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ABSTRACT 

 

 Dioxygen, one of Natureôs most powerful oxidants, is essential for countless 

biological reactions. To harness this oxidantôs power while minimizing toxicity, enzymes 

evolved to interact with O2, activate it, and poise it for catalysis with substrates. This 

dissertation explores how two very different enzyme families, monooxygenases and a new 

class of cytochrome P450s, utilize this powerful oxidant. Previously, it was thought that 

cofactors are essential for O2 activation; however, a subset of O2-utilizing enzymes that 

catalyze direct reactions between substrate and O2 was recently discovered, including 

nogalamycin monoxygenase (NMO). To probe how the protein environment affects 

thermodynamic and kinetic barriers of O2 activation, we used a suite of techniques, 

including: UV/vis (transient and conventional) and electron paramagnetic resonance 

spectroscopies, O2 consumption, high-performance liquid chromatography (HPLC), and 

cyclic voltammetry. Here, we provide evidence that the NMO mechanism has similar 

characteristics to that in flavoenzymes; in NMO, the substrate, acting in lieu of flavin, 

donates an electron to O2, activating it to superoxide with the protein environment 

facilitating this by lowering the reorganization energy. The last half of this dissertation 

describes the discovery and engineering of a new class of cytochrome P450 enzymes that 

employ heme-iron oxygen activation to demethylate key lignin degradation products, 

forming central carbon intermediates that are precursors for bioplastics. The P450 GcoAB, 

comprised of the oxidase GcoA and the reductase GcoB, is efficient at demethylating G-

lignin, but shows poor reactivity towards S-lignin. Using a structure-guided mutagenesis 

approach, we generated a variant, F169A GcoA, that is more efficient than wild-type at 

demethylating G-lignin and the only enzyme that efficiently degrades S-lignin. We 

characterized this variant, and the wildtype enzyme, using biochemical (UV/vis 

spectroscopy, HPLC), structural (X-ray crystallography), and computational (Molecular 

Dynamics and Density Functional Theory). Currently, we are testing the in vitro efficiency 

of additional variants evolved using a directed evolution approach. The results presented 

in the following chapters explore the mechanisms of several enzymes. Understanding how 

O2 is activated and utilized across diverse enzymatic systems provides valuable knowledge 

that can aid in future design and engineering of systems that use this ñgreenò oxidant, 

particularly for large-scale industrial applications.  

 
 
 
 
 
 
 
 



1 
 

CHAPTER ONE 

 

STRATEGIES OF O2-DEPENDENT ENZYMES 

 

The Paradox of O2 Utilization 

 

 

One of Natureôs most powerful oxidants, O2, is used for many essential biochemical 

reactions, such as respiration, detoxification, and biosynthesis (1). Because of the reactivity 

and potential chemical energy in molecular oxygen, it is considered an ideal clean oxidant 

for synthetic processes, as it is both renewable and abundant, and produces relatively 

harmless products. However, because of its power, O2 use must be tightly regulated and 

controlled to prevent unwanted reactions, such as the generation of reactive oxygen species 

(ROS) like O2
- (superoxide), H2O2, and hydroxyl radicals.  

 Our planet did not always have an O2-rich atmosphere. During the Paleoarchean 

period, ~3.5 billion years ago, it had to evolve slowly, as it was toxic to organisms (2-4). 

Evolution was allowed because of O2ôs slow reactivity with organic molecules, due to both 

thermodynamic (5-7) and kinetic (5, 7, 8) barriers. As shown in Table 1.1, the overall 4 e- 

reduction of O2 to form water is favorable; however, the first step to form superoxide has 

a high energetic cost. As the one and two-electron reductions are the most relevant in 

biology, these are the most critical steps to consider when looking at O2ôs overall reduction 

(7). 
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Table 1.1. Standard reduction potentials for the reduction of O2 species in water (7). 

Reaction E° (V) vs NHE, pH 7, 25 °C 

O2 + e- = O2
- -0.33 

O2
- + e- + 2H+ = H2O2 +0.89 

H2O2 + e- + H+ = H2O + OH +0.38 

OH + e- + H+ = H2O +2.31 

O2 + 2e- + 2H+ = H2O2 +0.281 

H2O2 + 2e- + 2H+ = 2H2O +1.349 

O2 + 4e- + 4H+ = 2H2O +0.815 

 

Kinetically, triplet O2 is spin-forbidden from reacting with singlet organic 

molecules. The MO diagram of O2 depicts two unpaired electrons in O2 antibonding 

orbitals. In contrast, singlet molecules have all their electron spins paired, and are therefore 

at a lower energy than O2, preventing reactivity. If the two are to react together, they need 

to be activated first so that they have an equal number of unpaired spins. 

Both thermodynamic and kinetic barriers helped regulate O2 reactivity in early life 

forms. Unchecked O2 reactivity can lead to the formation of reactive oxygen species 

(ROS), such as superoxide and hydroxyl radicals, which are damaging to cells (2). 

However, because O2 use could also be very beneficial, organisms began developing 

enzymatic strategies to promote reactivity with O2 (9). In this way, O2 activation could 

occur, making O2 reaction with organic molecules spin-allowed.  

 

Enzymatic Strategies for Activating O2 

 

 

In order to harness the power of O2 while preventing unwanted reactivity, bacteria 

began evolving enzymes that could activate and use this oxidant in a controlled 

environment. A majority of these enzymes contain embedded cofactors, which have a high 

reduction potential and are able to activate O2. The protein environment facilitates this by 
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lowering the kinetic barrier, usually by stabilizing the intermediates (as in flavin proteins) 

or the reduced cofactor (as in heme proteins). Until recently, it was thought that cofactors 

were essential for O2 activation; however, the last two decades have seen the discovery of 

a second class of enzymes that are able to use O2 in the complete absence of any cofactor. 

How the protein environment promotes activation of O2 with the substrate alone is not well 

understood and is of keen interest in the field. 

Cofactor-assisted O2 activation has been well-described for both organic and metal-

dependent cofactors. An example of a non-metal cofactor is flavin, a thermodynamically 

strong reducing agent that has been characterized and studied for the past several decades 

(10-16). In this case, direct reaction of flavin and O2 can occur via a one-electron transfer 

to O2. This step, while slow, is formally spin-allowed since there are two unpaired electrons 

on the reagents (O2 and reduced flavin) and two on the products (superoxide, O2
ǐ  ╖ and the 

flavin semiquinone radical). The resulting pair of radicals can rearrange their spins and 

recombine with their spins paired (Figure 1.1), forming a flavin-peroxy adduct (11).   
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Figure 1.1: Representation of the activation of dioxygen using flavin. Reduced flavin (1) 

(reduced by NAD(P)H) oxidizes O2 via one electron. The reduced flavin is in the singlet 

state while O2 is in a triplet state. The resulting flavin radical (2) and superoxide are in a 

doublet state, with one unpaired electron each, and form a caged radical pair. The electron 

on the superoxide can rearrange its electron spin, enabling it to bind the radical flavin and 

form the C4a-hydroperoxy intermediate (3). Addition of a proton can lead to oxidized 

flavin (4) with hydrogen peroxide as a byproduct. Or the intermediate can hydroxylate the 

substrate, R, becoming the hydroxy intermediate (3a). Addition of a proton to this 

intermediate leads to a loss of water and oxidized flavin (3). The reduced flavin is then 

regenerated via the addition of two electrons and a proton (11).  

 

 

The initial electron transfer reaction between flavin to dioxygen is slow in aqueous 

solution but significantly accelerated by the protein environment. This swift reactivity is in 

part due to the ability of the active site residuesô ability to stabilize the superoxide radical. 

However, the protein must somehow activate the flavin to perform the initial electron 

transfer. This activation is accomplished through flavin reduction to either the anionic or 

radical form (Figure 1.1) (11).  
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Another cofactor assisted activation system that has been well studied is the P450 

superfamily of enzymes. This family uses a heme cofactor to perform a wide range of O2-

dependent reactions, such as hydroxylations, epoxidations, desaturations, and 

oxygenations, to name a few (17). The P450 system usually contains three domains: the 

reductase (FAD or FMN), the ferredoxin (Fe-S cluster), and the oxidase (heme) domains, 

which act together to activate O2 (1, 7), promoting reactivity with their substrates. 

NAD(P)H acts as a reductant, where a total of two electrons is carried through the reductase 

domain to the ferredoxin, ultimately reducing the substrate-bound FeIII  heme to FeII heme. 

A general diagram of the P450 cycle (1, 18, 19) is shown in Figure 1.2:  

 

 

Figure 1.2. The general mechanism of O2 activation and reaction in P450s. In the 

resting state, the heme of the P450 oxidase domain is coordinated by a water ligand in the 

distal pocket (top). Six-coordinate, low spin (S = 1/2) FeIII  is converted to the high spin 
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species (S = 5/2) upon substrate (RH) binding (step 1), which kicks off the aqua ligand and 

converts the heme to five-coordinate. At this point, the heme is reduced by the reductase 

and ferredoxin domains (step 2), where (NAD(P)) is the reductant in both cases. FeII heme 

can now bind (step 3) and reduce O2 (step 4), thus activating it. A hydroperoxy species 

forms on FeIII  (step 5), after which O-O bond scission takes place (step 6), forming the 

reactive FeIV-porphyrin radical species known as compound I; compound I can now 

perform hydrogen atom abstraction from RH (step 7). In the next step, known as ñO2 

reboundò, the substrate is oxidized concomitant with iron/heme/? reduction (step 8) which 

ultimately leads to substrate displacement (step 9) and a return of the heme to the intital 

resting state.  

 

  

As shown, the heme in the resting, ferric state, is low-spin. The substrate binding 

event transitions the FeIII  to the high-spin state, where it can then be reduced by the 

reductase and ferredoxin domains; here, FeII can bind and activate O2. Upon the second 1 

e- reduction of O2 (step 4), the protein donates a proton to form the FeIII -hydroperoxy 

intermediate (step 5). This step is proposed to occur by a well-conserved dyad in the P450 

family, consisting of an alcohol and acidic residue (18). As the only strictly conserved 

residue across the P450 superfamily, the proximal cysteine is covalently bound to the heme 

and mutagenesis studies have shown that this thiolate ligand donates electron density to 

FeIII , promoting heterolytic cleavage of the O-O bond (step 6) (18, 20).  

In contrast to these two cofactor-dependent enzyme systems, the cofactor-

independent oxidases (CIOs), a third enzymatic superfamily, catalyze O2-dependent 

reactions using only the protein environment and substrate. This cofactor-independent 

substrate-assisted activation of O2 mitigates the need for costly and often toxic cofactors 

(21) and several structurally diverse CIOs have been characterized in recent years (21-24). 

With water as the only byproduct, CIOs offer a nearly perfect example of 

biotechnologically sustainable chemistry, in sharp contrast to widely used synthetic 
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methods for catalyzing oxidations, which depend on hazardous and costly oxidants and 

catalysts such as chromium (IV) compounds, peroxides, and halogen oxides. However, 

while structural studies have shown that CIOs come from diverse classes, detailed 

mechanisms are not understood, specifically how the protein environment overcomes the 

spin-forbidden nature of reactions of O2 with organic molecules. Here we investigate two 

members of the antibiotics biosynthesis monooxygenase (ABM) family, a subset of the 

larger CIO superfamily, to understand how they activate O2. 

 

ABM Enzymes Activate O2 Differently 

 

 

ABMs are a class of relatively simple and small bacterial enzymes comprised of 

oxidases and oxygenases. Wherein the majority of the discovered enzymes in this family 

bind mono- tri- and tetracyclic substrates to synthesize antibiotics (25-28), such as ActVA-

Orf6 and Nogalamycin monooxygenase (NMO), a small subfamily binds heme as the 

substrate. As part of the Iron Determinant System in Staphylococcus aureus, IsdG binds 

heme obtained from the host organism and breaks it down to sequester the Fe for its own 

use. Recently, we described the mechanism and intermediates formed of this heme-

dependent monooxygenase (IsdG) within the ABM family (29) and proposed IsdG uses 

heme as both a cofactor and substrate (29). While IsdG is structurally very similar to 

ActVA-Orf6 and NMO (Figure 1.3), it activates O2 using this metal-dependent substrate 

and the rest of the characterized family members, divided into three subfamilies, use O2 in 

the complete absence of any metal (24, 25, 27, 28, 30, 31). How does the organic substrate 

activate O2 without the aid of either a cofactor or metal center? How does the protein 



8 
 

environment lower the activation barrier for activation of O2? Using NMO as a case study, 

this work seeks to answer the above questions.  

 

 
Figure 1.3.* Domain and active site structures of NMO (violet), ActVA -Orf6 (cyan), 

and IsdG (green) (PDB IDs: 3KG0, 1N5T, 3LGN). (A) Overlay of substrate-binding 

domain of all three proteins, rendered as cartoons. (B)-(D) Active site residues conserved 

within each subfamily are shown, with the protein in the same orientation as in A. 

Interactions that could be hydrogen bonds (distances Ò3.5¡) are indicated with dashed 

lines. Conserved residues are shown and their labels color coded. Blue labels indicate 

conservation among all 3 subfamilies; red: NMO and ActVA-Orf6; purple: NMO and 

IsdG; black: conserved only within the subfamily shown. Note that H85 (NMO numbering 

used) is conserved within the NMO subfamily but not the ActVA-Orf6 subfamily. H49 is 

highly but not strictly conserved, even within the NMO cluster, but it was examined 

nonetheless because of its key position. N63 is conserved in both NMO and ActVA-Orf6 

subfamilies. Additionally, the functionally important asparagine in the IsdGs (N6) is 

conserved in the NMO subfamily (as N18) but not among ActVA-Orf6 and its close 

relatives (32). Notably, no positively charged or acid-base residues are conserved between 

the NMO and ActVA-Orf6 clusters, arguing against their involvement in a common 

reaction mechanism. The iron-ligating histidine residue that is strictly conserved in IsdGs 

is not conserved in either the NMO or ActVA-Orf6 clusters. 
*Adapted from Chapter 3: Monooxygenase substrates mimic flavin to catalyze cofactorless 

oxygenations. 
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NMO (Figure 1.3B) catalyzes the formation of nogalonic acid from 12-

deoxynogalamycin; one oxygen atom from atmospheric O2 is inserted into the substrate 

and the second atom forms water, the only byproduct (25). Using dithranol as a substrate 

analog, we found the mechanism of NMO incorporates elements of the flavin model 

mechanism (Figure 1.1). In particular, the monoanionic deprotonated substrate is faster 

than the neutral from, where it is able to transfer an electron in a rate-limiting step to form 

the caged dithranyl and superoxide radical pair. Interestingly, the uncatalyzed oxidation of 

dithranol occurs spontaneously; however, NMO accelerates this process by ~2000-fold. 

Our next study explored how the protein environment on its own lowers the barrier of 

activation, employing Marcus Theory. Here, we found that NMO lowers the reorganization 

energy, analogous to the flavin-dependent glucose oxidase (16, 33) and ribonucleotide 

reductase (34), which contains a non-heme Fe cofactor. The results from this basic science 

study suggest that enzymes use similar mechanisms to activate and utilize O2 across diverse 

enzyme families, regardless of whether they have a cofactor or not. Understanding the 

mechanisms behind O2 utilization is an important precursor to using enzymes for important 

industrial applications that can use this green and abundant oxidant.  

 

New P450 Class Degrades Plant Matter to Make High-value Products 

  

 

 The Paleoproterozoic times saw the emergence of enzymes containing Fe-S clusters 

and heme cofactors that could activate and control O2 use for essential oxidations (1). 

Heme-containing P450s are one of the oldest, largest, and most versatile superfamilies that 

activate O2 to carry out oxidations on unactivated hydrocarbons (1, 17, 19). As shown in 
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Figure 1.2, their mechanism has been well-characterized due to its prevalence in Nature 

and its importance in the cell for detoxification. Not only are P450s used for detoxification 

in organisms, they were recently implicated in bacterial sequestration of carbon from 

plants. 

 Recently, a new bacterial class of P450s was discovered that could demethylate 

lignin degradation products, specifically O-demethylation of guaiacol, and contained only 

a reductase and oxidase domain. Although these enzyme genes were discovered a couple 

decades ago (35), the reductase and oxidase components that make up the P450 system 

werenôt fully characterized until the work described herein (36). In this study, we examine 

this novel P450 system, GcoAB, where GcoA is a heme oxidase and GcoB is a flavin 

adenine dinucleotide (FAD) and 2Fe-2S reductase. GcoAB efficiently O-demethylates 

several lignin breakdown products, such as guaiacol, 3-methoxycatechol, anisole, 2-

methylanisole, and guaethol. These demethylated products can then be funneled into 

central carbon metabolism and used as a carbon and energy source (37), as well as a viable 

method for the development of high-value products, such as nylon (38, 39).  

 To further push the reactivity and potential of this system, we used a structure-

guided approach to engineer GcoA to accept an even wider range of lignin substrates. As 

lignin is mainly comprised of G- (coniferyl) and S- (sinapyl) lignin and the wildtype (WT) 

GcoA only demethylates G-lignin compounds, and shows poor reactivity with S-lignin, we 

hoped to produce GcoA with reactivity towards S-lignin. The engineered GcoA variant, 

where residue 169 is mutated from phenylalanine to alanine, not only shows reactivity 

towards S-lignin, but it does so more efficiently than the WT GcoA demethylates guaiacol. 
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Furthermore, the GcoA variant F169A is more efficient at demethylating guaiacol than WT 

GcoA. 

 Currently, we are characterizing GcoA that was engineered using a novel directed 

evolution approach, termed Evolution by Amplification and Synthetic Biology (EASy). 

Two variants from this method were shown to have improved in vivo efficiency over WT 

GcoA (40). We are interested in seeing what advantage they impart by looking at the 

reaction in vitro.  

 

Understanding How Different Enzymes Use O2 for Variable Reactions 

 

 

The following chapters in this dissertation delve into the question of how 

cofactorless and cofactor-dependent enzymes utilize O2 to power essential reactions, from 

producing antibiotics to generating renewable precursors for plastics and biofuels. What 

strategies has Nature evolved to allow the utilization of this powerful oxidant? 

Understanding the fundamental science behind this question will help scientists develop 

strategies to exploit the use of O2 in a broad range of applications, of particular interest in 

industry due to this green oxidantôs abundance, renewability, and relative non-toxicity.    
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Abstract 

IsdGs are heme monooxygenases that break open the tetrapyrrole, releasing the iron 

and thereby allowing bacteria expressing this protein to use heme as a nutritional iron 

source. Little is currently known about the mechanism by which IsdGs degrade heme, 

though the products differ from those generated by canonical heme oxygenases. A 

synthesis of time resolved techniques including in proteo mass spectrometry, conventional 

and stopped flow UV/vis was used in conjunction with analytical methods to define the 

reaction steps mediated by IsdG from Staphylococcus aureus and their time scales. A 

putative meso-hydroxyheme (forming with k = 0.7 min-1, pH 7.4, 22 °C) was identified as 

a common intermediate with the canonical heme oxygenases (HOs). Unlike HOs, this 

intermediate does not form with added H2O2, nor does it convert to verdoheme and CO. 

Rather, the next observable intermediates (k = 0.3 min-1) are a set of formyl-oxo-bilin 
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isomers, similar to the mycobilin products of the IsdG homolog from Mycobacterium 

tuberculosis (MhuD). These converted in separate fast (k = 0.2 min-1) and slow phases to 

ɓ-/ŭ-staphylobilin isomers and formaldehyde (CH2O). Slow release of this unusual C1 

product may support IsdGôs dual role as both an oxygenase and a sensor of heme 

availability in S. aureus. 

 

Introduction 

Heme oxygenases (HOs) are enzymes that oxidatively liberate iron from the heme 

tetrapyrrole (1-3). In the well-characterized HOs from animals and many bacteria, the same 

heme molecule acts as both the O2-activating cofactor and substrate. Three successive 

monooxygenation steps yield Fe(II), CO, and biliverdin IXŬ as the end products of the 

reaction (Figure 2.1) (2,3). Animals use HOs to maintain cellular heme homeostasis as 

part of a constant cycle of heme synthesis and breakdown. The products report on the status 

of this cycle and serve as antioxidants and signaling agents (4,5). Many bacteria also use 

HO homologs, both to control heme homeostasis and to liberate iron from host-derived 

heme (6,7). Heme, found primarily in hemoglobin, can therefore be used as a rich 

nutritional source of iron. Because of the intriguing nature of the reaction, which uses heme 

as both cofactor and substrate (8-10), as well as the acute biological importance of HO-

mediated processes, HOs from several species have been exceptionally well characterized 

(2,3). 

By the early 2000s, however, it was apparent that many important gram-positive 

pathogens that degrade host heme did not possess an HO-encoding gene in their genomes. 
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A new family of heme-degrading proteins known as IsdGs was subsequently discovered, 

with representatives found in bacteria from both gram-positive and gram-negative phyla 

(11). IsdG-family proteins are evolutionarily and structurally distinct from the well-studied 

HOs (12,13), and they yield different end products. Instead of biliverdin IXŬ and CO, the 

IsdG-protein from Mycobacterium tuberculosis (known as MhuD) generates triply-

oxygenated linear tetrapyrroles called mycobilins (Figure 2.1) (14,15). A formyl group 

remains appended to pyrrole ring A or B at the site of macrocycle cleavage, and an oxo 

group is generated on the pyrrole ring on the opposite side. Notably, no C1 product is 

released (16). 

Though homologous to MhuD, the IsdG from Staphylococcus aureus degrades 

heme to yet a third set of products. The macrocycle is not cleaved at the Ŭ-meso-, but rather 

at either the ɓ- or ŭ-meso-carbon. Oxo groups are generated on both the carbon backbone 

and the pyrrole rings at the cleavage site, and the tetrapyrrole products are known as 

staphylobilins (Figure 2.1) (17). It was recently shown that a C1 product is indeed released 

by the S. aureus IsdG; however, quite unexpectedly, the major C1 product was determined 

to be formaldehyde (CH2O) instead of CO (18). Unlike CO, formaldehyde may be 

undetectable by animal immune systems, offering a potential selective advantage for heme-

feeding pathogens that use IsdG-type enzymes (5,19,20). Mechanistically, the observation 

of CH2O instead of CO implies that verdoheme, the green intermediate coproduced with 

CO in HO-mediated and uncatalyzed heme degradation reactions (21), is not on IsdGôs 

catalytic pathway. IsdG must therefore proceed via a different mechanism from the well-

studied HOs, in which the identity of any of its reaction intermediates, the relative timing 
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of formaldehyde release and ring opening, and the origins of its distinctions with MhuD 

are not known.  

Prior studies of IsdG reactivity have relied almost exclusively on UV/visible 

(UV/vis) spectroscopy for monitoring heme decomposition in the presence of a reductant 

(ascorbate) and O2 (13). Here, using the IsdG enzyme from S. aureus, the time course of 

the reaction of the IsdG-heme complex was probed using a combination of orthogonal 

analytical approaches designed to identify intermediates and to define the kinetics of the 

reaction steps. These included both conventional and stopped-flow UV-vis spectroscopy 

as well as high resolution in proteo mass spectrometry (MS). The latter method 

discontinuously measures changes in the mass of the protein-bound substrate in real time 

(22). We report for the first time the presence of intermediates appearing during the 

reaction of IsdG with ascorbate and O2, and propose a likely pathway leading to the 

formation of staphylobilin that has features in common with both the MhuD and HO 

mechanisms. 

 

Methods and Materials 

 

IsdG purification, expression, and reconstitution with heme 

 Recombinant IsdG with an N-terminal His-6 tag (pET-15b) was expressed in 

Escherichia coli Tuner (DE3) cells (Merck/Novagen) grown in Terrific Broth (TB) 

supplemented with ampicillin (100 µg/mL). Protein was expressed and purified as 

described previously (12), with some modifications. Briefly: cultures were grown at 37°C 

in a shaker incubator (250 rpm) to mid-logarithmic phase (optical density at 600 nm 
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[OD600] = 0.4). 1 mM isopropyl-ɓ-D-thiogalactopyranoside (IPTG) and was added to 

induce protein expression and the temperature lowered to 20°C. After 16 h, cell pellets 

were collected by centrifugation and stored at -80°C.  

Pellets were thawed/resuspended in Buffer A (50 mM potassium phosphate [KPi] 

buffer, pH=7.4, 600 Õg/mL lysozyme and 1 mg DNAase) and lysed by pulsed sonication 

on ice. The lysates were clarified by centrifugation and supernatants loaded onto a 20 mL 

PerfectPro Ni-NTA Agarose (5 PRIME) column. Pure protein was eluted in 3 mL fractions 

using an AKTA protein purification system (GE Healthcare) (20-500 mM linear gradient 

of imidazole in Buffer A, flow rate 2mL/min). Eluted proteins were screened by SDS-

PAGE and pure fractions pooled/buffer-exchanged into Buffer A using SnakeSkin dialysis 

tubing (10,000 molecular weight cutoff [MWCO], ThermoScientific). For His-tag 

cleavage, the dialyzed protein was incubated with His6-tagged tobacco etch virus (TEV) 

protease (50:1 w/w) for 16 h at 4ÁC with stirring. Tag cleavage was monitored via SDS-

PAGE and MS (see below). Cleaved protein was loaded onto a 10 mL PerfectPro Ni-NTA 

Agarose column to remove the TEV protease. The flow through and a column wash (20 

mM imidazole in Buffer A) were pooled and dialyzed into Buffer B (0.1 M KPi, pH 6.8). 

The dialyzed IsdG was incubated with 1 eq of hemin chloride (Calbiochem) from 

a dimethylsulfoxide (DMSO) stock and incubated overnight at 4ÁC with stirring. Excess 

hemin was removed by centrifugation followed by further purification of the protein by 

size exclusion chromatography (Sephacryl S200 HR, GE Healthcare). Pure protein was 

dialyzed into Buffer A, concentrated to 10 mg/mL using an Amicon stirred cell concentrator 

(10,000MW), frozen in liquid N2, and stored at -80ÁC. All IsdG-heme concentrations are 
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given as heme-bound monomer, where [heme] and [protein] were determined by the 

pyridine hemochrome and Bradford assays, respectively. 

 

IsdG-heme reaction with O2, and reducing equivalents monitored by UV/visible (UV/vis) 

spectroscopy 

To initiate the heme decomposition reaction, 10 µM IsdG-heme was treated in air 

with 10 mM sodium ascorbate (i.e., 1000 eq, Spectrum) in the presence of 100 U catalase 

(50 mM KPi, pH 7.4, 22°C). These conditions were known from prior work to lead to 

readily observable loss of the IsdG-heme chromophore. Spectral changes were monitored 

over time with a Cary600i spectrophotometer Agilent Technologies. The absorbance at the 

heme Soret band maximum (411 nm) plotted versus time was fit by linear least squares 

regression analysis to exponential decay curves to obtain first order rate constants (kobs).  

All kinetic data plotting and fitting were carried out using Kaleidagraph 4.0 except 

where noted. All reported kobs are averages of 3 measurements (error = ± 1 standard 

deviation). 

 

IsdG-heme reaction with O2/ascorbate monitored by time resolved in proteo mass 

spectrometry 

 Reactions were prepared exactly as above but at volumes allowing for 15 

successive injections. Reactions and automated analysis used a 1290 ultrahigh pressure 

(UPLC) series chromatography stack (Agilent Technologies) coupled directly to an 

electrospray-time of flight (ESI-TOF) mass spectrometer (Bruker Micro-TOF). Rapid 

reverse-phase chromatography (5 min) relied on a PLRP-S 100 ¡ column (50 mm, 3 ɛm, 
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flow rate 600 ɛL/min, autosampler temperature 20 ÁC. The gradient was: 0.8 min, 20% B; 

0.8-4.3 min, 20-95% B; 4.8 min, 20% B at 37 °C column compartment temperature; where 

solvent A = 0.1% formic acid (FA, Sigma) in water (Burdick &Jackson) and solvent B = 

0.1% FA in acetonitrile (ACN, Burdick & Jackson). No carry-over of heme-associated 

products, or protein was observed in blank runs carried out as controls. Electrospray 

conditions were: drying gas 8.0 L/min, dry temperature 180 °C, and capillary exit 150 V. 

Scan range was 200-3000 m/z. Data processing and analysis were performed using Bruker 

Data Analysis package 4.0. Mass spectra for the protein and heme products were 

concurrently obtained and used to verify identity/mass. Measured m/z values for all 

reported compounds and isomers were < 5 ppm from calculated monoisotopic values. 

 

IsdG-heme reaction with O2/ascorbate monitored by UV/vis stopped flow spectroscopy 

       Reactions were carried out at 20 °C on a Hi-Tech stopped flow instrument (15 ms 

mixing time) with diode array detection (250-700 nm). IsdG-heme (20 ɛM) was mixed 1:1 

with ascorbate in 50 mM KPi (pH 7.4) prepared immediately prior to use at varying 

concentrations under N2(g) from a 2 M stock. The concentration of O2 was varied by 

equilibrating KPi buffer with O2/N2 gas mixtures and measuring the resulting [O2] with a 

Clark-type O2 electrode. The variable [O2] buffer was mixed with IsdG-heme equilibrated 

to air in order to reach the final [O2]. Spectra were measured over time every 1-100 ms. 

Absorbance at selected wavelengths was fit to one or more exponential curves using both 

the Hi-tech data analysis software and Kaleidagraph 4.0, yielding values of kobs. Reported 

rate constants are averages of 3 measurements (error = ± 1 standard deviation). 
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Shunt reactions with H2O2 and peracetic acid 

8 ɛM IsdG-heme in 50 mM KPi, pH 7.4, (2 mL) was made anaerobic by gently 

purging with N2(g) for 40 min. The reaction was started by addition of 1-5 equivalents of 

H2O2 or peracetic acid. Spectra were recorded every 2 min at 22°C. The anaerobic reaction 

was transferred to a septum sealed mass spectrometry vial in a Coy Anaerobic Chamber 

and immediately frozen in liquid N2 and stored for subsequent LC-MS analysis (see 

below).  

 

Extraction of tetrapyrrole products 

Three methods were used to remove bound products from IsdG at the end of the 

heme-decomposing reaction. First, concentrated HCl was used to adjust the pH to 2 

followed by addition of 2v 2-butanone. The mixture was vortexed, centrifuged, and the 

organic layer containing the extracted products removed and washed with 150 mM NaCl. 

Second, 1v of a 1:1 H2O:ACN mixture with 0.1% trifluoroacetic acid (TFA) was added to 

the IsdG/product mixtures, followed by centrifugation to pellet the precipitated proteins. 

The supernatants were subsequently filtered through Centricon Plus spin filters (MWCO 

5 kDa, Millipore) at 4000 rpm. Finally, reactions were applied to a superclean C-18 solid 

phase extraction column (Supelco) and tetrapyrrole products eluted with 2 x 200 ɛL 50 

mM KPi, pH 7.4 (flow rate 1 mL/min). Extracted products were lyophilized in a mini-

SpeedVac. 
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Tetrapyrrole product analysis by liquid chromatography/tandem mass spectrometry (LC-

MS/MS) 

Analyses were performed on an Agilent 1290 ultrahigh pressure (UPLC) series 

chromatography instrument coupled to a 6538 UHD Q-TOF mass spectrometer (Agilent 

Technologies) operated in positive mode. Samples (15 µL) were separated on a Zorbax 

RRHD Eclipse Plus C-18 column (150 mm x 2.1 mm; 1.8 µm, Agilent Technologies) at 

700 µL/min using conditions: 2 min, 5% B; 2-15 min, 5-90% B; 15-17 min, 90% B (50°C); 

where solvent A = 0.1% FA in water and solvent B = 0.1% FA in ACN. Electrospray 

conditions in both targeted and auto MS/MS modes were: drying gas flow 12.0 L/min at 

350°C, nebulizer 55 PSI, and capillary 3500V, fragmentor 120V, and skimmer 45V. Scan 

range was 50-1300 m/z (auto MS/MS) and 50-800 m/z (targeted MS/MS) with isolation 

width 4 m/z and an acquisition rate of 1 spectrum/s. The collision energy was fixed at 35V 

in targeted MS/MS mode while a linear voltage gradient was applied for molecules 

fragmentation in auto MS/MS experiments. Data acquisition and spectral analysis were 

performed using MassHunter (Qualitative Analysis version B.04.00, Agilent 

Technologies). 

 

Quantification of C1 products  

IsdG-heme (200 ɛL) was incubated with ascorbate/air under the same conditions 

used for time resolved UV/vis, MS, and O2 depletion (above), then analyzed for 

formaldehyde (the major C1 product previously detected) using Nashôs reagent (below). 

Reactions were filtered in a 3,000 kDa MWCO centrifuge concentrator to remove the IsdG 
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protein and any tightly bound products. The filtrate was reacted 1:1 (v/v) with Nashôs 

reagent (0.05 mM acetic acid, 0.02 M acetylacetone, 2M ammonium acetate). The retained 

protein (retentate) was applied to a superclean C-18 solid phase extraction column 

(Supelco) to remove any bound tetrapyrrole products (extracted retentate). The retentate, 

extracted retentate, and a whole reaction sample in which the protein had not been removed 

by filtration were all independently reacted with Nashôs reagent, in addition no-enzyme 

and no-ascorbate controls. 

Samples were incubated at 37 ϊC for 30 min to allow acetylacetone to couple to 

any formaldehyde that might be present. A set of formaldehyde standards (0-30 ɛM) was 

generated using incubation conditions identical to those above. The samples and 

standards were analyzed via HPLC on an Agilent 1100 series instrument with UV/vis 

detection (412 nm).  For HPLC, a 150 mm x 5 mm Phenomenex Luna C-18 column was 

used at a flow rate of 1.5 mL/min. Elution conditions were: 3 min, 5% B; 3-12 min, 5-

95% B; 12-15 min, 95% B at 37°C; where solvent A = 0.1% TFA; solvent B = ACN + 

0.1% TFA. A standard curve of the integrated peak area for the 

formadehyde/acetylacetone product (sharp peak, 7.1 min) was constructed from the 

formaldehyde standard samples and the curve used to calculate [formaldehyde] in each 

sample. 

 

Results and Discussion 

 

Little is known about the steps by which proteins from the IsdG family degrade 

heme. The reaction can be readily monitored via the disappearance of the intense UV/vis 

http://r.search.yahoo.com/_ylt=A0SO8yfibi1VLNoA929XNyoA;_ylu=X3oDMTEzZjIxbTQ5BGNvbG8DZ3ExBHBvcwMxBHZ0aWQDVklQNTYyXzEEc2VjA3Ny/RV=2/RE=1429069667/RO=10/RU=https%3a%2f%2fwww.phenomenex.com%2fhplc-column/RK=0/RS=87JQ38M9JG0ThxBa7AsqqV9TzI0-
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Soret band absorbance associated with the aromatic heme macrocycle (ɚmax[Soret] = 411 

nm; Ů = 91 mM-1cm-1) (16-18). Heme degradation is typically initiated by adding excess 

ascorbate in the presence of air and H2O2-scavenging catalase to the IsdG-heme complex. 

Figure 2.2A illustrates the subsequent changes in the heme UV/vis spectrum monitored 

over time at 1 min intervals for 30 min, when changes to the UV/vis spectra appear to cease 

(10 µM IsdG-heme, 1000 eq ascorbate, 50 mM KPi, pH 7.4, 22 °C). In spite of the 

likelihood that the reaction occurs via multiple microscopic steps, the Soret band 

diminished over time in an apparent single exponential phase. This was fit to give a first 

order rate constant (kSoret = 0.35 ± 0.02 min-1; all reported first order rate constants are 

averages of 4 independent measurements; error = ± 1 standard deviation). No intermediates 

were detectable, and the final spectrum resembled that of staphylobilin (ɚmax = 408, 460 

nm) (17). The value for kSoret was insensitive to pH (data not shown) but depended linearly 

on the initial ascorbate concentration (k = 13 ± 0.1 M-1min-1, Figure 2.2B). This suggested 

that the reaction step that controls kSoret is likewise dependent on reducing equivalents.  

While a convenient probe of the reaction, conventional UV/vis has several 

drawbacks as a tool for discerning mechanism. First, spectra for the starting material, 

potential intermediates, and products likely overlap. Second, the acute intensity of the Soret 

absorbance is attributed to aromaticity in the heme macrocycle; kSoret is therefore expected 

to reflect predominantly the kinetic step involving loss of aromaticity (for example, 

scission of the macrocycle). The existence of other steps and intermediates may 

consequently be masked by monitoring the reaction at the Soret maximum. Finally, 

conventional UV/vis with manual mixing has relatively poor time resolution. Rapid or 
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early events in the overall reaction, or sequential events with similar time constants, are 

not expected to be observed by this method. 

We therefore sought means of monitoring the IsdG-mediated reaction over time 

which might be more sensitive to the presence of intermediates and therefore more 

powerful mechanistic probes. Time-resolved in proteo MS was of particular interest since 

the anticipated changes in mass associated with the reaction ï  addition of three oxygen 

atoms (16 Da each) and loss of CH2O (30 Da) from the tetrapyrrole ï are large. Moreover, 

the reaction is relatively slow (t1/2 [Soret] ~ 0.5 min; 50 mM KPi, pH 7.4, 22 °C). Time 

resolved MS therefore seemed ideally suited for monitoring IsdG intermediates and 

products, particularly ones that have less intense or overlapping absorbance in the UV/vis 

relative to heme or which are too unstable to be extracted from the protein in unaltered 

form.  

In proteo MS conditions were adjusted to allow quantitative tracking of heme and 

associated products bound to IsdG (Figure 2.3A). The disappearance of a species with an 

exact mass/charge ratio (m/z) of 616.17 (heme b, Figure 2.1) occurred in a single-

exponential kinetic phase with a rate constant k616.17 = 0.75 ± 0.09 min-1 (Figure 2.3B), 

roughly twice the value of kSoret. In further contrast with the UV/vis data, at least two 

intermediates could be detected by time resolved MS, starting with a species appearing 

transiently <3 min after initiation of the reaction (mass spectrum not shown). Its exact mass 

(633.17 m/z) is consistent with the addition of a hydroxyl group (17.01 m/z) to the heme, 

either at the iron or one of the meso-carbons of the tetrapyrrole. Too little of this species 

accumulated to allow for further characterization of its structure by collision-induced 
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dissociation (CID) MS/MS fragmentation or other methods, and the time resolution of in 

proteo MS would not permit its kinetic characterization.  

A second species with an m/z of 611.24 accumulated to a more significant level, 

forming with a first-order rate constant that was the same within error as kSoret: k611.24 = 

0.28 ± 0.05 min-1 (Figure 2.3B). This species grew to substantial intensity before decaying 

very slowly over a period of >12 h. The final species detected by in proteo MS had the 

exact mass of staphylobilin (599.24 m/z), forming with a fitted first-order rate constant 

k599.24 = 0.19 ± 0.03 min-1 (Figure 2.3B).  

Taken together, these results are consistent with the initial, rapid conversion of 

heme to a short-lived meso-hydroxyheme (633.17 Da) intermediate and then to a species 

resembling mycobilin (exact mass 611.24 Da, Figure 2.1). Macrocycle cleavage would 

presumably occur not at the heme Ŭ-meso- but rather at the ɓ- or ŭ-meso carbons, with 

formyl and oxo groups generated on pyrrole rings B/C or A/D to make the formyl-oxo-

bilin. The similarity in the measured values for kSoret and k611.24 suggested that loss of 

heme aromaticity is kinetically coupled to formation of the putative formyl-oxo-bilin. In 

the simplest interpretation of the data, both rate constants could be ascribed to a roughly 

concomitant opening and oxygenation of the heme macrocycle. Finally, some of the 

putative formyl-oxo-bilin appeared to convert in the slowest measured step (k599.24) to 

staphylobilin (599.24 Da).   

In order to test this hypothetical model, the 611.24 and 599.24 Da species, both of 

which accumulated at the end of the 30 min reactions shown in Figures 2.2A and 2.3B, 

were further characterized by UPLC-MS/MS. Species with m/z = 599.24 eluted cleanly as 
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two UPLC peaks (at 9.6 and 9.9 min) and yielded fragment patterns identical to those 

previously published for staphylobilin isomers ɓ and ŭ (data not shown) (17).  

By contrast, the UPLC trace for the species with m/z = 611.24 was far more 

complicated (Figure 2.4A) and was comprised of several temporally resolved peaks. This 

result is perhaps not surprising in light of the four formyl-oxo-bilin isomers that might, in 

principle, be observed: two cleaved at the ŭ-meso-carbon, which is converted to a formyl 

group appended to ring A or D; and the analogous pair of isomers cleaved at the b-meso-

carbon with the formyl group remaining on ring B or C.  

The most prominent LC peak (retention time = 6.6 min) was extensively 

characterized by CID MS/MS (Figure 2.4B). The most abundant fragments were generated 

by formation of oxonium (m/z = 279.11, [M]+) and pyrrolium (m/z = 251.11, [M]+) ions 

containing both pyrrole rings A and B (Figure 2.4C) and an appended formyl group. If the 

formyl group had instead been associated with pyrroles C or D, the analogous pair of ions 

would have had predicted m/z = 241.11 and 267.11. These masses are consequently highly 

diagnostic of the presence and location of the formyl group. Notably, though formylation 

of rings A/B versus C/D can be distinguished, resolving the highly symmetric ɓ- and ŭ-

formyl-oxo-bilin isomers requires parallel methods of characterization. The prominent 6.6 

min peak therefore appeared to correspond to either 10-formyl,11-oxo-bilin or 20-

formyl,19-oxo-bilin, or a mixture of the two. 

Systematic MS/MS analysis of m/z 611.24 peaks eluting between 4-8 min 

confirmed that fragments associated with isomeric formyl-oxo-bilin structures were 

ubiquitous. This suggested that all of the eluting species corresponded to formyl-oxo-bilin 
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isomers. Moreover, several of the same fragments as in Figure 2.4B were detected in the 

peak at 4.8 min, though less prominently, in addition to fragments diagnostic of 

formylation at the C and/or D rings (m/z = 241.11 and 267.11, [M]+). Together, these 

results suggest that the m/z 611.24 species is indeed a formyl-oxo-bilin that is present as 

more than one structural isomer.   

To explore the hypothesis that the early, 633.17 m/z species might be a meso-

hydroxyheme intermediate, we attempted to isolate this species using either H2O2 or 

peracetic acid. Classic experiments with human HO-1 (hHO-1) showed that the ferric 

heme-HO complex converted to the Ŭ-meso-hydroxyheme within 30 s of the anaerobic 

addition of 1 eq of H2O2 (23 °C) (21). Exposure of this species to air brought about its 

gradual conversion (~4 min) to verdoheme and CO, where verdoheme is an intermediate 

on the pathway to biliverdin-IXŬ. Peracids yielded neither verdoheme nor biliverdin-IXŬ, 

suggesting that a ferric heme-hydroperoxy species was an obligate hHO-1 intermediate.  

Using the ferric IsdG-heme complex, the same experiments were repeated here. 

However, neither the expected UV/vis spectral changes (21), nor the anticipated changes 

in the mass of the heme were observed when either 1-5 eq H2O2 or peracetic acid were 

used (data not shown). This result suggests that either ɓ-/ŭ-meso-hydroxyheme is not an 

intermediate in the IsdG-catalyzed reaction, or that these intermediate forms but is 

chemically distinct from its hHO counterpart. Hence, it is not observed to form in the 

reaction with H2O2.  

The latter explanation is plausible since the heme environment in HOs and IsdGs 

is highly distinct (23, 24). In particular, the IsdG-bound ferric heme, uniquely, is 
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profoundly distorted from planarity (ruffled) (12). Moreover, though a mechanism leading 

from this intermediate to either the IsdG/hHO products can be drawn, only the hHO meso-

hydroxyheme intermediate is expected to convert to verdoheme plus CO. The IsdG enzyme 

would therefore have to have some way of blocking the analogous conversion of a ɓ- or ŭ-

meso-hydroxyheme intermediate. Hence, it would almost certainly be structurally or 

electronically distinct from its hHO counterpart.   

We next asked whether the higher resolution kinetic analysis afforded by stopped 

flow UV/vis might provide evidence for early or other reaction intermediates. Indeed, like 

the time-resolved MS, stopped flow experiments gave evidence for a multi-step heme 

degradation process. Time traces for absorbances at the Soret (411 nm) (Figure 2.5A) and 

charge transfer (CT) band (500-600 nm) (Figure 2.5B) regions were both best modeled as 

sums of single exponential functions, indicating at least two detectable kinetic events.  

Qualitatively similar results were obtained for both regions of the UV/vis spectrum, 

though the very low intensities of the absorbances in the CT range did not allow for 

quantitative fitting of the data. However, for the Soret (Figure 2.5A), a fast phase (k1 = 

0.63 ± 0.06 min-1) followed by a second, slower decay phase (k2 = 0.26 ± 0.04 min-1; 50 

mM KPi, pH 7.4, 20 °C) could be readily modeled. The majority of the fast phase (t1/2 = 1 

min) was complete before the Soret band diminishes appreciably in intensity (t1/2[Soret] = 

2 min), consistent with the possible conversion of strongly absorbing heme to a slightly 

less strongly absorbing meso-hydroxyheme, as expected from work with hHO (21). The 

majority of Soret intensity was lost in the slower, second phase (k2), which dominates the 

kinetic trace at 411 nm and has a rate constant that is approximately the same as both kSoret 
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and k611.24. These results suggested that k2, kSoret, and k611.24, measured by three 

different methods, are each predominantly controlled by the same reaction step. This step 

is most plausibly associated with the conversion of a meso-hydroxyheme intermediate to a 

formyl-oxo-bilin. Neither k1 nor k2 exhibited a strong dependence on [O2], though each had 

a measurable linear dependence on ascorbate concentration (second order rate constants 

for k1 and k2: 4.2 mM-1 min-1 and 0.76 mM-1 min-1, respectively, Figure 2.5C). This again 

indicated that the kinetic events described by these constants are rate-limited by the 

delivery of reducing equivalents (ascorbate).  

In combination, these results suggest a model (Figure 2.6) whereby the ferric IsdG-

heme complex rapidly (t1/2 ~ 1 min) converts to a (ɓ/ŭ)-meso-hydroxyheme intermediate, 

which then more slowly (t1/2 ~ 3 min) goes on to form a set of formyl-oxo-bilin isomers. A 

subpopulation of these converts relatively quickly (t1/2 ~ 4 min) to ɓ/ŭ-staphylobilins. A 

sizeable fraction (approximately 55% based on integrated UPLC intensities for the 611.24 

and 599.24 Da species) stays unconverted and appears to remain associated with the protein 

in the formyl-oxo-bilin precursor state. Measurements of the product distribution over 

longer time periods indicated that the formyl-oxo-bilins and staphylobilins, which are 

known to degrade readily under ambient light (17), both decay over a period of Ó12 h.    

If both formyl-oxo-bilin and staphylobilin species are present at the end of the IsdG 

reaction (as assessed by monitoring changes at the Soret maximum by UV/vis, Figure 

2.2A), why have only staphylobilins been isolated in previous analyses of IsdGôs 

(tetrapyrrole) products? We hypothesized that if the formyl-oxo-bilin species remained 

associated with IsdG, release into the buffer medium might induce their spontaneous 
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conversion to staphylobilin isomers and formaldehyde. In that event, only staphylobilins 

would be detected. 

To address this hypothesis, IsdG reaction mixtures were fractionated and analyzed 

quantitatively for their formaldehyde content (Table 2.1). When the protein was filtered 

from the reaction mixture following 40 min of reaction time (Figure 2.2A), much of the 

characteristic yellow color of the tetrapyrrole product remained associated with the protein-

containing retentate. While 0.5 (Ñ 0.1) eq CH2O were quantified in the filtrate, no 

formaldehyde could be detected in the washed retentate fraction. Following solid-phase 

extraction to remove bound tetrapyrroles from the retentate, the protein component became 

colorless, and 0.5 (Ñ 0.1) eq CH2O were detected in the extract. Consistent with these and 

prior observations (18), a total of 0.9 (Ñ 0.1) eq CH2O was detected in whole reaction 

mixtures that had been passed over the solid phase extraction column, while only 0.4 (Ñ 

0.1) eq could be detected in the whole, unextracted reaction mixture. These results suggest 

that some formaldehyde remained protein-associated, likely appended to the 611.24 Da 

species, until the tetrapyrrole was released from the protein. Notably, the addition of further 

eq of ascorbate and/or O2 did not accelerate conversion of this protein-associated species 

to staphylobilin and CH2O. 

 

Conclusions 

 

The results presented here are consistent with a model for the S. aureus IsdG 

reaction that has elements in common with both HO and MhuD. An initial intermediate, 

tentatively assigned as a mixture of ɓ/ŭ-meso-hydroxyhemes, is analogous to the Ŭ-meso-
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hydroxyheme of HOs, though the two enzyme families carry the intermediate forward 

toward different fates.   

The observation of a formyl-oxo-bilin as a second staphylobilin intermediate is 

chemically intuitive and satisfying from a biological perspective. As described above, the 

formyl-oxo-bilin known as mycobilin is the final reaction product of the IsdG homolog, 

MhuD (Figure 2.1). Formyl-oxo-bilins are also observed as intermediates in plant 

chlorophyll degradation, as products of O2-mediated chlorin ring cleavage by the enzyme 

pheophorbide a oxygenase (25). Interestingly, a cytochrome P450 was recently discovered 

which oxidatively frees formaldehyde from the chlorophyll derivative (26), converting the 

formyl-oxo-bilin into a staphylobilin-like dioxo-bilin product (26). There is no obvious 

candidate P450 to carry out the analogous reaction in S. aureus. Rather, enzymes in the 

IsdG family belong to a class of cofactor-independent monooxygenases, where reactions 

very similar to the proposed oxidative deformylation are known to occur autocatalytically 

(27). Autocatalytic, O2-dependent release of the formyl group is therefore plausible for 

members of the IsdG family. Uncatalyzed conversion of the formyl-oxo-bilins to 

staphylobilins plus CH2O also appears to occur when the former are released from the 

protein and into aerobic, aqueous solution.   

Why the MhuD protein does not release formaldehyde, then, and why the S. aureus 

IsdG appears to do so in fast and considerably slower phases, is not clear. Given the 

biological roles of the latter enzyme as both a catalyst and a sensor of S. aureus cellular 

heme status (28,29), it may well be that the tendency of IsdG to retain the formyl-oxo-bilin, 

which is slowly released to yield formaldehyde, has some yet-known biological role. 
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Tables and Figures 

 

Table 2.1.  Stoichiometries of formaldehyde produced following the IsdG-mediated 

breakdown of heme.ÿ 

Sample/fraction eq CH2O  

10 mM IsdG-heme (control) 0 

Whole reaction mixture (untreated) 0.4 Ñ 0.1 

Whole reaction mixture (solid-

phase extracted) 

0.9 Ñ 0.1 

Filtrate (3,000 MWCO) 0.5 Ñ 0.1 

Retentate 

(solid-phase extracted) 

0.5 Ñ 0.1 

ÿReaction conditions: 10 ÕM IsdG-heme, air, 50 mM KPi, pH 7.4, 22 ºC, 100U catalase. 

Reactions were analyzed 40 min following initiation with 1000 eq ascorbate, at which time 

the UV/vis absorbance at the Soret band had appeared to stop changing.  
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Figure 2.1. Known enzymatic breakdown products of chemically unfunctionalized 

heme (heme b). Heme carbons are numbered according to the standard IUPAC convention. 

The reactive meso carbons are labeled Ŭ, ɓ, ɔ, and ŭ. Mycobilin exists as a pair of isomers 

with the formaldehyde appended at either the heme C4 or C6. Staphylobilins are a pair of 

isomers with ring cleavage at and loss of either the ɓ-meso (heme C10) or ŭ-meso (heme 

C20) carbon as formaldehyde. Expected exact masses are given. Exact masses measured 

by MS for heme and isomers of staphyloblin and mycobilin were within 5 ppm of the 

expected values for each compound reported. 
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Figure 2.2. UV/visible spectroscopy illustrates broad changes to the IsdG-heme 

chromophore during the reaction with O2 and ascorbate. (A) Changes in the UV/visible 

spectrum of the heme bound to IsdG (10 µM) over time following the addition of 10 mM 

ascorbate (50 mM KPi, pH 7.4, 22 ºC) are shown. 100 U of catalase are included in the 

reaction mixture to convert any unwanted H2O2 back to O2 and water. Spectra measured 

every 2 min from t=0 (red) to t=20 (blue) are shown. The final spectrum resembles that 

previously measured for staphylobilin.(17) (B) Changes in the Soret band maximum (411 

nm) versus time were plotted as a function of initial [ascorbate] (1, 5, 10, 20, and 30 mM), 

where the arrow indicates the direction of increasing [ascorbate]. Each curve was fit to a 

single exponential equation to obtain values for kobs, which in turn were used to determine 

the second order rate constant k = 13 ± 0.1 M-1min-1 (inset). 
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Figure 2.3. The IsdG reaction was monitored using time resolved in proteo MS. (A) 

The mass spectrum was measured at t = 0, showing the heme (616.17 Da) and protein 

envelope. (B) Integrated intensities of the extracted ion chromatograms (m/z +0.01) 

measured over time for the species with exact masses 616.17 (red), 611.24 (green), and 

599.24 (blue) Da. Intensities for the 616.17 Da species (heme) are given on the left y-axis; 

intensities for the other two species are given on the right y-axis. The data were fit to single 

exponential curves as described in the text. Data from a single representative experiment 

are shown; reported rate constants are the average of three values. Conditions were the 

same as reported in Figure 2.2A.  
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Figure 2.4. LCMS reveals a series of formyl-oxo-bilin isomers. (A) Extracted ion 

chromatogram for m/z 611.24 measured 30 min after initiating the IsdG-mediated heme 

decomposition reaction (10 µM IsdG-heme, 50 mM KPi, pH 7.4, 22 ºC, 100U catalase). 

(B) The CID MS/MS fragmentation pattern of the 611.24 ion eluted at 6.6 min is shown. 

The presence of signature ions m/z = 279.11, [M]+ and m/z = 251.11, [M] + indicates a 

formyl group appended to either ring A or B (cleavage at the ɓ- and ŭ-meso carbons cannot 

be distinguished). Ion labels are color coded to match fragments assigned to presence of 
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specific group: formyl (red) oxo (blue) or both (black). (C) Fragmentation map of 10-

formyl,11-oxo-bilin with indicated cleavage sites generated during CID.   

 

 

 

 
Figure 2.5. Stopped-flow kinetic traces at selected wavelengths present a detailed 

spectroscopic view of early events in heme degradation. Stopped flow kinetic traces 

were measured at (A) 411 nm and (B) 460 nm for the reaction of IsdG-heme with varying 

[ascorbate] (10 µM IsdG-heme, 50 mM KPi, pH 7.4, 22 ºC, 100U catalase, 285 ɛM O2). 

Final ascorbate concentrations were: 2.5 (red), 20, 50, 100, 250, and 500 (blue) mM, and 

the arrow in panel A depicts the direction of increasing [ascorbate]. Each curve in panel A 
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was fit to the sum of two exponentials to obtain values for k1 and k2. Values reported in the 

text are for [ascorbate] = 10 mM (1000 eq, as in Figures 2.2 and 2.3). (C) First order rate 

constants k1 (closed circles) and k2 (open circles) determined from fits to the data in panel 

A are plotted as a function of [ascorbate] and fit to linear equations. The second order rate 

constants determined from the slopes are: 4.2 mM-1 min-1 (k1) and 0.76 mM-1 min-1 (k2).  

 

 

 

 
Figure 2.6. Summary of the kinetic scheme determined using in proteo MS, 

conventional time-resolved and stopped-flow UV/vis approaches. The rate constants 

measured by each of these methods are proposed to be associated with steps (1), (2), or (3). 

Standard conditions used to obtain all first order rate constants were: 10 µM IsdG-heme, 

10 mM ascorbate, 50 mM KPi, pH 7.4, 22 ºC, 100U catalase. 
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Abstract 

Members of the antibiotic biosynthesis monooxygenase (ABM) family catalyze O2-

dependent oxidations and oxygenations in the absence of any metallo- or organic cofactor. 

How these enzymes surmount the kinetic barrier to reactions between singlet substrates 

and triplet O2 is unclear, but the reactions have been proposed to occur via a flavin-like 

mechanism, where the substrate acts in lieu of a flavin cofactor. To test this model, we 

monitored the uncatalyzed and enzymatic reactions of dithranol, a substrate for the 

nogalamycin monooxygenase (NMO) from Streptomyces nogalater. As with flavin, 

dithranol oxidation was faster at higher pH, though the reaction did not appear to be base-

catalyzed. Rather, conserved asparagines contributed to suppression of the substrate pKa. 

The same residues were critical for enzymatic catalysis which, consistent with the 

flavoenzyme model, occurred via an O2-dependent slow step. Evidence for a 

superoxide/substrate radical pair intermediate came from detection of enzyme-bound 

superoxide during turnover. Small-molecule and enzymatic superoxide traps suppressed 
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formation of the oxygenation product under uncatalyzed conditions, while only the small 

molecule trap had an effect in the presence of NMO. This suggested that NMO both 

accelerated the formation and directed the recombination of a superoxide/dithranyl radical 

pair. These catalytic strategies are in some ways flavin-like and stand in contrast to the 

mechanisms of urate oxidase and (1H)-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase 

(HOD), both cofactor-independent enzymes that surmount the barriers to direct 

substrate/O2 reactivity via markedly different means. 

 

Introduction 

Reactions between organic molecules and O2 are among the most important in 

biology, powering aerobic life. These reactions also present a distinct mechanistic 

challenge, since O2 has two unpaired electrons (3O2, ŷŷ) while most organic substrates (S) 

have all their spins paired (1S, ŷŹ). Uncatalyzed reactions between the two violate the so-

called spin-rule and are consequently slow (1). The sluggishness of these reactions protects 

biological organisms from potentially destructive oxidations and necessitates the use of 

catalysts for activating and directing O2 reactivity.  

Enzyme-associated cofactors ï flavins, pterins, or redox-active metals which are 

capable of sequentially donating electrons to O2 ï provide a pathway of microscopic 

chemical steps, each of which adheres to the spin-rule. Cofactors have therefore long been 

assumed to serve an obligate role in the catalytic activation of O2 in biological systems. 

Over the last two decades, however, O2-activating enzymes that defy chemical expectation 

by not requiring cofactors have been discovered (2). These enzymes are biologically 
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diverse, coming from several structural classes and evolutionary families and deriving from 

all kingdoms of life. They act upon a variety of substrates that nonetheless tend to be highly 

conjugated, good reducing agents. Because they use O2 from air, require no exogenous 

metals or redox-sensitive organic components, and have all of the benefits of biocatalysis, 

cofactor-free oxidases and oxygenases provide a model for ñgreenò oxidation chemistry. 

In part because of the nature of their substrates, the O2-activating mechanisms of 

many cofactor-independent oxygenases have been proposed to be flavoprotein-like (3-8). 

Flavoprotein-dependent oxidases and oxygenases are able to accelerate the rate of the 

flavin/O2 reaction by 104-106-fold over the reaction of free flavin in aqueous solution (9,10) 

according to principles that are well described (summarized in Scheme 3.1). The flavin 

acts as an intermediary, activating O2 and using it either to hydroxylate an exogenous 

substrate or to dispose of substrate-derived electrons (as H2O2). In the cofactor-free 

enzymes, the substrate itself has been proposed to reductively activate O2 via the same 

series of steps used by the flavin cofactor. The activated substrate/O2 complex subsequently 

converts to the oxidized product. Such a motivating model, while plausible, has not been 

widely tested.  

The antibiotic biosynthesis monooxygenase family (ABMs, Pfam family PF03992) 

contains several small, structurally simple, and intrinsically solvent- and temperature-

stable enzymes known to catalyze O2-dependent, cofactor-independent oxidations or 

monooxygenations (5-8,11-15). Many ABMs are part of the biosynthetic pathways for 

polyketide antibiotics including tetracenomycin (14,16), daunomycin (17), actinorhodin 

(8,12), alnumycin (18), and aclacinomycin (11), also known as nogalamycin (19). 
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Additionally, a subset of ABMs known as IsdGs catalyze the ring-opening oxygenation of 

the metallosubstrate heme (20) in many heme-feeding pathogenic bacteria.  

Here, we have tested three essential components of the flavin model for the reaction 

catalyzed by the cofactor-independent nogalamycin monooxygenase (NMO), an ABM 

from Streptomyces nogalater (gene locus: SnoaB). We have compared the properties of the 

reaction in both the presence and absence of the enzyme, in order to understand how the 

latter contributes to catalysis. Finally, we have interpreted the results in light of mechanistic 

work with IsdG (from Staphylococcus aureus) (21), and the emerging model for catalysis 

by the increasingly well-characterized cofactor-independent oxygenase, (1H)-3-hydroxy-

4-oxoquinaldine 2,4-dioxygenase (HOD) (4,22-27).  

 

Methods and Materials 

 

Expression and purification of NMO 

The gene encoding the N-terminally His6-tagged NMO (pBad vector) was received 

as a kind gift from the Schneider laboratory, University of Turku, Finland (5,6). The NMO 

was expressed and purified as previously described (6). The purified enzyme mass was 

verified by electrospray ionization mass spectrometry (MS). 

 

Generation of site-directed mutants 

Site directed mutagenesis was carried out using a QuikChange Lightning Kit 

(Agilent Technologies), the pBAD/His-NMO construct. Cultures of E. coli Top10 cells 

containing the mutant plasmids were grown and the proteins were expressed and purified 

using the same protocol as for WT NMO. 
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Dithranol stocks and reaction media 

Dithranol (1,8-dihydroxy-9,10-dihydroanthracen-9-one, MP Biomedicals) was 

used as a surrogate for the natural NMO substrate (5,6) (Scheme 3.1). Stocks (10 mM) 

were prepared in N2-equilibrated dimethylsulfoxide (DMSO) in septum-sealed vials inside 

an anaerobic chamber (Coy) immediately prior to use. The DMSO stock was diluted into 

reaction media consisting of 1:2 (v/v) buffer:2-methoxyethanol (ME). The organic ME 

component was essential for solubilizing the substrate and product. All buffers were 

prepared at 0.1 M, supplemented with 0.3 M NaCl, and adjusted to the desired pH: citrate 

(pH 4.2-6.3), BES (pH 6.6-7.6), Tricine (pH 7.4-8.4), CHES (pH 8.3-9.3), and CAPS (pH 

9.8-10.8).  

 

NMO/substrate binding monitored by fluorometric quenching 

NMO/dithranol binding was monitored via quenching of the intrinsic fluorescence 

of the protein on forming the enzyme-substrate (ES) complex. Dithranol (1.25 mM) was 

added via air-tight syringe (Hamilton) to a septum-sealed, N2-purged cuvette containing 

6.5 µM NMO (pH 6.3 or 9.8) and allowed to equilibrate. 1,4-Dithiothreitol (DTT) (1 mM) 

was added to both the dithranol titrant solution and protein solution to remove residual O2 

and stabilize thiols Fluorescence measurements were made using a Cary50i fluorometer at 

room temperature with an excitation wavelength of 295 nm (tryptophan) and emission 

scanned from 300 to 400 nm (emission ɚmax = 328 nm). The percentage of quenched 

fluorescence intensity was plotted against [substrate] and fit to eq 3.3 to obtain KD: 

ɝ Ὂ
 

ὒ  Ὁ  ὑ ὒ  Ὁ  ὑ τὉ ὒz               (3.3) 
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L0, Et, KD, and æFmax are the ligand concentrations, total protein (subunit) concentration, 

the equilibrium dissociation constant, and the maximum % fluorescence that was 

quenched. 

 

pH titration of dithranol 

Aliquots of dithranol (100 µM) (Tris-ME, pH 5.0, 20 °C) were titrated with 1 N 

NaOH and their pH (Corning 430 pH electrode) and ultraviolet/visible (UV/vis) spectra 

were measured (Cary60i spectrometer). Absorbance values at spectral maxima were 

plotted versus pH and fit:  

      y = (B x 10-pH + A x 10-pKa)/(10-pH + 10-pKa)        (3.4)                    

where A and B are the highest and lowest absorbance values, respectively. 

 

Analysis of reactants and products by high-performance liquid chromatography (HPLC) 

Dithranol and its quinonoid oxidation product dithranone (Sigma Aldrich) were 

dissolved (500 ɛM) in 1:1 Tris-ME:tetrahydrofuran (THF) in an anaerobic chamber. The 

dimeric product, bisanthrone, was prepared by exposing 500 µM dithranol under acidic 

conditions to atmospheric O2 (>60 min, 20 °C, Tris-ME, pH 6.3) (51,52). An Agilent 1100 

series HPLC instrument with diode array UV/vis detection (300-700 nm) was used with: 

flow rate 1.5 mL/min, 50 ÁC, 20 ɛL injection volume, Phenomenex Luna C18 3Õ column, 

150 mm x 4.6 mm. The solvents were 99.9% H2O, 0.1% TFA (trifluoroacetic acid) (Solvent 

A) and 99.9% acetonitrile (ACN), 0.1% TFA (Solvent B). Separation of the three 

molecules began with 50% Solvent A (0-2 min) followed by a gradient (min 2-11) to 5% 

Solvent A/95% Solvent B and a short isocratic phase (min 11-14). Standard curves were 
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generated from 25-250 ɛM using integrated HPLC peak intensities. Error bars are ±1 

standard deviation. Dithranol and dithranone were directly quantified relative to standard 

curves; bisanthrone concentrations were deduced as the difference between the total 

substrate/product component and the measured amounts of dithranol and dithranone.  

 

Monitoring uncatalyzed reactions over time 

Uncatalyzed reactions between dithranol and O2 were analyzed discontinuously 

over time by HPLC and continuously by UV/vis spectroscopy and O2 consumption assays 

(pH 6.3 and 9.8). For HPLC, reactions were initiated by exposure of anaerobic dithranol 

solutions to air at the desired pH (500 µM, 20 °C). Reaction vials were gently stirred. The 

same reactions were monitored by UV/vis spectroscopy (100 mM dithranol, air, 20 °C) and 

O2 consumption (2-20 mM dithranol, air, 20 °C), using the methods described below but 

excluding NMO. 

 

Monitoring the NMO-catalyzed reaction over time in the steady state 

Reactions were monitored via both UV/vis spectroscopy and O2 consumption. 

UV/vis: 1 mL reaction solutions containing 10-200 µM dithranol (in buffer-ME at the 

desired pH, 20 °C) were equilibrated to air and initiated by the addition of 2-20 µM NMO 

(all concentrations are given as NMO subunit). For determining Michaelis Menten 

parameters, the reaction was monitored in air with [dithranol] varied over 10-200 ɛM. The 

initial portion of each curve was fit to a linear equation to obtain the initial velocity (vi, 

Kaleidagraph). Points were measured in triplicate and averaged (error = ±1 standard 

deviation). Values for vi were plotted versus [dithranol] and fit to the Michaelis Menton 
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equation (3.5) a derivative equation including substrate inhibition (3.6), or a derivative 

accounting for cooperative substrate interactions with dimeric NMO (h = Hill coefficient) 

(3.7): 

       vi = Vmax[S]/(KM + [S])   (3.5) 

vi = Vmax/(1 + KM/[S] + [S]/K i) (3.6) 

  vi = Vmax[S]h/(KM 
h + [S] h)          (3.7) 

O2 consumption: A Clark-type O2 electrode (Yellow Springs International) in a 

temperature-controlled chamber (2 mL reactions, 20 °C) was used with constant stirring. 

The rate of background consumption of O2 by dithranol was measured for 1 min in buffer-

ME. NMO was subsequently added in catalytic amounts (2-20 µM) to initiate the reaction. 

Dithranol concentrations were varied from 40 ï 1500 µM and [O2] from 0.05 ï 1.3 mM. 

The linear background rate of non-enzymatic O2 consumption was subtracted from the rate 

measured in the presence of NMO. Data were plotted and fit as described above. 

 

Effects of pH on the steady state reaction 

Values of kcat and kcat/KM(dithranol) were measured in air via O2 electrode as a 

function of pH. Buffers with similar structures and a range of pKas (described above) were 

chosen and evaluated at overlapping pH values to ensure that kinetics were not buffer-

dependent. The effects of incubating the enzyme at various pHs before initiating reactions, 

versus adding enzyme to assay mixtures last (ñpH jumpò) were evaluated. All buffers 

contained 0.3 M NaCl to minimize differences in ionic strength. Values of the Michaelis 

parameters were plotted versus pH and fit to eq 3.8 to obtain values for pKa:  

    log(c/(1+(10-x/ 10-pKa)))  (3.8) 
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where c is the difference between the minimum and maximum log kcat values and x is the 

pH.  

 

Transient kinetics of the reaction between the NMO-substrate complex and O2 

Reactions were monitored using a Hi-Tech Scientific stopped-flow 

spectrophotometer in single mixing mode with diode array detection. The system was 

sealed from ambient atmosphere and rendered anaerobic by overnight incubation with 

protocatechuate dioxygenase (PCD) and its substrate, protocatechuate (PCA) (method of 

Ballou) (53). PCD and PCA were flushed out of the instrument using anaerobic buffer-ME 

and a baseline spectrum measured (280-700 nm). All reaction solutions were made 

anaerobic using a double manifold Schlenk line with alternating cycles of Argon gas 

purging and evacuation.  

Concentrated solutions of the anaerobic ES (NMO-dithranol) complex were 

generated by adding 90 µM NMO (CAPS-ME, pH 9.8) to 60 µM dithranol in an air tight 

tonometer. These were mixed with CAPS-ME, pH 9.8, equilibrated to various O2 

concentrations. Final O2 concentrations after mixing with ES complex (measured via 

electrode) were: 67, 140, 270, 390, and 590 µM. Progress of reaction curves were fit to 

single or double exponential equations, as described in the text, yielding values for kobs 

(KinetAssyst).  

 

Analysis of reaction products 

The products of the NMO-catalyzed reaction were quantitatively analyzed by 

HPLC at various pH values. Reactions were: 500 µM dithranol, air (280 µM O2), 20 °C, 
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with either 1 mM NMO (citrate-ME, pH 6.3, 30 min) or 50 µM NMO (CAPS-ME, pH 9.8, 

10 min). Products for the uncatalyzed reactions were generated under identical conditions 

but incubation times sufficient for these reactions to go to Ó90% completion were used, 

i.e., >3 half-lives: 34 h citrate-ME (pH 6.3) or 40 min CAPS-ME (pH 9.8). 

 

Effects of superoxide (O2ǐ
ī) trapping on product distribution 

Reactions and product analyses were carried out as described above but in the 

presence of 0, 0.5, 1.25, 2.5, or 5 mM 1-hydroxy-3-methoxycarbonyl-2,2,5,5-

tetramethylpyrrolidine (CMH), a small-molecule radical trapping agent with high 

specificity for O2ǐ
ī. (k = 103-104 M-1s-1, pH 7.4), yielding CMǐ and H2O2 (54). 

Alternatively, superoxide dismutase (SOD, 32.5 kDa, 500-5000 units/mL, 0.05-0.2 

mg/reaction, Sigma) was used to enzymatically convert 2 O2ǐ
ī to H2O2 and O2 with greater 

steric restriction but at a substantially higher rate: k = 6.4 x 109 M-1s-1, pH 7.8 (55). 

 

Detection and quantification of superoxide via the CM-radical by continuous wave 

electron paramagnetic resonance (EPR) spectroscopy 

O2ǐ
ī trapping was monitored over time via the characteristic three-line EPR 

spectrum for CMǐ, a stable nitroso radical that forms following transfer of Hǐ from CMH 

to O2ǐ
ī. EPR spectroscopy was carried out at 22 °C using a Varian spectrometer: 0.2 mW, 

0.1 mT modulation amplitude, 32 ms time constant, 1 min time scans for 20-120 min. CMǐ 

was quantified via a standard curve generated using 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO), a stable free radical with a similar 3-line EPR signal. Peak height was plotted 
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versus [TEMPO] (25-300 µM TEMPO, CAPS-ME, pH 9.8), fit to a linear equation, and 

the slope used to quantify unknowns. 

To minimize background autocatalytic reactions between CMH/O2 (54), EPR 

samples were prepared in buffers from which metals had been removed by treatment with 

Chelex resin (Sigma). Uncatalyzed reactions contained 200 µM dithranol, 0.1 mM 

diethylenetriaminepentaacetic acid (DTPA) as a metal chelator, air (280 µM O2), and 1-2 

mM CMH. Catalyzed reactions further contained 5 µM NMO. SOD was added to samples 

at 2500 U/mL, as noted. The reactions were rapidly mixed, injected into a flat cell EPR 

tube, and placed in the cell holder prior to measurement (manual mixing and sample 

loading dead time ~2-3 min).  

 

Sequence analysis 

The ABM family was divided into subfamilies using protein network analysis (EFI-

EST PFAM/Interpro Analysis). Members of each of the subfamilies containing NMO, 

ActVA-Orf6, and IsdG were used to generate sequence alignments (ClustalW) in order to 

identify residues conserved within each.  

 

Results 

 

Characterization of the enzyme, substrate, and products 

His6-NMO was purified in yields of ~25 mg/L of culture. Pure enzyme had a 

measured subunit molecular weight of 16.85 kDa (MS); calculated 16.98 kDa. The 

discrepancy was attributed to loss of part of the histidine tag before or during MS analysis. 
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The enzyme retained full activity for at least 25 min in the ME-containing buffers, after 

which activity began to decline.   

UV/vis spectra for dithranol were monitored as a function of pH (Figure 3.1A). 

Plots of absorbance at 354 and 389 nm versus pH yielded sigmoidal curves that were fit to 

eq 3.4, yielding an average pKa = 8.5 ± 0.3 (Figure 3.1A, inset), ascribed to the conversion 

of neutral dithranol to the monoanionic enolate (dithranolate) (28) (Scheme 3.2). UV/vis 

features were identified under acidic and alkaline conditions in the buffer-ME solvent 

(Figure 3.1B). Well-resolved HPLC peaks for dithranol and its oxidation products were 

obtained with retention times: 5.9 min (dithranol), 5.2 min (dithranone), and 8.5 min 

(bisanthrone) (not shown).  

 

Uncatalyzed oxidation of dithranol in air 

The spontaneous conversion of dithranol to products was monitored in air (280 µM 

O2) >2 units below dithranolôs pKa (pH 6.3) via time-resolved UV/vis spectroscopy. The 

dithranol peak maximum red-shifted over a period of hours to 392 nm as the yellow starting 

solution turned brown (Figure 3.2A). The lack of isosbestic behavior was consistent with 

the formation of more than one product. The reaction was subsequently monitored over 

time by discontinuous HPLC ([dithranol]initial = 500 µM, Figure 3.2B). The curve 

indicating the progress of reaction for dithranol disappearance fit well to a single 

exponential equation, yielding k = 0.0028 ± 0.0001 min-1 (t1/2 = 240 min, Table 3.1). This 

exactly matched the first order rate of bisanthrone formation. The major product (90%) 

was bisanthrone, with 10% dithranone (HPLC quantification errors were Ò 10%).  
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The same reactions were subsequently monitored for the alkaline form of dithranol 

(pH 9.8, Figure 3.3A). The dithranol peak (389 nm) red-shifted over a period of minutes 

to a product spectrum closely resembling that of dithranone. Dithranolate disappearance 

monitored by HPLC (500 µM) was linear with time and significantly faster than under 

acidic conditions (20 [±1] µM min-1, Figure 3.3B, Table 3.1), converting to a mixture of 

the alkaline forms of dithranone (60%) and bisanthrone (40%). The shift to an apparent 

zeroth-order reaction (in dithranol) was observed when [dithranol]initial > [O2] and appeared 

to result from the rapid depletion of O2 relative to the rate of re-equilibration of the solution 

with air. When the reaction was carried out at [dithranol]initial = 30 mM, the dithranol versus 

time curve was single exponential (k = 0.02 (± 0.05) min-1, not shown), indicating that the 

reaction was first order in both O2 and dithranol as in the acidic case. 

To avoid complications due either to very slow equilibration of O2 (pH 9.8) or 

reaction times (pH 6.3), the reaction order and rate constant for the dithranol reaction were 

measured by the method of initial rates using HPLC to monitor dithranol disappearance. 

This also allowed for the simplest direct comparison between the uncatalyzed and 

catalyzed reactions (Figure 3.4A). Consistent with the expected second order rate law, rate 

= k [O2] [dithranol], the dependence of initial rate of dithranol disappearance on 

concentration was linear. From the slope of the line (k [O2]) the second order rate constants 

k = 1.2 (±0.005) x10-4 and 3.6 (±0.005) x 10-4 mM-1 min-1 were computed at pH 6.3 and 

9.8, respectively (Table 3.1).  

Slower apparent rates of O2 consumption relative to dithranol disappearance were 

observed for the same reactions. This is qualitatively consistent with a proposed 



64 
 

mechanism where the O2ǐ
ī product disproportionates to form O2 and H2O2 (Scheme 3.2), 

thereby suppressing the apparent rate of O2 consumption. The second order rate constants 

measured via the HPLC method were therefore reported (Figure 3.4A, Table 3.1).  

 

Enzymatic oxidation of dithranol in air 

Dithranol disappearance was monitored via O2 consumption under acidic and 

alkaline conditions identical to those used for determining the uncatalyzed second order 

rate constants (above), but in the presence of catalytic NMO (4 µM) (Figure 3.4A, Table 

3.2). Enzymatic rates were corrected for the background uncatalyzed reaction.  

Under acidic conditions, the plot of initial rate versus [dithranol] fit well to the 

Michaelis Menton model (eq 3.5), yielding kcat/KM = 0.048 ± 0.01 µM-1 min-1 (pH 6.3). 

This is approximately 400-fold higher than the counterpart second order rate constant 

measured under identical conditions but with no enzyme present.  

Under basic conditions (pH 9.8), the initial rates fit to the Michaelis model with 

substrate inhibition. Fitting the data in Figure 3.4A to eq 3.6 yielded kcat/KM = 0.58 ± 0.04 

µM-1 min-1, or about a 1600-fold increase relative to the uncatalyzed second order rate 

constant. These values for kcat/KM are apparent because the O2 concentration (air, 280 µM) 

was not saturating, and because of the high KM for O2 a saturating concentration of O2 

moreover could not be obtained (see below). However, they provide a functional measure 

of the reaction rate enhancement afforded by the presence of the enzyme in air. Finally, 

fitting eq 3.6 to the data yielded Ki = 1100 ± 300 µM. This describes the dissociation of a 

molecule of dithranol (S) from the NMO-dithranol (ES) complex: SES D S + E (Table 

3.2). The observed substrate inhibition implies that binding two molecules of dithranol to 



65 
 

the enzyme suppresses further dithranol consumption. This suggests that, at high pH, 

bisanthrone production occurs outside of the enzyme. 

 

pH dependence of the steady state reaction 

To understand the source of the pH-dependence in the enzymatic reactions, 

apparent steady state kinetic parameters were measured over a range of pH (5-11) using 

various concentrations of dithranol in air (20 °C). Data measured at pH values below the 

pKa of dithranol (8.5) fit well to eq 3.5. Above this pH, data required the use of the substrate 

inhibition model (eq 3.6). Only the anionic form of dithranol appeared to bind ES to 

generate the inhibitory SES complex. 

Plots of both logkcat and logkcat/KM[dithranol] increased markedly with pH (Figure 

3.4B and 3.4C) and had slopes å 0.6, suggesting that a single deprotonation event 

controlled the conversion between a less reactive acidic and more reactive alkaline form. 

Fitting the data to eq 3.8 yielded pKa = 6.8 ± 0.05 (kcat) and 6.7 ± 0.2 (kcat/KM[dithranol]). 

These values are more than 1.5 units smaller than the pKa measured for the substrate (8.5) 

in the same solvent system.  

The pH dependence in Figure 3.4 could be attributable to an active site base. Two 

possible candidates were identified by inspection of the NMO structure (Figure 3.5). The 

enzyme is relatively small, containing a single open cavity between a series of alpha helices 

and beta sheets where ethylene glycol from the crystallization solvent binds. H49 points 

inward toward the cavity, while H85 is on a stretch of helix that could conceivably rotate, 

positioning the side chain in the vicinity of the cavity. No other potential acid-base residues 

are present in the pocket. The pH dependent kinetics of the H49A and H85A mutants were 
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characterized as above (Figure 3.4B, 3.4C). The lack of any change in kcat and 

kcat/KM[dithranol] over the entire pH range suggests that neither serves as an active site 

base residue and indeed neither is directly involved in the reaction. These conclusions are 

consistent with the finding that neither residue is well conserved among ABMs, though 

H85 is conserved within the NMO-containing subfamily (see below).  

While not basic residues, two well-conserved asparagines (N18 and N63) are within 

hydrogen bonding distance of a solvent molecule in the NMO active site (Figure 3.5). 

Mutation of either (to non-polar alanine) was previously shown to strongly impair the 

activity of the enzyme, though both mutant enzymes retain their structures (5). Though the 

data were near the limits of detection, the pKas observed for plots of both logkcat and 

logkcat/KM[dithranol] for N18A and N63A NMO clearly shifted away from the WT values 

and toward the pKa for free dithranol: pKa = 8.6 ± 0.1 (kcat) and 7.2 ± 0.05 

(kcat/KM[dithranol]) (N18A); pKa = 7.6 ± 0.1 (kcat) and 7.0 ± 0.2 (kcat/KM[dithranol]) 

(N63A). This suggests that both residues contributed to the pH-dependence in the steady 

state reaction for WT NMO. 

  We hypothesized that N18 or N63 could suppress the pKa of dithranol by stabilizing 

its anionic form or acting as a conduit for released H+. At pH 6.3 when the substrate is in 

its neutral form, both mutations strongly suppressed kcat (120- and 50-fold for the N18A 

and N63A mutants, respectively). By contrast, the values for KM were actually lower than 

for WT NMO. This suggests that reducing polarity at N18/N63 facilitates ES formation 

when the substrate is uncharged but impairs subsequent chemical steps. 
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The situation at pH 9.8, with dithranol in its anionic form, was the opposite. A 

relatively smaller (20-fold) effect was observed for kcat for either mutant. However, KM 

values for N18A and N63A were elevated 5- and 3-fold, respectively. For the anionic 

substrate, reduction in polarity in the active site strongly impairs ES formation with a 

proportionally smaller impact on chemistry (kcat). These results suggest that polar residues 

N18 and N63 are most important for ES formation (KM) when S is already in the anionic 

state and for catalysis (kcat) when it is neutral/protonated, as it would primarily be at 

physiological pH. The kcat effect could be due to either residue serving as a proton conduit.  

 

Dependence of substrate affinity on pH 

To further probe the effects of pH, the affinity of WT NMO and the N18A/N63A 

mutants for dithranol was measured. Under acidic conditions (pH 6.3), Kd = 0.73 ± 0.004 

µM. This decreased roughly 10-fold to 0.069 ± 0.03 µM at pH 9.8, indicating that NMO 

binds the substrate anion with greater affinity. For the N63A mutant protein: Kd = 0.69 ± 

0.02 µM (pH 6.3) and 0.20 ± 0.01 µM (pH 9.8). For the N18A mutant, Kd = 0.33 ± 0.009 

µM (pH 6.3) and 1.4 ± 0.2 µM (pH 9.8). These results showed that N18A and N63A have 

approximately the same affinity for neutral dithranol as the WT NMO (pH 6.3). However, 

both N18/N63 are important for the pronounced NMO/substrate affinity observed 

specifically at high pH. 

 

Dependence of the steady state enzymatic reaction on O2 concentration 

  Initial rates of the reaction between the NMO-substrate complex and O2 were 

measured in the presence of saturating (>5X KM) dithranol (500 µM) with various 
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concentrations of O2 using the O2 consumption assay (Figure 3.6A, Table 3.2). Under 

acidic conditions (pH 6.3), fitting eq 3.3 to the data yielded kcat = 13 [± 0.9] min-1, KM(O2) 

= 430 µM and kcat/KM(O2) = 0.030 ± 0.003.  Above the observed enzymatic pKa (pH 9.8), 

the rate of the reaction increased substantially. Though a saturating [O2] could not be 

reached, the apparent KM from fitting the data to eq 3.7 was 410 µM. This fit also predicted 

a Hill coefficient of 1.8, indicating positive cooperativity. This suggests that the O2 reaction 

at one of the two subunits of NMO potentiates a reaction at the second, by an unknown 

mechanism.   

The measured kcat/KM(O2) = 0.26(± 0.01) min-1 was 730-fold greater than the 

second order rate constant for the reaction of dithranol and O2 determined under identical 

conditions but with no enzyme present (Figure 3.4A, Table 3.1). The kcat/KM(O2) was 

furthermore 2-fold less than the kcat/KM(dithranol) measured in air. The kcat/KM can be 

regarded as a second-order rate constant encompassing all microscopic chemical steps 

involving a given substrate up to and including the one that is rate limiting. Because 

kcat/KM(O2) < kcat/KM(dithranol), it was concluded that a step involving O2 must limit the 

overall rate of the NMO-catalyzed reaction. 

 

Transient kinetics of the reaction between the NMO-dithranol complex and O2 

Stopped-flow experiments were carried out by mixing the anaerobic enzyme-

substrate complex in one syringe with O2-equilibrated solutions in the other (pH 9.8).  

NMO was highly concentrated and present in excess of dithranol in order to assure that 

substrate would be enzyme-bound. The reaction occurred in two readily identifiable 

phases, each of which fit well to a single exponential curve (Figure 3.6B and C). Under 
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air, the initial phase was complete within Ò 5 s, while the second, slower phase took on the 

order of 300 s (Figure 3.6B). Carrying out the reactions with various concentrations of O2 

showed that the first phase was clearly O2-dependent with a second order rate constant k = 

0.14 ± 0.005 µM-1 min-1 (Figure 3.6C, inset). This number is similar to the measured value 

for kcat/KM(O2) (0.26 ± 0.01 µM-1 min-1), consistent with the expectation that both constants 

are kinetically limited by the same step of the reaction. The second phase was independent 

of the concentration of O2. Comparison of the data to a no-enzyme control indicated that 

the slow phase is due to conversion of dithranone to a photoproduct on exposure to the 

intense white light of the xenon lamp, and that the rate of this phase is directly dependent 

on the intensity of incident light on the reaction mixture. This is consistent with the known 

photoreactivity of anthracenone compounds (29). 

 

Radical pair formation and recombination 

Prior work has suggested that bisanthrone forms via the initial generation of a 

dithranyl radical/O2ǐ
ī. pair that does not undergo recombination (29,30-32). Consistent 

with that expectation, when dithranol, O2, and CMH were incubated at pH 6.3 (major 

product: bisanthrone), the continuous, slow conversion of CMH to CMǐ was observed by 

EPR for Ó120 min (data not shown). Because the half-life of CMǐ under these conditions 

is on the order of 6h (31), experiments were confined to the initial phase of the dithranol 

reaction. Notably, in control experiments carried out in the presence of 2500 U/mL SOD 

(see below), no CMǐ was observed by EPR. This confirmed that CMǐ was generated by 

reaction with O2ǐ
ī rather than dithranyl radical. 
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A related mechanism for dithranone formation can be proposed in which a 

dithranyl/O2ǐ
ī pair forms (ŷ)(ŷ), undergoes a spin transition (ŷ)(Ź), and subsequently 

recombines (ŷŹ) (Schemes 3.1-2). Breakdown of the resulting (hydro)peroxy-adduct by 

heterolytic cleavage of the O-O bond yields dithranone and H2O. If this mechanism is 

correct, superoxide scavengers could in principle disrupt the dithranyl/O2ǐ
ī pair, leading to 

the release of free dithranyl. Two neutral dithranyl radicals could then couple to form 

bisanthrone, biasing the product ratio (bisanthrone:dithranone) toward bisanthrone. 

To test this hypothesis, experiments were carried out using CMH and SOD as O2ǐ
ī 

scavenging reagents at pH 9.8, where dithranone was the observed major product for both 

the catalyzed and uncatalyzed reactions (Tables 3.1-2). We expected that either SOD or 

CMH could compete with dithranyl/O2ǐ
ī recombination in free solution. However, due to 

its size, SOD should have no effect on reactions occurring inside the NMO active site. The 

products of the uncatalyzed reaction (500 µM dithranol, air) at pH 9.8 in the presence of 

increasing equivalents of CMH (with respect to dithranol) were analyzed. The 

dithranone:bisanthrone ratio decreased roughly linearly from 60:40 to 25:75 as CMH eq 

increased from 0-10 (-3.2% per CMH, Figure 3.7A). SOD had an analogous influence; a 

concentration of 1250 U/mL gave results comparable to 10 eq CMH. The SOD effect 

saturated near 5000 U/mL, with Ó80% bisanthrone. Notably, the presence of O2ǐ
ī trapping 

agents did not appreciably extend the incubation time needed to deplete the entire initial 

concentration of dithranol. This observation is consistent with a slow dithranol/O2 reaction 

to form dithranyl/O2ǐ
ī with faster subsequent steps. 
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Under the same conditions but with added NMO (50 µM), 5000 U/mL of SOD (a 

saturating amount in the uncatalyzed reaction, Figure 3.7A) had only a modest effect on 

the NMO-catalyzed reaction, lowering the dithranone:bisanthrone ratio from 90:10 to 

~80:20. The relative insensitivity of the ratio to SOD suggested that either superoxide was 

not involved in the NMO-catalyzed reaction, or that dithranone is primarily generated from 

a dithranyl/O2ǐ
ī pair that is sterically protected inside NMO. By contrast, CMH suppressed 

the dithranone:bisanthrone ratio as in the uncatalyzed case though to a lesser extent (10 eq 

CMH led to 70:30 dithranone:bisanthrone). Truncation of the effect may due to the limited 

affinity of CMH for NMO, competitive effects between the substrate and CMH, or both. 

The production of O2ǐ
ī during the dithranol oxidation reaction was subsequently 

monitored over time via EPR at pH 9.8 (Figure 3.7B). Superoxide trapping (detected via 

CMǐ) was linear with time (1.2 ÕM min-1) over the initial portion of the reaction. In the 

presence of 2500 U/mL SOD, the same reaction yielded CMǐ at just above the baseline 

level though the dithranone:bisanthrone ratio was 25:75. This suggested that O2ǐ
ī was 

preferentially scavenged by SOD. In the presence of 5 ÕM NMO, more rapid CMǐ 

production was observed during the initial phase of the reaction (3.0 µM min-1). Moreover, 

in contrast to the uncatalyzed reaction, the rate of CMǐ production was modestly affected 

by 2500 U/mL SOD. These results are consistent with the conclusion that O2ǐ
ī generated 

inside NMO is accessible to CMH but not SOD.  

 

Analysis of sequence and structure 

The ABM family (45,000 known sequences) is large and contains biochemically 

characterized oxidases (QuMo, (7)) and oxygenases (ActVA-Orf6 (8), NMO, IsdGs (20)), 
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as well as a large number of undescribed proteins that have no documented reactivity. 

Network analysis was carried out to divide the family into functionally cohesive 

subfamilies (Figure 3.8). At a stringency sufficient to separate the well-characterized 

IsdGs as a discrete cluster (e-15), at least 20 distinct subfamilies are observed. Notably, 

though both catalyze monooxygenase reactions on polyketide antibiotic substrates, 

ActVA-Orf6 and NMO partition to separate subfamilies. Residues conserved within and 

between clusters are shown in Figure 3.5.  

 

Discussion 

 

ABMs catalyze oxygenation reactions using no metal or organic cofactors, 

depending instead on the protein environment alone for catalysis. The highly activated 

nature of many ABM substrates has led to the suggestion that they act in lieu of cofactors, 

and a specific though largely untested analogy to flavoprotein chemistry has been drawn 

(2). The environment inside flavin-dependent oxidases and oxygenases indeed has an 

extraordinary influence over the cofactor, enhancing the rate of its oxidation by 104-106 

fold over the reaction in free solution (10). Here, using the ABM from the nogalamycin 

biosynthetic pathway (NMO), we examined whether flavoprotein-like catalytic strategies 

(Scheme 3.1) were at work, comparing the uncatalyzed and catalyzed reactions. 

  At least three well-described features of the flavin/O2 reaction were considered in 

the context of NMO. First, both the flavin cofactor and the substrate that it oxygenates react 

faster in their anionic, deprotonated forms (33,34). While removal of the substrate proton 

is often base-catalyzed in flavoproteins (35), the relatively acidic flavin  (pKa of flavin-
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N1H å pH 7) is stabilized in its anionic form by a strategically positioned positive charge 

or a hydrogen bonding partner (36). In keeping with this model, the pH-rate profiles for 

the NMO reaction (kcat and kcat/KM) showed that the alkaline enzyme-substrate complex 

reacts more rapidly than the acidic form (Figure 3.4) by nearly two orders of magnitude 

with a pKa of 6.8 (dithranol pKa = 8.5). The structure and sequence of NMOs were 

examined for evidence of base catalysis, identifying well- (H85) and poorly- (H49) 

conserved potential bases in the open NMO cavity (Figure 3.5). However, when either was 

mutated to alanine, there was no observable effect on either the magnitude or the pH 

dependence of the steady state constants (Figure 3.4). Given the absence of any other 

plausible residue, this suggested that NMO function does not depend on general base 

catalysis.  

This stands in sharp contrast to HOD, the recently-characterized cofactor-free 

dioxygenase, which undergoes a 5500-fold diminution in kcat when its active site base is 

eliminated (23). Given the relative acidity of the NMO substrate, we considered the 

possibility that the protein may exert a subtler effect. Specifically, N63 and N18 are strictly 

conserved within the NMO sequence cluster (Figure 3.8) and are obvious candidates for 

hydrogen bonding to the substrate (Figure 3.5). Consistent with prior observations (5), 

N63A and N18A mutant proteins exhibited activity that was strongly suppressed over the 

entire pH range examined. However, both still bound the neutral/protonated substrate with 

affinity similar to that of the WT enzyme (pH 6.3). At pH values greater than the pKa of 

the substrate, the binding affinity diminished by 3- and 20-fold, respectively for the N63A 

and N18A mutants. Parallel effects were observed for KM. This suggested that an 
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interaction with both residues helps to selectively stabilize the anionic form of the substrate 

and might be partly responsible for lowering its pKa. Suppressed values for kcat further 

suggested that these residues play an additional catalytic role.   

A second defining feature of flavoprotein/O2 catalysis is the formation of a 

semiquinone/O2ǐ
ī radical pair in a rate-limiting step (Scheme 3.1A). The barrier to this 

important step is lowered by the enzyme, sometimes via a well-positioned positive charge 

that stabilizes superoxide and thereby minimizes the reorganization energy following 

electron transfer (37-40).  

An analogous substrate radical/ O2ǐ
ī pair can be proposed at the NMO active site 

(Scheme 3.1B); however, such an intermediate is not obligate. As an alternative, the 

protein could stabilize the substrate or an intermediate in a radical doublet (Ź) state, which 

could react directly with triplet O2 (ŷŷ) to form a doublet substrate/O2 adduct (Ź). Such a 

reaction would not violate the spin-rule and hence could occur rapidly. In fact, W66, one 

of a handful of strictly conserved residues in the heme-degrading IsdG family (Figure 3.5), 

has been shown to deform the normally planar heme inside these enzymes. Such ruffling 

induces unpaired electron density in the meso-carbons of the tetrapyrrole (20,41,42), 

thereby facilitating the direct reactions between O2 and heme (43,44). A mechanism 

involving induction of radical character in the substrate has also been proposed for the 

oxidation of urate by the cofactor-independent urate oxidase (45,46). Catalysis could 

alternatively involve formation of a triplet state di-radical adduct between the singlet 

substrate and triplet O2. Recent experimental and computational evidence suggested that 
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the anion of the substrate for HOD reacts directly with O2 to form such an intermediate in 

a step that limits the overall reaction rate (22).  

In investigating the O2-reactivity of NMO, we found that, consistent with the 

flavoenzyme paradigm, the reaction between dithranol and O2 occurs as a slow step 

(Figure 3.6). We then tested the hypothesis that a dithranyl/O2ǐ
ī  radical pair is the key 

catalytic intermediate that forms in the slow step, finding three kinds of evidence in 

support. First, a stable substrate radical inside the anaerobic NMO/substrate complex was 

not observed by EPR, arguing against a urate-oxidase-like activation of the substrate (data 

not shown). Second, using enzymatic (SOD) and small-molecule (CMH) superoxide-

trapping agents (Figure 3.7A), the intermediacy of superoxide was confirmed for the 

uncatalyzed, dithranone-forming pathway. Both were able to reverse the 60:40 ratio of 

dithranone:bisanthrone (pH 9.8) toward near-complete formation of bisanthrone, 

presumably due to the scavenging of O2ǐ
ī away from a dithranyl/O2ǐ

ī pair. A similar 

though smaller effect on the product ratio was observed for the NMO-catalyzed reaction 

carried out in the presence of CMH (Figure 3.7A) but not SOD, suggesting that O2ǐ
ī 

generated inside NMO could be quenched by reaction with the small molecule, CMH. 

Third, the amount of CMǐ formed by the dithranol/O2 reaction, monitored by EPR, 

diminished in the presence of SOD for the uncatalyzed reaction, suggesting that CMH and 

SOD could compete for O2ǐ
ī. However, SOD had no effect on CMH/ O2ǐ

ī trapping in the 

presence of NMO (Figure 3.7B). Collectively, these experiments point toward a 

dithranyl/O2ǐ
ī  pair as a key intermediate on either the catalyzed/uncatalyzed pathway 

leading to the oxygenated product. Distinct from many flavoenzymes, there is no stable 
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positive charge in the active site, though the amide side chains of N63 and/or N18 have 

charged resonance forms. Either of these residues could play a role in accelerating the 

formation of the radical pair.  

A third and final role for the enzyme in flavin-dependent oxidases/oxygenases is in 

steering highly reactive intermediates toward a single set of products. This role asserts itself 

around at least two major decision points in the mechanisms of flavoenzymes (10). First, 

the initially formed flavin semiquinone/O2ǐ
ī radical pair is in the triplet state (two unpaired 

electron spins) (9). The radicals in the pair can drift apart, generating the semiquinone and 

O2ǐ
ī as the ultimate products. This is the observed outcome for flavin-dependent electron 

transferases as well as cryptochromes, light-receptor flavoprotein oxidases that use the 

resulting superoxide as a diffusible signaling agent (47-49). It is also a principal reaction 

pathway for free flavin in solution, where autocatalytic reactions between the flavin 

semiquinone and O2 or O2
ī compete with the enzymatically-driven recombination (10). 

Alternatively, the two electron spins can pair and the radicals rejoin, forming the flavin-

C4a-OOī adduct. With the addition of a proton, this adduct becomes the central C4a-OOH 

reactive species of flavin monooxygenases and some oxidases. The pendant peroxy group 

can either depart from the flavin as H2O2 (oxidases), or the O-O bond can cleave 

heterolytically as the terminal oxygen is incorporated into a substrate (oxygenases). In the 

latter case, the enzyme selects the appropriate substrate and tunes the oxidant toward either 

nucleophilic or electrophilic attack.  

Because there is no adjacent imine nitrogen on dithranol to act as an electron sink, 

the analogous dithranyl-OOH adduct would appear to obligately follow the pathway in 
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Schemes 3.1 and 3.2. This path predicts movement of the C10 hydride to the C10 oxygen, 

heterolytic OïO cleavage, and release of water. The critical steps controlling the outcome 

of the reaction therefore appear to be those that mediate the propensity of the radical pair 

to recombine or part ways. For the uncatalyzed reaction (Table 3.1, Figures 3.2-3), pH is 

clearly a key factor in this decision. First, the O2-dependent disappearance of dithranol 

accelerates dramatically with pH, with reaction timescales moving from hours to minutes. 

The acceleration is attributable to the faster formation of a dithranyl/O2
ǐī pair as the pH 

increases. Second, the product distribution becomes more markedly biased toward 

dithranone, the oxygenase product, with increasing pH. 

The NMO-catalyzed reaction exhibited the same pH-dependent trends in rate and 

product distribution, though to an even more marked extent. Together, these results 

suggested that the enzyme has two major functions. First, it catalyzes the formation of the 

radical pair, in a reaction that is faster when the substrate is deprotonated and where N63 

and/or N18 may serve key roles. Second, it directs the radical pair away from the path of 

mutual dissociation and toward that of the recombination product, dithranone. The fact that 

bisanthrone is still a product of the enzymatic reaction at pH 6.3 suggests that these two 

functions are not strictly coupled: the radical pair can form under catalyzed conditions and 

then leave the active site without recombining, leading to bisanthrone on a timescale of 

minutes rather than hours (uncatalyzed reaction).  

How NMO selectively enforces the recombination at higher pH values is not clear. 

However, recombination, whether in the catalyzed or uncatalyzed process, appears to be 

the preferred route as the pH increases. Under these conditions, the substrate radical is 
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neutral, rather than a protonated radical cation (Scheme 3.2). The possible connection 

between the protonation state of the dithranyl and its subsequent reactivity will be 

examined in future work. 

The paradigms for enforcing ñcofactorless O2 catalysisò are remarkably diverse. 

While urate oxidase stabilizes a substrate radical and HOD a triplet substrate/O2 diradical 

adduct, NMO follows a third route, where the enzyme clearly plays a major role in both 

forming and directing the reactivity of a dithranyl/O2ǐ
ī pair. How does NMO lower the 

barrier (ȹGÿ)? The uncatalyzed oxygenation of the substrate anion (pH 9.8) is orders of 

magnitude slower than then NMO-catalyzed process, illustrating that substrate 

deprotonation is not the primary function of the enzyme. At the same time, catalysis must 

be due to more than desolvation or restriction of substrate translational and rotational 

motions. Illustrating the point, the N63A and N18A mutants, which have fully intact 

structures and bind the substrate with reasonable affinity, have strongly impaired activity.  

Instead, the principal role in catalysis appears to come ultimately from the ability 

of NMO to facilitate formation of a dithranyl/O2ǐ
ī pair. According to classic transition state 

theory (50), if the non-enzymatic and enzyme-catalyzed reactions share a similar transition 

state (as appears likely here), then dissociation constants for each (KN
ÿ, KE

ÿ) can be written, 

where E is a spectator in the uncatalyzed case. The thermodynamic cycle can then be closed 

with the addition of two constants, KS and KT: 

  (3.1) 
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Here, KT is the dissociation constant for the substrate transition state from ESÿ. In the 

simple transition state theory model, the enzyme accelerates the rate of reaction by 

stabilizing ESÿ, or in other words, lowering KT. Relating these constants to rates, if kE 

describes the rate-limiting chemical transformation of ES to EP (equivalent to kcat in the 

Michaelis model) and kN describes the same step in the uncatalyzed case, then:  

kE / kN = KE
ÿ / KN

ÿ = KS
 / KT   (3.2) 

Inserting values measured under identical conditions for the nonenzymatic and NMO-

catalyzed reactions (kE = 60 min-1 , kN = 0.02 min-1, KS = 0.069 µM, pH 9.8, air, 20 °C, 30 

mM S or ES complex) yields KT = 0.023 nM. The associated extent of transition state 

stabilization for KT relative to KS is, therefore, 19 kJ mol-1. In terms of magnitude, this is 

on the order of 2-3 hydrogen bonding interactions.  

A more detailed investigation of the energy landscape promoting both the formation 

and recombination of the radical pair in NMO may allow us to understand the nature of the 

transition state and the enzyme structural features that promote its formation. These 

investigations may serve to support the development of catalysts that use O2 from the air 

and obviate the need for fragile, expensive, and nonrenewable cofactors.  
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Schemes, Tables, and Figures 

 

 
Scheme 3.1. Flavin/O2 reaction scheme (A) and analogous reaction pathway for NMO 

(B). (A) In the initial step of the reaction, the reduced, deprotonated flavin anion transfers 

one electron to triplet-state O2 to form a superoxide (ŷ)/semiquinone (ŷ) radical pair 

(9,10,56-58). This spin-allowed step is rate limiting in several flavin-oxidases and -

oxygenases (59). Deprotonation of both the flavin and, in monooxygenases, the organic 

substrate occurs, the latter in a base-catalyzed manner (35,36,60). The presence of an active 

site positive charge lowers the height of the activation barrier in some well-studied 

flavoproteins (37) by stabilizing the superoxide anion and helping to minimize the electron 

transfer reorganization energy (ɚ) (38,39). The reaction between the 

superoxide/semiquinone radical pair to form the C4a-flavin-hydroperoxide (C4a-OOH) 

intermediate is enforced via site-isolation, which prevents autocatalytic reactions between 

the oxidized and reduced flavins to form semiquinones (10). The C4a-OOH releases H2O2 

to form the two-electron-oxidized flavin in flavin-dependent oxidases. Alternatively, the 

terminal oxygen may be transferred to a substrate in a flavin-dependent monooxygenase 

(36). (B) An analogous mechanism for NMO is proposed. The native 1,2-nogalonate 

substrate shown, with the dithranol anion core highlighted in green. 
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Scheme 3.2. Proposed pathways for the uncatalyzed oxidation of dithranol. Step 1 

results in formation of a dithranyl/superoxide radical pair. In Step 2, the radical pair may 

dissociate, resulting in dimerization of two dithranyls to form bisanthrone. The expected 

rapid disproportionation of two superoxide radicals to form H2O2 and O2, is also shown 

(pathway A). Alternatively, the radical pair can combine (pathway B), forming the peroxy 

adduct. Heterolytic cleavage of the O-O bond leads to water and dithranone. Pathway A 

predominates under acidic conditions, and B under basic conditions.     
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Table 3.1. Kinetic constants and final product distributions for the non-enzymatic 

oxidation of dithranola  

pH k (µM-1 min-1) t1/2 (min) % bisanthrone  % dithranone  

6.3 1.2 (±0.005) x 10-4 240b 90 ± 4 10 ± 4 

9.8 3.6 (± 0.005) x 10-4 13c 40 ± 2 60 ± 2 
aReaction conditions: [dithranol]initial = 500 µM, air (280 mM), 20 °C, citrate-ME (pH 6.3) 

or CAPS-ME (pH 9.8) buffers. Reactions were gently stirred. Values for second order rate 

constants k are obtained from the slopes of plots of the initial rate of dithranol 

disappearance versus [dithranol] (slope = k [O2]). See Figure 3.4A. Note that enzymatic 

rates were corrected for the nonenzymatic reactions. bReaction was first-order in dithranol; 

k = 0.0029 min-1 and t1/2 = 0.693/k. cReaction was pseudo-zeroth-order in dithranol under 

conditions where [dithranol]initial > [O2] (air-saturated solvent). The value for t1/2 is reported 

for [dithranol]initial = 500 µM, where k = 20 µM min-1 and t1/2 = [dithranol]initial/2k. 
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Table 3.2. Kinetic constants for the steady state enzymatic oxidation of dithranola 

pH kcat  

(min-1) 

KM 

(dithranol

)a (µM) 

kcat/KM 

(dithranol)a  

(µM-1 min-

1) 

KM(O2)
a (µM) 

kcat/KM 

(O2)
b 

(µM-1 

min-1) 

KI 

(µM

) 

% 

bisant

hronec 

% 

dithra

nonec 

6.3 10 ± 

0.3a 

13 ± 

0.9b 

220 ± 60  0.050 ± 

0.01  

430 0.030 ± 

0.003 

N/A 50 ± 3 50 ± 3 

9.8 60 ± 6a 

110 ± 

6b 

100 ± 20  

  

0.58 ± 0.04  410 0.26 ± 

0.01 

1100 

± 

300a  

10 ± 2 90 ± 2 

aReaction conditions: varied concentrations of dithranol were used in air (sub-saturating, 

280 µM O2), 4 µM NMO, 20 °C, citrate-ME (pH 6.3) or CAPS-ME (pH 9.8) buffers. The 

measured value for kcat is apparent because a sub-saturating amount of O2 was used. 
bReaction conditions: varied concentrations of O2 were used in saturating dithranol (500 

µM), 4 µM NMO, 20 °C, citrate-ME (pH 6.3) or CAPS-ME (pH 9.8) buffers.  
cReaction conditions: 500 µM dithranol, air (280 µM), 1 mM NMO, 20 °C, 30 min 

incubation, citrate-ME (pH 6.3); or 500 µM dithranol, air (280 µM O2), 50 µM NMO, 10 

min incubation. CAPS-ME (pH 9.8).  
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Figure 3.1. The substrate (dithranol) and its oxidation products have distinct spectra. 

A) Titration of 0.5 mL 100 µM dithranol in Tris-ME with 5 M NaOH (1 µL), illustrating 

changes in the spectrum as the pH is increased from 5 (solid green trace) to 11 (dashed 

green trace). Spectra measured at intervening increments of NaOH are shown in gray. Inset: 

absorbance at 354 nm (x) and 387 nm (ǒ) as a function of pH. The data were fit to eq 3.4 

(pKa = 8.5 ± 0.30). B) UV/vis spectra of dithranol (green), bisanthrone (brown) and 

dithranone (red), at 100 µM, pH 6.3 (0.1 M citrate-ME, pH 6.3). Spectra for the same 

species measured under alkaline conditions (0.1 M CAPS-ME, pH 9.8) are shown in the 

same colors as dashed lines. Measured acidic features were: dithranol ɚmax = 354 nm and 

ⱦ354nm = 6.5 (±0.2) mM-1cm-1; dithranone, ɚmax = 430 nm, ⱦ430nm = 7.3 (±0.02) mM-1 cm-1; 

and bisanthrone, ɚmax = 392 nm. Features for the alkaline species were: dithranol ɚmax = 

389 nm, ⱦ389nm = 18 (±0.2) mM-1 cm-1; dithranone ɚmax = 512 nm, ⱦ512nm = 6.6 (±0.06) mM-

1 cm-1; and bisanthrone ɚmax = 387 nm. 
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Figure 3.2. Uncatalyzed dithranol oxidation under acidic conditions (pH 6.3) is very 

slow. A) Dithranol (green) converts to bisanthrone (brown) as its major product at pH 6.3 

in air (100 µM starting dithranol, 22°C, 0.1 M citrate-ME, gray spectra measured at 60 min 

increments). The lack of an isosbestic point suggests the generation of more than one 

product. B) Dithranol (500 µM) conversion monitored discontinuously over time by HPLC 

(green circles) clearly shows the appearance of the major product, bisanthrone (brown 

circles, 90% yield), as well as a small amount of dithranone (red circles, 10% yield) (0.1 

M citrate-ME, pH 6.3, air). The disappearance of dithranol and appearance of bisanthrone 

occurred with first order kinetics, t1/2 = 240 min.  
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Figure 3.3. Uncatalyzed oxidation of the dithranol anion is much more rapid under 

basic conditions (pH 9.8) and gives a different product distribution. A) Dithranol anion 

(green dashes) converts to approximately equal amounts of bisanthrone and dithranone (red 

dashes) over a period of 40 min at pH 9.8 in air (100 µM starting dithranol, 22°C, 0.1 M 

CAPS-ME, gray traces measured at 5 min increments). B) Dithranolate (500 µM) 

disappearance (green circles, k = 20 µM min-1), monitored discontinuously by HPLC, was 

linear over time (t1/2 = 13 min), converting into the alkaline forms of dithranone (red circles, 

k = 13 µM min-1) and bisanthrone (brown circles, k = 6.7 µM min-1).  
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Figure 3.4. The steady state NMO-catalyzed reaction is faster and exhibits substrate 

inhibition at higher pH. A) The initial rate of substrate (O2) disappearance was monitored 

as a function of dithranol concentration at pH 6.3 (circles) and 9.8 (triangles) in the 

presence (closed symbols) and absence (open symbols) of catalytic amounts of NMO (4 

µM, 22 °C, air). Under moderately acidic conditions, the enzymatic reaction is slow and 

follows Michaelis-Menten kinetics (kcat = 10 ± 0.3 min-1, kcat/KM(dithranol) = 0.050 ± 0.01 

µM-1 min-1, KM = 210 ± 60 µM). Under basic conditions, the reaction is substantially faster 

and exhibits substrate inhibition: kcat = 60 ± 6 min-1, kcat/KM(dithranol) = 0.58 ± 0.04 µM-1 

min-1, KM = 100 ± 20 µM, KI(dithranol) = 1100 ± 300 µM. Inset: Second order rate 

constants derived from the uncatalyzed reaction were k = 1.2 (±0.005) x 10-4 µM-1 min-1 

(pH 6.3) and k = 3.6 (± 0.005) x 10-4 µM-1 min-1 (pH 9.8). Values of B) kcat and C) 

kcat/KM(dithranol) were measured as a function of pH for NMO (black circles) and mutants: 

H85A (blue squares), H49A (red diamonds), N18A (purple diamonds), and N63A (green 

triangles). The data for WT and the H mutants overlap (pKa = 6.8 ± 0.05), indicating that 
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neither histidine acts as an active site base. was determined for all of the curves. The pKas 

for the N mutants were alkaline-shifted relative to WT: 8.6 ± 0.1 (kcat) and 7.2 ± 0.05 

(kcat/KM[dithranol]) (N18A); 7.6 ± 0.1 (kcat) and 7.0 ± 0.2 (kcat/KM[dithranol]) (N63A). 

 

 

 

  
Figure 3.5. Domain and active site structures of NMO (violet), ActVA -Orf6 (cyan), 

and IsdI (green) (PDB IDs: 3KG0, 1N5T, 3LGN). (A) Overlay of substrate-binding 

domain of all three proteins, rendered as cartoons. (B)-(D) Active site residues conserved 

within each subfamily are shown, with the protein in the same orientation as in A. 

Interactions that could be hydrogen bonds (distances Ò3.5¡) are indicated with dashed 

lines. Conserved residues are shown and their labels color coded. Blue labels indicate 

conservation among all 3 subfamilies; red: NMO and ActVA-Orf6; purple: NMO and 

IsdG; black: conserved only within the subfamily shown. Note that H85 (NMO numbering 

used) is conserved within the NMO subfamily but not the ActVA-Orf6 subfamily. H49 is 

highly but not strictly conserved, even within the NMO cluster, but it was examined 

nonetheless because of its key position. N63 is conserved in both NMO and ActVA-Orf6 

subfamilies. Additionally, the functionally important asparagine in the IsdGs (N6) is 

conserved in the NMO subfamily (as N18) but not among ActVA-Orf6 and its close 

relatives (62). Notably, no positively charged or acid-base residues are conserved between 

the NMO and ActVA-Orf6 clusters, arguing against their involvement in a common 

reaction mechanism. The iron-ligating histidine residue that is strictly conserved in IsdGs 

is not conserved in either the NMO or ActVA-Orf6 clusters. 

  



89 
 

 
Figure 3.6. NMO-catalyzed steady state and single turnover reactions of dithranol 

and O2 show that an O2-dependent step limits the overall reaction rate. (A) The initial 

rate of O2 disappearance was monitored as a function of O2 concentration at pH 6.3 

(triangles) and 9.8 (circles). Fitting the data at pH 6.3 (500 µM dithranol, citrate-ME, 22 

°C) to the Michaelis Menton model (eq 3.5) yielded: kcat = 13 ± 0.9 min-1, KM(O2) = 430 

mM, and kcat/KM(O2) = 0.03 ± 0.003 µM-1 min-1. At pH 9.8 (500 µM dithranol, CAPS-ME, 

22 °C), a model including positive cooperativity yielded: kcat = 110 ± 6 min-1, kcat/KM(O2) 

= 0.26 ± 0.01 µM-1 min-1, KM = 410 µM, and n = 1.8 (Hill coefficient). B) The reaction 

between the anaerobic 30 µM NMO-dithranolate complex and 608 µM O2 (CAPS-ME, pH 

9.8, 22 °C) was monitored over time following rapid mixing. The initial conversion of the 

starting complex (green spectrum) to a species with a spectrum resembling the alkaline 

form of dithranone (red) was complete within ~3.6 s. This species subsequently converted 

very slowly to the final observed photoproduct (purple) within ~300 s. The gray spectra 

were measured at 0.3 s increments. (C) Single wavelength traces (389 nm, 66, 137, 262, 

392, and 608 µM O2) plotted versus time illustrate the two kinetic phases shown in A. Data 

were fit to the sum of two exponentials to obtain values of kobs(1) and kobs(2), and the arrow 

shows the direction of increasing O2 concentration. Inset: The values for kobs were plotted 

versus O2 concentration. The initial kinetic phase exhibited a strong linear dependence on 
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[O2], yielding the second order rate constant k1 = 0.14 ± 0.005 µM-1 min-1. The second 

phase, ascribed to the photodegradation of the product, was far slower and independent of 

O2 concentration. 

 

 

 

 
Figure 3.7. Superoxide is generated during the catalyzed and uncatalyzed reactions 

and is an intermediate to the monooxygenase product, dithranone. (A) The products 

of the uncatalyzed reaction at pH 9.8 (CAPS-ME, 500 µM dithranol, 22 °C) were analyzed 

by HPLC after the reactions had gone to completion in the presence of increasing 

concentrations of CMH (red squares) or SOD (red triangles). The dithranone fraction is 

plotted, and the remainder was bisanthrone. The products of the catalyzed reaction (+50 

µM NMO) were analyzed after the reaction had gone to completion in the presence of 
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increasing concentrations of CMH (blue squares). The enzymatic reaction (90% dithranone 

product) was largely unaffected by even the highest concentration of SOD; hence the data 

are not shown. Lines or extrapolated smooth curves illustrate the trends in the data. (B) The 

reaction of 200 µM dithranol [used as limiting reagent due to lack of sample equilibration 

with air], air/280 µM O2, 5 µM NMO, and 10 eq of CMH (2 mM) to yield CMǐ was 

monitored over time by EPR (pH 9.8 CAPS-ME, 22 °C). Data were measured every minute 

until the spectrum stopped growing in intensity. Spectra measured at selected time points 

with their y-axis normalized to TEMPO standard concentrations are shown. (C) Time 

resolved spectra were measured as in (B) in the presence (blue symbols) and absence (red 

symbols) of 5 µM NMO. Circles represent reactions carried in the presence of CMH as the 

means for superoxide detection, and triangles are for reactions carried out with both CMH 

and added SOD (2500 U/mL). The catalyzed reaction generates CMǐ more quickly than 

the uncatalyzed. Only the uncatalyzed reaction is significantly affected by competition with 

SOD, suggesting that O2ǐ
ī is protected from SOD inside the NMO active site.  

 

 

 

 

 
Figure 3.8. Sequence analysis illustrates the diversity of the ABMs and the 

monooxygenase subfamilies within it. Network analysis (stringency e = 10-15) divided 

the >45,000 unique sequences of the family into at least 24 subfamilies, of which the NMO 

subfamily and its nearest neighbors are depicted here as clusters of dots (each dot contains 
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closely related individual sequences). Partitioning of the functionally distinct, heme-

degrading IsdGs (green dots) into a discrete cluster was used to guide for the appropriate 

stringency, which led to the division of NMO and its neighbors (blue dots) into a separate 

family from ActVA-Orf6 (another characterized monooxygenase in an antibiotic 

biosynthesis pathway) and its closest homologs. QuMo, a quinol monooxygenase, and its 

closest relatives are shown as orange dots. 
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Abstract 

Oxygen (O2)-utilizing enzymes are among the most important in biology. The 

abundance of O2, its thermodynamic power, and the benign nature of its end products have 

raised interest in oxidases and oxygenases for biotechnological applications. While most 

O2-dependent enzymes have an absolute requirement for an O2-activating cofactor, several 

classes of oxidases and oxygenases accelerate direct reactions between substrate and O2 

using only the protein environment. Nogalamycin monooxygenase (NMO) is a cofactor-

independent enzyme that catalyzes rate-limiting electron transfer between its substrate and 

O2. Here, we demonstrate that the enzyme initially activates the substrate, lowering its pKa 

by 1.0 unit (ȹG*= 1.4 kcal mol-1) over buffer alone. The one-electron reduction potential, 

measured for the deprotonated substrate both inside and outside the protein environment, 

increases by 85 mV inside NMO, corresponding to a ȹȹG ǋ = 2.0 kcal mol-1 (0.087 eV), 
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while the activation barrier, ȹGÿ, is lowered by 4.8 kcal mol-1 (0.21 eV). Applying the 

Marcus model, this suggests a sizable decrease of 28 kcal mol-1 (1.4 eV) in the 

reorganization energy (l), which constitutes the major portion of the protein environmentôs 

effect in lowering the reaction barrier. A similar role for the protein has been proposed in 

several cofactor-dependent systems and may reflect a broader trend in O2-utilizing 

proteins. 

 

Introduction 

Reactions between organic molecules and O2 power aerobic life. While O2 is a 

thermodynamically powerful oxidant, well-described kinetic (1,2) and thermodynamic 

(2,3) barriers render it largely inert under ambient conditions. This lack of apparent 

reactivity protects biological molecules from unwanted oxidations.  In order to harness its 

oxidizing power, nature has evolved several organic and metallocofactors capable of 

binding and donating electrons to O2 (4-8). The partially reduced forms of O2 (superoxide 

or peroxide anions) are both activated for oxidizing exogenous substrates and sheltered 

inside proteins, where they may access substrates selectively (9). 

 Several classes of oxidases and oxygenases are known that directly catalyze 

reactions between substrates and O2 in a cofactor-independent manner (10), and are broadly 

termed cofactor-independent oxidases and oxygenases (CIOs). Examples of these are the 

antibiotics biosynthesis monooxygenases (ABMs), a large family of enzymes involved in 

the synthesis of bacterial antibiotics. These catalyze oxidations and oxygenations of  
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mono-, tri-, and tetracycline natural products through the direct interaction of the substrate 

and O2 (11-16). 

 Working with a member of this class known as nogalamycin monooxygenase 

(NMO), we previously compared the mechanisms of the catalyzed and uncatalyzed 

reactions of dithranol, a tri-cyclic anthraquinol analog of 12-deoxynogalonic acid (Scheme 

4.1) (17). With the substrate in its deprotonated, monoanionic form (dithranolī), we 

observed rate-limiting electron transfer in both the uncatalyzed and catalyzed reactions, 

where the presence of the protein led to an approximate 2000-fold increase in the reaction 

rate (17). While modest, this increase is nonetheless of interest, as it suggests ways in which 

the protein environment alone can accelerate reactions with O2, in both natural and 

designed enzymes that exploit this abundant, ñgreenò oxidant. 

 Here, we have begun to quantify how the enzyme activates both the organic 

substrate and O2. Because the rate-limiting step is an electron transfer, Marcus Theory can 

be applied. The Marcus model states that the activation barrier (ȹGÿ) for electron transfer 

is a function of how the chemical environment influences the free energy difference (ȹG ) 

between the ground (reduced) and excited (1e- oxidized) states, and the energy required to 

reorganize the reactants and solvent in the excited state (l).    

Because of the simplicity of our system - a small, structurally characterized 34 kDa 

enzyme which lacks a cofactor - and our ability to study the uncatalyzed reaction in parallel, 

we were able to use the Marcus model to directly assess how the protein environment 

lowers the barrier to electron transfer between a simple substrate and O2. 
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Results 

 

Pure wild-type (WT) and mutant NMO were prepared in high yields 

 

His6-NMO was purified as a homodimer in average yields of 50 mg/L of culture 

for WT, 20 mg/L for the N18A, and 30 mg/L for the N63A variant. Pure enzyme had a 

measured subunit molecular weight of 16.85 kDa (MS); calculated 16.98 kDa. The 

discrepancy was attributed to loss of part of the histidine tag before or during MS analysis. 

Typical values for the specific activity of freshly-prepared enzyme in air-saturated buffer, 

consisting of 0.1 M CAPS, 0.3 M NaCl, 36% 2-methoxyethanol (CAPS-ME), pH 9.8, 25 

ÁC, were: 47 Ñ 7 ɛM min-1ɛM-1 NMO (WT), 0.41 Ñ 0.1 ɛM min-1ɛM-1 NMO (N18A), and 

0.15 Ñ 0.006 ɛM min-1ɛM-1 NMO (N63A). The enzyme retained full activity for at least 

25 min in the 2-methoxyethanol (ME) containing buffer, after which activity began to 

decline.   

 

NMO lowers the pKa of the bound substrate 

The pKa of free dithranol in solution is 7.9 ± 0.4, but when bound to WT NMO the 

value is lowered by 1.0 pKa unit to 6.9 ± 0.2 (Figure 4.1). This suggests that NMO plays a 

role in promoting formation of the reactive dithranolī at physiological pH and temperature 

(pH 7, 25 ÁC), an effect corresponding to ȹG0ǋ = 1.4 kcal mol-1 (18). Previously, we saw 

that catalytic activity was significantly reduced in two active site asparagine mutants of 

NMO (17). To probe whether these are involved in lowering the substrate pKa, pH titrations 

were carried out for the enzyme-substrate (ES) complexes of the N18A and N63A variants, 
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yielding values of 7.8 ± 0.2 and 7.7 ± 0.1, respectively (Figure S4.1). Hence, both N18 

and N63 appear to be involved in facilitating the deprotonation reaction.  

The uncatalyzed oxygenation of dithranol- has a modest barrier 

A discontinuous HPLC method was used to monitor the initial rate of dithranol- 

oxygenation under pseudo-first order conditions (constant O2 concentration, pH 9.8, 25 

°C). Dithranone, dithranol, and bisanthrone have well-resolved peaks with retention times 

of 2.3, 2.7, and 3.2 min, respectively (Figure S4.2). The rate of dithranol- oxygenation 

increased with O2 concentration, with the highest attainable dissolved [O2] (935 ɛM) 

resulting in exponential loss of the initial 200 mM dithranolī within 2.5 min (Figure S4.3). 

In each case, dithranone formed in a 1:1 ratio with dithranolī. Due to the slow oxidation of 

dithranolī, especially at low temperatures and [O2], the method of initial rates was used to 

find k´ (17). [dithranol-]t/[dithranol-] initial of the initial, linear portion of the curve was 

plotted versus time (Figure 4.2), yielding a slope equal to k´ (eq 4.7), where k´ is equal to 

the rate constant, k, times [O2] (eq 4.7). Plotting measured k´ values versus [O2] (Figure 

S4.4) yielded lines of increasing steepness as both [O2] and temperature were increased 

(Figures 4.2 and S4.4). ln (k) was then plotted as a function of temperature (1000 R-1T-1), 

using eq (4.4), which yielded a negative linear relationship from which Ůa = 15 ± 1 kcal 

mol-1 and the pre-exponential term, ln (A) = 26 ± 2, were determined (Figure 4.4, Table 

4.1). 

 

NMO lowers the activation barrier for oxidizing dithranol- 

Oxygenation of dithranolī in the presence of NMO is significantly faster than the 

uncatalyzed reaction and similarly increases in rate with [O2] (Figure 4.3, S4.5, Table 4.1). 
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Analogous to the uncatalyzed reaction, the rate of dithranolī oxidation with NMO also 

increases as temperature is increased (Figure 4.3). For the enzymatic reaction, kcat/KM(O2) 

is used in place of a second order rate constant, as described in materials and methods and 

in prior work by our group and others (5,17,19). The plot of ln (kcat/KM(O2)) versus 1000 

R-1T-1 has a negative linear slope, giving an activation energy Ůa = 6.0 ± 1 kcal mol-1 and ln 

(A) = 19 ± 3 (Figure 4.4, Table 4.1). The activation energy is lower than the uncatalyzed 

reaction by ~ 2.5-fold. 

 

Temperature dependence of NMO mutants 

Both N18A and N63A show significantly reduced catalytic efficiency compared to 

WT NMO (Figure S4.6, Table 4.1). We examined the temperature dependence of 

kcat/KM(O2) for these mutants in order to measure their activation energies. However, 

neither mutant exhibited any kinetic sensitivity in changes to temperature (Figure S4.6). 

We were therefore unable to use the Arrhenius relationship to determine the activation 

barriers for these mutants.  

 

The protein environment does not significantly change the free energy, ȹG ǋ, for dithranol- 

oxidation 

Oxidation peak potentials (Ep) for the one electron oxidation of dithranolī to form 

the dithranyl radical were measured for free dithranolī and the NMO-dithranolī complex 

using cyclic voltammetry (CV) (Figures 4.5 and S4.7). Using eq (4.10) and k = 2.6 ×  109 

M-1 s-1, the dimerization rate constant that has been applied to describe coupling by several 

other phenolic radicals (20), allowed for the calculation of E ǋ, the redox potential under 
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standard conditions at constant pH (25 °C, 1 M ionic concentration, pH 9.8) for bound and 

unbound dithranolī (Table 4.1). The presence of NMO does not significantly change E ǋ. 

These values are reported vs Ag/AgCl (in 3 M NaCl) instead of vs SHE, as there was no 

suitable redox system for our mixed solvent system that could be used to account for the 

junction potential. Prior studies have used a correction factor for this in both aqueous (21) 

and mixed solvent systems (22). However, caution should be taken when doing so, 

especially if an organic solvent is used (23,24). To reference the dithranol- oxidation to the 

half-cell potential of O2 + e- Ÿ O2
-, we applied the correction factor below: 

Ὁ  % Ⱦ πȢςπω V at 25 °C   

Ὁ  for O2 + e- Ÿ O2
-, is -0.16 V (5). We then used eq (4.9) to solve for ȹG ǋ of electron 

transfer to O2 for unbound and bound dithranolī (Table 4.1). There was a modest increase 

in the free energy when dithranolī is bound to NMO: ɝɝὋ : 2.0 (WT), 1.7 (N18A), and 

1.8 (N63A) kcal mol-1. Hence, the presence of NMO causes a small shift in the free energy 

toward a more endothermic electron transfer. 

 

Reorganization energy is the major driver for lowering activation energy in NMO 

According to Marcus Theory, the activation barrier of an electron transfer (ȹGÿ) 

can be parameterized via ȹG0 for the electron transfer reaction and the reorganization 

energy (ɚ), as shown below: 

                           ɝὋɗ                                                                   (4.1) 

l is defined as the energy required to reorganize the nuclei of substrate, product, and their 

immediate solvent environment without electron transfer occurring. 
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  For electron transfer from dithranol- to O2, the activation barrier is 14 kcal mol-1; 

however, in the presence of WT NMO, the barrier is lowered to 9.2 kcal mol-1, leading to 

a ɝɝὋ  of 4.8 kcal mol-1. Using the small difference in ɝὉ  measured via CV (-

0.085 V), ɝɝὋ  = 2.0 kcal mol-1 (Table 4.1), and eq (4.1), the reorganization energy is 

40 kcal mol-1 for the reaction between O2 and dithranolī, and 12 kcal mol-1 for the NMO-

dithranolī complex (Table 4.1).  Hence, NMO acts to lower the activation barrier of rate-

limiting electron transfer via a 28 kcal mol-1 shift in the reorganization energy. 

 

Discussion 

 

O2 is natureôs premiere oxidant: naturally abundant, relatively nontoxic, kinetically 

challenged, but thermodynamically powerful. O2-utilizing processes must overcome the 

intrinsic barriers to O2 activation, which can be understood in the context of the self-

exchange reaction between O2
- and O2 (DG ǋ = 0 kcal mol-1). Applying the Marcus 

relationship [eq (4.1)] to this reaction gives DGÿ = l/4. Using kET = 4.5 ± 1.6 x 102 M-1 s-1 

as an aqueous rate constant for O2
- to O2 electron transfer, Roth and Klinman estimated a 

barrier of DGÿ = 11.5 kcal mol-1 and l = 46 kcal mol-1. The value for l was further broken 

down as the sum of inner-shell (lin = 16 kcal mol-1) and outer-shell (lout = 30 kcal mol-1) 

contributions. lin is defined as the energy needed to change the internal coordinates of the 

reactant state to the product state, without transfer of the electron. lout is the energy required 

for reorganizing the solvent medium from the reactant to the product state, likewise without 

transfer of the electron. Hence, lout, or the energy cost for reorganizing the surrounding 
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polar/aqueous medium, dominates the intrinsic barrier for electron transfer to O2 in the 

solvent environment.  

Marcus theory suggests that proteins can lower the intrinsic barrier to O2 activation 

in two ways. First, the protein environment can impose a rigid and structured network of 

dipoles that pre-organize the active site to minimize molecular reorientations during charge 

transfer (25), thereby lowering l (lin + lout). Second, an enzyme can stabilize the product 

state, in which an electron has been fully transferred from the substrate to yield O2
- or, the 

initial, resting state may be destabilized (i.e., substrate activation). These effects are 

observed in DG0. 

A further key component of the biological strategy for O2 use is the cofactor. O2-

activating enzymes are most often populated with tightly anchored, intrinsically O2-

reactive organic- or metallocofactors, within an evolutionarily optimized protein active site 

environment. This obviates the need to produce a wholly unique active site for each O2-

dependent reaction; rather, an already optimal protein-cofactor motif efficiently activates 

O2, and the remainder of the active site is adapted toward accommodating the oxidation 

substrate.  

 Cofactorless oxidases and oxygenases like NMO have only the protein environment 

itself for O2 activation; as such, they illustrate what a natural or engineered protein 

environment may achieve in the absence of the protein-cofactor motif, and how. To 

understand O2 activation by NMO, we first noted from prior work that the deprotonated, 

monoanionic substrate (dithranolī) reacts with O2 much more rapidly than its 

neutral/protonated counterpart. In the mixed aqueous/organic buffer used throughout this 
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study, the native pKa for dithranolH D dithranolī + H+ was previously measured at 7.9 ± 

0.4. Here, the pKa for the ES complex was shown to be a full pH unit smaller (6.9 ± 0.2), 

corresponding to an energetic contribution of ȹG0ǋ = 1.4 kcal mol-1. Two conserved active 

site asparagines, N18 and N63 (Figure 4.6), appear to play roles in lowering the pKa of the 

bound substrate and are likewise essential for catalysis to occur at an appreciable rate. They 

are flanked by two water molecules, which may aid in the deprotonation event. Hence, one 

role of the protein environment is to activate the substrate by deprotonation, a reaction that 

happens independent of the presence or absence of O2. A rate-limiting electron transfer 

was previously demonstrated for the reaction between the NMO-dithranolī complex (the 

predominant species above pH 6.9) and O2, forming a radical pair (17). We therefore 

examined the energetics of this process here. 

The reaction barrier (activation energy, Ůa, and the related quantity DGÿ) was 

measured for both the uncatalyzed and catalyzed conversion of dithranolī|O2 to 

dithranylÅ|ÅO2- via the temperature dependence of the reaction rate. Prior work 

demonstrated that this reaction proceeds via rate-limiting formation of ÅO2
- (17). We were 

therefore able to use the second-order rate constant, k, for the uncatalyzed and kcat/KM(O2) 

for the catalyzed reactions. The latter term encompasses all microscopic reaction steps up 

to and including the rate-limiting step and was used as a surrogate for a second order rate 

constant for electron transfer. A similar approach has been used by others elsewhere (5,19). 

For unbound dithranolī, a barrier of DGÿ = 14 kcal mol-1, close to the intrinsic barrier for 

self-exchange, was measured using the Ůa derived from an Arrhenius plot (Figure 4.4, 

Table 4.1). 
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When the dithranolī is part of an NMO- dithranolī complex, the barrier height 

lowers substantially, to DGÿ = 9.2 kcal mol-1. The observation of similar pre-exponential 

factors (A) for both the catalyzed and uncatalyzed processes suggests the electron transfer 

occurs over a short distance and with similarly high probabilities, whether the reaction 

occurs inside or outside of the protein environment (26). Hence, the effect of the enzyme 

is to lower the reaction barrier by approximately 5 kcal mol-1. 

In order to understand how the protein environment does so, we determined the free 

energy change for the catalyzed and uncatalyzed electron transfer. E ǋ was measured for 

the dithranolī|dithranylÅ half reaction in buffer and compared with the value measured for 

the NMO- dithranolī complex, via a voltammetric method that has previously been used 

to measure E  for rapidly dimerizing phenolic radicals (20,27). We previously observed 

that two dithranylÅ rapidly dimerize to form bisanthrone (17). As shown in Table 4.1, E ᴂ 

is minimally modulated by the protein environment. The corresponding values of DG ᴂ 

for the catalyzed and uncatalyzed reactions, in which dithranol-|O2 converts to 

dithranolÅ|ÅO2
-, differed by only 2.0 kcal mol-1 (CAPS-ME, pH 9.8, 25 °C). This is 

comparable in magnitude to the energy required to lower the pKa of dithranol in the NMO-

dithranol complex by 1.0 unit (1.4 kcal mol-1). We concluded that the protein environment 

had little destabilizing effects on the reactants or stabilizing effects on the products. This 

is in spite of the presence of the residues N18 and N63 in proximity to the presumptive 

substrate binding site, which though uncharged, could in principle serve to stabilize ÅO2
- 

through the resonance form in which the amide side chain has a charge on its nitrogen 

atom.  
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The similarity in values of DG ᴂ for the catalyzed/uncatalyzed electron transfer 

suggested that the predominant role of the protein environment is to lower l, which it does 

by a sizable 28 kcal mol-1 (Table 4.1). Notably, both the uncatalyzed and catalyzed 

reactions between dithranolī/O2 are unaffected by light, indicating that photoexcitation 

yielding an inner-sphere electron transfer is not at work. We therefore conclude the change 

in ɚ is dominated by a lowering of ɚout, or outer sphere reorganization of the protein and 

solvent. In addition, the reaction is pH-dependent whereas ɚin is unaffected by changes in 

pH (5). 

 Roth et al. found that glucose oxidase lowers the activation barrier of rate-limiting 

electron transfer from the flavin cofactor to O2 via lowering ɚout by 19 kcal mol-1 (5,19). 

This was accomplished by a single point positive charge in the active site by His516H+, as 

the effect was eliminated above the histidineôs pKa
  (5,19). The catalytic importance of a 

single positive charge in the active sites of flavoprotein oxidases has been described in 

numerous examples (28,29). Though the source of the catalytic effect and its specific 

assignment to l has not been studied in enough examples to demonstrate its generality, the 

conservation of positively charged residues in many flavoprotein oxidases suggests it could 

be (28). Recently, Olshansky et al. showed that ribonucleotide reductase (RNR), which 

contains a ferric-tyrosyl radical cofactor, catalyzes proton-coupled electron transfer 

(PCET) via lowering of the reorganization energy by 21 kcal mol-1 (30). PCET must occur 

between the two subunits, Ŭ2 and ɓ2, of RNR (35 Å apart). It was found that the 

conformational changes of the Ŭ2 subunit were responsible for enabling PCET and 

subsequent lowering of ɚ. These recent studies of electron transfer, along with classic 
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studies of azurin and cytochromes (31-33), all point to the importance of l in cofactor-

dependent proteins. 

Conclusions 

 

The NMO protein environment facilitates direct electron transfer from an anionic 

substrate to O2 in the absence of a cofactor. Analogous to enzymes that use either an 

organic or metal-dependent cofactor in a well-evolved active site environment, NMO 

accelerates rate-limiting electron transfer via lowering of the reorganization energy, where 

the magnitude of the effect in NMO is robust. This may be a general feature of O2-

activating enzymes, and one that could conceivably be mimicked in engineered proteins. 

 

Methods 

 

Expression and purification of NMO  

The gene encoding the N-terminally His6-tagged NMO (pBad vector) was received 

as a kind gift from the Schneider laboratory, University of Turku, Finland. The NMO was 

expressed and purified as previously described (11). The purified enzyme mass was 

verified by electrospray ionization mass spectrometry. Site-directed mutants of NMO were 

available from a prior study and were expressed and purified using the same protocol as 

for WT NMO. 

 

Dithranol stocks and reaction media 

Dithranol (1,8-dihydroxy-9,10-    dihydroanthracen-9-one, MP Biomedicals) was 

used as a surrogate for the natural NMO substrate, 12-deoxynogalonic acid (Scheme 4.1). 
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10 mM stocks were prepared in septum-sealed vials inside an anaerobic chamber (Coy) 

using dimethylsulfoxide (DMSO) that had been previously rendered anaerobic via multiple 

cycles of evacuation and purging with Ar. Stock concentrations were verified using the 

extinction coefficient for dithranolī at pH 9.8, ⱦ387nm = 18 (±0.2) mM-1 cm-1. The DMSO 

stock was diluted into reaction media consisting of 1:2 (v/v) buffer:2-methoxyethanol 

(ME). The organic ME component was essential for solubilizing the substrate and product. 

The buffer contained 0.1 M CAPS, 0.3 M NaCl in doubly distilled H2O, adjusted to pH 

9.8.   

 

Titration of the ES complex 

All pH titrations were performed by a discontinuous method using a different buffer 

for each pH due to instability of the enzyme when concentrated acid or base is added. 

Titrations of free dithranol- and its NMO complex were performed in a Coy anaerobic 

chamber using an HP8453 spectrophotometer. 100 µM dithranol- or 50 µM NMO-

dithranol- complex (WT, N18A, or N63A) was incubated in various buffers (below) for 3 

min before the absorbance was measured. The pKa was determined by plotting the 

absorbance at 354 nm (decreasing) and 440 nm (increasing) as a function of pH and fitting 

the data to a curve describing a single pKa transition: 

y = (B × 10-pH + A × 10-pKa)/(10-pH + 10-pKa)                                       (4.2)                    

where A and B are the highest and lowest absorbance values, respectively. 

  Buffers at varying pH were prepared as follows: citric acid/trisodium citrate (pH 

5.5, 6.0), BES (pH 6.5, 7.0, 7.5), tricine (pH 8.0, 8.5), CHES (pH 9.0), and CAPS (pH 10.0, 

11.0). Before adjustment to the desired pH with HCl or NaOH, ME was added to each of 
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the ten solutions, consisting of 100 mM buffer and 300 mM NaCl, to a final concentration 

of 36 v/v%.  

 

Determination of the activation energy (Ůa) for the non-enzymatic reaction 

The Arrhenius equation quantifies the exponential relationship between a rate 

constant (k) and temperature (T), with the activation energy Ůa in the exponential term: 

                       k = Ae-Ůa/RT = [ə kBT/h] e-Ůa/RT                                                 (4.3) 

Taking the natural logarithm gives: 

                     ln (k) = ln (ə kBT/h) - Ůa/RT                                                     (4.4) 

Here kB is the Boltzman constant; h is Planckôs constant; R is the universal gas constant; 

and ə = 1 if the electron transfer is adiabatic, expected here since the electron donor and 

acceptor are proximal. The reaction between dithranol- and O2 is expected to be second 

order, yielding the following rate equation: 

                dithranolī + O2 Ÿ products                               (4.5) 

rate = -d[dithranolī]/d[t] = k[dithranolī][O2]                                           (4.6) 

 The uncatalyzed reaction was monitored under constant concentrations of dissolved 

O2 (200-1200 mM), maintained via a continuous O2/N2 purge. Dissolved [O2] was 

measured using a Clark type O2 electrode (Yellow Springs Instruments) calibrated to air-

saturated doubly distilled H2O and corrected for ambient pressure and temperature. 

Dithranolī disappearance was monitored discontinuously over time by HPLC (see below) 

from stirred 2 mL solutions of 460 ɛM dithranolï in CAPS-ME, pH 9.8. As the O2 

concentration was held constant and only the linear, initial portion of the reaction was 
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monitored, the pseudo-first order and initial rate approximations allowed equation (4.6) to 

simplify to: 

       rate = d[dithranolī]/dt, = k´[dithranolī] initial, where k´ = k [O2]                      (4.7) 

Values for k´ were obtained similarly using the method of initial rates in our prior work 

(17). This allowed us to avoid complications due to slow reaction times, especially at the 

lowest temperatures and [O2].  

A line was fitted via least squares regression to a plot of 

[dithranolī] t/[dithranolī] initial versus time to obtain an initial rate, and eq (4.7) was used to 

solve for k´. A plot of k´ versus [O2] was then used in turn to solve for the slope, k. Values 

of k measured in this way at a series of temperatures (10-25 °C) were then used to generate 

an Arrhenius plot. ln (k) versus 1000 R-1T-1 was fit to a line by least squares regression 

analysis (Kaleidagraph) and Ůa was computed from its slope, using eq (4.4). 

 

Analysis of reactants and products by high-performance liquid chromatography (HPLC) 

Quantification of reactants and products was performed on an Agilent 1100 LC 

system (Agilent Technologies, Santa Clara, CA) equipped with a G1315B diode array 

detector. Each sample or standard was injected at a volume of 20 ɛL onto a Hypersil Gold 

PFP 5 ɛm, 4.6 × 150 mm column (Thermo Scientific) maintained at 50 °C. Buffers used to 

separate the analytes of interest were 0.1% TFA in water (A) and 0.1% TFA in acetonitrile 

(B). The separation was carried out with a gradient: 40% A (0-1 min, 1.5 mL/min), 50% A 

(1-2 min, 1.5 mL/min), 15% A (2-3 min, 2.0 mL/min), 15% A (3-3.8 min, 2.5 mL/min), 

40% A (3.8-4.0 min, 1.7 mL/min), 40% A (4-4.1 min, 1.5 mL/min). Analytes were 

monitored at 354 nm (dithranol), 368 nm (bisanthrone), and 430 nm (dithranone). 
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Integrated intensities of reactant and product were compared against standard curves to 

determine concentration. 

 

Determination of activation energy, Ůa, for the NMO-dithranol- complex 

The enzyme-catalyzed oxygenation of dithranolī (eq 4.5) was previously monitored 

over time under both single-turnover and steady state conditions (17). The steady state 

kinetic parameter kcat/KM(O2) has been used as a surrogate for the second order rate constant 

k (5,17). This parameter includes all microscopic steps up to and including the rate-limiting 

step and has the same units as k. We previously showed that kcat/KM(O2) and k were close 

in magnitude (17), where the latter was measured by stopped flow for the reaction between 

the anaerobic NMO-dithranolī complex and O2. We consequently used the temperature 

dependence of kcat/KM(O2) for determining the Arrhenius behavior of the NMO-catalyzed 

reaction here. 

 Initial rate versus substrate concentration plots were generated as a function of [O2] 

(80 ï 1200 µM) using a Clark-type O2 electrode (Yellow Springs International) in a 

temperature-controlled chamber (2 mL) with constant stirring. Buffer (CAPS-ME, pH 9.8) 

was equilibrated with a defined O2/N2 gas mixture. Saturating (Ó5X KM) dithranolī (500 

µM) was then added and the linear background O2 consumption recorded. After one 

minute, 4 µM NMO was added to initiate the enzymatic reaction and the consumption of 

O2 was monitored. Initial velocities (vi, Kaleidagraph) of each reaction were fit from the 

first 5-10% of the progress of reaction curves, corrected for non-enzymatic O2 

consumption. The plot of vi versus [O2] was fit to the Michaelis-Menten equation (4.8) 

including the effects of cooperativity (H = hill coefficient):  
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                                     vi =                        (4.8)                             

Values of ln kcat/KM(O2) measured at 5-37 ºC were plotted versus 1000 R-1T-1 and fit to the 

Arrhenius relationship, eq (4.4). Triplicate experiments were performed for each starting 

[O2]. 

 

Measurement of cyclic voltammetry for the uncatalyzed and catalyzed reactions 

CV experiments were performed with a SP-50 potentiostat (BioLogic) and EC-lab 

software using a three-electrode cell comprised of a glassy carbon rod encased in 

polychlorotrifluoroethylene (PCTFE) as a working electrode (CH Instruments), a platinum 

coil as a counter electrode (CH Instruments), and a fritted Ag/AgCl electrode (BASi) as 

the reference electrode filled with 3 M NaCl (0.209 vs. SHE). The working electrodes were 

prepared immediately prior to each CV by thoroughly polishing on 0.05 µm alumina 

powder and sonicating in doubly distilled (Millipore) water for 1 min. 

 Buffer (CAPS-ME, 30% glycerol, pH 9.8) was made anaerobic by alternating argon 

purges and vacuum cycles and then brought into a Coy anaerobic chamber. Final solutions 

had a concentration of 30% glycerol to keep the enzyme from aggregating. Solutions of 

either 1 mM dithranolī or 1 mM NMO-dithranolī complex were prepared in the Coy 

chamber and transferred with a crimp sealed vial into an electrochemical cell blanketed 

with argon gas (Airgas UHP 300, 99.999%). Argon was continually passed above the 

degassed solution during the experiment to create an inert blanket, maintaining anaerobic 

conditions. All measurements were conducted at 25 °C. The ohmic drop was measured to 

be less than 200 ɋ, which translated to an iR drop of less than 2 mV for measured currents 
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in the 0.1-1 ɛA range. A scan rate of 10 mV s-1 was used to first reduce the solution, 

followed by an oxidative scan. The irreversible oxidation peak current could then be 

measured. The potential was referenced against the measured experimental Ag/AgCl 

potential. 

 

Ag/AgCl calibration 

A hydrogen reference electrode (Hydroflex, EDAQ) was placed into a buffered 

solution (pH = 1.68, Oakton) and allowed to soak overnight. A Ag/AgCl electrode (BASi) 

was placed into the solution and allowed to approach equilibrium for at least 30 min. The 

potential between the two electrodes was monitored until the drift was less than 1 mV. 

 

Data analysis for determining ȹGǋ 

The Nernst relationship below illustrates how the free energy (ȹG ) can be 

determined from the experimentally measured electrochemical potential, where electron 

transfer to O2 at pH 9.8 is treated by replacing ȹG  with ȹG ǋ: 

              ȹG ǋ = -nF{E ǋ [O2] - E ǋ [ES, S]}          (4.9) 

n is the number of electrons (1 in this case), F is Faradayôs constant (96,485.33 C/mol), 

and E ǋ [ES, S] is the redox potential of dithranolī, in the presence (ES) or absence (S) of 

NMO, and E ǋ [O2] is the half-cell reduction potential to reduce O2 to superoxide. All 

potentials are expressed as vs Ag/AgCl, as a suitable mediator was unable to be found for 

our mixed solvent system; thus, the junction potential could not be accounted for and 

referenced to the standard hydrogen electrode.  
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 Phenolic compounds including dithranol are known for their irreversible 

voltammograms, due to the tendency of the one-electron oxidized species to dimerize 

(20,27). The equation for determining phenolic redox potentials, Eº, in an irreversible one 

electron oxidation (20) is shown: 

                    % % 
Ȣ

ὰὲ                         (4.10) 

where Ep is the measured irreversible potential peak, R is the universal gas constant, F is 

Faradayôs constant, n = 1, C0 is the initial [dithranolī], ɜ is the scan rate, and k describes 

the dimerization rate constant of bisanthrone formation from two dithranyl radicals. The 

dimerization constants for phenolic compounds have been approximated to be extremely 

rapid and near the diffusion limit: 109 M-1 sec-1 (20). Historically, and in our own stopped 

flow experiments (data not shown) anthrone-like compounds are observed to behave 

similarly to simple phenols (27,34-36); we therefore used k = 2.6 x 109 M-1 s-1, a value 

commonly used for phenolic radicals (20).   

 To determine the effect of the enzyme on the E0  of dithranolī, the difference in the 

midpoint potential for the substrate (S) and enzyme-substrate (ES) was calculated using 

 ɝ% % %                  (4.11) 
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Tables, Schemes, and Figures 

 

Table 4.1. Kinetic and thermodynamic data for free dithranolī  oxidation of 

dithranolī  and its complex with WT and variant NMO. 

 dithranolī 

(uncatalyzed) 

WT NMO- 

dithranolī 

N18A NMO- 

dithranolī 

N63A 

NMO- 

dithranolī 

k (O2) or kcat/KM 

(O2)
a,b 

3.4 ± 0.2 7400 ± 300 90 ± 60 32 ± 10 

Ůa (kcal mol-1) 15 ± 1 6.0 ± 1 NDk ND 

ln Aa,b,c 26 ± 2 19 ± 3 ND ND 

ȹHÿ (kcal mol-1)d 14  5.4 ND ND 

ȹSÿ (kcal mol-1 K-

1)a,e 

0.0013 0.013 ND ND 

ȹGÿ (kcal mol-1)a,f 14 9.2 ND ND 

E ǋ  (V) vs 

Ag/AgClg,h 

-0.048 ± 

0.007 

0.037 ± 0.010 0.027 ± 0.009 0.029 ± 

0.002 

ȹG ǋ (kcal mol-1)i,j 7.4 ± 0.2 9.4 ± 0.3 9.1 ± 0.2 9.2 ± 0.05 

ɚ (kcal mol-1)g 40 12 ND ND 

aAll values derived from measurements made at 298 K and pH 9.8.  
bUnits of M-1s-1 
cFrom equation 4.4 
dȹHÿ = Ůa - RT 
eȹSÿ= ln (A/əZ) x kB with ə = 1, Z = 10

11 M-1 s-1 and ln A recorded in table 
fȹGÿ = ȹHÿ + TȹSÿ 
gFrom equation 4.10 
hpH-independent reduction potentials 
iFrom equation 4.9 and Eº (O2) = -0.37 V vs Ag/AgCl 
jFrom equation 4.1, ȹGл, and ȹG  recorded in table 
kND = not determined 
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Scheme 4.1. Proposed pathway for the oxygenation of dithranolī and 12-

deoxynogalonic acid. Dithranol, the substrate analog of 12-deoxynogalonic acid (12-

deoxynogalonic acid-specific substituents in gray), transfers an electron to O2, forming a 

dithranyl radical and superoxide pair in a step that prior work suggests is rate limiting 

(RLS) (Step 1). This occurs faster under basic conditions where the starting substrate is an 

anion. In Step 2, the radicals recombine to form a peroxy adduct that breaks down to 

dithranone and water. 
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Figure 4.1. NMO lowers the pKa of dithranol. Spectrophotometric titrations of A) 50 µM 

dithranol or B) the NMO-dithranol complex (100 µM dithranol + 150 µM WT NMO) in 

buffer over pH 5.8-10.9 reveal that NMO lowers the pKa by 1.0 unit. All pH titrations were 

performed by a discontinuous method using a different buffer for each pH due to instability 

of the enzyme when concentrated acid or base is added. See methods for buffers used. The 

pH 5.8 (dotted black line) and pH 10.9 spectra (solid black) are highlighted. Insets: The 

absorbance at 354 nm (black circles) and 440 nm (red squares) is plotted versus pH and fit 

to a sigmoidal curve to obtain values for pKa (eq 4.2): 7.9 ± 0.4 (free dithranol) and 6.9 ± 

0.2 (NMO-dithranol complex). Error bars represent ±1 standard deviation of three or more 

independent titrations. 
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Figure 4.2. Second order rate constants for the uncatalyzed reaction between 

dithranolī and O2 were measured as a function of increasing temperature. The method 

of initial rates for pseudo-first order reactions was used to determine k´ for dithranolī 

oxidation at 210-280 (black circles), 460-550 (red diamonds), 710-850 (green triangles), 

and 940-1175 (blue squares) µM O2 in CAPS-ME, pH 9.8 at A) 10 °C, B) 15 °C, C) 20 °C, 

and D) 25 °C. The reactions were stirred under constant [O2], with the green arrow showing 

increasing [O2]. The slope of the line for [dith]t/[dith]0 vs time gives k´ (eq 4.7). Error bars 

represent ±1 standard deviation of three or more independent experiments for each time 

point.  
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Figure 4.3. Michaelis-Menten curves for NMO-catalyzed dithranolī oxidation at 

varying temperatures. Initial rates for dithranolī oxidation in the presence of 4 ɛM NMO 

in buffer (CAPS-ME, pH 9.8) were measured as a function of O2 concentration and fit to 

the Michaelis-Menten equation (eq 4.8). Dithranolī was saturating (Ó5x KM) at 500 ɛM, 

and the O2 consumption was monitored via O2 electrode with respect to [O2] at 5 (red 

triangles), 10 (black circles), 15 (green triangles), 20 (blue squares), 25 (teal right angles), 

30 (pink angles), and 37 (orange inverted triangles) °C. As expected, the rate increases with 

increasing temperature (represented by the arrow). Error bars represent the error in the 

slope from the linear regressions of three or more runs. 
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Figure 4.4. Arrhenius plots were used to measure the activation barriers for NMO-

catalyzed and uncatalyzed dithranolī oxygenation. The natural log of either A) ln (k) 

(O2) (uncatalyzed) or B) (kcat/KM) (O2) (catalyzed) determined from Figures 4.2-3 and S4.4 

at variable temperatures was plotted as a function of 1000 R-1 T-1 and fit to a linear equation 

(eq 4.4). The activation energy for the uncatalyzed reaction is 15 ± 1 kcal mol-1, whereas 

that of the NMO catalyzed reaction is 6.0 ± 1 kcal mol-1. Error bars represent ±1 standard 

deviation of three or more runs. 
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Figure 4.5. E ǋ and ȹG ǋ for free and NMO-bound dithranolī have similar values. 

CV was run using A) 1 mM dithranolī and B) 1 mM NMO-dithranolī complex in air-

saturated buffer (CAPS-ME, 30% glycerol, pH 9.8) at 25 °C. The arrow indicates the scan 

direction (in the oxidative direction). EP, the potential where the current reaches a 

maximum, was used in equation (4.10) to determine the standard cell redox potential of 

dithranol oxidation. E ǋ for free and bound dithranolī -0.048 ± 0.007 and + 0.037 ± 0.01 

V, respectively. To calculate the standard free energy of electron transfer from dithranolī 

to O2, equation (4.9) was used: ȹG  free dithranolī = 7.4 ± 0.2 and bound dithranolī = 

9.4 ± 0.3. Binding the substrate to WT NMO makes the reaction more endothermic by 2.0 

kcal mol-1. 
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Figure 4.6. NMO active site pocket has residues that are conserved across the ABM 

superfamily. The crystal structure of the active site cavity of WT NMO is shown, with 

ethylene glycol bound (PDB code: 3KG0). NMO contains a very hydrophobic active site, 

with several amino acids that are conserved across other members of the ABM superfamily. 

These include N18, N63, F82, and W67 (17), shown in gold. The latter is the only strictly 

conserved residue amongst ABMs. Although mutation of this residue results in severely 

diminished activity (11), its role has yet to be elucidated. Also shown are the two water 

molecules that flank N18 (W188) and N63 (W130), which are 2.8 and 3.0 Å, respectively; 

they may play a role in the deprotonation of dithranol and lowering the pKa.  
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Supplementary Figures 

 

 
Figure S4.1. Both N18 and N63 contribute to lowering the pKa of dithranol in the 

enzyme-substrate complex. pH titrations were carried out for the A) N18A-dithranol and 

B) N63A-dithranol complexes as described in the text. The absorbance of dithranol at 354 

nm (black circles). and 440 nm (red diamonds) was plotted as a function of pH and fit to 

equation (4.2). Values for the pKa for N18A and N63A are 7.8 ± 0.2 and 7.7 ± 0.1, 

respectively. This value is close to the value for free dithranol in solution (7.9 ± 0.4). The 

pKa for the WT NMO-dithranol complex is 6.9 ± 0.2. Error bars represent ±1 standard 

deviation of three or more independent titrations. 
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Figure S4.2. HPLC chromatogram for standards, dithranol and dithranone. 500 ɛM 

dithranol and dithranone were injected (see text for separation conditions), yielding well 

resolved retention times of 2.3 and 2.7 min, respectively. A small amount of bisanthrone, 

the dithranol dimer, is present in the starting material (3.2 min retention time). Its identity 

was previously confirmed via mass spectrometry (1). 
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Figure S4.3. Representative progress of reaction curves showing the disappearance of 

dithranolī and appearance of the product dithranone in the absence of NMO. 450 µM 

dithranolate was stirred under a constant purge of pure O2 (935 µM dissolved O2, 25 °C, 

pH 9.8 in 0.1 M CAPS, 0.3 M NaCl). A) The disappearance of substrate (black circles) and 

the appearance of oxygenated product, dithranone (red diamonds), were monitored by 

discontinuous HPLC. (Aliquots were removed at varying time points and immediately 

injected onto a rapid-run C18 HPLC column and the dithranolī/dithranone quantified.) 

Under these conditions, the starting material fully converted to product within 15 min. 

Here, both the disappearance of substrate and appearance of product could be fit to single 

exponential functions. However, due to the slow reaction times especially at low 

temperature and [O2], the method of initial rates was used by measuring the initial, linear 

portion of the curve and referencing to starting [dithranolī]. Initial rates were used to obtain 

k´ and k (eq 4.7).  
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Figure S4.4. Second order rate constants for dithranolī oxygenation were measured 

as a function of temperature in the absence of NMO. Values for k´ were determined 

(each in triplicate) at varying O2 concentrations as shown in Figure S4.3 and using the 

method of initial rates in Figure 4.2 were plotted as a function of [O2]. Four temperatures 

were surveyed: 10 °C (black circles), 15 °C (red diamonds), 20 °C (green triangles), and 

25 °C (blue squares). The slope of each line gives the value for the second order rate 

constant (k) for the reaction between O2 and dithranolī. Error bars represent ±1 standard 

deviation of three or more runs. 
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Figure S4.5. Representative progress of reaction curve for NMO-catalyzed oxidation 

of dithranolī. A Clark-type O2 electrode was used to monitor the oxidation of dithranolī 

via the disappearance of O2, as a function of different concentrations of O2 and different 

temperatures. The reaction shown here is for 500 ɛM dithranolī, 4 ɛM NMO, pH 9.8 (0.1 

M CAPS, 0.3 M NaCl, 36% 2-methoxyethanol), 25 ÁC, 880 ɛM starting O2. Background 

oxidation of dithranolī was measured (0-0.2 min) prior to injection of NMO at 0.25 min 

and fit to a linear function. An initial velocity (vi) was then obtained by a linear fit to the 

O2 consumption data, as shown. Values for vi were then plotted vs [O2] to yield Michaelis-

Menten curves (equation 4.8) that showed positive cooperativity (Figure 4.3). Upon fitting 

to equation 4.8, the ln of kcat/KM (O2) were plotted as a function of 1000 R-1T-1 to yield the 

final Arrhenius plot (Figure 4.4B).  

 

 

 

 

 

 

  



138 
 

  
Figure S4.6. The steady state reaction for N18A- and N63A-catalyzed dithranolī 

oxidation was monitored at varying temperatures. Plots of the initial velocities of the 

reaction of A) N18A and B) N63A with 350 ɛM dithranolī and varying [O2] in buffer (0.1 

M CAPS, 0.3 M NaCl, 36% 2-methoxyethanol, pH 9.8) were plotted and fit to the 

Michaelis Menton equation to yield kinetic parameters kcat, KM, and kcat/KM (see Table 4.1). 

Reactions were carried out at 5 °C (red circles), 10 °C (black squares), 15 °C (green 

diamonds), 20 °C (blue triangles), 25 °C (cyan inverted triangles), and 30 °C (pink right 

angles). C) Values for the natural logarithm of kcat/KM (O2) determined in panels A) and B) 

were plotted vs 1000 R-1T-1 and fit to the Arrhenius equation (4.4). Neither the N18A NMO 

(blue squares) nor N63A NMO (green triangles) appeared to show a measurable 

dependence on temperature; hence, neither exhibits Arrhenius behavior. Error bars 

represent ±1 standard deviation of three or more runs.  
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Figure S4.7. Both E  and ȹG  of NMO variants overlap with WT. Cyclic 

voltammetry was run using 1 mM dithranolī and 1.1 mM A) N18A NMO and B) N63A 

NMO in air-saturated buffer (0.1 M CAPS, 0.3 M NaCl, 36% 2-methoxyethanol, 30% 

glycerol, pH 9.8) at 25 °C. The arrow represents the direction of the scan (in the oxidative 

direction). EP, the potential where the current reaches a maximum, was used in equation 

4.10 to determine the standard cell redox potential, Eϊᴂ, of dithranolī oxidation. E ǋ for 

N18A and N63A are 0.027 ± 0.009 V and 0.029 ± 0.002 V, respectively. Both are within 

error of WT NMO (0.037 ± 0.010 V). To calculate the standard free energy of electron 

transfer from dithranolī to O2, ȹG ǋ, equation 4.9 was used: N18A = 9.1 ± 0.2 kcal mol-1, 

N63A = 9.2 ± 0.05 kcal mol-1, and WT = 9.4 ± 0.3 kcal mol-1.  
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Abstract 

Microbial aromatic catabolism offers a promising approach to convert lignin, a vast 

source of renewable carbon, into useful products. Aryl-O-demethylation is an essential 

biochemical reaction to ultimately catabolize coniferyl and sinapyl lignin-derived aromatic 

compounds and is often a key bottleneck for both native and engineered bioconversion 
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pathways. Here, we report the comprehensive characterization of a promiscuous P450 aryl-

O-demethylase, consisting of a cytochrome P450 protein from the family CYP255A 

(GcoA) and a three-domain reductase (GcoB) that together represent a new two-component 

P450 class. Though originally described as converting guaiacol to catechol, we show that 

this system efficiently demethylates both guaiacol and an unexpectedly wide variety of 

lignin-relevant monomers. Structural, biochemical, and computational studies of this novel 

two-component system elucidate the mechanism of its broad substrate specificity, 

presenting it as a new tool for a critical step in biological lignin conversion.  

 

Introduction 

Lignin is a heterogeneous, aromatic biopolymer found in abundance in plant cell 

walls where it is used for defense, structure, and nutrient and water transport.1 Given its 

prevalence in plant tissues, lignin is the largest reservoir of renewable, aromatic carbon 

found in Nature. The ubiquitous availability of lignin in the environment, coupled to its 

inherent structural heterogeneity and complexity, has led to the evolution of microbial 

strategies to break lignin polymers down to smaller fragments using powerful oxidative 

enzymes secreted by rot fungi and some bacteria.2-4 These lignin oligomers can be further 

assimilated as carbon and energy sources, through at least four known catabolic 

paradigms.5 

The most well understood aromatic catabolic mechanism, mainly studied in aerobic 

soil bacteria, relies on the use of non-heme iron-dependent dioxygenases to oxidatively 

ring-open structurally diverse, lignin-derived aromatic compounds.5, 6 These dioxygenases 

act on central intermediate substrates such as catechol, protocatechuate, and gallate, either 
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in an intra- or extra-diol manner. Lignin is primarily based on coniferyl (G) and sinapyl (S) 

alcohol subunits which exhibit one or two methoxy groups on the aromatic ring, 

respectively. Nearly all lignin-derived compounds must therefore be O-demethylated to 

diols before they can be oxidatively cleaved to generate ring-opened compounds, which 

are ultimately routed to central carbon metabolism (Fig. 5.1).7 More recently, the same 

aromatic-catabolic pathways have been invoked as a potential means to convert lignin to 

useful products in biorefineries.4, 7-11 O-demethylation is therefore a critical reaction for 

assimilating lignin-derived carbon in both natural carbon cycling as well as in emerging 

biotechnology applications.  

The importance of O-demethylation has motivated substantial efforts toward the 

discovery and characterization of enzymes capable of demethylating the methoxy 

substituents of diverse lignin-derived substrates.12-20 For example, Ornston et al. described 

the VanAB O-demethylase in Acinetobacter baylyi ADP1, which converts vanillate to the 

central intermediate, protocatechuate, via a Rieske nonheme iron monooxygenase 

mechanism.14, 15 VanAB, which is common in many aromatic-catabolic soil bacteria, is 

active on vanillate analogues, but to our knowledge, has not been reported to be active on 

other lignin-derived compounds. Masai and colleagues first described LigX18 from 

Sphingobium sp. SYK-6, a model bacterium for aromatic catabolism.7 LigX also employs 

a Rieske non-heme iron monooxygenase mechanism to demethylate a biphenyl compound 

representing a common lignin linkage. Masai et al. additionally reported, in SYK-6, two 

tetrahydrofolate-dependent O-demethylases, LigM and DesA. LigM primarily 

demethylates vanillate and 3-O-methylgallate, whereas DesA principally demethylates 

syringate with very weak activity on vanillate.16, 17  
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Earlier reports from Eltis et al. and Bell et al. described cytochrome P450-based 

demethylation of aromatic compounds; though either the full gene sequences were not 

reported until recently13, 26, or the para-substituted substrate (4-methoxybenzoate) was of 

limited interest for the lignin degradation problem.27, 28 Similarly, Dardas et al. found 

evidence of a P450 in Moraxella GU2 responsible for the O-demethylation of guaiacol and 

guaethol; however, neither the gene sequence nor identity of the P450 or its reductase 

partner were isolated.29 

The relatively narrow substrate specificities elucidated to date for aryl-O-

demethylation, coupled to the potentially broad distribution of structurally distinct, 

methoxylated lignin products found in nature, prompted us to search for alternative 

mechanisms for this key reaction. Because G-unit monomers constitute a majority of plant-

derived lignin, we initially focused on O-demethylation of guaiacol (2-methoxyphenol), 

which in turn represents the simplest G-unit monomer derivable from lignin. As reported 

in a companion study26, we isolated a cytochrome P450-reductase gene pair, gcoAB, from 

Amycolatopsis sp. ATCC 39116 (accession numbers WP_020419855.1 and 

WP_020419854.1). Introduction of this pair via plasmid-based expression into 

Pseudomonas putida KT2440, a robust aromatic-catabolic bacterium, was sufficient to 

confer growth on guaiacol.26 Here, we report a comprehensive structural, biochemical, and 

computational description of this new cytochrome P450-based mechanism for aryl-O-

demethylation. Unlike other known tetrahydrofolate- or non-heme iron-dependent 

demethylases, which are fairly substrate specific, the P450-reductase pair characterized 

here (GcoAB) demethylates diverse aromatic substrates, potentially providing an important 
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advantage in both natural and biotechnological contexts. The results presented here suggest 

a remarkably flexible active site that may promote promiscuous substrate usage.  

 

Results 

 

GcoA crystal structures suggest broad substrate specificity 

 The X-ray crystal structures of GcoA (in complex with guaiacol) and GcoB were 

determined to resolutions of 1.4 Å and 1.7 Å, respectively (Figs. 5.2 and 5.3, 

Supplementary Figs. 5.1-7, and Supplementary Table 5.2). The GcoA structure reveals 

a typical P450 single-domain architecture with a central heme adjacent to a buried active 

site, captured with the substrate access loop in the closed position (Fig. 5.2a and b). GcoA 

possesses a broadly hydrophobic pocket with the two oxygen atoms of the substrate 

coordinated by backbone carbonyl and amide nitrogen groups from residues Val241 and 

Gly245, respectively. A series of hydrophobic amino acids is responsible for positioning 

the aromatic ring, including a triad of phenylalanine residues lining the active site cavity 

(Fig. 5.2c). The guaiacol methoxy carbon is positioned at a distance of 3.92 Å from the 

center of the heme iron, with the plane of the heme appearing to exhibit a slightly domed 

architecture. 

 Crystallization screening for a range of guaiacol-analog-bound complexes 

produced three additional well-diffracting co-crystals with guaethol, vanillin, and syringol, 

where each ligand was fully occupied in the active site (Fig. 5.2d-f). In each structure, a 

variety of alternative means to accommodate the additional aryl side chains were observed 

in the active site. Guaethol, the most similar chemical structure to guaiacol, is easily 

accommodated with a small translation of the ring and without any rearrangement of the 
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active site around the additional methyl group. Vanillin, being bulkier with an aldehyde 

group at the 4-position, induces a significant reorientation of Thr296, forming a new H-

bond between the residue and the substrate. This results in the twisting of the carboxylate 

group on the adjacent heme propionate, eliminating the H-bond with Thr296 observed in 

the guaiacol-bound structure, and instead forming an alternative H-bond with a water 

molecule in between the two heme propionates. In contrast, syringol is accommodated by 

a combination of a rotation in the plane of the aromatic ring about the hydroxyl group 

relative to guaiacol, and an expansion of the hydrophobic residues lining the active site 

cavity.  

 

GcoB has an unusual three domain structure 

 

Most bacterial cytochrome P450s require two partner proteins, usually a 

cytochrome P450 reductase or a ferredoxin and ferredoxin reductase, that transfer electrons 

from a carrier such as NAD(P)H to the cytochrome.30 Analysis of the gcoB sequence, 

however, suggests it contains all of the necessary domains in a single polypeptide, with an 

N-terminal 2Fe-2S ferredoxin domain followed by an FAD and NAD(P) binding region 

with homology to ferredoxin-NADPH reductase (FNR) type oxido-reductases.  

Structurally, the compact, N-terminal 2Fe-2S domain of GcoB (Fig. 5.3a, b) bears strong 

homology to putidaredoxin (Pdx), a ferredoxin that transfers electrons to P450cam in the 

three-component camphor hydroxylase system from P. putida (Supplementary Fig. 5.6-

8). The C-terminal region consists of an FAD-binding domain, containing 6 beta-strands 

and a single alpha helix, followed by an NADH binding domain. These C-terminal domains 

show structural homology to FAD-type cytochrome P450 reductase (CPR31) domains in 



149 
 

which the C-terminal portion primarily stabilizes the isoalloxazine moiety of FAD while 

the N-terminal domain coordinates the diphosphate bridge between the flavin and 

adenosine groups (Fig 5.3c-d, ). A structural comparison of the NADH binding domain 

with the NADPH binding domain from a related CPR is strongly predictive of a binding 

preference for NADH over NADPH. While the individual domains are structurally similar 

to other CPR proteins, the overall domain architecture is not, and instead it is highly 

conserved with reductase proteins such as BenC 32, the benzoate 1,2-dioxygenase reductase 

from A. baylyi ADP1,  which supplies electrons to Rieske-type aromatic ring-hydroxylating 

dioxygenases. This suggests an unexpected convergence in the organization of the 

reductase partners for these evolutionarily distinct oxyenases. 

 

GcoA and GcoB form a dimer complex in solution  

GcoA and GcoB operate as a multi-domain complex; guaiacol is processed 

exclusively in GcoA, with electrons supplied by the GcoB redox machinery. When 

expressed and purified individually, each protein was shown to be monomeric in solution 

using a combination of hydrodynamic methods (Supplementary Table 5.3). Size-

exclusion chromatography revealed a strong interaction between GcoA and GcoB 

(Supplementary Fig. 5.9) which was confirmed by analytical ultracentrifugation, 

indicating that GcoAB is a heterodimer in solution. GcoA has a characteristic basic pocket 

on the proximal face, previously identified in other P450 systems33-35 as the docking 

surface for the associated reductase partner (Supplementary Fig. 5.10). Similarly, the 

surface of GcoB is predicted to have an acidic patch that interfaces with the corresponding 

basic region in GcoA.35 From the GcoB crystal structure and surface charge representation, 
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and comparison to ferredoxins homologous to GcoB26, it is likely that the interacting face 

of GcoB is buried at the interface between the ferredoxin domain and the FAD binding 

domain in the reported crystal structure. Drawing parallels from Huang et al.,36 a 

conformational change of GcoB likely precedes binding with GcoA. A possible schematic 

for this process is shown in Supplementary Fig. 5.11.  While the organization of P450 

systems is diverse37, the architecture of this 2-protein system, combining a catalytic P450 

with a 2Fe-2S ferredoxin domain in addition to FAD and NAD binding sites, represents a 

new class. The linear domain diagram shown in Fig. 5.3e allows comparison to standard 

class descriptions as reviewed by Guengerich and Munro, and illustrates the distinct nature 

of GcoAB.38  

 

GcoAB efficiently demethylates multiple aromatic substrates 

The catalytic cofactors in GcoA and GcoB were spectroscopically characterized 

prior to describing the reactivity of the enzyme pair (Supplementary Fig. 5.12-15). The 

UV/visible spectrum of GcoA exhibits a sharp heme Soret peak at 417 nm and Ŭ- and ɓ-

bands (Q-bands) at 537 and 567 nm. GcoB has an absorbance maximum at 454 nm, 

indicative of oxidized FAD, and peaks at 423 nm and 480 nm most likely due to the 2Fe-

2S cluster.39 Total heme, FAD, and 2Fe-2S occupancies for the protein monomers were 

determined at 0.9 (active heme = 0.8 via a CO-binding assay40), 0.7, and 0.8 equivalents, 

respectively, using measured extinction coefficients: GcoA-heme Ů417 nm = 114 ± 4 mM-1 

cm-1; GcoB-FAD Ů454 nm = 26.6 ± 0.2 mM-1 cm-1; GcoB-2Fe-2S Ů423 nm = 25.2 ± 0.1 mM-1 

cm-1. Reduced GcoB exhibits a rhombic EPR signature with temperature saturation 

behavior typical for a 2Fe-2S cluster.41 
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The reductase activity of GcoB was monitored using NADH or NADPH in a 

cytochrome c reduction assay (Supplementary Fig. 5.16-20).40 In agreement with our 

comparative structural analysis (Supplementary Fig. 5.7), the reaction with NADH  was 

over 50-fold faster than with NADPH (kcat = 44 ± 1 s-1, KM = 16 ± 0.2 µM, 25°C, pH 7.5; 

all activity measurements referenced per active cofactor). Demethylation of guaiacol, 

which binds tightly to GcoA (KD = 6 nM; Table 5.1) was then monitored over time via 

NADH disappearance at 340 nm under steady state conditions (Fig. 5.1b). The resulting 

kcat (6.8 ± 0.5 s-1) was approximately 6-fold less than the kcat for the GcoB reduction 

reaction alone, suggesting that the overall rate of the two-enzyme catalytic cycle is limited 

by steps involving GcoA. The value for kcat is similar to or greater in magnitude than kcat 

for other known, non-P450-type O-aryl-demethylases acting upon their preferred 

substrates, including LigM (5.8 ± 0.25 s-1), LigX (6.1 ± 0.2 s-1), or PODA (0.034 s-1) 

(Supplementary Table 5.4).  

Ten structurally diverse O-methylated aromatic compounds were screened for 

activity with GcoA. Seven of these induced measurable NADH consumption (Fig. 5.4) and 

KD values spanning 70 nM to 37 µM (Table 5.1). All nonetheless yielded KM(O-methyl-

aryl) values comparable to KM(guaiacol), indicating that all form catalytically productive 

complexes with GcoA. Only three (vanillate, ferulate, and veratrole) had no detectable 

binding or catalytic interaction with GcoA.  

We next examined whether NADH consumption was coupled to substrate 

demethylation. Aldehyde and the demethylated aromatic products were quantified and 

compared to the total concentration of NADH consumed following quenching of a reaction 

containing saturating amounts of each substrate (Table 5.1, Supplementary Fig. 5.19). 
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For all substrates tested except guaethol, in which acetaldehyde is produced, formaldehyde 

was the expected product. Five of the seven substrates that produced aldehyde (guaiacol, 

guaethol, 3-methoxy-catechol, anisole, and 2-methyl-anisole) did so in a ~1:1 ratio with 

NADH consumed (Fig. 5.4). Syringol and vanillin stimulated NADH turnover but 

produced less than stoichiometric amounts of formaldehyde. We hypothesized that these 

two substrates bind in the active site in the same location as guaiacol, displacing water and 

stimulating the spin-state change that permits reduction of the heme iron.27 However, the 

reaction with O2 is uncoupled to substrate demethylation in some proportion of turnovers, 

likely leading to H2O2 release. For all 7 substrates, the expected hydroxylated-aryl product 

was detected and its identity confirmed by matching its HPLC retention time with known 

standards. However, we observed variable stability of these hydroxylated compounds in 

air; hence, the quantity of aldehyde product is likely a better indicator of the extent to which 

NADH consumption is coupled to aldehyde production.   

Examining the structures of the 10 tested substrates in light of the crystallographic 

data suggests an emerging structure-activity relationship (Supplementary Fig. 5.5). First, 

the efficiency of guaethol as a substrate shows that the enzyme is capable not only of 

accommodating the larger ethoxy group (Fig. 5.2d) but also of catalyzing de-ethylation. 

Second, there appears to be a varying degree of flexibility in the permissible substituents 

around the aryl ring. C1 (guaiacol numbering, Fig. 5.4) can accommodate -OH (guaiacol, 

guaethol, 3-methoxy-catechol), -CH3 (2-methyl-anisole), or -H (anisole) with comparable 

efficiency constants [kcat/KM(O-methyl-aryl)]. However, veratrole, which has -OCH3 at this 

position, is a non-substrate/non-binder, suggesting that steric constraints supplied by the 

nearby Ŭ-helix (Fig. 5.2c) might limit the size of substituents here. Similarly, the carbon 
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ortho to the -OH of guaiacol can have either -H or -OH (3-methoxy-catechol) substituents 

without substantial penalty to the efficiency constant, though -OCH3 (syringol) again leads 

to a partial substrate, partial uncoupler. Finally, substituting the -H at the C4 guaiacol 

position, which is closest to the side chain of Thr296, with a formyl group (vanillin) 

likewise yields a partial substrate, partial uncoupler; however, carboxylic acid (vanillate 

and ferulate) substituents preclude binding and/or demethylation. The partial 

demethylation observed for syringol and vanillin, despite the fact that both assume a 

guaiacol-like binding mode in the crystal structures (Fig. 5.2), suggests that dynamic 

factors may be important for understanding the efficiency of the GcoA-substrate 

interaction. 

 

Enzyme opening and closing are key steps in GcoA catalysis  

Some P450 enzymes are known to undergo conformational opening and closing 

motions during their catalytic cycles.42 While the structures of GcoA obtained in this study 

were crystallized in an apparent closed state, molecular dynamics (MD) simulations 

indicated that an in silico-generated apo form of GcoA can spontaneously open on the time 

scale of 1 ɛs, with the structural changes occurring mainly in the F and G helices (Fig. 

5.5a-b, Supplementary Fig. 5.21 and Supplementary Movies 5.1-2). The overall 

conformation of the MD-generated GcoA open structure closely resembles that of the well-

characterized open form of the P450 from Bacillus megaterium BM3, (PDB ID: 2HPD)43 

(Supplementary Fig. 5.22).  

We subsequently employed umbrella sampling to obtain the free energy profile for 

the opening-closing motion of the enzyme in the apo, guaiacol (substrate), and catechol 
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(product) forms. The free energy was computed along a reaction coordinate defined as the 

difference between the root mean square deviation (RMSD) from the open structure and 

the RMSD from the closed structure. The free energy profile of GcoA:apo is relatively flat 

and exhibits two minima, one associated with the open state and another with the closed 

state (Fig. 5.5c). The free energy of the closed state is, within error, equivalent to that of 

the open state, with a free energy barrier less than 4.5 kcal/mol. This indicates that GcoA 

can easily transition between the open and closed states when a substrate is absent, which 

may help to explain the difficulty in obtaining a crystal structure of the apo-form. In 

contrast, the free energy profile associated with the opening-closing motion of either 

GcoA:guaiacol or GcoA:catechol exhibits only one minimum, associated with the closed 

state, suggesting that the enzyme will close when the substrate or product is bound. We 

note, however, that the free energy cost for GcoA:guaiacol or GcoA:catechol to visit a 

partially open state transiently is about 5 ± 1 kcal/mol (at a reaction coordinate value of 0), 

indicating that this event is likely. Indeed, MD simulations show that GcoA opens when 

guaiacol or catechol is present, but only partially, and returns back to the closed state 

(Supplementary Fig. 5.21). Together, these results suggest that the substrate binds to the 

open state of GcoA and induces motions necessary to close the enzyme. Transient partially 

open states would enable the catechol product to leave the enzyme. 

Local changes in the active site are closely related to the opening-closing motions 

of GcoA. Simulations show that residues Phe75, Phe169, and Phe395, which surround the 

aryl ring of the substrate in the active site as seen in Fig. 5.2c, undergo breathing motions 

as a function of the GcoA opening-closing movement. Larger deviations in the positions 
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of the Phe residues are associated with open states of GcoA, as seen in Fig. 5.5d, which 

shows the correlation between the open-closed motions in GcoA:apo, as measured by the 

reaction coordinate computed along simulations, and breathing motions of residues Phe75, 

Phe169, and Phe395 (Fig. 5.5e-g), measured by their RMSD relative to the crystal structure 

(details of the Phe aromatic center distances are presented in Supplementary Fig. 5.23). 

The presence of guaiacol or catechol reduces the breathing motions of the Phe residues 

(Supplementary Fig. 5.21), as their RMSD never reaches values greater than 3 Å, in 

contrast to the RMSD in GcoA:apo, which can reach values greater than 4 Å. In the 

configuration shown in Fig. 5.5e, which occurs in the crystal structures and corresponds to 

an RMSD less than 2 Å, the three Phe residues are close to each other and interact directly 

with guaiacol. This configuration tends to occur when GcoA is closed in the simulations 

(Fig. 5.5d, Supplementary Fig. 5.21). In the configuration in Fig. 5.5f, which corresponds 

to the 2-3 Å RMSD range and occurs when GcoA is partially open (with the reaction 

coordinate around 0), the side chain of Phe169 deviates from its crystallographic position, 

but the three Phe residues still interact with the substrate and exclude water from the active 

site. In the configuration in Fig. 5.5g, which shows the most open state of GcoA:apo (when 

the reaction coordinate assumes values less than 0 and at an RMSD value greater than 3 

Å), the Phe side chains move even further apart from each other, expanding the binding 

site and allowing water to enter the enzyme. Overall, the presence of guaiacol or catechol 

in the binding site keeps the three Phe residues arranged around the ligand and prevents 

the full closed-to-open transition of the active site. 

Simulations of GcoA:guaethol, GcoA:syringol, and GcoA:vanillin indicate 

different effects of these substrates on the conformational flexibility of GcoA 
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(Supplementary Fig. 5.21) and help explain the structure-activity relationships in this 

enzyme. GcoA:guaethol exhibits less flexibility than GcoA:guaiacol, as observed by the 

limited opening-closing motions and binding site expansion. Given an almost 5-fold 

reduction in kcat for guaethol compared to guaiacol, it appears that such flexibility is 

required for optimal substrate turnover. GcoA:syringol and GcoA:vanillin, on the other 

hand, are both more flexible than GcoA:guaiacol and more prone to opening-closing 

transitions and expansion of the active site. This indicates that syringol and vanillin, which 

bind to the active site, stimulate NADH turnover, but are not stoichiometrically 

demethylated (Table 5.1), are less effective in maintaining the enzyme in the closed state 

than guaiacol and guaethol. This suggests that successful protein engineering for 

alternative substrates will require careful consideration to balance conformational 

flexibility with productive binding and catalysis, and these data provide a route to help 

define the optimum window. 

 

Proposed reaction mechanism for guaiacol O-demethylation  

Having identified that GcoA contributes the rate limiting step in this 2-protein 

system, density functional theory (DFT) calculations were used to investigate the 

mechanism for guaiacol O-demethylation. The putative enzymatic reaction is shown (Fig. 

5.6) with guaiacol as the modeled substrate. DFT calculations using a truncated model 

system identified two possible reaction pathways (path A and path B) that GcoA could 

catalyze, which rely to two different approaches of the guaiacol substrate to the Fe=O 

active species (Fig. 5.6). DFT optimized geometries are provide on Supplementary Table 
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5.5 and cartesian coordinates of the optimized structures are provided in Supplementary 

Data 5.1. 

Path A leads to the formation of hemiacetal (3) through a hydrogen atom transfer 

(HAT) rate-limiting step, followed by a rapid OH rebound. Hemiacetal 3 can then degrade 

in solution to form the O-demethylated catechol product and formaldehyde. Conversely, 

path B would form a stable acetal 4 in two sequential HAT reactions: a rate-limiting C-H 

abstraction followed by a subsequent O-H abstraction to generate a biradical intermediate 

4 that cyclizes in a barrierless process to form 4 (Fig. 5.6 and Supplementary Figs. 5.24-

26). 

The main difference between the two rate-limiting transition states (TSs) is the 

conformation that the guaiacol substrate adopts with respect to the Fe=O active species. 

TS1-a4 corresponds to the HAT transition state when the substrate/Fe=O orientation is 

similar to the one observed in the substrate-bound crystal structure (see Fig. 5.2c and Fig. 

5.6b); TS1-b2 is the lower energy HAT TS (1.5 kcal/mol lower than TS1-a4). In this case, 

the substrate orientation allows the guaiacol hydroxyl group to interact by H-bond with the 

Fe=O, stabilizing the TS but also permitting the second OH H-abstraction (Fig. 5.6). The 

direct comparison of the two rate-limiting TSs proved the intrinsic preference of the 

substrate to react following path B over path A. Nevertheless, the strong preference of the 

substrate to bind in the specific orientation found in the crystal structure as observed during 

the course of the MD simulations (Fig. 5.5f and Supplementary Fig. 5.27), indicates that 

path A will be followed although it is energetically less favorable. 

Alternatively, open-shell singlet biradical intermediate 4 in path B could form the 

less stable zwitterionic closed-shell electronic configuration (1.6 kcal/mol higher in energy 
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than the biradical) and further react with a water molecule to generate the hemiacetal 3. 

The absence of water molecules in the active site environment when guaiacol is bound as 

observed from our MD simulations (Supplementary Fig. 5.28) argues against this 

possibility. 

 

Discussion 

 

Recent efforts from multiple groups have attempted to harness aromatic catabolism 

for productively utilizing lignin.8-10, 18, 44-49 As a single microbe is unlikely to have the full 

complement of necessary catabolic enzymes for lignin bioconversion, a key component of 

such synthetic biology strategies is the introduction of foreign catabolic genes to expand 

substrate specificities of the host microbe. Bacterial enzymes that catalyze the 

demethylation of lignin-derived aryl-methoxy substrates are of particular interest, as the 

demethylation reaction presents a bottleneck for the conversion of lignin into desirable 

products. Currently, Rieske non-heme iron monooxygenases14, 15, 18 and tetrahydrofolate-

dependent O-demethylases16, 17, offer two well -known paradigms for aryl-O-

demethylation. This study presents a detailed characterization of a third, cytochrome P450-

based enzymatic strategy that could fill a critical gap for engineering applications. 

From a metabolic engineering standpoint, the GcoAB system offers a number of 

potential advantages. First, the native substrate of GcoA, guaiacol, is a major breakdown 

product of plant lignin. Demethylation of guaiacol yields catechol, which can be ring-

opened via either intra- or extra-diol cleavage catechol dioxygenases. Second, compared 

to other known O-aryl-demethylases, the substrate preferences of GcoA are intrinsically 

broad, admitting a variety of guaiacol analogs that are also known lignin breakdown 
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products. Third, we anticipate a P450 system to be amenable to further tuning using 

directed evolution techniques.50 A prior report of a closely related cytochrome P450 that 

can demethylate 4-methoxybenzoate12 suggests that the GcoA active site may be modified 

to admit larger, more hydrophilic, lignin-derived substrates such as ferulate or vanillate. 

Indeed, genes encoding putative homologues to the two-component GcoA and GcoB 

system described here are predicted in the genomes of several bacterial species belonging 

to the genera Rhodococcus, Streptomyces, and Gordonia, among others, and the substrate 

preferences for this diverse group remain unclear but offer a promising platform for further 

exploration and engineering. Moreover, work from Bell et al. revealed an unrelated 

Rhodopseudomonad cytochrome P450 can also demethylate 4-methoxybenzoate and be 

productively engineered to accommodate 4-ethylbenzoate. While retaining a classical P450 

fold, this CYP199A4 system exhibits an alternative binding mode in terms of both substrate 

positioning relative to the heme, and steric selectivity with an alternative set of aromatic 

residues lining the active site pocket, further demonstrating the diversity within this class 

of enzymes. Fourth, a heme-based P450 may offer a simpler alternative for aromatic 

demethylation compared to tetrahydrofolate-dependent O-demethylases, given the relative 

ubiquity of P450s and robust heme biosynthetic pathways in potential bacterial hosts. 

Finally, distinct from most P450 systems, the GcoB reductase is encoded as a single 

polypeptide rather than two.  

Close examination of the GcoA-guaiacol active site shows that substrate binding 

involves interactions between the peptide backbone and the substrate hydroxyl (ring C1) 

and methoxy groups (C2). The ring C3 position has a relatively close (3.8 Å) interaction 

with the porphyrin-ɔ-meso carbon that bridges the propionate-substituted pyrrole rings. 
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However, the remaining ring positions are not directly occluded by backbone/porphyrin 

atoms. Reactivity studies showed that guaiacol analogs with substitutions at C4, C5, and 

C6 remained substrates with comparable efficiencies (kcat/KM) to guaiacol itself. Even 

substitutions at C1 and C2 (ethoxy- for methoxy-) are permitted. Comparison of the 

structures of the guaiacol, guaethol, vanillin, and syringol ligand-bound GcoA structures 

shows that all assume a similar binding mode with only subtle reorganization of the 

surrounding active site residues.   

MD simulations suggest that the active site opens and closes in response to substrate 

binding. This flexibility in the active site, in which several side chains (e.g., Phe75, Phe169, 

Phe395) reorganize to accommodate the bound ligand, may be partly responsible for the 

observed substrate promiscuity of GcoA. Though the active site is flexible, potential 

substrates must be able to maintain the closed state of the active site in order to prevent the 

uncoupling of NADH oxidation from substrate hydroxylation. The same simulations also 

suggest that the active site constrains the binding mode of guaiacol, so that the methoxy 

group points toward and the hydroxyl group is oriented away from the heme iron. This may 

forestall the lower-energy cyclization reaction pathway predicted for guaiacol by DFT 

calculations.  

Together, the structural, biochemical, and computational data presented here 

suggest a GcoA active site that is sufficiently accommodating to turn over a range of 

substrates that each react in the desired fashion to release an aldehyde product. We 

hypothesize that the substrate range and consequently the utility of GcoA may be extended 

even further, to accommodate important G- and S-type lignin subunits, by protein 

engineering or directed evolution. Tests of this hypothesis are the subject of ongoing work. 
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Methods 

 

Materials  

Standards of 2-methylanisole, 2-methylphenol, 3-methoxycatechol, anisole, caffeic 

acid, catechol, 3,4-dihydroxybenzaldehyde, ferulic acid, guaethol, guaiacol, phenol, 

protocatechuic acid, pyrogallol, syringol, vanillic acid, vanillin, and veratrole were 

purchased from Sigma Aldrich (Sigma Aldrich, St Louis, MO). 

 

Protein expression and purification 

The genes for gcoA and gcoB were amplified from Amycolatopsis sp. ATCC 39116 

genomic DNA and assembled separately using NEBuilder® HiFi DNA Assembly Master 

Mix (New England Biolabs) into the pGEX-6P-1 vector (GE Lifesciences), which codes 

for an N-terminal glutathione-S-transferase (GST) fusion tag. Oligonucleotide primer 

sequences are provided in Supplementary Table 5.1. Expression constructs were 

expressed in E. coli RosettaÊ 2 (DE3) cells (Novagen). Cells were transformed with 

plasmids containing either the GcoA or GcoB fusion construct and plated out on lysogeny 

broth (LB) agar containing chloramphenicol (34 mg/L) and carbenicillin (50 mg/L). A 

single colony was selected and used to inoculate a 20 mL starter culture of LB. After 

overnight growth at 37 ºC, 250 rpm, the starter culture was inoculated into 2.5 L flasks 

containing 1 L of either terrific broth (TB) (GcoA) or LB (GcoB) with antibiotics. At an 

OD600 of 0.5 (GcoB) or 1.0 (GcoA), 0.2 mM IPTG was added to induce protein expression. 

Additionally, 100 mg/L 5-aminolevulinic acid (GcoA), or 200 mg/L ammonium iron(III) 

citrate (GcoB) was added to support productive cofactor incorporation. Induction of protein 

expression was performed for 16-18 hr at 20 ºC with shaking at 250 rpm. Affinity 
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purification was carried out using glutathione-sepharose 4B media (GE Lifesciences) 

followed by GST-tag cleavage with PreScission protease (GE Lifesciences). Anion 

exchange chromatography was performed using a MonoQ 5/50 GL column (GE 

Lifesciences) for GcoB with a 0-50% gradient of 50 mM HEPES pH 7.5, 1 M NaCl, 1 mM 

DTT, and with a Source 30Q column (GE Lifesciences) with a 10-40% gradient of the 

same buffer for GcoA. For each protein, a final gel filtration step was performed using a 

HiLoad S200 16/60 pg column (GE Lifesciences) in a buffer containing 25 mM HEPES 

pH 7.5 and 50 mM NaCl. Preparation of a GcoA SeMet derivative was achieved by 

expression in Selenomethionine Medium Complete (Molecular Dimensions) according to 

the manufacturers protocol and purification was performed using the same method as used 

for the native GcoA protein. 

 

UV/Vis spectroscopy of GcoA and GcoB 

The spectra of GcoA and GcoB were measured in 25 mM HEPES, 50 mM NaCl at 

pH 7.5 using a Lambda 25 spectrophotometer (Perkin Elmer) over a wavelength range of 

200-600 nm at 1 nm intervals in a quartz cuvette (Hellma Analytics). 

 

Heme quantification  

Catalytically active heme bound to GcoA was determined via a 

spectrophotometric/CO-binding assay.40 CO gas was bubbled into a cuvette containing 

0.94-2.5 ɛM GcoA (Pierce BCA assay). Excess sodium dithionite (~1 mg) was added to 

reduce the heme iron. The spectrum was recorded over a period of several minutes as a 

peak centered at ~450 nm gradually appeared, attributed to the catalytically competent, 

ferrous CO-bound heme. A spectrum for a control containing only dithionite-reduced 
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GcoA was measured, and a difference spectrum computed. Absorbances at 420, 450, and 

490 nm were recorded to calculate the amount of active GcoA (P450) or inactive GcoA 

(P420 nm). The equations used to compute the concentrations of catalytically competent 

and inactive heme40 are shown below. Reported values are the average of three or more 

measurements. 

(ȹA450 - ȹA490)/0.091 = nmol of P450 per mL           (5.1) 

[(ȹA420 - A490)observed - (A450 - A490)theoretical]/0.110 = nmol of cytochrome P420 per 

mL                      (5.2) 

nmol of P450 per mL x (-0.041) = (ȹA420 - A490)theoretical (5.3) 

Here ȹA450 and ȹA420 are the differences between the reference and sample spectra at 

absorbances 450 and 420 nm, respectively. 

The pyridine hemochrome assay was additionally used to assess the total heme 

content in GcoA.51 200 µL of a 6 µM GcoA solution was added to 797 µL 50 mM NaOH, 

20% pyridine and 3 µL K3Fe(CN)6 and a UV/vis spectrum measured. Excess (2-5 mg) 

sodium dithionite was used to reduce the heme and the absorbance at 556 nm was compared 

to the oxidized spectrum (ȹA). The Beer-Lambert law was used to calculate the amount of 

heme present, using Ů556 = 28.4 mM-1 cm-1. Reported values are averaged from three or 

more measurements. An extinction coefficient for GcoA-bound heme, using the [GcoA-

heme] determined from the CO binding assay, was estimated via the slope of a line relating 

absorbance at 417 nm (Soret peak) to [GcoA-heme]. 
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Determination of [FAD] and non-heme [Fe] in GcoB 

FAD was released from GcoB by denaturing 200 ɛL of a protein (0.024 ÕM) 

solution with 5 ɛL saturated ammonium sulfate, pH 1.4 (7% v/v H2SO4), similar to studies 

with related cytochrome P450s.52 Precipitated protein was pelleted by centrifugation and 

the UV/vis spectrum of the FAD-containing supernatant was measured. The absorbance at 

454 nm, ŮFAD = 11.3 mM-1 cm-1, and total protein concentration determined by the Bradford 

assay were used to determine [FAD] bound to GcoB. An extinction coefficient for GcoB-

bound FAD was estimated via the slope of a line relating absorbance at 454 nm to [GcoB-

FAD].  

The Fe-S content of GcoB was assessed both by quantifying non-heme Fe(II)53 and 

spectroscopically characterizing the cluster as a whole (below). GcoB was denatured as 

described above. 50 ɛL of supernatant was added to 25 ɛL of 5% w/v sodium ascorbate to 

reduce the iron. 100 ɛL of bathophenanthroline disulfonate (0.1% w/v in ddH2O) was 

added and the sample was incubated for 1h. The resulting Fe(II) complex was quantified 

via its absorbance at 535 nm (Ů535 = 22.14 mM-1 cm-1, determined using FeSO4 standards). 

An extinction coefficient for GcoB-bound 2Fe-2S cluster was estimated via the slope of a 

line relating absorbance at 423 nm to [GcoB-2Fe-2S]. 

 

EPR and UV/vis spectroscopic characterization of FeS cluster 

A 150 ɛM sample of GcoB was brought into an MBraun chamber and exchanged 

into anaerobic 50 mM Tris, 200 mM NaCl, 5% glycerol, pH 7.0. The sample was then 

reduced anaerobically with 10 mM sodium dithionite and loaded into an EPR tube. The 

tube was capped prior to removing from the chamber and frozen in liquid N2. X-band EPR 
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spectra were recorded on a Bruker E-500 spectrometer equipped with a Super High Q 

(SHQ) resonator, in-cavity cryogen-free system (ColdEdge Technologies), and 

MercuryiTC temperature controller (Oxford). Spin quantifications were determined by 

comparison to copper standards at 75, 100, and 125 µM via double integration of the 

spectra after base-line subtraction using the OriginPro software package. Spectral 

simulation was carried out with the EasySpin software package for g-value 

determination.54 FeXSY clusters of different nuclearities have EPR spectra with distinct 

temperature dependencies. Based on the cluster type determined via EPR, the [Fe(II)] was 

found to be in close agreement to the results from the bathophenanthroline disulfonate 

assay described above. Thus, the colorimetric assay was used to determine all subsequent 

[2Fe-2S] and to find the Ů423 nm. 

 

Reductase activity measurement of GcoB 

GcoB activity was assessed using a continuous colorimetric assay involving 

cytochrome c as a colorimetric electron acceptor.40 4.8 nM GcoB (referenced to [FAD]) 

and 42 µM cytochrome c (from equine heart) were dissolved in buffer (25 mM HEPES, 50 

mM NaCl, pH 7.5), 25 ºC. 100 µM NADH was then added to initiate the NADH- and 

GcoB-dependent reduction of cytochrome c. UV/vis spectra (Varian Cary 4000, Agilent) 

were recorded in the scanning kinetics mode. The increase in absorbance at 550 nm due to 

reduced cytochrome c was monitored over time, and the specific activity (nmol reduced 

cytochrome c min-1 nmol GcoB-1) calculated using40: 

ȹA550 min-1/0.021/mL reaction = specific activity  (5.4) 
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For determining steady state kinetic constants, the above protocol was used as a 

function of [NADH]. 4.8 nM GcoB (referenced to [FAD]) and 43 µM cytochrome c were 

dissolved in buffer (25 mM HEPES, 50 mM NaCl, pH 7.5), 25 ºC, and the reaction was 

initiated with the addition of 2.5-200 µM NADH. Initial velocities (vi) were determined 

from linear fits to the initial portion of the progress of reaction data, plotted as a function 

of [NADH], and fit to the Michaelis-Menten equation (5.5) using the KaleidaGraph 

software: 

vi = Vmax[S]/(KM + [S])      (5.5) 

 

Steady state kinetics analysis of GcoAB 

The demethylation of guaiacol and substrate analogs was continuously monitored 

under steady state conditions. 0.2 µM each of GcoA and GcoB were dissolved in air-

saturated buffer (25 mM HEPES, 50 mM NaCl) in a cuvette at pH 7.5, 25 ºC. 100 µg/mL 

catalase was added to each reaction to capture any H2O2 formed during the uncoupled 

reaction. A saturating amount of NADH (Ó 5KM, 300 µM) was added and a background 

rate of NADH oxidation in air (>200 µM O2) recorded via continuous scanning of the 

UV/vis spectrum. 20-300 µM guaiacol (preferred substrate) or an alternate substrate from 

a 2.5 mM stock dissolved in DMSO was added and the reaction was monitored via 

measurement of UV/vis spectra for several minutes. The initial velocity was determined 

by disappearance of the characteristic NADH absorbance at 340 nm (Ů344 = 6.22 mM-1 cm-

1). A plot of vi versus [guaiacol] was fit to equation 5.5 to obtain kcat, KM, and kcat/KM.  For 

specific activity determination, the above method was used but with saturating (300 µM) 

guaiacol. The linear portion of [NADH] vs time was fit and referenced to the amount of 
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GcoA used (0.2 µM). Reported values are the average of Ó3 measurements and reported 

errors are standard deviations. 

For vanillin, whose UV/vis spectrum overlaps with that of NADH, fluorescence 

was used to monitor NADH disappearance using a FluoroMax3 instrument (Horiba Jobin 

Yvon). A standard curve for NADH (0-350 µM) was generated by exciting the sample (25 

mM HEPES, 50 mM NaCl pH 7.5) at 340 nm and monitoring the emission at 458 nm 

(vanillin did not excite or emit at this wavelength). The intensity vs [NADH] was plotted 

and fit to a 4-parameter logistic equation: 

ὍὲὸὩὲίὭὸώὨ    (5.6) 

Where a is the theoretical response at [NADH] = 0, b is the slope of the curve at the 

inflection point, c is [NADH] at the inflection point, and d is the theoretical response at 

infinite [NADH]. Reactions with vanillin were performed in the same manner described 

above.  

 

Determination of substrate dissociation constants (KD) with GcoA 

0-60 µM of substrate analogs, in 0.25 or 0.5 µM aliquots, were titrated into a cuvette 

containing 1-6 µM GcoA in 25 mM HEPES, 50 mM NaCl, pH 7.5. The spectrum after 

each substrate addition was recorded, beginning with no substrate bound. The solution 

reached equilibrium before the next addition. A difference spectrum was made to illustrate 

the shift from a low-spin aquo-heme complex to the high-spin substrate-bound complex 

(spectral shift from 417 nm to 388 nm). The resulting difference spectra showed a peak at 
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388 nm, and a trough at 420 nm. The absorbance at 388 nm was plotted as a function of 

[substrate], yielding a quadratic curve that was fit to equation (5.7) to determine the KD.  

ɝ ὃὦί
 

ὒ  Ὁ  ὑ ὒ  Ὁ  ὑ τὉ ὒz               (5.7) 

Where L0, Et, KD, and ȹAbsmax are the ligand concentrations, total protein (subunit) 

concentration, the equilibrium dissociation constant, and the maximum Abs388-417 nm, 

respectively. Reported values are the average of 2 or more measurements. 

Since the UV/vis spectra of vanillin and heme overlap, fluorescence quenching was 

monitored to determine the KD. 4 µM GcoA (25 mM HEPES, 50 mM NaCl, pH 7.5) was 

excited at 283 nm and the emission peak read at 340 nm; vanillin does not show the same 

excitation/emission pattern. Fluorescence emission intensity was followed upon titration 

of vanillin (0-350 µM) after equilibrium had been established. The % fluorescence 

quenched, equation (5.8), was plotted as a function of vanillin and fit to equation (5.7) 

above, replacing ȹAbsmax with ȹFluorescencemax.  

ϷὊ ήόὩὲὧὬὩὨ
 

 ὼ ρππϷ             (5.8) 

 

Aldehyde product determination  

For the quantification of formaldehyde (demethylation) or acetaldehyde 

(deethylation) production, the reaction was monitored via UV/vis or fluorescence (in the 

case of vanillin) using the same set of conditions as outlined above for specific activity 

determination. After eight minutes, aliquots of the sample were removed and carried onto 

the respective aldehyde detection assay. For reactions that produced formaldehyde (e.g., 

all substrates except guaethol), a colorimetric tryptophan assay was used, described 
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previously.55 Briefly, 200 µL of the reaction was quenched by adding 200 µL of 0.1% 

tryptophan solution in 50% ethanol, 200 µL 90% sulfuric acid and 40 µL of 1% FeCl3. The 

solution was then incubated in a heating block for 90 min at 70 ºC. After cooling, the 

absorbance was read at 575 nm and the [formaldehyde] calculated by comparing to a 

standard curve made with 0-320 µM formaldehyde. A reaction with just the assay 

components was treated in the same manner as the reaction samples and used as a baseline. 

Control reactions included everything but GcoA/B, catalase, and substrate. Reported 

values are the average of Ó3 measurements. 

[Acetaldehyde] produced during the dealkylation of guaethol was also determined 

by using a colorimetric assay and a generated acetaldehyde standard curve. A kit from 

BioAssays was used. Briefly, 20 µL of the reacted sample was transferred to a 96-well 

plate and 80 µL of the working reagent, consisting of NAD/MTT and aldehyde 

dehydrogenase, was added. The reaction was incubated for 30 min at room temperature 

and the absorbance read at 565 nm. Aldehyde dehydrogenase and NAD react with 

acetaldehyde to produce acetic acid and NADH. The NADH can then reduce MTT, 

resulting in the absorbance at 565 nm. Control reactions included samples without substrate 

and/or aldehyde dehydrogenase. Reported values are the average of Ó3 measurements. 

 

HPLC product identification 

Analyte analysis of samples was performed on an Agilent 1200 LC system (Agilent 

Technologies, Santa Clara, CA) equipped with a G1315A diode array detector (DAD). 

Each sample and standard was injected at a volume of 10 ɛL onto a Phenomenex Luna 

C18(2) column 5 ɛm, 4.6 x 150 mm column (Phenomenex, Torrance, CA). The column 
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temperature was maintained at 30 °C and the buffers used to separate the analytes of 

interest was 0.05% acetic acid in water (A)/ acetonitrile (B). The separation was carried 

out using a gradient program of: (A) = 99% and (B) = 1% at time t = 0; (A) = 99% and (B) 

= 1% at time t = 5, (A) = 50% and (B) = 50% at t = 35 min; (A) = 1% and (B) = 99% at t 

= 35.01 min; (A) = 99% and (B) = 1% at t = 37.01 min; (A) = 99% and (B) = 1% at t = 

47.00 min. The flow rate was held constant at 0.6 mL min-1 resulting in a run time of 47 

minutes.  Calibration curve concentration for each analyte varied between the ranges of 2.5 

ï 200 ug L-1.  A DAD wavelength of 225 nm was used for analysis of the analytes of 

interest. In addition, 210 nm was used for protocatechuic, 4-hydroxybenzoic acid, guaiacol, 

syringol, veratrole, guaethol, vanillin, vanillic acid, catechol, 3-methoxy catechol, anisole, 

2-methylanisole, dihydroxybenzaldehyde, phenol, and 2-methylphenol and 325 nm was 

used for p-coumaric acid, ferulic acid, caffeic acid, and pyrogallol. A minimum of 3-5 

calibration levels was used with an r2 coefficient of 0.995 or better for each analyte and a 

check calibration standard (CCS) was analyzed every 10 samples to insure the integrity of 

the initial calibration.  

 

Crystallization and structure determination 

Purified protein was buffer exchanged into 10 mM HEPES pH 7.5 and concentrated 

to A280 values of 12 and 5 for GcoA and GcoB, respectively, as measured on a NanoDrop 

2000 spectrophotometer (Thermo Fisher). Crystals of GcoA were grown with 1.8 M 

sodium malonate and 20 mM substrate. GcoB crystals were grown in the Morpheus Screen 

0.09 M halogens mix (0.3 M sodium fluoride; 0.3 M sodium bromide; 0.3 M sodium 

iodide), 0.1 M buffer system 3 (1 M Tris (base); BICINE pH 8.5) and 60% v/v precipitant 
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mix 1) 40% v/v PEG 500 MME; 20% w/v PEG 20000) (Molecular dimensions). Crystals 

in both crystallization conditions were successfully cryocooled directly in liquid N2 without 

further addition of cryoprotectants. All data were collected at Diamond Light Source 

(Harwell, UK). The complex of GcoA with guaiacol was collected on I04 and the phases 

were solved with a single SAD dataset at a wavelength corresponding to the Se edge. Data 

from crystals of GcoA with guaethol, syringol, and vanillin were collected on I03 and the 

data from GcoB crystals were collected on I04. Data were processed with using the CCP456 

and Phenix57 suites and details are provided in the Supplementary Methods. Data 

collection and refinement statistics can be found in Supplementary Table 5.2. Structural 

images were generated using PyMOL ((http://www.pymol.org) and surface charge 

calculated using DelPhi.58 

 

Dynamic light scattering 

Dynamic light scattering experiments were performed using a Protein Solutions 

DynaPro MSTC800 instrument operated through the Dynamics version 5.26.60 software 

package (Protein Solutions). Samples were passed through a 0.1 mm filter prior to 

measurement at 20 oC. Results were taken from at least 20 measurements and the data were 

analysed using the Dynamics software. The molecular weights of the proteins were 

estimated using the empirical equation for a globular protein: 

ὓ ρȢφψὙ Ȣ      (5.9) 

Where Mr = the molar mass of the protein in kilodaltons and Rh = the hydrodynamic 

radius of the protein in nm. 

 

http://www.pymol.org/
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Analytical ultracentrifugation 

Velocity analytical ultracentrifugation was performed using a Beckman XL-A 

analytical ultracentrifuge with an An50-Ti rotor. Double-chamber Epon cells were used 

with 1.2 cm path lengths and quartz window assemblies. Protein concentration was 

measured at 37.5 mM with a 1:0.9 ratio of GcoA:GcoB for the GcoAB run in buffer 

containing 25 mM HEPES pH 7.5 and 50mM NaCl. Samples were equilibrated at 20 oC at 

3,000 rpm before accelerating to 40,000 rpm and taking 72 radial scans at 20 min intervals 

at a wavelength of 280 nm. Sednterp59 was used to calculate buffer viscosity and density, 

and v̄ of the protein sample and Sedfit60 was used to analyze the scans, solve the Lamm 

equation, perform c(s) size distribution analysis and determine f/f0. 

 

MD simulation and DFT systems setup 

Molecular dynamics simulations were performed with GcoA in the following 

conditions: complexed to guaiacol (GcoA:guaiacol), guaethol (GcoA:guaethol), syringol 

(Gcoa:syringol), vanillin (GcoA:vanillin), catechol (GcoA:catechol), and in absence of 

ligand (GcoA:apo). For GcoA:guaiacol, GcoA:guaethol, GcoA:syringol and 

GcoA:vanillin, we used the crystal structures reported in this work as starting point. 

GcoA:catechol and GcoA:apo systems were built from the GcoA:guaiacol structure by 

modifying and removing the guaiacol substrate, respectively. The heme group was 

considered in the pentacoordinate state in the GcoA:apo and GcoA:catechol systems, and 

in the hexacoordinate (compound I) state in the GcoA:guaiacol, GcoA:guaethol, 

GcoA:syringol and GcoA:vanillin systems. As the GcoA:vanillin crystal structure lacks 

residues 388 and 389, these were taken from the GcoA:syringol structure after structural 
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alignment. Hydrogen atoms were added and the protonation states of titratable residues 

were estimated using H++ at pH 7.5.61, 62 At this condition, all Asp and Glu residues were 

considered deprotonated (bearing a -1 charge); His131, His221, His224, His255, and 

His343 were considered doubly protonated (+1 charge); and His80, His91, His213, His329, 

His349, His357, His367, and His405 were considered protonated only at the Ů position (0 

charge). The systems were then immersed in a rectangular water box extended at least 15 

Å from the protein, and Na+ cations were added to neutralize the system. The final systems 

comprised approximately 74,000 atoms. 

Force field parameters for guaiacol, guaethol, syringol and vanillin were obtained 

from Generalized Amber Force Field (GAFF)63, with Restrained Electrostatic Potential 

(RESP) partial charges64 derived at the HF/6-31G(*) level with Gaussian 09.65 Force field 

parameters for the heme group, both in the pentacoordinate state and compound I were 

taken from  from Shahrokh et al.66 For the protein, the ff14SB Amber force field67 was 

employed along with the TIP3P water model.68 The simulations were performed using 

periodic boundary conditions, with short-range interactions truncated at a cutoff radius of 

8.0 Å and particle mesh Ewald (PME) for long-range interactions.69 The equations of 

motion were integrated with a time-step of 2.0 fs, with bonds involving hydrogen atoms 

constrained at their equilibrium values using SHAKE. The temperature was kept constant 

at 300 K using the Langevin thermostat with a collision frequency of 1.0 ps-1. The pressure 

was controlled at 1.0 bar only during the initial equilibration steps (described below) with 

the Berendsen barostat using a relaxation time of 2.0 ps. 

To prepare the systems for productive MD simulations, the following steps were 

carried out: (1) 2000 steps of energy minimization, with all the protein atoms restrained; 
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(2) 2000 steps of energy minimization, with all the protein CŬ atoms restrained; (3) 2500 

steps of energy minimization without any restraints; (4) 100 ps of constant volume 

simulation, with no restraints, and with the temperature increasing at constant rate of 3 

K/ps from 0 to300 K; (5) 500 ps of constant pressure simulation with the temperature kept 

at 300 K; (6) 400 ps of constant volume and temperature simulation. After these steps, 1.0 

ɛs of MD simulation was carried out with constant temperature and volume. For each 

system, such procedure was repeated three times. PMEMD, from the Amber16 package70, 

was used to perform all the equilibrium MD simulations. 

 

Umbrella sampling 

Umbrella sampling (US) simulations were employed to obtain the potential of mean 

force (PMF) associated to the open-close motions of GcoA:apo, GcoA:guaiacol and 

GcoA:catechol. The PMFs were computed along the reaction coordinate defined as ɝ = 

RMSD(open) - RMSD(closed), where RMSD(open) is the RMSD measured from the most 

open structure obtained from the unbiased simulation of GcoA:apo, and RMSD(closed) is 

the RMSD measured from the crystal structure. The US simulations were performed using 

the colvar module of NAMD 2.1271 (with the same Amber force field employed for the 

unbiased simulations). In the RMSD calculations, only the CŬ atoms of residues 1 to 31 

and residues 150 to 206 were considered. These residues correspond to the region involved 

in the open-close motions of GcoA. We split the conformational space into 28 equally-

spaced windows, centered at ɝ values between -4.5 Å and 3.6 Å, therefore with increments 

of ŭɝ = 0.3 ¡. Simulations within each window were restrained with a harmonic potential 

of the form (İ)k(ɝ-ɝ0)2, with k = 10 kcal mol-1Å-2. Simulation in an additional window 
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centered at 2.2 Å and with k = 10 kcal mol-1Å-2 was conducted to assure enough overlap 

between neighboring windows. Therefore, a total of 29 windows were used for the PMF 

calculation. Within each window, 260 ns of restrained MD simulation was carried out after 

a 10-ns equilibration (not considered in the PMF calculation), totalizing 270 ns/window. 

Initial configurations for the different windows of the GcoA:apo US simulations were 

taken from the unbiased simulation where we observed the closed-to-open transition. For 

the GcoA:guaiacol and GcoA:catechol systems, we started from the closed structure and 

followed a scheme where we used the equilibrated configuration of the previous window 

(window i) to start the simulation of the next window (window i+1). The PMFs were 

obtained as the average of PMFs calculated for blocks of 10 ns. The Weighted Histogram 

Analysis Method72 was employed to reweight the biased histograms obtained with US MD. 

 

Density functional theory calculations 

DFT calculations were performed using Gaussian 09.65 A truncated model 

containing the porphyrin pyrrole core, Fe center and a methanethiol to mimic cysteine as 

Fe-axial ligand was used. Geometry optimizations and frequency calculations were 

performed using unrestricted B3LYP (UB3LYP)73, 74 with the LANL2DZ basis set for iron 

and 6-31G(d) on all other atoms. Transition states had one negative force constant 

corresponding to the desired transformation. Enthalpies and entropies were calculated for 

1 atm and 298.15 K. A correction to the harmonic oscillator approximation, as discussed 

by Truhlar and co-workers, was also applied to the entropy calculations by raising all 

frequencies below 100 cmï1 to 100 cmï1.75 Single point energy calculations were performed 

using the dispersion-corrected functional (U)B3LYP-D3(BJ)76, 77 with the LANL2DZ basis 
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set on iron and 6-311+G(d,p) on all other atoms, within the CPCM polarizable conductor 

model (diethyl ether, Ů = 4)78, 79 to have an estimation of the dielectric permittivity in the 

enzyme active site. The use of a dielectric constant Ů=4 has been shown to be a good model 

to account for electronic polarization and small backbone fluctuations in enzyme active 

sites.80 All stationary points were verified as minima or first-order saddle points by a 

vibrational frequency analysis. Computed structures are illustrated with CYLView.  

 

Data availability 

Coordinates and associated structure factors have been deposited with the PDB 

(www.rcsb.org/) under accession codes 5NCB, 5OMR, 5OMS, 5OMU, 5OGX. Data 

supporting the findings of this study are available within the article (and its Supplementary 

information files) and from the corresponding authors upon reasonable request. 
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Tables and Figures 

 
Fig. 5.1 O-demethylation in aromatic catabolism. a O-demethylation provides a central 

role in the upper pathways of aromatic catabolism.5, 6, 21-25 G- and S-lignin, the primary 

units in lignin, are O-demethylated to form central intermediates. These are then cleaved 

by intradiol (red lines) or extradiol (blue lines) dioxygenases.  

b Coupled reactions catalyzed by GcoA and GcoB (por = porphyrin). 
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Fig. 5.2 Crystal structures of GcoA, illustrating the substrate binding mode. a,b The 

general architecture of GcoA is shown in cartoon representation highlighting the relative 

positions of the buried heme (pink) and bound guaiacol (space-filling). c-f Comparisons of 

ligand-bound structures of guaiacol (green), guaethol (yellow), vanillin (blue), and syringol 

(cyan) showing key hydrophobic residues lining the active site pocket. 
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Fig 5.3. Crystal structure of GcoB. a The three-domain structure of GcoB is shown with 

electron transport cofactors. The N-terminal 2Fe-2S domain is shown in dark blue, 

followed by the FAD-binding domain in cyan, and the NADH-binding domain in light 

blue. b The 2Fe2S cluster is held in an H-bonded basket coordinated by four Cys residues. 

c,d The FAD is accommodated by hydrophobic stacking interactions between Phe330 and 

the flavin isoalloxazine moiety. e A diagrammatic representation of the GcoAB domain 

organization. 
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Fig. 5.4 GcoAB O-demethylates a range of lignin-derived substrates. 300 µM NADH and 

O-methyl-aryl compounds were incubated in air with 0.2 µM GcoA and B (each) for 6.75 

min prior to quenching the reaction with saturated ammonium sulfate and 7% v/v 

concentrated H2SO4 (50 mM HEPES, pH 7.4, 25 °C). The products were then analyzed. 

The total NADH consumed is compared above to the amounts of aldehyde and de-alkylated 

aromatic compound produced. Error bars represent ± 1 standard deviation from three or 

more independent measurements.  
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Fig. 5.5 MD simulations of GcoA demonstrate opening and closing of the active site 

correlated with Phe side chain motions and substrate binding. a Closed and b open GcoA 

structures obtained from MD simulations highlighting in red the open-close motion of the 

helices F and G; c Free energy profiles (calculated as the potential of mean force - PMF) 

of the open-close motions of GcoA:apo, GcoA:guaiacol, and GcoA:catechol. PMFs were 

calculated using 10-ns blocks from the Umbrella Sampling simulations and the block 

averages were plotted with the corresponding standard deviations represented as error bars. 

d Scatter plot of the reaction coordinate (a metric of the open-close motions) and RMSD 

of Phe75, Phe169, and Phe395 relative to the crystal structure (a metric of the breathing 

motions of these residues) obtained from simulations of GcoA:apo, showing the correlation 

between the degree of opening of GcoA and the configuration of the binding pocket; 

Configuration of residues Phe75, Phe169, and Phe395 (in cyan) e in the most closed GcoA 

structure, f in a partially open GcoA structure, and g in a fully open structure, showing that 

the aromatics (from left to right; Phe75, Phe169, Phe395) prevent water (shown as space 

filling representation) from penetrating the binding pocket in f but not in g, where the 

expansion of the Phe residues allows the penetration of water into the binding pocket. For 

visual clarity, the water molecules represented in g and f correspond to those located within 

7 Å of the Phe side chains and within 16 Å of the heme Fe atom. The configuration of the 

Phe residues in the crystal structure is shown as thin blue lines. 
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Fig. 5.6 Proposed GcoA-catalyzed reaction mechanisms for the degradation of guaiacol. a 

Schematic representation of the two potential reaction paths catalyzed by GcoA P450. Path 

A generates the hemiacetal (3), which will hydrolyze into the observed catechol and 

formaldehyde. Path B could generate a stable and unproductive acetal (5). b Path A and B 

DFT optimized H-abstraction rate-limiting transition states. Gibbs energies are given in 

kcal·mol-1, distances in Å, and angles in degrees. 
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Table 5.1. Efficiency of GcoAB toward binding and demethylation of O-methyl-

aromatic compounds 

Compound Compoun

d KD 

(ɛM)a 

kcat (s
-

1)b 

KM  

[O-

methyl-

aryl 

substrate] 

(mM)  

kcat/KM  

[O-

methyl-

aryl 

substrate] 

(mM-1 s-1) 

Aldehyde 

produced 

per 

NADH 

consume

dc 

Demethylat

ed product: 

amount 

produced 

per NADH 

consumed 

Guaiacol 0.0060 ± 

0.002d 

6.8 ± 

0.5 

0.060 ± 

0.01 

110 ± 20 1.2 ± 

0.15 

1.2 ± 0.3 

3-

methoxycate

chol 

3.7 ± 0.1 2.1 ± 

0.05 

0.030 ± 

0.003 

75 ± 7 0.90 ± 

0.04 

0.97 ± 

0.002 

Anisole 1.7 ± 0.2 3.5 ± 

0.2 

0.043 ± 

0.004 

82 ± 8 1.1 ± 

0.01 

0.62 ± 0.1 

Guaethole 0.070 ± 

0.03 

1.4 ± 

0.09 

0.015 ± 

0.004 

100 ± 20 1.5 ± 

0.14 

1.4 ± 0.3 

2-

methylanisol

e 

1.0 ± 0.1 4.6 ± 

0.1 

0.027 ± 

0.003 

170 ± 20 0.90 ± 

0.1 

0.20 ± 0.04 

Vanillin f 37 ± 3 n/a n/a n/a 0.40 ± 

0.04 

0.20 ± 0.01 

Syringolf 2.8 ± 0.4 n/a n/a n/a 0.080 ± 

0.008 

0.21 ± 

0.002 
 

a Titration conditions: 1-6 ɛM GcoA, 25 ÜC, 25 mM HEPES, 50 mM NaCl, pH 7.5. b 

Reaction conditions: NADH consumption was determined via loss of absorbance at 340 

nm (eNADH = 6.22 mM-1 cm-1) or loss of fluorescence at 458 nm (vanillin) in reactions 

containing 0.2 ɛM GcoAB, 100 ɛg/mL catalase, 300 ɛM NADH, and 5-300 ɛM methoxy-

aryl substrate in 25 mM HEPES, 50 mM NaCl, pH 7.5, 25 ºC, air. c Total [aldehyde] was 

assessed using the colorimetric tryptophan-functionalization assay for formaldehyde or 

dehydrogenase assay for acetaldehyde. The [aldehyde] was ratioed to the total [NADH] 

consumed, as monitored by UV/vis or fluorescence quenching (vanillin reaction). d 

Standard deviations are representative of three or more independent measurements. e 

Guaethol is de-ethylated by GcoAB, forming catechol and acetaldehyde instead of 

formaldehyde. f Vanillin and syringol are the only partial substrates/partial uncouplers of 

those listed. As such, the Michaelis-Menten parameters were not measured using the 

described NADH oxidation assay.   
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Supplementary Methods 

 

Structure solution and refinement of GcoA and GcoB 

 The data collected for GcoA with guaiacol were indexed, integrated, merged and 

scaled using Xia21-6 before solving and building using Crank27-14 and refinement with 

Refmac15 and Coot.16  Structures of GcoA with guaethol, syringol and vanillin were solved 

by molecular replacement using the original GcoA structure with guaiacol (PDB accession 

code 5NCB) with the heme and guaiacol ligands removed. The data were processed 

initially with Xia2 before using Phaser17 from the Phenix suite18 for molecular replacement 

and phenix.autobuild19 for building. Iterative refinement was performed using 

phenix.refine20 and Coot. The structure of the GcoB C-terminus was initially solved from 

a crystal grown in 0.2 M sodium phosphate monobasic monohydrate, 20% w/v 

polyethylene glycol 3,350 by molecular replacement using the C terminus of benzoate 
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dioxygenase reductase (1KRH). This partial crystal structure was subsequently used for 

the structure solution of the full-length protein. Data were indexed, integrated, merged and 

scaled using Xia21-5, 21. Molecular replacement was performed using Phaser16 before 

building with Phenix.autobuild19 and iterative refinement using Phenix.refine20 and Coot16. 

Validation of these structures was performed using MolProbity22 and the PDB validation 

server. 

 

Supplementary Figures 

 

 

 

 
Supplementary Figure 5.1. Purification and crystallization of GcoA and GcoB. (a) A 

composite figure showing the final purification steps for GcoA. The size exclusion trace 
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shows the protein elution from the column monitored at 3 wavelengths simultaneously. A 

single main peak was observed, with an equivalent absorbance at 280 nm (blue) and 420 

nm (red), corresponding to a single band of 45 kDa by SDS-PAGE (inset). The purified 

and concentrated protein was seen to have a red-brown color due to the incorporation of 

heme (inset is a photograph of a protein solution of GcoA in an 1.5 ml Eppendorf tube). 

(b) The equivalent final purification step for GcoB is shown. A single peak is observed 

corresponding to a single band of 36 kDa by SDS-PAGE. The incorporation of FAD 

resulted in a bright yellow color (inset is a photograph of protein a solution of GcoB in a 

1.5 ml Eppendorf tube). (c) Optimized pyramidal crystals of GcoA grown by vapor 

diffusion display a deep red-brown color and could be consistently grown to a maximum 

dimension of 400 µm. (d) Crystals of GcoB we colored yellow and generally appeared in 

a needle conformation with maximum dimensions up to 500 µm. Single crystals were 

obtained for diffraction experiments by careful manipulation of the needle clusters shown 

here. 

 

 

 

 
Supplementary Figure 5.2. Coordination of guaiacol in the active site of GcoA. A 

cartoon representation of the active site of GcoA is shown, with key residues rendered as 

sticks (green) and the heme (pink) shown with the central iron (orange sphere). Guaiacol 

(yellow) is coordinated by a combination of hydrophobic and hydrophilic residues. The 

aromatic ring is primarily coordinated by three hydrophobic residues, Phe75, Phe169, and 
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Phe395. The oxygen atoms comprising the hydroxyl and methoxy groups of guaiacol are 

coordinated by the backbone hydroxyl and peptide groups from Val241 and Gly245, 

respectively. The distances of these interactions are indicated with yellow dashed lines. 

The distance from the methoxy carbon to the center of the heme iron is 3.92 Å. The position 

of Cys356 is shown relative to the heme.
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Supplementary Figure 5.3. Electron density of GcoA and GcoB structures. 

Representative electron density maps were rendered as white mesh for 2Fo-Fc maps 

contoured at 1ů, and green (positive) and red (negative) mesh for Fo-Fc maps contoured at 

3ů. (a) Electron density is shown for GcoA-bound guaiacol (5NCB), (b) guaethol (5OMS), 

(c) syringol (5OMU) and, (d) vanillin (5OMR). In each case, electron density was rendered 

around the substrate and the heme group along with the main coordinating residues, Phe75, 

Phe169, Val241, Gly245 and Cys356. (e) Electron density for GcoB highlighting the FeS 

cluster with coordinating residues Cys37, Cys42, Cys45 and Cys77 and (f) highlighting the 

bound FAD cofactor of GcoB (5OGX). 
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Supplementary Figure 5.4. Structural alignment of GcoA with B. subtilis P450BioI. 

P450BioI (blue, PDB accession code 3EJB) is the highest identity homolog of GcoA 

(green) in the PDB, with 26% identity and an RMSD of 1.87 Å. The similarities can be 

seen by the close overlap of many of the Ŭ-helices and ɓ-sheets throughout the structures. 

Key differences in the two proteins can be found around the substrate access channel: The 

F/G loop is a feature of P450s that undergoes a breathing motion to allow substrate 

access/product release. In P450BioI this is significantly shorter than that of GcoA and the 

Bô helix is positioned further from the substrate access channel with a relative rotation of 

about 90o. This may reflect the difference in the substrates of the two proteins since GcoA 

catalyzes the demethylation of small aromatic molecules, compared to P450BioI which 

catalyzes the oxidative cleavage of long chain fatty acids.23  
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Supplementary Figure 5.5. Comparison of alternative ligand coordination in GcoA. 

Each panel shows the active site of the guaiacol bound structure aligned with the guaethol, 

vanillin or syringol bound structure. The protein chain of the guaiacol bound structure is 

shown in light green with the guaiacol molecule in green and the heme group in magenta. 

(a) The guaethol bound structure of GcoA is shown in yellow; there is a slight rotation of 

the aromatic ring to accommodate guaethol compared to guaiacol, but no discernible 

rearrangement of the active site. (b) Shows the active site alignment from (a) rotated 

through 90o to show the plane of the ligand aromatic ring. (c) The vanillin bound structure 

is shown in blue; the aromatic ring of vanillin is productively accommodated into the 

hydrophobic active site cavity, however, the extra aldehyde group at the 4 position requires 



199 
 

a significant rearrangement. Shown here is the shift in the sidechain of Thr296 relative to 

its position in the guaiacol structure caused by the aldehyde group of vanillin. The 

positioning of Thr296 is the same for the guaiacol, guaethol and syringol structures. This 

sidechain movement causes the shift of the heme propionate group. In addition, the 

backbone of the protein is displaced by about 1Å over quite a large surrounding area. (d) 

shows the active site alignment from (c) rotated through 180o to show the movement of the 

Thr296 residue and the heme propionate group (circled). (e) The syringol bound structure 

is shown in cyan; the hydroxyl group of syringol and guaiacol are held in roughly the same 

position, though a rotation about the hydroxyl oxygen of syringol compared to guaiacol 

shifts the aromatic ring closer to the heme moiety. Despite this, the active site still exhibits 

an expansion to accommodate the extra methoxy group of this substrate. The three residues 

Phe75, Phe169 and Phe395 exhibit varying degrees of translation (Phe169 being the 

greatest) with subsequent shifting of the protein backbone. (f) shows the active site 

alignment from (e) rotated through 45o. 

 

 

 
Supplementary Figure 5.6. Coordination of FAD in GcoB. FAD is shown in yellow 

with the FAD binding domain of GcoB in light blue and the C-terminal NADH binding 

domain of GcoB in grey. Protein and FAD nitrogen, oxygen and phosphorus atoms are 

coloured blue, red and orange respectively. Blue spheres detail the position of ordered 

water molecules visible in the structure and black dashed lines represent hydrogen bonds. 

Three consecutive residues, Val170, Ala171 and Thr172 all contribute backbone hydroxyls 

or peptide nitrogens to coordinate the diphosphate. In addition, Thr172, Arg145 and Ser334 

(the last residue in the protein), all contribute interactions through their side chains. 
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Supplementary Figure 5.7. Structural basis for NAD vs NADP discrimination in 

GcoB. Here we compared the NAD binding pocket of GcoB with that of the fully occupied 

NADPH binding pocket in an X-ray structure of the CPR from Rattus norvegicus (1AMO). 

(a) In the CPR structure from R. norvegicus (bronze), the adenine group of NADPH (green) 

is coordinated by the aromatic ring of a tyrosine side chain. A phenylalanine at an 

equivalent position in GcoB (light blue) may perform a similar stabilizing function with 

NADH. The 2ô phosphate on the ribose ring is in close proximity to an arginine in CPR 

which is likely responsible for stabilizing the interaction of CPR and NADPH. In GcoB, 

this arginine is replaced by Asp272, which would appear to sterically and/or 

electrostatically preclude the phosphate group of NADPH thus resulting in the preferential 

binding and turnover of NADH compared to NADPH. This provides insight into the 

discrimination between these two ligands observed in the comparative activity 

measurements (Supplementary Fig. S5.16.) (b) An overview of the same superposition 

shows the proximity of the putative NADH binding site in GcoB to the FAD binding site.  
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Supplementary Figure 5.8. GcoB structural alignments. (a) GcoB (dark blue, blue and 

light blue) aligned with BenC (1KRH24, dark green). (b) 2Fe2S domains of GcoB (dark 

blue) and BenC (green) and (c) FAD/NADH domains of GcoB (blue and light blue) and 

BenC (green). (d) Alignment of the FAD/NADH domain of GcoB with a canonical 

FAD/NAD(P)H domain (1AMO, FAD/FMN type P450 reductase from R. norvegicus25, 

light red). (e) Alignment of putidaredoxin (1XLP from P. putida, pink) with the 2Fe2S 

domain of GcoB26. GcoB bears structural homology to different classes of oxidoreductase 

protein. The closest structural homolog, BenC from Acinetobacter baylyi ADP1, was used 

as a productive search model in molecular replacement for GcoB. BenC is a reductase for 

benzoate 1,2-dioxygenase, a class 1B Rieske dioxygenase27. As seen in (a), the 2Fe2S 

domains and FAD/NADH domains of GcoB and BenC are rotated differently relative to 

each other. When taken separately the two domains align very closely (b, c). While the 

terminal protein of the electron transport chains for Benzoate dioxygenase and GcoAB are 

altogether different classes of proteins, they share a common function in metabolizing 

small aromatic molecules, a potential explanation for the evolutionary origin of GcoB as a 

P450 reductase. While the overall fold of GcoB is quite different to any cytochrome P450 

reductase found in the PDB, when divided into its modular domains, the structural 

similarities with its functional homologues can be seen. (d) shows GcoB aligned with the 

FAD and NAD(P)H binding domains of a P450 reductase from a 2-component type system, 

containing an FAD-FMN type reductase. The FMN domain has been removed here. The 

FAD and NADH domains of GcoB show strong homology with corresponding sections of 
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1AMO28, in particular in the coordination of the cofactors, though 1AMO contains an extra 

chain of amino acids in the FAD binding domain not found in GcoB. The ferredoxin 

domain of GcoB is a homolog of ferredoxin domains from three component systems (e). 

These alignments suggest that GcoAB represents a new structurally uncharacterized 

cytochrome P450 system, a 2-component system utilizing an FAD-ferredoxin type 

reductase rather than an FAD-FMN type reductase. While the structure of GcoB is highly 

conserved with Rieske-type reductase proteins, this protein is functionally homologous to 

a reductase from a 2-component cytochrome P450 system. In addition, GcoB maintains 

some structural similarity with the P450 reductase proteins with which it shares a function. 

This protein can be seen as a new 2-component system reductase in which the FMN-

domain of an FAD-FMN type reductase has been replaced by the FeS domain of a 3-

componenet P450 system. 
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Supplementary Figure 5.9. Hydrodynamic analysis of GcoA, GcoB, and GcoAB. (a) 

An overlay of 3 separate size exclusion chromatography experiments with GcoA (red), 

GcoB (black), and GcoAB (blue). The single species detected in the GcoAB trace 

demonstrates that the two proteins remain as a dimer in solution. (b) SDS-PAGE of the 
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sample that eluted from GcoAB size exclusion chromatography. Lane 1 (MWM) is 

Benchmark molecular weight marker and lane 2 is GcoAB showing the two species at 

molecular weights of 45 and 35 kDa, corresponding to GcoA and GcoB, respectively. (c) 

Sedimentation velocity AUC values of 3.53S, 2.92S and 4.37S for GcoA, GcoB and, 

GcoAB, respectively. In the GcoAB run, an excess of GcoA was loaded and this is seen as 

a separate species at the corresponding value of 3.5S. (d) Data plot of AUC velocity 

experiment of GcoAB. Raw data points and fitted curves are plotted ranging in color from 

dark blue at the beginning of the run, through to green and red at the end of the run. A 

corresponding residuals plot is provided below the main trace and demonstrates evenly 

distributed values. 

 

 

 
 

 
Supplementary Figure 5.10. Electrostatic potential of GcoA and GcoB. (a-c) Show 

three different orientations of GcoA rendered as surface models and colored according to 

electrostatic potential between -7 kT/e and +7 kT/e. The surface of GcoA is highly charged 

and mainly acidic with the exception of a basic patch on the proximal face (c). The dipole 

created by this difference in charge across the protein is thought to aid in electron transfer.24 

(d, e) Two orientations of a correspondingly colored GcoB model show that it is generally 

less charged than GcoA. P450 reductase proteins typically have an acidic patch that forms 

the interface with the basic patch of the P450 reductase partner. A candidate for this acidic 
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binding patch, which is often found close to the Iron-Sulfur cluster in other systems, is not 

obvious in GcoB.  

 

 

 
Supplementary Figure 5.11. Predicted GcoAB domain arrangement and potential 

electron flow. This schematic was based on information from SAXS studies by Huang et 

al.29, which demonstrated the flexible motion of FMN-FAD type cytochrome P450 

reductase proteins required for interaction with their partner P450; and Tripathi et al.26, 

where the structure of cytochrome P450cam cross-linked to Pdx revealed that without a 

domain movement of some kind, the ferredoxin domain of GcoB would be occluded from 

interacting with the proximal face of GcoA. This concurs with the structural alignments of 

GcoA and GcoB with P450cam:Pdx (4XJ130). (a) and (b) show a schematic of the proposed 
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interaction. Orange represents the P450 domain, GcoA, and blue, dark green and green 

represent the FeS, FAD and NADH binding domains of GcoB, respectively. (c) and (d) 

show a structure based representation of the proposed interaction. This was generated in 

PyMol by manipulating the individual domains of GcoB manually after aligning GcoA and 

the ferredoxin domain of GcoB with the cross-linked crystal structure of P450cam and Pdx. 

The green structure is GcoA while the dark blue, blue and light blue structures are the FeS, 

FAD and NADH domains of GcoB, respectively. The black solid lines represent the 

movement of electrons through the system and the black dashed line represents the 

demethylation reaction converting guaiacol to catechol. (e) Linear diagram of the domain 

arrangement in this system. 

 

 

 

 
Supplementary Figure 5.12. UV/vis spectra of GcoA and GcoB in their oxidized 

forms. Spectra for GcoA (12 ɛM, red trace) and GcoB (17 ɛM, black trace) were measured 

in 25 mM HEPES, 50 mM NaCl, pH 7.5. In addition to the protein-associated absorbance 

centered at 280 nm, GcoA exhibits a sharp Soret peak at 420 nm and heme Ŭ- and ɓ-bands 

(Q-bands) at 537 and 567 nm. GcoB has an absorbance maximum at 454 nm, a region 

typically associated with oxidized FAD. The small peak at 423 nm and the shoulder at 480 

nm are most likely due to the presence of the 2Fe-2S cluster.31 Heme, FAD, and 2Fe-2S 

occupancies for these proteins were measured at 0.9, 0.6 and 0.8 equivalents per protein, 

respectively, via methods described below and in the text.  
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Supplementary Figure 5.13. CO binds to ferrous GcoA, indicating the presence of 

catalytically active heme.32 A solution containing 0.94 ɛM GcoA in 25 mM HEPES, 50 

mM NaCl, 1.0 mM EDTA, 20% glycerol, 0.5% sodium cholate, 0.4% non-ionic detergent, 

pH 7.5, 25 ºC was put into a cuvette and the baseline taken. CO gas was bubbled into one 

of the cuvettes (sample); the second cuvette was the reference sample. A spectrum was 

measured following addition of excess dithionite to both the sample and reference cuvettes. 

The reduced heme bound to CO, leading to the spectral feature at 447 nm (black trace), 

characteristic of cytochrome P450s. This spectrum was compared to the reference sample 

(no CO), shown in the red trace. The amount of active heme, represented by the absorbance 

at 447 nm, is 0.72 ɛM (0.78 eq/GcoA monomer). The inactive heme, represented by the 

trough at 420 nm, is 0.07 ɛM (see Experimental section). Amounts of active and inactive 

heme were found using the following relationships between the absorbances at 420, 450, 

and 490 nm32:  

(ȹA450 - ȹA490)/0.091 = nmol of P450 per mL     (5.1)  

[(ȹA420 - A490)observed - (A450 - A490)theoretical]/0.110 =  

nmol of cytochrome P420 per mL       (5.2)  

nmol of P450 per mL x (-0.041) = (ȹA420 - A490)theoretical    (5.3) 

 

 


