
ABSTRACT 

MANLEY, OLIVIA MAIA. Functional Divergence of Diiron Enzymes for Natural Product 
Biosynthesis  
 

In recent years, a new subfamily of diiron enzymes involved in the biosynthesis of diverse 

natural products has been discovered. These diiron enzymes are comprised of an unusual structural 

fold that resembles heme oxygenase, and thus they have been termed the heme oxygenase-like 

diiron oxidases (HDOs). The first-coordination sphere of the diiron cluster is conserved among all 

HDOs. Despite the structural similarities of their active sites, the HDOs activate molecular oxygen 

to perform a breadth of catalytic activities that deviate from the canonical monooxygenation 

reaction, such as C–C bond scission, N-oxygenation, and halogenation. To understand how a 

common catalytic core can exhibit such broad chemical outcomes, we sought to determine the 

catalytic mechanisms by which the HDOs activate dioxygen to carry out their respective 

chemistries. Chapter 1 introduces the mechanisms of oxygen activation utilized by various iron-

dependent monooxygenases. Chapter 2 then describes the spectroscopic assignment of the cofactor 

of the fatty acid decarboxylase UndA as a diiron cluster, affirming its position in the HDO 

subfamily, and Chapter 3 describes its activation of O2 to a diferric-peroxo intermediate species 

and the role of this intermediate in the catalytic mechanism. Chapter 4 presents the spectroscopic 

confirmation of a diiron cluster in the founding member of the HDO family, CADD, and its 

reaction with oxygen under specific conditions. Chapter 5 introduces the HDO BesC, which 

performs an oxidative C–C scission to form terminal-alkene amino acids. The reaction of BesC 

with O2 generates a diferric-peroxo intermediate which surprisingly performs direct C–H 

abstraction from its substrate, revealing a new native function for diferric-peroxo species. The 

implications of the works presented in this dissertation are discussed in Chapter 6, which puts our 



understanding of the HDOs into the broader context of diiron enzymes for a global understanding 

of how these enzymes activate oxygen and how to leverage their biosynthetic potential. 
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CHAPTER 1: Introduction to Oxygen Activation by Iron-Dependent Oxygenases 

1.1 Metalloenzyme oxygen activation 

Metalloenzymes have received much attention for their ability to carry out challenging 

chemical reactions with the power of inorganic catalysts yet also the selectivity imparted by their 

chiral framework.1-2 In nature, metalloenzymes have developed a role in the functionalization of 

inert C–H bonds with high chemo- and regiospecificity, which is a longstanding challenge in 

synthetic organic chemistry. In particular, some of the most potent C–H activations in nature are 

performed by iron-dependent enzymes such as the hydroxylation of methane to methanol.3-4 

Metalloenzymes facilitate such challenging oxidations by pairing them with the reduction of O2 

through a process termed oxygen activation.5 While the reduction of O2 is thermodynamically 

favorable, kinetic barriers necessitate the process be divided into multiple electron transfer steps. 

Enzymes employ different cofactors with distinct strategies to carry out this process through 

varying oxygenated intermediate species, of which our understanding is ever expanding. The 

following will serve as an introduction to the various mechanisms of oxygen activation by iron-

dependent oxygenases. 

  

1.2. Iron-dependent oxygenases 

The term oxygenase stems from the reactions performed by such enzymes, which broadly 

can be described as the insertion of oxygen from O2 into an organic substrate. Oxygenases fall into 

two categories – monooxygenases and dioxygenases. Dioxygenases incorporate both oxygen 

atoms from O2 into their substrate, whereas monooxygenases introduce one oxygen atom into the 

substrate and the other oxygen is reduced fully to water (Equation 1.1, below). Because this process 

is essentially two separate oxidation and reduction reactions, it is sometimes referred to as "mixed-
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oxidase" activity. As the breadth of reactivities performed by monooxygenases grows, it's been 

found that some "mono"-oxygenases do not incorporate either oxygen into their substrates and 

rather the oxygens are both converted to water. As such, "monooxygenase" is perhaps a misnomer 

but nonetheless serves to distinguish this class of enzymes from their dioxygenase counterparts. 

 

 𝑅–𝐻	 +	𝑂' 	+ 	2𝑒* 	+ 	2𝐻+ 	→ 	𝑅–𝑂𝐻	 +	𝐻'𝑂 (1.1) 

 

There are several types of oxygenases which can be differentiated by their cofactors, which 

include iron, copper, and flavin. The following will focus only on iron-dependent 

monooxygenases, which fall into three categories based on the structure of their cofactor: 

mononuclear heme iron, mononuclear non-heme iron, or non-heme dinuclear iron. Each of these 

cofactors have evolved distinct structures and mechanisms but are unified in their common goal 

of leveraging the oxidative power of O2 to achieve challenging chemical oxidations. 

 

1.3. Cytochrome P450 monooxygenases 

Cytochrome P450s (CYPs) are the first iron-dependent monooxygenases to be recognized 

and well-characterized because of the bold red chromophore afforded by their heme B cofactor 

(Figure 1.1.A). CYPs receive their name from the 450-nm absorption maximum of the carbon 

monoxide complex.6-8 This unique CO-ligated chromophore stems from coordination by an axial 

cysteine thiolate ligand, which distinguishes CYPs from histidine-ligated systems such as globins 

and peroxidases.9-10 The overall structure of CYPs is highly conserved; all CYPs characterized to 

date are comprised of the same P450-fold, shown in Figure 1.1.B.11-12 The heme is buried inside 

the protein architecture, and the sequence similarity across CYPs increases with proximity to the 
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heme. This is reflective of the tight, conserved control of the active site necessary for performing 

such potent oxidative chemistry.  

 

 

Figure 1.1: The structure of the heme cofactor (A), and the conserved structure of cytochrome P450s typified 

by CYP101 shown as a ribbon diagram depicted in rainbow (B). The heme cofactor is shown in dark red, and 

the substrate camphor is gray. 

 

The heme chromophore has enabled detailed characterization of the state of the iron 

throughout catalysis (Figure 1.2). Despite the broad distribution of P450s, the mechanism of 

oxygen activation is nearly identical across all enzymes. Catalysis is initiated by substrate binding 

to the active site, which displaces the distal water ligand from the resting ferric iron, shifting it 

from hexacoordinate to pentacoordinate. This shift is accompanied by a shift in the energy of the 

d-electrons from the low-spin (S = 1/2) to high-spin (S = 5/2) state.13-14 This spin-shift facilitates 

the reduction of the heme by a ferredoxin-like redox partner protein.15 Binding of O2 to the ferrous 

center results in the first activated-oxygen species termed the "oxy" complex, which is best 

described as a ferric-superoxide complex (albeit with some ferrous character) like the O2-adducts 
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of globins.16-17 Subsequent delivery of a second electron from the redox partner is accompanied 

by a proton to generate the hydroperoxo intermediate (Compound 0),18 which then undergoes O–

O scission to form the iron(IV)-oxo π-cation radical intermediate termed Compound I,19-20 along 

with the release of one oxygen as water. Compound I then abstracts a hydrogen atom (HAT) from 

the hydrocarbon substrate, as evidenced by a 2H-substrate kinetic isotope effect in the first 

measured direct reactivity of Compound I toward C–H bonds,21 to yield the iron(IV)-hydroxo 

intermediate termed Compound II and a substrate radical.19, 21-22 Rapid recombination of the 

substrate radical with the OH radical from Compound II, a process termed "oxygen rebound," 

produces the hydroxylated product and regenerates the ferric resting state of the enzyme.23-24 

 

 

Figure 1.2: The general catalytic cycle of a cytochrome P450. 
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Intense efforts focused on understanding the key oxidant Compound I because of its potent 

reactivity. However, direct detection of Compound I remained elusive for decades due to its highly 

reactive thus transient nature. The first direct observation of this species occurred in the 1990s, but 

was limited to optical characterization due to its poor accumulation and fleeting nature.25-26 It 

wasn't until 2010 that Green and colleagues were then able to generate a remarkably stable, well-

accumulating Compound I by reacting highly purified, substrate-free CYP119 with mCPBA, 

which allowed for excellent spectroscopic characterization.19 Comparison of Compound I to the 

analogous intermediate in chloroperoxidase, a thiolate-ligated heme enzyme distinct from CYPs, 

has revealed that the potency of Compound I is imparted by a short Fe–S bond distance tuned by 

a weaker H-bonding pattern to the thiolate compared to chloroperoxidase.27 The unique pattern of 

hydrogen bonds to the thiolate ligand affords CYP Compound I the ability to break the strongest 

C–H bonds of any heme enzymes.28 

The nature of the heme cofactor leaves little room for variation of the iron geometry during 

catalysis. With four nitrogen ligands contributed by the porphyrin and one from the cysteine 

thiolate, the only variability is in the sixth axial ligand, which is comprised of an oxygen ligand in 

different states (or no ligand in the substrate-bound high-spin ferric state) throughout the catalytic 

cycle. Thus, most CYP reactions proceed through the same mechanism of hydroxylation of carbon 

(or in some cases sulfur or nitrogen) described above.29-30 There are, however, examples of 

deviation from the above mechanism including olefin epoxidation, olefin formation, and C–C 

breakage and formation. Two such examples are desaturation and oxidative decarboxylation, both 

of which thwart oxygen rebound to form an alkene.31-32 In each case, the reaction is thought to 

proceed through Compound I-mediated HAT followed by a secondary oxidation by Compound II, 

which can be described as either a second HAT or a proton-coupled electron transfer (PCET) 
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depending on the nature of the substrate.21, 33-34 These non-canonical reactions are often found to 

be accompanied by hydroxylation chemistry.35-37 The CYP152 family of P450 peroxygenases, for 

example, are found to perform both hydroxylation and decarboxylation, and the bifurcation is 

controlled by substrate identity and positioning.38-41 Other deviations from the canonical 

mechanism include select reactions thought to utilize the iron(III)-hydroperoxo species 

"Compound 0" to obviate C–H scission by Compound I. While Compound 0 appears to be 

operative in some reactions, its use as the native oxidant in many systems has remained 

controversial.42-43 Overall, despite the very wide range of substrates metabolized, the vast majority 

of CYPs operate via the canonical Compound I-mediated reaction mechanism. 

 

1.4. Iron- and α-ketoglutarate-dependent oxidases 

Mononuclear non-heme iron- and α-ketoglutarate (αKG)-dependent oxygenases are 

formally classified as dioxygenases because they incorporate one oxygen of O2 into their primary 

substrate (the hydroxylated product) and the other oxygen into the secondary product succinate, 

produced from αKG.44 However, the reactivity with respect to their primary substrate is analogous 

to other monooxygenases. These enzymes contain a ferrous iron cofactor which is coordinated by 

two histidine and one carboxylate residues arranged in a facial triad (halogenases are the exception, 

described below). These residues form an HxD/ExnH motif and are housed by a double-stranded 

β-helix structural domain which is used for all known Fe/αKG-dependent enzymes.45-46 The other 

three ligands coordinating the iron are water molecules in the resting state.  

The catalytic cycle of Fe/αKG-dependent oxygenases is shown in Figure 1.3. Catalysis is 

initiated by the binding of the cosubstrate αKG, which replaces two of the water ligands with 

oxygens from the C1 carboxylate and C2 keto group.47 Binding of the primary substrate displaces 



   

7 
 

the final water ligand and primes the active site for O2 activation, much like CYPs.48 O2-binding 

is thought to form an iron-O2 adduct that is isoelectronic between a ferrous-oxy and a ferric-peroxo 

complex.44 Decarboxylation of αKG then occurs via nucleophilic attack at C2 by the O2-adduct, 

which prompts O–O bond scission to produce succinate and CO2 and to generate the key iron(IV)-

oxo intermediate termed Intermediate J.49-51 This potent oxidant can then perform HAT from the 

substrate C–H bond, which has been established using 2H-kinetic isotope effects.49, 52-54 The 

incipient substrate radical and iron(III)-OH then rebound to generate the hydroxylated product, 

and the iron returns to the ferrous state.55  

 

 

Figure 1.3: The catalytic cycle of mononuclear Fe- and α-ketoglutarate-dependent oxygenases. A generic 

hydrocarbon substrate is represented by R–H. α-Ketoglutarate and succinate are abbreviated α-KG and succ., 

respectively. 

 

The importance of the facial triad of iron-coordinating ligands is evinced by its strict 

conservation across nearly all Fe/αKG enzymes. The only deviation from this ligand set comes 

from the enzymes that perform halogenation. In the Fe/αKG-dependent halogenases such as 

SyrB2, which is involved in the biosynthesis of the halogenated natural product syringomycin E, 
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the carboxylate ligand is instead an alanine.56-57 The coordination site typically occupied by the 

carboxylate is instead filled by a halide ligand.57 The halogenation reaction, much like 

hydroxylation, occurs via HAT by an iron(IV)-oxo intermediate but is followed by rebound of the 

halide rather than hydroxyl group.58-59 The presence of this halide ligand and precise substrate 

positioning control the partitioning between hydroxylation and halogenation chemistries.60-62 

Other deviations from hydroxylation chemistry include desaturation, epimerization, 

cyclization, and C–C bond cleavage.63 Despite the different reaction outcomes, each of these 

transformations are initiated by C–H scission by the potent iron(IV)-oxo J that is also operant in 

hydroxylation.64 Direct observation of Intermediate J was first reported for taurine dioxygenase 

(TauD) in 2003,52 and it has since been captured in a growing number of systems59, 65-68 thus 

unifying the reaction mechanisms of Fe/αKG oxidases and providing a detailed understanding of 

how they achieve their potent oxidations.  

 

1.5. Dinuclear iron oxidases 

Dinuclear iron (diiron) enzymes are comprised of two iron atoms coordinated by protein-

derived carboxylate and histidine residues, and the two irons are bridged by at least one carboxylate 

ligand and at least one oxo/hydroxo ligand.69 Across diiron enzymes, there is variability in the 

specific ligand composition but the most common consists of 2 histidines and 4 carboxylates  

arranged in two E/D-xn-E-x2-H motifs.70 The diiron clusters are typically pentacoordinate in a 

roughly octahedral geometry, often exhibiting one or more open coordination sites or water/solvent 

ligands. Thus, in contrast to the CYPs and Fe/αKG oxidases, the coordinative environments of the 

iron centers exhibit significant variability between enzymes. The overall structures of diiron 

enzymes also differ from each other. While many of the initially discovered diiron enzymes 
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conformed to a ferritin-like α-helical bundle structure, more recently, different scaffolds have been 

shown to accommodate diiron clusters including the heme-oxygenase,71 TIM barrel,72-73 HEAT 

repeat,74-75 and metallo-β-lactamase folds.76  

A generalized catalytic cycle of oxygen activation by diiron enzymes is shown in Figure 

1.4. The majority of diiron enzymes activate O2 from the diferrous state, although there are a few 

examples of enzymes that utilize a mixed-valent diiron(II/III) cofactor to generate diferric-

superoxo species (Fig. 1.3, red cycle).77-79 However, the archetypal mechanism of oxygen 

activation by an enzymatic diferrous cluster is best exemplified by methane monooxygenase 

(MMO) (Fig. 1.3, blue cycle). Diferrous MMO reacts with dioxygen to produce a diferric-peroxo 

intermediate termed P.80-81 In a proton-dependent manner,82 the O–O bond is cleaved to generate 

a high-valent diiron(IV)-dioxo intermediate termed Intermediate Q.83-85 Intermediate Q performs 

HAT from the substrate methane,86 resulting in a substrate radical and a mixed-valent hydroxo-

diiron(III/IV) cluster.87 Ensuing rebound of the OH radical88-89 produces methanol and converts 

the iron to the diferric state, which must receive two electrons from NADH-coupled MMO 

reductase (MMOR) to regenerate the diferrous state for further catalysis. This general diiron(IV)-

oxo-mediated oxygenase mechanism has been proposed for several diiron enzymes including the 

amino acid beta-hydroxylase CmlA,90 deoxyhypusine hydroxylase DOHH,74 and alkane 

hydroxylase AlkB.91 
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Figure 1.4: The generalized catalytic cycle of diiron enzymes. Branchpoints in the catalytic cycle are depicted 

by a change of color of the arrows. 

 
Intermediate Q was initially detected in MMO the 1990s,83-85 and has since been the subject 

of intense study to establish its structure and what drives its potency to oxidize methane.92-95 In 

fact, the precise structure of Q is an ongoing debate.96-98 Despite the nearly 30 years that have 

passed since its identification in MMO, there has not been a Q-like intermediate isolated in any 

other enzymatic system. The only other native enzymatic high-valent species that has been 

identified is the diiron(III/IV)-oxo species (Fig. 1.4, green cycle) termed intermediate X of the β2 

subunit of ribonucleotide reductase,99-100 which deviates from oxygenase chemistry and instead 

generates a protein-derived tyrosine radical used in catalysis. Further examples of enzymatic high-

valent intermediates are necessary for a detailed understanding of their reactivity. 

While Q-like species remain elusive, a growing number of diferric-peroxo intermediates 

have been isolated in diiron enzymes.101-106 Though some are proposed to activate to high-valent 
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intermediates, diferric-peroxo species have also been implicated as the native oxidant in many key 

reactions including N-oxygenation,103, 107 deformylation,108 and arene hydroxylation.109 Thus, the 

peroxo state represents a key branch point in catalysis between transitioning to a high-valent or 

reacting directly with substrate. For the latter, the reaction of MMO-P with a variety of substrates 

shows diferric-peroxo species generally oxidize weaker bonds than high-valent analogs,110-111 yet 

recent work in our laboratory expands the breadth of reactivities achievable by peroxo species 

(Chapter 5). Furthermore, the structures of diferric-peroxo species exhibit structural variability 

stemming from different peroxo coordination modes (µ-1,1; µ-1,2; µ−η2:η2; and terminal η1), 

different amino acid ligands and conformations, the presence or absence of other oxo/hydroxo 

bridges, and different protonation states (peroxo vs. hydroperoxo).75, 112-114 With the great variation 

in their structural features, understanding the functional implications of the different peroxo 

geometries is ongoing. Moreover, it could be envisaged that similar variability exists among 

diiron(IV) intermediates.  

With the diversity of intermediate species formed in diiron systems, these enzymes offer 

unique insight into how the oxidative power of O2 is harnessed by iron enzymes for various 

physiological functions. A detailed mechanistic understanding of the diiron oxygenases and 

oxidases will shape our global understanding of oxygen activation and will provide the tools 

necessary to leverage these enzymes for their full catalytic potential. Toward this aim, the 

following chapters focus on a subset of diiron enzymes that utilize the same structural fold and a 

similar Fe coordination environment to accomplish unusual C–C bond cleaving reactions. Detailed 

analyses of the reactions of these enzymes by transient kinetics and spectroscopic techniques 

provide a systematic view of how subtle changes to the diiron cluster tune the oxygenated 

intermediates for varying reactivities.  
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CHAPTER 2: Oxidative Decarboxylase UndA Utilizes a Dinuclear 

Iron Cofactor1 

Abstract 

UndA is a non-heme iron enzyme that activates oxygen to catalyze the decarboxylation of 

dodecanoic acid to undecene and carbon dioxide. We report the first optical and Mössbauer 

spectroscopic characterization of UndA, revealing that the enzyme harbors a coupled dinuclear 

iron cluster. Single turnover studies confirm that the reaction of the diferrous enzyme with 

dioxygen produces stoichiometric product per cluster. UndA is the first example of a diiron 

decarboxylase, thus expanding the repertoire of reactions catalyzed by dinuclear iron enzymes. 

 

2.1 Introduction 

Driven by potential application as biocatalysts for drop-in biofuel production, several 

enzymatic routes for hydrocarbon (alkane and 1-alkene) biosynthesis have been clarified within 

the past decade.1-6 A recurring theme in the vast majority of these enzymes is the involvement of 

a redox-active iron cofactor that is tuned for the C–C cleavage of a fatty acid or aldehyde, 

producing a one-carbon CO2
4, 7 or formate8 co-product. These reactions have represented an 

important expansion of the repertoire of reactions catalyzed by heme and non-heme iron enzymes.9 

In efforts to uncover the biochemical basis for 1-undecene production conserved across many 

Pseudomonas species, Zhang and colleagues recently adopted an elegant genomic screening 

strategy to identify the gene responsible (termed UndA).4 the UndA-based stratagem for 1-olefin 

                                                
1 Reproduced with permission from Olivia M. Manley, Ruixi Fan, Yisong Guo, and Thomas M. 
Makris. Oxidative Decarboxylase UndA Utilizes a Dinuclear Iron Cofactor. Journal of the 
American Chemical Society 2019 141 (22), 8684-8688, DOI: 10.1021/jacs.9b02545. Copyright 
2019 American Chemical Society. 
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production is widely distributed in bacteria with over 1000 known orthologs. This includes several 

important human pathogens (e.g. P. aeruginosa and Burkholderia sp.) where undecene is the major 

component of emitted volatile organic matter and can serve as an anti-fungal and anti-microbial 

agent.10-12  

The in vitro reconstitution of UndA activity showed that the decarboxylation of lauric acid 

to form undecene and a CO2 co-product strictly requires Fe2+ and dioxygen.4 The medium chain-

length (CL) specificity and co-substrate identity differ from the cytochrome P450 (CYP) fatty acid 

decarboxylase OleT. These variations may offer distinct advantages for developing an in vivo 

platform for hydrocarbon production. For example, the preferred physiological substrate for OleT 

is a long CL (Cn = 20) fatty acid (FA),2 and the metabolism of non-native (particularly C12 – C16) 

substrates often compromises chemoselectivity, producing unwanted Cn fatty alcohols that 

accompany the Cn-1 olefin.13-14 Despite numerous efforts to circumvent the H2O2 requirement 

through the reconstitution of OleT with biological redox chains and O2,15-17 the sluggish rates of 

electron transfer and inability for OleT to deliver the necessary protons required for O–O 

heterolysis appear to make the use of peroxide obligatory for efficient turnover.18  

UndA was purported to utilize a mononuclear iron(II) cofactor based on metal-counting 

procedures and the presence of a single metal ion visible in the crystal structure of the metal-

reconstituted protein. Based on analogy to the mechanism of OleT, FA decarboxylation would 

very likely involve hydrogen atom transfer (HAT) from the fatty acid β-carbon (Cβ), a mechanism 

that is reiterated in several recently discovered non-heme mononuclear iron decarboxylases such 

as the Fe(II)- and alpha-ketoglutarate (αKG)-dependent IsnB and AmbI3.19-20 A unifying feature 

of OleT and the αKG enzymes is the generation of a high-valent iron(IV)-oxo species for HAT, 

highlighting the necessity of forming a potent oxidant to carry out C–H abstraction at a largely 
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unactivated carbon center.7, 19-21 The two reducing equivalents necessary for O–O heterolysis are 

either provided by H2O2 (OleT) or a combination of Fe(II) and the αKG co-substrate 

(IsnB/AmbI3). On the basis of the mononuclear Fe assignment and the inability for Fe(II)-UndA 

to produce undecene in the absence of exogenously added electrons (in the form of ascorbate), an 

iron(III)-superoxo species was posited as the C–H bond-cleaving intermediate. The equivalent 

species in heme enzymes such as CYPs is considered relatively unreactive and instead serves as a 

branchpoint between the formation of Compound I (via subsequent reduction and O–O heterolysis) 

or the unproductive release of superoxide.22 However, some non-heme enzymes such as 

isopenicillin synthase (IPNS)23 and the dinuclear-iron myoinositol oxygenase (MIOX)24 can utilize 

Fe-superoxide species to catalyze HAT on C–H bonds that are sufficiently activated (i.e. lower 

bond dissociation energy) by thiol or diol groups at carbon centers adjacent to the site of C–H 

abstraction. 

A Basic Local Alignment Search (BLAST) revealed that UndA is similar (24% identity) 

to the structurally solved Chlamydia virulence factor termed CADD.25 The precise biochemical 

role of CADD is not yet known, but it is strictly required in a pathway that is unique to Chlamydia 

for generating the para-aminobenzoic acid component of folate.26 A carboxylate-bridged dinuclear 

metal center, presumed to be iron from metal analysis, is apparent in the CADD structure. 

Intriguingly, all of the metal-coordinating ligands of the CADD cluster are retained in UndA 

(Figure 2.1). We thus hypothesized that UndA may also accommodate two iron atoms, which 

would provide the two electrons necessary to allow for formation of a high-valent species. Indeed, 

potent high-valent intermediates are well-known to be accommodated by dinuclear iron enzymes, 

best typified by soluble methane monooxygenase (sMMO), which performs one of the most 

difficult oxidation reactions in nature.27 
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Figure 2.1: The metal-coordinating residues from a structural alignment of PaUndA (PDB: 4WWZ, green) with 

CADD (PDB: 1RCW, grey) (A). The iron atoms of CADD are shown in orange and that of mononuclear UndA 

in brown. Sequence alignment of UndA orthologs from Pseudomonas syringae pv. tomato DC3000 (Ps) and 

Pseudomonas aeruginosa (Pa) with CADD from Chlamydia trachomatis (B). The metal-coordinating residues 

of CADD are conserved in both UndA orthologs (highlighted in yellow). 
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2.2 Materials and Methods 

2.2.1 Chemicals and reagents 

The undA gene from Pseudomonas syringae pv. tomato DC3000 in the pSpeedET plasmid 

was purchased from DNASU. The components of M9 medium were purchased from VWR 

(sodium phosphate, potassium phosphate, sodium chloride) or RPI Corp. (ammonium chloride, 

magnesium sulfate, calcium chloride, glucose, casamino acids). Buffer components including 

HEPES, sodium sulfate, and glycerol were purchased from RPI Corp. Reagents including iron (III) 

chloride, sodium azide, methyl viologen, ferrozine, and sodium dithionite were purchased from 

Sigma Aldrich. 57Fe (95%+ isotopic enrichment) was obtained from Cambridge Isotope 

Laboratories, Inc. 

 

2.2.2 Protein expression and purification 

The undA gene from Pseudomonas syringae pv. tomato DC3000 was expressed with an N-

terminal hexahistidine tag from the pSpeedET plasmid. The protein was expressed in Escherichia 

coli BL21 (DE3) cells, with best protein expression from cells grown in M9 medium supplemented 

with 2 g/L casamino acids. Upon reaching an OD600 of 0.6-0.8, the cells were supplemented with 

50 µM FeCl3 and cooled from 37 to 25 °C. Twenty minutes later, protein expression was induced 

with 200 µM IPTG, and the cultures were allowed to incubate for ~16 hours at 25 °C. The cells 

were harvested by centrifugation and the pellet was resuspended in 300 mL of working buffer 

(25 mM HEPES at pH 7.5, 100 mM NaCl, 100 mM Na2SO4, and 10% glycerol). The cells were 

lysed on ice by sonication using a Branson Sonifier 450. The cleared lysate was loaded onto a Ni-

NTA column (equilibrated with buffer supplemented with 10 mM imidazole) by gravity flow at 

4 °C, and the column was then washed with 3 volumes of working buffer containing 50 mM 
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imidazole. His-tagged UndA was eluted with 300 mM imidazole while collecting fractions. 

Fractions containing 6´His-UndA were identified by SDS-PAGE as well as by a yellow color. The 

pooled fractions were combined with an equal volume of working buffer then dialyzed against 

2 × 1.5 L of buffer for 16 hours at 4 °C. The concentration of 6´His-UndA was determined using 

the calculated extinction coefficient at 280 nm (ε = 73 mM-1 cm-1). Aliquots of purified UndA at 

~300 µM were flash frozen and stored at -70 °C until further use. 

 

2.2.3 Metal quantification 

For metal content analysis, 100 µM UndA was treated with 1 M HCl and heated to 80 °C 

for 5 minutes. Protein debris was pelleted by centrifugation, and the supernatant was analyzed by 

ferrozine assay for Fe content and for Fe, Mn, Zn, and Ni content by ICP-MS by Lijian He with 

the Mass Spectrometry Center at the University of South Carolina. 

 

2.2.4 Reconstitution of the diiron center using apo-UndA 

Attempts to reconstitute the catalytically-competent iron cofactor of UndA were carried 

out using UndA produced from cultures grown in LB medium, which contained <10% diiron 

cluster (essentially the apo-form). Apo-UndA was made anaerobic by purging with N2 in an air-

tight vial. The anaerobic protein was incubated with 2–20 equivalents of ferrous ammonium sulfate 

in the presence of 50 µM methyl viologen and 100 µM sodium dithionite to prevent oxidation of 

the iron. The reconstitution was also performed in the presence of 3 equivalents of dodecanoic acid 

in the event that the substrate is required to stabilize the iron-loaded form of the protein. The 

sample was incubated at 4 °C for times ranging from 1–16 h and then was anaerobically desalted 

using a PD-10 column (GE Healthcare) in a Coy anaerobic chamber. The desalted protein was 
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analyzed for iron content by ferrozine assay and UV-visible spectroscopy. All reconstitution 

efforts failed to improve the iron-loading above 20% (0.40 Fe per protein). 

 

2.2.5 UV-visible spectroscopy 

Optical spectroscopy was performed using an Agilent 8453 spectrophotometer. The UndA-

azide complex was formed by combining 150 µM UndA (75 µM Fe2-loaded) with 2 M azide. Prior 

to collecting the spectrum, the UndA-azide complex was passed through a PD-10 column into 

buffer containing 2 M azide in order to rid of free iron-azide complex in solution. The reductive 

titration of UndA was carried out by the injection of anaerobic sodium dithionite into a sealed, 

anaerobic cuvette containing 150 µM (75 µM Fe2-loaded) UndA in the presence of 5 µM methyl 

viologen. Between each injection, the absorbance spectrum was monitored for up to 5 minutes or 

until it ceased to change to ensure an equilibrium was established. 

 

2.2.6 Mössbauer spectroscopy 

To enrich UndA with 57Fe, bacterial cultures were grown and induced as described above 

except the iron supplementation consisted of 50 µM 57Fe (Cambridge Isotope Laboratories, Inc.) 

solubilized in aqua regia. The purification of UndA was carried out as described above. To prepare 

samples for Mössbauer analysis, purified UndA was concentrated to 1.4 mM, and an aliquot was 

transferred to a Delrin cup and flash frozen to obtain the as-isolated spectrum. To prepare the 

reduced sample, 1.4 mM UndA was given 50 µM methyl viologen, purged with nitrogen gas, and 

treated with excess dithionite. The reduced protein was then transferred to a Delrin cup and flash 

frozen to obtain the ferrous spectrum. The reduced sample with bound substrate was prepared as 
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described for the reduced sample but with the addition of 3 equivalents of dodecanoic acid (from 

a 100 mM stock solubilized in 10% Triton X-100/90% ethanol) prior to degassing. 

Mössbauer spectra were recorded with two spectrometers using Janis Research 

(Wilmington, MA) SuperVaritemp dewars that allow studies in applied magnetic fields up to 8 T 

in the temperature range from 1.5 to 200 K. Isomer shifts are quoted relative to iron metal at 298 

K. Mössbauer spectral simulations were performed using the WMOSS software package (SEE Co, 

Edina, MN), and all the spectral figures were prepared by using SpinCount software.28 

 

2.2.7 Single-turnover reactions 

A reaction mixture of 250 µM UndA (125 µM Fe-loaded), 400 µM dodecanoic acid (from 

a 10 mM stock solubilized in DMSO), and 20 µM methyl viologen was made anaerobic by purging 

with N2 gas. The enzyme was reduced by the addition of 1.1 reductive equivalents of sodium 

dithionite (0.55 eq. dithionite per iron). Persistence of the blue color of reduced methyl viologen 

indicated reduction was complete. To initiate the reaction, 750 µL of the anaerobic, reduced protein 

were combined with 1 mL of O2-saturated buffer while stirring. Almost immediately, the solution 

became faintly yellow (consistent with return of UndA to the diferric state). The reaction mixture 

was allowed to incubate for 5 min. further before being quenched with 5 drops of 12 M HCl and 

given 250 nmol of hexadecene as an internal standard. The reaction products were extracted into 

3 volumes of chloroform, concentrated under a stream of N2 gas, and analyzed using an Agilent 

7820 gas chromatography system equipped with a flame ionization detector. For determination of 

the identity of the UndA reaction product, the sample was analyzed using a VG-70S magnetic 

sector mass spectrometer. For quantification of dodecanoic acid remaining after the reaction, the 

sample was given 100 nmol decanoic acid as an internal standard prior to extraction. The extracted 
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reaction mixture was then concentrated under a stream of N2 gas, given 2 volumes of 99:1% 

BSTFA:TMCS, and incubated at 60 °C for 20 min. prior to analysis by GC. 

 

2.3 Results and Discussion 

With a plethora of UndA sequences to choose from, we selected an ortholog from P. 

syringae pv. tomato DC3000 (PsUndA) that is 79% identical to the structurally solved UndA from 

P. aeruginosa (PaUndA) (Figure 1B). All of the potential active-site metal ligating residues that 

could form a diiron site in PsUndA are fully conserved with both PaUndA and CADD, and the 

protein was previously crystallized in an apo-form through structural genomics efforts (PDB: 

3OQL) showing the identical placement of putative metal-ligands. PsUndA was heterologously 

expressed in E. coli and purified to homogeneity (Figure 2.2) by metal affinity chromatography. 

When purified from bacterial cultures grown in LB medium with added FeCl3, the iron content of 

UndA is <0.2 molar equivalents (Table 2.1), similar to the low metal yields reported in 

preparations of PaUndA.4 Efforts to reconstitute the iron center of UndA were unsuccessful 

(described in the Methods). Fortuitously, the expression of PsUndA in M9 minimal medium 

supplemented with casamino acids and FeCl3 enhanced the extent of iron-loading to as high as 1.1 

molar equivalents per protein. Inductively coupled plasma mass spectrometry revealed that the 

only other metal found in appreciable quantity was Ni, presumably an artifact of the Ni-NTA 

purification procedure. 
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Figure 2.2: SDS-PAGE gel of steps in the purification of UndA. The lanes include: ladder (L), flow-through 

from loading the Ni-NTA column (FT), flow-through from washing the Ni-NTA column with 50 mM imidazole 

(W), and pooled fractions from the high-imidazole elution from the Ni-NTA column (E). 

 

Table 2.1: The molar equivalents of various metals per protein, as measured by inductively couple plasma mass 

spectrometry (ICP-MS), in protein expressed from bacterial cultures grown in either LB media or M9 minimal 

media supplemented with casamino acids. Both growth conditions were supplemented with FeCl3. The error 

reported for the metal content of UndA from M9 medium is the standard deviation of measurements taken from 

three separate expressions/purifications of UndA. 

Growth 
media 

Equivalents of metal per protein 
(mol metal/mol protein) 

Fe Zn Mn Ni 

LB 0.17 0.01 Not detected 0.05 

M9 1.0 ± 0.1 0.06 ± 0.05 0.02 ± 0.03 0.3 ± 0.2 
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As-isolated, UndA exhibits a broad, absorption band from 300-450 nm (ε340 ≈ 2 mM-1 cm-1 

per protein or ~4 mM	 -1 cm-1 assuming a cluster) (Figure 2.3.A, red trace). The absorption is 

significantly more intense than that expected for non-heme, Fe2+-dependent enzymes (e.g. 29-30). 

Titration of the enzyme with sodium dithionite results in a bleaching of the chromophore and 

requires the addition of ~1 electron per iron (or two per cluster) to reach saturation, consistent with 

the presence of an oxidized Fe3+ center (Figure 2.3.B). The di-metal assignment was substantiated 

through the addition of azide to the as-isolated enzyme, a technique that has been used to 

successfully predict the cofactor in several carboxylate-bridged diiron enzymes.31-32 Upon 

incubation with 2 M sodium azide, a chromophore forms with an absorption maximum at 420 nm 

(Figure 2.3.A, black trace), owing to terminal (µ1,1) or bridging (µ1,3) ligation of the anion to one 

or both irons.33  

 

 

Figure 2.3: The optical spectrum of 75 µM UndA (iron-loaded) is shown as-isolated (red) and in the presence 

of 2 M sodium azide (black) (A). Titration of UndA with sodium dithionite results in full conversion to the 

reduced state (B, blue), requiring ~2 reducing equivalents per diiron cluster (inset). 

 

Mössbauer spectroscopy of UndA, grown in minimal medium with the inclusion of 57Fe, 

unambiguously demonstrates that a magnetically coupled dinuclear iron center is present and is 
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the predominant form of the iron-loaded enzyme. The zero-field, 4.2-K spectrum of UndA (Figure 

2.4.A) is best simulated by two nested quadrupole doublets with parameters indicative of high-

spin (S = 5/2) ferric iron (Table 2.2), consistent with those of other enzymes containing 

magnetically coupled diferric centers.31-32, 34-35 Justification of the fitting to two doublets is shown 

in Figure 2.5.A-B. The major feature obtained in a spectrum measured under an applied magnetic 

field of 7 T parallel to the gamma radiation cannot be simulated as a strict diamagnetic species 

(S = 0) (Figure 2B, grey dashed line). Rather, an isotropic internal field of +1.5 T needs to be 

included in the simulation to reproduce the overall magnetic splitting of this spectral feature 

(Figure 2.4B, red line). A very similar situation has been encountered in the characterization of the 

diferric state of sMMO.36 Münck and coworkers nicely demonstrated that the origin of this 

phenomenon is due to the combination of a small exchange coupling constant (weak magnetic 

coupling) between the two ferric centers and the presence of antisymmetric exchange. The 

appearance of minor absorption peaks at ~ ±8 mm/s in the high-field spectrum of oxidized UndA 

can be attributed to a small component (~15%) of the iron in the sample being in a magnetically 

isolated mononuclear ferric state, likely arising from adventitiously bound iron or partially-formed 

cluster. 
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Figure 2.4: The 4.2-K Mössbauer spectra of UndA in the as-isolated state measured under zero field (A) or 7 T 

applied field (B), the dithionite-reduced form (C), and the reduced state in the presence of C12 fatty acid (D) with 

experimental data shown in vertical black bar and the spectral simulation shown in red. The arrows in B indicate 

the outter-most lines of a spectral feature that originates from a mononuclear ferric species; the corresponding 

simulation using a generic S = 5/2 ferric species is shown in the black solid line. The dashed grey line is the 

simulation assuming an S = 0 species. 
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Table 2.2: Parameters used to simulate the Mössbauer spectra of UndA in the as-isolated state, reduced by 

dithionite, and reduced in the presence of dodecanoic acid substrate. A negative linewidth in the simulation 

represents a Voigt lineshape that is a convolution of a Gaussian and Lorentzian 

UndA δ (mm/s) |ΔEQ| (mm/s) Linewidth (mm/s)  Area (%) 

As-isolated 
0.509 

0.496 

0.877 

0.534 

0.32 

0.34 

43 

43 

Dithionite-reduced 
1.25 

1.23 

2.93 

1.87 

-0.5 

-0.55 

48 

52 

Reduced 

+ C12 FA 

1.26 

1.24 

3.01 

2.05 

-0.5 

-0.5 

62 

35 
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Figure 2.5: Left are the 4.2 K zero-field Mössbauer spectrum (black) of as-isolated UndA and two simulations 

(red). The two-site simulation (A) is shown together with the two nested sub-sites (blue and green), and the one-

site simulation (B) is shown with the black arrows indicating the mismatch between the experimental data and 

the simulation. The single-site simulation provides single quadrupole doublet with δ = 0.50 mm/s, |ΔEQ| = 0.71 

mm/s, and linewidth = –0.42 mm/s (a negative linewidth in our simulation represents a Voigt lineshape that is a 

convolution of a Gaussian and a Lorentzian lineshape). Right are the 4.2 K zero-field Mössbauer spectrum 

(black) of dithionite-treated UndA and two fits (red) using either a two-site simulation (C) or a three-site 

simulation (D). The fitting parameters for the two site model are included in Table 2.2, those of the three site 

model are as follows: doublet 1 has δ = 1.25 mm/s, |ΔEQ| = 3.05 mm/s, linewidth = –0.39 mm/s, and area of 

34%; doublet 2 has δ = 1.23 mm/s, |ΔEQ| = 2.50 mm/s, linewidth = –0.55 mm/s, and area of 45%; and doublet 3 

has δ = 1.23 mm/s, |ΔEQ| = 1.80 mm/s, linewidth = –0.40 mm/s, and area of 21%. Although the three-site model 

provides a slightly better spectral simulation, the existence of three distinct ferrous doublets cannot be 

independently verified, and we consider the two-site model a more appropriate simulation. 
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Upon reduction with sodium dithionite, UndA produces a Mössbauer spectrum (Figure 

2.4C) that can also be adequately simulated with two quadrupole doublets (Table 2.2). The larger 

isomer shifts of ~1.24 mm/s are consistent with high-spin ferrous iron. The requirement of two 

doublets to simulate the diferric and diferrous states indicates that there are either two different 

types of clusters or that each iron in the cluster is distinguishable. Due to the equal area of each 

and predicted asymmetry of the ligation (i.e. pronounced differences in the number of histidine 

and carboxylate ligands to each Fe), we favor the latter interpretation. The addition of an excess 

(5 molar equivalents per enzyme) dodecanoic acid to the diferrous state results in a significant 

perturbation of the spectrum (Figure 2.4D, Table 2.2). This suggests that UndA has a relatively 

high affinity for FA substrate and that binding results in structural alteration of the cluster. This is 

very likely to arise from the direct ligation of FA, as suggested by co-crystal structures of 

mononuclear UndA with several FA substrate analogs.4  

The catalytic activity of dinuclear UndA was tested in single-turnover studies. The diferric 

enzyme was anaerobically reduced in the presence of 1.1 molar equivalents dodecanoic acid 

(relative to the Fe-loaded protein) and subsequently exposed to excess O2 for 10 minutes. Gas 

chromatography revealed the formation of undecene as the sole product of the reaction (Figure 

2.6). The identity of the product was verified through comparison of the retention time to an 

authentic standard as well as by mass spectrometry. No undecene was detected in reactions where 

the reductant, protein, or FA were omitted (Table 2.3). When scaled to the level of total iron present 

in the enzyme, 0.39 ± 0.05 equivalents of undecene were formed per Fe. Based on the amount of 

diiron cluster determined by Mössbauer, the amount of product formed is stoichiometric (0.92 ± 

0.12) per cluster. Thus, the dinuclear form is the catalytically relevant form of the enzyme. No 

accessory effector proteins nor additional reducing equivalents are required for turnover. 
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Figure 2.6: Gas chromatograms of the reactions of diferrous UndA and C12 fatty acid substrate and appropriate 

negative and positive controls (A). The UndA product undecene has a retention time of 6.3 min., and the internal 

standard hexadecene elutes at 18.4 min. Peaks at 11.3 and 18.0 minutes can be attributed to a protein-derived 

contaminent and a fatty acid/solvent contaminent, respectively, due to their absence in the corresponding 

negative controls. The contaminent at 18.8 min. is from the chloroform extraction solvent. Mass spectrometric 

characterization of the peak with retention time of 6.3 min. confirms that the product of the reaction of diferrous 

UndA:C12 FA with dioxygen is undecene (B). Derivatization of the sample with BSTFA:TMCS allows for the 

visualization of the remaining dodecanoic acid substrate in the reaction (C). The dodecanoic acid was identified 

based on comparison to a dodecanoic acid standard (blue), and decanoic acid was used as an internal standard 

(red). The sum of the amount of undecene produced and substrate remaining as a percentage of total substrate 

prior to the reaction is 112 ± 16%, which indicates that there are no products unaccounted for. 
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Table 2.3: Gas chromatographic analysis of undecene product from the reaction of diferrous UndA with a C12 

FA substrate and dioxygen and from negative control reactions. The error represents the standard deviation from 

three independent measurements. 

Reaction 
Total nmol product 

(equivalents undecene/Fe clustera) 

UndA (diferrous) + C12 + O2 84 ± 11 nmol (0.92 ± 0.12 eq.) 

UndA (diferric) + C12 + O2 Not detected 

UndA + O2 (no fatty acid) ≤10 nmol (≤0.11 eq.)b 

No protein + C12 + O2 Not detected 
aThe amount of diiron cluster is calculated using the total amount of iron in the sample minus the mononuclear 

iron (as quantified by Mössbauer spectroscopy) divided by 2. 

bDue to the small size of the peak relative to the background, this value represents an estimate. 

 

2.4 Conclusions 

In summary, paired spectroscopic and activity studies provide a strong basis for the 

reassignment of UndA as a dinuclear iron enzyme. To the best of our knowledge, the oxidative 

decarboxylation performed by UndA represents a new chemical outcome for carboxylate-bridged 

diiron enzymes. By analogy to the aforementioned decarboxylases and established sMMO 

chemistry, a proposed mechanism for UndA is shown in Figure 2.7. The reaction cycle proceeds 

from reaction of the diferrous FA-ligated ternary complex with O2, consistent with the single 

turnover and Mössbauer studies presented here. The direct coordination of the FA to the cluster 

may be envisioned to serve a key role in positioning the Cβ–H in such a way as to ensure HAT 

regiospecificity and reinforce C–C scission by preventing oxygen rebound. It is enticing to invoke 

formation of a bis-Fe(IV) “Q” intermediate as the species responsible for Cβ HAT following O–

O bond cleavage. Both the original diamond-core37 and the recently advanced open38 formulations 

of a bis-Fe(IV)-oxo intermediate are shown, both of which would be predicted to have ample 
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oxidizing power to perform such a reaction. Further oxidation of the substrate through single 

electron transfer (SET) by the FeIIIFeIV intermediate would produce a carbocation or biradical 

intermediate that could rearrange to form CO2 and undecene and restore the diferric resting state 

of the enzyme. Through analogy to the X intermediate of the R2 subunit of ribonucleotide 

reductase39 and the consensus dehydrogenation mechanism for desaturases,40 an FeIIIFeIV species 

should be able to satisfy such a role.  

 

 

Figure 2.7: Proposed mechanism for the decarboxylation of fatty acids by UndA. The curved line connecting 

the two irons represents bridging ligand(s). The remainder of the acyl chain of the fatty acid is abbreviated by a 

wavy line. 

 

The asymmetric 2-His/1-His ligation strategy used by UndA is a flexible scaffold capable 

of a diverse chemical transformations in many natural product biosynthesis pathways. In addition 
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to FA decarboxylation by UndA and the cryptic oxidation that leads to pABA generation by 

CADD, a very similar coordination motif is employed by arylamine N-oxygenases41-42 and is also 

likely common to enzymes that catalyze the halogenation of acyl carrier protein (ACP)-linked 

FAs43 or N-nitrosation in pharmacophore biosynthesis (Figure 2.8).44 Thus, an intriguing question 

is what structural factors lead to differences in the O2-activation strategies and reaction 

diversification amongst highly similar cofactors. 

 

 

Figure 2.8: The conserved metal-coordinating residues of an asymmetrically coordinated (2His/1His) diiron 

site. Such sites have been observed for PsUndA (this work), CADD,45 CmlI,46-47 and AurF48-49 and are proposed 

for BesC,50 SznF,44 and CylC.51 Intriguingly, the enzymes associated with N-oxygenations and halogenation 

have an additional carboxylate ligand to the 2His-iron. Further, the lack of the "extra" carboxylate and the 

presence of an Asp ligand rather than a second Glu residue on the other iron appear to be associated with 

oxidative cleavages that form terminal alkenes such as the reactions of UndA and BesC. Perhaps this observation 

has implications for the as-of-yet unknown reaction performed by CADD to produce para-aminobenzoate. 

Taken together, the alignment of metal-coordinating residues suggests that subtle changes in ligation 

environment can elicit radically different reaction outcomes in diiron enzymes. 
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CHAPTER 3: Reactivity of the Diferric-Peroxo Intermediate of UndA 

Abstract 

UndA is a non-heme dinuclear iron enzyme that converts fatty acids to terminal alkenes 

and has garnered attention as an enzymatic route for the production of sustainable fuels. However, 

the precise mechanism by which UndA carries out this reaction has not been established. It was 

recently reported that in the presence of substrate, diferrous UndA reacts with oxygen to produce 

a transient diferric-peroxo intermediate. By analogy to other diiron enzymes, UndA-P could in 

principle initiate C–C cleavage through direct Cβ–H abstraction or form a more potent diiron(IV)-

oxo intermediate. Here, we report the observation of a similar diferric-peroxo intermediate in an 

UndA ortholog and provide the first kinetic investigation of the species. The formation of UndA-

P shows a linear dependence on O2 concentration, as expected for the first step in oxygen 

activation. The decay of UndA-P does not exhibit a substrate-kinetic isotope effect, which suggests 

that it is not the intermediate responsible for C–H cleavage. Further, the thermodynamic 

parameters of UndA-P decay are consistent with those of methane monooxygenase hydroxylase 

intermediate P, suggesting that UndA-P may similarly transition to a high-valent intermediate.  

 

3.1 Introduction 

UndA is a bacterial non-heme iron enzyme that catalyzes the oxidative decarboxylation of 

a Cn chain-length fatty acid substrate to generate a Cn–1 terminal alkene and carbon dioxide 

coproduct.1 Due to its specificity for medium chain-length fatty acids (Cn, n = 10, 12, 14) and use 

of a dioxygen co-substrate, UndA has garnered much attention for the production of hydrocarbons 

for use of "drop-in" biofuels appropriate for use with existing transportation infrastructure (i.e., as 

gasoline)2-4 or the synthesis of industrially valuable chemicals.5 Initial efforts to leverage UndA 
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for in vivo production of 1-alkenes have yielded promising results6-8 when compared to other 

known enzymatic routes for alka(e)ne biosynthesis. These include the cyanobacterial aldehyde-

deformylating oxidase (ADO), which results in alcohol and aldehyde byproduct production and 

exhibits sluggish kinetics,7, 9 and the bacterial cytochrome P450 OleT, which only efficiently 

decarboxylates long-chain fatty acids (n = 18, 20) and relies on H2O2 as a cosubstrate.10-11 

Spectroscopic evidence has shown that UndA houses a coupled dinuclear iron (diiron) 

cluster that is essential for the O2-dependent decarboxylation of dodecanoic acid to form 

undecene.12-13 By analogy to the mechanisms of iron-containing decarboxylases such as OleT14-15 

and Fe(II)/α-ketoglutarate-dependent IsnB and AmbI3,16-17 the proposed mechanism of UndA may 

be envisioned to involve Cβ–H abstraction from the fatty acid substrate by a high-valent iron(IV)-

oxo transient intermediate, resulting in a substrate radical and an Fe2(III/IV) intermediate, which 

performs subsequent single-electron transfer from to initiate decarboxylation.12-13 Accordingly, 

computational studies suggest feasible hydrogen atom abstraction barriers via a diiron(IV)-oxo 

intermediate18 but not mononuclear iron(IV)-oxo or diiron(III)-O2 species.19 On these grounds, 

and by analogy to other diiron-mediated transformations,20-21 activation of strong C–H bonds by 

diiron enzymes should require cleavage of the O–O bond to form a diferryl species, but the factors 

that enable UndA to do so remain unclear. 

Presumably en route to a high-valent species, a transient diferric-peroxo intermediate was 

recently identified in the reaction of substrate-bound diferrous UndA with O2 using an UndA 

ortholog from Pseudomonas fluorescens.13 The diferric-peroxo intermediate exhibits a broad 

ligand-to-metal charge transfer band centered at 550 nm, which is significantly blue-shifted 

relative to the ~700-nm µ-1,2-peroxodiferric species such as in methane monooxygenase 

(MMOH),22 Δ9 desaturase (Δ9D),23 and deoxyhypusine hydroxylase (DOHH).24 Like UndA, each 
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of the aforementioned enzymes are thought to cleave unactivated (i.e., electron-deficient) C–H 

bonds through the formation of an iron(IV) intermediate, although to date, the only diiron(IV)-oxo 

intermediate (termed intermediate Q) that has been isolated is from MMOH.20, 25 

Another intriguing aspect of UndA is that its structure differs from the typical four-helical 

ferritin-like fold which most diiron enzymes exhibit (termed ferritin-like diiron oxygenases, 

FDOs). Rather, UndA is part of the emerging family of heme-oxygenase-like diiron enzymes 

(HDOs) which perform a range of reaction trajectories, including N-oxygenation by SznF,26-28 

oxidative C–C cleavage by BesC29 (Chapter 5), and a cryptic oxidation to afford para-

aminobenzoate by CADD30-32 (Chapter 4). While the ligands to the diiron cluster of FDOs exhibit 

more significant variability, the HDOs are unusual in that their diiron cores harbor nearly the same 

primary coordination sphere despite their distinct reaction outcomes. To date, UndA is the only 

member of the HDO family expected to access a high-valent iron intermediate, thus interrogation 

of its reactivity with O2 is important in drawing comparisons to the reactivities of other HDOs. 

Here, we report the first detailed kinetic investigation of the UndA diferric-peroxo intermediate in 

efforts to shed light on its role in decarboxylation and to understand how the similar diiron clusters 

of HDOs are tuned to elicit different reaction mechanisms. 

 

3.2 Methods 

3.2.1 Enzyme-substrate complex preparation and reduction 

Expression and purification of UndA from Pseudomonas syringae pv. tomato DC3000 

(PsUndA) with natural abundance Fe or labeled with 57Fe was performed as previously 

described.12 UndA was maintained in a buffer of 25 mM HEPES at pH 7.5, 100 mM NaCl, and 

100 mM Na2SO4. Enzyme-substrate complexes were prepared by combining PsUndA with 3 mol. 
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equiv. of dodecanoic acid (C12 FA, from a 20-mM stock solubilized in 10% Triton X-100, 90% 

ethanol, added dropwise while gently stirring) and 5 µM methyl viologen dichloride. The solution 

was made anaerobic then reduced by the addition of 1.1 mol. equiv. of sodium dithionite per diiron 

cluster. Full reduction was ensured by persistence of the blue color of reduced methyl viologen. 

 

3.2.2 Stopped-flow spectroscopy 

Stopped-flow experiments were performed using an Applied Photophysics Ltd. SX20 

stopped-flow spectrophotometer equipped with a photodiode array detector for collection of full 

spectra or a photomultiplier tube for collection of single-wavelength data. Anaerobic, reduced 

protein was placed into one syringe and oxygen-saturated buffer in the other. All reactions were 

carried out in 25 mM HEPES pH 7.5, 100 mM NaCl, 100 mM Na2SO4 at 4 °C unless stated 

otherwise. Oxygen-saturated buffer was prepared by vigorously bubbling a solution of buffer with 

O2 gas on ice for >1 h. For experiments in which the O2 concentration was varied, the desired [O2] 

was reached by combining O2-saturated buffer with anaerobic, N2-saturated buffer. In experiments 

in which the fatty acid substrate concentration was varied, this was done by adding the desired 

substrate concentration to the protein solution prior to deoxygenation. For experiments where the 

buffer conditions or isotopic enrichment were varied, the O2-saturated solution was prepared using 

the appropriate matching buffer. 

Kinetic traces collected at 550 nm were fit to a three-summed (𝑛 = 3) exponential equation 

as listed below (Equation 1), where 𝐴#,%&' is the observed absorbance, 𝐴()* is the maximum 

absorbance, 𝑎, is the amplitude of phase 𝑖, 1/𝑡, is the reciprocal relaxation time (per second), and 

𝑡 is time in seconds. 
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𝐴#,%&' 	= 	𝐴()* 	+	 𝑎,	𝑒–#/#6
7

,89

 (1) 

 

3.2.3 Kinetic simulations 

The kinetic data determined from fitting the stopped-flow data was used to simulate the 

expected accumulation of intermediates in UndA using the kinetic model in Table 3.1, where A 

represents UndAred, B represents UndA-P, C and D represent the immediate decay products of 

UndA-P in which C is presumed to be a high-valent diiron(IV/IV) intermediate, E represents the 

decay product of C. Because the putative diiron(IV/IV) intermediate does not accumulate, we used 

kinetic simulations to estimate a lower bound for its rate of decay. The unknown decay rate (k4 in 

the model below) was systematically varied and the resulting effect on intermediate accumulation 

was observed. Considering the relatively strong chromophore of diiron(IV) complexes,25, 33-34 we 

assumed that we could detect by stopped-flow any diiron(IV) species that would accumulate to 

greater than 10%. Thus we estimate the decay rate of the diiron(IV) intermediate at k4 > 300 s–1. 

 

Table 3.1: The model used for kinetic simulations of the reaction of UndA. 

Step Rate Determined from 

A --> B k1 = 700 s–1 kform at 550 nm 

B --> C k2 = 20 s–1 kdecay 1 at 550 nm 

B --> D k3 = 2 s–1 kdecay 2 at 550 nm 

C --> E k4 = ? variable 
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3.2.4 Rapid freeze-quench 

For rapid-freeze quench (RFQ) of intermediate species at millisecond time scales, 2 mM 

natural abundance (for EPR) or 57Fe-labeled (for Mössbauer), diferrous UndA with C12 FA was 

loaded into an RFQ syringe and sealed in an anaerobic glove box. The sample was mixed with O2-

saturated buffer in an ice bath using an Update 715 ram syringe controller to rapidly mix the 

reaction components and dispense onto counter-rotating aluminum wheels that are partially 

submerged in liquid nitrogen to produce frozen powder.35 This setup has been calibrated for a 

freezing time of roughly 10 ms. The samples were packed into EPR tubes or Mössbauer cups and 

stored in liquid nitrogen. 

 

3.2.5 Mössbauer spectroscopy 

Mössbauer spectroscopy was performed with two spectrometers using Janis Research 

SuperVaritemp dewars (Wilmington, MA), which allow studies in applied magnetic fields up to 

8 T in the temperature range from 1.5 to 200 K. Isomer shifts are reported relative to iron metal at 

298 K. Spectral simulations were carried out using the WMOSS software package (SEE Co, Edina, 

MN), and all spectral figures were prepared using SpinCount software.36 

 

3.2.6 EPR spectroscopy 

X-band EPR spectroscopy (9.64 GHz) was performed on a Bruker E500A spectrometer 

equipped with an Oxford ESR 910 cryostat. The temperature of the samples were maintained at 

73 K. Unless otherwise stated, EPR spectra were collected at a modulation amplitude of 0.1 mT. 
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3.2.7 D2O exchange 

Deuterated buffer was prepared by fully drying buffer (25 mM HEPES at pH 7.5, 100 mM 

NaCl, and 100 mM Na2SO4) in a SpeedVac concentrator, then re-dissolving in fresh D2O 

(Cambridge Isotope Laboratories, Inc.). To exchange UndA into the isotopically labeled buffer, 

UndA was combined with FA substrate then diluted 1:20 into buffer of the desired isotopic 

mixture, incubated for > 4 h at 4 °C, and concentrated using centrifugal concentrators. Then, this 

process was repeated to afford >99% exchange into the desired isotope mixture. The protein was 

used immediately after isotopic exchange. Intermediate accumulation suggested no loss of FA 

during the buffer exchange. 

 

3.2.8 Analysis of temperature-dependent kinetic data 

The decay of UndA-P was measured as a function of temperature, which was controlled 

by a circulating water bath and measured by an internal temperature probe on the sample handling 

unit of the stopped-flow spectrophotometer. Arrhenius and Eyring plots of the data were generated 

by plotting the natural log of kdecay or kdecay/T versus the reciprocal of the temperature (with 

temperature in Kelvin). The plots were fit to the Arrhenius (Equation 2) or Eyring (Equation 3) 

functions using a linear function in Origin software to determine the thermodynamic parameters 

associated with UndA-P decay: 

𝑙𝑛𝑘	 = 	−
𝐸)
𝑅𝑇

	+ 	𝑙𝑛𝐴 (2) 

𝑙𝑛
𝑘
𝑇
	= 	−

∆𝐻
𝑅𝑇

	+	
∆𝑆
𝑅
	+ 	𝑙𝑛

𝑘C
ℎ

 (3) 
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where A is the Arrhenius pre-exponential factor, R is the gas constant, kB is Boltzmann's constant, 

and h is Planck's constant.  

 

3.3 Results  

3.3.1 Substrate-triggered O2 activation 

The reaction of diferrous PsUndA with O2 as monitored by stopped-flow spectroscopy is 

shown in Figure 3.1. Without substrate present, PsUndA does not readily activate O2, and rather, 

we observe autoxidation from the diferrous to diferric state without observable intermediate 

species (Figure 3.1A). The full-spectrum stopped-flow reaction of C12 FA-bound, diferrous 

PsUndA from the reaction with excess O2 is shown in Figure 3.1B. Similar to what was observed 

for the ortholog studied by Zhang et al., PfUndA,13 the initial species is a rapidly formed 550-nm 

chromophore (ε550 nm ≈ 1600 M-1 cm-1 per diiron center, considering 90% accumulation as 

suggested by kinetic simulations, see below), which has been ascribed to a diferric-peroxo 

intermediate. 

 

 

Figure 3.1: Stopped-flow mixing of substrate-free (A) and C12 FA-bound (B) diferrous UndA with O2-saturated 

buffer as measured by photodiode array. The protein concentration in this experiment is 300 µM post-mixing. 
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The substrate-triggering effect of oxygen activation was used to monitor substrate binding 

to diferrous UndA. Accumulation of the oxygenated intermediate, as determined from the 

difference in absorbance at 550 nm between the max accumulation (~4 ms) and full decay (1 s) of 

the species, was plotted as a function of C12 FA concentration (Figure 3.2). These data required 

fitting with the Morrison expression for tight binding and yielded a KD of 15 µM, indicative of a 

strong affinity of UndA for its fatty acid substrate.  

 

 

Figure 3.2: The absorption change at 550 nm of the oxygenated intermediate of 50 µM UndA as a function of 

substrate concentration, fit with the Morrison equation for tight binding (red). 

 

3.3.2 Identification as a diferric-peroxo intermediate 

Rapid freeze-quench of the reaction at ~10 ms and analysis by Mössbauer spectroscopy 

shows a new species with δ = 0.56 mm/s and ΔEQ = 0.90 mm/s that comprises 40% of the spectral 

amplitude (Figure 3.3). This species is distinct from the previously measured diferric "resting" 

state12 and most similar to the diferric-peroxo intermediate observed for PfUndA.13 The relatively 

low accumulation (40%) of this intermediate as determined from the spectral contributions is likely 



   

 
 

66 

due to limiting O2, as evidenced by the large amount of diferrous UndA remaining in the sample, 

considering the high protein concentrations (>1 mM post-mixing) required for Mössbauer 

spectroscopy and poor solubility of O2 gas (~1 mM post-mixing). Nonetheless, the observation of 

this species provides evidence that the chromophore observed in the reactions of PsUndA is indeed 

a diferric-peroxo species. 

 

 

Figure 3.3: 4.2-K, zero-field Mössbauer spectrum of the reaction of C12 FA-bound UndA with O2 freeze-

quenched at ~10 ms (raw data shown in black). Subtraction of the spectrum of C12 FA-bound diferrous UndA 

from the raw data produces the green spectrum, which can be simulated with parameters δ = 0.56 mm/s and 

ΔEQ = 0.90 mm/s (red). 

 

The formation of the diferric-peroxo intermediate of PsUndA, hereby referred to as UndA-

P, measured by the absorption at 550 nm can be fit to a three-summed exponential equation 

(described in the Methods) to yield rate constant kform = 700 s–1, representing the formation phase, 

and a biphasic decay with rate constants differing by an order of magnitude, kdecay 1 = 20 s–1 and 

kdecay 2 = 2.8 s–1. The faster decay phase comprises ~80% of the spectral amplitude and thus is the 

major decay pathway. Using the aforementioned kinetic parameters to simulate the accumulation 

of UndA-P shows this transient feature reaches a maximum accumulation of ~90% of the total 

diiron sites in the sample (Figure 3.4).  
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Figure 3.4: Simulation of UndA-P accumulation using the kinetic model described in the Methods. 

 

The effect of O2 concentration on the formation and decay of UndA-P is shown in Figure 

3.5. While the decay phases of UndA-P are unaffected by oxygen concentration, the formation of 

UndA-P slows with decreasing oxygen. This behavior is expected for a species immediately 

preceeded by O2 binding, such as a diferric-peroxo intermediate. The formation rate of UndA-P 

varies linearly with respect to [O2]. From linear fitting of this plot, the slope provides the 

bimolecular binding rate of O2 binding (kon = 0.45 µM–1 s–1) and the y-intercept yields the O2 off-

rate, koff = 140 s–1. This non-zero value suggests the formation of the diferric-peroxo species is 

reversible, as is expected for O2-species in which the O–O bond remains intact and has been 

demonstrated by numerous synthetic peroxo-diferric complexes.37-38 Together, these values 

provide an apparent affinity for O2 (KD = koff/kon) of 310 µM. This value is similar to what has been 

observed for other iron-dependent oxygenases.39 
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Figure 3.5: Single-wavelength traces of C12 FA-bound diferrous UndA (50 µM post-mixing) reacting with 

varying concentrations of O2 (A). Each trace is fit to a three-summed exponential as described in the Methods. 

The resultant UndA-P formation rates vary linearly with O2 concentration (B), while the decay rates are 

unaffected (C). 
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3.3.3 Evidence that the peroxo is not the C–H-abstracting intermediate 

Proposed mechanisms of decarboxylation by UndA invoke Cβ–H cleavage from the fatty 

acid substrate. Should this be the case, the rate of the H-abstracting intermediate should be subject 

to a substrate 2H kinetic isotope effect (2H-KIE). As such, stopped-flow was performed using 

perdeuterated dodecanoic acid (d23-C12 FA). The resulting PDA spectrum showed no new features 

compared to the reaction with h23-C12 FA. The reactivity of UndA-P as determined from the single-

wavelength trace at 550 nm (Figure 3.6, blue) revealed the kinetics of this intermediate are 

unchanged. The lack of 2H-KIE suggests the diferric-peroxo species is not the intermediate 

responsible for C–H abstraction, and rather, it perhaps undergoes O–O bond cleavage to activate 

to a high-valent species. 

 

 

Figure 3.6: The decay of UndA-P as represented by the kinetic traces at 550 nm with h23- (red) or d23-C12 fatty 

acid substrate (blue). 
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3.3.4 Kinetics of UndA-P in D2O 

A key step in the conversion of a diferric-peroxo intermediate to a high-valent species such 

as a diiron(IV)-dioxo intermediate is proton delivery from bulk solvent during O–O bond cleavage. 

Heterolytic O–O bond scission would necessitate the delivery of protons to facilitate the reduction 

of an O atom to H2O. Homolytic bond cleavage in which both O atoms of dioxygen are retained 

in the diiron(IV)-dioxo intermediate, as has been suggested for MMOH,40 requires protons due to 

the loss of an oxo ligand as water. Thus, we explored the reactivity of UndA in D2O to examine 

solvent-isotope effects on the decay pathway of UndA-P. 

UndA was exchanged into buffer prepared in D2O to afford a solvent composition of at 

least 95% D2O. As shown in Figure 3.7 and Table 3.2, solvent deuteration influenced both the 

formation and decay of UndA-P. The formation of UndA-P demonstrated a 2H-solvent kinetic 

isotope effect (2H-SKIE = 𝑘EFG/𝑘EFG) of 1.6 ± 0.3 which is quite similar to the value of 1.3 ± 0.1 

reported for the formation of MMOH-P.41 A significant 2H-SKIE of 1.9 ± 0.1 was found for the 

major phase of UndA-P decay (kdecay 1). This value is greater than that observed for the formation 

of MMOH-Q of 1.4 ± 0.1, and indicates a significant role of protons on UndA-P decay. This 

observation is consistent with O–O bond scission to a high-valent intermediate and, importantly, 

corroborates that UndA-P is not the intermediate performing C–H abstraction considering C–H 

scission involves no solvent protons. 

Intriguingly, there was no observed 2H-SKIE for the minor decay phase of UndA (kdecay 2). 

This distinguishes the two phases from each other and indicates that they cannot be attributed to 

the same chemical step. This behavior suggests UndA-P decays to two different species. With the 

observation of uncoupling from the productive reaction pathway (described below), perhaps this 

process may be attributed to a minor fraction of UndA-P which proceeds through an off-pathway 
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side reaction. However, further investigation is necessary to establish the source of this kinetic 

behavior. 

 

 

Figure 3.7: Single-wavelength kinetic data of UndA-P collected at 550 nm in protiated and deuterated solvent 

displayed on a logarithmic time scale. The raw data are shown in black, and the fits for the protiated solvent are 

in red and deuterated in blue. 

 

Table 3.2: The formation and decay rates of UndA-P in protiated and deuterated solvent and the 2H-solvent 

kinetic isotope effects.  

Phase 𝒌𝑯𝟐𝑶	(s
–1) 𝒌𝑫𝟐𝑶	(s

–1) 2H-SKIE 

formation 800 ± 150 510 ± 40 1.6 ± 0.3 

decay 1 20 ± 0.2 10.4 ± 0.4 1.9 ± 0.1  

decay 2 2.2 ± 0.2 2.1 ± 0.2 1.0 ± 0.1 
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3.3.5 Thermodynamics of UndA-P decay 

To further establish the position of UndA-P in the mechanism of decarboxylation, the 

temperature-dependence of the decay rate was measured (Figure 3.8.A). Generating Arrhenius and 

Eyring plots of this data (Figure 3.8.B-C) allowed for determination of the thermodynamic 

parameters associated with UndA-P decay. Intriguingly, the thermodynamic parameters produced 

for both the major and minor decay phases were virtually identical (Table 3.3). 

∆G in each case is ~15 kcal mol–1 which describes a nonspontaneous process. The 

endothermic nature of UndA-P decay is consistent with the significant rearrangement of atoms 

necessary for the transition from a diferric-peroxo to a ferryl intermediate.42 The positive value of 

∆S signifies a loss of order upon UndA-P decay. This value is perhaps surprising considering the 

transition from the diferric-peroxo to a ferryl, and in particular a rigid µ-oxo diamond core 

structure, would be associated with a decrease in disorder. Such is also observed for the MMOH 

P-to-Q transition, and it has been posited that the increase in disorder may arise from an increase 

in motional disorder in the transition state. Accordingly, the Ea determined suggests a relatively 

high barrier to O–O cleavage as has been calculated42 and directly measured33 for MMOH-P. 
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Figure 3.8: The temperature-dependence of the decay of UndA-P (A). The Arrhenius and Eyring plots of the 

major decay phase of UndA-P are shown in panels B and C, respectively. 

 

Table 3.3: The thermodynamic parameters of O–O bond cleavage determined from fitting the Arrhenius and 

Eyring plots of UndA-P decay rates. 

Decay Phase Ea (kcal/mol) ΔH (kcal/mol) ΔS (cal/mol) ΔG (kcal/mol) 

1 21.5 ± 0.1 21.0 ± 0.1 22.9 ± 0.2 14.1 ± 0.1 

2 22.4 ± 0.1 21.8 ± 0.1 20.9 ± 0.2 15.6 ± 0.2 
 

 
3.3.6 Uncoupling through Tyr radical formation 

Following the rapid disappearance of UndA-P, a new chromophore appears with a sharp 

absorption maximum at 410 nm and reaches maximum accumulation at ~80 ms (Figure 3.9.A). 

This chromophore is not present when substrate-free UndA is mixed with O2, which indicates it is 

a result of O2 activation by UndA. Such a chromophore has been observed for Tyr radical species43-

45 and is similar to what was observed for PfUndA.13 Indeed, EPR measurements of the reaction 
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freeze-quenched at 0.010, 0.07, 0.15, and 10 s showed a g = 2 signal displaying the proton 

hyperfine pattern expected for a Tyr radical.46-47 The radical species accumulates from 0.01 to 

0.15 s and has significantly decayed by 10 s (Figure 3.9.C). This correlates to the time regime 

observed for the 410-nm chromophore, therefore we attribute the 410-nm chromophore to a Tyr 

radical species. Spin quantitation of the EPR signal indicates that the Tyr radical reaches 

approximately 150 µM (assuming a packing factor of 0.5) thus scales to ~30% relative to the total 

diiron cluster in the sample. 

Single-wavelength data collected at 410 nm (Figure 3.9.B) displayed complex behavior 

that required fitting with a four-summed exponential expression with two formation phases and 

two decay phases, with the associated reciprocal relaxation times (RRTs) shown in Table 3.4. The 

complex kinetics may be attributed to the formation of multiple Tyr radicals, a Tyr radical that is 

being generated by multiple distinct processes, or a combination thereof. It is worth noting that the 

major formation phase of the Tyr radical exceeds that of the decay phases of UndA-P, thus the 

radical is not the direct product of UndA-P decay. Perhaps the Tyr radical is generated by an 

intervening intermediate that does not accumulate. 
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Figure 3.9: A. The difference spectra of the reaction of 300 µM (post-mixing) C12 FA-bound diferrous UndA 

with O2 minus the diferric end state, with maximum accumulation of UndA-P highlighted in blue and maximum 

accumulation of the Tyr radical highlighted in red. B. Single-wavelength measurements at 410 nm with the raw 

data shown in black and the fit overlaid in red (C12H) or gray (C12D). Residuals are shown in the same color as 

the fit they correspond to. C. EPR spectra measured on samples of substrate-bound UndA reacted with O2, 

freeze-quenched at times 0.01, 0.07, 0.15, and 10 s. The final concentration of diiron cluster-loaded UndA is 

roughly 450 µM assuming a packing factor of ~0.5. Spectra were collected at 73 K and a modulation amplitude 

of 0.1 mT (with the exception of the 10-s spectrum, which was at 0.3 T). 
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Table 3.4: The reciprocal relaxation times (RRTs) associated with the formation and decay of the Tyr radical as 

measured at 410 nm. 

RRT amplitude (%) rate (s–1) 
RRT1 -31 45 ± 5 
RRT2 -11 2 ± 1 
RRT3 25 8 ± 1 
RRT4 34 0.05 ± 0.01 

 

To delineate the origin of the Tyr radical, we performed site-directed mutagenesis of the 

Tyr residues predicted to be nearest the diiron cluster (residues 71, 107, and 197, see Figure 

3.10.A). However, no single Tyr-to-Phe mutation nor the triple mutant (Y71/107/197F) abolished 

formation of the 410-nm chromophore, nor were its kinetics affected (Figure 3.10.B). Perhaps this 

is unsurprising considering each of these residues are 7-14 Å from the diiron cluster, and direct 

oxidation by the diiron cluster across such a distance is not feasible. We then mutated Trp190, an 

oxidizable amino acid adjacent to the diiron cluster (~4.5 Å). The W190F mutant indeed abolished 

Tyr radical formation (Figure 3.10.C), suggesting the radical is mediated by initial oxidation of 

this this Trp residue. 
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Figure 3.10: A. The active site of UndA (PDB 4WWJ and 6P5Q overlaid to see relevant Tyr). Portion of the 

ribbon of helix 6 is omitted. Fe ligands are shown in blue, fatty acid in black (from 6P5Q), and glycerol in white 

(from 4WWJ). Tyrosine residues are shown in yellow, and those that have been mutated are labeled. Tryptophan 

residues are shown in red, with the Trp that abolished radical accumulation labeled. B. Stopped-flow spectra of 

the C12 FA-bound triple Tyr-to-Phe mutant Y71/107/197F (100 µM post-mixing) display formation of the 410-

nm chromophore. Inset: The 410-nm trace can be fit similarly to WT. C. The single Trp-to-Phe mutant W190F 

does not form the 410-nm intermediate when substrate-bound diferrous is reacted with O2. Accumulation of 

UndA-P is decreased and its kinetics slowed (inset). 
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3.4 Discussion 

The observation of a substrate-triggered diferric-peroxo species in the P. syringae ortholog 

of UndA demonstrates that the mechanisms of oxygen activation are generalizable to multiple 

orthologs, yet its precise mechanism of decarboxylation has remained unclear. We and others13, 18 

have proposed similar mechanisms involving C–H abstraction by a high-valent ferryl intermediate, 

but recent investigation into the reactivity of the diiron(III)-peroxo intermediate of BesC (See 

Chapter 5) warranted evaluation of a peroxo-mediated reaction by UndA (Figure 3.11.A). 

However, the absence of a substrate 2H-KIE and the solvent deuteration effects on UndA-P decay 

reported here establish that UndA-P is not directly performing C–H scission. This supports the 

proposal that UndA-P undergoes O–O cleavage to generate a high-valent intermediate (Figure 

3.11.B). The off-pathway Tyr radical species, which is not an immediate result of UndA-P decay, 

further hints at the presence of unresolved catalytic intermediates. 

The only well-characterized peroxo-to-ferryl transition in an enzymatic system is that of 

MMOH P to Q.33, 41 We reveal that UndA-P decay exhibits similar solvent isotope sensitivity and 

thermodynamic parameters to MMOH-P, providing commonalities between the decay of the two 

peroxo species. UndA-P, however, decays roughly 10 times faster than MMOH-P. Thus, it is 

perhaps surprising that no downstream iron-oxygen intermediates readily accumulate, particularly 

the C–H abstracting species with perdeuterated substrate. This necessitates that the decay of such 

species, which we presume to be a diiron(IV)-oxo intermediate, occurs significantly faster than 

that of MMOH-Q. Using kinetic simulations as described in the methods section, we can determine 

a minimum threshold of the reaction of UndA diiron(IV)-oxo toward deuterated substrate of  

300 s–1, which is expected to be significantly faster toward C–H bonds considering the large 
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substrate 2H-KIE observed for MMOH-Q.48 Thus, achieving sufficient accumulation of this 

species for detailed study may prove quite challenging. 

Our kinetic analysis allows for the comparison of the substrate-triggered diferric-peroxo 

intermediates of both UndA and BesC (Chapter 5). BesC-P exhibits a sluggish decay rate of  

0.03 s–1, which is > 600-fold slower than UndA-P. This slow decay rate has been attributed to the 

difficulty of a diferric-peroxo performing C–H cleavage. However, considering the similarities of 

the diiron clusters of the two enzymes, the differences between the two peroxo species that enable 

UndA to decay rapidly (presumably via O–O cleavage) but BesC to thwart O–O bond scission and 

favor C–H abstraction remain an intriguing question. Further mechanistic and structural study of 

the HO-like diiron enzymes should yield great insight into the branching mechanisms of O2 

activation. 

 

 

Figure 3.11: Potential mechanisms of decarboxylation by UndA involving A. H-atom transfer carried out by the 

diferric-peroxo intermediate, which we have ruled out in the present study, and B. H-atom transfer performed 

by a diiron(IV/IV)-oxo intermediate. 
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3.5 Conclusions 

The catalytic mechanism for the decarboxylation of fatty acids to hydrocarbon biofuels by 

UndA has been the topic of several reports. Our kinetic characterization of the diferric-peroxo 

intermediate of UndA demonstrates that this intermediate species is not associated with direct  

C–H abstraction from the fatty acid substrate. Rather, solvent kinetic isotope effects combined 

with thermodynamic analysis suggest that the decay of UndA-P is analogous to that of the diferric-

peroxo of MMOH. UndA is the first HO-like diiron enzyme in which the diferric-peroxo state is 

not directly reactive with substrate. Thus, the observation of diferric-peroxo intermediates in three 

HO-like diiron enzymes – UndA, BesC, and SznF – provides an opportunity for direct comparison 

of the structural features that guide peroxo reactivity. 
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CHAPTER 4: Oxygen Activation by the Dinuclear Iron Cluster of CADD 

Abstract 

The Chlamydia trachomatis protein CADD is a dinuclear iron enzyme reported to serve 

dual roles in modulating host-cell apoptosis during infection and as the sole enzyme in a new 

biosynthetic pathway for para-aminobenzoate (pABA). The precursor to pABA is proposed to be 

a protein-derived tyrosine side chain, making CADD a self-sacrificial enzyme. To understand the 

peculiar reaction performed by CADD, we have studied its iron cofactor and its reactivity with 

oxygen. Optical, EPR, and Mössbauer spectroscopies show an antiferromagnetically coupled 

diiron cluster. While the reaction of chemically reduced CADD with O2 fails to produce any 

observable transients, isolation of the diferrous state from E. coli by anaerobic purification 

produces a long-lived 500-nm chromophore upon oxygenation. Spectroscopic characterization 

indicates this chromophore is not an O2-and-Fe complex nor a radical species. Rather, the 

chromophore is triggered by the presence of imidazole and thus is suggested to be a modified 

imidazole or amino acid moiety that coordinates the diiron cluster. We then sought to establish if 

the ability for anaerobically purified CADD to activate O2 correlated to pABA production. 

However, poor activity in vitro indicates there is yet-to-be determined factor missing for efficient 

pABA formation. 

 

4.1 Introduction 

Chlamydia trachomatis is the leading cause of sexually transmitted infections worldwide 

with annual cases exceeding 100 million.1 With increasing rates of antibiotic resistance, the search 

for new druggable targets is ongoing.2-3 Chlamydia protein associating with death domains 

(CADD, also known as CT610) was first identified for its involvement in the regulation of the 
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infectious cycle of C. trachomatis.4 Using human cells infected with C. trachomatis, CADD was 

shown to associate with the death domains of tumor necrosis factor family proteins and induce 

host cell apoptosis in order to release infectious bodies of C. trachomatis.4-5 CADD orthologs are 

found across many prokaryotes such as other obligate intracellular pathogens as well as 

ammonium-oxidizing and nitrogen-fixing bacteria.6 

Intriguingly, a second role for CADD in the biosynthetic pathway for para-aminobenzoate 

(pABA), a crucial component in the assembly of the nutrient folate,7 has been more recently 

demonstrated.6, 8-9 Genome analysis revealed that Chlamydiae lack the canonical pathway for 

pABA synthesis from chorismate (comprised of the pabABC genes, Figure 4.1.A) that is common 

to most bacteria.8, 10 Rather, the gene encoding CADD (ct610) is located within an operon 

containing other genes required for folate assembly. In vivo complementation using an E. coli 

knockout lacking pabABC has shown that CADD can seemingly supplant the role of all three genes 

(Figure 4.1.B).6, 8 The combined roles of CADD in chlamydial survival and proliferation suggest 

that it may be an attractive druggable target if its role can be better understood. 
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Figure 4.1: The production of para-aminobenzoate via the common bacterial biosynthetic pathway PabABC 

(A) or by the unusual pathway found in Chlamydia species (B). 

 

The crystal structure of CADD5 showed a helical motif most similar to enzymes 

pyrroloquinoline quinone oxidase PqqC11 and heme oxygenase12-13 but had a unique dimetal site 

that is not found in these other redox-active enzymes. Rather, the dimetal site resembled that of 

dinuclear iron cluster-containing hydroxylase component of methane monooxygenase and the R2 

subunit of RNR.14-15 Accordingly, the dimetal site of CADD was found to contain iron based on 

metal analysis.5 The unique fold of CADD represents a new structural family of diiron enzymes 

since referred to as the heme-oxygenase-like diiron oxidases (HDOs). Other members of the HDO 

family include the two C–C cleaving enzymes the fatty acid decarboxylase UndA16-18 and the 

terminal alkene-amino acid-forming BesC (Chapter 5)19 as well as the N-oxygenase SznF.20-21 

Despite the divergent functions of the HDOs, the different oxidation reactions performed by each 
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highlight the catalytic potency of diiron enzymes and thus suggest a role for the diiron cluster of 

CADD in the formation of pABA.  

The metabolic precursor to pABA production by CADD differs from the shikimate 

pathway intermediates used by the PabABC enzymes, thus representing a novel pathway for 

pABA biosynthesis.6, 8 However, the precursor evaded identification for some time. Recently, 

Allen and colleagues demonstrated through isotopic feeding studies that the aromatic ring of 

tyrosine is incorporated into pABA.9 The reaction was shown to be dependent on O2, which 

implicates a catalytic role for oxygen activation by the diiron cluster. Furthermore, in vitro 

reactions demonstrated that CADD can produce pABA without the addition of exogenous tyrosine, 

suggesting that CADD utilizes a protein-derived tyrosine side-chain as the substrate for pABA 

production. To gain insight into the unusual reaction catalyzed by CADD and the role of the 

dinuclear iron cofactor, we sought to spectroscopically characterize the diiron cluster and explore 

its reactivity with dioxygen. We report herein the first spectroscopic characterization of CADD, 

confirming the identity of the cofactor as a diiron site, and we demonstrate that CADD is able to 

react with O2 under specific conditions. These observations have implications for both the 

mechanism of reactivity of CADD and the requirements for pABA formation. 

 

4.2 Methods 

4.2.1 Protein expression 

The cadd gene from Chlamydia trachomatis (ct610) was codon optimized and synthesized 

by BioBasic 2.0 (sequence listed below). The gene was then subcloned into pET28b using NdeI 

and XhoI. Expression of CADD was carried out in E. coli BL21(DE3) grown in M9 media 

supplemented with 2 g/L casamino acids and 50 µg/mL kanamycin. Cells were grown to an OD600 
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of 0.8-1.0, at which point 50 µM FeCl3 were added, and protein expression was induced with the 

addition of 200 µM IPTG. The cultures were cooled to 25 °C upon induction and incubated 

overnight. The cells were harvested the following morning and stored at -20 °C until further use. 

 
Codon-optimized ct610 with added RE sites: 

CATATGATGAACTTCCTGGATCAGCTGGATCTGATCATCCAGAACAAACACATGCTGGAACACA
CCTTCTACGTTAAATGGTCTAAAGGGGAACTGACCAAAGAACAGCTGCAGGCGTACGCGAAAGA
TTACTACCTGCACATCAAAGCGTTCCCGAAATACCTGAGCGCGATCCACTCTCGTTGCGATGAT
CTGGAAGCGCGTAAACTGCTGCTGGATAACCTGATGGATGAAGAAAACGGCTACCCGAACCACA
TCGATCTGTGGAAACAGTTCGTTTTCGCGCTGGGTGTTACCCCGGAAGAACTGGAAGCGCACGA
ACCGTCTGAAGCGGCGAAAGCGAAAGTTGCGACCTTCATGCGTTGGTGCACCGGCGATAGCCTG
GCGGCGGGCGTTGCGGCGCTGTACTCTTACGAAAGCCAGATCCCGCGTATCGCGCGTGAAAAAA
TCCGTGGCCTGACCGAATATTTCGGCTTTAGTAACCCTGAAGATTATGCATACTTTACTGAACA
TGAAGAAGCTGACGTTAGACACGCACGTGAAGAGAAAGCGCTGATTGAAATGCTGCTGAAAGAT
GACGCGGATAAAGTCTTAGAAGCTAGTCAGGAAGTGACCCAATCCCTGTACGGGTTTCTAGATT
CTTTTCTTGATCCGGGTACCTGCTGTAGCTGCCACCAGTCTTACCTCGAGTAAAAGCTT 

 

4.2.2 Aerobic protein purification 

Thawed cell paste was resuspended in 25 mM HEPES pH 7.5, 100 mM KCl, 10 mM 

imidazole, and 5% glycerol (~10 mL buffer per g cell paste) and chilled on ice. Cells were lysed 

by sonication, and the cleared lysate was loaded onto a Ni-NTA column while maintained at 4 °C 

(as was the remainder of the purification). The resin was washed with 5 CV of the above buffer 

with 20 mM imidazole, and protein was eluted with 5 CV of buffer with 500 mM imidazole. 

Fractions containing CADD were identified by a deep yellow color, which was further verified by 

SDS-PAGE. The fractions were pooled and dialyzed against 3 x 1 L of 25 mM HEPES pH 7.5, 

100 mM KCl, and 5% glycerol. Purified CADD was flash frozen in liquid nitrogen and stored at -

70 °C until further use. 
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4.2.3 Anaerobic protein purification 

The above resuspension, wash, and elution buffers were made anaerobic by evacuating and 

purging with N2 via a Schlenk line and then storing uncapped in a Coy anaerobic chamber 

overnight prior to use. The buffers were supplemented with 0.5 mM dithionite immediately prior 

to use. Cell paste was brought into the anaerobic chamber, resuspended in anaerobic buffer, and 

lysed. The cleared lysate was loaded onto an anaerobic Ni-NTA column, which was washed and 

eluted as described above but in an anaerobic chamber. Fractions containing CADD were 

identified by a pale-yellow color. The protein was transferred into sealed, anaerobic vials and then 

flash frozen and stored at -70 °C until further use. 

 

4.2.4 Site-directed mutagenesis 

Tryptophan-to-phenylalanine mutations were prepared using the primer listed below. The 

mutations were incorporated by a whole-plasmid amplification PCR strategy using Q5 DNA 

polymerase. Parent plasmid was digested using DpnI and the remaining plasmid was transformed 

into chemically competent E. coli DH5α cells. Colonies were screened for the mutation by 

culturing, miniprepping, and sequencing. Plasmid confirmed to contain the desired mutation was 

used for protein expression as described for wild-type CADD. 

 
W30F Primers: 
Forward: 5'-CTTCTACGTTAAATTCTCTAAAGGGGAACTGACCAAAGAACAGCTGCAG-3' 
Reverse:  5'-CCCTTTAGAGAATTTAACGTAGAAGGTGTGTTCCAGCATGTGTTTGTTCTGG-3' 
 
W92F Primers: 
Forward: 5'-CACATCGATCTGTTCAAACAGTTCGTTTTCGCGCTGGGTGTTACCC-3' 
Reverse: 5'-CGAACTGTTTGAACAGATCGATGTGGTTCGGGTAGCCGTTTTCTTCATCC-3' 
 
W125F Primers: 
Forward: 5'-CTTCATGCGTTTCTGCACCGGCGATAGCCTGGCGGC-3' 
Reverse: 5'-GGTGCAGAAACGCATGAAGGTCGCAACTTTCGCTTTCGCC-5' 
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4.2.5 Metal quantification 

To determine the metal content of the purified protein, 100 µM CADD was acidified in 

2 M HCl. The degraded protein was pelleted by centrifugation, and the supernatant was analyzed 

by inductively coupled plasma mass spectrometry (ICP-MS) for Fe, Mn, Zn, and Ni content, as 

well as by ferrozine assay for Fe content. ICP-MS was performed by Lijian He at the University 

of South Carolina. 

 

4.2.6 Optical spectroscopy of diferric and diferrous CADD 

Absorption spectra were measured using an HP 8453 spectrophotometer at 25 °C unless 

otherwise stated. The CADD-azide complex was formed by brief incubation of 100 µM diferric 

CADD (CADDox) with 2 M azide. Reductive titration was performed by the sequential addition of 

sodium dithionite to an anaerobic sample of CADDox in the presence of 1 µM methyl viologen. 

With each injection, equilibrium was achieved by monitoring the spectrum after injection until the 

absorption ceased to change (initially ~1 minute but up to 15 minutes as the titration progressed).  

 

4.2.7 Electron paramagnetic resonance spectroscopy 

A sample of CADDox was prepared at 2 mM. CADDred was prepared by treating 2 mM 

CADD with 20 µM methyl viologen and excess sodium dithionite under anaerobic conditions. 

Mixed-valent CADD was prepared by anaerobically desalting 1 mM CADDred to rid of excess 

reductant then treating with 0.5 molar equivalents of potassium ferricyanide per iron. EPR spectra 

were collected using a Bruker X-band EMXplus EPR with an Oxford Instruments ESR900 X-band 

continuous flow liquid helium cryostat using the following conditions: temperature of 12 K, 

modulation amplitude of 1 mT, and microwave power of 10 mW unless otherwise stated. 
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4.2.8 Mössbauer spectroscopy  

To label CADD with 57Fe, bacterial cultures were grown and induced as described above 

but the iron supplementation consisted of 50 µM 57Fe dissolved in a minimal amount of aqua regia. 

Protein purification was carried out in the same manner as previously described. Samples of 

CADDox and CADDred were prepared as described the EPR samples. 

For enhanced iron-loading of anaerobically purified CADD, the anaerobically purified 

protein was incubated with 2 molar equivalents of 57Fe(II) (stock prepared by solubilizing 57Fe(s) 

in 1 M H2SO4, diluting, and neutralizing with the addition of 2 M HEPES at pH 7.5, all performed 

in the anaerobic chamber). Samples were transferred to Delrin cups in the anaerobic chamber and, 

upon removal from the anaerobic chamber, were immediately frozen in liquid nitrogen without 

exposure to O2. Samples of oxygenated CADD were prepared by blowing with O2 gas until 

thorough oxygenation was reached, as indicated by a color change. 

Mössbauer spectroscopy was performed at Carnegie Mellon University by Yisong Guo, 

Ruixi Fan, and Shan Xue. Spectra were measured using home-built spectrometers with Janis 

Research Super-Varitemp dewars to allow for studies in the temperature range from 1.5 to 200 K 

and applied magnetic fields up to 8.0 T. Spectral simulations were performed using the WMOSS 

software package (SEE Co., Edina, MN). Isomer shifts are quoted relative to Fe metal at 298 K. 

All Mössbauer figures were prepared using SpinCount software.22 

 

4.2.9 Stopped-flow absorption spectroscopy 

Protein was prepared for stopped-flow by anaerobically desalting CADDred to rid of excess 

dithionite or imidazole as needed. In the case of imidazole titrations, imidazole (buffered at pH 

7.5) was added back to the protein solution after desalting and incubated for at least one hour. The 
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samples were sealed in anaerobic vials and transferred into the stopped-flow spectrophotometer 

using gas-tight syringes. The experiments were carried out by shooting reduced CADD against 

O2-saturated buffer. Stopped-flow experiments were performed on an Applied Photophysics Ltd. 

SX20 stopped-flow spectrophotometer. Full spectra were measured using a photodiode array 

detector, and single-wavelength traces were monitored using a photomultiplier tube. Single-

wavelength traces were fit using Pro-Data Viewer. 

 

4.3 Results  

4.3.1 Expression and metal quantification 

Heterologous expression of CADD in E. coli and purification by Ni-NTA affinity 

chromatography produces an excess of 200 mg CADD per liter of bacterial culture. Analysis of 

the metal content of CADD by ICP-MS (Table 4.1) showed that the protein sample contained a 

stoichiometric amount of iron (1.00 Fe/protein). The iron stoichiometry was independent of culture 

conditions, but using M9 minimal media containing casamino acids rather than LB media resulted 

in fewer adventitiously bound metals. Thus, the modified M9 media was used for all protein 

expression described throughout. Considering the crystal structure of CADD shows the presence 

of a dinuclear metal site,5 the iron count suggests that, as purified, roughly half of CADD is in the 

apo form (0 Fe/protein) and half is in the loaded form (2 Fe/protein) which was observed for UndA 

produced under similar conditions.17 This is confirmed by Mössbauer and EPR spectroscopies 

detailed below. 
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Table 4.1: Metal quantification by ICP-MS of as-isolated CADD expressed from culture grown in LB media or 

M9 minimal media. 

Culture medium 
Metal content (mol metal/mol protein) 

Fe Zn Mn Ni 

M9 1.00 0.11 0.00 0.16 

LB 1.02 0.20 0.03 0.50 

 

4.3.2 Spectroscopic characterization of CADDox and CADDred 

As purified, CADD is yellow in color. The absorbance spectrum (Figure 4.2.A, blue) shows 

a broad absorption from 300 to 450 nm (ε340 ≈ 4 mM-1 cm-1, scaled to the concentration of iron-

loaded CADD). Such a chromophore is consistent with the oxidized, diferric forms of many diiron 

enzymes,17, 23-24 thus we will refer to this state as CADDox. The addition of 2 M sodium azide to 

CADDox (Figure 1A, red) produces a chromophore with an absorbance peak around 420 nm. This 

absorption feature has been ascribed to the azide-to-iron(III) ligand-to-metal charge transfer and 

has been observed for several azide-complexed diiron enzymes.17, 24-25 
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Figure 4.2: Spectroscopic characterization shows a coupled diiron center. A. The optical spectrum of CADD 

as-isolated (blue) and upon addition of 2 M sodium azide (red) are consistent with a diiron cluster. Inset: A view 

of the diiron cluster and its coordinating ligands, prepared from the crystal structure PDB ID: 1RCW.5 B. 

Reduction and partial oxidation of CADD produces an EPR-active S = 1/2 species indicative of the mixed-valent 

Fe(II)/Fe(III) state. Spectrum was acquired at a temperature of 12 K, a modulation amplitude of 1 mT, and a 

microwave power of 100 mW. C. The Mössbauer spectra of CADDox and CADDred at 4.2 K and 0.45 kG. The 

raw data is shown in black, and the simulations of the diferric and diferrous clusters are shown in red and blue, 

respectively. 

 

The EPR spectra of CADDox and dithionite-reduced CADD (CADDred) exhibit are largely 

featureless spectra as expected for iron species that are either diamagnetic or spin-coupled for a 

net integer spin (Figure 4.3). Signals at g = 2.00 are indicative of radical species, likely arising 

from the dithionite used to produce CADDred. The radical species of CADDox will be addressed 

later. Also present with CADDox is a small signal at g = 4.29 that indicates the presence of 

mononuclear ferric iron in the sample of CADDox, spin quantitation of the signal suggests it 

accounts for only 5% of the total iron in the sample. Partial oxidation of CADDred by treatment 

with substoichiometric potassium ferricyanide yields an EPR spectrum showing an axial signal 

with g-values at 1.92, 1.82, and 1.70 (Figure 1B), indicative of the Fe(II)/Fe(III) mixed-valent state 

as observed for other diiron enzymes.18, 24, 26 
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Figure 4.3: The EPR spectra of CADDox and CADDred measured at temperature of 12 K, a modulation amplitude of 

1 mT, and a microwave power of 10 mW. 

 

The 4.2-K, 0.45-kG Mössbauer spectra of CADDred and CADDox are shown in Figure 

4.2.C, with the fitting parameters listed in Table 4.2. The spectrum of CADDox can be simulated 

with two doublets suggesting a coupled pair of high-spin ferric (S = 5/2) iron atoms. The low 

values of ΔEQ are indicative of a hydroxo-bridged diiron cluster.27 The Mössbauer spectrum of 

CADDred can be simulated with two similar doublets with parameters consistent with a dinuclear 

high-spin Fe(II) (S = 2) site. For both the diferrous and the diferric states, we attribute the 

requirement of two doublets with approximately equal spectral contribution to each of the two 

irons in the asymmetric diiron site (Figure 4.2.A, inset).5 Collectively, the spectroscopic 

examination of CADDox and CADDred demonstrate that CADD can be isolated with a coupled 

diiron cluster. 
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Table 4.2: Simulation parameters for the Mössbauer spectra of CADDox and CADDred shown in Figure 4.2.C 

and CADD*red and its oxygenated form shown in Figures 4.4 and 4.7. 

Sample Site δ (mm/s) ΔEQ (mm/s) Γ (mm/s) Area (%) 

CADDox 
1 0.48 1.12 0.37 47.7 

2 0.54 0.56 0.37 47.7 

CADDred 
1 1.237 2.016 -0.50 30.4 

2 1.259 2.970 -0.49 67.5 

CADD*red 
1 1.202 1.706 -0.50 52 

2 1.224 2.683 -0.50 46 

CADD*red + O2 
1 0.50 1.12 0.45 42 

2 0.53 0.53 0.48 42 

CADDred + imidazole 
1 1.195 2.029 0.50 55.3 

2 1.183 1.489 0.39 52.3 
 

4.3.3 Oxygen activation in anaerobically purified CADD 

Anaerobic purification of CADD (hereby referred to as CADD*, in contrast with 

aerobically purified CADD) allows for the isolation of the diferrous state. Metal quantification of 

CADD*red by ferrozine assay reveals significantly decreased metal content relative to aerobically 

purified CADD, with CADD*red containing roughly 0.15-0.20 equivalents of metal per protein 

(~10% Fe2-loaded, ~90% apo). The limiting Fe loading was overcome by reconstitution of the 

diiron cluster by incubation with 2 molar equivalents of ferrous ammonium sulfate. The Mössbauer 

spectrum of CADD*red confirms reconstitution produces a coupled diiron cluster quite like 

CADDred (see Figure 4.4 and Table 4.2). 
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Figure 4.4: Mössbauer spectrum of CADD*red. The raw data is shown in black and the spectral simulation using 

parameters listed in Table 4.2 shown in blue.  

 
The optical spectra of CADD*red and its oxidized forms are shown in Figure 4.5.A. As-

isolated, CADD*red is largely colorless like chemically reduced CADD. A small absorbance peak 

at ~420 nm in the spectrum of CADD*red is attributed to a minor heme contaminant as its 

magnitude varies across preparations. Exposure of CADD*red to oxygen produces a long-lived 

orange chromophore with a broad absorption peak centered at 500 nm (ε ≈ 2 mM-1 cm-1) (Figure 

4.5.A-B). We hereby refer to this unknown intermediate as Intermediate U (Int-U). Int-U decays 

to a species optically identical to CADDox. The time course of the decay shows that it is quite long-

lived (Figure 4.5.C).  Fitting to an exponential decay expression provides a t1/2 of 40 minutes at 

25 °C and 3 hours at 4 °C.  

 



   

 
 

103 

 

Figure 4.5: Observation of a long-lived chromophore upon oxygenation of anaerobically purified CADD. 

A. The optical spectra of anaerobically purified CADD*red (black), the oxygenated Int-U (red), and the species 

to which Int-U decays (blue). Concentration is 100 µM Fe2-loaded CADD. The difference spectrum of the 

oxygenated species and the reduced state (inset) shows an absorbance maximum of Int-U of 500 nm. B. Photos 

showing the color difference between Int-U (left) and what it decays to (right). Protein concentration is ~400 µM 

Fe2-loaded CADD. C. Monitoring Int-U over time shows that the intermediate decays slowly to a species 

identical to CADDox. The decay as monitored at 500-nm species can be fit with a single-exponential decay phase 

(inset). 
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To establish whether Int-U is the result of O2-activation by the diiron cluster, CADD*red 

was titrated with metal and exposed to oxygen (Figure 4.6.A). The accumulation of the 

chromophore indeed increased with the concentration of Fe up to two molar equivalents of Fe, 

demonstrating that Int-U is dependent on the diiron cluster. Oxygen activation was then examined 

by rapid mixing of Fe2-CADD*red with O2-saturated buffer via stopped-flow spectrophotometer 

(Figure 4.6.B). The spectra show that formation of the chromophore occurs within 10 s, following 

a brief lag phase apparent in the single-wavelength data collected at 500 nm (Figure 4.6.B, inset). 

The lag phase may be attributed to unresolved Fe-O2 intermediate species preceding the 500-nm 

intermediate. For comparison, the reaction of CADDred with O2, shown in Figure 4.6.C, does not 

produce the same 500-nm chromophore, but rather appears to slowly oxidize to CADDox. Thus, 

the iron- and oxygen-linked 500-nm intermediate is unique to the anaerobic preparation of the 

protein. 
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Figure 4.6: A. The accumulation of the 500-nm intermediate as a function of iron concentration. The 

concentration of CADD in this experiment is 200 µM B. Stopped-flow rapid mixing of CADD*red (100 µM Fe2-

CADD post-mix, blue) with O2-saturated buffer, showing accumulation of Int-U within 10 s (red). C. Rapid-

mixing of aerobically purified CADDred with O2-saturated buffer, displaying the slow autoxidation without 

observable transient species. 

 

4.3.4 Spectroscopy of Int-U 

To determine the identity of the 500-nm chromophore Int-U, we first examined the state of 

the diiron cluster by Mössbauer spectroscopy using reconstituted CADD*. The Mössbauer 

spectrum indicates a mixture of ferric and ferrous species. The ferrous species corresponds to 
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remaining diferrous cluster due limiting O2 solubility, as the spectra can be simulated with the 

same parameters as CADD*red. Accordingly, subtracting the diferrous doublets of CADD*red from 

the spectrum shown in Figure 4.7, the difference spectrum can be simulated as a diferric site with 

parameters like those from CADDox (Table 4.2), which accounts for 68% of the total iron in the 

sample. Seeing as there are no new Fe species observable in samples of Int-U, the chromophore 

cannot be attributed to an oxygen- and iron-based species such as a diferric-peroxo intermediate 

as observed for other HDOs.18, 20 

 

 

Figure 4.7: Mössbauer spectra of the oxygenated 500-nm intermediate. The raw data is shown in black and 

spectral simulations of diferric CADD is shown in red. 

 

Considering protein-based rather than iron-based chromophores, Int-U shows optical 

similarity to neutral tryptophan radical species.28-29 CADD has three Trp residues: W30, W92, and 

W125. Site-directed mutants in which these residues were mutated to phenylalanine, including a 

triple mutant containing no Trp residues (referred to as ΔTrp), were then spectroscopically 

characterized. Int-U was still observed in all Trp-to-Phe mutants including ΔTrp (Figure 4.8.A). 

Furthermore, EPR of wild-type and ΔTrp CADD showed only a small radical signal centered at g 

≈ 2.0 which was determined to be only ~20-30 µM by spin quantification (Figure 4.8.B). Should 

this radical signal correspond to the 500-nm chromophore, this implicates a molar absorptivity of 

~20 mM–1 cm–1, which far exceeds that of a Trp radical (ε510 ≈ 2.3 mM–1 cm–1).28 
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Figure 4.8: A. Absorbance spectra of anaerobically purified and oxygenated Trp-to-Phe mutants at 100 µM. 

B. EPR spectra of the oxygenated intermediate of wild-type (red) and the triple Trp-to-Phe mutant (ΔTrp) CADD 

(green) at 20 K. The simulation parameters for each are g = [2.004, 2.002, 2.008], A= [16, 43, 39] MHz, linewidth 

= 3.9 G, concentration = 20 µM (red) or 30 µM (red). 

 

4.3.5 Effects of imidazole on Int-U 

We then examined the factors influencing Int-U formation by the anaerobically purified 

CADD* but not aerobically purified CADD. One difference between the two preparations is that 

CADD* has not been rid of imidazole from purification. Desalting CADD*red into buffer lacking 

imidazole prevents the formation of the chromophore upon oxygenation (Figure 4.9.A). Rather, in 

the absence of imidazole, oxygenation of CADD*red seems to result in autoxidation to the diferric 

state. This result indicates that imidazole is necessary for formation of the chromophore. As such, 

CADD*red was desalted then titrated with imidazole and reacted with O2. The accumulation of Int-

U displayed hyperbolic dependence on the concentration of imidazole (Figure 4.9.B). Fitting of 

the data provided an approximate KD for imidazole of ~25 mM. 

The effect of imidazole on CADD was probed by Mössbauer spectroscopy of CADDox and 

chemically reduced CADDred. While imidazole caused no change in the spectrum of CADDox (data 
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not shown), the spectrum of CADDred in the presence of 500 mM imidazole is shown in Figure 

4.9.C and the simulation parameters in Table 4.2. CADDred with imidazole required a two-site 

simulation consisting of two high-spin Fe(II) centers. While Site 1 has simulation parameters 

similar to one Fe site of CADDred without imidazole, Site 2 displays a significantly smaller 

quadrupole splitting than either Fe site without imidazole. A smaller isomer shift loosely correlates 

to a greater number of histidine ligands in the primary coordination sphere,23-24, 30 suggesting that 

imidazole may serve as a ligand to the diiron cluster. However, the quadrupole splitting values of 

CADDred with imidazole are significantly smaller than even the 5-histidine, 2-carboxylate-

containing diiron cluster of hemerythrin30 suggesting an unusual change in the iron environment 

induced by imidazole. 

 

 

Figure 4.9: A. Desalting CADD*red into buffer with or without imidazole prior to oxygenation affects the ability 

to form Int-U. B. Parallel samples of CADD*red were combined with varying concentrations of imidazole then 

oxygenated. The imidazole titration was fit with a hyperbolic dependence to determine the apparent affinity of 

imidazole (inset). The concentration of Fe(II)-CADD in this experiment was 25 µM. 

 

If imidazole is the only factor needed for O2 activation, the addition of imidazole to 

aerobically purified CADD and subsequent reduction and oxygenation should produce the 500-

nm chromophore. CADDred with or without imidazole was reduced with dithionite in the presence 
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of the mediator dye methyl viologen (which causes the optical features observable in the spectra 

of CADDred); however, no Int-U was observed oxygenation (Figure 4.10). Since the addition of 

imidazole to CADDred does not enable oxygen activation, there remains an unknown factor that 

results in inactivation of CADD during aerobic purification. 

 

 

Figure 4.10: Aerobically purified CADD as-isolated (black), chemically reduced with dithionite (blue), and 

oxygenated (red) with (A) or without 500 mM imidazole (B). The concentration of CADD is 100 µM in each 

spectrum. 5 µM methyl viologen is included in the samples to facilitate reduction. 

 
One distinguishing factor between CADDred and CADD*red is that the former is chemically 

reduced to reach the diferrous state. In some diiron enzymes, reduction by dithionite and 

subsequent oxygenation results in autoxidation or formation of off-pathway oxygenated 

intermediates.31-32 Considering CADDred produced from chemical reduction of CADDox appears 

unreactive toward O2, we then wondered whether CADD*red generated with dithionite could be 

reoxygenated to yield Int-U. A sample of Int-U was reduced with dithionite and re-oxygenated. 

This process was repeated several times to regenerate Int-U, albeit at diminishing quantities that 
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suggest this process is inefficient (Figure 4.11). However, once the 500-nm chromophore is 

allowed to decay over time, reduction and reoxygenation does not regenerate the chromophore.  

 

 

Figure 4.11: Recycling of Int-U. Oxygenated Int-U at 100 µM (red) was reduced by the addition of excess 

dithionite in the presence of 1 µM methyl viologen and reoxygenated by blowing with O2 gas. This process was 

repeated for several cycles, denoted by color. As a control, unreduced Int-U was used to account for normal 

decay during the time course of the experiment (gray). To negate the effects of scattering caused by slight protein 

aggregation, the baseline was normalized to zero using the absorbance at 700 nm. Inset: The accumulation of 

Int-U after subsequent reduction and reoxygenation, represented as a fraction of the initial accumulation (Cycle 

0). 

 
4.3.6 pABA production by CADD 

Considering the proposed role of CADD as a self-sacrificial enzyme and the irreversibility 

of Int-U regeneration upon its decay, perhaps Int-U is associated with the catalytic function of 

CADD. However, we were only able to detect trace amounts of para-aminobenzoic acid in various 

conditions attempted, which thwarted thorough activity analysis. This is consistent with what has 

been observed in previous studies including the most recent in which only 0.003 molar equivalents 

of pABA per CADD are produced.9 Thus, we are unable to conclude whether Int-U is an on-

pathway species or a side-reaction. 
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3.4 Discussion 

4.4.1 The diiron cluster of CADD 

Spectroscopic investigation of CADD supports the original assignment of the di-metal site 

found in the crystal structure5 as a dinuclear iron site. The diferric and diferrous forms both appear 

to be antiferromagnetically coupled, (hydr)oxo-bridged clusters like those of hemerythrin30, 33 and 

the ferroxidase site of ferritin.34 The Mössbauer spectrum of CADDox shows two inequivalent iron 

sites in equal abundance, thus we assign each to individual iron atoms of the cluster. We attribute 

this to the asymmetry of the ligands to the diiron cluster, as the crystal structure shows that the 

ligands of each iron atom are inequivalent (2 His/1 carboxylate for one, 1 His/3 carboxylates for 

the second, Figure 1A inset). Intriguingly, the Mössbauer spectrum of diferric UndA,17 which 

shares an identical coordination motif with CADD, does not display such stark asymmetry. This 

observation highlights the complexities that dictate the electronic environment of the irons in these 

enzymes. 

 
4.4.2 Oxygen activation by CADD 

Anaerobically purified CADD*red formed an unknown 500-nm intermediate upon exposure 

to O2, which we refer to as Int-U. Int-U exhibits optical features similar to enzymatic diferric-

peroxo intermediates,18, 20, 35-36 but spectroscopic characterization demonstrated that Int-U is not 

an activated iron- and oxygen-based intermediate nor a tryptophan radical species, which it also 

bears resemblance to.28-29 The imidazole triggering of Int-U, taken together with other 

experiments, suggests that the species may be an oxidized imidazole species that coordinates the 

diiron cluster to produce the 500-nm chromophore. The slow decay of the chromophore perhaps 

corresponds to the modified imidazole equilibrating with the unmodified imidazole free in 

solution. This implicates Int-U as an off-pathway intermediate because imidazole is unlikely to be 
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present in the cell at sufficient quantities considering the weak apparent KD of CADD. 

Nonetheless, Int-U demonstrates that CADD can utilize its diiron cluster to activate O2 and carry 

out a subsequent oxidation reaction. 

 
4.4.3 Irreversibility of oxygen activation 

We observed that Int-U cannot be regenerated after its decay, nor can it be generated by 

chemically reduced CADDox. To explain why, we must consider what occurs throughout an 

aerobic purification. Because the anaerobic purification yields the diferrous state yet aerobic 

purification yields the diferric state, it's evident that CADD is diferrous in E. coli and, in an aerobic 

purification, becomes oxygenated upon cell lysis and subsequent oxygenation, suggesting that is 

transitions through Int-U during purification. This is supported by the trace amounts of 

chromophore detectable immediately after aerobic purification (Figure 4.12). From this 

standpoint, CADDox and decayed Int-U are identical (with which the Mössbauer spectra agree). 

Neither form can efficiently (re)generate Int-U when chemically reduced and oxygenated. Taken 

together with the diminishing returns of Int-U upon reduction and reoxygenation using chemical 

reductant, perhaps CADD requires a biological reductant or effector for formation of a diferrous 

cluster competent for O2 activation as observed for the multicomponent diiron oxidases.37-38 

Further insight into the activity of CADD require understanding the factors that promote efficient 

pABA formation. 
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Figure 4.12: Trace amounts of Int-U detectable following aerobic purification from the absorbance spectra (A) 

and visible color changes (B), with the left photo showing CADD immediately after purification and right 

showing CADD several hours later. 

 

4.4.4 Divergence of heme oxygenase-like diiron enzymes 

In our ongoing efforts to understand the structure-function relationships of diiron enzymes, 

we contrast CADD with UndA and BesC, both of which are HDOs. The iron-coordinating ligands 

of these three HDOs are identical except for the Asp ligand of CADD and UndA being a Glu in 

BesC. Like CADD, UndA and BesC are also responsible for unique C–C bond cleavage 

mechanisms. UndA, which decarboxylates Cn length fatty acids to the corresponding Cn–1 terminal 

alkene and carbon dioxide,16 is proposed to initiate C–C cleavage by initially performing hydrogen 

atom transfer from C3–H using a diiron(IV)-oxo intermediate.17-18 While the high-valent 

intermediate has not yet been directly observed, computation studies support its necessity.39 BesC, 

which performs the oxidative cleavage of 4-chlorolysine to 4-allylglycine, formaldehyde, and 

ammonium,19 utilizes a diferric-peroxo intermediate that directly performs C4–H cleavage to 

initiate subsequent C5–C6 scission (see Chapter 5).   
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The unusual oxidative cleavage and amination of the tyrosine side chain to pABA by 

CADD is a significant departure from the reaction trajectories of UndA and BesC. The crystal 

structure of CADD5 shows that the closest tyrosine to the diiron cluster is Tyr170, however, 

previous studies showed that mutation of this residue did not abolish pABA formation.9 Rather, 

the residues that blocked pABA production upon mutation were Tyr27 and Tyr43. These residues 

are approximately 14 Å from the diiron cluster, which thwarts the possibility of direct H-atom 

abstraction by an iron-based oxidant. Perhaps CADD instead activates O2 to send oxidizing 

equivalents to the putative "substrate" Tyr residues, in a manner like that of the R2 subunit of 

ribonucleotide reductase.15, 40 Indeed, there exist numerous Tyr and Trp residues that could form a 

redox shunt from the diiron cluster to the distant Tyr residues. The divergence of CADD from 

mechanisms of other C–C cleaving diiron enzymes demonstrates that our mechanistic 

understanding of diiron enzymes is still expanding. 

 

3.5 Conclusions 

The spectroscopic interrogation of CADD demonstrates that CADD can indeed house a 

coupled dinuclear iron cofactor, confirming its position among the heme oxygenase-like diiron 

enzymes. Upon isolation of the diferrous enzyme, the reaction with O2 formed an unusual 

intermediate with a broad chromophore at ~500 nm. Characterization of this intermediate suggests 

that it is not an activated iron- and O2-intermediate but perhaps a product of such a species. 

Considering the proposed role of CADD as a self-sacrificial enzyme, it is intriguing that this 

species is triggered by imidazole and forms only upon isolation of the diferrous state (i.e., having 

not yet reacted with O2). The latter observation implies it may be a catalytically relevant reaction 

step, however, correlation with pABA formation was thwarted by low enzymatic activity. Factors 
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that lead to efficient pABA production need to be uncovered for a deeper understanding of the 

function of CADD. 
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CHAPTER 5: BesC initiates C–C Cleavage through a Substrate-Triggered Reactive 

Diferric-Peroxo Intermediate 

Abstract 

BesC catalyzes the iron- and O2-dependent cleavage of 4-chloro-L-lysine to form 4-chloro-

L-allylglycine, formaldehyde, and ammonia. This process is a critical step for a biosynthetic 

pathway that generates a terminal alkyne amino acid which can be leveraged as a useful bio-

orthogonal handle for protein labeling. As a member of an emerging family of dinuclear enzymes 

that are typified by their heme oxygenase-like fold and very similar set of coordinating ligands, 

recently termed HDOs, BesC performs an unusual type of carbon-carbon cleavage reaction that is 

a significant departure from reactions catalyzed by canonical dinuclear-iron enzymes. Here, we 

show that BesC activates O2 in a substrate-gated manner to generate a diferric-peroxo intermediate. 

Examination of the reactivity of the peroxo intermediate with lysine derivatives demonstrates that 

BesC initiates this unique reaction trajectory via cleavage of the C4–H bond; this process 

represents the rate limiting step in the single turnover reaction. The observed reactivity of BesC 

represents the first example of a dinuclear enzyme that utilizes a diferric-peroxo intermediate to 

capably cleave a relatively inert C–H bond as part of its native reaction coordinate, thus 

circumventing the formation of a high-valent intermediate more commonly associated with 

substrate monooxygenation.  

 

5.1 Introduction 

Using comparative genomics, a novel biosynthetic pathway for the production of terminal 

alkyne amino acids was recently elucidated.1 Genetic knockouts and in vitro assembly have 

revealed a biosynthetic logic whereby a chloride is initially installed at the C4 position of L-lysine 
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by the iron(II)- and α-ketoglutarate (αKG)-dependent halogenase BesD, followed by formation of 

a terminal alkene that results from a carbon-carbon cleavage reaction catalyzed by the iron-

dependent oxidase BesC (Figure 5.1). Subsequent elimination of the chloride is performed by the 

pyridoxal 5′-phosphate (PLP)-dependent acetylenase BesB, generating a terminal-alkyne moiety. 

Although this pathway is most likely natively used by Streptomyces cattleya for the generation of 

dipeptide natural products, Chang and co-workers have elegantly shown that the resulting terminal 

alkyne-containing amino acids can also be leveraged as a unique bio-orthogonal handle for protein 

labeling through azide-alkyne cycloaddition, or ‘click’, chemistry. 

 

                                       . 

                                             

Figure 5.1: The partial biosynthetic pathway for terminal alkyne amino acids. 

Although the reactions catalyzed by BesD and BesB are more readily rationalized on the 

basis of relatively well-established Fe(II)/(αKG) halogenase2-3 and PLP-dependent desaturations,4-

5 the carbon-carbon scission of 4-chloro-L-lysine (4-Cl-Lys) by BesC to yield 4-chloro-L-

allylglycine (4-Cl-Alg), formaldehyde, and ammonia is poorly understood. Based on sequence 

similarity, BesC is proposed to be a member of a newly recognized family of dinuclear-iron 

enzymes that are typified by their heme oxygenase (HO)-like fold (HDOs). Intriguingly, HDOs 

have been shown to afford a breadth of divergent reactivities for natural product biosynthesis that 
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emanate from a similar diiron core structure. Notably, enzymes from this structural family include 

the fatty acid decarboxylase UndA,6-8 the N-oxygenase SznF,9-10 and CADD,11 with the latter 

purportedly producing para-aminobenzoate through cleavage of a protein-derived tyrosine for 

integration into folate.12-14 Intriguingly, each of these proteins is either predicted7-8 or structurally 

shown10-11 to contain a remarkably similar coordination motif of the diiron cluster that consists of 

two histidine ligands to one iron, and one histidine ligand and two carboxylates to the second iron 

(Figure 5.2). The ligation motif is finalized by bridges consisting of a glutamate and one or more 

(hydr)oxo ligands. The structure of SznF reveals an additional glutamate ligand to the 2-His Fe 

that is thought to possibly enable its N-oxygenating activity.10 Notably, a very similar asymmetric 

ligand set is found in the diiron N-oxygenases CmlI and AurF15-16 even though a 4-helix ferritin 

(FDO) structural architecture is utilized to house the cluster, rather than 3-helices used by HDOs. 

 

 

Figure 5.2: A. Sequence alignment demonstrates conservation of the iron-ligating residues of BesC with select 

other HDOs. B. Structural alignment of the diiron site predicted by a homology model of BesC prepared using 

Swiss-Model using CADD (PDB ID: 1RCW) as a template. 

 

A key question is how such similar coordination motifs can give rise to divergent chemical 

outcomes in HDOs. Examination of the reactions of diferrous SznF and UndA with O2 have 

demonstrated the presence of a diferric-peroxo intermediate, thus unifying the initial steps of their 

oxygen activation mechanisms with other diiron enzymes that more commonly perform 



   

 
 

125 

hydroxylations, radical transfer, or desaturations.17 For SznF, the peroxo species can be generated 

in the absence of a bound substrate, but its decay is appreciably accelerated in the presence of 

amine substrates, suggesting it may represent the activated-O2 species that initiates catalysis, an 

attribute shared with the arylamine N-oxygenases CmlI18 and AurF.19 In contrast, the UndA peroxo 

(UndA-P) is only detected in the presence of a bound fatty acid, and has been proposed to transition 

to a diiron(IV)-oxo intermediate on the basis of isolation of an Fe2(III/IV) species detected upon 

UndA-P decay,8 analogy to mononuclear decarboxylases that initiate C–H abstraction via a ferryl-

intermediate,20-21 and computational arguments.22 

To further explore the origins for variations in oxygen-activation strategies and possible 

branching of the diferric-peroxo intermediate in HDOs between direct reactivity and further 

activation to a high-valent species, we have investigated the reaction of BesC with dioxygen and 

substrates. Transient absorption and Mӧssbauer studies show that diferrous BesC rapidly reacts 

with O2 in the presence of lysine substrates to form a remarkably long-lived peroxo-diferric species 

(BesC-P). Through variation of the C4–H bond strength using C4–D and Cl–C4–H lysine analogs, 

we demonstrate that BesC initiates C–C cleavage through direct substrate C–H abstraction by this 

peroxo species. The observed reactivity of BesC-P represents the first known example of an 

enzymatic diferric-peroxo intermediate that capably cleaves relatively strong C–H bonds as part 

of its native reaction coordinate and rationalizes the need for halogen installation to promote 

efficient C–C cleavage. 
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5.2 Materials and Methods 

5.2.1 Reagents 

Growth medium components, IPTG, and glycerol were purchased from Research Products 

International. Imidazole, HEPES, and kanamycin were purchased from Bio Basic, Inc. Iron (III) 

chloride, methyl viologen dichloride, α-ketoglutaric acid (αKG), L-lysine, and 18O2 gas were 

purchased from Sigma-Aldrich. Oxygen and nitrogen gases were supplied by Arc3 Gases. Sodium 

chloride, organic solvents, and other common reagents were obtained from VWR/Avantor. 57Fe 

and 18O-water were obtained from Cambridge Isotope Laboratories, Inc. 4,4,5,5-d4-L-lysine and 

3,3,4,4,5,5,6,6-d8-L-lysine was purchased from CDN Isotopes. 

 

5.2.2 Expression and purification of BesC 

The besC gene from Streptomyces cattleya was codon-optimized, synthesized, and 

subcloned into pET28b(+) with NdeI and HindIII restriction enzymes by Bio Basic for expression 

with an N-terminal hexahistidine tag. The final coding sequence follows: 

ATGACCGACCTGAACACCCCGGAATCTACCTCTAAACCGGTTTGGGAACACTTCGACCACGTTGAACCGGGTATCCG

TCGTCGTATCGCGGTTGCGGACCCGGAAATCAAAGAATACCTGGACGGTATGCTGGCTCGTATCGCTTCTCACCGTG

GTGTTGAACACCCGTTCCTGAACGCGTACCGTACCACCGCACTGGACCCGGAACAGGAACGTCACCTGTTCTCTGAA

TGTTACTACTTCTTCCGTTATCTGCCGTTCTACATTACTGGTATGGCTGTTAAAACCCGTGATGAAATGATCCTGCG

TGAAATCATCCTGAACGTTGCGGATGAAGTTGGCTCTGATCCGACTCATTCTACCCTGTTCGCTGATTTCCTGGCTC

GTATTGGTATTGATAAAGAACACCTGGACGGTTACCAGCCGCTGGAAGTAACTCGTCAGCTGAACGACGGTATCCGT

CACCTGTACACCGAAACCTCTATCAACAAAGCTCTGGGTGCACTGTACGCTGATGAAACCATGAGCAGCATCATGGT

TAGCAAAATTAACGACGGTCTGCGTAACCAGGGTTATGATGACGACCTGCGTCACTTCTGGCAGCTGCACATCGATG

TTGAAGTTGGTCACTCTAACTCTGTTTTCAACGCTATCGCGCCGTACGTTGGCTCTAAAGCTGCGCGTGCTGAATTT

GAAGAAGGTGTTTTCGAATTTCTGGGTCTGGTTGAACGTTACTGGGATGGTGTTCGTGAACTGGTTGGTATCGGTAA

ATAA 
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The plasmid was transformed into Escherichia coli BL21(DE3) cells and plated on LB-

agar plates containing 50 µg/mL kanamycin, from which a starter culture in LB media was made. 

The starter culture was used to inoculate 1-L cultures of LB media with 50 µg/mL kanamycin. The 

cultures were incubated at 37 °C while shaking at a speed of 200 rpm until they reached an OD600 nm 

of 0.6-0.8, at which point the cultures were cooled to 18 °C and supplemented with 50 µM FeCl3. 

After 30 minutes, protein expression was induced with the addition of 200 µM IPTG, and the 

cultures were allowed to incubate overnight. 

Cell cultures were harvested by centrifugation and the pellet was resuspended in 25 mM 

HEPES at pH 7.5, 100 mM NaCl, 10 mM imidazole. The cells were lysed by sonication and the 

cleared lysate was passed through a Ni-NTA column pre-equilibrated with the above buffer 

maintained at 4 °C. The loaded column was then washed with 30 mM imidazole, and protein was 

eluted with 500 mM imidazole while collecting fractions. Fractions containing BesC were 

identified by SDS-PAGE (predicted MW = 29,700 Da). Pooled fractions were dialyzed against 

3 L of working buffer (25 mM HEPES at pH 7.5, 100 mM NaCl, 10% glycerol) at 4 °C. Protein 

was concentrated using Millipore centrifugal filters (10K MWCO) and quantified by the 

absorbance at 280 nm using a calculated molar absorptivity of 34,400 M-1 cm-1, and aliquots were 

flash frozen and stored at -80 oC until further use. Typical yields of BesC were ~200 mg protein/L 

bacterial culture. SDS-PAGE indicated a highly pure preparation (Figure 5.3). 
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Figure 5.3: Representative SDS-PAGE of purified BesC and BesD. Predicted molecular weights are 29.7 and 

29.0 kDa, respectively. 

 
5.2.3 Expression and purification of BesD 

The besD gene from S. cattleya was codon-optimized, synthesized, and subcloned into 

pET28b(+) with NdeI and HindIII restriction enzymes by Bio Basic for expression with an N-

terminal hexahistidine tag. The final coding sequence follows: 

ATGGGTTCTAACCGTCAGGAACTGAAAGACGTTTGCGCGCCGCTGGAAAAAGATGACATCCGTCGTCTGTCTCAGGC

GTTCCACCGTTTCGGTATCGTTACCGTTACCGAACTGATCGAACCGCACACTCGTAAACTGGTTCGTGCGGAAGCGG

ACCGTCTGCTGGATCAGTACGCAGAACGTCGTGACCTGCGTCTGGCTACCACCGACTACACCCGTCGTTCCATGTCT

GTTGTTCCGTCTGAAACCATCGCGGCTAACTCTGAACTGGTTACCGGTCTGTACGCACACCGTGAACTGCTGGCTCC

GCTGGAAGCAATCGCGGGTGAACGTCTGCACCCGTGCCCGAAAGCTGACGAAGAGTTCCTGATCACCCGTCAGGAAC

AGCGTGGTGATACCCACGGCTGGCACTGGGGTGACTTCTCTTTCGCGCTGATCTGGGTTCTGCAGGCTCCGCCGATC

GACGTTGGCGGCCTGCTGCAGTGCGTTCCGCACACCACCTGGGATAAAGCGAGCCCGCAGATCAACCGTTACCTGGT

TGAAAACCCGATCGACACCTACCACTTCGAATCTGGTGATGTTTACTTCCTGCGCACCGACACCACCCTGCACCGTA
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CCATCCCGCTGCGTGAGGACACCACCCGTATCATCCTGAACATGACCTGGGCGGGTGAACGTGATCTGTCTCGTAAA

CTGGCGGCGGACGACCGTTGGTGGGACAACGCGGAAGTTTCTGCGGCGCGTGCGATCAAAGACTAA 

 

Expression of BesD was carried out in an identical manner as described for BesC. Cell 

pellets were thawed and suspended in buffer (100 mM Tris, 10 mM imidazole, pH 7.60), lysed by 

sonication, and centrifuged at 20,000 rpm at 4 °C for 30 min. The supernatant was loaded onto a 

Ni-NTA column. The column was washed with ~ 3 column volumes of lysis buffer. The desired 

protein was then eluted using the elution buffer (100 mM Tris, 250 mM imidazole, pH 7.60). 

Fractions containing BesD were observed by SDS-PAGE and then concentrated using Millipore 

centrifugal filters (10K MWCO). The concentrated protein solution was dialyzed against Buffer 

A (100 mM Tris, 5 mM EDTA, pH 7.60) and then dialyzed twice against Buffer B (100 mM Tris, 

pH 7.60). Protein concentration was determined by the absorbance at 280 nm using a calculated 

molar absorptivity of 47,500 M–1 cm–1. Typical yields of BesD were ~300 mg purified protein/L 

bacterial culture. SDS-PAGE indicated a highly pure preparation (Figure 5.3). 

 

5.2.4 Enzymatic preparation and purification of 4-Cl-L-lysine and d7-4-Cl-L-lysine 

The 4-chloro-L-lysine (4-Cl-Lys) substrate was synthesized from L-lysine by the 

halogenase BesD.1, 23 A 5-mL reaction containing 0.2 mM BesD, 10 mM L-lysine, 20 mM alpha-

ketoglutarate (αKG), 10 mM ascorbate, and 10 mM sodium chloride in 100 mM Tris buffer (pH 

7.6) was allowed to incubate with shaking overnight (~14 hrs) at 220 rpm at 18 ˚C. Using these 

conditions, LC-MS indicated that all of the L-lysine was consumed, as confirmed by the 

characteristic isotopic ratio (35Cl and 37Cl) of the chlorinated product, which accounted for >90% 

of the total metabolites (Fig. 5.4). The reaction was then quenched using an equal volume of 

acetonitrile. After centrifugation, the crude mixture was concentrated using a rotary evaporator. It 
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was then dissolved in acetonitrile (1 mL) and immediately purified using HPLC on a Waters 

Xbridge Amide column (5 µm, 10 x 250 mm) using acetonitrile/10 mM ammonia acetate (63:37, 

vol:vol) as the eluent. The analytes were monitored at a wavelength of 205 nm. The combined 

fractions were collected and concentrated to give 4-Cl-Lys. The concentration of 4-Cl-Lys was 

determined by NMR using dioxane as an internal standard. For the reaction using 3,3,4,4,5,5,6,6-

d8 L-lysine as the substrate, both αKG and ascorbate were increased to 40 mM. NMR 

characterization performed by Drs. Haoyu Tang and Wei-chen Chang confirmed the identity of 

each product. 

 

Figure 5.4: Analysis of the multiple turnover reaction performed by BesD by liquid chromatography-mass 

spectrometry. The total ion chromatogram is shown in black, and the extracted ion chromatograms for the 

substrate L-Lys and product 4-Cl-Lys and are shown in the designated colors. Reported are representative 

chromatograms from at least three experimental replicates. 

 

5.2.5 Selection of deuterated lysine 

Two deuterated lysine isotopomers were investigated for reactivity with BesC, both 

perdeuterated (3,3,4,4,5,5,6,6-d8 L-Lys) and tetradeuterated 4,4,5,5-d4 L-Lys. Measurement of the 
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reaction of BesC-P with either isotopomer resulted in the same slower decay rate compared to that 

of protiated L-Lys, which indicates BesC is reactive toward the same C–D bond in each case, rather 

than changing regiospecificity to favor the weaker C3–H or C6–H bonds of tetradeuterated L-Lys, 

a process termed "metabolic switching."24 The identical behavior with 4,4,5,5-d4 L-Lys reiterates 

the selectivity of BesC for C4–H abstraction as discussed in the Main Text. While this excludes 

the issue of metabolic switching for BesC, we nonetheless selected the perdeuterated d8 L-Lys for 

preparation of deuterated 4-Cl-Lys by BesD because of the known consequences of metabolic 

switching in the αKG halogenase SyrB2 to compromise halogenase activity.25 

 

5.2.6 Note on 4-Cl-Lys stability 

In working with 4-Cl-Lys, we observed small amounts of the hydroxylated byproduct 4-

hydroxy-L-lysine (4-OH-Lys) even after purification by LC-MS. Previous work demonstrates that 

not only can OH-Lys be produced as a side-product in the BesD reaction, but it also forms due to 

the non-enzymatic hydrolysis of the chloro group over time.1 We have observed that 4-Cl-Lys can 

be maintained through storage at -20 oC or by handling on ice and using within 6 h. Nonetheless, 

some minor 4-OH-Lys content is inevitable. Thus, as a control, we generated pure 4-OH-Lys by 

heating 4-Cl-Lys to 65 °C for 5 min to react with BesC. 

 

5.2.7 Reconstitution of BesC 

Apo-BesC was made anaerobic by successive evacuations and refills with inert gas via 

Schlenk line. The putative diiron cluster was reconstituted by the addition of 2 mol. equiv. of 

ferrous ammonium sulfate from an anaerobic stock solution. The reconstitution was allowed to 

incubate for several minutes. The protein was then ready for use. For experiments in which BesC 
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was reacted with substrate or substrate analogs, the substrate was included with the protein prior 

to degassing. 

 

5.2.8 UV-visible spectroscopy 

Absorption spectra were measured using an Agilent Cary 60 UV-visible 

spectrophotometer. The spectra were measured at protein concentrations of 100-300 µM. Spectra 

of reconstituted ferrous BesC were measured in a sealed, anaerobic cuvette. The sample was then 

exposed to O2 and analyzed. 

 

5.2.9 Mössbauer spectroscopy 

BesC was prepared for Mössbauer spectroscopy by concentrating to ~1 mM and 

reconstituting with 2 mol. equiv. of ferrous ammonium sulfate as described above. For preparation 

of the substrate-bound form and the oxygenated intermediate, 5 mol. equiv. of L-Lys or purified 

4-Cl-Lys was added to the protein prior to reconstitution. To prepare the oxygenated intermediate 

species, the reconstituted samples were evacuated and refilled with O2 gas while stirring at 4 oC. 

Samples were transferred to Delrin Mössbauer cups and frozen in liquid nitrogen for storage until 

further use. Spectra were collected with home-built spectrometers using Janis Research Super-

Varitemp dewars, which allowed studies in the temperature range from 1.5 to 200 K and applied 

magnetic fields up to 8.0 T. Mössbauer spectral simulations were performed using the WMOSS 

software package (SEE Co., Edina, MN). Isomer shifts are quoted relative to Fe metal at 298 K. 

All Mössbauer figures were prepared using SpinCount software 26. 
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The following spin Hamiltonian was used to generate the spectral simulations included in 

Figure 5.13: 

𝐻 = 𝐽𝑺𝟏 ∙ 𝑺𝟐 + 𝑔*𝛽𝑺𝒊 ∙ 𝑩 + 𝑺𝒊 ∙ 𝑫𝒊 ∙ 𝑺𝒊 + 𝐴*𝑺𝒊 ∙ 𝑰𝒊 − 𝑔2𝛽2𝑰𝒊 ∙ 𝑩
345,7

 

where i = 1,2 sums over the two ferric sites with S1 = S2 = 5/2. The zero-field splittings of the high-

spin ferric sites in non-heme iron enzymes are generally small, Di < 2 cm-1, and can be ignored. 

The g tensor for high-spin ferric centers is generally isotropic and can be estimated as an isotropic 

value of g0 = 2. The 57Fe hyperfine coupling tensor (A) for high-spin ferric center is rather isotropic 

and can be estimated with an isotropic value of A0/gnβn = -21 T. For the current case, J > 0, which 

suggests that the two ferric center is antiferromagnetically coupled to yield an S = 0 ground spin 

state with the S = 1 state as the first excited state of the spin-coupled system. By measuring 

Mössbauer spectrum at an elevated temperature, such as 50 K used in this study, the S = 1 excited 

state will be thermally populated if J is not large. For J = 35 cm-1, the energy gap between the S = 

0 and the S = 1 states is 35 cm-1, which is equivalent to ~ 50 K. Thus, at 50 K, the S = 1 state is 

thermally populated. The thermal population of the S = 1 state will be reflected by the internal field 

(Bint) sensed by the 57Fe nuclei. Thus, the spectral simulation of the 50 K spectrum could provide 

a good estimation of J. A similar type of analysis has been used to analyze many spin-coupled 

diferric species, in particular for peroxo-diferric species.18, 27-29 The simulation parameters used 

are: g values for both ferric sites were kept at g0 = 2, A values for both ferric sites were kept at 

A0/gnβn = -21 T, D1 = D2 = 1 cm-1, J = 35 cm-1, ΔEQ1 = ΔEQ2 = 1.15 mm/s, η1 = η2 = 1, δ1 = δ2 = 

0.57 mm/s. 
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5.2.10 Turnover of BesC and LC-MS analysis 

For single-turnover reactions, a 400-µL reaction containing 100 µM BesC, 250 µM 

substrate (L-Lys, 4-Cl-Lys, or their deuterated forms) and 250 µM of a glycine internal standard 

in buffer (25 mM HEPES pH 7.5, 100 mM NaCl) was evacuated and refilled with nitrogen gas via 

Schlenk line. Ferrous ammonium sulfate (200 µM from an anaerobic stock solution prepared in 

the same buffer) was added. The solution was then uncapped and O2 was blown over the solution 

while stirring. After 15 min, reactions were quenched by the addition of an equal volume of 

acetonitrile. The precipitated protein was then pelleted by centrifugation and the resulting 

supernatant was analyzed by LC-MS as described below. Multiple turnover reactions of BesC were 

carried out by combining a solution containing 50 µM BesC, 500 µM of the desired substrate, 100 

µM ferrous ammonium sulfate, 5 mM ascorbate, and 250 µM glycine internal standard with an 

equal volume of O2-saturated buffer. The reactions were left stirring at room temperature and 

quenched at the desired time point (1 h unless otherwise stated) as described above. 

For product analysis, a 1 µL aliquot was injected onto an LC-MS equipped with an Agilent 

Poroshell 120 HILIC column (2.7µm, 4.6 x 50 mm), followed by isocratic elution with 60% 

acetonitrile/H2O (0.1% formic acid). The reaction was monitored using Agilent 6120 Quadrupole 

mass spectrometer under electrospray ionization in positive mode (ESI+). The associated Agilent 

MassHunter and OpenLAB software package were used for data collection and analysis. The LC-

MS chromatograms shown were collected using selective ion monitoring mode of the proton ion 

adduct ([M+H]+). 

 



   

 
 

135 

5.2.11 18Oxygen isotopic tracer studies 

Isotopic labeling experiments were performed on single turnovers with l-Lys as described 

above. For experiments with 18O2, the reaction vial was evacuated, kept sealed, and then refilled 

with 18O2 gas (99% 18O) while stirring. For the reaction in H2
18O, the buffer was prepared by drying 

a specified volume of buffer in a speed-vac and re-dissolving in 18O-water (97% 18O). The reaction 

solution was then prepared from concentrated stocks of BesC, substrate, iron, and internal standard 

such that the volume added did not exceed 5% of the total reaction volume, providing a final >90% 

enrichment of the reaction mixture with 18O-water. 

 

5.2.12 Transient kinetics studies 

Stopped-flow spectroscopy was performed on an Applied Photophysics SX20 

spectrophotometer equipped with a photodiode array detector for collection of full spectral data or 

a photomultiplier tube for measurement of single-wavelength data. Time-dependent data was 

collected using a logarithmic time-base. All experiments were performed in 25 mM HEPES at pH 

7.5, 100 mM NaCl at 4 °C. General reactions of BesC with various substrates were performed by 

mixing an anaerobic solution of BesC, 2 mol. equiv. ferrous ammonium sulfate, and at least 3 mol. 

equiv. of the desired substrate against a solution of O2-saturated buffer. O2 titrations were 

performed by combining O2-saturated buffer with different amounts of anaerobic buffer 

immediately before loading onto the stopped-flow. Substrate titrations were performed by adding 

different quantities of substrate to BesC prior to degassing the solution. 

Fitting of single-wavelength data was performed using Pro-Data software. Kinetic traces 

at 612 nm of the reaction of BesC and 4-Cl-Lys with O2 were fit to a two-summed (𝑛 = 2) 

exponential expression as listed below, where 𝐴9,:;< is the observed absorbance, 𝐴=>? is the 
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maximum absorbance, 𝑎3 is the amplitude of phase 𝑖, 1/𝑡3 is the reciprocal relaxation time (per 

second), and 𝑡 is time in seconds. Traces at 612 nm of BesC with l-Lys reacting with O2 required 

fitting with a three-summed (𝑛 = 3) exponential expression. 

𝐴9,:;< 	= 	𝐴=>? 	+	 𝑎3	𝑒–9/9H
2

345

 

 

5.2.13 Assignment of reciprocal relaxation times 

In contrast to the two phases at 612 nm observed for BesC with 4-Cl-Lys, BesC with L-

Lys displayed three phases. Of the three RRTs determined from fitting these phases, two of the 

RRTs corresponded to formation phases (negative spectral amplitude) and the third represented a 

decay process (positive amplitude). As observed for 4-Cl-Lys, the slowest RRT (1/𝑡I = 0.00064 

± 0.00007) was affected by substrate deuteration and again can be ascribed to the rate of peroxo-

mediated C–H scission. 

Of the two formation phases, both had very similar spectral amplitudes, but only the faster 

phase (1/𝑡5) showed a dependence on the concentration of oxygen (Fig. S12) and, thus, can be 

assigned to the oxygen-binding step. The fit in Fig. S12B shows a near but non-zero intercept. This 

implies that O2-binding in the presence of L-Lys is reversible. However, we note the inherent 

difficulty in obtaining absolute oxygen concentrations, which could affect the reliability of this 

value. Therefore we cannot definitely conclude whether O2-binding is reversible from analysis of 

1/𝑡5 alone, but analysis of the other RRTs can shed light on the matter. 

If the oxygen binding step represented by 1/𝑡5 is reversible and is the first step in sequence, 

then the plots of the RRTs of one of the following steps (1/𝑡7 or 1/𝑡I) vs [O2] should show a 

hyperbolic dependence on [O2], which we do not observe. If the oxygen binding step is irreversible, 
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then the following reciprocal relaxation times would be anticipated to be O2-independent, as is 

shown in Fig. S12C. Thus, the non-zero y-intercept of the (1/𝑡5) vs. O2 plot may be artificial. 

However, an alternative rationale for the [O2]-independence of 1/𝑡7 is that it precedes the step 

represented by 1/𝑡5 (i.e., 1/𝑡7 represents the first step in sequence). Both kinetic models 

(irreversible O2 binding and/or 1/𝑡7 representing the first step) satisfy our observations. 

 

5.2.14 Analysis of C–H abstraction rates by BesC-P. 

Determination of the rate of C–H abstraction by BesC-P is complicated in the cases of d7-

4-Cl-Lys, L-Lys, and d8-L-Lys due to uncoupling of peroxo decay from productive catalysis. In the 

case of 4-Cl-Lys, BesC-P is fully coupled (1 mol. equiv. substrate consumed per peroxo in single-

turnover reactions), thus the rate of BesC-P decay of 0.030 s–1 can be attributed to C–H scission. 

However, with d7-4-Cl-Lys, BesC-P decay bifurcates into two routes: C–D abstraction and non-

productive decay. The aggregate rate observed for BesC-P decay is 0.011 s–1. From this, the 

relative amounts of the products (in this case 50/50%) can be used to delineate the magnitudes of 

the individual rates of each process by the following relationship: [4-Cl-Lys]final =  [4-Cl-Lys]initial 

× kC–D/(kC–D + kuncoupling) where kC–D + kuncoupling = kobs. As such, we estimate kC–D at 0.0055 s–1 

(Table 5.6), thus, the true 2H-KIE can be estimated to be ~ 5. 

As for the reactivity of BesC-P toward L-Lys, and d8-L-Lys, uncoupling is observed with 

both of these substrates. Thus, there is uncertainty in the rate of C–H(D) scission in each case. 

Considering that single turnover reactions with L-Lys demonstrate 50/50% 

metabolism/uncoupling, we can again use this ratio to estimate the true rate of C–H abstraction 

from L-Lys as 0.00034 s–1. However, since BesC-P decay with d8-L-Lys exhibits nearly full 
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uncoupling, we cannot determine the true rate of C–D scission with this substrate. Thus, the 

apparent 2H-KIE of (d8-) L-Lys of 2.7 has significant uncertainty.  

 

5.3 Results  

5.3.1 Substrate-triggered formation of a diiron peroxo species 

As found for other members of the HDO family,7, 9, 30 BesC contained very little iron bound 

(<0.05 molar equivalents per enzyme) to the enzyme following affinity purification. Following 

anaerobic incubation with two equivalents of Fe(II) and exposure to O2, the substrate-free enzyme 

oxidized over the course of 10 minutes in a slow, monophasic manner, as monitored by a gradual 

increase in absorbance at ~340 nm (Figure 5.5.A). The enzymatic generation, purification and 

characterization of 4-Cl-Lys, the purported native-substrate for BesC, using the BesD halogenase 

are described in the Methods. Upon the addition of 4-Cl-Lys to the ferrous enzyme and subsequent 

mixing with O2, a blue species with absorption maxima at 320 and 612 nm rapidly formed within 

seconds (Figure 5.5.B). The absorption features of this species (ε612 ~2400 M–1 cm–1) strongly 

resemble µ-peroxodiiron(III) intermediates that are found in several diiron enzymes and 

biomimetic complexes that typically exhibit peroxo-to-Fe(III) charge transfer bands with 

absorption maxima with λmax values that range from 500-720 nm (see Table 5.1 for a compilation 

of enzymatic systems). The decay process proceeds very slowly over 100 s without the 

accumulation of any other distinguishable intermediates in the visible region. 
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Figure 5.5: A. Mixing diferrous BesC (300 µM post-mixing) with O2-saturated buffer in the absence of substrate 

results in slow autoxidation. B. Substrate-bound BesC (300 µM post-mixing) activates oxygen to produce a blue 

612-nm chromophore, shown at 1 mM, inset. C. Single-wavelength traces at 612 nm as measured by 

photomultiplier tube demonstrated single formation and decay phases that could be fit to a two-summed 

exponential expression. 
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Table 5.1: Catalytic diferric-peroxo intermediates in diiron enzymes. 

Enzyme λ 
(nm) 

ε 
(M-1 cm-1) 

δ [ΔEQ] 
(mm/s) 

ν(O–O) [18O 
shift] (cm-1) Assignment Refs. 

MMO 725 2000 0.66 [1.51] n.d. (µ-1,2-peroxo)a 31-32 

Δ9D 700 1200 
0.64 [ 1.06], 

0.68 [1.90] 
898 [-54] µ-1,2-peroxo 33-34 

RNRW48X/D84E 700a 1500a 
0.60 [1.47], 

0.66 [1.68]b 
870 [-46]c µ-1,2-peroxo 35-36 

ToMOH n.a. n.a. 0.55 [0.67] n.d. (µ-1,1-
(hydro)peroxo)a  

37 

DOHH 630 2800 
0.55 [1.16], 
0.58 [0.88] 

855 [-44] µ-1,2-peroxo 29, 38 

CmlI/AurF 500 500 
0.54 [-0.68], 

0.62 [-0.23] 
791 [-43] µ-1,1-

(hydro)peroxo 
20, 39 

UndA 550 1600 
0.59 [1.07], 

0.56 [0.67] 
n.d. n.d. 8 

SznF 629 3100 0.60 [1.00] n.d. (µ-1,2-peroxo)a 30 

BesC 612 2300 0.56 [1.2] n.d. n.d. This work 
aAssignment is not definitive because of a lack of direct structural information available. 
bX = A, cX = F 
 

The full time-course for the 612-nm absorbing intermediate, as generated under pseudo-

first order conditions in O2 and excess 4-Cl-Lys, could be adequately fit to a two-exponential 

expression, revealing reciprocal relaxation times of 1.6 ± 0.3 s–1 and 0.030 ± 0.001 s–1 using 1 mM 

O2 (post-mix concentration) at 4 °C (Figure 5.6.B, Table 5.6). The kinetic behavior of the 

intermediate was further probed at various O2 concentrations, enabling assignment of the two 
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phases. Only the fast phase is dependent on oxygen concentration and the 1/t1 versus [O2] plot 

reveals a zero y-intercept (Figures 5.6.B–C). This implies that in the presence of bound 4-Cl-Lys, 

the 612-nm intermediate is formed essentially irreversibly, as observed for several synthetic 

peroxo-adducts (e.g. 40-41). The slope of the plot indicates a bimolecular rate constant for O2-

binding ~ 2.7 mM-1s-1.  

 

Figure 5.6: A. The O2-dependence of BesC-P formation with 4-Cl-Lys. Single-wavelength kinetic data 

measured at 612 nm can be fit with a two-summed exponential expression showing one formation and one decay 

phase. B. The formation rate of BesC-P is linearly dependent on [O2]. C. The second reciprocal relaxation time 

(1/t2) corresponding to BesC-P decay is independent of [O2]. 

 

Multiple turnover experiments using chemical surrogates as redox donors have suggested 

that both 4-Cl-Lys and L-Lys can serve as competent substrates for BesC and that both are cleaved 



   

 
 

142 

to form a terminal alkene.1 A comparison of the 612-nm formation time-course for both substrates 

in the presence of 5 molar equivalents of substrate is shown in Fig 5.7.A. In the case of L-Lys, the 

formation of the blue chromophore forms an order of magnitude more slowly, maximizing over 

20 s, rather than < 2 s for 4-Cl-Lys. Likewise, the formation kinetics for L-Lys are significantly 

more complex and required fitting to a two-summed exponential with only one phase that is 

dependent on O2 concentration (Fig 5.7.B–C). The triggering capacity for both were further 

interrogated through examination of the amplitude of the 612-nm species that is maximally formed 

versus substrate concentration. Given that substrate binding is obligatory for intermediate 

formation, that the rates for formation far exceed those for decomposition (> 2 orders of magnitude, 

vide infra), and that the rates are independent of substrate concentration (Fig. 5.8.B–C), this 

approach provides a convenient handle to probe for possible differences in apparent substrate- 

binding parameters. The accumulation of the intermediate (Fig. 5.8.A) displayed a hyperbolic 

dependence on substrate concentration and could be fit by non-linear fitting procedures to yield 

apparent substrate affinities of 1 and 40 µM for 4-Cl-Lys and L-Lys, respectively. 



   

 
 

143 

 

Figure 5.7: A. The reaction of L-Lys-bound BesC with varying concentrations of O2 as monitored by the 

absorbance at 612 nm at 4 °C. The raw data is shown in black with the fit with a two-exponential expression is 

shown in the designated color. The 612-nm trace of BesC with 4-Cl-Lys showing faster formation (and decay) 

is shown in a gray dashed line. B. For the reaction of the reaction of BesC + L-Lys with O2, dependence of the 

first reciprocal relaxation time versus O2 concentration can be fit with a line with a non-zero y-intercept. C. The 

second reciprocal relaxation time in unaffected by [O2]. 
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Figure 5.8: A. Accumulation of BesC-P shows hyperbolic dependence on substrate concentration with both L-

Lys (red) and 4-Cl-Lys (blue). The photodiode array spectra with increasing substrate concentration are shown 

in the inset. Post-mixing concentration of protein was 100 µM, and substrate concentrations used were 25, 50, 

100, 300, 500, 1000 µM for Lys (filled squares) and 25, 50, 75, 100, 125, 175, and 250 µM for 4-Cl-Lys (open 

squares) The formation (B) and decay (C) phases of BesC-P with 4-Cl-Lys are independent of the concentration 

of 4-Cl-Lys, as determined from stopped-flow kinetics at 4 °C. 

 

5.3.2 Mössbauer characterization of the BesC reaction coordinate 

We used Mӧssbauer spectroscopy to interrogate how substrates prime the diiron cluster to 

enable oxygen activation and further confirm the nature of the 612-nm intermediate. The spectrum 

of diferrous BesC in the absence of substrate showed a broad quadrupole doublet (Fig 5.9.A). The 

spectral simulation requires two partially overlapping quadrupole doublets with parameters of 

typical high-spin ferrous species (δ ~ 1.25 mm/s, ΔEQ = 2.0 – 3.0 mm/s, see Table 5.2). The 

addition of 4-Cl-Lys clearly perturbs the Mössbauer spectrum of diferrous BesC, suggesting 4-Cl-

Lys interacts with the diferrous center (Fig 5.9.C). Although a spectral simulation including two 

ferrous doublets can reasonably reproduce the experimental data, a better simulation requires the 
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inclusion of three ferrous sites with a nearly equal ratio (Figure 5.9.C–D, Table 5.2), which may 

suggest that the addition of 4-Cl-Lys induces further structural inhomogeneity on the diferrous 

center. The addition of L-Lys to diferrous BesC also perturbs the Mössbauer spectrum and results 

in a spectrum that is clearly different from those of substrate-free and 4-Cl-Lys-bound diferrous 

BesC (Figure 5.9.B, Table 5.2), implying that the binding effect of L-Lys to the diferrous center is 

different from that of 4-Cl-Lys. The spectral perturbations observed for diferrous BesC upon 

substrate binding is similarly observed in fatty acid binding to UndA7-8, which also requires a 

bound substrate to enable efficient O2 activation. Notably, this behavior deviates from the N-

oxygenases that do not exhibit substrate-triggering requirements. 
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Figure 5.9: 4.2-K zero-field Mössbauer spectra (black vertical bars) of ferrous BesC (A), Lys-bound (B), and 

4-Cl-Lys-bound BesC (C and D) and the associated overall spectral simulations (red solid lines) and the sub 

spectral components (solid lines with various colors). All the simulation parameters are listed in Table 5.2. 
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Table 5.2: Mössbauer parameters of diferrous BesC substrate-free and with 4-Cl-Lys and L-Lys. Two 

simulations are reported for 4-Cl-Lys-bound BesC: two-site and three-site simulations. As demonstrated in 

Figure 5.9, the three-site simulation was a better fit for the spectrum. 

 Site δ (mm/s) ΔEQ (mm/s) Γ (mm/s) Spectral area (%) 

Diferrous 
1 
2 

1.25 
1.24 

2.94 
2.14 

-0.45 
0.45 

60 
40 

Diferrous 
+ 4-Cl-Lys 

1 1.26 2.36 -0.45 46 

2 1.28 3.23 -0.44 53 

1 

2 
3 

1.26 

1.26 
1.28 

2.26 

2.83 
3.34 

-0.45 

-0.42 
-0.34 

35 

28 
37 

Diferrous 
+ L-Lys 

1 1.27 3.33 0.35 45 

2 1.24 2.35 -0.55 55 

 
 

Upon exposure of 4-Cl-Lys-bound BesC to O2, the intensity of the three quadrupole 

doublets associated with the reactant diferrous complex decreased, and concomitantly two new 

species (Species I and II) represented by two distinct quadrupole doublets formed at the earliest 

freezing time (Figure 5.10.A). Species I with Mössbauer parameters of δ = 0.57 mm/s and ΔEQ = 

1.15 mm/s was also formed upon exposure of the L-Lys reactant complex with O2 (Figure 5.11), 

both of which have parameters that are similar to synthetic and enzymatic µ-peroxo-Fe2(III/III) 

complexes, including those trapped in UndA8 and SznF.30 Thus, we assign Species I as the diferric-

peroxo intermediate BesC-P. The decay kinetics of this quadrupole doublet closely approximate 

the decay kinetics at 612 nm, further confirming the identity of the blue species (Figure 5.12). The 
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temperature- and magnetic field-dependence of the BesC-P signal enabled the determination of 

the coupling constant J ~ 35 cm–1 for this species (Figure 5.13). 

 

 

Figure 5.10: Zero-field, 4.2 K Mössbauer spectra of the oxygenated 4-Cl-Lys-bound diferrous BesC (A), the 

difference spectrum generated by subtracting 40% 4-Cl-Lys-bound diferrous from A (B), and fully decayed 

BesC-P (C). The red solid lines are the overall spectral simulations, the simulation parameters are listed in Table 

5.3. For B, the blue and the green lines represent the spectral simulation of BesC-P (Species I) and the initial 

product complex (Species II), respectively. 

 

Table 5.3. Parameters used for the fitting of the diiron clusters of BesC in the Mössbauer spectra in Fig. 5.10. 

 δ (mm/s) ΔEQ (mm/s) Γ (mm/s) Spectral area (%) 

BesC-P + 4-Cl-Lys 0.56 1.15 0.36 33 

Initial Product Complex 0.46 0.68 0.45 18 

Diferric 
(decayed BesC-P) 

0.50 0.82 0.5 45 
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Figure 5.11: Comparison of the 4.2 K zero field Mössbauer spectra of BesC-P prepared with 4-Cl-Lys (A) and 

L-Lys (B). The Mössbauer spectrum is shown in black, and the overall simulations in (red). The blue lines are 

spectral simulations of BesC-P found in the two spectra. The vertical line indicates the high-energy absorption 

line of BesC-P. 
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Figure 5.12: 4.2-K zero-field Mössbauer spectra of the time-course of the decay of BesC-P with 4-Cl-Lys and 

L-Lys. Left: (A) 4-Cl-Lys-bound diferrous BesC; (B) Oxygenated 4-Cl-Lys-bound diferrous BesC frozen at 

shortest time; (C) Oxygenated 4-Cl-Lys-bound diferrous BesC frozen at 1 minute; (D) Oxygenated 4-Cl-Lys-

bound diferrous BesC frozen at 2 minutes; (E) Oxygenated 4-Cl-Lys-bound diferrous BesC frozen at 3 minutes; 

(F) Oxygenated 4-Cl-Lys-bound diferrous BesC frozen at 20 minutes. The accumulations of each species at each 

time point are listed in Table 5.4. Right: (A) L-Lys-bound diferrous BesC; (B) Oxygenated L-Lys-bound 

diferrous BesC frozen at shortest time; (C) Oxygenated L-Lys-bound diferrous BesC frozen at 10 minutes; (D) 

Oxygenated L-Lys-bound diferrous BesC frozen at 20 minutes; (E) Oxygenated L-Lys-bound diferrous BesC 

frozen at 40 minutes; (F) Oxygenated L-Lys-bound diferrous BesC frozen at 60 minutes. The red solid lines are 

the overall spectral simulations, the blue lines represent the spectral component of BesC-P. The black arrows 

indicate the spectral features representing the mononuclear ferric species accumulated at longer reaction times. 

The accumulations of each species at each time point are listed in Table 5.5. 
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Table 5.4. Simulation parameters of Mössbauer spectra of the samples in the reaction time course of 4-Cl-Lys 

bound diferrous-BesC with O2 in Figure 5.12 (left).* 

Site Ferrous 
1 

Ferrous 
2 

Ferrous 
3 

BesC-
P 

Initial Product 
(Species II) 

Final 
Diferric  

δ (mm/s) 1.26 1.28 1.26 0.56 0.46 0.49 

ΔEQ (mm/s) 2.26 3.34 2.83 1.15 0.68 0.87 

Γ (mm/s) -0.45 -0.34 -0.42 0.36 0.45 0.50 

Percentage for each site in different samples 

Starting 4-Cl-
Lys complex 35 36 28 0 0 0 

+O2, frozen 
immediately 

(t = 0) 
16 13 13 33 18 0 

+O2, t = 1 min 15 11 11 24 27 0 

+O2, t = 2 min 14 12 8 22 36 0 

+O2, t = 3 min 10 10 7 20 34 0 

+O2, t = 20 
min 2 2 2 0 0 45 

* The percentage for each species was determined by the zero field Mössbauer spectra measured under a large 

velocity scale (± 10 mm/s). 
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Table 5.5. Simulation parameters of Mössbauer spectra of the samples in the reaction time course of L-Lys 

bound diferrous-BesC with O2 in Figure 5.12 (right).* 

Site Ferrous 1 Ferrous 2 BesC-P Final 
Diferric I 

Final 
Diferric II 

δ (mm/s) 1.24 1.27 0.57 0.48 0.50 

ΔEQ (mm/s) 2.35 3.33 1.18 0.80 1.54 

Γ (mm/s) -0.55 0.35 0.40 0.43 0.40 

Percentage for each site in different samples 

Starting L-Lys 
Complex 55 45 0 0 0 

+O2, frozen 
immediately 

(t = 0) 
4 10 51 17 0 

+O2, t = 10 min 2 4 21 24 10 

+O2, t = 20 min 0 0 14 27 16 

+O2, t = 40 min 0 0 8 24 15 

+O2, t = 60 min 0 0 7 29 17 

* The percentage for each species was determined by the zero field Mössbauer spectra measured under a large 

velocity scale (± 10 mm/s). 
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Figure 5.13: Mössbauer spectra used to determine the exchange coupling constant for BesC-P. The Mössbauer 

spectra of the 4-Cl-Lys-bound diferrous BesC (purple) and the oxygenated 4-Cl-Lys-bound diferrous BesC 

frozen at shortest time (black) measured at 50 K (A) and 4.2 K (B) with 7 T applied magnetic field parallel to 

the gamma radiations. The purple spectra are drawn to 40% of the area relative to the black spectra to match 

with the diferrous components in the black spectra. The difference spectrum of the black spectrum – the purple 

spectrum in (A) and (B) are shown in (C) and (D) respectively. The red solid lines are spectral simulation using 

an exchange coupling constant J = 35 cm–1 (in the convention defined by the Hamiltonian 𝐻 = 𝐽𝑺𝟏 ∙ 𝑺𝟐, see the 

Mössbauer spectroscopy section of the SI for more details on the spectral simulation). 

 

Species II with Mössbauer parameters of δ = 0.46 mm/s and ΔEQ = 0.68 mm/s was only 

identified in the reaction of 4-Cl-Lys-bound BesC with O2. Based on the Mössbauer spectra of 

samples frozen at different reaction times, Species I (BesC-P) and II interconvert, and the decay 

of BesC-P leads to the further accumulation of Species II up to reaction time of ~3 minutes (Table 

5.4). Thus, Species II is most likely the immediate downstream species of the diferric-peroxo 
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species, and we assign it as the initial product complex. We further reason that the inability to 

observe a similar product complex in the BesC reaction with L-Lys may be due to the significant 

reaction uncoupling when L-Lys is used and additionally the slow kinetics of BesC-P decay with 

L-Lys (described below) render accumulation of a downstream intermediate improbable. The 

Mössbauer parameters of Species II indicate that it is a ferric species. However, its magnetic 

behavior suggests it is not a conventional diferric species with an S = 0 ground spin state. Instead, 

Species II significantly magnetizes even under a small applied magnetic field (450 G) (Figure 

5.14), which strongly indicates that Species II exhibits an integer spin ground state (S > 0). Due to 

the relatively low accumulation of this species, we cannot yet reliably determine its spin state and 

the electronic structure under the current experimental conditions. 
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Figure 5.14: 4.2 K Mössbauer spectra demonstrating the magnetization behavior of the initial product complex 

Species II. (A) The spectra of oxygenated 4-Cl-Lys-bound diferrous BesC frozen at 1 minute measured at zero 

field (black) and under 0.45 mT applied field parallel to the gamma radiation (red); (B) the difference spectrum 

generated by substrating the zero field spectrum from the the 0.45 mT field spectrum. The blue solid line 

represents the quadrupole doublet simulation of the initial product complex. 

 

Finally, the spectra of samples frozen at prolonged reaction times demonstrate the 

disappearance of the diferric-peroxo signal and formation of a series of new ferric species (Figure 

5.12, Tables 5.4 and 5.5). This broad quadrupole doublet has Mössbauer parameters of δ = 

0.46 mm/s and ΔEQ = 0.68 mm/s, which could be assigned to the final diferric species. The spectra 

collected under high applied magnetic fields suggest that as much as ~60% of this new species is 

mononuclear in nature, suggesting cluster decomposition under these conditions (Figure 5.15). We 

address the ramifications of this cluster instability in the Discussion. 
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Figure 5.15: 4.2-K, high-field Mössbauer spectra of the decayed BesC-P. The yellow line represents the 

simulation for a diferric species with parameters δ = 0.50 mm/s, ΔEQ = 0.82 mm/s, Γ = 0.5 mm/s, which 

represents ~ 40% of the total iron in the sample. The rest of the absorption (~60%) belong to high-spin 

mononuclear ferric species. 

 

5.3.3 Peroxo BesC mediates C–C cleavage via substrate C–H abstraction 

Single turnover reactions of BesC with 4-Cl-Lys as monitored by LC-MS demonstrated 

stoichiometric metabolism of 4-Cl-Lys (Figures 5.16, 5.17.A). The major detected products had 

m/z = 150.1 and 152.1 in a ~3:1 ratio, as expected for 4-Cl-Alg with the typical Cl isotopic ratios. 

No such product was observed for reactions lacking BesC. Due to the tendency of 4-Cl-Lys to be 

non-enzymatically hydrolyzed upon prolonged incubation in aqueous solvent, trace amounts of 4-

OH-Lys were consistently detected in LC-MS chromatograms (Figures 5.17.A and 5.17.C). As a 

control, we generated 4-OH-Lys by heating 4-Cl-Lys to examine reactivity with BesC. Virtually 

all of the 4-Cl-Lys was converted to 4-OH-Lys as confirmed by LC-MS (Figure 5.18.A). The 

reactivty of BesC was assessed by stopped-flow (Figure 5.18.B–C) from which it was found that 

4-OH-Lys triggers BesC-P quite poorly and results in a very slow decay of BesC-P. Additionally, 

analysis of single- and multiple-turnover reactions with 4-Cl-Lys and some 4-OH-Lys present 

showed that 4-OH-Lys was not depleted. Thus, the small amounts of this byproduct do not have a 

significant influence on the observed reactivity of BesC-P with 4-Cl-Lys. As a result, we attribute 
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the measured decay kinetics of BesC-P (kdecay = 0.030 s–1, Table 5.6) solely to producing 4-Cl-

Alg, cementing its role as a catalytically competent intermediate that is involved in carbon-carbon 

cleavage. 

 

 

Figure 5.16: Substrate consumption in single-turnover reactions of BesC with 4-Cl-Lys, L-Lys, and their 

perdeuterated analogs. Error bars represent the standard deviation of at least three replicates. 



   

 
 

158 

 

Figure 5.17: LC-MS extracted ion chromatograms showing single turnover reactions of BesC with L-Lys (A) 

and 4-Cl-Lys (B), and multiple turnover reactions (t = 1 h) of BesC with L-Lys (C) and 4-Cl-Lys (D), and a no-

BesC negative control (– BesC) of each. Shown are representative chromatograms from at least three 

experimental replicates. 

 



   

 
 

159 

 

Figure 5.18: A. Extracted ion chromatograms of the reaction products of BesC before (top) and after (bottom) 

heating at 65 °C for 5 minutes. B. Photodiode array spectra of the reaction of diferrous BesC with 4-OH-Lys 

rapidly mixed with O2-saturated buffer. C. Single-wavelength trace monitoring the formation and decay of BesC-

P in the presence of 4-OH-Lys. Raw data is shown in black and the fit and residuals in red and blue, respectively. 

 

In reacting BesC with L-Lys, the longevity of BesC-P was significantly enhanced as 

evidenced by the persistence of the blue chromophore for significantly longer than in the reaction 

with 4-Cl-Lys. Measuring the full decay time-course of BesC-P decay produced a half-life of 

18 ± 2 min at 4 °C (Figure 5.19.A), representing a ~50-fold deceleration relative to 4-Cl-Lys. The 

sluggish reactivity toward L-Lys was reiterated under multiple turnover conditions using ascorbate 

as a surrogate redox donor (Figure 5.19.B). 
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Figure 5.19: A. UV-vis spectra of BesC-P decay with L-Lys occurs slowly, and can be fit to a single exponential 

decay phase as shown for protiated L-Lys (inset, blue) and deuterated L-Lys (inset, red) at 4 °C.  B. The time-

course of substrate (L-Lys or 4-Cl-Lys) remaining during a multiple turnover reaction containing 100 µM BesC, 

500 µM substrate, 200 µM ferrous ammonium sulfate, and 2.5 mM ascorbate. Rate of substrate consumption 

was ~21 min–1 for 4-Cl-Lys and ~10 min–1 min for L-Lys. 

 

Table 5.6: The observed BesC-P formation and decay rates, their amplitudes, and the corresponding rate of C–

H cleavage when accounting for uncoupling. 

 Amp. kform 1 (s–1) Amp. kform 2 (s–1) Amp. kdecay (s–1) kC–H (s–1) 

L-Lys -33% 1.7 ± 0.2 -18% 0.11 ± 0.06 49% 0.00064 ± 0.00007 0.00034 ± 0.0003 

3,3,4,4,5,5,6,6-
d8-L-Lys -30% 2.4 ± 0.2 -16% 0.23 ± 0.02 55% 0.00027 ± 0.00004 n.a. 

4-Cl-L-Lys -51% 1.6 ± 0.3 n.a. n.a. 49% 0.030 ± 0.001 0.030 ± 0.001 

3,3,4,5,5,6,6-
d7-4-Cl-L-Lys -59% 1.7 ± 0.1 n.a. n.a. 41% 0.011 ± 0.001 0.0055 ± 0.0005 

4-OH-L-Lys -34% 2.3 ± 0.1 -17% 0.05 ± 0.01 49% 0.0011 ± 0.0001 n.a. 

n.a. = not applicable 
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The large difference in the decay rates of BesC-P between 4-Cl-Lys and L-Lys suggests 

that C–C cleavage could proceed through activation (e.g. hydrogen atom transfer (HAT)) at the 

substrate C4. Cl installation could be envisaged to enhance this process by lowering the C4–H 

bond dissociation energy (BDE).42 An alternative possibility is that the Cl-group instead promotes 

the transition to another species, such as a high-valent intermediate, that rapidly reacts with the 

substrate but does not appreciably accumulate. To delineate between these two scenarios, we 

examined the reaction of perdeuterated 4-Cl-Lys with BesC-P. Should BesC-P proceed to a 

subsequent intermediate that performs HAT, no isotope effect will be observed for the peroxo 

decay. Conversely, if BesC-P performs HAT directly, substrate deuteration will slow its decay 

kinetics. In the reaction of BesC with 3,3,4,5,5,6,6-d7-4-Cl-Lys, no newly accumulating transient 

features, such a high-valent species, were observed (Figure 5.20.A). The reactivity of BesC-P with 

the deuterated substrate displayed a decay rate constant kobs = 0.011 ± 0.001 s–1, giving rise to an 

apparent 2H kinetic isotope effect (2H-KIE) of 2.7 ± 0.1 (Figure 5.20.B). A significant 2H-KIE was 

also observed under multiple-turnover conditions, implicating C–H abstraction as a rate-

determining process (Figure 5.21). The reaction of BesC with 3,3,4,4,5,5,6,6-d8-L-lysine under 

single-turnover conditions was also examined and compared to the protiated substrate. 

Furthermore, BesC-P decayed more slowly with perdeuterated L-Lys (t1/2 = 42 ± 6 min at 4 °C, 

Figure 5.19.A, inset), yielding a similar apparent 2H-KIE ~2.7. This unifies the reaction 

mechanism of both substrates 4-Cl-Lys and L-Lys as proceeding through C–H activation by BesC-

P. However, given the highly uncoupled nature of d8-Lys metabolism described below, this 

apparent 2H-KIE for (d8) L-Lys very likely stems from a difference in the rate constants for 

productive metabolism and uncoupling that leads to cluster decomposition. 
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Figure 5.20: A. The PDA spectra of 300 µM BesC + 5 mol. equiv. of d7-4-Cl-Lys mixed with O2-saturated 

buffer. B. BesC-P decay with 4-Cl-Lys and its perdeuterated analog as monitored at 612 nm at 4 °C. The raw 

data is shown in black, and the fits to a double-exponential expression are shown in blue (protiated) and red 

(deuterated). The residuals are shown below in the corresponding color. 

 

 

Figure 5.21: A. Representative extracted ion chromatograms showing a single turnover reaction of BesC with 

deuterated 4-Cl-Lys (d7-4-Cl-Lys) and a no-BesC negative control (– BesC). B. A time-course of substrate 

(protiated 4-Cl-Lys or perdeuterated d7-4-Cl-Lys) remaining during a multiple turnover reaction containing 

100 µM BesC, 500 µM substrate, 200 µM ferrous ammonium sulfate, and 2.5 mM ascorbate. The ratio of 

protiated vs. deuterated substrate metabolized of ~2.5, which is reflective of the 2H-KIE. 
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Further evidence for a direct reaction of BesC-P in directing C–C scission is provided 

through examination of the coupling parameters (substrate consumed per peroxo) across the 

substrate series. Although the consumption of BesC-P is completely coupled to product formation 

for 4-Cl-Lys, quantitation of the substrate remaining from the reactions of perdeuterated d7-4-Cl-

Lys revealed that 50% of the substrate remains unmetabolized. LC-MS analysis shows that the 

metabolized substrate exclusively formed the typical cleavage product, demonstrating that the 2H-

KIE does not stem from a change of reaction mechanism (Figure 5.21.A). The apparent 2H-KIE of 

2.7, however, represents a lower bound of the true value because uncoupling thwarts precise 

measurement of the decay rate of BesC-P with d7-4-Cl-Lys. Although the precise origin of this 

uncoupling is unclear, a lack of appreciable H2O2 detected from Amplex Red assay of these 

reactions alludes to either an oxidase shunt pathway34 or the cluster decomposition revealed by 

Mӧssbauer. Irrespective of the precise origin, this behavior implies there is a parallel pathway for 

BesC-P decomposition that directly competes with productive catalysis. As the rate of uncoupling 

should be insensitive to substrate isotopic composition, this observation is explained by 

deceleration of a productive pathway (by raising the BDE) thus favoring the uncoupling pathway 

with higher BDE substrates. This trend is reinforced in an examination of L-Lys metabolism and 

comparison with the deuterated isotopologue. Analysis of single turnover reactions (Figures 5.16, 

5.17.B, and 5.21.A) revealed only ~0.5 equivalents of L-Lys were consumed, compared to <2% 

for the deuterated substrate. Alongside the product L-Alg, LC-MS revealed that L-Lys cleavage 

was accompanied by an additional Δm/z + 16 co-product, consistent with formation of OH-Lys. 

This side-product accounted for 20% of the total product. Isotope tracing experiments using 18O2 

or H2
18O revealed the that introduced oxygen was completely incorporated from solvent and not 

from O2 (Figure. 5.22). The mechanistic implications of this observation are discussed below. 
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Figure 5.22: LC-MS extracted ion chromatograms of the reactions of BesC with L-Lys and labeled 18O-water, 

18O2, or unlabeled as well as a negative control from which BesC was omitted. 

 

5.4 Discussion 

The spectroscopic and kinetic characterization shown here demonstrates that BesC forms 

a coupled diiron center that can react with dioxygen, authenticating its assignment as an HDO. The 

substrate-dependent O2 activation strategy utilized by BesC has long been appreciated for various 

iron-enzyme classes, including several diiron enzymes,8, 43 to prevent errant side-reactions 

including self-oxidation and the generation of reactive oxygen species. The HDOs characterized 

thus far have either been shown to regulate O2 activation in a substrate-dependent (UndA8 and 

BesC) or unregulated manner (SznF30), both of which differ from multicomponent diiron 

oxygenases that can often require auxiliary proteins (e.g., effector44-45 or redox partners34) to 

enable structural changes at the diiron site to enable catalysis. Although triggering in other HDOs 

can be rationalized on the basis of provision of an additional carboxylate ligand to the cluster, 

either from the substrate (UndA8) or protein (SznF10), the structural origins for substrate-regulated 

activation in BesC appear more complex. A preliminary screen of potential substrate analogs, 
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using BesC-P formation as an optical guide, suggests that neither the substrate carboxylate nor C2 

amino group is sufficient for triggering and the presence of an amine-containing sidechain is not a 

strict requirement (Table 5.7). Taken together with the role that the Cl-group has for directing 

efficient binding and for modulating the kinetics of BesC-P formation, more complex structural 

underpinnings likely prime the cluster for rapid O2 binding.  

 

Table 5.7: Putative substrates that do or do not trigger formation of BesC-P. 

Triggers Does not trigger 

L-lysine 

D-lysine 
L-ornithine 

L-arginine 
L-norleucine 

L-glutamic acid 

L-glutamine 
L-alanine 

6-aminocaproic acid 

 

The influence of the substrate C4–H bond dissociation energy on BesC-P decay is shown 

in Figure 5.23. The evident correlation, along with the influence of substrate deuteration on the 

ratio of productive coupling, is best rationalized through a mechanism involving direct 

electrophilic attack by BesC-P, as shown in Figure 5.24. A peroxo-based mechanism is also 

supported by (i) the overall sluggish decay of the intermediate; (ii) a 2H KIE within the semi-

classical limit (i.e., not indicative of H atom tunneling as observed for more potent intermediates 

with 2H KIE > 8);46 and (iii) the narrow window of substrate BDEs that can be metabolized. These 

characteristics disfavor a mechanism involving undetected transition to a high-valent species 

because the observed 2H-KIE effect on BesC-P decay would necessitate the transition to an 

iron(IV) intermediate be rapidly reversible, such that kinetics of the high-valent masks the decay 

of the preceding intermediate, which is unlikely for a reaction involving O–O bond breaking. 
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Furthermore, there are no high-valent species known to date that exhibit the limitations observed 

for BesC reactivity. The features of BesC-P reactivity are similarly shared in the reaction of 

methane monooxygenase peroxo (MMO-P) with non-native substrates, particularly the upper 

bound of accessible C–H BDE of ~96 kcal/mol.47-48 

 

 

Figure 5.23: The apparent BesC-P decay rate plotted versus estimated substrate C4–H BDE.42 
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Figure 5.24: Proposed mechanism of oxidative C–C cleavage by BesC. Substrate-triggered activation of O2 

yields the diferric-peroxo intermediate BesC-P, which branches between C4–H cleavage and uncoupling 

depending on the identity of X (H or Cl). HAT by BesC-P may be followed by a putative mixed-valent 

intermediate such as an iron(II/III)-hydroperoxo species. Subsequent O–O scission and (PC)ET then yields the 

carbocation intermediate and diferric end state. At this point, the reaction may proceed through a cyclic 

intermediate before cleaving to yield (4-chloro)-L-allylglycine and methylene imine. The latter may be non-

enzymatically hydrolyzed to ammonium and formaldehyde. An alternative fate of the carbocation intermediate 

is quenching by a solvent-derived hydroxide, observed when X = H. 

 

Although peroxo-diiron intermediates have been implicated in electrophilic reactions such 

as N-oxygenations and aromatic substitutions, their reactivity is most often associated with 

variations in O2 coordination geometry, leading to distinctive optical (e.g. λmax ≤ 500 nm, ε 
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≤ 500 M-1cm-1) and Mossbauer properties (ΔEQ < 0.7 mm/sec).18, 43, 49-50 On the contrary, the 

properties of BesC-P are strikingly similar to those of synthetic complexes, MMO-P, and in 

particular, the enzyme deoxyhypusine hydroxylase (DOHH). DOHH-P has been structurally 

validated by rR, XAS, and crystallography as containing a cis-µ-1,2-peroxo adduct.29, 38 The 

antiferromagnetic coupling constant of BesC-P (J ~ 40 cm-1, Figure 5.14) suggests that exchange 

is dominated by the peroxide-unit and, like DOHH, may contain a hydroxo single-atom bridge. 

Such an arrangement would promote the stability of BesC-P and thwart O–O bond cleavage to 

form a diferryl species.51-54 Following C–H abstraction to form a substrate radical, there are several 

potential pathways that could lead to C–C fragmentation. It could be envisaged that HAT results 

in a diferric-hydroperoxo intermediate which then undergoes O–O scission to achieve a 

diiron(III/IV) intermediate. Alternatively, HAT and O–O scission could occur concertedly. 

Subsequent electron transfer from the carbon radical substrate could occur in one of two manners: 

(i) from C4 to generate a carbocation resulting in C5–C6 scission in a Grob-like mechanism, or 

(ii) from N7 to initiate C5–C6 cleavage by a biradical mechanism. The presence of 4-OH-Lys in 

the reaction with L-Lys, with the integrated alcohol deriving exclusively from solvent, suggests 

that a cationic pathway may be operative (Figure 5.24). 

Bioinformatics reiterate the necessity of the Cl group for efficient C–C cleavage by BesC 

(Fig. 5.25). A search for BesC orthologs and examination of the genome neighbohood network 

revealed 20 biosynthetic gene clusters (BGCs) containing a BesC ortholog. In each, an upstream 

BesD ortholog was strictly conserved. Though the halogen is also necessary as a leaving group for 

alkyne formation, BGCs lacking a BesB ortholog also utilize this halogenase. Thus the halogen 

installation is a prerequisite not just to alkyne formation but also for BGCs that strictly produce 

alkenes. 
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Figure 5.25: Bioinformatic analysis of gene clusters containing BesC orthologs. A sequence similarity network 

was generated using an alignment score of 40 and the genomic neighborhood was manually examined using the 

Genome neighborhood tool 55. BesC, BesD, and BesB orthologs are shown in red, purple, and blue respectively. 

 

The instability of the diiron cluster upon exposure to O2 reflects a common property of 

HDOs,10 and is similarly observed in BesC via Mӧssbauer spectroscopy. However, it is notable 

that BesC-P can be recycled in multiple rounds of reduction and reoxygenation (Figure 5.26) and 

capably performs multiple turnovers in the presence of the excess ascorbate (Figure 5.19.B). The 

2H KIE for multiple turnovers (Fig. 5.21.B) also implies reduction prior to dissociation or rapid 

reformation of the cluster, provided that metal availability is sufficient.  

 



   

 
 

170 

 

Figure 5.26: Recycling of BesC-P at room temperature. A. The absorption spectra of maximum accumulation 

of BesC-P (solid lines) and the fully decayed diferric state (dashed lines) upon multiple rounds of oxygen 

activation. B. The time course of the BesC-P decay. Each cycle of reduction and oxygenation is denoted by a 

break in the shaded region. 

 

Given the similarity of UndA and BesC in terms of overall structure, coordination motif, 

and olefin-installation function, one would envision that the reactions of the two HDOs would 

proceed in a very similar fashion. The nature of the C–H abstracting species in UndA has yet to be 

unambiguously identified although computational study suggests a high-valent intermediate is 

needed.22 Thus, there are striking differences in the stabilities of the peroxo-diferric species 

between BesC and UndA, which differ by more than three orders of magnitude. This could arise 

from as-of-yet determined facets of the secondary coordination sphere or structural differences of 

the peroxo-unit itself, which awaits structural verification. 
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5.5 Conclusions 

Our results demonstrate that BesC utilizes a coupled dinuclear iron cofactor to perform the 

oxidative carbon-carbon bond cleavage of 4-chloro-L-lysine to generate a 4-chloro-allylglycine. 

This confirms its position as a new member of the emerging heme-oxygenase-like subfamily of 

diiron oxidases (HDOs). By analogy to the other C–C-cleaving HDO UndA, it could be envisaged 

that BesC must activate oxygen to a powerful high-valent oxidant to carry out its reaction. 

However, in the presence of substrate, diferrous BesC activates oxygen to a diferric-peroxo 

intermediate, and the decay kinetics of the diferric-peroxo intermediate varied upon modulation of 

the C4–H bond. This result is best rationalized by a mechanism in which the diferric-peroxo, rather 

than a high-valent intermediate, directly performs C4–H scission to initiate C–C bond cleavage. 

This represents an unprecedented reaction trajectory accomplished by diferric-peroxo 

intermediates, thus broadening the catalytic mechanisms employed by diiron enzymes. 
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CHAPTER 6: Mechanistic Versatility of the Asymmetrically Coordinated  

2-His/1-His Diiron Cofactor 

Abstract 

Within the past 8 years, a new structural superfamily of O2-activating dinuclear iron 

enzymes, with roles in natural product production and the biosynthesis of essential metabolic 

intermediates, has emerged. In contrast to the ferritin-like diiron oxygenases (FDOs), enzymes of 

this new family exhibit a helical fold like that of heme oxygenase (heme oxygenase-like diiron 

oxygenases, HDOs). This scaffold houses a conserved Ex2-9Hx50-140E and Hx2D/Ex3H motif that 

serves as coordinating ligands to the diiron cluster, which is found in the FDO N-oxygenases as 

well. The ligands are arranged in an asymmetrical 2-His/1-His fashion. From this common 

catalytic core emerges a breadth of reaction trajectories including oxidative C–C bond cleavage, 

N-oxygenation, amino acid oxidation, and putatively halogenation. Each enzyme exhibits a unique 

mechanism of oxygen activation to achieve its intended chemical reaction. Herein, we describe the 

mechanisms of O2 activation by this family known to date in the context of their reaction outcomes, 

and we propose reaction trajectories for enzymes that are not yet understood. Several structurally 

unrelated diiron enzymes that employ a similar 2-His/1-His coordination motif to perform different 

reactions, such as hydroxylation, provide a point of comparison for the structure-function 

relationships across diiron enzymes. We hope that a detailed understanding of the molecular 

mechanisms by which their catalytic diversity is achieved leads to the ability to leverage these 

enzymes for new chemical outcomes to produce novel natural products. 

 



   

 
 

182 

6.1 Introduction 

Dinuclear iron (diiron) enzymes are a large family of metalloenzymes that utilize dioxygen 

to perform challenging oxidation reactions. These enzymes couple the thermodynamically 

favorable four-election reduction of O2 to water with the oxidation of relatively strong bonds, such 

as C–H bonds, of their substrates. For their ability to selectively functionalize quite inert bonds, 

diiron enzymes have garnered much attention as potent biocatalysts,1-3 and many synthetic 

complexes4-7 and designer proteins8-10 have been developed to mimic their impressive catalytic 

power and serve as models to gain insight into their basic biochemical function.  

Early mechanistic studies on several key diiron enzymes revealed a common mode of 

oxygen activation via stepwise reduction in discrete, transient intermediate species.11-15 In most 

enzymes, the active form of the diiron cluster is the diferrous oxidation state. Upon binding O2, 

the diferrous cluster donates one electron from each iron to form a diferric-peroxide complex, 

which has been trapped in multiple enzymatic systems.16-21 The diferric peroxide subsequently 

undergoes O–O bond scission to generate high-valent diiron(IV) or diiron(III/IV) intermediates 

which go on to oxidize substrates.22-24 Substrate oxidation results in formation of the diferric state, 

which must be reduced by an exogenous redox partner to perform another round of catalysis. 

However, deviations from this mechanistic trajectory are emerging, as discussed below. 

The majority of structurally characterized diiron enzyme are comprised of a four-α-helical 

bundle containing two E(D/H)xxH motifs that serve as ligands to the diiron cluster. These include 

the hydroxylase component of methane monooxygenase (MMOH),25 the R2 subunit of 

ribonucleotide reductase,26 and the ferroxidase site of ferritin.27-28 These enzymes thus have been 

termed a ferritin-like diiron oxygenases (FDOs). On the other hand, an emerging family of diiron 

enzymes exhibit a three-α-helical structural motif like that of heme oxygenase, but instead of the 
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heme-binding sites there exists a Ex2-9Hx50-140E and Hx2D/Ex3H motif that is responsible for 

binding a diiron cluster in an asymmetric arrangement with 2 histidine ligands to one iron and 1 

on the second iron. These enzymes include the fatty acid decarboxylase UndA,29-30 the N-

oxygenase SznF,31-33 and the oxidase CADD34-35 and have recently been termed the heme 

oxygenase-like diiron oxidases (HDOs). While FDOs exhibit some variability in the coordination 

motif, all the HDOs employ the same asymmetric 2-His/1-His primary coordination sphere.  

Despite the structural similarity among the diiron clusters, the HDOs exhibit a breadth of 

reactivities including N-oxygenation,31-32 C–C bond cleavage,30, 36 and halogenation.37 

Bioinformatics predicts more roles for HDOs in many diverse natural products.33, 38 Similar 

coordination motifs are used by the FDO N-oxygenases as well as some diiron enzymes that belong 

to more unusual structural motifs yet carry out canonical hydroxylation reactions.39-42 Investigation 

of this subset of enzymes is the best example of coordinated and systematic variation in structure 

and reactivity of diiron enzymes and will provide insight into how subtle changes to the diiron 

cluster elicit varying function. 

 

6.2 A wide range of catalytic activities 

6.2.1 N-oxygenation 

Perhaps the most well-characterized function of the 2-His/1-His diiron enzymes is oxygen 

insertion to an amine nitrogen by FDOs. The mechanisms of O2 activation and ensuing reactivity 

have been best characterized in CmlI and AurF, which convert arylamine substrates to arylnitro 

products (Figure 6.1.A) in the final step of in the biosynthesis of chloramphenicol and aureothin, 

respectively.43-45 In addition, many orthologs have been identified in the biosynthesis of other N-

oxygenated natural products including (dihydro)pyrazine-N-oxides (PvfB),46 valdiazen and fragin 

(HamC),47 and azoxymycins (AzoC).48 
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More recently, a new diiron N-oxygenase SznF was identified in the biosynthesis of the N-

nitrosourea natural product streptozotocin.31 Although the coordinating ligands are conserved 

across CmlI, AurF, and SznF, the latter belongs to the HDO structural family. The coupled diiron 

center was characterized by Mössbauer spectroscopy.32 The diiron domain of SznF performs two 

hydroxylations on Nδ and Nω' of Nω-methyl-L-arginine (L-NMA) in sequential rounds of 

oxygenation (Figure 6.1.B).32 Subsequently, a conserved cupin domain rearranges the 

dihydroxylated compound to generate the N-nitrosourea moiety. An interesting feature of SznF is 

that the nature of the N-hydroxy arginine product thwarts the product-mediated reduction of the 

diiron cluster observed (and necessary) for the six-electron oxidations performed by CmlI and 

AurF.49-50 On the other hand, the biosynthetic pathway for azomycin contains an N-oxygenase 

most homologous to SznF, termed RohS, which oxidizes 2-aminoimidazole fully to 

nitroimidazole.51 Perhaps the differing functions of these two HDOs will manifest in different 

properties of their catalytic intermediates (described for SznF in Section 6.4.2). 
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Figure 6.1: The N-oxygenation reactions performed by CmlI and AurF (A) and SznF (B). 

 

6.2.2 Oxidative C–C cleavage 

There are two functionally characterized diiron enzymes that perform oxidative C–C bond 

cleavage to generate a terminal alkene and a one-carbon coproduct: UndA and BesC. UndA was 

discovered as the enzyme responsible for undecene production in Pseudomonas species.29 A free 

fatty acid substrate of chain-length Cn, natively dodecanoic acid, is decarboxylated to produce the 

Cn–1 terminal alkene and the coproduct CO2 (Figure 6.2.A), which was verified by GC-MS using 

a substrate in which C1 was labeled with 13C. 

The second of these diiron enzymes is BesC, which was identified as part of the 

biosynthetic gene cluster (BGC) for terminal-alkyne amino acids in Streptomyces cattleya.36 BesC 

performs the oxidative cleavage of L-lysine and 4-chloro-L-lysine to L-allylglycine and 4-chloro-

L-allylglycine, respectively (Figure 6.2.B). Only the latter of these is converted by downstream 

enzymes in the pathway to β-ethynylserine, the namesake of the pathway. Isotopic labeling studies 
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confirmed that the byproducts of the BesC reaction are ammonium and formaldehyde. By analogy 

to oxidative decarboxylation performed by UndA, the immediate byproduct likely is 

methyleneimine, which then decomposes to ammonia and formaldehyde. Considering the 

similarity of the reactions performed by these two enzymes, one might expect them to use similar 

activated O2- and iron-oxidants. However, there appear to be marked differences in the key oxidant 

employed by each enzyme, discussed further in Sections 6.5 and 6.6. 

 

 

Figure 6.2: The oxidative C–C bond cleavage reactions performed by UndA (A) and BesC (B). 

 

6.2.3 Cryptic formation of para-aminobenzoate 

The Chlamydia trachomatis protein CADD (Chlamydia protein associating with death 

domains) was originally identified for its ability to induce host-cell apoptosis by binding death 

receptors in the host cell during the chlamydial infectious cycle.52 Subsequent X-ray crystal 

structure determination showed CADD is comprised of a heme oxygenase-like fold that contained 

a dimetal cluster, which was suggested by ICP-MS analysis of the metal content to be iron.34 This 
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unusual structural fold harboring a diiron cluster represents the first structure of what are now 

termed the HDOs. 

Later, ct610 (the gene encoding CADD) and the homolog ne1434 from Nitrosomonas 

europaea were identified as part of an unusual biosynthetic route for para-aminobenzoic acid 

(pABA) biosynthesis.53-54 Both C. trachomatis and N. europaea lack the common pabABC genes 

necessary for folate biosynthesis, rendering CADD and NE1434 the sole enzymes responsible for 

pABA production. This biosynthetic function has not yet been reconciled with its role in inducing 

apoptosis but provides an enticing catalytic function for the diiron cluster. 

Recent work by Allen and coworkers determined pABA is formed in an O2-dependent 

reaction from the precursor tyrosine.35 Considering diiron clusters are known to react with O2, the 

requirement of O2 for pABA formation implicates involvement of the diiron cluster in catalysis. 

Surprisingly, adding free Tyr to in vitro turnover studies failed to increase pABA yield, leading to 

the conclusion that CADD uses a protein-derived Tyr residue as a "substrate" in a self-sacrificial 

reaction. Consistent with this hypothesis, two Tyr-to-Phe mutations abolished enzymatic activity. 

The key Tyr residues, however, are ~14 Å from the diiron cluster in the crystal structure,34 

rendering direct oxidation by the diiron cluster impossible. There exist many oxidizable Tyr and 

Trp residues between the active site and the putative substrate Tyr residues, which suggests that 

CADD employs a chain of redox-active amino acids to shuttle oxidizing equivalents to the distant 

Tyr residue, much like ribonucleotide reductase.24, 55 How this activity results in the oxidative 

cleavage and amination of Tyr necessary for conversion to pABA remains unclear. 

A limitation of the aforementioned studies is that only ~0.003 molar equivalents of product 

per protein were consumed.35 Considering the self-sacrificial nature of CADD, we attempted an 

anaerobic purification to isolate the "unreacted" enzyme, which demonstrated an ability to react 



   

 
 

188 

with oxygen not observed for the aerobically purified enzyme, yet it did not enhance pABA 

production (Chapter 4). The poor activity of CADD suggests the in vitro reactions are missing 

perhaps a cofactor, cosubstrate, or effector required for efficient turnover. Further study is needed 

to establish the precise mechanism of pABA formation by CADD, but it appears to be a unique 

activity for a diiron enzyme. 

 

6.2.4 Halogenation  

Putative diiron halogenases have been identified in natural product biosynthetic pathways 

that are found primarily in cyanobacterial species.38 As part of the BGC that produces 

cylindrocyclophane natural products, CylC effects a chlorination upon the acyl carrier protein-

tethered decanoic acid, specifically at the C6 position.37 Predicted secondary structure and metal-

coordinating residues of CmlI, AurF, and SznF are conserved in CylC and analogous halogenases, 

despite low primary sequence similarity. Accordingly, CylC was copurified with 2 equivalents of 

iron per protein, and treatment with metal chelators abolished halogenation activity implicating a 

key role for the putative diiron cluster. The halogen installed by CylC serves as a leaving group in 

a downstream SN2-like C–C coupling reaction for formation of the final cylindrocyclophane 

product, but diiron halogenases are proposed to be responsible for the chlorination of other natural 

products including lactylates (ClyC and ClyD),56 columbamide (ColD and ColE),57 and bartoloside 

(BrtJ).58 By analogy to mononuclear iron- and α-ketoglutarate (αKG)-dependent halogenases such 

as SyrB2,59-60 the mechanistic strategy for halogenation likely involves hydrogen atom abstraction 

from a C–H bond followed by rebound of the halide. For this reason, ColD and ColE are of 

particular interest for their ability to functionalize the highly inert Cω–H bond. However, direct 

spectroscopic evidence for a coupled diiron cluster is needed. 
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6.2.5 Hydroxylation  

The canonical reaction performed by iron-dependent oxygenases is oxygen insertion into 

a C–H bond, yet no HDOs have been found to primarily perform this reaction. The only 

characterized 2-His/1-His diiron cluster responsible for hydroxylation is that of CmlA, which 

performs hydroxylation of the Cβ of a carrier protein-tethered para-aminophenylalanine (pAPA) 

in chloramphenicol biosynthesis.39 CmlA differs from the previously mentioned enzymes in that 

it does not belong to the HO- or ferritin-like structural family but instead was the first diiron 

enzyme recognized within a metallo-β-lactamase fold.39-40 

A second example is a group of diiron oxygenases that were recently discovered that 

contain a hydroxylating 2-His/1-His asymmetric diiron cluster housed within a TIM-barrel-fold, 

namely PtmU3 involved in platensimycin and platencin biosynthesis41 and the AibH1H2 complex 

of the aminoisobutyric acid catabolic pathway.42 The structures of each of these enzymes have 

been determined by X-ray crystallography. Aside from the distinct protein architecture, PtmU3 

and AiBH1H2 are distinguished from the other 2-His/1-His enzymes in that their diiron clusters 

are more carboxylate-rich and have two bridging carboxylates rather than one. Pending 

spectroscopic and mechanistic characterization of the diiron cluster, the influences of cluster 

geometry on the mechanisms of O2 activation and reaction outcome should provide an insightful 

comparison to the 2-His/1-His diiron enzymes that do not capably perform oxygen rebound. 

 

6.3 2-His/1-His active site properties 

The generalized structure of the asymmetrically coordinated 2-His/1-His diiron enzymes 

comprise a diiron cluster in which one iron is coordinated by two His ligands and the other is 

coordinated by one His (Figure 6.3). We will refer to the 2-His iron as FeA and the 1-His iron as 
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FeB. X-ray crystallography and X-ray absorption spectroscopy of these enzymes has provided 

detailed information about the coordination environment about each iron center, which is 

summarized in Table 1. We thus present a detailed view of the structures of these diiron centers in 

efforts to gain insight into their varying functions. 

 

6.3.1 HDOs 

From structural studies and conservation of the coordinating ligands, the iron-coordinating 

residues of HDOs consist of 3 histidine and 3-4 carboxylate ligands. Each iron is hexa- or 

pentacoordinate in a roughly octahedral geometry (Figure 6.3.C–E). Bridging the two irons are 

one µ-1,3 carboxylato and one (hydr)oxo ligand. Two histidine residues serve as ligands to FeA, 

along with what appears to be a water molecule in CADD and UndA but instead is glutamate in 

SznF and other HDO N-oxygenases. While the precise structures are not known, the additional 

carboxylate on FeA is not conserved in BesC but is conserved in the halogenases CylC, ColD, and 

ColE. FeB is coordinated by one histidine and two carboxylates, which are a glutamate and an 

aspartate in UndA, CADD, and SznF but are both glutamates in BesC. 

To date, there are 3 HDOs of which the X-ray crystal structures have been solved: CADD, 

UndA, and SznF. X-ray crystallography of the HDOs has been complicated by the difficulty in 

achieving an intact diiron cluster in the crystals. For example, the initial crystal structures of SznF 

(PDB = 6M9S, 6M9R)31 and UndA (PDB = 3OQL)61 were both solved in the apo form. Upon co-

crystallization with iron, the UndA structure displayed only one iron, which was present in the 2-

His site (FeA).29 More recently, a crystal structure of UndA was solved by soaking apo crystals in 

Fe(II) solution,62 which resulted in occupancy with two irons but the ligands of the 1-His site were 

found to be disordered. 
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The Fe(II)-soaked crystal structures of UndA and SznF provide Fe–Fe distances of 4.64 

and 4.99 Å, respectively (Figure 6.3.D–E).33, 62 These long Fe–Fe distances are much greater than 

expected for the coupled diiron centers as detected by Mössbauer and X-ray absorption 

spectroscopies, and the distances are also significantly longer than the Fe–Fe distance in CADD 

of 3.35 Å, which is presumably in the diferric state.34 Furthermore EXAFS analysis of UndA 

displays an Fe–Fe distance of 3.21 Å in the diferric state and 3.97 Å for diferrous,62 which better 

aligns with what is observed for other diiron enzymes, albeit the Fe–Fe distance of diferrous UndA 

is somewhat longer than any measured for an FDO (3.3-3.6 Å). EXAFS has not yet been reported 

for any other HDO. The discrepancy in the Fe–Fe distances measured by X-ray crystallography 

and X-ray absorption spectroscopy suggests that perhaps the Fe-soaked crystal structures deviate 

from the precise structure of the cluster in solution, indicating a need for further structural 

characterization of the HDOs. 

Crystallography has provided some insight into the positioning of substrate relative to the 

diiron cluster. Fe(II)-soaked UndA was cocrystallized with substrate dodecanoic acid.62 The 

carboxylate of the fatty acid was found to coordinate FeA in a monodentate fashion in a position 

otherwise occupied by solvent in CADD and SznF. Even in structures of UndA in which the diiron 

site is only singly occupied,29 the fatty acid also coordinates but instead in a µ-1,3 manner. 

Considering UndA is proposed to initiate decarboxylation via activation of Cβ–H,30, 62 it is 

intriguing that this orientation posits the Cβ away from the diiron cluster. This suggests significant 

substrate rearrangement upon O2 activation. 

While a substrate-bound structure of SznF is not yet available, the substrate-binding pocket 

has been analyzed by molecular docking simulations.33 The N-methyl-L-arginine (L-NMA) 

substrate is proposed to bind to the same face of the diiron cluster as that of UndA, but L-NMA 
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does not coordinate the diiron cluster. The binding pocket is largely hydrophobic like that of UndA 

but projects one key aspartate into the pocket, Asp185. This residue is proposed to bind the alpha 

amino group of L-NMA, and accordingly, a D185L mutation dampens reactivity in a manner that 

is gated by substrate-binding kinetics.33 Asp185 is located in helix α2 which is the location of the 

"extra" carboxylate ligand to the diiron cluster Glu189 that UndA lacks. Instead, α2 of UndA 

displays hydrophobic residues Val85 and Phe89 on this helix which interact with the fatty acid 

alkyl chain.29, 62 These observations implicate a key role for helix α2 in determining substrate 

recognition in HDOs, which may serve to enable predictions for substrate selectivity and reactivity 

of uncharacterized HDOs.33 

Perhaps the outlier among the crystallized HDOs, CADDox copurified and was crystallized 

with bound Fe.34 Each iron of the diiron cluster is pentacoordinate in a pseudo-octahedral geometry 

(Figure 6.3.C).  The Fe–Fe distance is 3.35 Å, and a µ-(hydr)oxo bridge is present at roughly 2.2 Å 

from each Fe. A terminal water ligand is observed bound to FeA in the position of the "extra" 

carboxylate of SznF, trans to an open coordination site. Compared to the Fe-soaked structures of 

UndA and SznF, the Fe–Fe distance is significantly shorter (much shorter than expected for simply 

a change in oxidation state25). However, the intact µ-oxo bridge suggests that this structure is 

representative of the coupled diiron center observed in solution and reiterates that the unusual 

clusters of UndA and SznF may be an artifact of their preparation. 
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Figure 6.3: The structures of 2-His/1-His diiron clusters of the FDOs (A–B, yellow), the HDOs (C–E, blue), 

and the hydroxylases (F–H, green). 
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6.3.2 FDOs CmlI and AurF 

Despite overall topology differences, the structures of the active sites of the FDO N-

oxygenases AurF (PDB = 3CHH) and CmlI (PDB = 5HYG) are very similar to the HDOs.63-64 The 

position of the substrate-binding site (determined from the product-bound structure of AurF, PDB 

= 3CHT63) and the positions of all metal-coordinating ligands to the diiron cluster are nearly 

identical to SznF, including the extra carboxylate ligand contributed by helix α2. The Fe–Fe 

distances of each AurF and CmlI are 3.3-3.4 Å.  A µ-oxo bridge is visible in the structure of diferric 

AurF (Figure 6.3.A), as is a terminal water ligand on FeA, like CADD. 

The crystal structure of diferric CmlI64 showed an unexpected bridging ligand that was 

modeled with peroxide, which likely originates from degradation of the crystallography reagents 

to form H2O2. This µ-1,2 peroxide occupies the iron coordination sites that correspond to a water 

molecule on FeA and an open position on FeB in AurF. The observed diferric-peroxo differs in 

structure from the µ-1,1 geometry of the species detected during catalysis by stopped-flow. 

Nonetheless, this structure demonstrates that O2 may bind to displace the terminal water ligand 

and fill the open coordination sites. Comparison to AurF demonstrates a lack of the µ-oxo bridge 

(which has been spectroscopically observed for diferric CmlI65) and a resulting shift of Glu236 

from monodentate on FeB to a µ-1,3(η1:η2) geometry to fill this coordination site, which was 

attributed to X-ray damage. 

Crystals of CmlI were soaked in reductant to afford the structure of diferrous CmlI (PDB 

= 5HYH, Figure 6.3.B).64 Overall, reduction did not cause a significant change in the structure of 

the diiron active site aside from loss of the µ-peroxo bridge and slight lengthening of all bonds 

between the Fe and amino acid ligands. The Fe–Fe separation also increased by 0.3 Å to 3.6 Å as 

expected for a diferrous cluster. 
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6.3.3 Hydroxylating 2-His/1-His diiron enzymes 

The only other available structures of 2-His/1-His diiron clusters are of the hydroxylases 

CmlA, PtmU3, and the AibH1H2 complex (of which AibH2 houses the diiron cluster). These 

enzymes exhibit significantly different structural folds compared to the HO- and ferritin-like 

enzymes. The crystal structure of CmlA (Figure 6.3.H), of the metallo-β-lactamase fold, shows 

that the diiron cluster has each iron in a distorted octahedral environment.40 They iron atoms are 

bridged by a µ-oxo bridge, as expected from spectroscopic characterization,39 and a bridging 

aspartate ligand in an unusual µ-1,1 mode. This affords an Fe–Fe distance of 3.39 Å, which shifts 

to 3.26 Å in the diferrous state.66 The cluster is coordinatively saturated in CmlA by chelating 

bidentate carboxylates: a Glu377 on FeA and a crystallization buffer-derived acetate, which 

becomes water upon reduction to the diferrous state, on FeB.66 Upon substrate binding, Glu377 

shifts to a monodentate coordination which is discussed in Section 6.4.3. 

Considering their overall structures differ from CmlA, the ligands toward the diiron 

clusters are quite similar in PtmU3 (PDB = 6OMP, Figure 6.3.F)41 and AibH2 (PDB = 6M1W, 

6M2I, Figure 6.3.G),42 despite the former being loaded with manganese rather than iron in the 

crystal structure (The diiron site has been shown to accomodate other metals in some cases67-68). 

The positions coordinated by acetate in diferric CmlA are coordinated by 1,2-ethanediol in 

AibH1H2. Perhaps these are similarly substituted by water in the diferrous state. The similarities 

in the cluster-coordinating ligands in these three enzymes reiterate their common ability to perform 

hydroxylation chemistry. However, AibH1H2 and PtmU3 have an extra carboxylate bridge. 

Perhaps this is key to tuning the reactivities of their ensuing Fe–O2 intermediates, but to date, 

direct observation of oxygenated intermediates has not been reported in the asymmetrically 

coordinated diiron hydroxylases.  
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Table 6.1: Structural information available for the 2-His/1-His asymmetrically coordinated diiron 

clusters. 

Enzyme 
Ligands 

Bridge(s) 
Fe–Fe distance (Å) 

Refs. 
FeA FeB diferric diferrous 

UndA 2H, 1E, 1 
H2O, 1 FA 
COO 

1H, 1D, 2E 1 µ-oxo/hydroxo 

1 µ-1,3-COO 

3.2 (XAS) 3.97 (XAS) 

4.6 (XRD) 

30, 62 

SznF 2H, 2E, 1H2O 1H, 2E, 1D, 
1H2O 

[1 µ-oxo/hydroxo] 

1 µ-1,3-COO 

4.99 (XRD) -- 33 

CADD 2H, 1E, 1H2O 1H, 1D, 2E 1 µ-oxo/hydroxo 

1 µ-1,3-COO 

3.35 (XRD) -- 34 

CmlI 2H, 3E 1H, 3E 1 µ-oxo 

1 µ-1,3-COO 

1 µ-1,1-COO 

3.3 (XRD) 3.6 (XRD) 

3.3 (XAS) 

64-65 

AurF 2H, 2E, 1H2O 1H, 3E 1 µ-oxo 

1 µ-1,3-COO 

3.4 (XRD) -- 63 

CmlA 2H, 1D, 1E 1H, 2D, 1 acetate 1 µ-oxo 

1 µ-1,1-COO 

3.39 (XRD) 3.3 (XRD) 

3.26 (XAS) 

40, 66 

PtmU3 

(di-Mn) 

2H, 2D, 1E 1H, 1D, 1E, 
2H2O 

1 µ-1,3-COO 

1 µ-1,1-COO 

4.2 (XRD) -- 41 

AibH1 2H, 2D, 1E 1H, 2D, 1 1,2-
ethanediol 

1 µ-oxo/hydroxo 

2 µ-1,3-COO 

3.6 (XRD) -- 42 

 

6.4 Triggering of oxygen activation 

The structural features of the diiron active site that enable O2 activation are subtle and yet 

to be understood for the HDOs. These facets are better understood in the FDOs. For example, O2 

activation in the bacterial multicomponent monooxygenases (BMMs), which include methane 

monooxygenase (MMO) and toluene monooxygenase (ToMO), is regulated by small effector 

proteins, termed "component" proteins, in their respective gene cluster.69-71 This mode of 
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regulation allows the key oxidant of MMO, a diiron(IV)-oxo species, to be generated in the 

absence of substrate which increases its longevity sufficiently for spectroscopic characterization.72-

73 A similar effector role is fulfilled by redox partner proteins such as in stearoyl-acyl carrier 

protein Δ9 desaturase (Δ9D), which requires its native ferredoxin reductase to activate O2 to a 

catalytically competent oxidizing species.15 Δ9D is also regulated by substrate "triggering,"74 in 

which the substrate binding is a necessary prerequisite for activation of O2 by the diferrous cluster, 

which has also been observed for several other diiron enzymes.66, 75 Each of the above phenomena 

regulate O2 activation by imparting structural and electronic changes to the diiron cluster. These 

factors must be understood in HDOs in order to leverage these enzymes for their catalytic potential.  

 

6.4.1 Substrate-triggered peroxo formation 

The HDOs UndA and BesC both require substrate to trigger oxygen activation. As 

observed for both enzymes, in the absence of substrate, exposure of the diferrous form to O2 results 

in auto-oxidation to the diferric state without the accumulation of intervening intermediates 

(Chapters 3 and 5).62 Perhaps this occurs via an oxidase mechanism as observed for the non-

productive decomposition of other diferric-peroxo species.74, 76 By contrast, with bound substrate, 

UndA and BesC activate oxygen to form diferric-peroxo intermediates on the reaction coordinate 

toward product formation. Mössbauer spectroscopy shows that binding of substrate elicits a change 

in the diiron cluster as indicated by subtle increases in the Mössbauer parameters, particularly the 

quadrupole splittings, and is suggestive of an overall more symmetric cluster. These data are 

summarized in Table 6.2. This can be rationalized by the observation in the crystal structure that 

the substrate carboxylate coordinates FeA.62 The added carboxylate to the otherwise more His-rich 

FeA balances the number of histidine/carboxylate ligands for each of the two Fe atoms. 
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The Mössbauer parameters of substrate-bound BesC are also associated with higher 

quadrupole splittings (ΔΔEQ ≈ +0.3 mm/s) relative to the substrate-free form (Chapter 5). 

However, the spectra are indicative of a less symmetric diiron cluster in the substrate-bound form. 

While there is no structural information about BesC available at present, the reactivity suggests 

the side-chain of the lysine (or 4-Cl-lysine) substrate is oriented toward the diiron cluster. Perhaps 

the free amino group serves as a ligand to FeA much like the carboxylate in UndA, however, the 

amino group would further increase the ratio of N/O ligands of FeA to elicit more asymmetry 

between the two irons. Further structural insight into the nature of the substrate binding mode of 

BesC is necessary. Nonetheless, it is clear that for both UndA and BesC, the form of the diferrous 

cluster competent to react with O2 is marked by larger ΔEQ values compared to the resting state. 

 

6.4.2 Activation in the absence of substrate 

The N-oxygenases CmlI, AurF, and SznF have all been demonstrated to react with O2 to 

form a diferric-peroxo intermediate even in the absense of bound substrate.20-21, 32 Only for AurF 

are the Mössbauer spectra of both substrate-free and substrate-bound diferrous states available 

(Table 6.2). Upon substrate binding, there is not a significant perturbation of the Mössbauer 

parameters.21 The Mössbauer spectra of substrate-free CmlI20 and SznF32 are also similar to those 

of AurF. Together, these data suggest there is little change in the diferrous clusters of the N-

oxygenases upon substrate binding, which is consistent with the ability of both states to trigger 

formation of a diferric-peroxo adduct. It is also notable that the Mössbauer spectra of SznF and 

AurF can be simulated well with only one doublet (and two quite similar doublets for CmlI), 

suggesting the two iron atoms of the cluster are in roughly equivalent environments. 
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Compared to UndA and BesC, the N-oxygenases have the additional carboxylate ligand on 

FeA.33, 63-64 This contributes to the symmetry of the iron centers and also makes the N-oxygenase 

diiron clusters resemble that of substrate-bound UndA. Perhaps this ligand serves as the "switch" 

to enable O2 activation. Considering this carboxylate ligand is conserved in the diiron halogenases 

as well,37 the ability of the substrate-free diferrous halogenases to react with oxygen will be an 

interesting test of this hypothesis. 

 

6.4.3 Carrier protein-triggered O2 activation 

For enzymes that act upon carrier protein-tethered substrates, binding of the carrier protein 

can have allosteric effects that propagate to changes in the active site. Such is observed for CmlA, 

in which the rate of oxidation of the diferrous cluster is accelerated ~1000-fold in the presence of 

pAPA tethered to the carrier protein CmlP relative to free pAPA alone.39 This observation suggests 

binding of CmlP plays a key role in facilitating the reaction of diferrous CmlA with O2 for 

productive catalysis. In turn, the detailed structural examination of the diferrous cluster reveals 

substrate binding causes FeA to transition from hexacoordinate to pentacoordinate, which is 

attributed to a shift of Glu377 from bidentate to monodentate.66 The unique regulation of O2 

activation by a carboxylate shift in CmlA begs the question of whether the coordination modes of 

carboxylates of UndA or BesC are affected by substrate binding. The limited structural information 

available for these enzymes leaves this unanswered. 

The diiron halogenases known to date all appear to have acyl carrier proteins (ACPs) 

encoded in their biosynthetic gene cluster.37-38 The only one to be functionally characterized, CylC 

of cylindrocyclophane biosynthesis, was suggested to bind its ACP CylB with high affinity, as 

demonstrated by the ability to copurify by Ni-affinity chromatography the CylB-CylC complex 
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even when CylC is expressed without a His-tag.37 Thus, substrate-loaded ACP-binding to diferrous 

CylC likely influences its competency to react with O2, but this awaits investigation. 

 

Table 6.2: Mössbauer parameters of the diferrous states of asymmetrically coordinated diiron proteins substrate-

free and substrate-bound, if available. 

Enzyme State δ (mm/s) [ΔEQ] 
(mm/s) 

Relative 
area (%) 

Substrate-
triggered? Refs. 

SznF Diferrous 1.2 3.0 n.a.a No 32 

CmlI Diferrous 
1.25 

1.23 

3.13 

2.80 
n.d.b No 20 

AurF 

Diferrous 1.24 3.06 n.a.a 

No 21, 50 
+intermediate 

p-nitrosobenzoate 
1.23 3.00 n.a.a 

UndA 

Diferrous 
1.25 
1.23 

2.93 
1.87 

48 
52 

Yes 30 
+substrate 

dedecanoic acid 
1.26 

1.24 

3.01 

2.05 

65 

35 

BesC 

Diferrous 
1.25 

1.24 

2.94 

2.14 

60 

40 

Yes Chapter 
5 

+substrate 
4-Cl-L-lysine 

1.28 

1.26 
1.26 

3.34 

2.83 
2.26 

37 

28 
35 

+substrate  
L-lysine 

1.28 

1.26 

3.26 

2.45 

52 

48 
an.a. = not applicable 

bn.d. = no data 
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6.5 Varying diferric-peroxo intermediates 

The first intermediate typically observed upon oxygen activation by a diferrous cluster is 

the diferric-peroxo species. This intermediate is characterized by a blue chromophore with a broad 

peroxo-to-iron charge transfer band ranging from 500-720 nm (ε ~ 1500-3000 M–1 cm–1) and 

Mössbauer isomer shifts that are high for a ferric species (~0.55-0.66 mm/s).12, 74, 77 The majority 

of structurally characterized enzymatic peroxo species are found to be in a bridging µ-1,2 binding 

geometry (Figure 6.4.B) as demonstrated by X-ray crystallography or resonance Raman 

spectroscopy with mixed-isotope 16O18O.15, 17, 77 Diferric-peroxo intermediates are generally 

associated with activation of weaker C–H bonds (<96 kcal/mol78-79) than their high-valent 

counterparts. Furthermore, some examples suggest the µ-1,2 peroxo is unreactive relative to other 

peroxo geometries and thus requires transition to an alternate geometry to initiate catalysis. 77, 80 

 

6.5.1 µ-1,1-(hydro)peroxo of CmlI and AurF  

The FDOs CmlI and AurF were found to accumulate highly unusual diferric-peroxo 

intermediates upon reaction with O2. These peroxo species display peroxide-to-iron charge transfer 

bands at 500 nm with low extinction coefficients (~500 M–1 cm–1) giving them an orange 

appearance.20-21 The unusual chromophore of these diferric-peroxo species is attributed to an 

asymmetric µ-1,1 binding mode of the peroxo moiety (Figure 6.4.A).65 Nuclear vibrational 

resonance spectroscopy and computational investigation further suggest the peroxide ligand is 

protonated.81-82 The decay of the µ-1,1 diferric-peroxo species is accelerated by the presence of 

substrate, and thus this species has been implicated as the intermediate directly responsible for 

initiating O insertion.20-21 This species is also observed in the second round of oxygen activation 

necessary for full oxidation from arylamine substrate to nitroso-containing chloramphenicol.49, 83 
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Furthermore, soaking CmlI with H2O2 results in the formation of a µ-1,2-peroxo that is unreactive 

toward substrate.64 This observation reiterates the necessity of the unusual µ-1,1-(hydro)peroxo 

intermediate for efficient catalysis. The FDO N-oxygenases thus provide examples of diferric-

peroxo intermediates distinct from those of any other enzymatic systems.  

 

 

Figure 6.4: The general structures of µ-1,1- (A) and µ-1,2-peroxo (B) bridged diferric clusters. 

 

6.5.2 µ-1,2-peroxos of HDOs 

UndA, BesC, and SznF have peroxo intermediates that are different from that of the FDO 

N-oxygenases (Chapter 5).32, 62 The HDO diferric-peroxos exhibit absorbance peaks from 550-

630 nm, which are blue-shifted relative to most µ-1,2 peroxos and are associated with weaker 

peroxo-to-iron electron donation. This suggests the 2-His/1-His framework is associated with a 

more weakly coordinating peroxo moiety. On the other hand, the HDO peroxo chromophores are 

red-shifted relative to the orange oxidants of CmlI and AurF. Despite the differing optical features 

of SznF-peroxo (λmax = 630, ε = 3100  M–1 cm–1) and presumably different geometry, SznF-peroxo 

has been implicated as the key oxidant in both rounds of oxygen insertion performed by SznF, 

much like the µ-1,1-(hydro)peroxo species of the FDO N-oxygenases.32 It is thus interesting to 

consider how these apparently different peroxo intermediates elicit similar N-oxygenation 

reactions. Perhaps the differing peroxo geometry influences reactivity to favor sequential N-

hydroxylations over nitroso formation. 
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The diferric-peroxo of BesC (termed BesC-P) has similar absorbance features as SznF-

peroxo with maximum absorbance at 612 nm (ε = 2300 M–1 cm–1) (Chapter 5). Surprisingly, BesC-

P was found to directly perform C4–H bond scission on 4-Cl-lysine, as evidenced by a substrate 

2H-kinetic isotope effect (2H-KIE) using perdeuterated substrate and by the uncoupling of BesC-

P upon modulation of the C–H bond dissociation energy (BDE) using substrate analogs. The decay 

rate of BesC-P is 0.030 s–1 with native substrate and 0.0006 s–1 with lysine, of which the C4–H 

BDE is ~3-4 kcal/mol greater. The structural and electronic features that enable BesC-P to perform 

this relatively strong C–H abstraction are yet unknown. Determination of the coupling constant J 

of ~35 cm–1 for the peroxodiferric state suggests that in addition to the bridging peroxide moiety, 

BesC-P also contains a µ-hydroxo bridge much like the long-lived peroxo intermediate of 

deoxyhypusine hydroxylase.77, 84 Perhaps this additional bridging ligand is necessitated because 

the 2-His/1-His diiron clusters exhibit many open or water-ligated coordination sites.  

The diferric-peroxo intermediate of UndA is the highest energy-absorbing HDO diferric-

peroxo with λmax = 550 nm (ε = 1600  M–1 cm–1) (Chapter 3 and ref.62) which is consistent with 

UndA-peroxo having the weakest peroxo-to-iron electron donation. Contrary to the sluggishness 

of BesC-P, UndA-P decays quite quickly at a rate of 20 s–1. Based on analogy to heme and 

nonheme mononuclear iron decarboxylases,85-87 UndA is proposed to initiate decarboxylation by 

H-atom transfer from Cβ–H. As such, the reactivity of UndA-P toward perdeuterated dodecanoic 

acid was examined, yet, there was no observed 2H-KIE (Chapter 3). This implies that UndA-

peroxo must transition to an unobserved intermediate that is responsible for C–H scission. It is 

thus intriguing that UndA-P can rapidly transition to a downstream intermediate, yet BesC-P 

cannot and instead slowly reacts with substrate directly. A detailed comparison of the structures 
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of these two diferric-peroxo intermediates should provide insight into the tuning of peroxo 

reactivity. 

 

6.6 Requirement of high-valent oxidants 

High-valent iron intermediates are notoriously difficult to study because of their transient 

nature. To date, the only high-valent intermediates that have been observed in diiron enzymes 

belong to FDOs. These include the well-characterized diiron(IV)-dioxo species of MMOH termed 

Intermediate Q and the µ-dioxo diiron(III/IV) of RNR-R2 termed Intermediate X. Intermediate Q 

is noteworthy because it is capable of breaking the strong C–H bond of methane, which is 

105 kcal/mol. While the structure of RNR R2-X is relatively well understood, the structure of Q 

has been long debated between an "open" core with terminal oxo ligands or a "closed" diamond 

core with two bridging µ-oxo ligands. For this reason, a second enzymatic example of a Q 

intermediate is would be illuminating. Several HDOs appear to need Q-like intermediates for 

catalysis. 

 

6.6.1 UndA 

Considering the diferric-peroxo intermediate of UndA is not reactive toward C–H bonds 

(Chapter 3), the ~100 kcal/mol BDE of Cβ–H renders a high-valent oxidant necessary. Indeed, 

computational studies support feasible C–H abstraction by a diiron(IV)-dioxo species.88 One may 

expect that in the reaction of UndA with perdeuterated fatty acid, the C–H-cleaving intermediate 

should accumulate. However, the decay rate of UndA-P means that a possible Q-like intermediate 

would not significantly accumulate unless its decay rate was slower than 300 s–1. Considering the 

very fast rates of fatty acid Cβ–H abstraction in other iron-dependent enzymes,85 an UndA-Q decay 
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rate greater than 300 s–1 is feasible. Thus, capturing the high-valent intermediate in UndA will 

require a substrate derivative that even better stabilizes the high-valent intermediate than 

perdeuterated dodecanoic acid. A better understanding of how substrate triggers O2 activation by 

UndA (Section 6.4.1) will also have implications for the substrate derivative. 

 

6.6.2 Hydroxylases 

By analogy to hydroxylation by MMO, the 2-His/1-His hydroxylases are proposed to 

initiate hydroxylation by C–H abstraction and subsequent oxygen rebound. Considering the inert 

bonds they functionalize, the hydroxylases are likely to utilize a high-valent oxidant. However, 

little mechanistic study has been reported for these enzymes. The only system for which transient 

kinetic data is available is CmlA, but no accumulating transient species have been reported. Of the 

known 2-His/1-His hydroxylases, AibH1H2 provides the best opportunity to accumulate a Q-like 

intermediate considering the strong primary C–H bond it reacts with. 

 

6.6.3 Halogenases 

Like the hydroxylases, the diiron halogenases are also likely to require a high-valent 

intermediate to perform hydrogen atom abstraction from C–H bonds and, by analogy to 

mononuclear iron- and α-ketoglurarate-dependent halogenases,60, 89 rebound a chlorine, likely 

through an intermediate in which a chloride is coordinated to the iron (Figure 6.5). It is notable 

that ClyC/D and ColD/E can halogenate both internal carbons (C–H BDE ~98 kcal/mol) and 

terminal carbons (~100 kcal/mol) of their fatty acid substrates. Hydrogen atom abstraction 

especially from Cω–H likely necessitates a Q-like diiron(IV) intermediate. The reaction with 
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perdeuterated substrates may be particularly useful for trapping a Q-like species. Further, this 

system offers an opportunity to investigate the partitioning between rebounding OH and Cl. 

 

 

Figure 6.5: Putative mechanism of hydrocarbon halogenation via H-atom transfer by a chloride-ligated high-

valent diiron(IV)-oxo intermediate and subsequent chloride rebound by an iron(III/IV) intermediate, analogous 

to the mechanism of mononuclear Fe- and α-ketoglutarate-dependent halogenases. 

 

6.7 Conclusions 

Of the characterized O2-activating diiron enzymes to date, the asymmetrically coordinated 

2-His/1-His diiron enzymes exhibit the broadest repertoire of chemical reactions. With the 

discovery of the new functions of these enzymes comes the opportunity to examine new methods 

of oxygen activation and fates of oxygenated intermediates. Already, these enzymes are expanding 

our understanding of the mechanistic trajectories of diiron enzymes. Further structural and 

functional study as outlined above should yield new insights into both the fundamental principles 

by which diiron enzymes operate and also their utility as potent biocatalysts. 
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