. To identify other potential 6-nitronorleucine C4 hydroxylases, we generated the 

sequence similarity network (SSN) of HrmJ-aw and screens for hydroxylase candidates as 

previously described (Figure 4.7). This analysis leads to the identification of another potential 

hydroxylase, HrmJ-ssa, which shares 65 % identity with HrmJ-aw. The genome neighbors of 

HrmJ-ssa are similar to that of HrmJ-aw except for the absence of a HrmI-like enzyme (HO-diiron 

enzyme). Instead, a gene encoding the HO-diiron enzyme can be found 18 kb downstream of hrmJ-

ssa, which potentially fulfill the role of 16 production. We constructed C-His tag HrmJ-ssa and 

obtained soluble protein (plasmid construction and protein purification conducted by Brady 

Zanella in the Chang lab). In vitro characterization of the HrmJ-ssa reactivity by 13C-NMR 

revealed that it is indeed a C4 hydroxylase (Figure 4.8).  
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Figure 4.7 a) The sequence similarity network of HrmJ-aw. (sequence length 200-280; alignment score 

threshold of 90; hits with over ~60 % identity are connected with edge). Both C4 hydroxylases HrmJ-aw 

and HrmJ-ssa are located in cluster 17; b)  proposed biosynthetic clusters that contain hrmI/J like genes 

identified from Streptomyces sp. Ag109_G2-6 and Actinocrispum wychmicini. 
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Alternatively, we also wish to test our approach to change the reactivity of other native C4 

hydroxylases. GlbB was previously identified to catalyze the 4S-hydroxylation of L-lysine, and it 

was also demonstrated that GlbB can tolerate both polar and aliphatic side chains.127 On the other 

hand, another C3,4-hydroxylase PolL has been demonstrated by us to have high tolerance toward 

side chains.37, 128 Both of them only share ~20% identity toward the cyclopropanases while their 

predicted overall structure again is highly similar.  

 Incubation of purified GlbB with [6-13C]-16 yielded the same product [6-13C]-24 as HrmJ-

aw and HrmJ-ssa, while two other peaks other than [6-13C]-24 were identified in the PolL reaction. 

Because PolL can catalyze C3 & C4 hydroxylation, therefore the peak at 72.5 ppm is likely C3-

hydroxylated product [6-13C]-25, and the 69.7 ppm peak might represent C3,4-dihydroxylated [6-

13C]-26. (Figure 4.8). Consistently, two product peaks with m/z shift of +16 and one product peak 

with m/z shift of +32 were identified via LC-MS analysis (Appendix 47). 

With these enzymes in hand, in the future we will generate the corresponding VM mutation 

of these hydroxylases and test their ability to conduct cyclopropanation. 
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Figure 4.8 13C-NMR analysis of HrmJ-aw, HrmJ-ssa, GlbB and PolL. It revealed that while all enzymes 

were able to catalyze the C4-hydroxylation of 16, PolL may also catalyze the C3 and C3,4-hydroxylation 

of 16 to yield 25 and 26.  
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4.4 Mechanism of the reactivity redirection 

With the reactivity established, we also wish to understand the mechanism of this reactivity 

alteration. First, we wish to confirm whether these two mutations are the minimal requirement for 

cyclopropanation reactivity. The single mutant HrmJ-aw-G167V and HrmJ-aw-A168M are 

generated and characterized in vitro. No cyclopropanation reactivity but only diminished 

hydroxylation reactivity was observed when 6-13C-16 was incubated with mutants (Figure 4.9), 

suggesting that the mutation of both G167 and A168 are essential for the cyclopropanation 

reactivity. 

 

Figure 4.9 13C-NMR analysis of the enzymatic reaction of [6-13C]-16 with HrmJ-ssc and HrmJ-aw mutants. 

The gray peak is not derived from the conversion of  [6-13C]-16. 

Alignment of the ɓ-sheets of the four cyclopropanases revealed that these two key residues 

are similar but not conserved (Figure 4.5b). Considering our GA to VM mutation, which adopted 
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from the sequence of HrmJ-ssc, leads to the formation of cyclopropane product with 

stereoselectivity of HrmJ-sr, we are wondering whether these two residues are also responsible for 

controlling the stereoselectivity of cyclopropanation. HrmJ-aw-G167V-A168V and HrmJ-ssc-

M141V (denoted HrmJ-aw-VV and HrmJ-ssc-VV, adopted from the sequence of BelL) are thus 

generated, and in vitro characterization of these two mutants suggests that HrmJ-aw-VV is inactive 

while HrmJ-ssc-VV maintains its cyclopropanation reactivity/stereoselectivity but with 

diminished efficiency (Figure 4.8). These results imply that, instead of stereoselectivity, these two 

residues are responsible for controlling enzymeôs chemoselectivity. 

 

Figure 4.10 LC-MS analysis of the enzymatic reactions with (3S,4S)-[3,4-2H2]-16. Compared with 20 and 

24 (m/z = 175.1, 193.1), major products derived from (3S,4S)-[3,4-2H2]-16 in the HrmJ-aw and HrmJ-aw-

VM catalyzed reactions have an m/z value increase of +1 (175.1 Ÿ 176.1, 193.1 Ÿ 194.1). 

As described in chapter 3, while different stereocenters were installed during the 

cyclopropane formation, all reactions include a step involving C4-proS-H cleavage. However, it is 

unclear whether the C4 hydroxylase as well as their mutants conduct the reaction following the 

similar pathway. The different reaction outcome may be due to the different HAT site, namely, C4-

proS-H abstraction leads to cyclopropanation, where C4-proR-H abstraction leads to hydroxylation. 
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To test the hypothesis, we conducted enzymatic assays with (3S,4S)-[3,4-2H2]-16. After incubating 

(3S,4S)-[3,4-2H2]-16 with enzymes in the presence of 2OG and O2, HrmJ-aw and HrmJ-aw-VM 

produce major products with an m/z value of +1 (176.1 or 194.1) to the native product (20, m/z 

value of 175.1; 24, m/z value of 193.1). These results support that all these reactions still include 

a step involving C4-proS-H abstraction, which weighs against the proposal that the hydroxylation 

and cyclopropanation pathway diverge at the HAT step. 
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4.5 Discussion and conclusion 

 For the first time, these preliminary results demonstrate that a Fe/2OG-dependent 

hydroxylase can be converted into a chemo- and stereo-selective cyclopropanase. While the 

catalytic efficiency of the mutant is not comparable to that of the wildtype, a complete reactivity 

alteration is achieved by merely two mutations, even when the sequence identity between the 

hydroxylase and cyclopropanase are extremely low (~20 %). The following mutagenesis 

experiments suggested that these two active site residues are likely responsible for controlling the 

chemoselectivity rather than stereoselectivity. Isotopologue analysis with the hydroxylase and 

mutant revealed that the initial HAT site remained unchanged with both hydroxylase and 

cyclopropanases, thus reaction pathways are likely to diverge after the HAT step. 

 There are still numerous experiments that need to be conducted to provide a better picture 

of this discovery. For example, the corresponding mutants of the other identified C4-hydroxylases 

remained to be explored. Hopefully cyclopropanation reactivity can be observed, thus highlighting 

the importance of these two active site residues and further shedding light to the engineering of 

Fe/2OG dependent enzymes for other non-hydroxylation reactivities. 

 From a mechanism point of view, how these two residues control reactivity remains to be 

elucidated. In Chang et al.ôs paper, they propose that the reactivity alteration of the mutant likely 

originates from the minor shifting of 2OG binding. It is indeed possible that  similar shifts resulted 

in the emergence of cyclopropanation reactivity, yet we should also consider the possibility where 

mutation perturbed the substrate binding. For example, the mutation may push C6 of the substrate 

closer toward C4, thus promoting the cyclopropanation activity. To distinguish between these 

possibilities, it would be necessary to obtain the substrate bound structure of HrmJ-aw and HrmJ-

aw-VM, to better understand the interaction between substrate, 2OG and enzyme. Additionally, 
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minor reaction pathway change may result in kinetics behavior change. By monitoring the 

behavior of the reactive Fe(IV)-oxo species, we might be able to elucidate the different pathways. 

Also, a computational analysis, specifically molecular dynamics, may provide rationale if the 

crystal structures alone arenôt sufficient to explain the differences in reaction pathway redirection. 

 Overall, the preliminary results presented in this chapter clearly show the power and 

complicity of Fe/2OG enzyme catalysis. More experiments remain to be done which include 

continuous collaboration in structural biology and bioinorganic chemistry. Thorough 

understanding of the mechanism behind the hydroxylation to cyclopropanation alteration will 

provide fundamental insight into how Fe/2OG enzymes control hydroxylation vs. non-

hydroxylation reactivities. 
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4.6 Experimental procedures 

General chemical procedures  

The chemical shift (ŭ) values are reported in ppm (parts per million) relative to the standard 

chemical shift for the proton residue peak and 13C peak in the deuterated solvent (D2O or DMSO-

d6). The coupling constant (J) values are expressed in hertz (Hz). Materials obtained from 

commercial suppliers were used directly without further purification. 

DNA construct for over-expression of HrmJ-aw, GlbB and PolL  

The DNA sequences encode the corresponding genes were codon-optimized for over-

expression in E. coli, synthesized, and inserted into the NdeI and BamHI restriction sites of 

expression vector pET-28a. The codon-optimized gene sequences are shown below. 

hrmJ-aw 

ATGTCTAGCACCCAGGTTCAGGAAGTTTCTGAAGGCCTGCGTACCAAAGGTTACGCT

CTGGTTTCTGCTGACCGCTTAGATATTGACCCGGAACTGCGTCGTTACGAAGCGGAAC

TGGCGCAGGAATGGGAACGTCTGGAAACCGACCGTTACCTGAAAGACGGTGGTCGT

TTCCGTGAACGTCGTTACGATCGTTTCGTTTTCCGCCCGTCTACCGGTGAAAGCCGTC

TGCGTGCACACGTTCCGTACTACCAGTCTGACGATGCTAACGAATACGCAGGTGGTAT

CCAGCGTGAAGTTGCGCCGCTGGCTGACTCCACCCTGGCGAACCCGCTGCTGCAGGC

TCTGATCCCGTTCGATTTCGCGCGTTTCCCGGTTGCTCCGGAACTGCTGGCGGACACC

TGGGATGTGCAGTGCCACCAGTTCCGTATCATCGGTCTGCCGGGTGAACTGGGTGAC

CCGACCCCGGAAGGTCCGCACCGTGACGAAGTTGACTTCGGTGCGATCCACCTGATG

CACCGTGGCAACGCGCAGGGTGGTGAATCTCAGGTTTACACCGCGGACAAAGAACT

GGTTGCGGAATTCCGCCTGGAATCTCGTATGGACACCATGTACTGGGCGGACGAAAA
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AATCCTGCACGCGGTTCGTCCGATCACCGCTATCGACCGTGACCAGGCGGCGATCCGT

GACGTTCTGATCCTGGGTTACCGTCACGCTCCGGAACTGGCGGGTGAACTGGGTAGC 

polL 

ATGCTGACCCGTCCGACCGCGGCGCTGTCTTCCCCGGCCGATATTACCGGCGACTTG 

GTGCGTACTGGTTTCAGCATGGTTCCGGGCTCTGATATGCGCGTTCCAGCCGCCCTG 

CAGGATTCTCTGAAAACCCTGGCGGCGAGCTACGATGATCTGCCGGCAGATCCGTA 

CCTGCCGGATGGTGGCAACTACCGTTACCGTCGTCACACACGTTACACCTGGCGTCC 

GGCGACCGGCGAACTGCTGGTTGCGGATAACCCTGGCTACTTCCAGACCGTGGAAA 

ACAATGCGTTCGCGGGCGGCCAGTGGCGTAAATACGAAGAGCTGACCGACGAAGTT 

CGTGAAGGTGCGTTTCTGACCGCGCTGATCGATTTTAACGTTGGCCGTCTGCCGCTG 

CCGGAAGTGGAACAGTGGGCGGTTCAGGTTCACTGCGTTCGTATTGTTGCGCGTGAT 

GATGCGCAAGGCCGTCCGACCCCGGAAGGCGTTCACCGTGATGGTTGCACCTACGTT 

AGCCTGCACATGGTTAACCGTCACAATATCAGCGGTGGCCGTACAAGCGTTTACACC 

CCGGAACACGAACTCATCACGGAAAAAGTATTTACCGACTGTCTGGACTCTTTCTTC 

GGCGACGACCCGCGTGTGCGCCACGGCGTTGCAGATGTTTCTGTTGCTGATCCGTCC 

CTGGGTGAAGGCACCCGTGATATGCTGCTGATGAGCTATGATCCGATGTAAGGATCC 

glbB 

ATGCAACTAGGAGTACCCTTTTTAAAAAGGGAAAGCATGAGCAAAATGACCGGACAA

GAGTGGGCAGCGGCCGCCCCAGAAACCGAGCCGGGTGACGTGCGTGCAGCGCTGCA

ACAGCGTGGTTGGGCGCGCTTTGACGCCACCGATATGCAGGTAGCCGTGGACGAGGC

GGCCGATTTGCAACGTCTGACGGAATACGCGCGTTCTCTGCCGGTCGATCGTTTCGGC

ACAGGCGGCCGACACCGCTCTTACGCGGAGGGTATTCTGACGCCGCGTCGTAAGACC

ATAGCGTGGAAGGCCGGTGCGCGTACCCCGGATGGCCGTGTGGAGATTGCGTATGTT
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CAGCACAGCGAGTTCCAGCCGGAGCACGGTGGTGTTGTTCGTAACTTCGCTAGAACT

CGCGAAGATATTCTGGCACTGCCGCTTGTGCACCGCCTGATCTGGTATGATTTATCATT

GACCCCTATGTTTGACGCAGAAGGCGACTTGCTTTGCGGTTTTCACATGATCCGCATG

CAGGCAACCCCGGGCGCTGTCGCGCGCATTACCCCGGACTGTCTGCATCAGGATGGT

CAGCCGTTCACGGCGGTTCATCTGGTGGAACGTTCTCACGCTGAAGGCGGCGTCAAC

TTCATCGCTCCGCCGCGTTATACGGGTCGCCAGTTTGACGAGGTTCCGTCCCACCTGC

TGTCGGCGTTTGTTCTGGGTAGCCCGCTCCAAAGCTACATCATCGACGATGCTGCGAT

TTGCCATCAAGTTACCGCTGTGAGCTGCTCGCCAGGTGCGTCCCATGGCACCCGTACT

GTGATCCTGATCGACTTCAGCCCATTGAATCCGGCTTCCAGCGCGCAACCGACCTAA 

Construction of HrmJ-aw and HrmJ-ssc mutants plasmids 

Site-directed mutagenesis studies were performed using primers listed in Table 4.1 for 

amplification of the hrmJ-ssc and hrmJ-aw DNA fragment from the previously reported plasmids. 

Typical PCR reactions (25 ɛL) contain 0.5 ɛM of forward and reverse primer, 10 ng plasmid 

template and 12.5 ɛL New England Biolabs (NEB) Q5È High-Fidelity 2Ĭ Master Mix. The PCR 

program was setup as recommended by NEB. DNA sequencing was performed to confirm the 

identities of the resulting vectors. 

Using LC-MS and 13C-NMR to monitor the enzymatic reactions 

LC-MS was conducted on an Agilent Technologies (Santa Clara, CA) 1200 system coupled 

to an Agilent Technologies 6120 quadrupole mass spectrometer. The associated Agilent 

MassHunter and OpenLAB software packages were used for data collection and analysis. Assay 

mixtures were separated on an Agilent InfinityLab Poroshell 120 HILIC column (4.6 Ĭ 50 mm, 

4.0 mm particle size) with isocratic eluent system of 45 % of solvent A (water with 0.1 % (v/v) of 

formic acid) and 55 % solvent B (acetonitrile), and with flow rate of 0.4 mL/min. Detection was 

performed using electrospray ionization in positive mode (ESI+). The drying gas temperature was 
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350 ÁC with a nebulizer pressure of 60 psi and flow rate of 12 L/min. The capillary voltage was 

set to 3000 V. The fragmentor voltage was set at 130 V. Reactions containing enzyme substrate 

and 2OG (2-oxoglutarate) with the final concentration of 0.22 mM enzyme, 0.20 mM Fe(II), 1.0 

mM of the substrate, 2.0 mM of 2OG (and 1.0 mM ascorbate) in a total volume of 200 ÕL (50 mM 

Tris, pH 7.5). After 2ï12 h incubation at 4 C, the reactions were halted by adding equal volume 

of acetonitrile. For the experiments that were derivatized by Marfeyôs reagent, 100 ÕL of the FDAA 

solution (0.1 % w/v, in MeCN) and 20 ÕL of 1 M NaHCO3 was added into 50 ɛL of the reaction 

solution. The resulting mixture was allowed to incubate at 43 ÁC for 1 h before 20 ÕL of 1 M HCl 

and 10 ÕL of H2O was added. The mixtures are subject to LC-MS analysis on an Agilent Extend-

C18 column (4.6 Ĭ 50mm) at a flow rate of 0.5 mL/min using 0.1% formic acid in H2O (solvent 

A) and acetonitrile (solvent B) with the following gradient program: 0ï10 min 45-55 % B, 10ï12 

min 55% B, 12ï14 min 55-45 % B, 14ï17.5 min 45 % B. 

For those reactions associated with 13C-NMR, the reactions were prepared in a similar 

manner except that the final volume of each reaction is 500 ÕL. After the reaction, 30 ÕL of DMSO-

d6 was added to the reactions. The 
13C NMR spectra were recorded using Bruker Avance NEO 700 

MHz spectrometers. 

Enzymatic preparation and purification of 24 

For the large-scale reaction, 6-nitro-L-norleucine (16, 4 mM) was incubated with HrmJ-aw 

(40 ɛM), Fe2+ (48 ɛM), 2OG (10 mM) and sodium ascorbate (2 mM) in Tris buffer (25 mM, pH 

7.5). The reaction was allowed to stir for 24 h. at 4 ÁC in 30 mL scale. Under these conditions, LC-

MS indicated that ~70 % of the substrate was consumed. The reaction was then quenched by 

acetonitrile (50 mL). After centrifugation, acetonitrile was removed under reduced pressure, and 

H2O was removed by lyophilization. The crude product was purified using HPLC on a Waters 
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XbridgeÈ BEH Amide OBDÊ Prep column (5 ɛm, 10 Ĭ 250 mm) at a flow rate of 3 mL/min 

using 10 mM ammonia acetate (solvent A) and acetonitrile (solvent B) with the following gradient 

program: 0ï30 min, 80 % B. The analytes were monitored at a wavelength of 205 nm. Fractions 

containing 24 were collected. Acetonitrile was removed under reduced pressure, and H2O was 

removed by lyophilization to yield 24 (5 mg). 1H NMR (700 MHz, D2O) ŭ 4.71ï4.63 (m, 2H), 

4.06ï4.03 (m, 1H), 3.84 (dd, J = 8.0, 5.3 Hz, 1H), 2.34ï2.29 (m, 1H), 2.19ï2.13 (m, 2H), 1.89ï

1.85 (m, 1H); 13C NMR (175 MHz, D2O) ŭ 174.3, 72.2, 67.3, 53.7, 37.0, 34.0. 

 

Table 4.1 Primers used in this chapter. 

Primers Sequence (5ô to 3ô) 

aw-VM-F GTTGACTTCGTTATGATCCACCTGATGCACCG 

aw-VM-R GTGGATCATAACGAAGTCAACTTCGTCACGG 

aw-VA-F TGACTTCGTTGCGATCCACCTGATG 

aw-VA-R GGATCGCAACGAAGTCAACTTCGTC 

aw-GM-F ACTTCGGTATGATCCACCTGATGCAC 

aw-GM-R ACCTGGATCATACCGAAGTCAACTTC 

aw-VV-F GTTGACTTCGTTGTGATCCACCTGATGC 

aw-VV-R GCATCAGGTGGATCACAACGAAGTCAAC 

ssc-VV-F GAATTCGTTGTGATCGCGATCCTG 

ssc-VV-R CGCGATCACAACGAATTCGTGACC 

 

 

  



   

104 

 

REFERENCES 

1. Bollinger, J. M.;  Chang, W. -c.;  Matthews, M. L.;  Martinie, R. J.;  Boal, A. K.; Krebs, C., 

Mechanisms of 2-Oxoglutarate-Dependent Oxygenases: The Hydroxylation Paradigm and Beyond. 

In 2-Oxoglutarate-Dependent Oxygenases, Hausinger, R. P.; Schofield, C. J., Eds. Royal Society 

of Chemistry: London, 2015; pp 95-122. 

2. Koehntop, K. D.;  Emerson, J. P.; Que, L., Jr., The 2-His-1-carboxylate facial triad: a 

versatile platform for dioxygen activation by mononuclear non-heme iron(II) enzymes. J. Biol. 

Inorg. Chem. 2005, 10, 87-93. 

3. Blasiak, L. C.;  Vaillancourt, F. H.;  Walsh, C. T.; Drennan, C. L., Crystal structure of the 

non-haem iron halogenase SyrB2 in syringomycin biosynthesis. Nature 2006, 440, 368-371. 

4. Hutton, J. J.;  Tappel, A. L.; Udenfriend, S., Requirements for Alpha-Ketoglutarate Ferrous 

Ion and Ascorbate by Collagen Proline Hydroxylase. Biochem. Biophys. Res. Commun. 1966, 24, 

179-184. 

5. Hausinger, R. P., Fe(II)/alpha-ketoglutarate-dependent hydroxylases and related enzymes. 

Crit. Rev. Biochem. Mol. Biol. 2004, 39, 21-68. 

6. Vaillancourt, F. H.;  Yin, J.; Walsh, C. T., SyrB2 in syringomycin E biosynthesis is a 

nonherne Fe-II alpha-ketoglutarate- and O-2-dependent halogenase. Proc. Natl. Acad. Sci. U.S.A. 

2005, 102, 10111-10116. 

7. Stapon, A.;  Li, R.; Townsend, C. A., Carbapenem biosynthesis: confirmation of 

stereochemical assignments and the role of CarC in the ring stereoinversion process from L-proline. 

J. Am. Chem. Soc. 2003, 125, 8486-8493. 



   

105 

 

8. Ishikawa, N.;  Tanaka, H.;  Koyama, F.;  Noguchi, H.;  Wang, C. C.;  Hotta, K.; Watanabe, 

K., Non-heme dioxygenase catalyzes atypical oxidations of 6,7-bicyclic systems to form the 6,6-

quinolone core of viridicatin-type fungal alkaloids. Angew. Chem., Int. Ed. 2014, 53, 12880-12884. 

9. Baldwin, J. E.;  Adlington, R. M.;  Bryans, J. S.;  Bringhen, A. O.;  Coates, J. B.;  Crouch, 

N. P.;  Lloyd, M. D.;  Schofield, C. J.;  Elson, S. W.;  Baggaley, K. H.;  Cassels, R.; Nicholson, N., 

Isolation of Dihydroclavaminic Acid, an Intermediate in the Biosynthesis of Clavulanic Acid. 

Tetrahedron 1991, 47, 4089-4100. 

10. Davis, K. M.;  Altmyer, M.;  Martinie, R. J.;  Schaperdoth, I.;  Krebs, C.;  Bollinger, J. M., 

Jr.; Boal, A. K., Structure of a Ferryl Mimic in the Archetypal Iron(II)- and 2-(Oxo)-glutarate-

Dependent Dioxygenase, TauD. Biochemistry 2019, 58, 4218-4223. 

11. Elkins, J. M.;  Ryle, M. J.;  Clifton, I. J.;  Dunning Hotopp, J. C.;  Lloyd, J. S.;  Burzlaff, 

N. I.;  Baldwin, J. E.;  Hausinger, R. P.; Roach, P. L., X-ray crystal structure of Escherichia coli 

taurine/alpha-ketoglutarate dioxygenase complexed to ferrous iron and substrates. Biochemistry 

2002, 41, 5185-5192. 

12. O'Brien, J. R.;  Schuller, D. J.;  Yang, V. S.;  Dillard, B. D.; Lanzilotta, W. N., Substrate-

induced conformational changes in Escherichia coli taurine/alpha-ketoglutarate dioxygenase and 

insight into the oligomeric structure. Biochemistry 2003, 42, 5547-5554. 

13. Knauer, S. H.;  Hartl-Spiegelhauer, O.;  Schwarzinger, S.;  Hanzelmann, P.; Dobbek, H., 

The Fe(II)/alpha-ketoglutarate-dependent taurine dioxygenases from Pseudomonas putida and 

Escherichia coli are tetramers. FEBS J. 2012, 279, 816-831. 

14. Schofield, C. J.; Zhang, Z., Structural and mechanistic studies on 2-oxoglutarate-dependent 

oxygenases and related enzymes. Curr. Opin. Struct. Biol 1999, 9, 722-731. 



   

106 

 

15. Price, J. C.;  Barr, E. W.;  Glass, T. E.;  Krebs, C.; Bollinger, J. M., Jr., Evidence for 

hydrogen abstraction from C1 of taurine by the high-spin Fe(IV) intermediate detected during 

oxygen activation by taurine:alpha-ketoglutarate dioxygenase (TauD). J. Am. Chem. Soc. 2003, 

125, 13008-13009. 

16. Price, J. C.;  Barr, E. W.;  Tirupati, B.;  Bollinger, J. M., Jr.; Krebs, C., The first direct 

characterization of a high-valent iron intermediate in the reaction of an alpha-ketoglutarate-

dependent dioxygenase: a high-spin FeIV complex in taurine/alpha-ketoglutarate dioxygenase 

(TauD) from Escherichia coli. Biochemistry 2003, 42, 7497-7508. 

17. Chaturvedi, S. S.;  Ramanan, R.;  Lehnert, N.;  Schofield, C. J.;  Karabencheva-Christova, 

T. G.; Christov, C. Z., Catalysis by the Non-Heme Iron(II) Histone Demethylase PHF8 Involves 

Iron Center Rearrangement and Conformational Modulation of Substrate Orientation. ACS Catal. 

2020, 10, 1195-1209. 

18. Waheed, S. O.;  Ramanan, R.;  Chaturvedi, S. S.;  Lehnert, N.;  Schofield, C. J.;  Christov, 

C. Z.; Karabencheva-Christova, T. G., Role of Structural Dynamics in Selectivity and Mechanism 

of Non-heme Fe(II) and 2-Oxoglutarate-Dependent Oxygenases Involved in DNA Repair. ACS 

Cent. Sci. 2020, 6, 795-814. 

19. Yu, L.;  Wang, Y.;  Huang, S.;  Wang, J.;  Deng, Z.;  Zhang, Q.;  Wu, W.;  Zhang, X.;  Liu, 

Z.;  Gong, W.; Chen, Z., Structural insights into a novel histone demethylase PHF8. Cell Res. 2010, 

20, 166-173. 

20. Rose, N. R.;  Woon, E. C.;  Tumber, A.;  Walport, L. J.;  Chowdhury, R.;  Li, X. S.;  King, 

O. N.;  Lejeune, C.;  Ng, S. S.;  Krojer, T.;  Chan, M. C.;  Rydzik, A. M.;  Hopkinson, R. J.;  Che, 

K. H.;  Daniel, M.;  Strain-Damerell, C.;  Gileadi, C.;  Kochan, G.;  Leung, I. K.;  Dunford, J.;  

Yeoh, K. K.;  Ratcliffe, P. J.;  Burgess-Brown, N.;  von Delft, F.;  Muller, S.;  Marsden, B.;  Brennan, 



   

107 

 

P. E.;  McDonough, M. A.;  Oppermann, U.;  Klose, R. J.;  Schofield, C. J.; Kawamura, A., Plant 

growth regulator daminozide is a selective inhibitor of human KDM2/7 histone demethylases. J. 

Med. Chem. 2012, 55, 6639-6643. 

21. Tang, M. C.;  Zou, Y.;  Watanabe, K.;  Walsh, C. T.; Tang, Y., Oxidative Cyclization in 

Natural Product Biosynthesis. Chem. Rev. 2017, 117, 5226-5333. 

22. Tang, H.;  Wu, M.-H.;  Lin, H.-Y.;  Han, M.-R.;  Tu, Y.-H.;  Yang, Z.-J.;  Chien, T.-C.;  Chan, 

N.-L.; Chang, W.-c., Mechanistic analysis of carbonïcarbon bond formation by 

deoxypodophyllotoxin synthase. Proc. Natl. Acad. Sci. U.S.A. 2022, 119, e2113770119. 

23. Chen, T.-Y.;  Xue, S.;  Tsai, W.-C.;  Chien, T.-C.;  Guo, Y.; Chang, W.-c., Deciphering 

Pyrrolidine and Olefin Formation Mechanism in Kainic Acid Biosynthesis. ACS Catal. 2021, 11, 

278-282. 

24. Cha, L.;  Paris, J. C.;  Zanella, B.;  Spletzer, M.;  Yao, A.;  Guo, Y.; Chang, W.-c., 

Mechanistic Studies of Aziridine Formation Catalyzed by Mononuclear Non-Heme Iron Enzymes. 

J. Am. Chem. Soc. 2023, 145, 6240-6246. 

25. Li, X.;  Shimaya, R.;  Dairi, T.;  Chang, W.-c.; Ogasawara, Y., Identification of 

Cyclopropane Formation in the Biosyntheses of Hormaomycins and Belactosins: Sequential 

Nitration and Cyclopropanation by Metalloenzymes. Angew. Chem. Int. Ed. 2022, 61, e202113189. 

26. Shimo, S.;  Ushimaru, R.;  Engelbrecht, A.;  Harada, M.;  Miyamoto, K.;  Kulik, A.;  

Uchiyama, M.;  Kaysser, L.; Abe, I., Stereodivergent Nitrocyclopropane Formation during 

Biosynthesis of Belactosins and Hormaomycins. J. Am. Chem. Soc. 2021, 143, 18413-18418. 

27. Fryszkowska, A.; Devine, P. N., Biocatalysis in drug discovery and development. Curr. 

Opin. Chem. Biol 2020, 55, 151-160. 



   

108 

 

28. Yang, Y.; Arnold, F. H., Navigating the Unnatural Reaction Space: Directed Evolution of 

Heme Proteins for Selective Carbene and Nitrene Transfer. Acc. Chem. Res. 2021, 54, 1209-1225. 

29. Chen, K.; Arnold, F. H., Engineering new catalytic activities in enzymes. Nat. Catal. 2020, 

3, 203-213. 

30. Liu, Z.; Arnold, F. H., New-to-nature chemistry from old protein machinery: carbene and 

nitrene transferases. Curr. Opin. Biotechnol 2021, 69, 43-51. 

31. Poulos, T. L., Heme enzyme structure and function. Chem. Rev. 2014, 114, 3919-3962. 

32. Huang, X.; Groves, J. T., Oxygen Activation and Radical Transformations in Heme 

Proteins and Metalloporphyrins. Chem. Rev. 2018, 118, 2491-2553. 

33. Munro, A. W.;  McLean, K. J.;  Grant, J. L.; Makris, T. M., Structure and function of the 

cytochrome P450 peroxygenase enzymes. Biochem. Soc. Trans. 2018, 46, 183-196. 

34. Goldberg, N. W.;  Knight, A. M.;  Zhang, R. K.; Arnold, F. H., Nitrene Transfer Catalyzed 

by a Non-Heme Iron Enzyme and Enhanced by Non-Native Small-Molecule Ligands. J. Am. Chem. 

Soc. 2019, 141, 19585-19588. 

35. Vila, M. A.;  Steck, V.;  Rodriguez Giordano, S.;  Carrera, I.; Fasan, R., CīH Amination 

via Nitrene Transfer Catalyzed by Mononuclear Non-Heme Iron-Dependent Enzymes. 

ChemBioChem 2020, 21, 1981-1987. 

36. Papadopoulou, A.;  Meyer, F.; Buller, R. M., Engineering Fe(II)/Ŭ-Ketoglutarate-

Dependent Halogenases and Desaturases. Biochemistry 2023, 62, 229-240. 

37. Davidson, M.;  McNamee, M.;  Fan, R.;  Guo, Y.; Chang, W. C., Repurposing Nonheme 

Iron Hydroxylases To Enable Catalytic Nitrile Installation through an Azido Group Assistance. J. 

Am. Chem. Soc. 2019, 141, 3419-3423. 



   

109 

 

38. Cha, L.;  Milikisiyants, S.;  Davidson, M.;  Xue, S.;  Smirnova, T.;  Smirnov, A.;  Guo, Y.; 

Chang, W.-c., Alternative Reactivity of Leucine 5-Hydroxylase Using an Olefin-Containing 

Substrate to Construct a Substituted Piperidine Ring. Biochemistry 2020, 59, 1961-1965. 

39. Neugebauer, M. E.;  Kissman, E. N.;  Marchand, J. A.;  Pelton, J. G.;  Sambold, N. A.;  

Millar, D. C.; Chang, M. C. Y., Reaction pathway engineering converts a radical hydroxylase into 

a halogenase. Nat. Chem. Biol. 2022, 18, 171-179. 

40. Papadopoulou, A.;  Meierhofer, J.;  Meyer, F.;  Hayashi, T.;  Schneider, S.;  Sager, E.; Buller, 

R., Re-Programming and Optimization of a L-Proline cis-4-Hydroxylase for the cis-3-

Halogenation of its Native Substrate. ChemCatChem 2021, 13, 3914-3919. 

41. Lowden, P. A. S., Chapter 11: Aziridine Natural Products ï Discovery, Biological Activity 

and Biosynthesis. WileyVCH Verlag GmbH & Co. KGaA 2006. 

42. Thibodeaux, C. J.;  Chang, W.-c.; Liu, H.-w., Enzymatic chemistry of cyclopropane, 

epoxide, and aziridine biosynthesis. Chem. Rev. 2012, 112, 1681-1709. 

43. Dembitsky, V. M.;  Terentôev, A. O.; Levitsky, D. O., Aziridine Alkaloids: Origin, 

Chemistry and Activity. Springer: Berlin, Heidelberg, 2013. 

44. Sweeney, J. B., Aziridines: epoxides' ugly cousins? Chem. Soc. Rev. 2002, 31, 247-258. 

45. Botuha, C.;  Chemla, F.;  Ferreira, F.; P®rez-Luna, A., Aziridines in Natural Product 

Synthesis. Heterocycles in Natural Product Synthesis 2011, 3-39. 

46. Njardarson, J. T., Catalytic Ring Expansion Adventures. Synlett 2013, 24, 787-803. 

47. Yue, R.;  Li, M.;  Wang, Y.;  Guan, Y.;  Zhang, J.;  Yan, Z.;  Liu, F.;  Lu, F.; Zhang, H., 

Insight into enzyme-catalyzed aziridine formation mechanism in ficellomycin biosynthesis. Eur. J. 

Med. Chem. 2020, 204, 112639. 



   

110 

 

48. Kurosawa, S.;  Hasebe, F.;  Okamura, H.;  Yoshida, A.;  Matsuda, K.;  Sone, Y.;  Tomita, 

T.;  Shinada, T.;  Takikawa, H.;  Kuzuyama, T.;  Kosono, S.; Nishiyama, M., Molecular Basis for 

Enzymatic Aziridine Formation via Sulfate Elimination. J. Am. Chem. Soc. 2022, 144, 16164-

16170. 

49. Gao, X.;  Chooi, Y. H.;  Ames, B. D.;  Wang, P.;  Walsh, C. T.; Tang, Y., Fungal indole 

alkaloid biosynthesis: genetic and biochemical investigation of the tryptoquialanine pathway in 

Penicillium aethiopicum. J. Am. Chem. Soc. 2011, 133, 2729-2741. 

50. Bunno, R.;  Awakawa, T.;  Mori, T.; Abe, I., Aziridine Formation by a Fe(II) /alpha-

Ketoglutarate Dependent Oxygenase and 2-Aminoisobutyrate Biosynthesis in Fungi. Angew. 

Chem. Int. Ed. 2021, 60, 15827-15831. 

51. Wiest, A.;  Grzegorski, D.;  Xu, B. W.;  Goulard, C.;  Rebuffat, S.;  Ebbole, D. J.;  Bodo, 

B.; Kenerley, C., Identification of peptaibols from Trichoderma virens and cloning of a peptaibol 

synthetase. J. Biol. Chem. 2002, 277, 20862-20868. 

52. Raap, J.;  Erkelens, K.;  Ogrel, A.;  Skladnev, D. A.; Bruckner, H., Fungal biosynthesis of 

non-ribosomal peptide antibiotics and alpha, alpha-dialkylated amino acid constituents. J. Pept. 

Sci. 2005, 11, 331-338. 

53. Rogozhin, E. A.;  Sadykova, V. S.;  Baranova, A. A.;  Vasilchenko, A. S.;  Lushpa, V. A.;  

Mineev, K. S.;  Georgieva, M. L.;  Kul'ko, A. B.;  Krasheninnikov, M. E.;  Lyundup, A. V.;  

Vasilchenko, A. V.; Andreev, Y. A., A Novel Lipopeptaibol Emericellipsin A with Antimicrobial 

and Antitumor Activity Produced by the Extremophilic Fungus Emericellopsis alkalina. Molecules 

2018, 23, 2785. 

54. Costa, J. H.;  Bazioli, J. M.;  Barbosa, L. D.;  Dos Santos Junior, P. L. T.;  Reis, F. C. G.;  

Klimeck, T.;  Crnkovic, C. M.;  Berlinck, R. G. S.;  Sussulini, A.;  Rodrigues, M. L.; Fill, T. P., 



   

111 

 

Phytotoxic Tryptoquialanines Produced In Vivo by Penicillium digitatum Are Exported in 

Extracellular Vesicles. mBio 2021, 12, e03393-20. 

55. Gerlt, J. A.;  Bouvier, J. T.;  Davidson, D. B.;  Imker, H. J.;  Sadkhin, B.;  Slater, D. R.; 

Whalen, K. L., Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST): A web tool for 

generating protein sequence similarity networks. Biochim. Biophys. Acta 2015, 1854, 1019-1037. 

56. Gerlt, J. A., Genomic Enzymology: Web Tools for Leveraging Protein Family Sequence-

Function Space and Genome Context to Discover Novel Functions. Biochemistry 2017, 56, 4293-

4308. 

57. Zallot, R.;  Oberg, N. O.; Gerlt, J. A., 'Democratized' genomic enzymology web tools for 

functional assignment. Curr. Opin. Chem. Biol. 2018, 47, 77-85. 

58. Zallot, R.;  Oberg, N.; Gerlt, J. A., The EFI Web Resource for Genomic Enzymology Tools: 

Leveraging Protein, Genome, and Metagenome Databases to Discover Novel Enzymes and 

Metabolic Pathways. Biochemistry 2019, 58, 4169-4182. 

59. Martinez, S.; Hausinger, R. P., Catalytic Mechanisms of Fe(II)- and 2-Oxoglutarate-

dependent Oxygenases. J. Biol. Chem. 2015, 290, 20702-20711. 

60. Hausinger, R. P., Biochemical Diversity of 2-Oxoglutarate-Dependent Oxygenases. In 2-

Oxoglutarate-Dependent Oxygenases, Hausinger, R. P.; Schofield, C. J., Eds. Royal Society of 

Chemistry: 2015; pp 1-58. 

61. Wu, L. F.;  Meng, S.; Tang, G. L., Ferrous iron and alpha-ketoglutarate-dependent 

dioxygenases in the biosynthesis of microbial natural products. Biochim. Biophys. Acta. 2016, 

1864, 453-470. 

62. Islam, M. S.;  Leissing, T. M.;  Chowdhury, R.;  Hopkinson, R. J.; Schofield, C. J., 2-

Oxoglutarate-Dependent Oxygenases. Annu. Rev. Biochem. 2018, 87, 585-620. 



   

112 

 

63. Gao, S. S.;  Naowarojna, N.;  Cheng, R.;  Liu, X.; Liu, P., Recent examples of alpha-

ketoglutarate-dependent mononuclear non-haem iron enzymes in natural product biosyntheses. 

Nat. Prod. Rep. 2018, 35, 792-837. 

64. Papadopoulou, A.;  Meyer, F.; Buller, R. M., Engineering Fe(II)/alpha-Ketoglutarate-

Dependent Halogenases and Desaturases. Biochemistry 2022, 62, 229-240. 

65. Jumper, J.;  Evans, R.;  Pritzel, A.;  Green, T.;  Figurnov, M.;  Ronneberger, O.;  

Tunyasuvunakool, K.;  Bates, R.;  Zidek, A.;  Potapenko, A.;  Bridgland, A.;  Meyer, C.;  Kohl, S. 

A. A.;  Ballard, A. J.;  Cowie, A.;  Romera-Paredes, B.;  Nikolov, S.;  Jain, R.;  Adler, J.;  Back, T.;  

Petersen, S.;  Reiman, D.;  Clancy, E.;  Zielinski, M.;  Steinegger, M.;  Pacholska, M.;  Berghammer, 

T.;  Bodenstein, S.;  Silver, D.;  Vinyals, O.;  Senior, A. W.;  Kavukcuoglu, K.;  Kohli, P.; Hassabis, 

D., Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. 

66. Komon-Zelazowska, M.;  Neuhof, T.;  Dieckmann, R.;  von Dohren, H.;  Herrera-Estrella, 

A.;  Kubicek, C. P.; Druzhinina, I. S., Formation of atroviridin by Hypocrea atroviridis is 

conidiation associated and positively regulated by blue light and the G protein GNA3. Eukaryot 

Cell. 2007, 6, 2332-2342. 

67. Ageno, G.;  Banfi, L.;  Giuseppe Guanti, G. C.;  Manghisi, E.;  Riva, R.; Rocca, V., 

Enantiospecific and diastereoselective synthesis of 4,4-disubstituted-3-amino-2-azetidinones, 

starting from D-serine. Tetrahedron 1995, 51, 8121-8134. 

68. Wakimoto, T.;  Asakawa, T.;  Akahoshi, S.;  Suzuki, T.;  Nagai, K.;  Kawagishi, H.; Kan, 

T., Proof of the Existence of an Unstable Amino Acid: Pleurocybellaziridine in Pleurocybella 

porrigens. Angew. Chem. Int. Ed. 2011, 50, 1168-1170. 



   

113 

 

69. Vijayasarathy, S.;  Prasad, P.;  Fremlin, L. J.;  Ratnayake, R.;  Salim, A. A.;  Khalil, Z.; 

Capon, R. J., C3 and 2D C3 Marfeyôs Methods for Amino Acid Analysis in Natural Products. J. 

Nat. Prod. 2016, 79, 421-427. 

70. Kang, X.;  Xiao, J.;  Huang, X.; Gu, Z., Optimization of dansyl derivatization and 

chromatographic conditions in the determination of neuroactive amino acids of biological samples. 

Clin. Chim. Acta. 2006, 366, 352-356. 

71. Ryle, M. J.;  Padmakumar, R.; Hausinger, R. P., Stopped-flow kinetic analysis of 

Escherichia coli taurine/alpha-ketoglutarate dioxygenase: interactions with alpha-ketoglutarate, 

taurine, and oxygen. Biochemistry 1999, 38, 15278-15286. 

72. Price, J. C.;  Barr, E. W.;  Tirupati, B.;  Bollinger, J. M., Jr.; Krebs, C., The first direct 

characterization of a high-valent iron intermediate in the reaction of an alpha-ketoglutarate-

dependent dioxygenase: a high-spin FeIV complex in taurine/alpha-ketoglutarate dioxygenase 

(TauD) from Escherichia coli. Biochemistry 2003, 42, 7497-7508. 

73. Price, J. C.;  Barr, E. W.;  Hoffart, L. M.;  Krebs, C.; Bollinger, J. M., Jr., Kinetic dissection 

of the catalytic mechanism of taurine:alpha-ketoglutarate dioxygenase (TauD) from Escherichia 

coli. Biochemistry 2005, 44, 8138-8147. 

74. Sinnecker, S.;  Svensen, N.;  Barr, E. W.;  Ye, S.;  Bollinger, J. M., Jr.;  Neese, F.; Krebs, 

C., Spectroscopic and Computational Evaluation of the Structure of the High-Spin Fe(IV)-Oxo 

Intermediates in Taurine: Ŭ-Ketoglutarate Dioxygenase from Escherichia coli and Its His99Ala 

Ligand Variant. J. Am. Chem. Soc. 2007, 129, 6168-6179. 

75. Hoffart, L. M.;  Barr, E. W.;  Guyer, R. B.;  Bollinger, J. M.; Krebs, C., Direct spectroscopic 

detection of a C-H-cleaving high-spin Fe(IV) complex in a prolyl-4-hydroxylase. Proc. Natl. Acad. 

Sci. U. S. A. 2006, 103, 14738-14743. 



   

114 

 

76. Panay, A. J.;  Lee, M.;  Krebs, C.;  Bollinger, J. M., Jr.; Fitzpatrick, P. F., Evidence for a 

High-Spin Fe(IV) Species in the Catalytic Cycle of a Bacterial Phenylalanine Hydroxylase. 

Biochemistry 2011, 50, 1928-1933. 

77. Chang, W. C.;  Guo, Y.;  Wang, C.;  Butch, S. E.;  Rosenzweig, A. C.;  Boal, A. K.;  Krebs, 

C.; Bollinger, J. M., Jr., Mechanism of the C5 stereoinversion reaction in the biosynthesis of 

carbapenem antibiotics. Science 2014, 343, 1140-1144. 

78. Chang, W.-c.;  Li, J.;  Lee, J. L.;  Cronican, A. A.; Guo, Y., Mechanistic Investigation of a 

Non-Heme Iron Enzyme Catalyzed Epoxidation in (-)-4'-Methoxycyclopenin Biosynthesis. J. Am. 

Chem. Soc. 2016, 138, 10390-10393. 

79. Dunham, N. P.;  Chang, W. C.;  Mitchell, A. J.;  Martinie, R. J.;  Zhang, B.;  Bergman, J. 

A.;  Rajakovich, L. J.;  Wang, B.;  Silakov, A.;  Krebs, C.;  Boal, A. K.; Bollinger, J. M., Two 

Distinct Mechanisms for C-C Desaturation by Iron(II)- and 2-(Oxo)glutarate-Dependent 

Oxygenases: Importance of alpha-Heteroatom Assistance. J. Am. Chem. Soc. 2018, 140, 7116-

7126. 

80. Li, X.;  Xue, S.;  Guo, Y.; Chang, W.-c., Mechanism of Methyldehydrofosmidomycin 

Maturation: Use Olefination to Enable Chain Elongation. J. Am. Chem. Soc. 2022, 144, 8257-8266. 

81. Chen, T.-Y.;  Chen, J.;  Tang, Y.;  Zhou, J.;  Guo, Y.; Chang, W.-c., Pathway from N-

Alkylglycine to Alkylisonitrile Catalyzed by Iron(II) and 2-Oxoglutarate-Dependent Oxygenases. 

Angew. Chem. Int. Ed. 2020, 59, 7367-7371. 

82. Bollinger, J. M., Jr.;  Chang, W.-c.;  Matthews, M. L.;  Martinie, R. J.;  Boal, A. K.; Krebs, 

C., Mechanisms of 2-Oxoglutarate-Dependent Oxygenases: The Hydroxylation Paradigm and 

Beyond. In 2-Oxoglutarate-Dependent Oxygenases, Hausinger, R. P.; Schofield, C. J., Eds. Royal 

Society of Chemistry 2015; pp 95-122. 



   

115 

 

83. Blanksby, S. J.; Ellison, G. B., Bond dissociation energies of organic molecules. Accounts 

Chem Res 2003, 36, 255-263. 

84. Tian, Z. X.;  Fattahi, A.;  Lis, L.; Kass, S. R., Cycloalkane and cycloalkene C-H bond 

dissociation energies. J. Am. Chem. Soc. 2006, 128, 17087-17092. 

85. Fattahi, A.;  McCarthy, R. E.;  Ahmad, M. R.; Kass, S. R., Why does cyclopropene have 

the acidity of an acetylene but the bond energy of methane? J. Am. Chem. Soc. 2003, 125, 11746-

11750. 

86. Saunders, M.; Jimenezvazquez, H. A., Recent Studies of Carbocations. Chem. Rev. 1991, 

91, 375-397. 

87. Pan, J.;  Wenger, E. S.;  Matthews, M. L.;  Pollock, C. J.;  Bhardwaj, M.;  Kim, A. J.;  Allen, 

B. D.;  Grossman, R. B.;  Krebs, C.; Bollinger, J. M., Jr., Evidence for Modulation of Oxygen 

Rebound Rate in Control of Outcome by Iron(II)- and 2-Oxoglutarate-Dependent Oxygenases. J. 

Am. Chem. Soc. 2019, 141, 15153-15165. 

88. Zallot, R.;  Oberg, N.; Gerlt, J. A., The EFI Web Resource for Genomic Enzymology Tools: 

Leveraging Protein, Genome, and Metagenome Databases to Discover Novel Enzymes and 

Metabolic Pathways. Biochemistry 2019, 58, 4169-4182. 

89. Shannon, P.;  Markiel, A.;  Ozier, O.;  Baliga, N. S.;  Wang, J. T.;  Ramage, D.;  Amin, N.;  

Schwikowski, B.; Ideker, T., Cytoscape: a software environment for integrated models of 

biomolecular interaction networks. Genome research 2003, 13, 2498-2504. 

90. Altschul, S. F.;  Madden, T. L.;  Schªffer, A. A.;  Zhang, J.;  Zhang, Z.;  Miller, W.; Lipman, 

D. J., Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. 

Nucleic Acids Res. 1997, 25, 3389-3402. 



   

116 

 

91. Benhaim, C.;  Bouchard, L.;  Pelletier, G.;  Sellstedt, J.;  Kristofova, L.; Daigneault, S., 

Enantioselective synthesis of beta-trifluoromethyl alpha-amino acids. Org. Lett. 2010, 12, 2008-

2011. 

92. Schultz, B. J.;  Kim, S. Y.;  Lau, W.; Sattely, E. S., Total Biosynthesis for Milligram-Scale 

Production of Etoposide Intermediates in a Plant Chassis. J. Am. Chem. Soc. 2019, 141, 19231-

19235. 

93. Li, J.;  Zhang, X.; Renata, H., Asymmetric Chemoenzymatic Synthesis of (ī)-

Podophyllotoxin and Related Aryltetralin Lignans. Angew. Chem. Int. Ed. 2019, 58, 11657-11660. 

94. Lazzarotto, M.;  Hammerer, L.;  Hetmann, M.;  Borg, A.;  Schmermund, L.;  Steiner, L.;  

Hartmann, P.;  Belaj, F.;  Kroutil, W.;  Gruber, K.; Fuchs, M., Chemoenzymatic Total Synthesis of 

Deoxy-, epi-, and Podophyllotoxin and a Biocatalytic Kinetic Resolution of 

Dibenzylbutyrolactones. Angew. Chem. Int. Ed. 2019, 58, 8226-8230. 

95. Chekan, J. R.;  McKinnie, S. M. K.;  Moore, M. L.;  Poplawski, S. G.;  Michael, T. P.; 

Moore, B. S., Scalable Biosynthesis of the Seaweed Neurochemical, Kainic Acid. Angew. Chem. 

Int. Ed. 2019, 58, 8454-8457. 

96. Nett, R. S.; Sattely, E. S., Total Biosynthesis of the Tubulin-Binding Alkaloid Colchicine. 

J. Am. Chem. Soc. 2021, 143, 19454-19465. 

97. Gao, S. S.;  Naowarojna, N.;  Cheng, R.;  Liu, X.; Liu, P., Recent examples of alpha-

ketoglutarate-dependent mononuclear non-haem iron enzymes in natural product biosyntheses. 

Nat. Prod. Rep. 2018, 35, 792-837. 

98. Herr, C. Q.; Hausinger, R. P., Amazing Diversity in Biochemical Roles of Fe(II)/2-

Oxoglutarate Oxygenases. Trends Biochem. Sci. 2018, 43, 517-532. 



   

117 

 

99. Martinez, S.; Hausinger, R. P., Catalytic Mechanisms of Fe(II)- and 2-Oxoglutarate-

dependent Oxygenases. J. Biol. Chem. 2015, 290, 20702-20711. 

100. Li, X.;  Xue, S.;  Guo, Y.; Chang, W.-C., Mechanism of Methyldehydrofosmidomycin 

Maturation: Use Olefination to Enable Chain Elongation. J. Am. Chem. Soc. 2022, 144, 8257-8266. 

101. Parkinson, E. I.;  Lakkis, H. G.;  Alwali, A. A.;  Metcalf, M. E. M.;  Modi, R.; Metcalf, W. 

W., An Unusual Oxidative Rearrangement Catalyzed by a Divergent Member of the 2-

Oxoglutarate-Dependent Dioxygenase Superfamily during Biosynthesis of 

Dehydrofosmidomycin. Angew. Chem. Int. Ed. 2022, e202206173. 

102. Shimo, S.;  Ushimaru, R.;  Engelbrecht, A.;  Harada, M.;  Miyamoto, K.;  Kulik, A.;  

Uchiyama, M.;  Kaysser, L.; Abe, I., Stereodivergent Nitrocyclopropane Formation during 

Biosynthesis of Belactosins and Hormaomycins. J. Am. Chem. Soc. 2021, 143, 18413-18418. 

103. Li, X.;  Shimaya, R.;  Dairi, T.;  Chang, W.-c.; Ogasawara, Y., Identification of 

Cyclopropane Formation in the Biosyntheses of Hormaomycins and Belactosins: Sequential 

Nitration and Cyclopropanation by Metalloenzymes. Angew. Chem. Int. Ed. 2022, 61, e202113189. 

104. Wessjohann, L. A.;  Brandt, W.; Thiemann, T., Biosynthesis and metabolism of 

cyclopropane rings in natural compounds. Chem. Rev. 2003, 103, 1625-1648. 

105. Thibodeaux, C. J.;  Chang, W.-c.; Liu, H.-w., Enzymatic chemistry of cyclopropane, 

epoxide, and aziridine biosynthesis. Chem. Rev. 2012, 112, 1681-1709. 

106. Ma, S. Z.;  Mandalapu, D.;  Wang, S.; Zhang, Q., Biosynthesis of cyclopropane in natural 

products. Nat. Prod. Rep. 2021, doi: 10.1039/d1np00065a. 

107. Ushimaru, R.; Abe, I., Unusual Dioxygen-Dependent Reactions Catalyzed by Nonheme 

Iron Enzymes in Natural Product Biosynthesis. ACS Catal. 2023, 13, 1045-1076. 



   

118 

 

108. Altschul, S. F.;  Wootton, J. C.;  Gertz, E. M.;  Agarwala, R.;  Morgulis, A.;  Schªffer, A. 

A.; Yu, Y.-K., Protein database searches using compositionally adjusted substitution matrices. 

FEBS J. 2005, 272, 5101-5109. 

109. Gerlt, J. A., Genomic Enzymology: Web Tools for Leveraging Protein Family Sequence-

Function Space and Genome Context to Discover Novel Functions. Biochemistry 2017, 56, 4293-

4308. 

110. Bhushan, R.; Bruckner, H., Marfey's reagent for chiral amino acid analysis: a review. 

Amino Acids 2004, 27, 231-247. 

111. Zlatopolskiy, B. D.;  Loscha, K.;  Alvermann, P.;  Kozhushkov, S. I.;  Nikolaev, S. V.;  

Zeeck, A.; de Meijere, A., Final elucidation of the absolute configuration of the signal metabolite 

hormaomycin. Chem. Eur. J. 2004, 10, 4708-4717. 

112. Pavel, E. G.;  Zhou, J.;  Busby, R. W.;  Gunsior, M.;  Townsend, C. A.; Solomon, E. I., 

Circular dichroism and magnetic circular dichroism spectroscopic studies of the non-heme ferrous 

active site in clavaminate synthase and its interaction with alpha-ketoglutarate cosubstrate. J. Am. 

Chem. Soc. 1998, 120, 743-753. 

113. Ryle, M. J.;  Padmakumar, R.; Hausinger, R. P., Stopped-flow kinetic analysis of 

Escherichia coli taurine/alpha-ketoglutarate dioxygenase: interactions with alpha-ketoglutarate, 

taurine, and oxygen. Biochemistry 1999, 38, 15278-86. 

114. Hoffart, L. M.;  Barr, E. W.;  Guyer, R. B.;  Bollinger, J. M., Jr.; Krebs, C., Direct 

spectroscopic detection of a C-H-cleaving high-spin Fe(IV) complex in a prolyl-4-hydroxylase. 

Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 14738-14743. 



   

119 

 

115. Galonic, D. P.;  Barr, E. W.;  Walsh, C. T.;  Bollinger, J. M., Jr.; Krebs, C., Two 

interconverting Fe(IV) intermediates in aliphatic chlorination by the halogenase CytC3. Nat .Chem. 

Biol. 2007, 3, 113-116. 

116. Chang, W.-c.;  Guo, Y.;  Wang, C.;  Butch, S. E.;  Rosenzweig, A. C.;  Boal, A. K.;  Krebs, 

C.; Bollinger, J. M., Jr., Mechanism of the C5 stereoinversion reaction in the biosynthesis of 

carbapenem antibiotics. Science 2014, 343, 1140-1144. 

117. Wheland, G. W.; Farr, J., Acid strengths of aliphatic nitro compounds. J. Am. Chem. Soc. 

1943, 65, 1433. 

118. Slovetskii, V. I.; Fainzil'berg, A. A., Factors influencing the acidity of nitro-compounds. 

Russ. Chem. Bull. 1968, 17, 998-1003. 

119. Schloss, J. V.; Cleland, W. W., Inhibition of isocitrate lyase by 3-nitropropionate, a 

reaction-intermediate analogue. Biochemistry 1982, 21, 4420-4427. 

120. Li, X.;  Xue, S.;  Guo, Y.; Chang, W.-c., Mechanism of Methyldehydrofosmidomycin 

Maturation: Use Olefination to Enable Chain Elongation. Journal of the American Chemical 

Society 2022, 144, 8257-8266. 

121. Butler, P.;  Golding, B. T.;  Laval, G.;  Loghmani-Khouzani, H.;  Ranjbar-Karimi, R.; 

Sadeghi, M. M., Fluorination and chlorination of nitroalkyl groups. Tetrahedron 2007, 63, 11160-

11166. 

122. Watanabe, B.;  Ichiyanagi, A.;  Hirokawa, K.;  Gomi, K.;  Nakatsu, T.;  Kato, H.; Kajiyama, 

N., Synthesis and inhibitory activity of substrate-analog fructosyl peptide oxidase inhibitors. 

Bioorg. Med. Chem. Lett. 2015, 25, 3910-3913. 



   

120 

 

123. Wu, L. F.;  Meng, S.; Tang, G. L., Ferrous iron and alpha-ketoglutarate-dependent 

dioxygenases in the biosynthesis of microbial natural products. Biochim. Biophys. Acta 2016, 1864, 

453-470. 

124. Gao, S. S.;  Naowarojna, N.;  Cheng, R. H.;  Liu, X. T.; Liu, P. H., Recent examples of -

ketoglutarate-dependent mononuclear non-haem iron enzymes in natural product biosyntheses. 

Nat. Prod. Rep. 2018, 35, 792-837. 

125. Nakamura, H.;  Matsuda, Y.; Abe, I., Unique chemistry of non-heme iron enzymes in fungal 

biosynthetic pathways. Nat. Prod. Rep. 2018, 35, 633-645. 

126. Mitchell, A. J.;  Dunham, N. P.;  Bergman, J. A.;  Wang, B.;  Zhu, Q.;  Chang, W.-c.;  Liu, 

X.; Boal, A. K., Structure-Guided Reprogramming of a Hydroxylase To Halogenate Its Small 

Molecule Substrate. Biochemistry 2017, 56, 441-444. 

127. Amatuni, A.; Renata, H., Identification of a lysine 4-hydroxylase from the glidobactin 

biosynthesis and evaluation of its biocatalytic potential. Org. Biomol. Chem. 2019, 17, 1736-1739. 

128. Qi, J.;  Wan, D.;  Ma, H.;  Liu, Y.;  Gong, R.;  Qu, X.;  Sun, Y.;  Deng, Z.; Chen, W., 

Deciphering Carbamoylpolyoxamic Acid Biosynthesis Reveals Unusual Acetylation Cycle 

Associated with Tandem Reduction and Sequential Hydroxylation. Cell Chem. Biol. 2016, 23, 935-

944. 

 

 

 

 

 

 



   

121 

 

APPENDICES 



   

122 

 

LIST OF APPENDICES 

A-1  Protein sequence alignment of TqaLs from previous works and this work. ............. 125 

A-2  SDS-PAGE of purified TqaL-ha (38.4 kDa) and TqaL-pd (36.7 kDa). ................... 126 

A-3  The 320nm kinetic traces derived from the SF-Abs experiments. ............................ 126 

A-4  The kinetic simulations of the 320 nm kinetic traces by using the kinetic model 

described above. ........................................................................................................ 127 

A-5  LC-MS analysis of the TqaL-ha enzymatic assay with L-alanine (10, m/z = 323.1) 

and L-cyclopropyl-alanine (11, m/z = 349.1). ........................................................... 128 

A-6  Mössbauer spectra demonstrate the accumulation of an Fe(IV)=O intermediate in 

the reaction with d8-2. ............................................................................................... 129 

A-7  LC-MS analysis of the TqaL-ha catalyzed reaction with L-isoleucine (3). .............. 130 

A-8  1H and 13C NMR spectra of benzyl (S)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-

3-methylbutanoate. .................................................................................................... 131 

A-9  1H and 13C NMR spectra of (S)-1-(benzyloxy)-3-hydroxy-3-methyl-1-oxobutan-2-

aminium. .................................................................................................................... 132 

A-10  1H and 13C NMR spectra of 3-hydroxyl-valine (7). .................................................. 133 

A-11  1H and 13C NMR spectra of benzyl (S)-2-(((benzyloxy)carbonyl)amino)-3-

hydroxy-3-methylbutanoate. ..................................................................................... 134 

A-12  1H and 13C NMR spectra of dibenzyl (S)-3,3-dimethylaziridine-1,2-dicarboxylate. 135 

A-13 1H and 13C NMR spectra of pleurocybellaziridine (4). ............................................. 136 

A-14  1H NMR spectra of Benzyl (2S,3R)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-

methylpentanoate. ..................................................................................................... 137 

A-15  1H and 13C NMR spectra of (2S,3R)-1-(benzyloxy)-3-hydroxy-3-methyl-1-

oxopentan-2-aminium. .............................................................................................. 138 

A-16  1H and 13C NMR spectra of (3R)-3-hydroxylisoleucine (14). ................................... 139 

A-17  1H and 13C NMR spectra of  benzyl (2S,3R)-2-(((benzyloxy)carbonyl)amino)-3-

hydroxy-3-methylpentanoate. ................................................................................... 140 

A-18  1H and 13C NMR spectra of  dibenzyl (2S,3S)-3-ethyl-3-methylaziridine-1,2-

dicarboxylate. ............................................................................................................ 141 

A-19  NOESY spectra of dibenzyl (2S,3S)-3-ethyl-3-methylaziridine-1,2-dicarboxylate. . 142 

A-20  1H and 13C NMR spectra of  (2S,3S)-3-ethyl-3-methylaziridine-2-carboxylic acid 

(6). ............................................................................................................................. 143 

A-21  1H NMR spectra of Benzyl (2S,3S)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-

methylpentanoate. ..................................................................................................... 144 

A-22 1H and 13C NMR spectra of (2S,3S)-1-(benzyloxy)-3-hydroxy-3-methyl-1-

oxopentan-2-aminium. .............................................................................................. 145 

A-23  1H and 13C NMR spectra of (3R)-3-hydroxylisoleucine (8). ..................................... 146 



   

123 

 

A-24  1H and 13C NMR spectra of  benzyl (2S,3S)-2-(((benzyloxy)carbonyl)amino)-3-

hydroxy-3-methylpentanoate. ................................................................................... 147 

A-25  1H and 13C NMR spectra of  dibenzyl (2S,3R)-3-ethyl-3-methylaziridine-1,2-

dicarboxylate. ............................................................................................................ 148 

A-26  NOESY spectra of dibenzyl (2S,3R)-3-ethyl-3-methylaziridine-1,2-dicarboxylate. 149 

A-27  1H and 13C NMR spectra of  (2S,3R)-3-ethyl-3-methylaziridine-2-carboxylic acid 

(5). ............................................................................................................................. 150 

A-28  The sequence similarity network of HrmJ. ............................................................... 151 

A-29  Four putative biosynthetic clusters that contain hrmI/J like genes identified from 

Streptomyces sp. CFMR 7, Streptomyces sp. 3214.6, Rhodococcus sp. Chr-9 and 

Streptomyces rimosus. ............................................................................................... 152 

A-30  SDS-PAGE analysis of purified HrmJ-ssc (27.8 kDa), HrmJ-sr (25.8 kDa), HrmJ-

ss3 (25.4 kDa) and HrmJ-rsc (26.5 kDa). ................................................................. 152 

A-31  1H and 13C NMR spectra of Dan-19. ......................................................................... 153 

A-32  COSY and HSQC spectra of Dan-19. ....................................................................... 154 

A-33  NOESY spectrum of Dan-19. .................................................................................... 155 

A-34  13C NMR analysis of incubating [6-13C]-16 with HrmJ-ssc in D2O/H2O buffer (pH 

7.5, Tris; pH 10.5, CAPS) for 3 hours. ...................................................................... 156 

A-35  13C-NMR analysis of [6-13C]-16 at various pH conditions. Distribution of 16 and 

21 shows pH dependence. ......................................................................................... 157 

A-36  The a) HrmJ-ssc and b) HrmJ, BelL and HrmJ-sr catalyzed reaction at various pH 

conditions. ................................................................................................................. 158 

A-37  1H and 13C NMR spectra of tert-butyl (S)-2-((tert-butoxycarbonyl)amino)-6,6-

difluoro-6-nitrohexanoate. ......................................................................................... 159 

A-38  19F NMR spectra of tert-butyl (S)-2-((tert-butoxycarbonyl)amino)-6,6-difluoro-6-

nitrohexanoate. .......................................................................................................... 160 

A-39  1H and 13C NMR spectra of tert-butyl (S)-2-((tert-butoxycarbonyl)amino)-6,6-

difluoro-6-nitrohexanoate. ......................................................................................... 161 

A-40  19F NMR spectra of tert-butyl (S)-2-((tert-butoxycarbonyl)amino)-6,6-difluoro-6-

nitrohexanoate. .......................................................................................................... 162 

A-41  1H and 13C NMR spectra of methyl (S)-2-(bis(tert-butoxycarbonyl)amino)-6-

(hydroxyimino)hexanoate. ........................................................................................ 163 

A-42  1H and 13C NMR spectra of methyl (S)-2-amino-6-(hydroxyimino)hexanoate. ....... 164 

A-43  1H and 13C NMR spectra of (S)-2-amino-6-(hydroxyimino)hexanoic acid. ............. 165 

A-44  SDS-PAGE analysis of purified HrmJ-aw (28.2 kDa), HrmJ-aw-VM (28.3 kDa), 

HrmJ-aw-VA (28.2 kDa), HrmJ-aw-GM (28.2 kDa), HrmJ-aw-VV (28.2 kDa), 

HrmJ-ssc-VV (25.6 kDa), GlbB (31.4 kDa) and PolL (27.0 kDa). .......................... 166 

A-45  1H and 13C NMR spectra of 24. ................................................................................. 167 



   

124 

 

A-46  COSY and HSQC spectra of 24. ............................................................................... 168 

A-47  LC-MS analysis of PolL catalyzed reaction with 16. ................................................ 169 

 

  



   

125 

 

 
 

 

 

 

 

 

 

  

 

 
 

 

 

A-1 Protein sequence alignment of TqaLs from previous works and this work. 

 

 

Percent 

Identity 

(%)  

TqaL-

ha 

TqaL-

nc 

TqaL-

pa 

TqaL-

pd 

TqaL-

pae 

TqaL-ha 100.00 61.77 53.37 56.05 55.35 

TqaL-nc 61.77 100.00 55.56 61.64 55.07 

TqaL-pa 53.37 55.56 100.00 79.87 76.65 

TqaL-pd 56.05 61.64 79.87 100.00 85.27 

TqaL-pae 55.35 55.07 76.65 85.27 100.00 
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A-2 SDS-PAGE of purified TqaL-ha (38.4 kDa) and TqaL-pd (36.7 kDa). 

 
 

 
A-3 The 320nm kinetic traces derived from the SF-Abs experiments. The traces all show a rapid increase 

due to the initial formation of the Fe(IV)-oxo species, except for the trace derived from the reaction with 

10. 
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A-4 The kinetic simulations of the 320 nm kinetic traces by using the kinetic model described above. The 

obtained rate constants are listed in each panel. The black and blue traces are the experimental data, the 

grey traces are the overall simulations, and the red traces represent the Fe(IV)-oxo components. In the first 

panel, the Fe(IV)-oxo component resulting from d8-2 is labeled using dashed line. N.D.: not determined. 

 

 



   

128 

 

 
A-5 LC-MS analysis of the TqaL-ha enzymatic assay with L-alanine (10, m/z = 323.1) and L-cyclopropyl-

alanine (11, m/z = 349.1). Neither substrate consumption nor product (aziridine or hydroxylation will result 

in m/z change of  -2 or +16) formation can be observed. 
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A-6 Mössbauer spectra demonstrate the accumulation of an Fe(IV)=O intermediate in the reaction with d8-

2. The samples prepared at different time points are indicated in the figure. The black vertical bars represent 

the experimental data and the black solid curves represent the overall spectral simulations. The red curves 

represent the spectral feature of the Fe(IV)=O intermediate with ŭ = 0.28 mm/s |ȹEQ| = 0.65 mm/s, which 

is accumulated to 18% at 0.2 s and is decayed to ~ 10% at 1 s. Its high energy absorption line located at ~ 

0.6 mm/s is indicated by the red arrow and a vertical green dotted line. Additionally, the grey curves 

represent the spectral component of a di-ferric quadrupole doublet with ŭ = 0.51 mm/s |ȹEQ| = 0.62 mm/s, 

which occupies ~ 10% of the iron in the anaerobic control sample (the top spectrum) and is likely generated 

due to the reaction of contaminated O2 with free iron in the solution. This spectral component partially 

overlaps with the spectral feature from the Fe(IV)=O species as shown in the figure. The spectral simulation 

reveals that this di-ferric doublet is still ~ 10% in the 0.2 s sample, but slightly increases to ~ 15% in the 1 

s sample. The black arrows indicate the mononuclear high-spin ferric species, which develops to ~ 30% at 

1s. This mononuclear high-spin ferric species is most likely originated from the uncoupling of the TqaL 

reaction which is also detected in the SF-Abs.  
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A-7 LC-MS analysis of the TqaL-ha catalyzed reaction with L-isoleucine (3). The traces representing 

aziridine (m/z = 363.1) and two hydroxylation products (m/z = 381.1) are shown in orange and cyan, 

respectively. The bottom three traces represent product standards. Integration of each product reveals that 

5 and two hydroxylation products (8 and 14) are produced in a ratio of ~ 96/3/1. 
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A-8 1H and 13C NMR spectra of benzyl (S)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-methylbutanoate. 
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A-9 1H and 13C NMR spectra of (S)-1-(benzyloxy)-3-hydroxy-3-methyl-1-oxobutan-2-aminium. 
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A-10 1H and 13C NMR spectra of 3-hydroxyl-valine (7). 
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A-11 1H and 13C NMR spectra of benzyl (S)-2-(((benzyloxy)carbonyl)amino)-3-hydroxy-3-

methylbutanoate. 
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A-12 1H and 13C NMR spectra of dibenzyl (S)-3,3-dimethylaziridine-1,2-dicarboxylate. 



   

136 

 

 

 
A-13 1H and 13C NMR spectra of pleurocybellaziridine (4). 
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A-14 1H NMR spectra of Benzyl (2S,3R)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-methylpentanoate. 
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A-15 1H and 13C NMR spectra of (2S,3R)-1-(benzyloxy)-3-hydroxy-3-methyl-1-oxopentan-2-aminium. 


