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ABSTRACT
Dioxygen, one of Nature’s most powerful oxidants, is essential for countless
biological reactions. To harness this oxidant’s 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 Glignin, 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 “green” oxidant,
particularly for large-scale industrial applications.
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CHAPTER ONE

STRATEGIES OF O2-DEPENDENT ENZYMES

The Paradox of O2 Utilization
One of Nature’s 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 O2’s 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 ereduction 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 O2’s 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 metaldependent 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▪ ̶ 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 residues’ 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 O2dependent 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 “O2
rebound”, 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 cofactorindependent 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 ActVAOrf6 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 hemedependent 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 ≤3.5Å) 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 12deoxynogalamycin; 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
weren’t 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, 2methylanisole, 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 structureguided 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 oxidant’s 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
β-/δ-staphylobilin isomers and formaldehyde (CH2O). Slow release of this unusual C1
product may support IsdG’s 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 IXα 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 HOmediated 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 IXα and CO, the
IsdG-protein from Mycobacterium tuberculosis (known as MhuD) generates triplyoxygenated 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 α-meso-, but rather
at either the β- or δ-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 hemefeeding 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 IsdG’s
catalytic pathway. IsdG must therefore proceed via a different mechanism from the wellstudied 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-β-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 µg/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 SDSPAGE 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 4°C with stirring. Tag cleavage was monitored via SDSPAGE 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 4°C 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 -80°C. 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 Å column (50 mm, 3 μm,
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flow rate 600 μL/min, autosampler temperature 20 °C. 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 μM) 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 μM 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 μL 50
mM KPi, pH 7.4 (flow rate 1 mL/min). Extracted products were lyophilized in a miniSpeedVac.
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Tetrapyrrole product analysis by liquid chromatography/tandem mass spectrometry (LCMS/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 μL) 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 Nash’s 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 Nash’s
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 Nash’s reagent, in addition no-enzyme
and no-ascorbate controls.
Samples were incubated at 37 ⁰C for 30 min to allow acetylacetone to couple to
any formaldehyde that might be present. A set of formaldehyde standards (0-30 μM) 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, 595% 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
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Soret band absorbance associated with the aromatic heme macrocycle (λmax[Soret] = 411
nm; ε = 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 (λmax = 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 – addition of three oxygen
atoms (16 Da each) and loss of CH2O (30 Da) from the tetrapyrrole – 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 singleexponential 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 α-meso- but rather at the β- or δ-meso carbons, with
formyl and oxo groups generated on pyrrole rings B/C or A/D to make the formyl-oxobilin. 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 β and δ (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 δ-meso-carbon, which is converted to a formyl
group appended to ring A or D; and the analogous pair of isomers cleaved at the -mesocarbon 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 β- and δformyl-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 20formyl,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 mesohydroxyheme 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 α-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-IXα. Peracids yielded neither verdoheme nor biliverdin-IXα,
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 β-/δ-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 mesohydroxyheme 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 β- or δmeso-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 IsdGheme complex rapidly (t1/2 ~ 1 min) converts to a (β/δ)-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 β/δ-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 ≥12 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 IsdG’s
(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 proteincontaining retentate. While 0.5 (± 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 (± 0.1) eq CH2O were detected in the extract. Consistent with these and
prior observations (18), a total of 0.9 (± 0.1) eq CH2O was detected in whole reaction
mixtures that had been passed over the solid phase extraction column, while only 0.4 (±
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 β/δ-meso-hydroxyhemes, is analogous to the α-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.‡
Sample/fraction
eq CH2O
10 mM IsdG-heme (control)
0
Whole reaction mixture (untreated) 0.4 ± 0.1
Whole reaction mixture (solid0.9 ± 0.1
phase extracted)
Filtrate (3,000 MWCO)
0.5 ± 0.1
Retentate
0.5 ± 0.1
(solid-phase extracted)
‡Reaction conditions: 10 µM 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 α, β, γ, and δ. 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 β-meso (heme C10) or δ-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 β- and δ-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 10formyl,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 μM 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 O2dependent 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 basecatalyzed. 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, ↑↑) while most organic substrates (S)
have all their spins paired (1S, ↑↓). Uncatalyzed reactions between the two violate the socalled 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 – flavins, pterins, or redox-active metals which are
capable of sequentially donating electrons to O2 – 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 “green” 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 temperaturestable 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-hydroxy4-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 λmax = 328 nm). The percentage of quenched
fluorescence intensity was plotted against [substrate] and fit to eq 3.3 to obtain KD:
Δ 𝐹𝑜𝑏𝑠 =

Δ 𝐹𝑚𝑎𝑥
2𝐸𝑡

(𝐿0 + 𝐸𝑡 + 𝐾𝐷 − √(𝐿0 + 𝐸𝑡 + 𝐾𝑑 )2 − 4𝐸𝑡 ∗ 𝐿0 )

(3.3)
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L0, Et, KD, and ∆Fmax 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 μM) 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 °C, 20 μL injection volume, Phenomenex Luna C18 3µ 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 μM 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 μM. The
initial portion of each curve was fit to a linear equation to obtain the initial velocity (v i,
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]/Ki)

(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 bufferME. NMO was subsequently added in catalytic amounts (2-20 µM) to initiate the reaction.
Dithranol concentrations were varied from 40 – 1500 µM and [O2] from 0.05 – 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 bufferdependent. The effects of incubating the enzyme at various pHs before initiating reactions,
versus adding enzyme to assay mixtures last (“pH jump”) 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 ≥90% 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 (O2▪−) 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-2,2,5,5tetramethylpyrrolidine (CMH), a small-molecule radical trapping agent with high
specificity for O2▪−. (k = 103-104 M-1s-1, pH 7.4), yielding CM▪ 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 O2▪− 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
O2▪− trapping was monitored over time via the characteristic three-line EPR
spectrum for CM▪, a stable nitroso radical that forms following transfer of H▪ from CMH
to O2▪−. 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. CM▪
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 (EFIEST 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 dithranol’s 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 ≤ 10%).

63
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
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mechanism where the O2▪− 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
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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 ≈ 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 enzymesubstrate 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 ≤ 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/O2▪−. 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 CM▪ was observed by
EPR for ≥120 min (data not shown). Because the half-life of CM▪ 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 CM▪ was observed by EPR. This confirmed that CM▪ was generated by
reaction with O2▪− rather than dithranyl radical.
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A related mechanism for dithranone formation can be proposed in which a
dithranyl/O2▪− pair forms (↑)(↑), undergoes a spin transition (↑)(↓), and subsequently
recombines (↑↓) (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/O2▪− 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 O2▪−
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/O2▪− 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 ≥80% bisanthrone. Notably, the presence of O2▪− 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/O2▪− 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/O2▪− 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 O2▪− during the dithranol oxidation reaction was subsequently
monitored over time via EPR at pH 9.8 (Figure 3.7B). Superoxide trapping (detected via
CM▪) was linear with time (1.2 µM min-1) over the initial portion of the reaction. In the
presence of 2500 U/mL SOD, the same reaction yielded CM▪ at just above the baseline
level though the dithranone:bisanthrone ratio was 25:75. This suggested that O2▪− was
preferentially scavenged by SOD. In the presence of 5 µM NMO, more rapid CM▪
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 CM▪ production was modestly affected
by 2500 U/mL SOD. These results are consistent with the conclusion that O2▪− 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 ≈ 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/O2▪− 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/ O2▪− 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 (↓) state, which
could react directly with triplet O2 (↑↑) to form a doublet substrate/O2 adduct (↓). 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/O2▪− 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) superoxidetrapping 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 O2▪− away from a dithranyl/O2▪− 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 O2▪−
generated inside NMO could be quenched by reaction with the small molecule, CMH.
Third, the amount of CM▪ 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 O2▪−. However, SOD had no effect on CMH/ O2▪− trapping in the
presence of NMO (Figure 3.7B). Collectively, these experiments point toward a
dithranyl/O2▪− 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/O2▪− radical pair is in the triplet state (two unpaired
electron spins) (9). The radicals in the pair can drift apart, generating the semiquinone and
O2▪− 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− compete with the enzymatically-driven recombination (10).
Alternatively, the two electron spins can pair and the radicals rejoin, forming the flavinC4a-OO− 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 O–O 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▪− 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 “cofactorless O2 catalysis” 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/O2▪− pair. How does NMO lower the
barrier (ΔG‡)? 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/O2▪− 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‡, KE‡) 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 ES‡. In the
simple transition state theory model, the enzyme accelerates the rate of reaction by
stabilizing ES‡, 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‡ / KN‡ = KS / KT

(3.2)

Inserting values measured under identical conditions for the nonenzymatic and NMOcatalyzed 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 (↑)/semiquinone (↑) 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 (λ) (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
-4
6.3 1.2 (±0.005) x 10
240b
90 ± 4
10 ± 4
-4
c
9.8 3.6 (± 0.005) x 10
13
40 ± 2
60 ± 2
a
Reaction 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
KM
kcat/KM
KM(O2) kcat/KM
KI
%
%
(min-1) (dithranol (dithranol)a a (µM)
(O2)b
(µM bisant dithra
)a (µM)
(µM-1 min(µM-1
)
hronec nonec
1
)
min-1)
6.3 10 ±
220 ± 60 0.050 ±
430
0.030 ± N/A 50 ± 3 50 ± 3
0.3a
0.01
0.003
13 ±
0.9b
9.8 60 ± 6a 100 ± 20 0.58 ± 0.04 410
0.26 ±
1100 10 ± 2 90 ± 2
110 ±
0.01
±
b
6
300a
a
Reaction 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.
b
Reaction 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.
c
Reaction 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 (●) 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 λmax = 354 nm and
ϵ354nm = 6.5 (±0.2) mM-1cm-1; dithranone, λmax = 430 nm, ϵ430nm = 7.3 (±0.02) mM-1 cm-1;
and bisanthrone, λmax = 392 nm. Features for the alkaline species were: dithranol λmax =
389 nm, ϵ389nm = 18 (±0.2) mM-1 cm-1; dithranone λmax = 512 nm, ϵ512nm = 6.6 (±0.06) mM1
cm-1; and bisanthrone λmax = 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 ≤3.5Å) 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.
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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 CM▪ 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 CM▪ more quickly than
the uncatalyzed. Only the uncatalyzed reaction is significantly affected by competition with
SOD, suggesting that O2▪− 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, hemedegrading 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 cofactorindependent 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 (ΔG*= 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 ΔΔG⁰ ′ = 2.0 kcal mol-1 (0.087 eV),

102
while the activation barrier, ΔG‡, 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 (), which constitutes the major portion of the protein environment’s
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 (dithranol−), 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, “green” 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 (ΔG‡) for electron transfer
is a function of how the chemical environment influences the free energy difference (ΔG⁰ )
between the ground (reduced) and excited (1e- oxidized) states, and the energy required to
reorganize the reactants and solvent in the excited state ().
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
°C, were: 47 ± 7 μM min-1μM-1 NMO (WT), 0.41 ± 0.1 μM min-1μM-1 NMO (N18A), and
0.15 ± 0.006 μM min-1μM-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 dithranol− at physiological pH and temperature
(pH 7, 25 °C), an effect corresponding to ΔG0′ = 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,

105
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 μM)
resulting in exponential loss of the initial 200 M dithranol− within 2.5 min (Figure S4.3).
In each case, dithranone formed in a 1:1 ratio with dithranol−. Due to the slow oxidation of
dithranol−, 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 εa = 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 dithranolOxygenation of dithranol− 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 dithranol− 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 εa = 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, ΔG⁰ ′, for dithranoloxidation
Oxidation peak potentials (Ep) for the one electron oxidation of dithranol− to form
the dithranyl radical were measured for free dithranol− and the NMO-dithranol− 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 E⁰ ′, 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 dithranol− (Table 4.1). The presence of NMO does not significantly change E⁰ ′.
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- → O2-, we applied the correction factor below:
0′
0′
𝐸𝑆𝐻𝐸
= E𝐴𝑔/𝐴𝑔𝐶𝑙
+ 0.209 V at 25 °C
0′
𝐸𝑆𝐻𝐸
for O2 + e- → O2-, is -0.16 V (5). We then used eq (4.9) to solve for ΔG⁰ ′ of electron

transfer to O2 for unbound and bound dithranol− (Table 4.1). There was a modest increase
0′
in the free energy when dithranol− is bound to NMO: ΔΔ𝐺𝐸𝑆−𝑆
: 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 (ΔG‡)
can be parameterized via ΔG0 for the electron transfer reaction and the reorganization
energy (λ), as shown below:
Δ𝐺 ‡ =

(λ+Δ𝐺 0 )

2

4λ

(4.1)

 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
ǂ
0′
a ΔΔ𝐺𝑆−𝐸𝑆
of 4.8 kcal mol-1. Using the small difference in Δ𝐸𝐸𝑆−𝑆
measured via CV (0′
0.085 V), ΔΔ𝐺𝐸𝑆−𝑆
= 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 dithranol−, and 12 kcal mol-1 for the NMOdithranol− complex (Table 4.1). Hence, NMO acts to lower the activation barrier of ratelimiting electron transfer via a 28 kcal mol-1 shift in the reorganization energy.

Discussion
O2 is nature’s 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 selfexchange reaction between O2- and O2 (G⁰ ′ = 0 kcal mol-1). Applying the Marcus
relationship [eq (4.1)] to this reaction gives G‡ = 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 G‡ = 11.5 kcal mol-1 and = 46 kcal mol-1. The value for  was further broken
down as the sum of inner-shell (in = 16 kcal mol-1) and outer-shell (out = 30 kcal mol-1)
contributions. in is defined as the energy needed to change the internal coordinates of the
reactant state to the product state, without transfer of the electron. out is the energy required
for reorganizing the solvent medium from the reactant to the product state, likewise without
transfer of the electron. Hence, out, 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 (in + out). 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 G0.
A further key component of the biological strategy for O2 use is the cofactor. O2activating enzymes are most often populated with tightly anchored, intrinsically O2reactive organic- or metallocofactors, within an evolutionarily optimized protein active site
environment. This obviates the need to produce a wholly unique active site for each O2dependent 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 (dithranol−) reacts with O2 much more rapidly than its
neutral/protonated counterpart. In the mixed aqueous/organic buffer used throughout this

110
study, the native pKa for dithranolH  dithranol− + 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 ΔG0′ = 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-dithranol− 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, εa, and the related quantity G‡) was
measured for both the uncatalyzed and catalyzed conversion of dithranol−|O2 to
dithranyl•|•O2- via the temperature dependence of the reaction rate. Prior work
demonstrated that this reaction proceeds via rate-limiting formation of •O2- (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 dithranol−, a barrier of G‡ = 14 kcal mol-1, close to the intrinsic barrier for
self-exchange, was measured using the εa derived from an Arrhenius plot (Figure 4.4,
Table 4.1).
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When the dithranol− is part of an NMO- dithranol− complex, the barrier height
lowers substantially, to G‡ = 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. E⁰ ′ was measured for
the dithranol−|dithranyl• half reaction in buffer and compared with the value measured for
the NMO- dithranol− complex, via a voltammetric method that has previously been used
to measure E⁰ for rapidly dimerizing phenolic radicals (20,27). We previously observed
that two dithranyl• rapidly dimerize to form bisanthrone (17). As shown in Table 4.1, E⁰ ′
is minimally modulated by the protein environment. The corresponding values of G⁰ ′
for the catalyzed and uncatalyzed reactions, in which dithranol-|O2 converts to
dithranol•|•O2-, 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 NMOdithranol 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 •O2through 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 G⁰ ′ for the catalyzed/uncatalyzed electron transfer
suggested that the predominant role of the protein environment is to lower , which it does
by a sizable 28 kcal mol-1 (Table 4.1). Notably, both the uncatalyzed and catalyzed
reactions between dithranol−/O2 are unaffected by light, indicating that photoexcitation
yielding an inner-sphere electron transfer is not at work. We therefore conclude the change
in λ is dominated by a lowering of λout, or outer sphere reorganization of the protein and
solvent. In addition, the reaction is pH-dependent whereas λin 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 λout 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 histidine’s 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  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, α2 and β2, of RNR (35 Å apart). It was found that the
conformational changes of the α2 subunit were responsible for enabling PCET and
subsequent lowering of λ. 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 in cofactordependent 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 O2activating 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 dithranol− at pH 9.8, ϵ387nm = 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 NMOdithranol- 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 (εa) for the non-enzymatic reaction
The Arrhenius equation quantifies the exponential relationship between a rate
constant (k) and temperature (T), with the activation energy εa in the exponential term:
k = Ae-εa/RT = [κ kBT/h] e-εa/RT

(4.3)

Taking the natural logarithm gives:
ln (k) = ln (κ kBT/h) - εa/RT

(4.4)

Here kB is the Boltzman constant; h is Planck’s constant; R is the universal gas constant;
and κ = 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:
dithranol− + O2 → products

(4.5)

rate = -d[dithranol−]/d[t] = k[dithranol−][O2]

(4.6)

The uncatalyzed reaction was monitored under constant concentrations of dissolved
O2 (200-1200 M), maintained via a continuous O2/N2 purge. Dissolved [O2] was
measured using a Clark type O2 electrode (Yellow Springs Instruments) calibrated to airsaturated doubly distilled H2O and corrected for ambient pressure and temperature.
Dithranol− disappearance was monitored discontinuously over time by HPLC (see below)
from stirred 2 mL solutions of 460 μM dithranol– 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[dithranol−]/dt, = k´[dithranol−]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

[dithranol−]t/[dithranol−]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 εa 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 μL onto a Hypersil Gold
PFP 5 μm, 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, εa, for the NMO-dithranol- complex
The enzyme-catalyzed oxygenation of dithranol− (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-dithranol− 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 – 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 (≥5X KM) dithranol− (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 =

Vmax [S]H
H
KH
M +[S]

(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 dithranol− or 1 mM NMO-dithranol− 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 Ω, which translated to an iR drop of less than 2 mV for measured currents
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in the 0.1-1 μA 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 ΔG⁰ ′
The Nernst relationship below illustrates how the free energy (ΔG⁰ ) can be
determined from the experimentally measured electrochemical potential, where electron
transfer to O2 at pH 9.8 is treated by replacing ΔG⁰ with ΔG⁰ ′:
ΔG⁰ ′ = -nF{E⁰ ′ [O2] - E⁰ ′ [ES, S]}

(4.9)

n is the number of electrons (1 in this case), F is Faraday’s constant (96,485.33 C/mol),
and E⁰ ′ [ES, S] is the redox potential of dithranol−, in the presence (ES) or absence (S) of
NMO, and E⁰ ′ [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:
Ep = E 0 +

0.902𝑅𝑇
𝑛𝐹

𝑅𝑇

− 3𝑛𝐹 𝑙𝑛

4𝑘𝐶 0 𝑅𝑇
3𝐹𝜈

(4.10)

where Ep is the measured irreversible potential peak, R is the universal gas constant, F is
Faraday’s constant, n = 1, C0 is the initial [dithranol−], ν 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 dithranol−, the difference in the
midpoint potential for the substrate (S) and enzyme-substrate (ES) was calculated using
0′
0′
ΔE𝐸𝑆−𝑆
= E𝐸𝑆
− E𝑆0′

(4.11)
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Tables, Schemes, and Figures
Table 4.1. Kinetic and thermodynamic data for free dithranol−
dithranol− and its complex with WT and variant NMO.

k (O2) or kcat/KM
(O2)a,b
εa (kcal mol-1)
ln Aa,b,c
ΔH‡ (kcal mol-1)d
ΔS‡ (kcal mol-1 K1 a,e
)
ΔG‡ (kcal mol-1)a,f
E⁰ ′
(V) vs
g,h
Ag/AgCl
ΔG⁰ ′ (kcal mol-1)i,j
λ (kcal mol-1)g
a

dithranol−
WT NMO(uncatalyzed) dithranol−

N18A NMOdithranol−

3.4 ± 0.2

7400 ± 300

90 ± 60

N63A
NMOdithranol−
32 ± 10

15 ± 1
26 ± 2
14
0.0013

6.0 ± 1
19 ± 3
5.4
0.013

NDk
ND
ND
ND

ND
ND
ND
ND

ND
0.027 ± 0.009

ND
0.029
±
0.002
9.2 ± 0.05
ND

14
-0.048
0.007
7.4 ± 0.2
40

9.2
± 0.037 ± 0.010
9.4 ± 0.3
12

9.1 ± 0.2
ND

All values derived from measurements made at 298 K and pH 9.8.
Units of M-1s-1
c
From equation 4.4
d
ΔH‡ = εa - RT
e
ΔS‡= ln (A/κZ) x kB with κ = 1, Z = 1011 M-1 s-1 and ln A recorded in table
f
ΔG‡ = ΔH‡ + TΔS‡
g
From equation 4.10
h
pH-independent reduction potentials
i
From equation 4.9 and Eº (O2) = -0.37 V vs Ag/AgCl
j
From equation 4.1, ΔGǂ, and ΔG⁰ ′ recorded in table
k
ND = not determined
b

oxidation of
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Scheme 4.1. Proposed pathway for the oxygenation of dithranol− and 12deoxynogalonic acid. Dithranol, the substrate analog of 12-deoxynogalonic acid (12deoxynogalonic 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
dithranol− 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 dithranol−
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 dithranol− oxidation at
varying temperatures. Initial rates for dithranol− oxidation in the presence of 4 μM 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). Dithranol− was saturating (≥5x KM) at 500 μM,
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 NMOcatalyzed and uncatalyzed dithranol− 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. E⁰ ′ and ΔG⁰ ′ for free and NMO-bound dithranol− have similar values.
CV was run using A) 1 mM dithranol− and B) 1 mM NMO-dithranol− complex in airsaturated 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. E⁰ ′ for free and bound dithranol− -0.048 ± 0.007 and +0.037 ± 0.01
V, respectively. To calculate the standard free energy of electron transfer from dithranol−
to O2, equation (4.9) was used: ΔG⁰ ′ free dithranol− = 7.4 ± 0.2 and bound dithranol− =
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 Information

UNDERSTANDING HOW A COFACTOR-FREE PROTEIN ENVIRONMENT
LOWERS THE BARRIER TO O2 REACTIVITY

Melodie M. Machovina et al.

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 μM
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
dithranol− 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 dithranol−/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 [dithranol−]. Initial rates were used to obtain
k´ and k (eq 4.7).
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Figure S4.4. Second order rate constants for dithranol− 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 dithranol−. 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 dithranol−. A Clark-type O2 electrode was used to monitor the oxidation of dithranol−
via the disappearance of O2, as a function of different concentrations of O2 and different
temperatures. The reaction shown here is for 500 μM dithranol−, 4 μM NMO, pH 9.8 (0.1
M CAPS, 0.3 M NaCl, 36% 2-methoxyethanol), 25 °C, 880 μM starting O2. Background
oxidation of dithranol− 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 MichaelisMenten 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).
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Figure S4.6. The steady state reaction for N18A- and N63A-catalyzed dithranol−
oxidation was monitored at varying temperatures. Plots of the initial velocities of the
reaction of A) N18A and B) N63A with 350 μM dithranol− 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 E⁰ and ΔG⁰ of NMO variants overlap with WT. Cyclic
voltammetry was run using 1 mM dithranol− 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, E⁰′, of dithranol− oxidation. E⁰ ′ 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 dithranol− to O2, ΔG⁰ ′, 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 arylO-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-Odemethylation, 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 plantderived 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-Odemethylation. 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 Hbond 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. 5.68). 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
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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). Sizeexclusion 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 α- and βbands (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 2Fe2S 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 ε417 nm = 114 ± 4 mM-1
cm-1; GcoB-FAD ε454 nm = 26.6 ± 0.2 mM-1 cm-1; GcoB-2Fe-2S ε423 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-methylaryl) 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 α-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 μs, 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 wellcharacterized 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. 5.2426).
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 tetrahydrofolatedependent O-demethylases16,

17

, offer two well-known paradigms for aryl-O-

demethylation. This study presents a detailed characterization of a third, cytochrome P450based 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 ringopened 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-γ-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 Rosetta™ 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 μM 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.
(ΔA450 - ΔA490)/0.091 = nmol of P450 per mL

(5.1)

[(ΔA420 - A490)observed - (A450 - A490)theoretical]/0.110 = nmol of cytochrome P420 per
mL

(5.2)
nmol of P450 per mL x (-0.041) = (ΔA420 - A490)theoretical (5.3)

Here ΔA450 and ΔA420 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 (ΔA). The Beer-Lambert law was used to calculate the amount of
heme present, using ε556 = 28.4 mM-1 cm-1. Reported values are averaged from three or
more measurements. An extinction coefficient for GcoA-bound heme, using the [GcoAheme] 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 μL of a protein (0.024 µM)
solution with 5 μL 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, εFAD = 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 GcoBbound FAD was estimated via the slope of a line relating absorbance at 454 nm to [GcoBFAD].
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 μL of supernatant was added to 25 μL of 5% w/v sodium ascorbate to
reduce the iron. 100 μL 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 (ε535 = 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 μM 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 ε423 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:
ΔA550 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 airsaturated 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 (≥ 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 (ε344 = 6.22 mM-1 cm1

). 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 ≥3 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:
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑎−𝑑
𝑥 𝑏
𝑐

+𝑑

(5.6)

1+( )

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.
Δ 𝐴𝑏𝑠𝑜𝑏𝑠 =

Δ 𝐴𝑏𝑠𝑚𝑎𝑥
2𝐸𝑡

(𝐿0 + 𝐸𝑡 + 𝐾𝐷 − √(𝐿0 + 𝐸𝑡 + 𝐾𝑑 )2 − 4𝐸𝑡 ∗ 𝐿0 )

(5.7)

Where L0, Et, KD, and ΔAbsmax 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 ΔAbsmax with ΔFluorescencemax.
%𝐹 𝑞𝑢𝑒𝑛𝑐ℎ𝑒𝑑 =

𝐹𝑚𝑎𝑥 −𝐹𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝐹𝑚𝑎𝑥

𝑥 100%

(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 ≥3 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 ≥3 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 μL onto a Phenomenex Luna
C18(2) column 5 μm, 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
– 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 m 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:
𝑀𝑟 = (1.68 × 𝑅ℎ )2.34

(5.9)

Where Mr = the molar mass of the protein in kilodaltons and Rh = the hydrodynamic
radius of the protein in nm.
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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 M 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 ε 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 Cα 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
μs 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 ξ =
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 Cα 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 equallyspaced windows, centered at ξ values between -4.5 Å and 3.6 Å, therefore with increments
of δξ = 0.3 Å. Simulations within each window were restrained with a harmonic potential
of the form (½)k(ξ-ξ0)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 cm–1 to 100 cm–1.75 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, ε = 4)78, 79 to have an estimation of the dielectric permittivity in the
enzyme active site. The use of a dielectric constant ε=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-methylaromatic compounds
Compound
Compoun kcat (s- KM
kcat/KM
Aldehyde Demethylat
1 b
d KD
)
[O[Oproduced ed product:
a
(μM)
methylmethylper
amount
aryl
aryl
NADH
produced
substrate] substrate] consume per NADH
(mM)
(mM-1 s-1) dc
consumed
Guaiacol
0.0060 ±
6.8 ±
0.060 ±
110 ± 20
1.2 ±
1.2 ± 0.3
d
0.002
0.5
0.01
0.15
33.7 ± 0.1
2.1 ±
0.030 ±
75 ± 7
0.90 ±
0.97 ±
methoxycate
0.05
0.003
0.04
0.002
chol
Anisole
1.7 ± 0.2
3.5 ±
0.043 ±
82 ± 8
1.1 ±
0.62 ± 0.1
0.2
0.004
0.01
e
Guaethol
0.070 ±
1.4 ±
0.015 ±
100 ± 20
1.5 ±
1.4 ± 0.3
0.03
0.09
0.004
0.14
21.0 ± 0.1
4.6 ±
0.027 ±
170 ± 20
0.90 ±
0.20 ± 0.04
methylanisol
0.1
0.003
0.1
e
Vanillinf
37 ± 3
n/a
n/a
n/a
0.40 ±
0.20 ± 0.01
0.04
f
Syringol
2.8 ± 0.4
n/a
n/a
n/a
0.080 ±
0.21 ±
0.008
0.002
Titration conditions: 1-6 μM GcoA, 25 ºC, 25 mM HEPES, 50 mM NaCl, pH 7.5. b
Reaction conditions: NADH consumption was determined via loss of absorbance at 340
nm (NADH = 6.22 mM-1 cm-1) or loss of fluorescence at 458 nm (vanillin) in reactions
containing 0.2 μM GcoAB, 100 μg/mL catalase, 300 μM NADH, and 5-300 μM methoxyaryl 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.
a

184

Associated Content

Acknowledgements
We acknowledge funding from NSF grants to JLD (MCB-1715176), KNH (CHE1361104), and ELN (DEB-1556541 and MCB-1615365) and BBSRC grants to JEM
(BB/P011918/1, BB/L001926/1 and a studentship to SJBM). GTB, MMM, CWJ, MFC,
ELN, and JEM thank the U.S. Department of Energy Energy Efficiency and Renewable
Energy Bioenergy Technologies Office (DOE EERE BETO) for funding via Contract No.
DE-AC36-08GO28308 with the National Renewable Energy Laboratory. MMM and NG
also acknowledge funding support from the U.S. Department of Energy, Office of Science,
Office of Workforce Development for Teachers and Scientists, Office of Science Graduate
Student Research (SCGSR) program. The SCGSR program is administered by the Oak
Ridge Institute for Science and Education for the DOE under contract number DESC0014664. RLS thanks the Sao Paulo Research Foundation and Center for
Computational

Engineering

&

Sciences for

a

postdoctoral

fellowship

abroad

(Grants #2013/08293-7, #2014/10448-1 and #2016/22956-7). M.G.-B. thanks the Ramón
Areces Foundation for a postdoctoral fellowship. We thank Cara Lubner and David Mulder
for help with EPR spectroscopy, Brandon Knott for initial efforts on the GcoA system setup
for MD simulations, and Bill Michener for help with HPLC analysis. We thank David
Nelson for his expert guidance on the identification and description of GcoAB as a new
P450 class. Computer time was provided by Extreme Science and Engineering Discovery
Environment (XSEDE) allocation MCB-090159 at the San Diego Supercomputing Center
and by the National Renewable Energy Laboratory Computational Sciences Center

185

supported by the DOE Office of EERE under contract number DE-AC36-08GO28308. We
thank staff at the Diamond Light Source for access and support for macromolecular
crystallography. The U.S. Government retains and the publisher, by accepting the article
for publication, acknowledges that the U.S. Government retains a nonexclusive, paid up,
irrevocable, worldwide license to publish or reproduce the published form of this work, or
allow others to do so, for U.S. Government purposes.

References

1.

Boerjan, W., Ralph, J. & Baucher, M. Lignin biosynthesis. Ann. Rev. Plant Biol.
54, 519-546 (2003).

2.

Martínez, Á.T. et al. Biodegradation of lignocellulosics: microbial, chemical, and
enzymatic aspects of the fungal attack of lignin. Int. Microbiol. 8, 195-204 (2010).

3.

Floudas, D. et al. The Paleozoic origin of enzymatic lignin decomposition
reconstructed from 31 fungal genomes. Science 336, 1715 - 1719 (2012).

4.

Bugg, T.D., Ahmad, M., Hardiman, E.M. & Singh, R. The emerging role for
bacteria in lignin degradation and bio-product formation. Curr. Opin. Biotech. 22, 394400 (2011).

5.

Fuchs, G., Boll, M. & Heider, J. Microbial degradation of aromatic compounds from one strategy to four. Nat. Rev. Microbiol. 9, 803-816 (2011).

6.

Vaillancourt, F.H., Bolin, J.T. & Eltis, L.D. The ins and outs of ring-cleaving
dioxygenases. Crit. Rev. Biochem. Mol. Biol. 41, 241-267 (2006).

7.

Masai, E., Katayama, Y. & Fukuda, M. Genetic and biochemical investigations on
bacterial catabolic pathways for lignin-derived aromatic compounds. Biosci. Biotech.
Biochem. 71, 1-15 (2007).

8.

Beckham, G.T., Johnson, C.W., Karp, E.M., Salvachúa, D. & Vardon, D.R.
Opportunities and challenges in biological lignin valorization. Curr. Opin. Biotech. 42,
40-53 (2016).

186

9.

Linger, J.G. et al. Lignin valorization through integrated biological funneling and
chemical catalysis. Proc. Natl. Acad. Sci. 111, 12013–12018 (2014).

10.
Bugg, T.D.H. & Rahmanpour, R. Enzymatic conversion of lignin into renewable
chemicals. Curr. Opin. Chem. Biol. 29, 10-17 (2015).
11.
Ragauskas, A.J. et al. Lignin valorization: Improving lignin processing in the
biorefinery. Science 344, 1246843 (2014).
12.
Karlson, U. et al. Two independently regulated cytochromes P-450 in a
Rhodococcus rhodochrous strain that degrades 2-ethoxyphenol and 4methoxybenzoate. J. Bacteriol. 175, 1467-1474 (1993).
13.
Eltis, L.D., Karlson, U. & Timmis, K.N. Purification and characterization of
cytochrome P450RR1 from Rhodococcus rhodochrous. Eur. J. Biochem. 213, 211-216
(1993).
14.
Segura, A., Bünz, P.V., D’Argenio, D.A. & Ornston, L.N. Genetic analysis of a
chromosomal region containing vanA and vanB, genes required for conversion of either
ferulate or vanillate to protocatechuate in Acinetobacter. J. Bacteriol. 181, 3494-3504
(1999).
15.
Morawski, B., Segura, A. & Ornston, L.N. Substrate range and genetic analysis of
Acinetobacter vanillate demethylase. J. Bacteriol. 182, 1383-1389 (2000).
16.
Masai, E. et al. A novel tetrahydrofolate-dependent O-demethylase gene is essential
for growth of Sphingomonas paucimobilis SYK-6 with syringate. J. Bacteriol. 186,
2757-2765 (2004).
17.
Abe, T., Masai, E., Miyauchi, K., Katayama, Y. & Fukuda, M. A tetrahydrofolatedependent O-Demethylase, LigM, Is crucial for catabolism of vanillate and syringate in
Sphingomonas paucimobilis SYK-6. J. Bacteriol. 187, 2030-2037 (2005).
18.
Yoshikata, T. et al. Three-component O-demethylase system essential for
catabolism of a lignin-derived biphenyl compound in Sphingobium sp. strain SYK-6.
Appl. Env. Microbiol. 80, 7142-7153 (2014).
19.
Harada, A. et al. The crystal structure of a new O‐demethylase from Sphingobium
sp. strain SYK‐6. FEBS J. (2017).
20.
Kohler, A.C., Mills, M.J., Adams, P.D., Simmons, B.A. & Sale, K.L. Structure of
aryl O-demethylase offers molecular insight into a catalytic tyrosine-dependent
mechanism. Proc. Natl. Acad. Sci. 114, E3205-E3214 (2017).

187

21.
Kersten, P.J., Dagley, S., Whittaker, J.W., Arciero, D.M., Lipscomb, J.D. 2-Pyrone4,6-dicarboxylic acid, a catabolite of gallic acids in Pseudomonas species. J. Bacteriol.
152, 1154-1162 (1982).
22.
Kagle, J. & Hay, A.G. Phenylacetylene reversibly inhibits the phenol hydroxylase
of Pseudomonas sp. CF600 at high concentrations but is oxidized at lower
concentrations. Appl. Microbiol. Biotechnol. 72, 306-315 (2006).
23.
Tao, Y., Fishman, A., Bentley, W.E. & Wood, T.K. Oxidation of benzene to phenol,
catechol, and 1,2,3-trihydroxybenzene by toluene 4-monooxygenase of Pseudomonas
mendocina KR1 and toluene 3-monooxygenase of Ralstonia pickettii PKO1. Appl.
Environ. Microbiol. 70, 3814-3820 (2004).
24.
Seaton, S.C.N., E.L. in Lignin Valorization: Emerging Approaches. (ed. G.T.
Beckham) (Royal Society of Chemistry, London; 2018).
25.
Nogales, J., Canales, A., Jimenez-Barbero, J., Garcia, J.L. & Diaz, E. Molecular
characterization of the gallate dioxygenase from Pseudomonas putida KT2440. The
prototype of a new subgroup of extradiol dioxygenases. J. Biol. Chem. 280, 3538235390 (2005).
26.
Tumen-Velasquez, M. et al. Accelerating pathway evolution through targeted
chromosomal increases in gene dosage Proc. Natl. Acad. Sci., In review (2018).
27.
Bell, S.G. et al. The crystal structures of 4-methoxybenzoate bound CYP199A2 and
CYP199A4: structural changes on substrate binding and the identification of an anion
binding site. Dalton Trans. 41, 8703-8714 (2012).
28.
Bell, S.G. et al. Investigation of the substrate range of CYP199A4: modification of
the partition between hydroxylation and desaturation activities by substrate and protein
engineering. Chemistry 18, 16677-16688 (2012).
29.
Dardas, A. et al. The demethylation of guaiacol by a new bacterial cytochrome
P450. Arch. Biochem. Biophys. 236, 585-592 (1985).
30.
Hannemann, F., Bichet, A., Ewen, K.M. & Bernhardt, R. Cytochrome P450
systems—biological variations of electron transport chains. Biochim. Biophys. Acta
1770, 330-344 (2007).
31.
Wang, M. et al. Three-dimensional structure of NADPH–cytochrome P450
reductase: prototype for FMN-and FAD-containing enzymes. Proc. Natl. Acad. Sci. 94,
8411-8416 (1997).
32.
Karlsson, A. et al. X-ray crystal structure of benzoate 1, 2-dioxygenase reductase
from Acinetobacter sp. strain ADP1. J. Mol. Biol. 318, 261-272 (2002).

188

33.
Sevrioukova, I.F., Li, H., Zhang, H., Peterson, J.A. & Poulos, T.L. Structure of a
cytochrome P450–redox partner electron-transfer complex. Proc. Natl. Acad. Sci. 96,
1863-1868 (1999).
34.
Tripathi, S., Li, H. & Poulos, T.L. Structural basis for effector control and redox
partner recognition in cytochrome P450. Science 340, 1227-1230 (2013).
35.
Hasemann, C.A., Kurumbail, R.G., Boddupalli, S.S., Peterson, J.A. & Deisenhofer,
J. Structure and function of cytochromes P450: A comparative analysis of of three
crystal structures. Structure 3, 41-62 (1995).
36.
Huang, W.C., Ellis, J., Moody, P.C., Raven, E.L. & Roberts, G.C. Redox-linked
domain movements in the catalytic cycle of cytochrome p450 reductase. Structure 21,
1581-1589 (2013).
37.
Kelly, S.L. & Kelly, D.E. Microbial cytochromes P450: biodiversity and
biotechnology. Where do cytochromes P450 come from, what do they do and what can
they do for us? Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368, 20120476 (2013).
38.
Guengerich, F.P. & Munro, A.W. Unusual cytochrome p450 enzymes and
reactions. J. Biol. Chem. 288, 17065-17073 (2013).
39.
Eby, D.M., Beharry, Z.M., Coulter, E.D., Kurtz, D.M., Jr. & Neidle, E.L.
Characterization and evolution of anthranilate 1,2-dioxygenase from Acinetobacter sp.
strain ADP1. J. Bacteriol. 183, 109-118 (2001).
40.
Guengerich, F.P., Martin, M.V., Sohl, C.D. & Cheng, Q. Measurement of
cytochrome P450 and NADPH-cytochrome P450 reductase. Nat. Protocols 4, 12451251 (2009).
41.
Rupp, H., Rao, K.K., Hall, D.O. & Cammack, R. Electron spin relaxation of ironsulphur proteins studied by microwave power saturation. Biochim. Biophys. Acta 537,
255-269 (1978).
42.
Dubey, K.D., Wang, B.J. & Shaik, S. Molecular dynamics and QM/MM
calculations predict the substrate-induced gating of cytochrome P450 BM3 and the
regio- and stereoselectivity of fatty acid hydroxylation. J. Am. Chem. Soc. 138, 837-845
(2016).
43.
Ravichandran, K., Boddupalli, S., Hasermann, C., Peterson, J. & Deisenhofer, J.
Crystal structure of hemoprotein domain of P450BM-3, a prototype for microsomal
P450's. Science 261, 731-736 (1993).
44.
Kosa, M. & Ragauskas, A.J. Lignin to lipid bioconversion by oleaginous
Rhodococci. Green Chem. 15, 2070-2074 (2013).

189

45.
Sainsbury, P.D. et al. Breaking down lignin to high-value chemicals: The
conversion of lignocellulose to vanillin in a gene deletion mutant of Rhodococcus jostii
RHA1. ACS Chem. Biol. 8, 2151-2156 (2013).
46.
Vardon, D.R. et al. Adipic acid production from lignin. Energy Environ. Sci. 8,
617-628 (2015).
47.
Mycroft, Z., Gomis, M., Mines, P., Law, P. & Bugg, T.D. Biocatalytic conversion
of lignin to aromatic dicarboxylic acids in Rhodococcus jostii RHA1 by re-routing
aromatic degradation pathways. Green Chem. 17, 4974-4979 (2015).
48.
Lin, L. et al. Systems biology-guided biodesign of consolidated lignin conversion.
Green Chem. 18, 5536-5547 (2016).
49.
Yoneda, A. et al. Comparative transcriptomics elucidates adaptive phenol tolerance
and utilization in lipid-accumulating Rhodococcus opacus PD630. Nucleic Acids Res.
44, 2240-2254 (2016).
50.
Jung, S.T., Lauchli, R. & Arnold, F.H. Cytochrome P450: taming a wild type
enzyme. Curr. Opin. Biotech. 22, 809-817 (2011).
51.
Berry, E.A., Trumpower, B.L. Simultaneous determination of hemes a, b, and c
from pyridine hemochrome spectra. Anal. Biochem. 161, 1-15 (1987).
52.
Swoboda, B.E.P. The relationship between molecular conformation and the binding
of flavin-adenine dinucleotide in glucose oxidase. Biochim. Biophys. Acta 175, 365-379
(1969).
53.
Bell, S.G., Tan, A.B., Johnson, E.O. & Wong, L.L. Selective oxidative
demethylation of veratric acid to vanillic acid by CYP199A4 from Rhodopseudomonas
palustris HaA2. Mol. Biosyst. 6, 206-214 (2010).
54.
Stoll, S. & Schweiger, A. EasySpin, a comprehensive software package for spectral
simulation and analysis in EPR. J. Magn. Reson. 178, 42-55 (2006).
55.
Chrastil, J.a.W., John T. A sensitive colorimetric method for formaldehyde. Anal.
Biochem. 63, 202-207 (1975).
56.
Winn, M.D. et al. Overview of the CCP4 suite and current developments. Acta
Crystallogr. D Biol. Crystallogr. 67, 235-242 (2011).
57.
Adams, P.D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213-221
(2010).

190

58.
Rocchia, W., Alexov, E. & Honig, B. Extending the applicability of the nonlinear
Poisson-Boltzmann equation: Multiple dielectric constants and multivalent ions. J.
Phys. Chem. B 105, 6507-6514 (2001).
59.
Laue, T.M., Shah, B.D., Ridgeway, T.M., Pelletier, S.L. Analytical
ultracentrifugation in biochemistry and polymer science. (The Royal Society of
Chemistry, Cambridge, UK; 1992).
60.
Schuck, P. Size-distribution analysis of macromolecules by sedimentation velocity
ultracentrifugation and Lamm Equation Modeling. Biophys. J. 78, 1606-1619 (2000).
61.
Gordon, J.C. et al. H++: a server for estimating pKas and adding missing hydrogens
to macromolecules. Nucleic Acids Res. 33, W368-371 (2005).
62.
Myers, J., Grothaus, G., Narayanan, S. & Onufriev, A. A simple clustering
algorithm can be accurate enough for use in calculations of pKs in macromolecules.
Proteins 63, 928-938 (2006).
63.
Wang, J., Wolf, R.M., Caldwell, J.W., Kollman, P.A., Case, D.A. Development and
testing of a general amber force field. J. Comput. Chem. 25, 1157-1174 (2004).
64.
Bayly, C.I.C., P.; Cornell, W.D.; Kollman, P.A. A well-behaved electrostatic
potential based method using charge restraints for deriving atomic charges: The RESP
model. J. Chem. Phys. 97, 10269-10280 (1993).
65.
Frisch, M.J.T., G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman,
J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.A.; Nakatsuji, H.; Caricato,
M.; Li, X.; Hratchian, H.P.; Izmaylov, A.F.; Bloino, J.; Zheng, g.; Sonnenberg, J.L.;
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J.A.; Peralta, J.E.; Ogliaro,
F.; Bearpark, M.; Heyd, J.J.; Brothers, E.; Kudin, K.N.; Staroverov, V.N.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J.C.; Iyengar, S.S.; Tomasi, J.;
Cossi, M.; Rega, N.; Millam, J.M.; Klene, M.; Knox, J.E.; Cross, J.B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, Voth, G.A.; Salvador, P.;
Dannenberg, J.J.; Dapprich, S.; Daniels, A.D.; Farkas; Foresman, J.B.; Ortiz, J.V.;
Cioslowski, J.; Fox, D.J. (Gaussian, Inc., Wallingford, CT; 2009).
66.
Shahrokh, K., Orendt, A., Yost, G.S. & Cheatham, T.E., 3rd Quantum mechanically
derived AMBER-compatible heme parameters for various states of the cytochrome
P450 catalytic cycle. J. Comput. Chem. 33, 119-133 (2012).
67.
Maier, J.A. et al. ff14SB: Improving the accuracy of protein side chain and
backbone parameters from ff99SB. J. Chem. Theory Comput. 11, 3696-3713 (2015).

191

68.
Jorgensen, W.L., Chandrasekhar, J., Madura, J.D., Impev, R.W., Klein, M.L.
Comparison of simple potential functions for simulating liquid water. J. Chem. Phys. 79
(1983).
69.
Darden, P., York, D., Pedersen, L. Particle mesh Ewald: An N.log(N) method for
Ewald sums in large systems. J. Chem. Phys. 98, 10089-10092 (1993).
70.
Case, D.A., Betz, R.M., Cerutti, D.S., Cheatham III, T.E., Darden, T.A., Duke,
R.E., Giese, T.J., Gohlke, H., Goetz, A.W., Homeyer, N., Izadi, S., Janowski, P., Kaus,
J., Kovalenko, A., Lee, T.S., LeGrand, S., Li, P., Lin, C., Luchko, T., Luo, R., Madej,
B., Mermelstein, D., Merz, K.M., Monard, G., Nguyen, H., Nguyen, H.T., Omelyan, I.,
Onufriey, A., Roe, D.R., Roitberg, A., Sagui, C., Simmerling, C.L., Botello-Smith,
W.M., Swails, J., Walker, R.C., Wang, J., Wolf, R.M., Wu, X., Xiao, L., Kollman, P.A.
(University of California, San Francisco; 2016).
71.
Phillips, J.C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E., Chipot,
C., Skeel, R.D., Kale, L., Schulten, K. Scalable molecular dynamics with NAMD. J.
Comput. Chem. 26, 1781-1802 (2005).
72.
Grossfield, A., WHAM: the weighted histogram analysis method, Edn. 2.0.9.1,
http://membrane.urmc.rochester.edu/content/wham
73.
Becke, A.D. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 38, 3098-3100 (1988).
74.
Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange.
J. Chem. Phys. 98 (1993).
75.
Zhao, Y. & Truhlar, D.G. Computational characterization and modeling of
buckyball tweezers: density functional study of concave-convex pi...pi interactions.
Phys. Chem. Chem. Phys. 10, 2813-2818 (2008).
76.
Grimme, S.A., J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio
parameterization of density functional dispersion correction (DFT-D) for the 94
elements H-Pu. J. Chem. Phys. 132 (2010).
77.
Grimme, S., Ehrlich, S. & Goerigk, L. Effect of the damping function in dispersion
corrected density functional theory. J. Comput. Chem. 32, 1456-1465 (2011).
78.
Barone, V., Cossi, M. Quantum calculation of molecular energies and energy
gradients in solution by a conductor solvent model. J. Phys. Chem. A 102, 1995-2001
(1998).

192

79.
Cossi, M., Rega, N., Scalmani, G., Barone, V. Energies, structures, and electronic
properties of molecules in solution with the C-PCM solvation model. J. Comput. Chem.
24, 669-681 (2003).
80.
Schutz, C.N. & Warshel, A. What are the dielectric "constants" of proteins and how
to validate electrostatic models? Proteins 44, 400-417 (2001).

Supplementary Information

A PROMISCUOUS CYTOCHROME P450 AROMATIC O-DEMETHYLASE FOR
LIGNIN BIOCONVERSION
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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 1σ, and green (positive) and red (negative) mesh for Fo-Fc maps contoured at
3σ. (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 α-helices and β-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
B’ 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
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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 2’ 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 FMNdomain of an FAD-FMN type reductase has been replaced by the FeS domain of a 3componenet 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 μM, red trace) and GcoB (17 μM, 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 α- and β-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 μM 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 μM (0.78 eq/GcoA monomer). The inactive heme, represented by the
trough at 420 nm, is 0.07 μM (see Experimental section). Amounts of active and inactive
heme were found using the following relationships between the absorbances at 420, 450,
and 490 nm32:
(ΔA450 - ΔA490)/0.091 = nmol of P450 per mL
(5.1)
[(ΔA420 - A490)observed - (A450 - A490)theoretical]/0.110 =
nmol of cytochrome P420 per mL
(5.2)
nmol of P450 per mL x (-0.041) = (ΔA420 - A490)theoretical
(5.3)
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Supplementary Figure 5.14. Extinction coefficients for GcoA/B bound cofactors. a.
Absorbance spectra were measured for both GcoA and GcoB and the change in absorbance
at 417 nm (the heme Soret maximum), 423 nm (FeS cluster absorbance maximum), and
454 nm (FAD absorbance maxium) were noted. GcoA-bound heme was quantified using
the CO-binding assay (see text and Figures S5.1-S2). Abs417 nm was plotted against [GcoAheme] (red diamonds) and the slope of the fitted line (Kaleidagraph) was used to determine
an extinction coefficient of 114 ± 4 mM-1 cm-1 for GcoA-heme (ϵ = concentration x
pathlength x Δabsorbance-1). FAD was extracted using saturated ammonium sulfate, 7%
v/v 96% H2SO4 (final pH = 2.0) from a series of concentrations of GcoB and quantified
using the extinction coefficient for FAD (11.3 mM-1 cm-1). The resulting linear graph (blue
squares) yields a slope corresponding to an extinction coefficient of 26.6 ± 0.2 mM-1 cm-1
for GcoB-FAD. The 2Fe-2S cluster content in GcoB was quantified via the
bathophenoanthraline disulfonate colorimetric assay (see text). The resulting linear graph
(black circles) yields a slope corresponding to an extinction coefficient of 25.2 ± 0.1 mM 1
cm-1 for GcoB-2Fe-2S. Error bars represent ± 1 standard deviation of triplicate runs.
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Supplementary Figure 5.15. CW X-band EPR spectrum of GcoB indicates presence
of 2Fe-2S cluster. (a) 150 μM GcoB (50 mM Tris, 200 mM NaCl, 5% glycerol, pH 8.0)
was reduced with 10 mM sodium dithionite and its EPR spectrum measured (EPR
parameters: microwave frequency, 9.380 GHz; microwave power, 1.0 mW; modulation
frequency, 100 kHz; modulation amplitude, 10.0 G; sample temperature, 20 K). The
enzyme displays a rhombic signal indicative of a [2Fe-2S] cluster. The experimental
spectrum is shown as a red trace, and the simulated spectrum (EasySpin software package)
in black, yielding g-values of 2.041, 1.950, and 1.889. (b, c) The temperature dependence
of the rhombic EPR signal reflected typical relaxation properties for [2Fe-2S] clusters.30
The signal maximized at 20 K, becoming broadened beyond detection at 100 K.
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Supplementary Figure 5.16. GcoB catalyzes NADH-mediated reduction of
cytochrome c (cyt c). GcoB and (4 nM) and cyt c (42 μM) were combined (in 25 mM
HEPES, 50 mM NaCl, pH 7.5, 25 °C) and the spectrum recorded (red trace). Following
addition of an approximate 2-fold molar excess of NADH relative to cyt c (100 μM), cyt c
was reduced over several minutes (gray spectra measured 1 per min), as evidenced by the
increase in the absorbance at 550 nm (final spectrum: black trace). The concentration of
reduced cytochrome c was determined via its extinction coefficient at 550 nm (ε550nm =
21,000 M-1 cm-1)32, with the total amount of cytochrome c reduced being the difference
between the black and red trace. Inset: Change of [cytochrome c] reduced over time yielded
a progress of reaction curve, where the specific activity was calculated from the initial,
linear portion. The specific activity, referenced to [GcoB] is 1700 ± 200 nmol cyt. c min-1
nmol GcoB-1 (average of 3 measurements).
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Supplementary Figure 5.17. Steady state kinetics of the reductase reaction catalyzed
by GcoB. The initial velocity of NADH-mediated cyt c reduction was monitored at 550
nm as shown in Figure S5.5 via the initial linear portion of the progress of reaction curve.
Initial rates were plotted as a function of [NADH] and the following kinetic parameters
determined by fitting the data to the Michaelis Menton equation: kcat = 44 ± 1 sec-1, KM =
0.016 ± 0.002 mM, kcat/KM = 2750 ± 300 mM-1 sec-1 (in 25 mM HEPES, 50 mM NaCl, pH
7.5, 25°C) The kcat and kcat/KM(NADH) for GcoB are ~6.5 and ~25-fold greater than the
overall demethylase reaction with both GcoA/B and NADH, indicating that the reduction
of GcoA is not rate limiting. Error bars are given as ± 1 standard deviation of three or more
measurements.
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Supplementary Figure 5.18. Spectral shift upon addition of guaiacol to GcoA
illustrates that the substrate binds in the active site. The spectrum of ferric 6 μM GcoA
(red line; 25 mM HEPES, 50 mM NaCl, pH 7.5) was measured. (Left) Addition of 0-60
μM guaiacol produced a spectral shift (black trace) from 420 nm to 388 nm, indicating the
binding of guaiacol in the distal pocket above the heme and the conversion of the sixcoordinate, low-spin aquo complex to the five-coordinate, high-spin ferric heme. (Right)
The spectrum of GcoA without guaiacol (red trace) was subtracted from the substratebound spectra (black trace) and plotted to generate a difference spectrum. Inset: Difference
spectra were generated as shown in the left-hand panel for guaiacol concentrations at 1 µM
increments from 0 mM (red trace) to 30 µM (gray traces). A final measurement was made
at 60 µM guaiacol (black trace). The absorbance intensity at 388 nm was plotted as a
function of [guaiacol] and fit to a quadratic equation (Experimental methods, eqn 5.6) to
determine a KD of 0.006 ± 0.002.
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Supplementary Figure 5.19. NADH disappearance in the GcoA/B-catalyzed reaction
was monitored via UV/vis. NADH oxidation by GcoB is coupled with the O2-dependent
oxidative demethylation of guaiacol by GcoA, resulting in to the production of
formaldehyde and catechol. The overall reaction using a large stoichiometric excess of
guaiacol relative to the enzymes (300 μM), GcoA/B (0.2 μM each), and saturating NADH
(300 μM) in air was monitored by the change in absorbance due to NADH oxidation
(NADH λ = 340 nm, ε340nm = 6.22 mM-1 cm-1) in 25 mM HEPES, 50 mM NaCl, pH 7.5,
25 °C. NADH and GcoA/B (red trace) did not react until after the addition of guaiacol
(blue trace, t = 0 min). The reaction was monitored over time (gray spectra measured each
minute) until the spectra stopped changing (black trace). Inset: Progress of reaction curve
for NADH oxidation over time. The data approach 0 μM NADH within about 8 min (1.25
min background oxidation, 6.75 min substrate-initiated reaction). Fitting the initial linear
portion of the curve to a line gives a specific activity of 4.6 mM NADH sec-1 [mM GcoA]1
discernable from the slope.
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Supplementary Figure 5.20. Steady state reaction catalyzed by GcoA/B exhibits
Michaelis-Menten kinetics. The initial velocity (vi) of NADH oxidation was monitored
in the presence of wt GcoA/B (0.2 μM each), NADH (300 μM), and ambient O2 as a
function of variable [guaiacol] (25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C). Data were
fit to the Michaelis Menton curve to give the following parameters: kcat = 6.8 ± 0.5 sec-1,
KM(guaiacol) = 0.06 ± 0.01 mM, kcat/KM(guaiacol) = 110 ± 20 mM-1 sec-1. Error bars
represent ± 1 standard deviation from three or more measurements.
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Supplementary Figure 5.21. Molecular dynamics of GcoA in absence of ligand and in
presence of different substrates and product. The blue, orange and green colors
represent different independent runs. The graphics on the left column displays the reaction
coordinate employed to obtain the PMF associated to the open-close motions computed
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along unbiased trajectories. In several runs, we observe the transition of the reaction
coordinate from positive to negative values, indicating the closed-to-open transition. The
middle column displays the rmsd of residues Phe75, Phe169 and Phe395 relative to the
crystal structure (computed after structural fit of the alpha-carbons of the whole enzyme),
indicating the breathing motions of these residues as the rmsd increases along the unbiased
MD runs. In the right column, we present scatter plots of the reaction coordinates shown
on the left column and the rmsd shown in the middle column, which illustrates the
correlation between the open-close motions of GcoA and the breathing motions of the Phe
residues of the binding site. The R values indicate the correlation coefficient associated to
a linear fit of the data (red line).

Supplementary Figure 5.22. Structural comparison of the open-form of GcoA and
P450-BM3. The open structure of GcoA, obtained by MD simulation (green with F/G
helices highlighted in dark red) was aligned against the crystal structure of open P450-BM3
from Bacillus megaterium (2HPD)33 (cyan with F/G helices highlighted in light red). There
is a good correlation of the relative positions of the F/G helices in both models of the openform.
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Supplementary Figure 5.23. Reaction coordinate as a function of distance between
active-site Phe aromatic rings. Scatter plots of the reaction coordinate used to compute
the PMFs as a function of the distances between the center of mass of the aromatic rings
of Phe75 and Phe169, Phe169 and Phe395, and Phe75 and Phe395. These plots provide
details of the RMSD metric employed to monitor the breathing motions of the active-site
Phe residues along the unbiased MD runs (Fig. S5.21). The breathing motions that are
coupled to the open-close motions consist mostly of relative motions of the pairs Phe75-
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Phe395 and Phe169-Phe395. This makes sense because Phe75 and Phe169 are located in
or close to the F/G helices that undergo open-close transition. Coupling due to relative
motions of Phe75-Phe169 are less evident. The RMSD metric shown in Fig. S5.21
comprises all these motions in a single variable and properly represents the breathing
motions in a simple format. The red lines are best-fit linear regression models and
represents the correlation between the variables being analyzed.
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Supplementary Figure 5.24. DFT computed paths for the oxidation of guaiacol. Path
A and path B for the oxidation of guaiacol at uB3LYP-D3BJ/6311+G(d,p)+Fe(LanL2DZ)(PCM=Diethylether)//B3LYP/6-31G(d)+Fe(LanL2DZ) level,
considering the two electronic states (d / q: d=doublet; q=quartet) of the Fe=O active
species. Gibbs energies are given in kcal·mol-1.
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Supplementary Figure 5.25. DFT optimized structures of the rate limiting transition
states TS1-a2 / TS1-a4 and TS1-b2 / TS1-b4. Gibbs energies are given in kcal·mol-1,
distances in Å, and angles in degrees.

221

4 – singlet open-shell
ΔG = 0.0

4 – singlet closed-shell
ΔG = 1.6

Supplementary Figure 5.26. Relative stabilities of biradical (singlet open-shell) /
zwitterion (singlet closed-shell) intermediate 4. Computed at uB3LYP-D3BJ/6311+G(d,p)+Fe(LanL2DZ)(PCM=Diethylether)//B3LYP/6-31G(d)+Fe(LanL2DZ) level.
Gibbs energies are given in kcal·mol-1 and distances in Å.
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Supplementary Figure 5.27. Orientation of guaiacol relative to the Fe=O group.
Distances d1 and d2 are computed along the three independent simulations of the
GcoA:guaiacol system. During most of the simulation time, we have d1 and d2 fluctuating
around ~3.5 Å and ~6.5 Å, respectively, indicating that the crystal-like conformation is
maintained, therefore, favoring the path A predicted by the DFT calculations. In simulation
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3, we observe a transient deviation of the guaiacol configuration around 500 ns, in which
neither path A nor path B is favored. This transient configuration returns to the crystal-like
configuration at 600 ns and is likely just a thermal fluctuation with no significant impact
on the GcoA mechanism.

Supplementary Figure 5.28. Average number of water molecules around the
substrates. The average number of water molecules within 3.4 Å from any atom of the
substrate was computed. It can be seen that syringol and vanillin exhibit a hydration shell
with, in average, higher numbers of water molecules than guaiacol and guaethol, which is
associated to the higher flexibility of GcoA bound to the former substrates. The average
number of water molecules lesser than 0.5 in GcoA:guaiacol and GcoA:guaethol indicates
that most of the time there is no water molecule around the substrate.
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Supplementary Table 5.1. Oligonucleotide sequences for cloning
Gene Prim Sequence
er
gcoa - oCJ3 5’forwa 22
TCGGATCTGGAAGTTCTGTTCCAGGGGCCCATGACGACGACC
rd
GAACGGC-3’
gcoa - oCJ2 5’revers 09
TCGTCAGTCAGTCACGATGCGGCCGCTCGATCACACCTCCCA
e
GGTGACGTG-3’
gcob - oCJ3 5’forwa 23
TCGGATCTGGAAGTTCTGTTCCAGGGGCCCATGACGTTCGCG
rd
GTCAGCG-3’
gcob - oCJ3 5’revers 24
TCGTCAGTCAGTCACGATGCGGCCGCTCGATCACGAGGCCG
e
GCGTG-3’

225

Supplementary Table 5.2. Crystallographic data collection and refinement statistics
GcoA with GcoA with
GcoA with
GcoA
GcoB
guaiacol
vanillin
guaethol
with
syringol
5NCB
5OMR
5OMS
5OMU
5OGX
Data collection
Space group
P
P 43 21 2
P 43 21 2
P 43 21 2
P 43 21 2
212121
Cell dimensions
a, b, c (Å)
104.08,
104.28,
105.36,
60.85,
104.11, 104.11,
104.08,
104.28,
105.36,
65.90,
115.66
115.79
114.62
113.23
97.85
90, 90,
α, β, γ ()
90, 90, 90
90, 90, 90
90, 90, 90
90, 90, 90
90
Resolution (Å)
115.75 47.11 97.85 1.44
47.46 - 1.68
47.46 - 1.95
1.95
1.72
(1.46 (1.72 - 1.68)
(2.00 - 1.95)
(2.00 (1.75 1.44)
1.95)
1.72)
Rmerge
0.073
0.049
0.056
0.064 (0.651)
0.045 (0.773)
(0.931)
(0.854)
(0.536)
I / σI
14.3
21.0 (2.1)
30.4 (5.2)
31.6 (3.2)
25.5 (3.3)
(2.7)
Completeness
100.0
99.7 (99.6)
99.9 (99.2)
99.9 (100.0) 100 (99.9)
(%)
(100.0)
Redundancy
13.0
6.3
10.2 (8.6)
20.5 (19.5)
13.1 (12.6)
(13.4)
(6.2)
Refinement
Resolution (Å)

No. reflections
Rwork
Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein

77.39 1.44
(1.46 1.44)
114601
(5611)
0.128
(0.228)
0.151
(0.238)
3548
3193
52
303
23.6
23.8

47.46 - 1.68
(1.72 - 1.68)

47.46 - 1.95
(2.00 - 1.95)

72761 (2643)

46606 (2551)

0.147 (0.219)

0.152 (0.190)

0.169 (0.239)

0.175 (1.238)

3806
3199
54
553
26.8
24.6

3548
3166
53
329
39.5
38.9

47.11 1.95
(2.00 1.95)
46982
(2575)
0.148
(0.223)
0.178
(1.283)
3682
3159
54
469
49.7
48.4

48.92 1.72
(1.75 1.72)
42513
(2852)
0.165
(0.204)
0.193
(0.270)
2960
2553
59
348
30.1
28.4
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Ligand/ion
16.7
18.4
29.4
35.6
26.0
Water
32.1
40.0
47.1
59.8
43.2
R.m.s.
deviations
Bond lengths
0.015
0.01
0.01
0.009
0.006
(Å)
Bond angles
1.71
2.24
2.277
2.23
1.079
()
*Each structure was determined from a single crystal. *Values in parentheses are for
highest-resolution shell.

Supplementary Table 5.3. Hydrodynamics of GcoA, GcoB and GcoAB. Dynamic light
scattering (DLS) and sedimentation velocity analytical ultracentrifugation (AUC SV)
parameters are given for each species.
DLS
AUC SV
a
Sequenc Rh
Calculate
%
S20,w f/f0d RMSD
c
e
e MW
(nm
d MW
Polydispersity
b
(kDa)
)
(kDa)
GcoA
45.5
2.92
41.6
18.4
3.53 1.3 0.0036
3
GcoB
35.7
2.83
38.6
20.1
2.92 1.3 0.0026
6
GcoA
81.3
3.88
80.3
20
4.37 1.3 0.0032
B
8
a
The hydrodynamic radius (Rh) of a protein is related to the measured diffusion constant
(Dt) through the Stokes-Einstein equation: Dt = kBT/6Rh where kB is the Boltzmann
constant, T is the temperature in Kelvin, and  is the absolute viscosity of the solvent. b %
Polydispersity is given by %Pd = 100*(2/1) where 1 and 2 are the first and second
moments of the intensity distribution. c S20,wo is the Sedimentation coefficient at 20 oC in
water. S = v/2r where v is the velocity of the particle and 2r is the centrifugal field. d f/f0
is the frictional ratio, comparing the calculated frictional coefficient (f = RT/D.NA where
R is the gas constant, T is the temperature in kelvin, D is the measure diffusion coefficient
and NA is Avogadro’s number) to the frictional coefficient of a maximally compact sphere.
e
The RMSD of the curve fit to the observed data generated by Sedfit.
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Supplementary Table 5.4. Relative efficiencies of aromatic demethylases
Protein
kcat (s-1)
KM (mM)
kcat/KM (mM-1 sec1
)
a
GcoA (guaiacol)
6.8 ± 0.5
0.06 ± 0.01
110 ± 20
b,35
LigM (vanillate)
5.8 ± 0.25
0.63 ± 0.08
9.14
PODA
0.034
0.027
1.3
c,36
(cryptopine)
LigX (5,5’6.1 ± 0.2
0.064 ± 0.005
95
dehydrodivanillate)
d,37

Reaction conditions: 0.2 μM GcoA/B, 100 μg/mL catalase and 300 μM NADH were used
to O-demethylate 5-300 μM guaiacol in 25 mM HEPES, 50 mM NaCl, pH 7.5, 25 ºC, air
(260 μM O2).
b
Reaction conditions: 0.076 μM LigM, was used to O-demethylate vanillate (0.1-5 mM)
in the presence of 5 mM H4-folate in 100 mM Tris, pH 8.0, 30 ºC, air (~260 μM O2).
c
Reaction conditions: 100 μg PODA, 500 μM α-KG, 500 μM iron sulfate, and 10 mM
sodium ascorbate were used to O-demethylate cryptopine (0-500 μM) in 100 mM Tris, pH
7.4, 30 ºC, air (~260 μM O2).
d
Reaction conditions: 0.2 μM LigXa, 6 μM LigXc, 0.4 μM LigXd, and 500 μM NADH
were used to O-demethylate 5,5’-dehydrodivanillate (10-500 μM) in FE22 buffer, pH 6.0,
30 ºC, air (~260 μM O2).
a
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Supplementary Table 5.5. DFT optimized geometries
Electronic energies (E), zero point energy (ZPE), free energy (G(T)), quasiharmonic
corrected free energy (qh-G(T)), and electronic energy from high level single point
calculation (E Single point) of all stationary points (in a.u.). Cartesian coordinates are
reported in xyz format.
E
ZPE
Structure
E (au)
G(T) (au) qh-G(T) (au) Single Point
(au)
(au)
0.13808
1 - guaiacol
421.98146
421.87594 -421.875640 264797.16586
0
3
3
6
2 - radical
0.12388
421.31627
421.22531 -421.225238 264379.75189
intermediate
0
1
7
9
4 - zwitterion
0.11243
(singlet closed- 420.68422
420.60382 -420.603823 263983.13860
7
shell)
7
3
1
4 - biradical
0.11091
(singlet open420.68751
420.60899 -420.608848 263985.20310
9
shell)
7
4
5
4 - biradical
0.11066
420.67565
420.59826 -420.598263 263977.75959
(triplet)
4
5
3
3
0.14266
3 - hemiacetal
497.19100
497.08221 -497.082090 311991.82784
9
1
0
7
0.02113
H2O
-76.404206
76.407024
8
76.404206
47946.095223
0.11656
5 - acetal
420.76974
420.68442 -420.684155 264036.80191
0
5
0
5
Fe-Porph 0.31530
1549.9678
1549.7025 -1549.699826 972618.75236
doblet
1
13
62
8
Fe-Porph 0.31450
1549.9644
1549.7019 -1549.698522 972616.63138
quartet
1
33
85
7
Fe-Porph 0.31299
1549.9641
1549.7046 -1549.700465 972616.42995
sextet
0
12
49
7
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Fe=O-Porph doblet
Fe=O-Porph quartet
FeOH-Porph singlet
FeOH-Porph triplet
FeH2O-Porph doblet
FeH2O-Porph quartet
FeH2O-Porph sextet
TS1-a2 - doblet

TS1-a4 - quartet

TS1-b2 - doblet

TS1-b4 - quartet

Int1-a2 - doblet

Int1-a4 - quartet

1625.1062
62
1625.1060
93
1625.7283
11
1625.7463
77
1626.3877
73
1626.3738
40
1626.3827
53
2047.0585
34
2047.0594
26
2047.0635
75
2047.0621
67
2047.0703
97
2047.0708
79

0.31766
0
0.31769
6
0.32945
1
0.32784
6
0.33849
7
0.33700
4
0.33662
8
0.44962
0
0.44984
0
0.44962
4
0.44952
5
0.45322
7
0.45258
2

1624.8396
94
1624.8401
15
1625.4480
13
1625.4707
63
1626.1019
53
1626.0914
53
1626.1041
86
2046.6750
95
2046.6743
40
2046.6786
11
2046.6773
74
2046.6851
62
2046.6874
77

-1624.837490

-1624.837883

-1625.446500

-1625.468377

-1626.099515

-1626.088705

-1626.099006

-2046.665665

-2046.666688

-2046.670329

-2046.669715

-2046.674772

-2046.676979

1019768.8053
61
1019768.6993
12
1020159.1467
07
1020170.4832
85
1020572.9650
47
1020564.2219
65
1020569.8149
52
1284547.6536
12
1284548.2133
50
1284550.8168
85
1284549.9333
52
1284555.0977
51
1284555.4002
10
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2

Int1-b - doblet

Int1-b4 - quartet

TS2-a4 - quartet

TS2-b4 - quartet

2047.0815
56
2047.0795
17
2047.0656
59
2047.0740
35

0.45262
0
0.45258
0
0.45222
8
0.44803
5

2046.6949
59
2046.6940
92
2046.6806
18
2046.6901
19

-2046.686402

-2046.685110

-2046.671105

-2046.683622

1284562.1001
24
1284560.8206
33
1284552.1246
13
1284557.3806
29

Supplementary References

1.

Evans, P. Scaling and assessment of data quality. Acta Crystallogr. D Biol.
Crystallogr. 62, 72-82 (2006).

2.

Winter, G. xia2: an expert system for macromolecular crystallography data
reduction. J. Appl. Crystallogr. 43, 186-190 (2010).

3.

Evans, P.R. An introduction to data reduction: space-group determination, scaling
and intensity statistics. Acta Crystallogr. D Biol. Crystallogr. 67, 282-292 (2011).

4.

Padilla, J.E. & Yeates, T.O. A statistic for local intensity differences: robustness to
anisotropy and pseudo-centering and utility for detecting twinning. Acta Crystallogr.
Sect. D-Biol. Crystallogr. 59, 1124-1130 (2003).

5.

Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125-132 (2010).

6.

Winn, M.D. et al. Overview of the CCP4 suite and current developments. Acta
Crystallogr. D Biol. Crystallogr. 67, 235-242 (2011).

7.

Skubak, P. & Pannu, N.S. Automatic protein structure solution from weak X-ray
data. Nat. Commun. 4, 2777 (2013).

8.

Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. A 64, 112-122
(2008).

231

9.

Schneider, T.P.a.S., G.M. Substructure solution with SHELXD. Acta Cryst. D58,
1772-1779 (2002).

10.
Abrahams, J.P. Bias reduction in phase refinement by modified interference
functions introducing the γ correction. Acta Cryst. D53, 371-376 (1997).
11.
Skubak, P., Waterreus, W.J. & Pannu, N.S. Multivariate phase combination
improves automated crystallographic model building. Acta Crystallogr. D. Biol.
Crystallogr. 66, 783-788 (2010).
12.
Cowtan, K. Recent developments in classical density modification. Acta
Crystallogr. D Biol. Crystallogr. 66, 470-478 (2010).
13.
Cowtan, K. The Buccaneer software for automated model building. 1. Tracing
protein chains. Acta Crystallogr D Biol Crystallogr 62, 1002-1011 (2006).
14.
Sheldrick, G.M. Experimental phasing with SHELXC/D/E: combining chain
tracing with density modification. Acta Crystallogr. D Biol. Crystallogr. 66, 479-485
(2010).
15.
Murshudov, G.N. et al. REFMAC5 for the refinement of macromolecular crystal
structures. Acta Crystallogr. D Biol. Crystallogr. 67, 355-367 (2011).
16.
Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta
Crystallogr. D Biol. Crystallogr. 60, 2126-2132 (2004).
17.
McCoy, A.J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40, 658674 (2007).
18.
Adams, P.D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213-221
(2010).
19.
Terwilliger, T.C. et al. Iterative model building, structure refinement and density
modification with the PHENIX AutoBuild wizard. Acta Crystallogr. D Biol.
Crystallogr. 64, 61-69 (2008).
20.
Afonine, P.V. et al. Towards automated crystallographic structure refinement with
phenix.refine. Acta Crystallogr. D Biol. Crystallogr. 68, 352-367 (2012).
21.
Rocchia, W., Alexov, E. & Honig, B. Extending the applicability of the nonlinear
Poisson-Boltzmann equation: Multiple dielectric constants and multivalent ions. J.
Phys. Chem. B 105, 6507-6514 (2001).

232

22.
Chen, V.B. et al. MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12-21 (2010).
23.
Cryle, M.J. & Schlichting, I. Structural insights from a P450 Carrier Protein
complex reveal how specificity is achieved in the P450BioI ACP complex. Proc. Natl.
Acad. Sci. 105, 15696-15701 (2008).
24.
Poulos, T.L., Finzel, B.C., Gunsalus, I.C., Wagner, G.C. & Kraut, J. The 2.6-A
crystal structure of Pseudomonas putida cytochrome P-450. J. Biol. Chem. 260, 1612216130 (1985).
25.
Huang, W.C., Ellis, J., Moody, P.C., Raven, E.L. & Roberts, G.C. Redox-linked
domain movements in the catalytic cycle of cytochrome p450 reductase. Structure 21,
1581-1589 (2013).
26.
Tripathi, S., Li, H. & Poulos, T.L. Structural basis for effector control and redox
partner recognition in cytochrome P450. Science 340, 1227-1230 (2013).
27.
Karlsson, A. et al. X-ray crystal structure of benzoate 1, 2-dioxygenase reductase
from Acinetobacter sp. strain ADP1. J. Mol. Biol. 318, 261-272 (2002).
28.
Wang, M. et al. Three-dimensional structure of NADPH–cytochrome P450
reductase: prototype for FMN-and FAD-containing enzymes. Proc. Natl. Acad. Sci. 94,
8411-8416 (1997).
29.
Huang, W.-C., Ellis, J., Moody, Peter C.E., Raven, Emma L. & Roberts,
Gordon C.K. Redox-linked domain movements in the catalytic cycle of cytochrome
P450 reductase. Structure 21, 1581-1589 (2013).
30.
Rupp, H., Rao, K.K., Hall, D.O. & Cammack, R. Electron spin relaxation of ironsulphur proteins studied by microwave power saturation. Biochim. Biophys. Acta 537,
255-269 (1978).
31.
Eby, D.M., Beharry, Z.M., Coulter, E.D., Kurtz, D.M., Jr. & Neidle, E.L.
Characterization and evolution of anthranilate 1,2-dioxygenase from Acinetobacter sp.
strain ADP1. J. Bacteriol. 183, 109-118 (2001).
32.
Guengerich, F.P., Martin, M.V., Sohl, C.D. & Cheng, Q. Measurement of
cytochrome P450 and NADPH-cytochrome P450 reductase. Nat. Protocols 4, 12451251 (2009).
33.
Ravichandran, K., Boddupalli, S., Hasermann, C., Peterson, J. & Deisenhofer, J.
Crystal structure of hemoprotein domain of P450BM-3, a prototype for microsomal
P450's. Science 261, 731-736 (1993).

233

34.
Engh, R.A. & Huber, R. Accurate bond and angle parameters for X-ray proteinstructure refinement. Acta Crystallogr. A 47, 392-400 (1991).
35.
Kohler, A.C., Mills, M.J., Adams, P.D., Simmons, B.A. & Sale, K.L. Structure of
aryl O-demethylase offers molecular insight into a catalytic tyrosine-dependent
mechanism. Proc. Natl. Acad. Sci. 114, E3205-E3214 (2017).
36.
Farrow, S.C. & Facchini, P.J. Dioxygenases catalyze O-demethylation and O,Odemethylenation with widespread roles in benzylisoquinoline alkaloid metabolism in
opium poppy. J. Biol. Chem. 288, 28997-29012 (2013).
37.
Yoshikata, T. et al. Three-component O-demethylase system essential for
catabolism of a lignin-derived biphenyl compound in Sphingobium sp. strain SYK-6.
Appl. Env. Microbiol. 80, 7142-7153 (2014).

234

CHAPTER SIX

ENABLING MICROBIAL SYRINGOL CONVERSION THROUGH STRUCTUREGUIDED PROTEIN ENGINEERING

Contribution of Authors and Co-Authors

Author: M.M. Machovina
Contributions: Designed, conducted, and analyzed the biochemical studies and wrote the
first draft of the manuscript with GTB, JEM, and JLD.
Author: S.J.B. Mallinson
Contributions: Conducted the crystallography experiments and analysis.
Author: B.C. Knott
Contributions: Conducted and analyzed the molecular dynamics simulations.
Author: M. Garcia-Borràs
Contributions: Conducted the quantum mechanical calculations.
Author: A.W. Meyers
Contributions: Conducted and analyzed the in vivo experiments.
Co-Author: L. Bu
Contributions: Conducted and analyzed the molecular dynamics simulations.
Co-Author: J. Gado
Contributions: Conducted and analyzed the bioinformatics data.
Co-Author: A. Oliver
Contributions: Helped conduct and analyze the biochemical data.

235

Co-Author: G.P. Schmidt
Contributions: Helped conduct and analyze the MD data.
Co-Author: D.J. Hinchen
Contributions: Helped conduct and analyze the crystallography data.
Co-Author: M.F. Crowley
Contributions: Helped analyze the molecular dynamics data.
Co-Author: C.W. Johnson
Contributions: Helped with the in vivo experiments and analysis.
Co-Authors: E.L. Neidle, C.M. Payne, K.N. Houk
Contributions: Designed and supervised the research.
Co-Authors: G.T. Beckham, J.E. McGeehan, J.L. DuBois
Contributions: Designed and supervised the research and wrote the paper with input from
all authors.

236

Manuscript Information Page

Melodie M. Machovina, Sam J.B. Mallinson, Brandon C. Knott, Marc Garcia-Borràs,
Alexander W. Meyers, Lintao Bu, Japheth Gado, April Oliver, Graham P. Schmidt, J.
Hinchen, Michael F. Crowley, Christopher W. Johnson, Ellen L. Neidle, Christina M.
Payne, Gregg T. Beckham, Kendall N. Houk, John E. McGeehan, Jennifer L. DuBois
PNAS
Status of Manuscript:
____ Prepared for submission to a peer-reviewed journal
__X__ Officially submitted to a peer-review journal
____ Accepted by a peer-reviewed journal
____ Published in a peer-reviewed journal
Publisher: National Academy of Sciences

237

CHAPTER SIX

ENABLING MICROBIAL SYRINGOL CONVERSION THROUGH STRUCTUREGUIDED PROTEIN ENGINEERING
Melodie M. Machovinaa,1, Sam J.B. Mallinsonb,1, Brandon C. Knottc,1, Marc GarciaBorràsd,1, Alexander W. Meyerse,1, Lintao Buc, Japheth Gadoe,f, April Olivera, Graham P.
Schmidte, Daniel J. Hinchenb, Michael F. Crowley,c Christopher W. Johnson, Ellen L.
Neidlef, Christina M. Payneg, Gregg T. Beckhame,*, Kendall N. Houkd,*, John E.
McGeehanb,*, Jennifer L. DuBoisa,*
a

Department of Chemistry and Biochemistry, Montana State University, Bozeman MT,
USA
b
Molecular Biophysics Laboratories, School of Biological Sciences, Institute of
Biological and Biomedical Sciences, University of Portsmouth, United Kingdom
c
Biosciences Center, National Renewable Energy Laboratory, Golden CO, USA
d
Department of Chemistry and Biochemistry, University of California at Los Angeles, Los
Angeles, CA, USA
e
National Bioenergy Center, National Renewable Energy Laboratory, Golden CO, USA
f
Department of Microbiology, University of Georgia, Athens, GA, USA
g
Department of Chemical Engineering, University of Kentucky, Lexington, KY, USA
* Correspondence and requests for materials should be addressed to J.E.M. (email:
john.mcgeehan@port.ac.uk), J.L.D. (email: jennifer.dubois1@montana.edu), K.N.H.
(email: houk@chem.ucla.edu) or to G.T.B. (email: gregg.beckham@nrel.gov).
1

These authors contributed equally to this work

Abstract

Microbial conversion of aromatic compounds is an emerging and promising
strategy for valorization of the plant biopolymer lignin. A critical and often rate-limiting
reaction in aromatic catabolism is O-aryl-demethylation of the abundant aromatic methoxy
groups in lignin to form diols, which enables subsequent oxidative aromatic ring-opening.
Recently, a cytochrome P450 system, GcoAB, was discovered to demethylate guaiacol (2-
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methoxyphenol), the simplest aromatic component of coniferyl alcohol-derived lignin, to
form catechol. However, the native GcoAB has minimal ability to demethylate syringol
(2,6-dimethoxyphenol), the analogous sinapyl alcohol-derived lignin building block.
Despite the abundance of sinapyl alcohol-based lignin in plants, no pathway for syringol
catabolism has been reported. Here, we employed structure-guided protein engineering to
enable microbial syringol utilization with GcoAB. Specifically, a phenylalanine residue
(GcoA-F169) interferes with the binding of syringol in the active site, and upon mutation
to smaller amino acids, efficient syringol O-demethylation is achieved. Crystallography
indicated that syringol adopted a productive binding pose in the variant, which molecular
dynamics simulations traced to the elimination of steric clash between the highly flexible
side chain of GcoA-F169 and the additional methoxy group of syringol. Lastly, we
demonstrate in vivo syringol turnover in Pseudomonas putida KT2440 with the GcoAF169A variant. Taken together, this study highlights the significant potential and plasticity
of cytochrome P450 aromatic O-demethylases in the biological conversion of ligninderived aromatic compounds.

Significance

Lignin is an abundant but underutilized heterogeneous polymer found in terrestrial
plants. In current lignocellulosic biorefinery paradigms, lignin is primarily slated for
incarceration, but for a non-food plant-based bioeconomy to be successful, lignin
valorization is critical. An emerging concept to valorize lignin employs aromatic-catabolic
pathways and microbes to funnel heterogeneous lignin-derived aromatic compounds to
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single high-value products. For this approach to be viable, the discovery and engineering
of enzymes to conduct key reactions is critical. In this work, we have engineered a twocomponent cytochrome P450 enzyme system to conduct one of the most important
reactions in biological lignin conversion, namely aromatic O-demethylation, of syringol,
the base aromatic unit of S-lignin, which is highly abundant in hardwoods and grasses.

Introduction

Lignin is a heterogeneous, recalcitrant biopolymer that is prevalent in plant cell
walls, where it provides structure, defense against pathogens, and water and nutrient
transport through plant tissue (1). Lignin is synthesized primarily from three aromatic
building blocks (1, 2), making it the only abundant and renewable aromatic carbon
feedstock available. Due to its recalcitrance, rot fungi and some bacteria have evolved
powerful, oxidative enzymes that deconstruct lignin to smaller fragments (3, 4). Once
broken down, the lignin oligomers can be assimilated as a carbon and energy source
through at least four known aromatic-catabolic pathways (2, 5).
A critical reaction in the aerobic catabolism of lignin-derived compounds is O-aryldemethylation, which occurs on methoxylated lignin-derived compounds to produce
aromatic diols such as catechol (1,2-dihydroxybenzene), protocatechuate (3,4dihydroxybenzoate), and gallate (3,4,5-trihydroxybenzoate). Next, the aromatic rings are
cleaved by intradiol or extradiol dioxygenases and carbon is funneled into central
metabolism (6, 7). Harnessing this catabolic capability for transforming heterogeneous
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lignin streams into valuable chemicals is of keen interest (7-12) and an essential need for
economical lignocellulose conversion (11, 13, 14).
In most plants, lignin comprises primarily coniferyl (G) and sinapyl (S) alcohol
monomers, which have either one or two methoxy groups on the aryl ring, respectively.
Nearly all lignin-derived aromatics require O-demethylation of these methoxy groups as
an essential step in their conversion to central intermediates. Significant effort has been
dedicated to the discovery of enzymes that can demethylate the methoxy substituents of
diverse aromatic compounds (15-26). Ornston et al. characterized the O-demethylation of
vanillin

(4-hydroxy-3-methoxybenzaldehyde)

and

vanillate

(4-hydroxy-3-

methoxybenzoate) analogs by the VanAB monooxygenase from Actinobacter baylyi
ADP1, which contains a Rieske nonheme iron center (18, 19). The three-component LigX
monooxygenase system from Sphingobium sp. SYK-6, described by Masai et al., also
contains a Rieske nonheme iron component (22) that

is responsible for O-aryl-

demethylation of a model biphenyl compound that mimics those in lignin. Masai et al.
additionally described two tetrahydrofolate-dependent enzymes, LigM and DesA,
responsible for O-aryl-demethylation of vanillate and syringate (4-hydroxy-3,5dimethoxybenzoate), respectively (20, 21). Cytochrome P450 systems have also been
reported to demethylate aromatic compounds such as guaiacol, 4-methoxybenzoate, and
guaethol (2-ethoxyphenol) (15, 17, 25, 26). However, the full gene sequences were either
unreported or only recently identified (15, 17, 27), or the substrate was not of direct interest
to lignin conversion (25, 26).
Our recent characterization of a two-component P450 enzyme system, consisting
of a reductase, GcoB, and P450 oxidase, GcoA, demonstrated that it demethylates diverse
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aromatic compounds including guaiacol (the simplest G-type lignin subunit), guaethol,
anisole (methoxybenzene), 2-methylanisole, and 3-methoxycatechol (3MC) (28) with
similar or greater efficiency than other O-aryl-demethylases described in the literature (22,
24, 29). However, GcoAB showed poor reactivity towards syringol, the simplest S-type
lignin subunit. Together, G- and S-lignin are the major components of lignin in hardwoods
and grasses (1). Due to their abundance, it is important to find enzymes that can act on the
methoxy groups of both G and S-lignin subunits. To date, there are no reports describing
syringol O-demethylation or more broadly, even its catabolism by microbes. Rather, the
best-studied biological reaction of syringol is its 4-4 dimerization to form cerulignone (3033).
Though our prior work showed that GcoA was not effective for syringol Odemethylation, crystallographic studies and molecular dynamics (MD) simulations
indicated that a triad of active site phenylalanine residues is both highly motile and
important for positioning of the substrate into its catalytically competent pose. In this
study, we hypothesized that substitution of GcoA-F169, which has the closest interaction
with the bound substrate, may relax the specificity of the enzyme sufficiently to permit the
O-demethylation of S-lignin type substrates. We tested that hypothesis using structural,
biochemical, computational, and in vivo approaches. We demonstrate highly efficient in
vitro and in vivo syringol turnover through structure-guided protein engineering, where the
enzyme also retains highly efficient activity toward guaiacol.
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Results

The syringol binding mode can be modulated by active site engineering.
Guaiacol assumes a productive orientation in the active site of GcoA due to the
action of amino acid side chains that create a tight-fitting hydrophobic pocket. The closest
contact is with GcoA-F169, which forms a hydrophobic interaction with the C6 carbon on
the aromatic ring of guaiacol. Prior MD simulations suggested that this residue is highly
mobile, predicting that the productive complex forms dynamically (28). Superposition of
the co-crystal structures of GcoA with guaiacol and syringol reveals a shift in the positions
of GcoA-F169 and the reactive syringol methoxy group relative to the heme (Fig. 6.1A).
Functionally, these shifts in the GcoA-F169 position permit both strong binding of syringol
(KD = 2.8 ± 0.4 µM) and stimulation of NADH consumption (28), though without
substantial syringol turnover. We therefore hypothesized that mutation of GcoA-F169 to a
smaller residue may relieve the apparent steric clash between it and the bound ligand in the
active site, allowing syringol to adopt a productive conformation. To test this hypothesis,
we purified several GcoA variants in which F169 was mutated to alternative amino acids
(A, S, H, V, I, and L) with the aim of introducing productive syringol turnover while
retaining reactivity with guaiacol.
Crystallization screens of the resulting proteins with both ligands were set up. The
successful generation of a set of four syringol-bound structures (SI Appendix, Table S6.1)
provided direct insight into the minimal reduction in side-chain bulk required to achieve a
putative productive binding mode. A step-wise trajectory of the bound syringol towards
the optimum orientation with decreasing side-chain bulk was observed in the superposition
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of four co-crystal structures, confirming the choice of GcoA-F169 as a productive target
(SI Appendix, Fig. S6.1A). Specifically, GcoA-F169H creates an improved substrate
orientation, further improved by GcoA-F169V, and essentially optimized in both the
GcoA-F169S and F169A proteins (SI Appendix, Fig. S6.1A). Indeed, a comparison of the
GcoA-F169A-syringol structure with the wild-type (WT) guaiacol structure reveals an
almost perfect alignment relative of the aromatic rings of each substrate (Fig. 6.1B). As
expected, the GcoA-F169A variant has a highly similar affinity for guaiacol, syringol, and
the singly methoxylated species 3MC (SI Appendix, Fig. S6.2, Table S6.2). Crucially, the
translation and rotation achieved by releasing the steric clash imposed by GcoA-F169
allows the positioning of the reactive methoxy group in optimum position for catalysis, as
judged by comparison to the WT-guaiacol ligand-bound structure (Fig. 6.1B) and DFToptimized transition states (vide infra).
Each protein variant also crystallized successfully with guaiacol (SI Appendix,
Table S6.3) and the structures showed that the orientation of the bound ligand remained
consistent with that of the WT enzyme (SI Appendix, Fig. S6.1B). Even the largest
reduction in side-chain bulk, represented by the GcoA-F169A variant, retained the ideal
reactive geometry for the natural substrate (Fig. 6.1C). Furthermore, comparison of the
surrounding active site architecture confirmed no significant deviation from the WT. The
resolution of these structures (1.66-2.17 Å) also provides sufficient electron density quality
to explore changes in the hydration of the pocket (SI Appendix, Fig. S6.3). While the native
enzyme excluded water from the active site pocket, we were interested to see if this was
maintained when a new cavity in the pocket was introduced. The syringol bound mutants,
A, S, and V contain an additional ordered water in the active site (SI Appendix, Fig. S6.4,

244

S6.5) which may help to maintain the substrate in a productive binding pose for catalysis.
As expected, the bulkier GcoA-F169H mutant excludes water from the active site, as with
the WT structure. Taken together, the substrate orientation in these crystal structures
indicates that several of the mutants might be able to accommodate both guaiacol and
syringol in a productive manner.

Figure 6.1. Structure-guided active site engineering of GcoA. Superpositions of WT and GcoAF169A ligand-bound structures of GcoA, the P450 monooxygenase component of GcoAB, are
shown. The heme is colored in bronze stick. (A) The guaiacol (green, PDB ID 5NCB) and syringol
(pink, PDB ID 5OMU) complexes with WT GcoA are shown with the position of the GcoA-F169
residue highlighted. The translation and rotation of syringol compared to guaiacol results in a shift
of the target methoxy carbon away from the heme. (B) The engineered GcoA-F169A-syringol
complex (blue) enables optimal positioning of the reactive methoxy group relative to the heme.
GcoA-F169 from the guaiacol-bound WT structure is shown in green lines. (C) Superposition of
the WT (green) and GcoA-F169A (yellow) guaiacol-bound complexes reveals that guaiacol sits in
an identical position in both crystal structures. GcoA-F169 from the guaiacol bound WT structure
is shown in green lines.

GcoA-F169A efficiently demethylates both guaiacol and syringol with only limited
uncoupling.
Substrate analogs are known to stimulate the P450 reaction with NADH/O2 without
concomitant oxygenation of the organic substrate. This leads to uncoupling of NADH,
substrate oxidation, and H2O2 production (34). To address whether guaiacol and/or syringol
would serve as substrates of GcoA-F169A, we monitored the disappearance of NADH
(UV/vis) and aromatic substrate (HPLC) over time (Scheme 6.1). The rates of organic
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substrate and NADH consumption were robust and the same within error, regardless of
whether guaiacol or syringol was used (SI Appendix, Table S6.2). This suggests that both
guaiacol and syringol serve as substrates for GcoA-F169A.

Scheme 6.1. O-demethylation of A) guaiacol to form catechol and formaldehyde or B) syringol
to form pyrogallol and two formaldehydes.

The oxidative O-demethylation of guaiacol moreover appeared to be largely
coupled to NADH consumption. When NADH and O2 were present in excess of guaiacol,
the measured stoichiometry of the GcoA-F169A-catalyzed reaction was very close to one
molecule each of guaiacol and NADH consumed to one formaldehyde and one catechol
produced (Fig. 6.2), without overconsumption of NADH (103 ± 7% coupling efficiency,
SI Appendix, Table S6.4).
Since both methoxy groups of syringol can potentially serve as substrates, we
examined syringol turnover in a number of ways. Syringol (100 μM) was first incubated
with NADH (200 μM) and excess dissolved O2 (210 μM), and the reaction with the GcoAF169A mutant allowed to go to completion. As with the guaiacol reaction, all of the NADH
and syringol were consumed (Fig. 6.2), implying that syringol undergoes two Odemethylations, producing 3MC and then pyrogallol (210 µM O2, 25 mM HEPES, 50 mM
NaCl, pH 7, 25 °C). However, less formaldehyde (170 ± 10 μM) was produced than
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expected, suggesting some uncoupling of NADH/O2 consumption from the oxidative Odemethylation. Consistent with that hypothesis, 50 ± 4 μM of the singly demethylated
intermediate 3MC was observed at the end of the reaction, even though sufficient
NADH/O2 were present to enable its complete conversion to pyrogallol. Notably,
pyrogallol was not detected under any of the conditions used here, possibly due to its wellknown instability in the presence of O2 (35).
The stoichiometric analysis was next repeated with NADH and syringol present in
equal concentrations (~200 μM each; 210 μM O2), conditions expected to permit at most
half of the available methoxy groups to react. All of the NADH and 150 ± 6 μM of syringol
were consumed; 200 ± 3 μM formaldehyde and 120 ± 2 μM 3MC were generated (Fig. 6.2,
SI Appendix, Table S6.4). The accumulation of roughly half an equivalent of 3MC (relative
to NADH) under these conditions suggested that the first O-demethylation of syringol must
be faster than the second, and that the uncoupling reaction was likely stimulated by 3MC
rather than by syringol. Consistent with those expectations, the rate of 3MC disappearance
measured by HPLC was significantly slower than the disappearance of either guaiacol or
syringol (2.6 ± 0.3 μM 3MC s-1 µmol GcoA-F169A-1, 5.1 ± 0.8 μM syringol s-1 µmol
GcoA-F169A-1, SI Appendix, Table S6.2); moreover, the faster consumption of NADH
relative to 3MC suggested diminished reaction coupling (64 ± 10% coupling, SI Appendix,
Table S6.2 and Table S6.4). In reactions containing 100 µM of 3MC and 200 µM NADH,
the majority of the initially available NADH was consumed, and approximately 100 µM
of formaldehyde was produced (Fig. 6.2). We hypothesized that the observed
overconsumption of NADH was due to the uncoupled reaction, leading to H2O2 production.

247

The production of H2O2 in the presence of excess NADH/O2 and limiting 3MC was
confirmed using Amplex Red and horseradish peroxidase (SI Appendix, Table S6.5).
A broader survey of variants at the GcoA-F169 position confirmed that GcoAF169A exhibits the best catalytic performance both in terms of specific activity and
uncoupling, although other small side chains also permitted reactivity with syringol (SI
Appendix, Table S6.4). Steady state kinetic parameters (Table 6.1, SI Appendix, Fig. S6.6)
suggest that GcoA-F169A is a more effective catalyst toward demethylating the first
methoxy group of syringol, relative to guaiacol. In particular, the kcat/KM[syringol] is nearly
double kcat/KM[guaiacol]. Moreover, GcoA-F169A has a slightly improved performance
with guaiacol as a substrate relative to the WT enzyme.

Table 6.1. Efficiency of GcoA-F169A towards demethylating guaiacol and syringol, relative
to WT GcoA.
WTa
GcoA-F169Aa
guaiacol
syringol
guaiacol
syringol
-1
kcat (sec )
6.8 ± 0.02
n/a
11 ± 0.03
5.9 ± 0.01
KM (mM)
60 ± 10
n/a
40 ± 6
10 ± 1
kcat/KM (mM-1 110 ± 20
n/a
290 ± 40
600 ± 90
sec-1)
a
0.2 µM GcoAB was reacted with 100 µg/mL catalase, 300 µM NADH, and 0-300 µM substrate,
25 °C, 25 mM HEPES, 50 mM NaCl, pH 7.5, 210 µM O2.

Syringol clashes with both GcoA-F169A and the substrate access lid in simulations of WT
GcoA.
In the WT enzyme with syringol bound, active site crowding can be relieved in
several ways. First, as already noted, syringol can shift towards the heme (Fig. 6.1A); this
effect is seen in MD simulations (80 ns) carried out on WT GcoA with either bound
guaiacol or syringol, although the effect is much subtler than in the crystal structures (SI

248

Appendix, Fig. S6.7). A second effect is demonstrated in MD simulations, which show that
GcoA-F169 is significantly more flexible and perturbed from the crystal structure position
when syringol is bound at the WT active site rather than guaiacol (Fig. 6.3A, C, E, SI
Appendix, Fig. S6.8, Movies S6.1 and S6.2). This effect is complemented by the static
picture given by the crystal structures (Fig. 6.1A), which show GcoA-F169 is “pushed
away” from the substrate by a distance commensurate with the observed shift of the
substrate.
Opening of the substrate access loop, a larger scale phenomenon that is closely
related to the movement of GcoA-F169, can also relieve active site crowding. All GcoA
crystal structures to date present a closed active site “lid,” but previous MD simulations
demonstrated the ability of the F/G helices (and their connecting loop) to move away from
the active site, thus exposing the active site to solution, particularly in the apo form (28).
Crystal packing likely hinders opening. Thus, the first two effects (shifting of substrate and
GcoA-F169) are more pronounced in crystal structures. In MD of GcoA in solution,
however, the active site loop is unconstrained, and the effect of the GcoA-F169 clash with
syringol is observed less at the substrate and more on the enzyme. This includes the
positioning and flexibility of GcoA-F169 (as mentioned above) and the substrate access lid
(Fig. 6.3B, D, F, SI Appendix, Fig. S6.9, Movies S6.3 and S6.4), which is significantly
more prone to open with syringol bound in WT GcoA than with guaiacol, as well as either
substrate bound in MD simulations on the GcoA-F169A mutant.

249

Figure 6.2. Quantitative analyses of substrate consumption and product generation indicate
nearly complete coupling of NADH/O2 consumption to substrate O-demethylation for
guaiacol, and progressively more uncoupling for syringol and 3MC. NADH (200 µM) and
guaiacol, syringol, or 3MC (100 or 200 µM) were incubated in air with 0.2 µM GcoA-F169A and
GcoB (each) (25 mM HEPES, 50 mM NaCl, pH 7.5, 25°C, 210 µM O2). Reactants and products
were quantified when the UV/vis spectra ceased changing and the reaction deemed complete. The
total NADH consumed is compared above to the amounts of formaldehyde and de-methylated
aromatic compound produced. Pyrogallol, the O-demethylated product of 3MC, was not detected
under any condition. Error bars represent ± 1 standard deviation from three or more independent
measurements.

The above conclusions from 80-ns MD simulations are also supported by a deeper
analysis of three independent 1-µs MD trajectories of WT GcoA with syringol and guaiacol
bound at the active site, which were originally presented in our previous study [Fig. S21 in
ref. (28)]. GcoA-F169 is significantly perturbed from its crystal structure position and more
mobile; this coincides with an increased propensity to open the substrate access lid and is
the only region of significant difference in flexibility (SI Appendix, Fig. S6.10).
We also performed density functional theory (DFT) calculations on a truncated
active site model demonstrating that the O-demethylation of syringol proceeds via a similar
pathway as previously described for guaiacol (28) (SI Appendix, Fig. S6.11, Table S6.6).
Optimized transition state (TS) geometries and free energy barriers for the rate-limiting
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hydrogen atom transfer (HAT) are likewise very similar in the two cases. In addition,
replica exchange thermodynamic integration (RETI) simulations were also conducted to
examine relative free energies of substrate binding and mutating GcoA-F169 in the closed
state of the enzyme (SI Appendix, Fig. S6.12, S6.13). The RETI simulations reveal
additional substrate binding modes (made possible by the “softer” interactions between the
substrate and enzyme, as TI simulations gradually “turn on” and “turn off” electrostatic
and van der Waals components of intermolecular interactions) and quantify the effect of
this binding flexibility on binding thermodynamics.

Figure 6.3. GcoA-F169 in WT GcoA and the substrate access loop are significantly displaced
with bound syringol. MD simulations with bound guaiacol indicate that A) GcoA-F169 and the
B) substrate access lid are relatively stable (SI Appendix, Movies S1 and S3). Introducing syringol
results in increased flexibility of C) GcoA-F169 and D) the substrate access loop (SI Appendix,
Movies S2 and S4). In A-D, the position of each Phe side chain (or alternatively the substrate access
loop) is shown every 4 ns over the course of the 80 ns MD simulation. Substrate, the three active
site Phe residues, and heme are shown in “sticks”; the Fe atom and the O atom of a reactive heme-
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oxo intermediate are shown as spheres. Probability distributions of E) the RMSD of the six ring
carbons of GcoA-F169 from their crystal structure positions and F) the reaction coordinate for
opening/closing of the substrate access loop.

Sequence position 169 in CYP255A enzymes is highly variable.
GcoA belongs to the CYP255A family of cytochrome P450 enzymes (27).
Conservation analyses of GcoA homologs revealed a notably variable 169 position among
active site residues. Moreover, not only is GcoA-F169 the least conserved of the triad of
phenylalanine residues in the active site, it is also among the least conserved positions in
the entire protein (Fig. 6.4, SI Appendix, Fig. S6.14, Table S6.7). From a multiple sequence
alignment, we determined that alanine and phenylalanine are the most frequent residues
utilized by CYP255A enzymes at position 169 with alanine being more prevalent. Hence,
the GcoA-F169A mutant which showed enhanced turnover on guaiacol and syringol is
closer to the CYP255A consensus protein than the WT. It is interesting that although none
of the GcoA homologs in our analyses exhibits a histidine at position 169, the GcoA-F169H
mutant was stable and showed the highest specific activity on guaiacol. Next to GcoAF169, A295 and T296 respectively show the highest variability of residues in the active
site. Besides these, other residues within 6 Å of the center of mass of the guaiacol substrate
generally show high conservation.
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Figure 6.4. Bioinformatic analysis of CYP255A indicates variability in the 169 th sequence
position. Conservation of residues within 6 Å of guaiacol in GcoA (PDB code 5NCB).
Conservation scores are reported as percentiles. F169 is less conserved than 73% of positions in
GcoA.

F169A enables in vivo syringol conversion by GcoA.
Finally, we aimed to demonstrate in vivo conversion of syringol to pyrogallol using
Pseudomonas putida KT2440 because it possesses many native aromatic-catabolic
pathways relevant to lignin conversion (8, 30, 36, 37). To accomplish this, we transformed
plasmids expressing WT GcoA or the GcoA-F169A variant and GcoB into a strain that
constitutively overexpresses PcaHG (SI Appenidx, Tables S6.8, S6.9) a native 3,4protocatechuate dioxygenase from P. putida that converts pyrogallol into 2-pyrone-6carboxylate (Fig. 6.5A) (38). When cultured with 20 mM glucose and 1 mM syringol,
NMR analysis of the culture media revealed that peaks corresponding to syringol
completely disappeared in cells expressing GcoA-F169A (AM157) after 6 hours, which
coincided with the appearance of 3MC, pyrogallol, and 2-pyrone 6-carboxylate (Fig 6.5B,
SI Appendix, Figure S6.15). Small amounts of pyrogallol and 3MC were also observed
with the WT GcoAB (AM156). Pyrogallol or 3MC were not observed in the strain lacking
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GcoAB (AM155). These data indicate that the F169A variation enables in vivo
demethylation of syringol to 3MC and pyrogallol by GcoA.

Figure 6.5. GcoA-F169A converts syringol in vivo. (A) A pathway for in vivo syringol Odemethylation to pyrogallol and cleavage to 2-pyrone 6-carboxylate. (B) After 6 hours, strains were
analyzed for their ability to turn over syringol via 1H NMR spectroscopy. Syringol (green) is
completely converted to pyrogallol (pink), 3MC (blue), or 6-pyrone 6-carboxylate (purple) in
AM157. The WT GcoA enzyme in AM156 showed only small amounts of conversion. AM155,
which does not express GcoA, showed no conversion.

Discussion and Conclusions

The creation of enzymes that overcome the challenge of lignin heterogeneity
through increased substrate promiscuity is an attractive goal, but this might come at the
cost of reduced activity towards the natural substrate. Unexpectedly, not only does GcoAF169A bind both guaiacol and syringol in a productive orientation analogous to guaiacol
in WT (Fig. 6.1), but GcoA-F169A is also more catalytically efficient for O-demethylation
of both guaiacol and syringol relative to WT (Table 6.1). Alongside this biochemical
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observation, the bioinformatics analysis shows that alanine is the most prevalent residue in
the 169th sequence position in the CYP255A family. Taken together, it is surprising that
the WT GcoA does not exhibit an alanine at position 169 if guaiacol is the primary
substrate, as assumed in the original reports of GcoAB (17, 27, 28). Given that the GcoAF169A mutation results in improved turnover of guaiacol, we speculate that either guaiacol
is not the primary substrate or there has been little evolutionary pressure in Amycolatopsis
sp. ATCC 39116 for improved turnover of guaiacol. Another potential explanation could
be that syringol O-demethylation and subsequent ring cleavage leads to dead-end products
that cannot be catabolized and may be toxic to the microbe, thus GcoA-F169 could function
to prevent natural syringol catabolism.
As a first step towards enabling syringol catabolism, in vivo experiments validated
the in vitro studies by illustrating efficient O-demethylation of syringol and 3MC by the
GcoA-F169 mutant. While 2-pyrone 6-carboxylate was detected, pyrogallol is a poor
substrate of PcaHG, as most of the intermediate is lost to oxidation (Fig. 6.5B) and 2pyrone-6-carboxylate cannot be metabolized further. Future work could focus on
identifying or developing a dioxygenase capable of cleaving pyrogallol to a product that
could be further metabolized. The meta-cleavage pathway of P. putida mt-2 might enable
assimilation of pyrogallol if this molecule can be efficiently cleaved by the 2,3dioxygenase, XylE.
Cytochrome P450 systems are one of the most versatile classes of enzymes, making
them an ideal engineering target for enhanced activity and substrate promiscuity. Our
system is a prime example, as the mutation of a single residue resulted in efficient turnover
of the simplest S-lignin substrate, syringol, which is not efficiently achieved in the WT
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enzyme. The plasticity of the GcoA active site may be amenable to yet more modifications,
allowing us to encompass other lignin monomers as substrates, such as 4-substituted
compounds (e.g., vanillin, syringaldehyde). Indeed, in previous work we showed that T296
sterically clashes with the C4 position of vanillin, preventing O-demethylation (28).
Interestingly, the 296 position is also quite variable according to the bioinformatics analysis
(Fig. 6.4). The results described here suggest that we can employ a similar structure-guided
approach to investigate the activity of several T296 variants on 4-substituted compounds.
As a large number of lignin degradation products contain para-substituted R-groups that
are bulkier than hydrogen, creating an engineered bacterium where a minimal number of
genetic insertions leads to maximal lignin bioconversion is of keen interest for future work.
More broadly, the evolutionary trajectory, substrate specificity, and catalytic efficiency of
the CYP255A family of aromatic O-demethylases will be the subject of future work to
elucidate the relevance of this cytochrome P450 family for microbial lignin conversion.

Methods

Protein expression and purification.
Mutagenesis was performed using primers listed in SI appendix, with the Q5
polymerase and KLD enzyme mix (NEB) according to the manufacturers protocol. Protein
was expressed as previously described (28).

Crystallization and structure determination.
Crystallization, diffraction experiments, and structure solution were carried out as
previously described (28).
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Biochemical characterization.
Heme quantification of GcoA-F169 mutants. Catalytically active heme bound to
each GcoA mutant was determined as previously described (28, 39). Detailed methods are
provided in SI Appendix.
Determination of [FAD] and non-heme [Fe] in GcoB. The FAD and 2Fe-2S content
of GcoB was measured as previously described (28, 40). Detailed methods are given in SI
Appendix.
Steady state kinetics of GcoA-F169A. The O-demethylation of guaiacol, syringol,
and 3MC was continuously monitored using the NADH consumption assay as previously
described (28). Detailed methods are provided in SI Appendix.
Determination of substrate dissociation constants (KD) with GcoA-F169A. The
equilibrium binding constant, KD, for GcoA-F169A and guaiacol, syringol, and 3MC was
determined as previously described (28). See SI Appendix for detailed methods.
Fomaldehyde Determination. The [formaldehyde] produced upon reaction with
GcoA-F169A and substrates was determined using a colorimetric assay with tryptophan
(28, 41). See SI Appendix for detailed information.
HPLC for product identification and specific activity measurement. HPLC was
used to verify the O-demethylated product of GcoA-F169A GcoA/GcoB with guaiacol,
syringol, or 3MC. In addition, discontinuous HPLC was used to determine the specific
activity of aromatic product disappearance. For detailed methods, see SI Appendix.
Detection of H2O2 via HRP and Amplex Red assay. A colorimetric assay involving
horseradish peroxidase (HRP) and Amplex Red was used to quantify H2O2 in the reaction
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between GcoA-F169A GcoA/GcoB, NADH and guaiacol, syringol, or 3MC. Detailed
methods are given in SI Appendix.

Molecular dynamics, density functional theory, and bioinformatics.
MD simulations and DFT calculations were performed with similar methodology
as in our previous work (28). Full details of the computational methods and references can
be found in the SI Appendix. 482 homologous CYP255A sequences were retrieved from a
blastp search against GcoA. After multiple sequence alignment (MSA), conservation was
analyzed from relative entropy calculations for each site. Further details can be found in
the SI Appendix.

In vivo syringol utilization.
Strains used for shake flask experiments were grown overnight in LB media and
resuspended the following day in M9 minimal media with 20 mM glucose as described in
the SI Appendix. Cells were grown until they reached an OD600 of ~1, at which point
syringol was added at a final concentration of 1 mM. 1H NMR spectroscopy was used to
analyze syringol consumption.
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ENABLING MICROBIAL SYRINGOL CONVERSION THROUGH STRUCTUREGUIDED PROTEIN ENGINEERING

Melodie M. Machovina et al.

Supplementary Materials and Methods

Site-directed Mutagenesis.
Site-directed mutagenesis was performed using the Q5 polymerase and KLD
enzyme mix (NEB) according to the manufacturer's instructions. pCJ047 (pGEX-6P-1
vector containing WT GcoA (1)) or pCJ021 (pBTL-2 vector containing WT GcoAB) were
used as templates for mutagenesis. All mutants were confirmed by Sanger sequencing.

Protein expression and purification,
Expression constructs were expressed in E. coli Rosetta™ 2 (DE3) cells (Novagen).
Cells were transformed with plasmids containing the GcoA mutant 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
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flasks containing 1 L of terrific broth (TB) with antibiotics. At an OD600 of 1.0, 0.2 mM
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to induce protein expression.
100 mg/L 5-aminolevulinic acid (GcoA) 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 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 with Source 30Q media
(GE Lifesciences) packed into a (GE HR 16/100 Column) with a 10-40% gradient of
buffers A (50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT) and B (50 mM HEPES pH
7.5, 1 M NaCl, 1 mM DTT) respectively. 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.

Cofactor Analyses.
Heme Quantification. To determine the amount of catalytically active heme, CO
gas was bubbled into a cuvette containing 1.0-2.5 μM (Pierce BCA assay) F169 GcoA
mutants (A,H,S,V,I,L), made up in buffer (25 mM HEPES, 50 mM NaCl, pH 7.5)
containing 1.0 mM EDTA, 20% glycerol, 0.5% sodium cholate, and 0.4% non-ionic
detergent. Excess sodium dithionite (~1 mg) was added to reduce the heme iron and the
peak attributed to the catalytically competent, ferrous CO-bound heme (~450 nm)
gradually appeared. Several scans were taken to ensure complete binding of CO to heme.
A spectrum for a control containing only dithionite-reduced GcoA was measured, and a
difference spectrum computed. Absorbances at 420, 450, and 490 nm were recorded to
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calculate the amount of active GcoA (P450) or inactive GcoA (P420 nm) (see equations
6.1-3). Reported values are the average of three or more measurements.
(ΔA450 - ΔA490)/0.091 = nmol of P450 per mL

(6.1)

[(ΔA420 - A490)observed - (A450 - A490)theoretical]/0.110 = nmol of cytochrome P420 per
mL

(6.2)
nmol of P450 per mL x (-0.041) = (ΔA420 - A490)theoretical

(6.3)

Here ΔA450 and ΔA420 are the differences between the reference and sample spectra at
absorbances 450 and 420 nm, respectively.
Determination of [FAD] and non-heme [Fe] in GcoB. FAD was released from
GcoB by denaturing 200 μL of a protein (0.024 µM) solution with 5 μL saturated
ammonium sulfate, pH 1.4 (7% v/v H2SO4). Precipitated protein was pelleted by
centrifugation and the UV/vis spectrum of the FAD-containing supernatant was measured.
The absorbance at 454 nm, εFAD = 11.3 mM-1 cm-1, and total protein concentration
determined by the BCA assay (Pierce) 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].
To determine the Fe-S content of GcoB, the protein was first denatured as described
above. 50 μL of supernatant was added to 25 μL of 5% w/v sodium ascorbate to reduce the
iron. 100 μL 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 (ε535 = 22.14 mM-1 cm-1, determined using FeSO4 standards). An
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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].

Steady state kinetics and substrate dissociation constants.
Steady state kinetics of F169A. 0.2 µM each of F169A GcoA and GcoB were
dissolved in air-saturated buffer (25 mM HEPES, 50 mM NaCl) in a cuvette at pH 7.5, 25
°C. 100 µg/mL catalase was added to each reaction to capture any H2O2 formed during the
uncoupled reaction. A saturating amount of NADH (≥ 5KM, 300 µM) was added and a
background rate of NADH oxidation in air (~210 µM O2) recorded via continuous scanning
of the UV/vis spectrum (Varian Cary 50). 20-300 µM guaiacol or syringol 2-20 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 (ε344 = 6.22 mM-1 cm-1). A plot of vi versus
[guaiacol] was fit to equation 6.4 to obtain kcat, KM, and kcat/KM. For specific activity
determination, the above method was used but with saturating (300 µM) guaiacol, syringol,
or 3-methoxycatechol (3MC), and in the presence of all F169 GcoA mutants (A,H,S,V,I,L).
The linear portion of [NADH] vs time was fit and referenced to the amount of GcoA used
(0.2 µM). Reported values are the average of ≥3 measurements and reported errors are
standard deviations.
vi = Vmax[S]/(KM + [S])

(6.4)

Determination of substrate dissociation constants (KD) with F169A. 0-60 µM of
guaiacol, syringol, or 3MC in 0.5 or 1 µM aliquots, were titrated into a cuvette containing
3 µM F169A GcoA in 25 mM HEPES, 50 mM NaCl, pH 7.5. The spectrum after each
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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 388 nm,
and a trough at 417 nm. The absorbance at 388 nm (Abs388-417 nm) was plotted as a function
of [substrate], yielding a quadratic curve that was fit to equation (6.5) to determine the KD.
Δ 𝐴𝑏𝑠𝑜𝑏𝑠 =

Δ 𝐴𝑏𝑠𝑚𝑎𝑥
2𝐸𝑡

(𝐿0 + 𝐸𝑡 + 𝐾𝐷 − √(𝐿0 + 𝐸𝑡 + 𝐾𝑑 )2 − 4𝐸𝑡 ∗ 𝐿0 )

(6.5)

Where L0, Et, KD, and ΔAbsmax 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.

Product analysis.
Formaldehyde determination. A colorimetric assay using tryptophan can be used
to quantify the amount of formaldehyde produced in F169 GcoA/B reactions with guaiacol,
syringol, or 3MC. 0.2 µM each of F169 GcoA mutants and GcoB were dissolved in airsaturated buffer (25 mM HEPES, 50 mM NaCl) in a cuvette at pH 7.5, 25 °C. 100 µg/mL
catalase was added to each reaction to capture any H2O2 formed during the uncoupled
reaction. 200 μM NADH was added and the background rate recorded. 100 (guaiacol,
syringol, or 3MC) or 200 (syringol) μM of substrate was then added and the reaction
monitored until there was no more change, due to either substrate, NADH or O2 depletion,
whichever occurred first. 200 µL of the reaction was then quenched by adding 200 µL of
a 0.1% tryptophan solution in 50% ethanol and 200 µL of 90% sulfuric acid. Upon
thorough mixing, 40 µL of 1% FeCl3 was added. The solution was then incubated in a

267

heating block for 90 min at 70 °C. After cooling, the absorbance was read at 575 nm and
the [formaldehyde] calculated by using ε575

nm

= 4.2 mM-1 cm-1, obtained with

formaldehyde as a standard (1). A negative control included everything but the substrate
and was used as a baseline.
HPLC for product identification and specific activity measurement. Analyte
analysis of the above end-point reactions (100 μM guaiacol, syringol, or 3MC, or 200 μM
syringol) was performed on an Agilent 1100 LC system (Agilent Technologies) equipped
with a G1315B diode array detector (DAD). Each sample and standard was injected at a
volume of 10 μL onto a Symmetry C18 column 5 μm, 4.6 x 150 mm column (Waters). The
column temperature was maintained at 30 °C and the buffers used to separate the analytes
of interest was 0.01% TFA in water (A)/ acetonitrile (B). The separation was carried out
using a gradient program of: (A) = 99% and (B) = 1% at time t = 0 min; (A) = 99% and
(B) = 1% at time t = 2 min, (A) = 50% and (B) = 50% at t = 8 min; (A) = 1% and (B) =
99% at t = 8.01 min; (A) = 99% and (B) = 1% at t = 10.01 min; (A) = 99% and (B) = 1%
at t = 11 min. The flow rate was held constant at 1.5 mL min-1, resulting in a run time of
11 minutes. DAD wavelengths of 210 and 325 nm were used for analysis of the analytes
of interest. Standard curves were generated using 0-500 μM of guaiacol, syringol, 3MC,
catechol, and pyrogallol. Integrated intensities vs [standards] were plotted and the resulting
standard curves used to quantify the reactants and products.
For specific activity determination, 300 μM guaiacol, syringol, or 3MC were added
from 0.1 M DMSO stocks to air saturated buffer (25 mM HEPES, 50 mM NaCl, pH 7.5),
with a final volume of 1 mL. The [analyte] was measured via the above HPLC method.
Then, 0.2 μM F169A/ GcoB and 100 μg/mL catalase were added. Upon addition of 300
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μM NADH, the timer was started and 50 μL removed every 10 (guaiacol and syringol) or
30 (3MC) seconds. The reaction of each aliquot was immediately quenched with 12.5 μL
saturated ammonium sulfate, 7% v/v H2SO4 (pH 2.0) prior to loading onto the HPLC
column. [Substrate] disappearance was referenced to GcoA (0.2 µM) and fit to a linear line
to determine specific activity.

Uncoupling reactions.
Detection of H2O2 via horseradish peroxidase (HRP) and Amplex Red assay. The
reaction between 100 μM guaiacol or 3MC with 0.2 μM F169A/GcoB and 100 μM NADH
in air-saturated buffer (25 mM HEPES, 50 mM NaCl, pH 7.5) was monitored continuously
in a quartz cuvette, using the NADH consumption assay described above. The same thing
was done for syringol, but with either 100 or 200 μM NADH. When there was no longer
any change in the spectra, e.g., the reaction was completed, 100 μL was removed from the
cuvette and pipetted into a 96-well microplate. A 5 mL solution containing 50 μL of 10
mM Amplex Red (prepared in DMSO and stored at -20 °C) and 100 μL of 10 U/mL HRP
was made up in the above buffer. 100 μL of this was added to each of the wells with each
reaction sample. The plate was incubated in the dark at room temperature for 30 min, at
which point the absorbance at 572 nm was recorded by a Varioskan Lux microplate reader
(Thermo Scientific). The absorbance was compared to a standard curve with 0-100 μM
H2O2 to quantify the amount of peroxide produced in the reactions.

Crystallography.
Purified protein was buffer exchanged into 10 mM HEPES pH 7.5 and concentrated
to an A280 value of 12, as measured on a NanoDrop 2000 spectrophotometer (Thermo
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Fisher). Crystals of GcoA were grown with 2.4 M sodium malonate and 200 mM substrate,
dissolved in 40% DMSO where necessary. Crystals were cryocooled directly in liquid N2
without further addition of cryoprotectants. All data were collected at Diamond Light
Source (Harwell, UK). For each crystal, 1800 images were taken at 0.1o increments using
the default wavelength of 0.9795Å on beamline i04. Data was captured on a Pilatus 6M-F
detector. All phases were solved by molecular replacement from the original WT GcoA
structure in complex with guaiacol with all non-polypeptide components removed. Data
were processed, phased, and models were built and refined using Xia2 (2-6) and the Phenix
suite (7-10).

Strain construction.
For genomic manipulations in P. putida KT2440, an antibiotic-sacB counter and
counterselection method was utilized as described in Blomfield at al. (11) and modified for
P. putida KT2440 (12). Diagnostic PCR was utilized to confirm correct integrations or
deletions using the 2X myTaqTM system (Bioline). Specific strain construction details are
included in Table S8, plasmid construction details are included in Table S9, and oligo
sequences are included in S10.
To transform cells for episomal expression in P. putida, cells were initially grown
shaking at 225 rpm, 30 °C, overnight in Luria-Bertani (LB) medium containing 10 g/L
tryptone, 5 g/L yeast extract, and 5 g/L NaCl, and used to inoculate LB the following day
to an OD600 of ~0.1 and grown until they reached an OD600 of 0.6. Cells were then washed
three times using 300 mM sucrose and resuspended in a volume 1/50 of the original culture
(13). Plasmid DNA was added, and this mixture was then transferred to 1 mm
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electroporation cuvettes and electroporated at 1.6 kV, 25 F, 200 Ω. Following the addition
of 950 uL of SOC media (NEB), cells were shaken for an additional 45 minutes at 30°C,
220 rpm, and plated on solid media containing appropriate antibiotics.

Shake flask experiments and in vivo product analyses.
Strains evaluated in shake flask experiments were initially grown overnight in LB
media with appropriate antibiotics from glycerol stocks and resuspended the following day
in M9 minimal media (6.78 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 2
mM MgSO4, 100 µM CaCl2, and 40 µM FeSO4 . 7H2O) supplemented with 20 mM glucose
(Sigma-Aldrich) and 50 mg/mL kanamycin. Cells were grown until they reached an OD600
of 1, at which point syringol (Sigma-Aldrich) was added to a final concentration of 1 mM.
Syringol concentrations were quantified using any 1H NMR, and spectra were collected
using a Bruker Avance III HD 400 MHz Spectrometer and analyzed using Bruker
TopSpin3.7 software. For identification of unknown compounds, samples were analyzed
via LC-MS-MS using the Acquity UPLC system (Waters Inc.). Compounds were separated
using a C18 column, and flow was directly analyzed by MS using electron spray ionization
(ESI) in negative ion mode.

Bioinformatics Analysis.
CYP255A sequences were retrieved by a blastp search against the non-redundant
protein sequence database (14) using GcoA as the query sequence. From the blast results,
only sequences with a query cover of at least 66% and sharing a sequence identity of greater
than 28% but less than 97% with the query sequence were retained. In total, 482 homologs
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of GcoA were retrieved. A multiple sequence alignment (MSA) was carried out using
MAFFT (15) with Biopython (16). Conservation analysis was implemented by computing
the relative entropy for each site in the MSA (17). The relative entropy is given by equation
(6.6):
R. E = ∑20
𝑖=1(pi log

pi
MSA
pi

)

(6.6)

where pi is the frequency of amino acid i in the given site and pMSA
is the frequency of
i
amino acid i in the MSA.

Molecular dynamics (MD) simulations.
Unrestrained MD simulations. Unrestrained MD simulations were performed on
both WT GcoA and F169A mutant with either guaiacol or syringol bound at the active site.
The previous constructed model of WT GcoA with guaiacol bound at the active site was
used as the initial conformation to generate these structures (1). The heme group was kept
in a hexacoordinate state (Compound I). Similar to previous work, five histidine residues,
including His131, His221, His224, His255, and His343 were doubly protonated (+1
charge), while the remaining histidine residues were kept neutral (singly protonated). Na+
cations were added to each system to achieve charge neutrality, resulting in ~74,000 atoms
for each system.
The ff14SB Amber force field (18) parameters were used for the enzyme and
Generalized Amber Force Field (GAFF) (19, 20) parameters were used for the various
substrates, as reported previously (1). Force field parameters for the heme group were taken
from ref (21). Particle mesh Ewald (PME) (22) was used for long-range interactions and
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the cutoff distance for nonbonded interactions was 9 Å. All the simulations were conducted
using NAMD program(23) with a time-step of 2.0 fs. SHAKE algorithm (24) was used to
keep bonds to hydrogen atoms fixed. Langevin thermostat with a collision frequency of 1.0
ps-1 was used to keep the temperature at 300 K. Each system was relaxed in NPT ensemble
for 500 ps first, followed by 80 ns of production was performed in the NVT ensemble. For
the initial NPT dynamics, the pressure was held at 1 atm using a Nosé− Hoover barostat
coupled to a Langevin piston (25, 26) with a damping time of 100 fs and a period of 200
fs.
As in our previous work (1) we employed the following reaction coordinate to
describe the opening/closing motion of GcoA: ξ = RMSDopen - RMSDclosed, where
RMSDopen is the RMSD relative to the most open structure of WT GcoA/apo obtained via
microsecond MD trajectory, and RMSDclosed is relative to the closed crystal structure. The
Cα atoms of residues 5:35 and 154:210 were chosen to calculate the RMSD.
Replica exchange thermodynamic integration (RETI) simulations. In order to assess
relative free energies of binding in the active site of GcoA, RETI simulations were
performed (27, 28) using NAMD 2.12 (29). Simulations were performed in the NPT
ensemble with simulation parameters identical to those of the MD simulations described
above, unless noted otherwise. Initial configurations for RETI were produced from the
crystal structure appropriate for each system along with modified AMBER prmtop files to
accommodate the dual-topology paradigm employed by NAMD for alchemical
simulations. Each TI replica was simulated for between 150 -250 ns until convergence was
achieved. The temperature was maintained at 308 K through Langevin dynamics using a
collision frequency of 1.0 ps−1. The cutoff distance for nonbonded interactions was 12.0 Å.
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Two separate types of alchemical transitions were performed, with transformations
targeting either the substrate or the enzyme. In each case, the transition parameter 
describes the progress of alchemical transformation. In the first kind, a syringol molecule
at  = 0 undergoes an alchemical transition to a guaiacol molecule at  = 1. This simulation
was performed with the substrate molecule in three different contexts: in a periodic water
box, in the active site of solvated WT GcoA, and in the active site of solvated GcoA F169A
mutant. In the second group of transformations, residue 169 of the GcoA is transformed
from Phe at  = 0 to Ala at  = 1. This transformation was also performed in three separate
contexts: with guaiacol at the active site, with syringol at the active site, and with empty
active site (apo). Although these alchemical transitions were made between the entire
substrate molecule (in the first set) or protein residue (in the second set), in both cases many
atoms are shared in common, so zero-length 10 kcal/mol/Å2 “bonds” were applied between
equivalent heavy atoms, “pinning” them together. These additional restraints eliminate
sampling of unphysical conformations that can slow the convergence of the calculations
(30-32).
The RETI simulations were performed with 20 windows at  ∈ {0.00, 0.03, 0.06,
0.10, 0.15, 0.22, 0.29, 0.36, 0.43, 0.5, 0.56, 0.62, 0.68, 0.74, 0.80, 0.86, 0.90, 0.94, 0.97,
1.00}. Smaller increments in  were used near the end points to avoid “end-point
catastrophes” (33). The van der Waals contributions of both disappearing and appearing
residues were simultaneously varied with the reaction coordinate . Electrostatic
contributions of disappearing residues were turned off over the first half of the reaction
coordinate, while those of the appearing residues were turned on over the second half of
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the reaction coordinate, such that both appearing and disappearing atoms were uncharged
at  = 0.5. Exchanges between adjacent replicas were attempted every 2 ps between
alternating replica pairs, yielding an overall exchange attempt rate of once per 4 ps,
consistent with literature guidelines (34). The combination of these parameters yielded an
acceptance ratio for exchanges of approximately 50%. In each case, the final 100 ns were
used to compute each ΔG reported in Figure S11. Third order spline interpolation was used
to integrate the average dU /dλ obtained from simulations at each window over the final
100 ns. Error estimates were obtained using the methodology detailed in Steinbrecher et al
(35). To avoid underestimating noise error due to autocorrelations of the dU /dλ timeseries,
means and standard errors were computed by sampling all of the dU /dλ data at a rate higher
than the output rate. For each simulation, this rate was set by finding the longest triple efolding time of the dU /dλ autocorrelation, as determined by an exponential fit. Typical
values of this time were 3-4 ps.
DFT calculations.
Density Functional Theory (DFT) calculations were performed using Gaussian 09
(36). 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) (37-39) 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
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calculations by raising all frequencies below 100 cm–1 to 100 cm–1 (40, 41). Single point
energy calculations were performed using the dispersion-corrected functional (U)B3LYPD3(BJ) (42, 43) with the LANL2DZ basis set on iron and 6-311+G(d,p) on all other atoms,
within the CPCM polarizable conductor model (diethyl ether, ε = 4) (44, 45) to have an
estimation of the dielectric permittivity in the enzyme active site. The use of a dielectric
constant ε=4 has been proved to be a good and general model to account for electronic
polarization and small backbone fluctuations in enzyme active sites (46, 47). All stationary
points were verified as minima or first-order saddle points by a vibrational frequency
analysis. Computed structures are illustrated with CYLView (48).

DFT optimized geometries.
Electronic energies (E), zero point energy (ZPE), free energy (G(T)),
quasiharmonic corrected free energy (qh-G(T)), and electronic energy from high level
single point calculation (E Single point) of all stationary points (in a.u.). Cartesian
coordinates are reported in xyz format.
Structure

E (au)

ZPE
(au)

G(T) (au)

qh-G(T)
(au)

E Single Point
(au)

1 - syringol

-536.495040

0.170476

-536.361137

-536.360232

-536.706360

Fe=O-Porph - doublet

1625.106262

0.317660

1624.839694

1624.837490

-1625.567736

Fe=O-Porph - quartet

1625.106093

0.317696

1624.840115

1624.837883

-1625.567464

FeH2O-Porph - doublet

1626.387773

0.338497

1626.101953

1626.099515

-1626.878338

3 - hemiacetal

-611.711120

0.175635

-611.573661

-611.572350

-611.959659

7 - acetal

-535.284576

0.149181

-535.170634

-535.169544

-535.479338

Fe-Porph - sextet

1549.964112

0.312990

1549.704649

1549.700465

-1550.402389
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Fe=O-Porph - doublet +
Syringol

2161.610445

0.489091

2161.193023

2161.181629

-2162.291362

2161.610252

0.489162

2161.193304

2161.181929

-2162.290915

TS1-a - doublet

2161.574263

0.482285

2161.159708

2161.150955

-2162.264394

TS1-b - doublet

2161.578885

0.482284

2161.163139

2161.155284

-2162.269456

TS1-a - quartet

2161.572822

0.482653

2161.160202

2161.149881

-2162.260628

TS1-b - quartet

2161.578118

0.482402

2161.163372

2161.155008

-2162.268868

Int1-b - doublet

2161.595046

0.484420

2161.180622

2161.170366

-2162.290290

Int1-a - quartet

2161.585020

0.485263

2161.172652

2161.160884

-2162.274849

Int1-b - quartet

2161.593829

0.485312

2161.178962

2161.168993

-2162.286346

TS2-b - quartet

2161.590346

0.480888

2161.177325

2161.169410

-2162.289260

TS2-a - quartet

2161.579121

0.484609

2161.165749

2161.154995

-2162.270819

TS1-c - doublet

2161.598186

0.483285

2161.182677

2161.174168

-2162.287930

TS1-c - quartet

2161.599963

0.483375

2161.184856

2161.176470

-2162.289148

Int1-c - quartet

2161.623252

0.487968

2161.207527

2161.195638

-2162.309777

TS2-c - doublet

2161.593206

0.481997

2161.180272

2161.170068

-2162.282252

TS2-c - quartet

2161.589202

0.481568

2161.176370

2161.167267

-2162.279422

(reactant complex)
Fe=O-Porph - quartet +
Syringol
(reactant complex)

DFT Cartesian coordinates of optimized structures
1 - syringol
H 1.39112 -2.28267
C 1.55655 -3.16232

1.27967
0.65137
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O
H
H
C
C
C
C
H
C
O
C
H
H
O
C
H
H
H
H

1.83943
0.64644
2.37296
3.00432
3.94560
3.24620
5.11402
3.72774
4.44085
2.33108
5.37564
5.83572
6.29099
4.54423
5.68200
5.55607
6.60729
5.74538
2.70407

-2.80032
-3.76575
-3.76518
-2.10863
-2.65330
-0.85454
-1.96235
-3.62174
-0.17289
-0.28387
-0.71604
-2.39322
-0.18504
1.04142
1.84488
2.75526
1.33912
2.10416
0.57525

-0.70216
0.61463
1.07192
-0.92089
-1.80389
-0.34585
-2.10854
-2.24238
-0.64837
0.49369
-1.52678
-2.79606
-1.76219
-0.00637
-0.27327
0.31574
0.03158
-1.33793
0.76038

Fe=O-Porph - doublet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H

0.09001
1.85561
-0.85946
1.02135
-1.69352
3.09603
-2.21650
2.07516
-0.27579
2.37035
-2.93239
0.44628
-1.90782
4.12324
-2.49372
3.48944
-1.29180
2.65560
-3.95735
1.45873
-3.32040
5.18468
-3.48552
3.92107
-1.09269
3.64697
-5.01933
1.26084
-3.75032
3.34041
-3.18338
-0.91718
1.08664
4.37546
-4.22017

0.04213
-0.91507
-1.74466
1.81096
0.98033
-0.33521
-1.96098
-2.26630
-2.99282
2.02263
0.40160
3.05350
2.33688
-1.34905
-3.37588
-2.54821
-4.01358
3.43696
1.41528
4.07841
2.61780
-1.14989
-3.80699
-3.54060
-5.07702
3.86392
1.21486
5.14271
3.61082
1.02846
-0.96714
3.30603
-3.23934
1.34644
-1.28302

-0.36230
-0.14137
-0.26081
-0.13520
-0.29018
-0.04630
-0.33048
-0.20461
-0.30557
-0.03347
-0.37143
-0.17221
-0.31952
-0.03748
-0.38397
-0.14220
-0.37375
0.00387
-0.43884
-0.08606
-0.40765
0.03703
-0.43432
-0.16883
-0.41026
0.08620
-0.50274
-0.09160
-0.44037
0.01904
-0.37529
-0.26237
-0.29289
0.09875
-0.44097
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H
H
O
S
C
H
H
H

-1.23209
1.40798
0.16134
-0.02287
-1.70575
-2.40211
-1.75557
-2.01065

4.34481
-4.27526
0.05021
-0.39701
-0.05646
-0.74305
-0.23660
0.96742

-0.28732
-0.33853
-1.98164
2.22638
2.81715
2.31979
3.89501
2.58591

Fe=O-Porph - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H

0.08895
1.86276
-0.84332
1.00580
-1.70236
3.09813
-2.19942
2.09490
-0.24962
2.35278
-2.93637
0.42013
-1.92741
4.13428
-2.46453
3.51148
-1.25745
2.62631
-3.96936
1.42390
-3.34204
5.19381
-3.45284
3.95197
-1.04971
3.61423
-5.02956
1.21688
-3.77974
3.33110
-3.17533
-0.94542
1.11433
4.36354
-4.20904
-1.26930
1.44343
0.17228
-0.02234
-1.70860
-2.39975
-1.75761
-2.02090

0.03952
-0.90115
-1.75056
1.81862
0.96435
-0.31000
-1.97867
-2.25008
-2.99497
2.04153
0.37652
3.05592
2.31953
-1.31466
-3.39574
-2.51948
-4.02362
3.45830
1.38196
4.08957
2.58935
-1.10596
-3.83511
-3.50797
-5.08554
3.89349
1.17322
5.15213
3.57904
1.05529
-0.99432
3.29684
-3.23131
1.38158
-1.32004
4.33292
-4.26486
0.08273
-0.40009
-0.07328
-0.76382
-0.25730
0.94912

-0.36576
-0.14522
-0.26510
-0.12816
-0.29294
-0.04804
-0.33111
-0.20789
-0.30398
-0.02887
-0.37754
-0.16389
-0.31803
-0.03929
-0.37792
-0.14488
-0.36644
0.00914
-0.44505
-0.07820
-0.40862
0.03651
-0.42546
-0.17119
-0.39877
0.08978
-0.51164
-0.08305
-0.43907
0.02080
-0.38054
-0.25451
-0.29390
0.10089
-0.44639
-0.27674
-0.33763
-1.98469
2.22592
2.81526
2.31616
3.89258
2.58760
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Fe-Porph-H2O - doublet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
H

0.05972
1.52154
-1.35210
1.48798
-1.38396
2.88049
-2.71273
1.33516
-1.13438
2.84999
-2.74203
1.26887
-1.19962
3.56891
-3.36949
2.61021
-2.39038
3.50874
-3.42848
2.52745
-2.47205
4.64489
-4.43967
2.73599
-2.49058
4.58169
-4.50190
2.62670
-2.59898
3.50881
-3.36883
0.02654
0.10743
4.59388
-4.45176
0.01191
0.11893
0.14625
0.09768
-1.62246
-2.17234
-1.56172
-2.15871
0.93595
-0.58708

0.00013
-1.39355
-1.42758
1.42930
1.39301
-1.19649
-1.26488
-2.75365
-2.78246
1.26525
1.19720
2.78338
2.75389
-2.46469
-2.55028
-3.43062
-3.49155
2.55002
2.46610
3.49217
3.43125
-2.58133
-2.69494
-4.50556
-4.56969
2.69211
2.58524
4.56997
4.50658
0.04236
-0.04179
3.40280
-3.40215
0.05546
-0.05500
4.48831
-4.48766
-0.00294
-0.00434
0.00586
-0.87980
-0.00070
0.90343
-0.21781
0.20225

-0.10196
-0.16026
-0.24699
-0.14419
-0.26691
-0.11935
-0.35222
-0.11963
-0.20834
-0.10808
-0.36684
-0.11069
-0.22468
-0.07150
-0.37862
-0.06861
-0.28494
-0.06016
-0.39609
-0.05877
-0.30342
-0.03836
-0.45811
-0.03417
-0.27351
-0.02841
-0.47434
-0.02729
-0.29181
-0.10607
-0.41789
-0.14383
-0.13942
-0.06899
-0.49653
-0.11591
-0.11005
-2.28515
2.11918
2.73814
2.40992
3.83151
2.41984
-2.80169
-2.88235

3 - hemiacetal
H 1.47660 -2.15525 1.29974
C 1.65474 -3.08055 0.74435
O 1.89375 -2.82733 -0.64181
H 0.76319 -3.71086 0.78355
H 2.49942 -3.62123 1.19285
C 3.02799 -2.11676 -0.94605
C 3.98867 -2.71084 -1.77105
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C
C
H
C
O
C
H
H
O
C
H
H
H
O
H

3.22349
5.12895
3.80864
4.38488
2.29480
5.33803
5.86142
6.20470
4.44792
5.72711
5.53348
6.39884
2.64998
6.36026
5.78788

-0.79990
-2.00881
-3.72736
-0.10993
-0.18985
-0.69771
-2.47956
-0.12883
1.18592
1.75426
2.56952
1.01182
0.69606
2.20627
2.87382

-0.50240
-2.15682
-2.10610
-0.88963
0.29202
-1.71889
-2.80567
-2.03365
-0.38917
-0.15307
0.55470
0.28822
0.48749
-1.31420
-1.72693

7 - acetal
H 0.75901
C 1.37443
O 2.41466
H 0.76365
H 1.77222
C 3.30561
C 4.16238
C 3.47947
C 5.13019
H 4.03282
C 4.45089
O 2.83799
C 5.29943
H 5.76328
H 6.04758
O 4.43425
C 3.24772
H 3.46062
H 2.45740

-2.13039
-2.94185
-3.30572
-3.83940
-2.63702
-2.35851
-2.71603
-1.08234
-1.84415
-3.70405
-0.21884
-0.47001
-0.55616
-2.16355
0.13582
0.95661
0.89673
1.25930
1.49707

0.20764
0.61315
-0.29130
0.72998
1.58600
-0.69474
-1.75861
-0.16486
-2.24549
-2.18811
-0.67160
0.90347
-1.70747
-3.06797
-2.07631
0.04740
0.83689
1.84528
0.35901

Fe=O-Porph - doublet + Syringol (reactant complex)
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C

1.66063 0.05527 -0.03921
3.04911 -1.39611 -0.26839
0.35785 -1.33879 0.64003
3.06410 1.45172 -0.40051
0.35984 1.50567 0.47421
4.34704 -1.22997 -0.68429
-0.94055 -1.12329 1.04267
2.85094 -2.74973 -0.18366
0.51885 -2.70836 0.60635
4.35884 1.23443 -0.79035
-0.93846 1.33919 0.87846
2.88645 2.80978 -0.42212
0.53628 2.85969 0.31984
4.98544 -2.51254 -0.85571
-1.60112 -2.38078 1.29926
4.05466 -3.45656 -0.54959

281
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

-0.69648 -3.36056 1.02618
5.01973 2.48868 -1.05834
-1.59806 2.61726 0.99244
4.10287 3.46883 -0.83131
-0.68062 3.56200 0.64812
6.01176 -2.65249 -1.17037
-2.63265 -2.47640 1.61194
4.15720 -4.53420 -0.55777
-0.82471 -4.43350 1.09393
6.04946 2.58691 -1.37760
-2.63204 2.74888 1.28294
4.22212 4.54078 -0.92438
-0.80016 4.63732 0.60907
4.96445 -0.01029 -0.91712
-1.54636 0.11921 1.15894
1.71106 3.47247 -0.08954
1.67137 -3.36781 0.21454
6.00159 -0.02923 -1.23771
-2.58719 0.13924 1.46416
1.71210 4.55606 -0.15834
1.65748 -4.45318 0.23290
1.14036 -0.02621 -1.57519
2.36987 -0.20717 2.46738
1.16959 0.65749 3.52049
0.18231 0.19813 3.38687
1.46207 0.54653 4.56872
1.09435 1.71498 3.25440
-1.07718 -0.37293 -2.57255
-1.79496 -1.05523 -3.03990
-2.85649 -1.38660 -2.14522
-1.29448 -1.99801 -3.26607
-2.18822 -0.62208 -3.96832
-3.66396 -0.38021 -1.68442
-3.65525 0.94760 -2.11738
-4.55592 -0.80526 -0.68591
-4.55721 1.84644 -1.54559
-2.95673 1.27826 -2.87683
-5.45808 0.10746 -0.11835
-4.53653 -2.10136 -0.25399
-5.45552 1.43972 -0.55644
-4.56185 2.88077 -1.87671
-3.83051 -2.53793 -0.76524
-6.15037 2.15606 -0.13398
-6.27786 -0.40292 0.84856
-7.23509 0.46360 1.42823
-7.78763 -0.14083 2.15039
-6.75983 1.30557 1.95102
-7.93302 0.85863 0.67740

Fe=O-Porph - quartet + Syringol (reactant complex)
Fe
N
N
N
N
C
C
C

1.61447 0.06766 -0.02681
3.11789 -1.24448 -0.34701
0.45737 -1.45705 0.61792
2.88746 1.59800 -0.34715
0.20516 1.37728 0.57368
4.38804 -0.94746 -0.77659
-0.84092 -1.37194 1.06885
3.03974 -2.61245 -0.32033

282
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

0.73655 -2.80564 0.52723
4.18672 1.51103 -0.77005
-1.06465 1.08300 0.99472
2.59109 2.93431 -0.30970
0.26027 2.74684 0.47088
5.13058 -2.16075 -1.01823
-1.37820 -2.69136 1.29833
4.29134 -3.19502 -0.74015
-0.40184 -3.57719 0.95881
4.72990 2.82839 -0.99756
-1.83123 2.29298 1.16833
3.73609 3.71407 -0.71337
-1.00664 3.32660 0.84635
6.15836 -2.19666 -1.35635
-2.38209 -2.88634 1.65179
4.48632 -4.25820 -0.79941
-0.43287 -4.65894 0.99052
5.73971 3.02952 -1.33186
-2.86751 2.32294 1.47809
3.75892 4.79519 -0.76452
-1.22056 4.38787 0.85043
4.89413 0.33007 -0.96266
-1.55446 -0.19547 1.24357
1.36882 3.47658 0.06952
1.92828 -3.34669 0.07656
5.92218 0.41484 -1.30139
-2.58363 -0.28399 1.57467
1.27346 4.55791 0.04574
2.00776 -4.42902 0.04899
1.08710 0.03453 -1.56267
2.40565 -0.23114 2.45270
1.16332 0.48786 3.56521
0.21514 -0.04881 3.43670
1.49131 0.36242 4.60133
0.99259 1.54446 3.34371
-1.06081 -0.27475 -2.73086
-1.74051 -1.03195 -3.13502
-2.75218 -1.37532 -2.18921
-1.18116 -1.95098 -3.31617
-2.18687 -0.68750 -4.07653
-3.60507 -0.39371 -1.75724
-3.71526 0.89441 -2.28574
-4.41105 -0.80029 -0.68160
-4.65046 1.77013 -1.73212
-3.08332 1.21244 -3.10651
-5.34429 0.09034 -0.13037
-4.27296 -2.05380 -0.15528
-5.46430 1.38052 -0.66608
-4.74768 2.77302 -2.13740
-3.55897 -2.47679 -0.66713
-6.18579 2.07843 -0.25766
-6.06478 -0.39591 0.92507
-7.05489 0.44260 1.49057
-7.51851 -0.13837 2.29041
-6.62045 1.35864 1.91526
-7.82096 0.72046 0.75386

283
TS1-a - doublet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
C
O
C
H
H
H

1.40144 -0.00970 -0.13820
0.02879 1.02247 -1.18756
0.58529 -1.74916 -0.74189
2.33774 1.72212 0.30115
2.87407 -1.04991 0.80041
-0.01668 2.37511 -1.40464
0.99263 -3.01496 -0.41623
-1.05845 0.50016 -1.83663
-0.59229 -1.89416 -1.43142
1.98873 2.98792 -0.10102
2.98946 -2.41204 0.91115
3.42523 1.87082 1.12441
3.88234 -0.51795 1.56627
-1.17227 2.71889 -2.19986
0.06442 -3.99007 -0.93829
-1.82699 1.55280 -2.46088
-0.92299 -3.29322 -1.56522
2.88371 3.96031 0.47790
4.11719 -2.75157 1.75011
3.76823 3.26761 1.24733
4.66516 -1.57706 2.16244
-1.42970 3.72268 -2.51415
0.16470 -5.06182 -0.82203
-2.73714 1.40007 -3.02637
-1.80134 -3.67365 -2.07094
2.82563 5.02867 0.31242
4.42627 -3.76110 1.99008
4.58905 3.65034 1.84054
5.52079 -1.42245 2.80756
0.90559 3.29508 -0.91577
2.12507 -3.33147 0.33108
4.12949 0.83655 1.73307
-1.36134 -0.85381 -1.93683
0.75001 4.34015 -1.16685
2.32478 -4.38431 0.50758
4.96658 1.11472 2.36642
-2.26888 -1.12019 -2.47002
0.50962 -0.06377 1.35876
3.07820 -0.04244 -1.97027
3.15592 -1.70612 -2.69886
2.18015 -2.02106 -3.07767
3.89369 -1.70219 -3.50665
3.47996 -2.42484 -1.93685
-0.24219 0.81085 1.51956
-1.15170 1.77408 1.85790
-2.29284 1.65803 1.09011
-0.65694 2.71174 1.61014
-1.31360 1.61176 2.92754
-3.20106 0.64803 1.32546
-3.04553 -0.37833 2.26000
-4.33500 0.73029 0.50454
-4.07139 -1.31066 2.39468
-5.36388 -0.21681 0.65778
-4.45886 1.70791 -0.43539
-5.22755 -1.23155 1.61165
-3.96870 -2.11844 3.11294
-3.61352 2.19199 -0.45190
-6.01085 -1.96946 1.73898

284
O
C
H
H
H
H

-6.43467 -0.05314 -0.17285
-7.51111 -0.96422 -0.04985
-8.25381 -0.65082 -0.78621
-7.19872 -1.99507 -0.26721
-7.95887 -0.93072 0.95285
-2.13264 -0.46845 2.83620

TS1-b - doublet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C

-1.17718 0.03369 0.21432
-1.84250 -1.87232 0.30080
-2.76995 0.54082 -0.93502
0.28371 -0.43599 1.50345
-0.59936 1.96692 0.22326
-1.33882 -2.90031 1.06155
-3.06975 1.78091 -1.44343
-2.88845 -2.40496 -0.40830
-3.68270 -0.32850 -1.48891
0.51560 -1.64620 2.10434
-1.17142 3.01305 -0.44878
1.28206 0.39808 1.93498
0.53154 2.46974 0.81280
-2.08204 -4.11282 0.81951
-4.22322 1.69977 -2.30827
-3.03712 -3.80791 -0.10201
-4.59696 0.39192 -2.34272
1.69003 -1.57538 2.93825
-0.39110 4.21497 -0.26732
2.17240 -0.30692 2.82452
0.67059 3.87527 0.51281
-1.88542 -5.06387 1.29793
-4.66485 2.54099 -2.82730
-3.78971 -4.45641 -0.53227
-5.41213 -0.06128 -2.89239
2.08576 -2.39874 3.51903
-0.63296 5.17881 -0.69678
3.04461 0.12778 3.29541
1.48411 4.50098 0.85623
-0.25191 -2.79291 1.91962
-2.33771 2.93744 -1.20580
1.41101 1.74322 1.60354
-3.72726 -1.69535 -1.26313
0.04232 -3.68302 2.46773
-2.68032 3.85028 -1.68402
2.27395 2.26940 1.99780
-4.50879 -2.25588 -1.76733
-0.21242 -0.23033 -1.23582
-2.86542 0.38497 1.97310
-3.16202 2.16577 2.18607
-3.56357 2.58649 1.25640
-3.90438 2.30398 2.97768
-2.23968 2.69651 2.43569
0.25191 -1.35735 -1.35615
1.01246 -2.36228 -1.69228
2.06628 -1.83710 -2.42130
0.38712 -2.97508 -2.34416
1.30924 -2.84448 -0.75518
3.17100 -1.38379 -1.70356

285
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

4.22630
3.22921
5.38231
4.12798
4.42258
2.25391
5.48280
6.21419
1.35086
6.39049
4.42584
5.62683
5.43508
5.90766
6.46053

-2.27174
-0.03998
-1.81580
-3.29675
0.40494
0.86629
-0.47617
-2.49192
0.44985
-0.12969
1.72481
2.26219
3.32498
1.79559
2.15047

-1.47436
-1.30398
-0.85452
-1.81826
-0.67668
-1.51478
-0.45966
-0.68107
-1.54689
0.02099
-0.31534
0.20305
0.36670
1.15845
-0.50367

TS1-a - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C

1.55737 -0.16135 0.01966
1.29854 -0.83859 1.90931
1.54487 1.75177 0.74357
1.64730 -2.04379 -0.66328
2.01561 0.53148 -1.80577
1.16504 -2.14915 2.28634
1.68480 2.90022 0.00848
1.12493 -0.09202 3.05008
1.34278 2.15052 2.04335
1.45973 -3.18874 0.06453
2.07173 1.84702 -2.19592
1.87935 -2.44569 -1.95090
2.19242 -0.21184 -2.94488
0.91796 -2.23615 3.70537
1.56233 4.05761 0.86410
0.89247 -0.95987 4.17886
1.35112 3.59159 2.12667
1.56148 -4.34941 -0.79339
2.31837 1.93368 -3.61529
1.82369 -3.88814 -2.04446
2.39721 0.65628 -4.07930
0.78073 -3.16090 4.25133
1.63608 5.08429 0.52821
0.72991 -0.62000 5.19381
1.21553 4.15733 3.03979
1.45041 -5.37344 -0.46001
2.41005 2.85946 -4.16910
1.97187 -4.45280 -2.95616
2.56461 0.31570 -5.09319
1.23852 -3.24535 1.43357
1.92324 2.94835 -1.36155
2.14516 -1.59855 -3.01774
1.14283 1.29577 3.11951
1.11492 -4.22833 1.87790
2.00179 3.93036 -1.81845
2.30781 -2.05294 -3.99028
0.98851 1.74754 4.09469
-0.14585 -0.12527 -0.31502
3.87056 -0.10781 0.72577
4.81942 0.99956 -0.36220

286
H
H
H
H
C
O
H
H
C
C
C
C
C
O
C
H
H
H
O
C
H
H
H
H

4.41758
5.85840
4.76741
-0.80888
-1.73463
-2.88893
-1.26939
-1.88302
-3.75882
-3.38685
-5.07726
-4.37312
-6.06091
-5.42541
-5.70028
-4.10708
-4.60877
-6.44665
-7.31855
-8.35125
-9.25963
-8.15550
-8.49289
-2.34728

2.01651 -0.29352
1.01254 -0.02017
0.67347 -1.40384
0.72239 0.16037
1.56208 0.73360
1.62350 -0.02770
2.54610 0.74182
1.11230 1.72037
0.54737 -0.02460
-0.77176 0.24433
0.89490 -0.34546
-1.75351 0.20203
-0.11089 -0.38560
2.18493 -0.60858
-1.43301 -0.10529
-2.78800 0.39758
2.70897 -0.53132
-2.21828 -0.13342
0.31663 -0.69779
-0.65010 -0.74809
-0.10381 -1.00964
-1.41421 -1.51294
-1.14431 0.22305
-1.01874 0.42874

TS1-b - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C

-1.17312 0.17009 0.20812
0.29609 -0.32612 1.50594
-1.80559 -1.77512 0.25511
-0.59830 2.08969 0.25052
-2.75435 0.66619 -0.91659
1.26934 0.51689 1.97863
-2.86771 -2.29859 -0.43684
0.58759 -1.56884 2.01586
-1.24008 -2.82721 0.93906
0.49892 2.59829 0.89183
-3.66985 -0.19595 -1.46838
-1.19205 3.14898 -0.38212
-3.06372 1.91206 -1.40318
2.19007 -0.20782 2.81897
-2.97653 -3.71687 -0.18646
1.76561 -1.50124 2.84427
-1.96782 -4.04344 0.66796
0.60861 4.01872 0.64766
-4.59349 0.52966 -2.30589
-0.44399 4.36205 -0.14067
-4.22030 1.83866 -2.26139
3.04718 0.23067 3.31344
-3.73313 -4.36262 -0.61408
2.20282 -2.34487 3.36287
-1.72617 -5.01242 1.08610
1.39598 4.65072 1.03757
-5.41268 0.08024 -2.85283
-0.70505 5.33602 -0.53442
-4.66745 2.68532 -2.76655
1.37022 1.87331 1.69321

287
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

-3.72923 -1.56779 -1.24858
-2.35038 3.07567 -1.14396
-0.12378 -2.73545 1.75831
2.20763 2.40930 2.12738
-4.52324 -2.11444 -1.74871
-2.71287 3.99444 -1.59484
0.22479 -3.64687 2.23443
-0.16845 -0.10342 -1.20141
-2.47320 0.31293 2.26298
-4.24492 0.20746 1.86699
-4.45781 -0.75268 1.38320
-4.81273 0.26003 2.80044
-4.54855 1.01127 1.19167
0.21975 -1.23741 -1.41506
0.94646 -2.24374 -1.86788
2.00714 -1.66681 -2.54562
0.29672 -2.76190 -2.57532
1.23663 -2.83015 -0.99060
3.13382 -1.33313 -1.79706
4.14003 -2.29036 -1.63536
3.26011 -0.02873 -1.29631
5.31593 -1.94205 -0.98388
3.99078 -3.28025 -2.05549
4.47336 0.30713 -0.64050
2.32863 0.93618 -1.43301
5.48542 -0.64217 -0.49124
6.11127 -2.67137 -0.86216
1.41096 0.55954 -1.49396
6.40882 -0.38038 0.01245
4.54361 1.59431 -0.18395
5.76189 2.02346 0.39137
5.62261 3.07810 0.63899
6.00167 1.46638 1.30866
6.60061 1.92563 -0.31160

Int1-b - doublet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

-1.25528 -0.03555 0.20428
-0.26893 1.32581 1.31679
-0.00003 -1.48251 0.82637
-2.57022 1.40329 -0.33281
-2.28895 -1.41940 -0.84564
-0.59646 2.64954 1.51499
-0.03295 -2.81862 0.50293
0.88562 1.11412 2.02291
1.11812 -1.31127 1.60762
-2.59937 2.70897 0.07066
-2.00468 -2.74717 -0.98436
-3.61979 1.24909 -1.19884
-3.36411 -1.17340 -1.65884
0.38025 3.28217 2.36772
1.07208 -3.51068 1.12397
1.30550 2.33252 2.67428
1.78961 -2.57558 1.79984
-3.69305 3.40674 -0.55943
-2.93183 -3.36984 -1.89962
-4.32533 2.49827 -1.35507

288
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

-3.77715 -2.38897 -2.32163
0.34964 4.31929 2.67668
1.26789 -4.57070 1.02489
2.19096 2.42743 3.28973
2.69566 -2.70749 2.37684
-3.93115 4.45170 -0.40644
-2.91950 -4.41629 -2.17678
-5.19152 2.64391 -1.98811
-4.60384 -2.46374 -3.01676
-1.68778 3.29248 0.95113
-0.96583 -3.41315 -0.33417
-3.98567 0.05911 -1.82187
1.54659 -0.10591 2.14165
-1.82940 4.34162 1.19288
-0.85903 -4.47695 -0.52410
-4.84099 0.09596 -2.49031
2.45793 -0.11955 2.73123
-0.23919 0.29107 -1.29153
-2.44699 -0.49595 2.25535
-3.22849 -2.13608 2.14423
-2.46624 -2.90734 1.98476
-3.74395 -2.34242 3.08663
-3.93878 -2.17741 1.31388
-0.09023 1.24942 -1.33423
2.03004 3.24659 -2.36730
2.01133 2.02275 -1.79896
1.05998 3.55903 -2.73071
2.95489 3.60129 -2.80965
3.17401 1.45955 -1.30174
4.28361 2.23139 -0.93802
3.16277 0.05436 -1.18033
5.43129 1.59495 -0.48391
4.22903 3.31304 -0.99063
4.35865 -0.56562 -0.72083
2.13730 -0.73141 -1.51462
5.47643 0.19835 -0.38560
6.29770 2.18212 -0.19461
1.22790 -0.27425 -1.48005
6.38201 -0.28215 -0.03407
4.29900 -1.92614 -0.64910
5.46840 -2.62152 -0.26397
5.21151 -3.68209 -0.30013
6.30256 -2.42698 -0.95224
5.78255 -2.36071 0.75689

Int1-a - quartet
Fe -1.65803
N
-2.37919
N
-0.64112
N
-2.84004
N
-1.00808
C
-3.32604
C 0.16361
C
-2.00456
C
-0.50027
C
-3.72007

0.09007 0.07373
1.34648 -1.33345
1.60756 0.92167
-1.36850 -0.65833
-1.13848 1.54379
1.07575 -2.29505
1.55409 2.03871
2.64959 -1.53279
2.88149 0.41348
-1.29013 -1.70362

289
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

-0.13692 -0.84505 2.55207
-2.87134 -2.66948 -0.23254
-1.27540 -2.47923 1.65214
-3.54270 2.23627 -3.12499
0.79214 2.83416 2.25988
-2.71472 3.21043 -2.65819
0.38774 3.65229 1.24979
-4.33170 -2.57382 -1.94335
0.15607 -2.02733 3.33008
-3.79771 -3.43452 -1.03148
-0.55046 -3.04546 2.76767
-4.23886 2.28200 -3.95274
1.46752 3.05524 3.07651
-2.59405 4.22332 -3.02070
0.65857 4.68509 1.07090
-5.06337 -2.77621 -2.71507
0.81987 -2.05720 4.18466
-4.00402 -4.48892 -0.89840
-0.58910 -4.08532 3.06639
-3.96672 -0.14438 -2.45792
0.39348 0.42019 2.80441
-2.13958 -3.19180 0.83183
-1.11086 3.35934 -0.73517
-4.69599 -0.22257 -3.25864
1.07358 0.51729 3.64527
-2.26696 -4.24902 1.04541
-0.90250 4.38697 -1.01710
-0.25411 -0.41889 -0.93453
-3.44859 1.04926 1.48339
-3.17633 0.57002 3.21465
-2.21918 0.97947 3.56033
-3.97738 0.98975 3.82964
-3.14329 -0.51716 3.32315
-0.53211 -0.35459 -1.86499
2.15413 -2.49863 -1.87286
3.48108 -2.24175 -1.67141
1.99234 -3.51202 -2.21800
1.40760 -1.94703 -1.31211
3.92313 -1.04588 -1.13711
3.11428 0.03422 -0.77668
5.31688 -1.00705 -0.98615
3.73224 1.16709 -0.24852
2.03627 -0.00117 -0.89682
5.92089 0.14492 -0.45364
6.09420 -2.06836 -1.34527
5.11972 1.23147 -0.08481
3.12120 2.01723 0.04110
5.48382 -2.74336 -1.69041
5.57069 2.12727 0.32638
7.28239 0.09204 -0.34178
7.94428 1.22775 0.17877
7.62558 1.45022 1.20697
9.00821 0.98145 0.17842
7.77912 2.11753 -0.44492

Int1-b - quartet

290
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O

1.33967 0.07866 0.10195
1.43782 -1.85365 0.67802
0.23641 0.51719 1.72333
2.60650 -0.33482 -1.41211
1.30631 2.03031 -0.42272
2.17929 -2.86342 0.10635
-0.26256 1.74837 2.09036
0.75378 -2.43083 1.71462
-0.28369 -0.38481 2.62870
3.19338 -1.53341 -1.71176
0.64181 3.04901 0.19412
3.00034 0.53595 -2.39133
1.86077 2.57030 -1.55512
1.94403 -4.10816 0.79656
-1.07566 1.62291 3.27510
1.04995 -3.84173 1.78899
-1.09554 0.30332 3.60228
3.98953 -1.41883 -2.90805
0.78064 4.27498 -0.55759
3.86270 -0.13069 -3.33603
1.53675 3.97585 -1.64904
2.40946 -5.05224 0.54330
-1.58135 2.44596 3.76335
0.63313 -4.52133 2.52134
-1.61587 -0.18007 4.41914
4.55538 -2.22627 -3.35497
0.34495 5.22538 -0.27711
4.30645 0.33782 -4.20529
1.85371 4.63089 -2.45062
3.01532 -2.71302 -0.99051
-0.06919 2.92830 1.38851
2.64750 1.88203 -2.46806
-0.06740 -1.75199 2.61171
3.54590 -3.59433 -1.33837
-0.54903 3.82171 1.77613
3.03343 2.44481 -3.31300
-0.55335 -2.34109 3.38331
-0.11271 -0.18799 -0.95297
3.15866 0.39517 1.72000
3.36891 2.17017 2.04977
2.44673 2.57706 2.48238
4.17982 2.30070 2.77204
3.58872 2.71964 1.13068
-0.13064 -1.12318 -1.22608
-1.71053 -3.02550 -1.24058
-2.26602 -2.15002 -0.35454
-1.00453 -3.70853 -0.78314
-2.28505 -3.29632 -2.12069
-3.49100 -1.56676 -0.65375
-4.59868 -2.34698 -1.00166
-3.57060 -0.17218 -0.51906
-5.82583 -1.72890 -1.20607
-4.48892 -3.42457 -1.07409
-4.83938 0.43235 -0.71312
-2.53074 0.61452 -0.19412
-5.94926 -0.34198 -1.05680
-6.69738 -2.32104 -1.46910
-1.64764 0.20087 -0.42699
-6.91403 0.12651 -1.21349
-4.85789 1.78870 -0.55029

291
C
H
H
H

-6.08260
-5.87558
-6.45359
-6.85805

2.46205 -0.75981
3.52119 -0.59172
2.32547 -1.78551
2.12994 -0.05485

TS2-b - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C

-1.21047 0.20705 0.21253
-1.64898 2.06708 -0.43347
0.38702 0.94908 1.18371
-2.83143 -0.55077 -0.73520
-0.77568 -1.65770 0.86608
-2.68823 2.40548 -1.25950
1.30306 0.23610 1.90705
-0.98608 3.22432 -0.16316
0.78296 2.26739 1.26524
-3.70339 0.15748 -1.51504
0.30672 -2.01265 1.63457
-3.25915 -1.85335 -0.77287
-1.48135 -2.81706 0.64742
-2.67175 3.82777 -1.52360
2.30084 1.12065 2.46626
-1.61352 4.33828 -0.83784
1.97463 2.37947 2.07192
-4.71534 -0.71746 -2.05668
0.27888 -3.42956 1.91033
-4.43993 -1.96943 -1.59291
-0.83347 -3.92788 1.30277
-3.38376 4.34747 -2.15212
3.13346 0.79844 3.07854
-1.27286 5.36441 -0.78547
2.48378 3.30940 2.28965
-5.52231 -0.40169 -2.70571
1.01687 -3.95638 2.50208
-4.97333 -2.89212 -1.78347
-1.19374 -4.94885 1.28773
-3.63993 1.52959 -1.76012
1.28393 -1.14187 2.09940
-2.63960 -2.91348 -0.11725
0.14407 3.32859 0.65095
-4.40958 1.94984 -2.40092
2.08582 -1.56930 2.69364
-3.08920 -3.89668 -0.22056
0.56814 4.31799 0.79152
-0.19881 -0.03633 -1.36554
-2.36397 0.60328 2.21444
-3.71748 -0.60706 2.38667
-3.32953 -1.63099 2.38548
-4.21636 -0.42238 3.34269
-4.44168 -0.50735 1.57323
-0.26092 -0.95893 -1.65593
1.56957 -3.29407 -1.82634
1.87779 -1.97096 -1.97810
0.66102 -3.56426 -2.35071
1.83240 -3.76429 -0.88233
3.06450 -1.49645 -1.46231
4.17108 -2.31509 -1.25300

292
C
C
H
C
O
C
H
H
H
O
C
H
H
H

3.10342 -0.09607 -1.20140
5.35941 -1.75862 -0.77591
4.10946 -3.36905 -1.50084
4.35026 0.43874 -0.73039
2.10087 0.72184 -1.39071
5.45386 -0.38773 -0.51729
6.22554 -2.39463 -0.61937
1.05150 0.30070 -1.41160
6.38885 0.02489 -0.15687
4.33741 1.78049 -0.52550
5.52549 2.39752 -0.06506
5.29595 3.46123 0.02051
5.82783 2.01036 0.91767
6.35304 2.26106 -0.77416

TS2-a - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C

-1.59804 0.05437 0.23260
-0.53255 -0.46411 1.86960
-1.81540 -1.89901 -0.25057
-1.30811 2.00568 0.66549
-2.74368 0.57687 -1.33653
0.09026 0.38194 2.74854
-2.45637 -2.40348 -1.34939
-0.23954 -1.74091 2.28127
-1.33275 -2.97391 0.44708
-0.58725 2.51546 1.71946
-3.25464 -0.26903 -2.29161
-1.86741 3.08536 0.02365
-3.08679 1.84870 -1.72223
0.78005 -0.38095 3.76073
-2.36956 -3.84601 -1.35275
0.57238 -1.69648 3.47305
-1.67644 -4.19963 -0.23614
-0.66623 3.95646 1.71818
-3.96358 0.49091 -3.29065
-1.46250 4.30885 0.67231
-3.86526 1.80249 -2.93488
1.34553 0.05016 4.57710
-2.79494 -4.48695 -2.11465
0.93436 -2.56824 4.00319
-1.41204 -5.19127 0.10856
-0.17940 4.59824 2.44147
-4.46276 0.06133 -4.15006
-1.76259 5.29998 0.35665
-4.26385 2.67124 -3.44332
0.07598 1.77014 2.68297
-3.12341 -1.65104 -2.30878
-2.70201 3.02095 -1.08227
-0.61408 -2.91027 1.63363
0.60857 2.31323 3.45709
-3.58922 -2.18631 -3.13038
-3.06117 3.95826 -1.49526
-0.29996 -3.84903 2.07894
-0.08731 0.03760 -0.81666
-3.42957 -0.08548 1.67471
-4.94480 -0.40852 0.70798

293
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H

-4.84831 -1.34917 0.15796
-5.78205 -0.48783 1.40742
-5.13930 0.39945 -0.00178
0.16693 0.97135 -0.92848
1.84671 -0.48696 -2.48034
3.05090 0.11678 -2.30552
1.33175 -0.16396 -3.37366
1.67648 -1.44886 -2.01746
3.77279 -0.14568 -1.14585
3.18944 -0.49839 0.06820
5.16088 -0.00481 -1.29734
4.02714 -0.72625 1.16275
2.10869 -0.56288 0.14775
5.98674 -0.21884 -0.18237
5.70358 0.31785 -2.50861
5.40902 -0.58314 1.03835
3.59033 -0.99822 2.11878
4.96098 0.40868 -3.13147
6.07383 -0.75196 1.87968
7.35515 -0.15333 -0.26904
7.90712 1.11211 -0.63919
8.99179 0.99245 -0.58492
7.61859 1.39801 -1.65480
7.59402 1.89479 0.06523

TS1-c - doublet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C

-1.17081 0.18752 0.12855
-1.80704 2.00881 -0.47404
0.34324 1.05647 1.13445
-2.80335 -0.65856 -0.69168
-0.64015 -1.60953 0.90000
-2.90263 2.27560 -1.24993
1.30301 0.42742 1.88317
-1.19636 3.20851 -0.24861
0.66038 2.39466 1.15041
-3.75622 -0.02834 -1.44799
0.46227 -1.87831 1.67048
-3.10879 -1.99539 -0.72774
-1.24924 -2.81553 0.66846
-2.98438 3.69194 -1.52608
2.24644 1.39223 2.39330
-1.92393 4.27190 -0.90340
1.84727 2.61079 1.93948
-4.69965 -0.99036 -1.96180
0.54242 -3.29322 1.94647
-4.29665 -2.21247 -1.51551
-0.52104 -3.87509 1.32662
-3.76000 4.15968 -2.11903
3.09618 1.14766 3.01783
-1.64372 5.31716 -0.87574
2.30005 3.57861 2.11246
-5.55069 -0.74564 -2.58458
1.31341 -3.75987 2.54658
-4.74902 -3.17970 -1.69443
-0.80483 -4.91997 1.30970
-3.81530 1.33661 -1.70443

294
C
C
C
H
H
H
H
O
S
C
H
H
H
O
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H
C
H
H
H

1.37557 -0.93838 2.12484
-2.39583 -3.00397 -0.09251
-0.04867 3.39894 0.51325
-4.63774 1.69322 -2.31678
2.20264 -1.29501 2.73046
-2.76579 -4.01940 -0.19761
0.32261 4.41388 0.61336
-0.25270 -0.03113 -1.26111
-2.35272 0.55857 2.25099
-3.67013 -0.69448 2.41914
-3.25120 -1.70608 2.43474
-4.18047 -0.51716 3.37130
-4.39607 -0.62712 1.60396
1.85003 -1.97199 -1.73051
3.03582 -1.49003 -1.30252
4.16445 -2.25872 -1.01952
3.06252 -0.05810 -1.16477
5.34591 -1.62734 -0.62238
4.13577 -3.33733 -1.11914
4.30564 0.54836 -0.76603
2.03945 0.70045 -1.41264
5.42624 -0.23447 -0.49941
6.22476 -2.22933 -0.41043
0.95845 0.25268 -1.36394
6.36106 0.22189 -0.19648
4.26260 1.89928 -0.68730
5.44092 2.58492 -0.30004
5.18450 3.64557 -0.30700
5.76248 2.29352 0.70883
6.26213 2.40418 -1.00620
1.68298 -3.37580 -1.86065
2.37689 -3.78955 -2.60407
1.82599 -3.88157 -0.89819
0.65530 -3.51744 -2.19591

TS1-c - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

-1.18438 0.19072 0.13908
-2.10430 1.81442 -0.63860
0.19898 1.38976 0.99144
-2.66690 -0.98526 -0.54434
-0.34946 -1.40959 1.05884
-3.24488 1.82325 -1.39311
1.25271 1.00353 1.77909
-1.67373 3.10925 -0.57782
0.30482 2.75092 0.84954
-3.73118 -0.59320 -1.31480
0.79162 -1.41732 1.81842
-2.75228 -2.34970 -0.43904
-0.75469 -2.71627 0.96025
-3.54488 3.16909 -1.82673
2.03675 2.15463 2.15712
-2.56723 3.96808 -1.32146
1.44892 3.23734 1.58153
-4.52022 -1.74047 -1.69192
1.10985 -2.76634 2.22254
-3.91076 -2.83152 -1.15076

295
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
O
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H
C
H
H
H

0.14934 -3.57273 1.69206
-4.39566 3.44431 -2.43699
2.91903 2.11704 2.78330
-2.44591 5.03857 -1.42769
1.74695 4.27671 1.63386
-5.41700 -1.69860 -2.29701
1.95847 -3.04005 2.83658
-4.20509 -3.87141 -1.21677
0.04244 -4.64649 1.78354
-4.01366 0.71035 -1.70324
1.54413 -0.29997 2.15626
-1.86836 -3.16228 0.26091
-0.55636 3.55523 0.11858
-4.89817 0.86776 -2.31277
2.42422 -0.45750 2.77165
-2.06960 -4.22936 0.26758
-0.34231 4.61905 0.09085
-0.26350 -0.00947 -1.25154
-2.35877 0.61040 2.22172
-3.36103 -0.85578 2.64155
-2.72726 -1.74093 2.75597
-3.86655 -0.66283 3.59265
-4.10709 -1.05816 1.86774
1.82481 -1.95416 -1.78225
3.01196 -1.48310 -1.34641
4.13407 -2.26059 -1.06100
3.04427 -0.05441 -1.19386
5.31440 -1.63781 -0.64789
4.10149 -3.33797 -1.17144
4.28223 0.54307 -0.77124
2.02487 0.70930 -1.45113
5.39872 -0.24703 -0.50669
6.18968 -2.24535 -0.43680
0.95333 0.27026 -1.37936
6.33260 0.20223 -0.19052
4.24164 1.89246 -0.67092
5.41928 2.57061 -0.26876
5.16261 3.63105 -0.25665
5.73939 2.26124 0.73530
6.24184 2.40214 -0.97639
1.64052 -3.35772 -1.89366
2.32084 -3.78750 -2.64053
1.79173 -3.85225 -0.92661
0.60736 -3.49197 -2.21475

Int1-c - quartet
Fe -1.41830
N
-2.73106
N
-0.99569
N
-1.92395
N
-0.08634
C
-3.55766
C
-0.12315
C
-2.96490
C
-1.47054
C
-2.85459
C 0.66093

0.20217 0.13328
0.52998 -1.35508
2.17520 0.20248
-1.74438 0.15839
-0.12852 1.62980
-0.39098 -1.94094
2.80036 1.05766
1.72009 -1.99208
3.13998 -0.64391
-2.35862 -0.63976
0.81463 2.28691

296
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
O
C
C
C
C
H
C
O
C
H
H
H
O
C
H
H
H
C
H
H
H

-1.32536 -2.73914 0.89370
0.24983 -1.33937 2.17444
-4.33549 0.23477 -2.98651
-0.06478 4.20975 0.75369
-3.96264 1.54170 -3.02292
-0.89461 4.41944 -0.30450
-2.86734 -3.77736 -0.38009
1.49795 0.17819 3.27526
-1.91433 -4.01431 0.56492
1.24806 -1.15805 3.20215
-5.06349 -0.27823 -3.60227
0.54898 4.92708 1.28350
-4.32266 2.32964 -3.67241
-1.10847 5.34601 -0.82212
-3.51885 -4.48706 -0.87436
2.18424 0.70227 3.92829
-1.62722 -4.95830 1.01142
1.68218 -1.95937 3.78700
-3.63808 -1.73319 -1.60186
0.63614 2.18017 2.03921
-0.31255 -2.56229 1.82710
-2.37791 2.93606 -1.67630
-4.33878 -2.35047 -2.15546
1.29030 2.80829 2.63534
0.05219 -3.44567 2.34260
-2.66600 3.80031 -2.26653
-0.15427 -0.07823 -1.06664
-2.99839 0.75186 1.73400
-3.32518 -0.69931 2.79222
-2.40776 -1.01666 3.29681
-4.06160 -0.40527 3.54591
-3.71504 -1.53573 2.20676
2.19908 -1.91488 -1.03817
3.46913 -1.49484 -1.06092
4.57601 -2.26371 -1.39772
3.60819 -0.08127 -0.68673
5.85128 -1.68217 -1.36498
4.46773 -3.30407 -1.68171
4.97394 0.45498 -0.66551
2.61799 0.62982 -0.40968
6.05987 -0.34106 -1.00279
6.71157 -2.29124 -1.62780
0.75237 0.07836 -0.71601
7.06866 0.05483 -0.99360
5.03513 1.74927 -0.30428
6.30708 2.38250 -0.26978
6.11765 3.41214 0.03636
6.97260 1.89935 0.45687
6.78153 2.37481 -1.25915
1.89076 -3.24143 -1.44957
2.20136 -3.40970 -2.48800
2.37621 -3.97803 -0.79702
0.80800 -3.32666 -1.36519

TS2-c - doublet
Fe

-1.44575

0.28713

0.07710

297
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C
C
C
H
C
O
C
H
H
O
C
H

-0.65340 1.03212 1.79665
-1.71190 -1.51051 0.95223
-1.05819 2.06046 -0.81229
-2.13931 -0.47208 -1.64512
-0.17842 2.29729 2.02529
-2.20283 -2.65679 0.37721
-0.55963 0.36990 2.99406
-1.46135 -1.81928 2.26756
-0.51378 3.18771 -0.25128
-2.56178 -1.75433 -1.89037
-1.35279 2.38553 -2.11049
-2.27746 0.20567 -2.82761
0.23070 2.43853 3.40347
-2.26031 -3.71861 1.35291
-0.00657 1.24189 4.00545
-1.80244 -3.19788 2.52639
-0.45008 4.25110 -1.22795
-2.98650 -1.88762 -3.26521
-0.97344 3.75441 -2.38087
-2.81435 -0.66931 -3.84587
0.64386 3.34141 3.83502
-2.61118 -4.72330 1.15272
0.17070 0.95773 5.03510
-1.69924 -3.68872 3.48610
-0.05729 5.24164 -1.03589
-3.36314 -2.80047 -3.70939
-1.09911 4.25167 -3.33446
-3.01782 -0.37397 -4.86755
-0.10247 3.30564 1.07050
-2.59124 -2.77902 -0.95290
-1.92822 1.53378 -3.04474
-0.92741 -0.95218 3.21534
0.30192 4.26292 1.38515
-2.95722 -3.74769 -1.28032
-2.10219 1.93465 -4.03902
-0.78753 -1.34338 4.21885
0.37315 -0.24203 -0.51735
-3.45782 1.03284 0.78684
-4.74145 -0.19230 0.34940
-4.54680 -1.15957 0.82141
-5.69818 0.19139 0.71756
-4.80441 -0.33130 -0.73326
0.84013 -1.33254 -0.04614
1.50911 -2.28020 0.53151
2.57972 -2.65602 -0.27747
0.85935 -3.15021 0.61872
1.80443 -1.81996 1.47385
3.68447 -1.94295 -0.51446
4.63128 -2.54995 -1.35097
3.90903 -0.59962 0.03598
5.81490 -1.89326 -1.64392
4.41419 -3.53622 -1.74686
5.19453 0.03243 -0.31821
3.06838 -0.00228 0.74101
6.10795 -0.60625 -1.13071
6.54579 -2.37629 -2.28571
7.04971 -0.13703 -1.39046
5.34186 1.25322 0.22882
6.53538 1.97372 -0.04797
6.44046 2.92111 0.48402
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H
H
H

7.41868
6.64315
1.01198

1.43382
2.16425
0.36763

0.31647
-1.12329
-0.09634

TS2-c - quartet
Fe
N
N
N
N
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
C
C
C
C
H
H
H
H
O
S
C
H
H
H
H
C
O
H
H
C
C

-1.45807 0.25893 0.12797
-0.44006 1.76004 1.04548
-1.01409 -1.00281 1.63499
-1.80597 1.50832 -1.42347
-2.36395 -1.25350 -0.83296
-0.27485 3.05189 0.61386
-1.35534 -2.32813 1.75267
0.15227 1.69388 2.28029
-0.33169 -0.68155 2.78414
-1.44754 2.82499 -1.54419
-2.51959 -2.55131 -0.41030
-2.49819 1.19609 -2.56280
-2.97908 -1.17776 -2.05590
0.44854 3.81994 1.59997
-0.87673 -2.85763 3.00669
0.71478 2.97660 2.63401
-0.24169 -1.83585 3.64617
-1.92289 3.36022 -2.80029
-3.25291 -3.31390 -1.39347
-2.57562 2.34896 -3.43292
-3.54002 -2.46044 -2.41400
0.71014 4.86549 1.49682
-1.01639 -3.87854 3.33956
1.24165 3.18522 3.55652
0.24683 -1.84614 4.61246
-1.76725 4.37802 -3.13518
-3.50625 -4.36236 -1.29843
-3.06839 2.36168 -4.39693
-4.07669 -2.66350 -3.33223
-0.73976 3.55352 -0.59598
-2.05089 -3.06011 0.79503
-3.04909 -0.04414 -2.85796
0.21130 0.56212 3.08465
-0.53610 4.59708 -0.81644
-2.25362 -4.10478 1.01202
-3.57316 -0.14043 -3.80431
0.72504 0.65866 4.03651
0.23580 -0.18234 -0.82795
-3.32296 0.99767 1.15735
-4.33850 -0.43520 1.66428
-3.79658 -1.08485 2.35743
-5.22303 -0.03947 2.17363
-4.65921 -1.02341 0.80025
0.77396 -1.26998 -0.56290
1.47770 -2.32083 -0.21712
2.55368 -2.51438 -1.08864
0.79063 -3.15628 -0.36030
1.77238 -2.14280 0.81717
3.70894 -1.81049 -1.02875
4.79022 -2.36951 -1.69937
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C
C
H
C
O
C
H
H
O
C
H
H
H
H

3.82475 -0.51745 -0.35720
6.02449 -1.71521 -1.71344
4.65374 -3.32273 -2.19909
5.15566 0.10890 -0.39851
2.86451 0.05669 0.21290
6.21809 -0.48462 -1.06450
6.86009 -2.17281 -2.23478
7.19325 -0.01300 -1.09534
5.20264 1.28457 0.25189
6.42828 2.00529 0.26346
6.23128 2.91474 0.83234
7.22318 1.42945 0.75394
6.74319 2.26842 -0.75406
0.94003 0.39710 -0.46855

Supplementary Figures

Figure S6.1. Crystallographic analysis for optimal orientation of syringol and guaiacol in
multiple complex structures. Superposition of ten ligand-bound mutant structures with the
previously characterized WT provided a basis for the determination of the minimum amino acid
change required at position 169 for the optimum orientation of syringol, while maintaining a stable
environment for guaiacol. The WT position of residue GcoA-F169 is shown in gray in both figures
for reference. (A) The syringol molecules in each of the five structures shown are colored on a scale
from the unproductive position of the WT in red, improved (orange and yellow), through to the
optimum orientation (green) as judged by specific activity (SI Appendix, Table S4). (B) A
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superimposition of a total of six alternative mutant structures (GcoA-F169H, A, S, V, L, or I) with
the WT indicated that there is no significant change from optimum guaiacol orientation induced by
modification at this position.

Figure S6.2. Binding of both guaiacol and syringol shows a spin state change in GcoA-F169A
and comparable KDs. Guaiacol (A), syringol (B), and 3MC (C) caused the Soret peak (λ = 417
nm) of GcoA-F169A to shift to 387 nm, indicating the conversion of a low-spin (red trace) to a
high-spin (black trace) species. 0-60 μM substrate was titrated into a solution containing 3 μM
GcoA-F169A and air-saturated buffer (25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C) and the
spectra monitored until there was no more change, indicating saturation. The solution reached
equilibrium prior to each substrate addition. Abs388-417 nm was plotted against [substrate] and fit to
the quadratic equation for weakly binding ligands (see SI Appendix, Methods) to obtain values for
KD: guaiacol = 7.1 ± 0.1 µM, syringol = 1.7 ± 0.07 µM, and 3MC = 9.5 ± 0.02 µM. Error bars
represent ±1 standard deviation of three or more runs.

301

Figure S6.3. Electron density of the active site of GcoA-F169 mutants bound to guaiacol.
Panels (A) – (F) show the structures of guaiacol bound to GcoA-F169A, H, I, L, S and V,
respectively.
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Figure S6.4. Positioning of waters in the active sites of GcoA mutants with syringol. The active
sites of three of the syringol bound mutants (GcoA-F169A, S, and V – panels a, c, and d
respectively) contain an extra ordered water molecule in the active site. GcoA-F169H does not
(panel b). GcoA-F169A bound to syringol additionally contains another water molecule, but it has
weak electron density, indicating low occupancy and/or a degree of disorder (not shown). We
hypothesize that these ordered water molecules occupy space in the active site that helps to maintain
the substrate in a productive binding pose.
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Figure S6.5. Electron density of the active site of GcoA-F169 mutants bound to syringol.
Panels (A) – (D) show the structures of syringol bound to GcoA-F169A, H, S and V, respectively.
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Figure S6.6. GcoA-F169A demethylation of both guaiacol and syringol occurs as or more
efficiently than with WT GcoA. Initial rate of NADH consumption is plotted with either GcoAF169A or WT GcoA as catalyst (0.2 μM) and either guaiacol or syringol as the substrate (300 μM
NADH, 100 μg catalase, 210 μM O2, 25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C). The data were
fit to the Michaelis Menton equation. Error bars represent ±1 standard deviation of three or more
runs. WT GcoA is unable to demethylate syringol; hence, only guaiacol data are shown.
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GcoA variant
WT
F169A

guaiacol
2.44 ± 0.003 Å
2.46 ± 0.003 Å

syringol
2.50 ± 0.003 Å
2.45 ± 0.003 Å

Figure S6.7. MD simulations indicate that WT GcoA bound with syringol lengthens the key
distance for the rate-limiting step for demethylation, namely the distance between the methyl
hydrogen and the oxygen atom bound by Compound I heme. The GcoA-F169A mutation brings
this distance back to that seen with guaiacol, promoting demethylation. It should be noted that this
shift as displayed in MD simulations is significantly subtler than the substrate shift seen in crystal
structures (Figure 1A of main text). Error bars quoted in the table represent the standard error of
the mean.
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Figure S6.8. MD simulations indicate that introducing syringol into the active site of WT GcoA
(rather than guaiacol) results in the displacement of GcoA-F169. Shown is the RMSD of the six
ring carbons of GcoA-F169 from their crystal structure positions over the course of 80 ns MD
simulation.
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F169 or A169
F75, F169, F395
Ligand
Heme
Loop/helix F/G
(154:210)

WT/guaiacol
0.33
0.39
0.46
0.41
0.62

F169A/guaiacol
0.37
0.37
0.46
0.45
0.66

WT/syringol
0.67
0.53
0.60
0.46
0.89

F169A/syringol
0.36
0.37
0.50
0.42
0.62

Figure S6.9. MD simulations indicate that the substrate access loop is displaced and more flexible
when syringol is bound in the WT enzyme. A) WT GcoA with guaiacol bound, B) GcoA-F169A
GcoA with guaiacol bound, C) WT GcoA with syringol, and D) GcoA-F169A GcoA with syringol
bound. Shown in “sticks” are the substrate and heme; heme Fe and Fe-bound oxygen are shown as
spheres. The substrate access loop (residues 154:210) is shown in “cartoon” representation every 2
ns over the course of the 80 ns MD simulation. E) RMSD of the substrate access loop, as compared
to the crystal structure position and F) probability distribution of the same. G) Time trace of the
reaction coordinate for opening and closing of the substrate access loop (negative values indicate a
more open architecture) and H) probability distribution of the same. I) RMSF (root mean square
fluctuation) of GcoA over the course of each 80 ns MS simulation. The greatest area of difference
is seen in the substrate access loop region, with the fluctuations in WT GcoA with syringol bound
are seen to be the greatest. The table highlights the RMSF (Å) of selected residues and regions of
GcoA, as well as ligands.
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F169
3 Phe
Ligand
Heme
Loop/helix F/G
(154:210)

MD1
0.66
0.54
0.58
0.54
0.99

WT/guaiacol
MD2
0.43
0.44
0.54
0.51
0.77

MD3
0.97
0.71
1.65
0.57
1.21

MD1
0.77
0.62
0.67
0.60
1.37

WT/syringol
MD2
1.53
1.12
1.83
0.71
1.66

MD3
0.71
0.58
0.61
0.54
1.05

Figure S6.10. Microsecond MD simulations indicate the increased flexibility and displacement of
F169 in WT GcoA when syringol is bound rather than guaiacol. These analyses are performed on
three simulations (each) of WT GcoA with guaiacol and with syringol. These simulations were
performed in our original study of GcoA (1); however our previous publication focused on the
utilization of guaiacol and presented the results with syringol only very briefly (the fifth entry of
Figure S21 in the Supplementary Information). Time traces of the reaction coordinate (RC) for
opening and closing as well as the RMSD of the three active site Phe residues were presented in
the SI of the prior publication. A) Time traces of the RMSD of residue F169 and B) probability
distributions of the same indicate that F169 deviates substantially from its crystal structure position
when syringol is bound. The movement of F169 is somewhat correlated with the motion of the
substrate access loop. The probability distribution shows that each guaiacol simulation spends
significant time with F169 very near the crystal structure position (first peak) whereas none of the
syringol simulations display this peak. C) RMSF averaged over three simulations each for WT
GcoA with either guaiacol or syringol. The significant area of deviation is in the substrate access
loop (which includes F169), indicating greater dynamic flexibility when syringol is bound. Table
presents RMSF (Å) of selected residues and regions of GcoA, as well as ligands.
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Figure S6.11. DFT calculations for possible reaction pathways for syringol degradation
catalyzed by Compound I (CpI). A) Target pathway for syringol demethylation to 3MC catalyzed
by P450 CpI. Our calculations indicate syringol demethylation follows a similar pathway to that
previously described for guaiacol (1). Free energy barriers for the rate-limiting initial hydrogen
atom transfer (HAT) from the methoxy group to the heme-bound oxygen atom are very similar for
guaiacol and syringol (ΔG‡ = 18.6 and 18.9 kcal·mol-1, respectively), and also are the optimized
transition state (TS) geometries. Consequently, the demethylation reaction likely proceeds similarly
for both substrates when they can bind productively with the CpI reactive species in the enzyme
active site. Unproductive pathways b (B) and c (C) lead to undesired products (and possibly
uncoupling) and are intrinsically lower in energy than pathway a. This is indicating that enzymatic
environment that forces an specific substrate binding pose, as demonstrated by X-ray structures
and MD simulations, is preventing pathways b and c to take place and promotes desired pathway
a.
Gibbs
energies,
obtained
at
B3LYP-D3BJ/6311+G(d,p)+Fe(LanL2DZ)(PCM=Diethylether)//B3LYP/6-31G(d)+Fe(LanL2DZ), are given in
kcal/mol. Distances and angles in DFT optimized key TSs are given in Å and degrees, respectively.
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Figure S6.12. Replica exchange thermodynamic integration (RETI) simulations indicate the
change in free energy for different alchemical transformations. Each solid arrow indicates a
RETI calculation that was performed and has the associated free energy change for the process in
the direction of the arrow. Dashed arrows represent transformations that were not performed. A full
four-step thermodynamic cycle was completed, represented by the four boxes in the lower right.
The closure in performing these four steps theoretically is equal to zero. We calculate a closure of
-1.6 kcal/mol, which is on the order of the expected cumulative error one would expect given the
errors in the individual steps (approximately 0.2 kcal/mol).
The most surprising of these thermodynamic results is the relatively low free energy difference
between syringol and guaiacol bound at the active site of WT GcoA. This can explained by the fact
that these simulations indicate that binding syringol in the WT can produce binding complexes in
which the substrate is flipped “upside down” from the configuration seen in crystal structures (see
Fig. S12). This may help explain the experimental result that while WT demethylation activity is
greatly reduced when exchanging syringol for guaiacol, the binding preference is less dramatic.
Substrate flipping could reduce the crowding penalty in WT GcoA. The analogous set of
simulations in the GcoA-F169A mutant (as well as mutation transformations with either syringol
or guaiacol bound) showed comparatively few flips (for substrate transformation in WT, the
substrate was flipped ~90% of the time, compared to ~10% in the other three cases).
Experimentally, syringol binding affinity is not much changed from the WT to GcoA-F169A (KD
values indicate a difference in binding free energy of 0.3 kcal·mol-1), even as the activity is
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improved markedly. The RETI results indicate the possibility that this may be because KD
measurements detect all binding at the active site capable of displacing a Fe-coordinating water
molecule whereas catalytic turnover will only result from productive binding with catalytically
relevant positioning of substrate relative to CpI heme. RETI results present the possibility that this
is because the GcoA-F169A mutant is able to keep both substrates oriented correctly whereas WT
GcoA is not.

Figure S6.13. Alternate substrate binding configurations seen in RETI simulations. These results
indicate a flip of substrate that is unique to the ΔGsub,WT calculation, which involves an alchemical
transformation between guaiacol and syringol in the active site of WT GcoA. Given the differences
in KD, activity, and crystal structures, the expected result for this transformation would be that
guaiacol would be significantly favored at the WT active site. It is therefore surprising that this
transformation results in a free energy change that slightly favors syringol (by 0.83 ± 0.069
kcal/mol); this is explained by the fact that the substrate adopts a unique binding pose not seen in
crystal structures or any other MD simulations. A) Exemplified by syringol, in all 20 windows (in
which syringol is gradually “turned off” and guaiacol is gradually “turned on”) of the ΔG sub,WT
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transformation, this “upside down” configuration dominates, spending only about 10-15% of the
simulation time in a configuration similar to that seen in crystal structures. By contrast, in the other
transformations (ΔGmutate,gua, ΔGsub,F169A, and ΔGmutate,syr) the “upright” substrate configuration is
displayed in upwards of 90% of the simulation time. This is represented in panel B by a
representative frame from the ΔGsub,F169A simulation. Heme, substrate, and sidechain of residue 169
(Phe in panel A and Ala in panel B) are shown in sticks; heme Fe and Fe-bound oxygen are shown
as spheres.

Figure S6.14. Frequency of amino acids occurring at position 169 among GcoA homologs. Ala
is more frequent than Phe, and none of the 482 homologs utilizes His at the 169th position.
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Figure S6.15. In vivo syringol consumption over 24 hours. Plasmid-based expression of
GcoABF169A (AM157) allows for complete turnover of syringol after 6 hours. Syringol still remains
after 24 hours in cells expressing WT GcoAB (AM156). Data points represent averages of three
replicates, and error bars indicate the standard deviations of the measurements.
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Table S6.1. X-ray tables for GcoA syringol-bound structures
Protein

F169A with
syringol

F169H with
syringol

F169S with
syringol

F169V with
syringol

PDB code

6HQQ

6HQR

6HQS

6HQT

Space group

P43212

P43212

P43212

P43212

Wavelength (Å)

0.9795

0.9795

0.9795

0.9795

104.07,
104.07,
116.10
90, 90, 90
77.49-1.66
(1.70-1.66)

102.15,
102.15,
109.98
90, 90, 90
72.23-1.79
(1.84-1.79)

104.25, 104.25,
114.03

103.90, 103.90,
115.58

90, 90, 90
61.91-2.17
(2.23-2.17)

90, 90, 90
62.00-1.85 (1.901.85)

Rmerge

0.066 (1.244)

0.081
(0.938)

0.066 (0.816)

0.070 (0.813)

Rmeas

0.071 (1.351)

0.087
(1.018)

0.072 (0.888)

0.075 (0.917)

Rpim

0.027 (0.525)

0.034
(0.393)

0.028 (0.347)

0.029 (0.415)

I/σI

19.0 (2.0)

15.8 (2.2)

20.9 (3.0)

22.5 (2.3)

Completeness (%)

100 (100)

100.0
(100.0)

100.0 (100.0)

99.9 (99.9)

Multiplicity

12.9 (12.7)

12.5 (12.7)

12.7 (12.3)

12.7 (8.9)

CC 1/2

1.00 (0.794)

0.999
(0.878)

0.999 (0.865)

1.000 (0.809)

73.59-1.66
(1.69-1.66)

51.05-1.79
(1.82-1.79)

52.15-2.17
(2.23-2.17)

50.50-1.85 (1.881.85)

Data collection

Cell dimension
a, b, c (Å)

α, β, γ (˚)
Resolution range (Å)

Refinement
Resolution range (Å)
No. Of reflections

75469

53703

33716

54478

Rwork

0.1676
(0.3303)

0.1692
(0.2999)

0.1608 (0.2507)

0.1563 (0.2428)

Rfree

0.1909
(0.3748)

0.1991
(0.3939)

0.1858 (0.2932)

0.1788 (0.2987)

No. Of atoms

3752

3629

3411

3601

Protein

3151

3157

3122

3154

Ligand/ion

54

54

54

54

Water

547

418

235

393

B-factors

21.9

21.97

37.01

27.66

Protein

27.19

24.89

41.15

29.53

Ligand/ion

18.06

15.15

28.99

21.89

Water

41.41

37.93

45.92

41.32

0.008

0.016

0.008

0.007

Rmsd
Bond lengths (Å)
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Bond angles (˚)

1.012

1.353

0.938

0.9

Table S6.2. Rate of substrate disappearance or product appearance (specific activity) for F169A.
Substrate

NADH disappearance
(μM s-1 μmol F169A-1)

guaiacol
syringol
3MC

aromatic substrate
disappearance
(μM s-1 μmol F169A1)

5.8 ± 0.8
5.1 ± 0.8
5.6 ± 0.8

KD (µM)

5.6 ± 0.3
4.1 ± 0.3
2.6 ± 0.3

WT

F169A

0.0060 ± 0.002
2.8 ± 0.4
3.7 ± 0.1

7.1 ± 0.1
1.7 ± 0.07
9.5 ± 0.02

Table S6.3. X-ray tables for GcoA guaiacol-bound structures.
Protein

F169A with
guaiacol
6HQK

F169H with
guaiacol
6HQL

F169I with
guaiacol
6HQM

F169L with guaiacol
6HQN

F169S with
guaiacol
6HQO

F169V with
guaiacol
6HQP

Space group

P43212

P43212

P43212

P43212

P43212

P43212

Wavelength (Å)

0.9795

0.9795

0.9795

0.9795

0.9795

0.9795

a, b, c (Å)

103.67, 103.67,
114.88

105.20,
105.20,
112.52
90, 90, 90

104.00, 104.00,
111.58

90, 90, 90

102.00,
102.00,
109.83
90, 90, 90

90, 90, 90

103.85,
103.85.
115.10
90, 90, 90

103.80,
103.80,
115,78
90, 90, 90

α, β, γ (˚)
Resolution range (Å)
Rmerge

76.97-1.57 (1.611.57)
0.071 (0.964)

60.29-1.49
(1.53-1.49)
0.077 (1.040)

56.25-1.85
(1.90-1.85)
0.064 (1.002)

76.08-1.87 (1.921.87)
0.080 (0.991)

73.43-1.70
(1.74-1.70)
0.064 (1.309)

Rmeas

0.077 (1.068)

0.080 (1.040)

0.069 (1.085)

0.087 (1.076)

0.069 (1.420)

Rpim

0.029 (0.457)

0.032 (0.449)

0.027 (0.415)

0.034 (0.417)

0.026 (0.547)

I/σI

18.3 (2.2)

14.9 (2.3)

10.4 (2.6)

17.0 (2.4)

24.0 (2.0)

73.40-1.62
(1.66-1.62)
0.069
(0.985)
0.075
(1.096)
0.029
(0.343)
17.4 (2.1)

completeness (%)

100 (100)

100.0 (100.0)

100.0 (100.0)

100.0 (100.0)

100.0 (100.0)

multiplicity

12.5 (10.5)

12.6 (12.2)

12.7 (13.1)

12.7 (12.7)

13.1 (12.9)

CC 1/2

0.999 (0.802)

0.999 (100.0)

1.000 (0.849)

0.999 (0.808)

1.000 (0.786)

0.999
(0.828)

No. Of reflections

76.98-1.57 (1.591.57)
87452

60.00-1.49
(1.51-1.49)
93998

52.61-1.85
(1.88-1.85)
54123

73.54-1.87 (1.911.87)
51138

73.43-1.70
(1.72-1.70)
69625

73.40-1.62
(1.64-1.62)
80413

Rwork

0.1581 (0.2897)
0.1812 (0.3208)

0.1610
(0.3039)
0.1799
(0.3934)

0.1455 (0.2439)

Rfree

0.1744
(0.3340)
0.1984
(0.3800)

0.1517
(0.2641)
0.1811
(0.3150)

PDB code
Data collection

Cell dimension

100.0
(100.0)
12.4 (10.2)

Refinement
Resolution range (Å)

No. Of atoms

3744

3655

3578

3650

3684

0.1661
(0.3377)
0.1874
(0.3602)
3697

Protein

3161

3157

3087

3158

3144

3154

52

52

52

52

52

52

531

446

439

440

488

491

Ligand/ion
Water

0.1697 (0.2627)
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B-factors

16.87

17.15

27.3

33.44

25.32

19.35

Protein

20.56

21.82

28.17

35.61

29.52

23.73

Ligand/ion

13.52

13.31

18.97

25.26

21.79

15.97

Water

35.47

36.19

41.21

44.83

42.7

38.27

Bond lengths (Å)

0.016

0.014

0.009

0.013

0.018

0.016

Bond angles (˚)

1.455

1.371

1.042

1.319

1.456

1.368

Rmsd

Table S6.4. Rates of substrate disappearance and coupling efficiencies for reactions catalyzed by
the GcoA-F169A variant.
GcoA
variant
WT
F169A
F169S
F169V
F169H
F169I
F169L

syringol
Specific activity
Coupling
(μmol sec-1 μmol-1
efficiency
GcoA)a
(%)b
n/a
7.1 ± 0.8
5.1 ± 0.8
104 ± 6
5.1 ± 0.9
85 ± 5
4.1 ± 0.8
100 ± 10
3.9 ± 0.2
56 ± 7
0.56 ± 0.2
14 ± 2
0.54 ± 0.1
7.8 ± 2

guaiacol
Specific activity
Coupling
(μmol sec-1 μmol-1
efficiency
GcoA)a
(%)b
5.0 ± 0.1
110 ± 10
5.8 ± 0.8
103 ± 7
5.7 ± 0.8
67 ± 8
5.3 ± 0.2
105 ± 2
7.9 ± 3
103 ± 10
1.4 ± 0.2
41 ± 10
4.5 ± 0.3
73 ± 3

3MC
Specific activity
(μmol sec-1 μmol-1
GcoA)a
3.2 ± 0.2
5.6 ± 0.8
6.0 ± 0.8
5.7 ± 0.3
4.3 ± 0.4
1.1 ± 0.7
0.57 ± 0.2

Coupling
efficiency
(%)b
78 ± 3
64 ± 10
67 ± 8
40 ± 3
28 ± 20
10 ± 9
5.0 ± 4

NADH consumption was monitored continuously over time via UV/vis and quantifying with ε 340 = 6.22
mM-1 cm-1 at 25°C, 25 mM HEPES, 50 mM NaCl, pH 7.5 and saturating (200 µM) concentrations of all
substrates (syringol, guaiacol, and 3MC).
b
Calculated as the molar ratio of formaldehyde produced per NADH consumed in a fixed-time assay. Assay
conditions: 0.2 µM GcoA variant, 0.2 µM GcoB, 200 µM NADH, 100 µg/mL catalase, 200 µM aromatic
substrate in 25 mM HEPES, 50 mM NaCl, pH 7.5, 25°C, 210 µM O 2.
a

Table S5. Uncoupling reactions with GcoA-F169A and guaiacol, syringol, or 3MC.
Substrate
guaiacol + 100 µM NADH
syringol + 100 µM NADH
syringol + 200 µM NADH
3-MC + 100 µM NADH

% Formaldehyde produceda
100 ± 10
125 ± 6
91 ± 8
52 ± 7

% H2O2 producedb
3.7 ± 0.6
7.4 ± 0.03
7.9 ± 0.5
17 ± 0.2

a

0.2 µM GcoA-F169A and GcoB were reacted with 100 µg catalase, 100 or 200 µM NADH, and 100 µM
substrate in 25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C, 210 µM O 2. Endpoint analyses were done to
quantify formaldehyde produced (see Methods), which was then referenced to NADH consumed.
b
The same reaction done above was repeated to quantify H2O2 produced using the Amplex Red/HRP assay
(see SI Appendix, Methods). The amount of hydrogen peroxide was then referenced to NADH consumed.

Table
S6.6.
Gibbs
energy
profiles
computed
at
B3LYP-D3BJ/6311+G(d,p)+Fe(LanL2DZ)(PCM=Diethylether)//B3LYP/6-31G(d)+Fe(LanL2DZ), considering
doublet and quadruplet electronic states. Energies are given in kcal/mol.
ΔG
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Path A

Reactants

TS1-a

Int1-a complex

TS2-a

Product
formation
-55.7

doublet

0.2

18.6

(barrierless)

quartet

0.0

20.8

12.6

15.1

-55.7

Path B

Reactants

TS1

int - complex

TS2

0.2

15.7

3.3

(barrierless)

Product
formation
-52.4

doublet
quartet

0.0

15.7

5.8

1.6

-52.4

Path C

Reactants

TS1

int - complex

TS2

doublet

0.2

4.3

7.3

quartet

0.0

3.2

(could not be
optimized)
-7.1

Product
formation
-52.4

8.4

-52.4

4

ΔG
7

ΔG

Table S6.7. GcoA Sequence conservation analysis.
resid

AA

relative

(GcoA)

(GcoA)

entropy

1

M

2

z-score

percentile

3.28

2.59

98.0

T

1.42

-0.18

51.4

3

T

0.95

-0.89

16.5

4

T

1.44

-0.16

52.6

5

E

0.59

-1.42

1.7

6

R

0.63

-1.36

2.7

7

P

0.69

-1.28

4.7

8

D

0.79

-1.12

9.1

9

L

0.67

-1.31

3.7

10

A

1.02

-0.78

20.9

11

W

1.49

-0.09

55.5

12

L

0.96

-0.87

17.7

13

D

1.04

-0.75

21.6

14

E

1.10

-0.67

27.8

15

V

1.67

0.19

64.4

16

T

2.10

0.83

81.3

17

M

1.10

-0.67

28.0

7
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18

T

0.84

-1.06

11.8

19

Q

1.28

-0.39

43.2

20

L

2.17

0.94

83.8

21

E

0.96

-0.87

17.4

22

R

0.84

-1.06

11.5

23

N

2.14

0.89

83.0

24

P

2.56

1.52

91.6

25

Y

3.15

2.40

97.3

26

E

1.95

0.61

77.6

27

V

1.30

-0.37

44.2

28

Y

3.24

2.54

97.5

29

E

1.05

-0.74

22.6

30

R

2.11

0.84

81.6

31

L

1.98

0.65

78.6

32

R

2.43

1.32

88.2

33

A

0.98

-0.85

18.9

34

E

1.81

0.39

71.5

35

A

1.20

-0.52

36.9

36

P

2.43

1.32

88.5

37

L

1.74

0.29

67.8

38

A

1.20

-0.51

37.3

39

F

1.64

0.15

62.9

40

V

1.79

0.36

70.0

41

P

1.61

0.10

61.4

42

V

0.88

-1.00

13.5

43

L

0.97

-0.85

18.7

44

G

1.62

0.11

62.2

45

S

0.75

-1.19

6.6

46

Y

1.65

0.16

63.6

47

V

1.38

-0.25

47.7

48

A

1.28

-0.39

43.5

49

S

2.13

0.88

82.6

50

T

1.53

-0.03

57.5

51

A

1.09

-0.68

26.8

52

E

1.19

-0.54

35.9

53

V

0.92

-0.93

15.5
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54

C

2.79

1.86

95.6

55

R

1.06

-0.72

24.1

56

E

0.73

-1.22

6.1

57

V

1.71

0.25

66.1

58

A

1.07

-0.71

24.8

59

T

0.69

-1.28

4.2

60

S

1.37

-0.27

47.4

61

P

1.01

-0.80

19.9

62

D

1.06

-0.72

24.3

63

F

2.67

1.69

94.3

64

E

1.17

-0.56

34.2

65

A

1.30

-0.37

44.7

66

V

0.82

-1.08

10.6

67

I

0.96

-0.87

17.2

68

T

1.03

-0.77

21.4

69

P

1.02

-0.79

20.6

70

A

1.06

-0.72

23.6

71

G

1.25

-0.43

41.3

72

G

0.84

-1.06

11.3

73

R

1.87

0.48

74.9

74

T

1.27

-0.41

41.8

75

F

2.23

1.02

85.5

76

G

2.00

0.68

79.4

77

H

1.18

-0.55

34.6

78

P

1.61

0.10

61.7

79

A

1.32

-0.34

45.7

80

I

1.48

-0.10

54.8

81

I

1.81

0.40

71.7

82

G

1.12

-0.63

30.7

83

V

1.46

-0.12

53.8

84

N

1.84

0.44

73.2

85

G

2.06

0.77

80.6

86

D

1.29

-0.37

44.0

87

I

0.83

-1.07

10.8

88

H

3.61

3.09

99.3

89

A

0.76

-1.17

7.4
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90

D

0.79

-1.12

9.3

91

L

1.44

-0.15

53.1

92

R

2.60

1.58

93.1

93

S

0.78

-1.15

8.1

94

M

1.18

-0.55

34.9

95

V

1.74

0.29

67.3

96

E

1.15

-0.60

31.9

97

P

1.69

0.22

65.1

98

A

0.85

-1.04

12.0

99

L

1.86

0.47

74.0

100

Q

1.38

-0.24

48.2

101

P

2.15

0.91

83.3

102

A

1.00

-0.81

19.7

103

E

0.74

-1.21

6.4

104

V

1.80

0.38

71.3

105

D

1.04

-0.75

21.9

106

R

0.72

-1.24

5.7

107

W

1.50

-0.07

56.5

108

I

1.58

0.06

59.7

109

D

0.80

-1.12

9.8

110

D

0.90

-0.96

14.7

111

L

1.39

-0.23

48.6

112

V

1.51

-0.04

57.0

113

R

1.42

-0.19

51.1

114

P

1.09

-0.67

27.5

115

I

1.40

-0.21

49.9

116

A

1.49

-0.08

55.8

117

R

1.09

-0.68

26.5

118

R

0.81

-1.10

10.1

119

Y

1.91

0.55

76.7

120

L

1.40

-0.21

50.1

121

E

0.97

-0.86

18.4

122

R

0.77

-1.16

7.9

123

F

1.65

0.16

63.9

124

E

1.10

-0.66

29.0

125

N

0.75

-1.18

6.9
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126

D

0.88

-1.00

14.0

127

G

2.33

1.18

87.2

128

H

0.78

-1.14

8.8

129

A

1.11

-0.66

29.2

130

E

1.87

0.49

75.2

131

L

1.96

0.63

77.9

132

V

1.20

-0.52

36.4

133

A

0.65

-1.33

3.2

134

Q

1.11

-0.65

29.5

135

Y

2.23

1.03

85.7

136

C

2.19

0.97

84.5

137

E

1.43

-0.17

51.8

138

P

2.58

1.55

91.9

139

V

1.55

0.01

59.0

140

S

1.91

0.54

76.4

141

V

1.21

-0.49

38.3

142

R

1.61

0.10

60.9

143

S

1.32

-0.33

46.4

144

L

1.85

0.46

73.5

145

G

1.17

-0.56

34.4

146

D

1.23

-0.47

39.8

147

L

1.24

-0.45

40.5

148

L

1.78

0.36

69.8

149

G

2.62

1.60

93.6

150

L

1.74

0.29

67.6

151

Q

0.43

-1.66

0.2

152

E

1.22

-0.48

39.1

153

V

1.30

-0.37

44.5

154

D

1.21

-0.49

38.1

155

S

0.86

-1.02

12.5

156

D

1.09

-0.68

27.3

157

K

1.47

-0.10

54.3

158

L

1.93

0.58

77.1

159

R

1.32

-0.33

46.7

160

E

1.32

-0.34

45.9

161

W

3.88

3.50

99.8
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162

F

2.38

1.26

87.7

163

A

1.89

0.52

76.2

164

K

0.72

-1.23

5.9

165

L

1.99

0.66

78.9

166

N

1.22

-0.48

39.3

167

R

0.71

-1.25

5.2

168

S

1.75

0.30

68.3

169

F

1.09

-0.68

27.0

170

T

1.30

-0.36

45.2

171

N

3.30

2.63

98.3

172

A

1.14

-0.61

31.0

173

A

0.82

-1.09

10.3

174

V

0.97

-0.86

17.9

175

D

1.54

0.00

58.5

176

E

1.64

0.15

62.7

177

N

1.93

0.57

76.9

178

G

2.62

1.60

93.9

179

E

1.83

0.44

73.0

180

F

3.02

2.21

96.3

181

A

1.41

-0.20

50.4

182

N

2.72

1.75

94.8

183

P

1.67

0.19

64.6

184

E

1.24

-0.46

40.0

185

G

0.84

-1.06

11.1

186

F

1.97

0.64

78.4

187

A

0.63

-1.37

2.5

188

E

0.66

-1.33

3.4

189

G

1.16

-0.58

33.2

190

D

1.82

0.41

72.2

191

Q

0.78

-1.14

8.4

192

A

1.48

-0.10

54.5

193

K

1.28

-0.40

42.8

194

A

0.94

-0.91

15.7

195

E

1.86

0.47

74.2

196

I

1.83

0.43

72.5

197

R

0.76

-1.17

7.1
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198

A

0.94

-0.90

16.2

199

V

0.79

-1.12

9.6

200

V

1.40

-0.22

49.6

201

D

1.08

-0.69

25.8

202

P

1.03

-0.77

21.1

203

L

1.06

-0.72

23.8

204

I

1.16

-0.57

33.4

205

D

1.15

-0.59

32.4

206

K

1.14

-0.60

31.4

207

W

1.50

-0.07

56.8

208

I

0.86

-1.02

12.8

209

E

0.54

-1.51

0.7

210

H

1.16

-0.58

32.9

211

P

2.54

1.49

90.4

212

D

1.87

0.49

75.7

213

D

0.90

-0.96

15.0

214

S

2.21

1.00

85.0

215

A

1.10

-0.66

28.5

216

I

1.41

-0.20

50.6

217

S

2.84

1.94

95.8

218

H

1.82

0.41

72.0

219

W

2.23

1.03

86.0

220

L

1.38

-0.24

47.9

221

H

2.10

0.82

81.1

222

D

1.17

-0.56

33.9

223

G

1.47

-0.11

54.1

224

M

1.87

0.48

74.7

225

P

2.22

1.02

85.3

226

P

1.44

-0.16

52.8

227

G

2.48

1.40

89.2

228

Q

1.66

0.17

64.1

229

T

1.53

-0.01

58.2

230

R

1.58

0.06

60.0

231

D

1.15

-0.59

32.2

232

R

0.77

-1.16

7.6

233

E

1.19

-0.53

36.1
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234

Y

1.24

-0.46

40.3

235

I

2.05

0.75

80.1

236

Y

1.70

0.23

65.4

237

P

1.59

0.07

60.4

238

T

2.13

0.88

82.3

239

I

1.55

0.00

58.7

240

Y

2.26

1.07

86.2

241

V

1.72

0.27

66.6

242

Y

1.14

-0.60

31.2

243

L

1.73

0.28

67.1

244

L

1.43

-0.17

51.6

245

G

2.44

1.35

88.9

246

A

1.80

0.38

71.0

247

M

1.87

0.49

75.4

248

Q

2.73

1.78

95.1

249

E

2.54

1.50

90.9

250

P

2.54

1.49

90.7

251

G

1.73

0.27

66.8

252

H

2.52

1.46

90.2

253

G

1.18

-0.54

35.1

254

M

1.28

-0.40

42.5

255

A

1.01

-0.79

20.1

256

S

1.79

0.36

70.3

257

T

1.43

-0.16

52.3

258

L

1.40

-0.22

49.1

259

V

1.08

-0.70

25.3

260

G

2.11

0.85

81.8

261

L

2.37

1.24

87.5

262

F

1.68

0.20

64.9

263

S

1.04

-0.75

22.1

264

R

1.61

0.11

61.9

265

P

2.19

0.97

84.3

266

E

1.57

0.03

59.2

267

Q

3.39

2.76

98.5

268

L

1.32

-0.34

46.2

269

E

1.16

-0.57

33.7
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270

E

0.94

-0.91

16.0

271

V

2.06

0.77

80.3

272

V

0.89

-0.98

14.3

273

D

0.87

-1.01

13.0

274

D

1.53

-0.03

57.2

275

P

2.16

0.92

83.5

276

T

0.57

-1.45

1.0

277

L

1.12

-0.63

30.5

278

I

1.48

-0.09

55.3

279

P

1.10

-0.67

28.3

280

R

1.14

-0.60

31.7

281

A

1.88

0.50

75.9

282

I

1.76

0.32

68.8

283

A

1.05

-0.73

22.9

284

E

2.65

1.66

94.1

285

G

1.76

0.32

68.6

286

L

1.39

-0.24

48.4

287

R

2.60

1.58

92.9

288

W

3.80

3.37

99.5

289

T

1.32

-0.33

46.9

290

S

1.64

0.15

63.1

291

P

2.67

1.69

94.6

292

I

2.59

1.57

92.6

293

W

3.60

3.07

99.0

294

S

1.75

0.30

68.1

295

A

1.18

-0.54

35.4

296

T

1.28

-0.40

43.0

297

A

0.90

-0.96

14.5

298

R

2.38

1.26

88.0

299

I

0.96

-0.87

17.0

300

S

1.12

-0.64

30.2

301

T

1.48

-0.09

55.0

302

K

1.06

-0.73

23.1

303

P

1.53

-0.02

57.7

304

V

1.44

-0.15

53.3

305

T

1.39

-0.23

48.9
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306

I

1.49

-0.08

56.0

307

A

0.97

-0.86

18.2

308

G

2.30

1.14

86.5

309

V

1.29

-0.38

43.7

310

D

0.48

-1.59

0.5

311

L

1.83

0.43

72.7

312

P

1.78

0.35

69.5

313

A

1.24

-0.45

41.0

314

G

2.31

1.15

87.0

315

T

1.02

-0.79

20.4

316

P

0.62

-1.38

2.2

317

V

2.05

0.75

79.9

318

M

1.22

-0.48

39.6

319

L

0.85

-1.03

12.3

320

S

1.18

-0.54

35.6

321

Y

1.77

0.33

69.0

322

G

1.60

0.08

60.7

323

S

2.43

1.33

88.7

324

A

2.19

0.97

84.8

325

N

2.97

2.14

96.1

326

H

2.13

0.88

82.1

327

D

2.49

1.41

89.4

328

T

1.26

-0.43

41.5

329

G

0.69

-1.28

4.4

330

K

0.78

-1.14

8.6

331

Y

2.51

1.44

89.7

332

E

0.92

-0.93

15.2

333

A

1.11

-0.65

29.7

334

P

1.77

0.33

69.3

335

S

1.10

-0.66

28.7

336

Q

0.61

-1.40

2.0

337

Y

2.79

1.86

95.3

338

D

1.99

0.67

79.1

339

L

1.41

-0.19

50.9

340

H

1.22

-0.49

38.8

341

R

2.60

1.58

93.4
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342

P

0.99

-0.83

19.2

343

P

1.27

-0.41

42.0

344

L

0.69

-1.28

4.9

345

P

1.53

-0.02

58.0

346

H

3.27

2.58

97.8

347

L

1.43

-0.16

52.1

348

A

1.59

0.07

60.2

349

F

3.12

2.36

96.8

350

G

2.52

1.45

89.9

351

A

1.00

-0.81

19.4

352

G

2.31

1.14

86.7

353

N

1.07

-0.71

24.6

354

H

3.59

3.07

98.8

355

A

1.31

-0.34

45.5

356

C

4.79

4.86

100.0

357

A

1.40

-0.22

49.4

358

G

2.55

1.51

91.4

359

I

1.09

-0.68

26.3

360

Y

2.01

0.69

79.6

361

F

1.33

-0.31

47.2

362

A

1.65

0.16

63.4

363

N

1.71

0.24

65.8

364

H

0.88

-1.00

13.8

365

V

1.49

-0.08

56.3

366

M

1.24

-0.45

40.8

367

R

1.30

-0.36

45.0

368

I

1.95

0.61

77.4

369

A

1.20

-0.51

37.1

370

L

1.86

0.48

74.4

371

E

1.28

-0.40

42.3

372

E

1.21

-0.50

37.8

373

L

1.80

0.38

70.8

374

F

2.07

0.79

80.8

375

E

1.06

-0.73

23.3

376

A

1.05

-0.75

22.4

377

I

1.58

0.06

59.5
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378

P

2.18

0.95

84.0

379

N

1.85

0.46

73.7

380

L

1.79

0.37

70.5

381

E

1.16

-0.58

32.7

382

R

1.21

-0.49

38.6

383

D

1.21

-0.50

37.6

384

T

0.87

-1.01

13.3

385

R

0.59

-1.43

1.5

386

E

0.68

-1.29

3.9

387

G

0.63

-1.36

2.9

388

V

1.20

-0.52

36.6

389

E

0.58

-1.44

1.2

390

F

1.61

0.10

61.2

391

W

1.46

-0.13

53.6

392

G

2.59

1.56

92.4

393

W

3.14

2.39

97.1

394

G

1.07

-0.71

25.1

395

F

3.03

2.23

96.6

396

R

2.55

1.51

91.2

397

G

1.97

0.63

78.1

398

P

1.72

0.26

66.3

399

T

1.08

-0.69

26.0

400

S

0.72

-1.24

5.4

401

L

2.14

0.89

82.8

402

H

1.63

0.12

62.4

403

V

1.70

0.24

65.6

404

T

0.95

-0.89

16.7

405

W

2.59

1.56

92.1

406

E

1.11

-0.64

30.0

407

V

1.08

-0.70

25.6
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Table S6.8. Pseudomonas putida strains used in this study.
Strain ID
CJ025

Genotype
KT2440 catA2

Description of strain construction
catA2 was deleted from P. putida KT2440 using
pCJ004 and this deletion was confirmed by
diagnostic colony PCR amplification of a 2,089 bp
product with primer pair oCJ084/oCJ085.

CJ028

KT2440 catBCA::Ptac:xylE catA2

catBCA was replaced in CJ025 with Ptac:xylE using
pCJ005 and this gene replacement was confirmed
by diagnostic colony PCR amplification of a 3,078
bp product with primer pair oCJ086/oCJ087.

AM140

KT2440 catBCA::Ptac:xylE catA2
pcaHG

AM142

CJ612

KT2440 catBCA::Ptac:xylE catA2
pcaHG / pBTL-2
KT2440 catBCA::Ptac:xylE catA2
pcaHG / pCJ021 (gcoAB in pBTL-2)
KT2440 catBCA::Ptac:xylE catA2
pcaHG / p0AM27 (gcoABF169A in pBTL2)
KT2440 catBCA catA2

pcaHG was deleted by transforming CJ028 with
pCJ011. The gene replacement was confirmed by
amplification of a 2049 bp fragment using primers
oCJ106/oCJ107.
AM140 transformed with pBTL-2

AM154

KT2440 Ptac:pcaHG catBCA catA2

AM155

KT2440 Ptac:pcaHG catBCA catA2 /
pBTL-2
KT2440 Ptac:pcaHG catBCA catA2 /
pCJ021 (gcoAB in pBTL-2)
KT2440 Ptac:pcaHG catBCA catA2 /
(gcoABF169A in pBTL-2)

AM144
AM148

AM156
AM157

AM140 transformed with pCJ021
AM140 transformed with pAM027

catBCA was deleted from CJ025 by transforming
CJ025 with pCJ105. The gene deletion was
confirmed by amplification of a 2407 bp product
using primers oCJ086/oCJ087.
Native promoter of pcaHG replaced with Ptac by
transforming CJ612 with pCJ020. The gene
replacement was confirmed by amplification of an
1201 bp fragment using primers oAM127/oCJ135.
AM154 transformed with pBTL-2
AM154 transformed with pCJ021
AM154 transformed with pAM027

Table S6.9. Plasmids used in this study.
Plasmid ID
pBTL-2
pCJ004

Use
Empty vector
Deletion of catA2 in P. putida KT2440

Description of strain construction
pBTL-2 was described previously in (49)
Construction of pCJ004 was described
previously in Johnson and Beckham
(12).

pCJ005

Replacing catBCA with Ptac:xylE in P. putida
KT2440

The 5’ targeting region was amplified
from P. putida KT2440 genomic DNA
with primer pair oCJ042/oCJ043 (1,104
bp, which incorporated the tac
promoter), xylE (969 bp) was amplified
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from P. putida mt-2 (ATCC 23973)
genomic DNA with primer pair
oCJ044/oCJ045, and the 3’ targeting
region was amplified using primer pair
oCJ046/oCJ047 (1033 bp). These
fragments were then assembled into
pCM433 digested with AatII and SacI
(7991 bp).
pCJ011

Deletion of pcaHG in P. putida KT2440

Construction of pCJ011 was described
previously in Johnson and Beckham
(12).

pCJ020

Insertion of tac promoter upstream of pcaHG
in P. putida KT2440

Construction of pCJ020 was described
previously in Johnson and Beckham
(12).

pCJ021

Episomal expression of gcoAB on pBTL-2

Construction of pCJ021 was described
previously in Tumen-Velasquez, et al.
(50).

pCJ105

Deletion of catBCA in P. putida KT2440

The 5’ (1054 bp) and 3’ (1044 bp)
targeting regions were amplifed from
pCJ005 with primers oCJ542/oCJ543
and oCJ544/oCJ545, respectively, and
assembled into pK18sB (Genbank;
MH166772 (51)) digested with EcoRI
and HindII.

pAM027

Episomal expression of gcoABF169A on pBTL-2

pCJ021 was linearly amplified using
oAM173 and oAM174 to include
the gcoA F169 mutation and treated
with NEB KLD Enzyme Mix (New England
Biolabs), which includes kinase, ligase,
and DpnI enzymes to phosphorylate and
circularize the PCR product and digest
the template, according to the
manufacturer's instructions.)

Expression plasmid

Expression of GcoA containing mutations

Site directed mutagenesis was
performed using the Q5 polymerase and
KLD enzyme mix (NEB) according to the
manufacturer's instructions. pCJ047
(pGEX-6P-1 vector containing WT GcoA
(1)) or pCJ021 (pBTL-2 vector containing
WT GcoAB) were used as templates for
mutagenesis.
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Table S6.10. Sequences of DNA oligos used in this study.
F169rev

AGCTTGGCGAACCACTCG

F169A

GAACCGCTCGgcCACCAACGCC

F169H

GAACCGCTCGcaCACCAACGCC

F169I

GAACCGCTCGaTCACCAACGC

F169L

GAACCGCTCGcTCACCAACGC

F169S

GAACCGCTCGTcCACCAACGC

F169V

GAACCGCTCGgTCACCAACGC

oCJ042

ccgaaaagtgccacctGACGTCcctgttgctcgatcaacgc

oCJ043

tcataAGATCTctcctgtgtgaaattgttatccgctcacaattccacacattatacgagccgatgattaattgtcaacagctctgttgccaggtcccgtc

oCJ044

aggagAGATCTtatgaacaaaggtgtaatgcgacc

oCJ045

cgaacGCGGCCGCgcaataagtcgtaccggaccatc

oCJ046

attgcGCGGCCGCgttcgaggttatgtcactgtgattttg

oCJ047

gctggatcctctagtGAGCTCcgcctgctccaggttg

oCJ084

CCTCAATGGCTTTGCCAG

oCJ085

GTACAACACACTGCCAGC

oCJ086

TGTGGGCATGGTGTGTTC

oCJ087

TCTTCAAAGCGTCCGGTG

oCJ106

ATCTTGAACCAACGCACC

oCJ107

CACAAGGCAATCCTGATCG

oCJ135

AGGCTGATGTTGATGTGC

oCJ542

aggaaacagctatgacatgattacGAATTCcctgttgctcgatcaacgccag

oCJ543

cgaacGCGGCCGCtgttgccaggtcccgtcagg
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oCJ544

gacgggacctggcaacaGCGGCCGCgttcgag

oCJ545

cgttgtaaaacgacggccagtgccAAGCTTcgcctgctccaggttgaatgc

oAM127

GAGCTGTTGACAATTAATCATCGGC

oAM173

GAACCGCTCGgcCACCAACGCC

oAM174

AGCTTGGCGAACCACTCG

Movie S6.1. Motion of active site Phe residues in WT GcoA with guaiacol bound. 80 ns MD
simulation demonstrates the relative stability of F169 (center), F75 (left), and F395 (right).
Compound I heme is shown in sticks along with Fe molecule (orange) and bound oxygen atom
(red) in sphere representation.
Movie S6.2. Motion of active site F residues in WT GcoA with syringol bound. 80 ns MD
simulation reveals the increased flexibility of F75 (left), F395 (right), and especially F169 (center).
Compound I heme is shown in sticks along with Fe molecule (orange) and bound oxygen atom
(red) in sphere representation.
Movie S6.3. Substrate access loop is relatively stable in WT GcoA with guaiacol bound. 80 ns
MD simulation reveals a relatively stable substrate access loop (residues 154-210, shown in
raspberry color) when guaiacol (green “sticks” representation) is bound at the active site.
Compound I heme is shown in sticks along with Fe molecule (orange) and bound oxygen atom
(red) in sphere representation.
Movie S6.4. Substrate access loop is flexible in WT GcoA with syringol bound. 80 ns MD
simulation reveals a more active substrate access loop (residues 154-210, shown in raspberry color)
when syringol (pink “sticks” representation) is bound at the active site. Compound I heme is shown
in sticks along with Fe molecule (orange) and bound oxygen atom (red) in sphere representation.
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CHAPTER SEVEN

PRELIMINARY EVIDENCE AND FUTURE DIRECTIONS OF INVESTIGATING
THE IMPROVED IN VIVO EFFICIENCY OF TWO EVOLVED GCOA VARIANTS

Background and Statement of the Knowledge Gap

Lignin as a Viable Feedstock for Aromatic Carbon
Lignin, an abundant and heterogenous polymer, is a renewable source of aromatic
carbon. It is found in the cell walls of plants, and is used for structure, nutrient and water
transport, and as a defense against microbial pathogens (1). Due to its recalcitrance, rot
fungi and some bacteria have evolved powerful, oxidative enzymes that are able to break
down lignin through four known aromatic-catabolic pathways (2-4), where it is then
assimilated as a carbon and energy source (2,5).
Currently, it is a waste product in the pulping industry and burned for energy.
Because of this, there has been an intense interest in studying how Nature has developed
enzymatic strategies for breaking lignin down into central intermediates that can then be
fed into main metabolic pathways, like the tricarboxylic acid cycle and the β-ketoadipate
pathway (Figure 7.1). Discovery of enzymes that accomplish this would be of great
interest, as it would allow an environmentally-friendly method for lignin valorization,
where the breakdown products can be used as precursors for nylon and other high-value
products (6,7).
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Figure 7.1. Conversion of lignin to high-value products is of keen interest in
biotechnology. Lignin, an inherently recalcitrant and renewable plant polymer, is
comprised of aromatic building blocks. Fungi and some bacteria have evolved powerful
O2-dependent enzymes that can break the polymer down into smaller compounds, and then
fed through key metabolic pathways to be used as a carbon and energy source. Exploiting
this would enable production of high-value chemicals, used as small-chain carbon
feedstocks for plastics, fuels, and composite materials.

O-aryl-demethylation is a Critical Step in Lignin Breakdown
A critical reaction in both aerobic and anaerobic (8) conversion of ligin-derived
compounds to useful intermediates is O-aryl-demethylation. This occurs on methoxylated
compounds to produce diols, which are then ring-cleaved by dioxygenases and funneled
into central carbon metabolism (Figure 7.2). Here, they can be used as a carbon and energy
source (7,9).
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Figure 7.2.* O-aryl-demethylation in aromatic catabolism. a. O-aryl-demethylation
provides a central role in the upper pathways of aromatic catabolism (2,10-15). G- and Slignin, the primary units in lignin, are O-aryl-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).
*
Adapted from Chapter 5: A Promiscuous Cytochrome P450 Aromatic O-demethylase for
Lignin Bioconversion.

Harnessing this catabolic capability is of keen interest for the development of viable
lignin valorization strategies, where the heterogeneous lignin streams can be converted into
high-value chemicals (7,16-18). The primary composition of lignin in most plants is
coniferyl (G) and sinapyl (S) building blocks, which have one or two methoxy groups,
respectively. Due to this, O-aryl-demethylation is necessary before being converted to
central intermediates, like catechol, protocatechuate, and gallate. This process is a key
bottleneck in lignin degradation; therefore, there have been significant efforts towards the
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discovery and characterization of enzymes that can demethylate diverse lignin aromatics
(19-23).

Discovery of a Promiscuous, Two-component P450 O-aryl-demethylase
Recently, we reported on a new, two-component P450 system, termed GcoAB, that
was able to demethylate several lignin compounds such as guaiacol, guaethol, 3methoxycatechol, anisole, and 2-methylanisole (24). Our characterization of this enzyme
system involved the use of structural, biochemical, and computational approaches. In the
original reports of P450 mediated O-aryl-demethylation, either the full gene sequences
were not reported or identified until recently or the substrate was not of direct interest to
lignin degradation (25-28). The catalytic efficiency of this system proved to be better than
or equal to efficiencies of other O-aryl-demethylases and is the only one reported that acts
on such a wide range of substrates.
Although our in vitro study displayed high efficiency of GcoAB in demethylating
guaiacol, in vivo utilization of guaiacol by GcoAB was not considered efficient, as it
requires several dozen copy numbers before guaiacol turnover happens (29). In a
companion study, the in vivo efficiency of GcoAB was improved greatly by isolation of
several constructs made via a novel directed evolution technique (29). Here, they showed
that only one copy number of the evolved genes were needed to see conversion of guaiacol
to catechol (Figure 7.3B).
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Two Evolved Variants of GcoA Improve In Vivo Efficiency Using EASy
Using a novel directed evolution technique, termed Evolution by Amplification and
Synthetic Biology (EASy), collaborators were able to evolve and isolate several GcoA
variants that displayed greatly improved in vivo efficiency of guaiacol utilization (29). The
technique involves using a synthetic bridging fragment to force homologous recombination
between identical genes (Figure 7.3A). Growth on guaiacol was used as a selective
pressure, and cycles were continued until growth on guaiacol occurred with only one copy
number for each variant.

Figure 7.3. The EASy method speeds up the natural process of evolution, resulting in
improved gene variants. a. The use of a synthetic bridging fragment forces a homologous
recombination event, speeding up the natural process of evolution. Here, gcoA and gcoB
genes are inserted into a foreign DNA chromosome of Pseudomonas putida. In the top
panel of b, no growth using guaiacol as the carbon source is seen with one copy number.
However, upon EASy application, new variants are formed that exhibit guaiacol utilization
(b, bottom panel) with a single copy number.

Two of the isolated variants were investigated in vitro, to determine how they
compared to WT GcoA. One has a mutation at the 72nd position in GcoA, where a glycine
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is replaced by an aspartate. The second variant is a fused construct between GcoA and
CatA. CatA, or catechol dioxygenase, catalyzes the conversion of catechol, the product of
the GcoA reaction, to cis-cis muconic acid. We hypothesized that the greatly shortened
distance between CatA and GcoA lead to the improved efficiency, as catechol from GcoA
could be directly passed off to CatA. In the following work, we looked at the in vitro
characterization of both G72D GcoA and CatA-GcoA.

Reasoning

In order to make enzymatic lignin valorization a viable option for industrial-scale
work, microbial enzymes need to be efficient and cost-effective. Engineering enzymes to
work under a variety of conditions, e.g. high temperature and pH (30,31), and with
improved catalytic rates (32,33), is therefore a high priority. In many cases, enzymatic
engineering is accomplished using a structure-guided approach and subsequent sitedirected mutagenesis (32,33).
Another option for engineering more efficient systems is through directed
evolution, in which the bacteria select for a more efficient strain. Bacteria do this process
on their own, but at a much slower rate than a directed approach, like the EASy method
mentioned above (29). The following summary describes the in vitro characterization of
two proteins that were evolved using this method, and how they are compare to WT GcoA.
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Preliminary Studies Methods

Protein Expression and Purification
G72D GcoA and GcoB were expressed and purified as previously described (24).
CatA was expressed in the same manner, but at the point of induction, 100 mg/L ferrous
sulfate heptahydrate was added. The temperature was then lowered to 20 °C and left to
incubate in the shaker (180 rpm) for an additional 16-18 hours. CatA-GcoA was expressed
as CatA above, but 100 mg/L each of ferrous sulfate heptahydrate and 5-aminoluvelinic
acid were added at the point of induction when the temperature was lowered to 20 °C. The
same amount of each was added again after one and three hours. Purification for CatA and
CatA-GcoA was carried out by lysing the cells via sonication in lysis buffer (50 mM
HEPES, 100 mM NaCl, pH 7.5) and loading the centrifuged supernatant onto a Ni-NTA
column. Protein was collected by running a gradient from 0-100% 50 mM HEPES, 100
mM NaCl, 500 mM imidazole, pH 7.5, for 300 mL. Enzyme-containing fractions were
collected and incubated with Tev protease to remove the His-tag. Cleaved protein was then
loaded onto a size-exclusion column and the purity assessed via SDS-PAGE.

Heme Quantification
A previously reported protocol was used to determine the amount of catalytically
active heme (24,34). Briefly, CO gas was bubbled into a cuvette containing 1.0-2.5 μM
(Pierce BCA assay) enzyme (G72D and CatA-GcoA), made up in buffer (25 mM HEPES,
50 mM NaCl, pH 7.5) containing 1.0 mM EDTA, 20% glycerol, 0.5% sodium cholate, and
0.4% non-ionic detergent. Excess sodium dithionite (~1 mg) was added to reduce the heme
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iron and the peak attributed to the catalytically competent, ferrous CO-bound heme (~450
nm) gradually appeared. Several scans were taken to ensure complete binding of CO to
heme. A spectrum for a control containing only dithionite-reduced enzyme was measured,
and a difference spectrum computed. Absorbances at 420, 450, and 490 nm were recorded
to calculate the amount of active heme (P450) or inactive heme (P420 nm) (see equations
7.1-3). Reported values are the average of three or more measurements.
(ΔA450 - ΔA490)/0.091 = nmol of P450 per mL

(7.1)

[(ΔA420 - A490)observed - (A450 - A490)theoretical]/0.110 = nmol of cytochrome P420 per
mL
(7.2)
nmol of P450 per mL x (-0.041) = (ΔA420 - A490)theoretical

(7.3)

Here ΔA450 and ΔA420 are the differences between the reference and sample spectra at
absorbances 450 and 420 nm, respectively.

Determination of [FAD] and Non-heme [Fe] in GcoB and CatA
FAD was released from GcoB by denaturing 200 μL of a protein (0.024 µM)
solution with 5 μL saturated ammonium sulfate, pH 1.4 (7% v/v H2SO4) (35). Precipitated
protein was pelleted by centrifugation and the UV/vis spectrum of the FAD-containing
supernatant was measured. The absorbance at 454 nm, εFAD = 11.3 mM-1 cm-1, and total
protein concentration determined by the BCA assay (Pierce) 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].
To determine the Fe-S content of GcoB and Fe content of CatA and CatA-GcoA,
the proteins were first denatured as done previously (24,36). 50 μL of supernatant was
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added to 25 μL of 5% w/v sodium ascorbate to reduce the iron. 100 μL 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
(ε535 = 22.14 mM-1 cm-1, determined using FeSO4 standards). An extinction coefficient for
GcoB-bound 2Fe-2S cluster was reported previously (24). CatA-bound Fe was estimated
via the slope of a line relating absorbance at 325 nm to [CatA-Fe].

Formaldehyde Determination
A colorimetric assay using tryptophan can be used to quantify the amount of
formaldehyde produced in G72D GcoA/B reactions with guaiacol. 0.2 µM each of G72D
and GcoB were dissolved in air-saturated buffer (25 mM HEPES, 50 mM NaCl) in a
cuvette at pH 7.5, 25 °C. 100 µg/mL catalase was added to each reaction to capture any
H2O2 formed during the uncoupled reaction. 200 μM NADH was added and the
background rate recorded. 100 μM of guaiacol was then added and the reaction monitored
until there was no more change, due to either substrate, NADH or O2 depletion, whichever
occurred first. A colorimetric assay using tryptophan was then used to quantify the amount
of formaldehyde produced (37). Briefly, 200 µL of the reaction was then quenched by
adding 200 µL of a 0.1% tryptophan solution in 50% ethanol and 200 µL of 90% sulfuric
acid. Upon thorough mixing, 40 µL of 1% FeCl3 was added. 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 using ε575 nm = 4.2 mM-1 cm-1, obtained with
formaldehyde as a standard (24). A negative control included everything but the substrate
and was used as a baseline.
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HPLC for Product Identification
Analyte analysis of the above end-point reactions (100 μM guaiacol) was
performed on an Agilent 1100 LC system (Agilent Technologies) equipped with a G1315B
diode array detector (DAD). Each sample or standard was injected at a volume of 10 μL
onto a Symmetry C18 column 5 μm, 4.6 x 150 mm column (Waters). The column
temperature was maintained at 30 °C and the buffers used to separate the analytes of
interest was 0.01% TFA in water (A)/ acetonitrile (B). The separation was carried out using
a gradient program of: (A) = 99% and (B) = 1% at time t = 0 min; (A) = 99% and (B) =
1% at time t = 2 min, (A) = 50% and (B) = 50% at t = 8 min; (A) = 1% and (B) = 99% at t
= 8.01 min; (A) = 99% and (B) = 1% at t = 10.01 min; (A) = 99% and (B) = 1% at t = 11
min. The flow rate was held constant at 1.5 mL min-1, resulting in a run time of 11 minutes.
DAD wavelengths of 210 and 325 nm were used for analysis of the analytes of interest.
Standard curves were generated using 0-500 μM of guaiacol and catechol. Integrated
intensities vs [standards] were plotted and the resulting standard curves used to quantify
the reactant and product.

Steady State Kinetics of G72D, CatA and WT GcoA, and CatA-GcoA with Guaiacol
0.2 µM of G72D, 0.2 µM CatA + 0.2 µM CatA, or 4 µM CatA-GcoA were
dissolved in air-saturated buffer (25 mM HEPES, 50 mM NaCl) in a cuvette at pH 7.5, 25
°C. 0.2 µM GcoB and100 µg/mL catalase was added to each reaction to capture any H2O2
formed during the uncoupled reaction. A saturating amount of NADH (≥ 5KM, 300 µM)
was added and a background rate of NADH oxidation in air (~210 µM O2) recorded via
continuous scanning of the UV/vis spectrum (Varian Cary 50). 20-300 µM guaiacol
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(concentrated 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 (ε344 = 6.22 mM-1 cm1

). A plot of vi versus [guaiacol] was fit to equation 7.4 to obtain kcat, KM, and kcat/KM.

Reported values are the average of ≥3 measurements and reported errors are standard
deviations.
vi = Vmax[S]/(KM + [S])

(7.4)

For measuring the activity of CatA and CatA-GcoA with catechol, an O2
consumption assay was used with a Clark-type O2 electrode (Yellow Springs Instruments).
Briefly, 0-200 µM catechol was added to air-saturated buffer (25 mM HEPES, 50 mM
NaCl, pH 7.5), maintained at 25 °C, and the background oxidation rate recorded. 0.2 µM
enzyme was then added to initiate the reaction. Initial velocities were recorded, plotted as
a function of catechol, and fit to equation (7.4).

Determination of substrate dissociation constants (KD) with G72D/CatA-GcoA and
guaiacol
0-60 µM of guaiacol was titrated into a cuvette containing 2 µM G72D GcoA or 3
µM CatA-GcoA in 25 mM HEPES, 50 mM NaCl, pH 7.5 in 0.5 or 1 µM aliquots. 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 388 nm, and a trough at 417 nm. The absorbance at 388 nm (Abs388-417 nm) was
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plotted as a function of [substrate], yielding a quadratic curve that was fit to equation (7.5)
to determine the KD.
Δ 𝐴𝑏𝑠𝑜𝑏𝑠 =

Δ 𝐴𝑏𝑠𝑚𝑎𝑥
2𝐸𝑡

(𝐿0 + 𝐸𝑡 + 𝐾𝐷 − √(𝐿0 + 𝐸𝑡 + 𝐾𝑑 )2 − 4𝐸𝑡 ∗ 𝐿0 )

(7.5)

Where L0, Et, KD, and ΔAbsmax 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.

Effect of Elevated Temperature on Specific Activity of CatA-GcoA and CatA + GcoA
We hypothesized that the in vivo efficiency of the fusion construct over GcoA was
due to its higher stability under the conditions studied; namely, incubation at 30 °C.
Therefore, we set out to measure the specific activity of CatA-GcoA’s reaction with
guaiacol and compared it to CatA + GcoA, at different time points and at 30 °C using the
NADH consumption assay described above. Reactions containing 0.2 µM of CatA + GcoA
or 2 µM CatA-GcoA were dissolved in air-saturated (210 µM) buffer (25 mM HEPES, 50
mM NaCl, pH 7.5) and kept stirring at 30 °C. Aliquots were removed at 0, 15, 30, 45, 60,
90, 120, 180, and 240 min. 0.2 µM GcoB, 100 µg/mL catalase, and 300 µM NADH were
then added and background NADH consumption was monitored. 300 µM guaiacol was
used to initiate the reaction and the rate of NADH oxidation recorded. Specific activity was
calculated by referencing the initial velocity to [enzyme]; this was then referenced to the
starting activity to get percent activity remaining.
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Thermal Stability Measurements of CatA-GcoA and CatA + GcoA
Differential scanning calorimetry (DSC) measurements were performed to assess
whether the in vivo enhancement in activity of fused vs non-fused GcoA was due to an
increase in thermal stability imparted by the fusion to CatA. Protein samples of CatA,
GcoA, and CatA-GcoA were diluted up to 50 and 100 µg/mL in either 25 mM HEPES, 50
mM NaCl, pH 7.5 (GcoA and CatA-GcoA) or 50 mM HEPES, 100 mM NaCl, pH 7.5
(CatA). Tmax was measured using a Microcal model VP-DSC calorimeter (Microcal, Inc.,
Northampton, USA). The scan rate was set to 60 °C/hr over a range of 25-90 °C.
Experiments were performed in triplicate and data analysis completed using Origin for
DSC software (OriginLab, Northampton, USA).

Preliminary Studies Results

Active Heme is Present in both G72D and CatA-GcoA, with High Fe Incorporation in
CatA-GcoA
A CO binding assay, using a protocol previously described (34), was used to
quantify the amount of active and total heme present in G72D and CatA-GcoA. As shown
in Figure 7.4, there is an enhancement at 450 nm (active heme), and a trough at 417 nm
(non-active heme) when CO is bubbled in (G72D is used as a representative spectrum).
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Figure 7.4. Active heme is present in G72D GcoA. When G72D is bubbled with CO and
reduced with dithionite, the characteristic peak at 450 nm grows in above the no CO
control. Extinction coefficients have been published so that both active (450 nm peak) and
non-active (417 nm trough) heme can be quantified.
Using extinction coefficients (see Methods) the amount of active and total heme
can be quantified. For monomeric G72D, 21 ± 4% is heme-bound and 18 ± 4% of that is
active heme. This is greatly reduced from WT (24), in which ~90% of monomeric GcoA
is heme-bound and ~80% of that is comprised of active heme. However, it should be noted
that the purification yield of G72D was 10-fold greater than WT using the same amount of
expression media; perhaps with this larger protein yield, there wasn’t enough heme that
was added at the point of induction, or the incorporation wasn’t as efficient. CatA-GcoA
has a much higher heme incorporation, with 100 ± 10% total and active heme per monomer.
Fe incorporation was found to be at 85 ± 5% per monomer. The extinction coefficient was
found by plotting the absorbance at 325 nm against [CatA-Fe] with a value of ε325 nm = 6.5
± 0.1 mM-1 cm-1.
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G72D Efficiently Demethylates Guaiacol, with Little Uncoupling
Analogous to WT GcoA, the mutant was able to efficiently use NADH in the
productive demethylation reaction of guaiacol, exhibiting very little uncoupling. This was
measured by monitoring the amount of NADH consumed (Figure 7.5) and then comparing
the concentration to both [formaldehyde] and [catechol] produced.

Figure 7.5. NADH is consumed in the reaction between G72D and guaiacol. Reactions
containing 0.2 µM each of G72D and GcoB were dissolved in air-saturated (210 µM)
buffer (25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C). 100 µg/mL catalase and 200 µM
NADH were added and the background oxidation recorded (red to blue trace). 200 µM
guaiacol was then added and NADH oxidation monitored until the reactants had been used
up. All the NADH is consumed in the reaction, suggesting that turnover might be
happening. If the reaction is completely coupled, one NADH molecule would go to
demethylating one guaiacol molecule, and NADH wouldn’t be oxidized on its own upon
G72D binding to guaiacol. The amount of NADH consumed can be quantified using its
extinction coefficient, ε340 nm = 6.22 mM-1 cm-1 (36).

Figure 7.6 and Table 7.1 show the relative quantities of each analyte. As can be
seen, all are within error of each other and is comparable to results that we previously saw
when WT was used (24).
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Figure 7.6. For every NADH consumed, an equal amount of formaldehyde and
catechol is produced in the WT and G72D GcoA reaction with guaiacol. Reactions
containing 0.2 µM each of G72D or WT were dissolved in air-saturated (210 µM) buffer
(25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C). 0.2 µM GcoB, 100 µg/mL catalase, 200
µM NADH (G72D) or 300 µM NADH (WT), and 200 µM guaiacol was then added and
the reaction monitored until there was no more change in the spectra. The end-point
reaction was analyzed using HPLC and the formaldehyde assay to quantify the products.
Error bars represent ±1 standard deviation of three or more runs.

The efficiency of the reaction is demonstrated by the fact that every NADH
molecule that is oxidized goes to formation of products in the O-aryl-demethylation
reaction of guaiacol to form catechol and formaldehyde. The efficiency of the G72D
mutant is paralleled to that of the WT. There is slightly less formaldehyde formed (85% vs
100%) but this is still considered a coupled reaction, as the catechol produced matches the
NADH consumed. The lower amount of formaldehyde could be due to evaporation during
the experiment or formaldehyde assay.
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Steady-state Kinetics Show G72D is Slightly More Efficient than WT at Demethylating
Guaiacol, but the Fusion is Much Less Efficient
The reaction between G72D GcoA and GcoB with variable guaiacol was monitored
under steady state conditions in the presence of NADH and catalase. The initial velocity,
measured via the NADH consumption assay, was plotted as a function of guaiacol, showing
a typical Michaelis-Menten curve. Interestingly, the kcat/KM of the mutant reaction was over
two-fold higher than the WT reaction previously shown (24) (Figure 7.7, Table 7.1). The
greater efficiency of the mutant stems from the KM parameter, with is 3-fold smaller than
that of WT, while the kcat for each is similar. The values for G72D and WT are,
respectively: kcat = 4.9 ± 0.08 s-1, KM = 0.017 ± 0.002 mM-1, and kcat/KM = 290 ± 30 mM-1
s-1; kcat = 6.8 ± 0.5 s-1, KM = 0.061 ± 0.01 mM-1, and kcat/KM = 110 ± 20 mM-1 s-1.

Figure 7.7. G72D is more efficient than WT via modulation of KM. Reactions containing
0.2 µM each of G72D or WT were dissolved in air-saturated (210 µM) buffer (25 mM
HEPES, 50 mM NaCl, pH 7.5, 25 °C). 0.2 µM GcoB, 100 µg/mL catalase, and 300 µM
NADH were added and the background oxidation recorded. 20-300 µM guaiacol was then
added and NADH oxidation monitored. The initial velocity was then plotted as a function
of [guaiacol] and fit to equation (7.4). Michaelis-Menten plots show a similar value in Vmax,
or kcat, between both mutant and WT reactions. However, the KM is lowered by ~3-fold in
the mutant, raising its overall efficiency. Values for G72D and WT are, respectively: kcat =
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4.9 ± 0.08, KM = 0.017 ± 0.002, kcat/KM = 290 ± 30; kcat = 6.8 ± 0.5, KM = 0.060 ± 0.01,
kcat/KM = 110 ± 20. Error bars represent ±1 standard deviations of three or more runs.

Contrary to expectations, the kinetics of CatA-GcoA were slower than the reaction
with CatA and GcoA added separately. In order to see any difference in the NADH
consumption over background, 20-fold more CatA-GcoA was needed vs both CatA and
GcoA, hence the need for plotting vi/E, where E = enzyme concentration. The overall
efficiency, kcat/KM, is lower for the fusion (Figure 7.8, Table 7.1). However, the KM for
the fusion protein was ~ 3-fold lower than for its counterpart. For the fused construct, kcat
= 0.5 ± 0.03 s-1, KM = 0.022 ± 0.005 mM-1, and kcat/KM = 23 ± 5 mM-1 s-1. We thought that
perhaps the efficiency of the fusion was due to an improvement in CatA’s performance, so
we measured Michaelis-Menten kinetics for CatA + catechol and compared it to CatAGcoA + catechol (Table 7.1). The efficiencies were within error to each other. CatA values
were as follows: kcat = 21 ± 1 s-1, KM = 0.023 ± 0.002 mM-1, and kcat/KM = 890 ± 200 mM1

s-1. For the fusion, kcat = 19 ± 2 s-1, KM = 0.022 ± 0.008 mM-1, and kcat/KM = 870 ± 300

mM-1 s-1.
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Figure 7.8. WT GcoA is much faster than CatA-GcoA at demethylating guaiacol in
vitro. Michaelis-Menten kinetics were performed on reactions containing 4 µM CatAGcoA dissolved in air-saturated buffer (25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C). 0.2
µM GcoB, 100 µg/mL catalase, and 300 µM NADH were then added and background
oxidation was measured, to be subtracted from oxidation with guaiacol. 20-300 µM
guaiacol was then added to initiate the reaction, and the initial velocity referenced to
[GcoA] was plotted as a function of [guaiacol]. WT GcoA was ran as described in Figure
7.7. Error bars represent ±1 standard deviations of three or more runs.

G72D and CatA-GcoA Bind Guaiacol with Lower Affinity than WT
The equilibrium dissociation constant, KD, was measured for G72D and CatAGcoA binding to guaiacol. Upon binding their substrates, there is a transition in the UV/vis
spectrum for P450 enzymes. This corresponds to the substrate displacing the aqua ligand
in the distal pocket to allow for the substrate to bind. Six-coordinate heme goes from a lowspin (S = 1/2) to a high-spin (S = 5/2) five-coordinate complex, resulting in a Soret shift
from 417 nm to 388 nm (Figure 7.9A).
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Figure 7.9. Representative data for guaiacol binding to G72D. The dissociation
constant, KD, was measured for both G72D and CatA-GcoA binding to guaiacol by
measuring the spectral shift that occurs when ferric heme undergoes a low spin (417 nm)
to a high spin (388 nm) transition upon substrate binding. Reactions contained 2 µM
(G72D) or 3 µM (CatA-GcoA) GcoA dissolved in buffer (25 mM HEPES, 50 mM NaCl,
pH 7.5) at 25 °C. 0-60 µM guaiacol (G72D) or 0-8 µM guaiacol (CatA-GcoA) was titrated
in and the spectra recorded. Shown is the representative data for G72D. In A. there is an
obvious shift as we convert to a high spin ferric species, indicative of substrate binding. B.
The difference spectra was plotted, and Abs388-417 nm was plotted vs [guaiacol] (inset) to
generate a quadratic curve that could then be fit to the equation for weakly binding ligands
(eq (7.5)). The KD for G72D was found to be 1.3 ± 0.05 µM; this is ~ 200-fold higher than
the value for WT (0.0060 ± 0.002). CatA-GcoA has a KD = 0.095 ± 0.01 µM.

A difference spectra, like that shown in Figure 7.9B, can then be used to plot Abs388
– 417 nm

vs [guaiacol] (Figure 7.9 inset) and fit to the equation for weakly binding ligands

(equation 7.5). For a 2 µM sample of G72D, the KD was found to be 1.3 ± 0.05 µM, which
is ~ 200-fold higher than the KD of WT (0.0065 ± 0.002 µM) (24). This signifies that WT
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binds guaiacol with a much higher affinity than G72D, even though the KM is 3-fold higher
in the WT vs mutant (Table 7.1). For the fusion construct, KD = 0.095 ± 0.01 µM. This is
better than G72D, but still 20-fold higher than WT.

Table 7.1. Efficiency of G72D and WT GcoAB toward binding and demethylation of
guaiacol.
GcoA
variant

KD (μM)a

WT

0.0060 ± 6.8 ± 0.5
0.002d
1.3 ± 0.05 4.9 ± 0.08

G72D
CatAGcoA
(guaiacol)
CatAGcoA
(catechol)
CatA

kcat (s-1)b

0.060
± 110 ± 20
0.01
0.017
± 290 ± 30
0.002
1.3 ± 0.05
1.3 ± 0.05

1.2 ± 0.15

Catechol
produced
per
NADH
consumed
1.2 ± 0.3

0.83 ± 0.03

1.0 ± 0.04

ND

ND

21 ± 1

0.023
0.002

± 890 ± 200

ND

ND

19 ± 2

0.022
0.008

± 870 ± 300

ND

ND

1.3 ± 0.05
0.095
0.01
ND

ND

KM (mM)

kcat/KM
(mM-1 s-1)

Aldehyde
produced per
NADH
consumedc

±

Titration conditions: 1-6 μM GcoA, 25 ºC, 25 mM HEPES, 50 mM NaCl, pH 7.5.
Reaction conditions: NADH consumption was determined via loss of absorbance at 340
nm (NADH = 6.22 mM-1 cm-1) in reactions containing 0.2 μM GcoAB, 100 μg/mL catalase,
300 μM NADH, and 5-300 μM guaiacol 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. The [aldehyde] was ratioed to the total [NADH] consumed, as monitored
by UV/vis.
d
Standard deviations are representative of three or more independent measurements.
a

b

CatA-GcoA Shows Diminished Stability at 30 °C vs CatA + GcoA
The specific activity with guaiacol and NADH at varying time points was measured
for solutions containing either CatA-GcoA or CatA + GcoA. To replicate the in vivo
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conditions, we let the proteins stir at 30 °C prior to removing aliquots and adding in the
other reagents. We noticed that the specific activity (or kcat) of the fusion was much lower
than the proteins added on their own (see MM results above). We thought that perhaps this
would remain constant over time at this temperature, whereas the independent proteins
would show diminished activity. However, the activity remaining after 240 min for the
fusion dropped to only 6%, whereas the CatA + GcoA samples were still at 76% (Figure
7.10). An interesting observation is that the CatA-GcoA was more flocculent over time
than the sample with independent proteins. This suggests that, upon prolonged exposure at
this temperature, the fusion is more sensitive to aggregation. This experiment has been
performed only once, so more trials will need to be done to see if the results are
reproducible.

Figure 7.10. The activity of the fusion diminishes much faster than the independent
proteins. Reactions containing 0.2 µM each of CatA-GcoA or CatA + GcoA were
dissolved in air-saturated (210 µM) buffer (25 mM HEPES, 50 mM NaCl, pH 7.5) and kept
stirring at 30 °C. Aliquots were removed at given time points and 0.2 µM GcoB, 100 µg/mL
catalase, and 300 µM NADH were then added and background NADH consumption was
monitored. 300 µM guaiacol was then added and the rate recorded. Specific activity was
calculated by referencing the initial velocity to [enzyme]; this was then referenced to the
starting activity to get a percentage remaining.
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Tm for CatA, GcoA, and CatA-GcoA are Similar
Because we did not observe a kinetic advantage of the fusion over CatA or GcoA
at 30 °C, we thought that perhaps the protein structure of CatA-GcoA is more thermally
stable than the individual proteins. To determine this, we looked at the melting temperature,
TM, of each protein to see if the fusion was more resistant to heat changes. The values were
measured to be 51 ± 0.1 (CatA-GcoA), 51 ± 0.2 and 54 ± 0.1 (CatA dimers), and 54 ± 0.1
(GcoA). The TM is roughly the same for all of them, suggesting that the in vivo efficiency
we see with the fusion is not due to its increased structural stability.

Future Directions

The discovery of two GcoA variants engineered through directed evolution
displayed an enhanced efficiency at guaiacol utilization in vivo. Our characterization of
these proteins in vitro was carried out and our results show that one mutant, G72D GcoA,
is more efficient than WT due to a lowering of the KM. However, we were unable to
determine what advantage the fusion construct, CatA-GcoA, imparted over WT. The
kinetics and thermal stability of CatA-GcoA was compared to CatA and GcoA separately.
Not only is there no improvement in these parameters, there is also a substantial decrease
of each in the fusion.
Since thermal stability and kinetics are not improved in the evolved fusion protein,
we propose that the in vivo efficiency is due to a higher stability of the RNA transcripts of
the fusion over either CatA or GcoA alone. In order to test this, we will work with
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collaborators and use quantitative PCR to determine the transcript levels of CatA-GcoA,
CatA, and GcoA over time, upon incubation at 30 °C.
A second hypothesis is that GcoA is more resistant to the action of proteases when
it is fused to CatA, which is a relatively more stable enzyme (38). We propose to test this
by doing a series of experiments with the cell lysate of CatA-GcoA and GcoA (CatA as a
control) and removing aliquots over time. These will then be assessed using SDS-PAGE
to see if the GcoA protein band diminishes over time faster than the fusion. We would also
like to investigate the effect of proteases in vitro; for example, trypsin. These fractions will
be incubated with the protease at 30 °C and time points removed to be analyzed via SDSPAGE as above.
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CHAPTER EIGHT

Concluding Remarks

O2 is an abundant and renewable oxidant, whose use in organisms is tightly
controlled and regulated. Nature has evolved elegant strategies to activate and harness
molecular oxygen’s oxidative power. One of these strategies is the use of organic and
metal-dependent cofactors in activation of O2, allowing for reaction with organic substrates
(1,2). This work examines three separate enzyme systems and the activation of molecular
oxygen in each: IsdG, a heme monoxygenase; NMO, a cofactor indepentant
monooxygenase; and GcoAB, a new class of P450 enzymes with enhanced functionality
for lignin degradation.
The first story discussed in this dissertation explores the reaction mechanism of
IsdG, a structurally small and simple heme monooxygenase within the ABM superfamily.
IsdG is present in the gram-positive bacteria Staphylococcus aureus where it helps break
down heme from its host to use as an iron source. Identifying the intermediates along the
pathway is necessary for understanding how this pathogen extracts Fe from the host and
provides the means for potential therapeutics. We found that IsdG uses heme as both a
cofactor and substrate in its reaction with O2 (3). The metal-dependent substrate/cofactor
is able to activate O2 so that the oxidant can be used to degrade the heme.
Until recently, it was thought that O2 activation was accomplished through the sole
use of cofactors within enzymes. However, there was a paradigm-shift in recent decades
upon the discovery of cofactor-less oxidases and oxygenases (4). A main objective in the
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field has been to understand how the protein environment, together with the substrate, has
evolved to activate O2 without the need of costly, non-renewable, and often toxic cofactors
(5-8). The second story of this work investigates how NMO, which is structurally very
similar and in the same family as IsdG, activates and uses O2 in a cofactor-independent
manner (8). Interestingly, the reaction mechanism draws from several elements featured in
enzymes that contain flavin cofactors (9,10).
The final story presented here looks at how a more complex P450 system uses O2
to help degrade the plant polymer, lignin. P450s are very well studied and versatile, making
them a perfect target for industrial applications and future engineering. The two-component
GcoAB system was characterized and found to be very efficient at demethylating a large
portion of lignin breakdown products into important intermediates. These intermediates are
precursors for things of interest in biotechnology, such as bioplastics and biofuels (11).
This system was engineered using both a structure-guided (site-directed mutagenesis) and
directed evolutionary approach (Evolution by Amplification and Synthetic Biology, EASy)
(12) to be even more efficient and beneficially promiscuous.
Overall, the work presented shows the versatility of O2-utilizing enzymes, and how
Nature has overcome the challenges for its use. As O2 is bioavailable and produces
relatively non-toxic byproducts (such as water), understanding how enzymes efficiently
use it for a wide range of reactions is of great importance for industrial development.
Implementing the use of O2-dependent enzymes is an environmentally-friendly alternative
to the use of costly, non-renewable, and often toxic oxidants, such as chromate, peroxides,
and halogen oxidants, that are widely used.

369

References
1.

Hamdane, D., Zhang, H., and Hollenberg, P. (2008) Oxygen Activation by
Cytochrome P450 Monooxygenase. Photosynth. Res. 98, 657-666

2.

Imlay, J. A. (2008) Cellular defenses against superoxide and hydrogen peroxide.
Annual review of biochemistry 77, 755-776

3.

Streit, B. R., Kant, R., Tokmina-Lukaszewska, M., Celis, A. I., Machovina, M. M.,
Skaar, E. P., Bothner, B., and DuBois, J. L. (2016) Time-resolved Studies of IsdG
Protein Identify Molecular Signposts along the Non-canonical Heme Oxygenase
Pathway. Journal of Biological Chemistry 291, 862-871

4.

Fetzner, S., and Steiner, R. A. (2010) Cofactor-independent oxidases and
oxygenases. Applied Microbiology and Biotechnology 86, 791-804

5.

Thierbach, S., Bui, N., Zapp, J., Chhabra, Siri R., Kappl, R., and Fetzner, S. (2014)
Substrate-Assisted O2 Activation in a Cofactor-Independent Dioxygenase.
Chemistry & Biology 21, 217-225

6.

Grocholski, T., Koskiniemi, H., Lindqvist, Y., Mantsala, P., Niemi, J., and
Schneider, G. (2010) Crystal structure of the cofactor-independent monooxygenase
SnoaB from Streptomyces nogalater: implications for the reaction mechanism.
Biochemistry 49, 934-944

7.

Hernández-Ortega, A., Quesne, M. G., Bui, S., Heyes, D. J., Steiner, R. A.,
Scrutton, N. S., and de Visser, S. P. (2015) Catalytic Mechanism of Cofactor-Free
Dioxygenases and How They Circumvent Spin-Forbidden Oxygenation of Their
Substrates. Journal of the American Chemical Society 137, 7474-7487

8.

Machovina, M. M., Usselman, R. J., and DuBois, J. L. (2016) Monooxygenase
Substrates Mimic Flavin to Catalyze Cofactorless Oxygenations. The Journal of
Biological Chemistry 291, 17816-17828

9.

Massey, V. (1994) ACTIVATION OF MOLECULAR-OXYGEN BY FLAVINS
AND FLAVOPROTEINS. Journal of Biological Chemistry 269, 22459-22462

10.

Roth, J. P., and Klinman, J. P. (2003) Catalysis of electron transfer during activation
of O2 by the flavoprotein glucose oxidase. Proceedings of the National Academy of
Sciences 100, 62-67

11.

Salvachúa, D., Katahira, R., Cleveland, N. S., Khanna, P., Resch, M. G., Black, B.
A., Purvine, S. O., Zink, E. M., Prieto, A., Martínez, M. J., Martínez, A. T.,
Simmons, B. A., Gladden, J. M., and Beckham, G. T. (2016) Lignin

370

depolymerization by fungal secretomes and a microbial sink. Green Chemistry 18,
6046-6062
12.

Tumen-Velasquez, M., Johnson, C. W., Ahmed, A., Dominick, G., Fulk, E. M.,
Khanna, P., Lee, S. A., Schmidt, A. L., Linger, J. G., Eiteman, M. A., Beckham, G.
T., and Neidle, E. L. (2018) Accelerating pathway evolution by increasing the gene
dosage of chromosomal segments. Proc. Nat. Acad. Sci. 115, 7105-7110

371

REFERENCES CITED
Abdelaziz OY, et al. (2016) Biological valorization of low molecular weight lignin.
Biotechnology Advances 34(8):1318-1346.
Abe, T., Masai, E., Miyauchi, K., Katayama, Y. & Fukuda, M. A tetrahydrofolatedependent O-Demethylase, LigM, Is crucial for catabolism of vanillate and syringate in
Sphingomonas paucimobilis SYK-6. J. Bacteriol. 187, 2030-2037 (2005).
Abrahams, J.P. Bias reduction in phase refinement by modified interference functions
introducing the γ correction. Acta Cryst. D53, 371-376 (1997).
Abrash HI, Shih D, Elias W, & Malekmehr F (1989) A kinetic study of the air oxidation
of pyrogallol and purpurogallin. International Journal of Chemical Kinetics 21(6):465476.
Adams MA & Jia Z (2005) Structural and biochemical evidence for an enzymatic quinone
redox cycle in Escherichia coli: identification of a novel quinol monooxygenase. J. Biol.
Chem. 280(9):8358-8363.
Adams, P.D. et al. PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213-221 (2010).
Adelakun OE, Kudanga T, Green IR, le Roes-Hill M, & Burton SG (2012) Enzymatic
modification of 2,6-dimethoxyphenol for the synthesis of dimers with high antioxidant
capacity. Process Biochemistry 47(12):1926-1932.
Afonine, P.V. et al. Towards automated crystallographic structure refinement with
phenix.refine. Acta Crystallogr. D Biol. Crystallogr. 68, 352-367 (2012).
Alfieri, A., Fersini, F., Ruangchan, N., Prongjit, M., Chaiyen, P., and Mattevi, A. (2007)
Structure of the monooxygenase component of a two-component flavoprotein
monooxygenase. Proc. Natl. Acad. Sci. USA 104, 1177-1182
Aoki, K., Konohana, T., Shinke, R., and Nishira, H. (1984) Purification and
Characterization of Catechol 1,2-Dioxygenase from Aniline-assimilating Rhodococcus
erythropolis AN-13. Agricultural and Biological Chemistry 48, 2087-2095.
Axelsen PH & Li DH (1998) Improved convergence in dual-topology free energy
calculations through use of harmonic restraints. Journal of Computational Chemistry
19(11):1278-1283.

372

Ballou, D., Palmer, G., and Massey, V. (1969) Direct demonstration of superoxide anion
production during oxidation of reduced flavin and of its catalytic decomposition by
erythrocuprein. Biochem. Biophys. Res. Commun. 36, 898.
Barone V & Cossi M (1998) Quantum Calculation of Molecular Energies and Energy
Gradients in Solution by a Conductor Solvent Model. The Journal of Physical Chemistry
A 102(11):1995-2001.
Becke AD (1988) Density-functional exchange-energy approximation with correct
asymptotic behavior. Physical Review A 38(6):3098-3100.
Becke AD (1993) Density‐functional thermochemistry. III. The role of exact exchange.
The Journal of Chemical Physics 98(7):5648-5652.
Beckham GT, Johnson CW, Karp EM, Salvachúa D, & Vardon DR (2016) Opportunities
and challenges in biological lignin valorization. Curr. Opin. Biotechnol. 42:40-53.
Bell, S.G. et al. The crystal structures of 4-methoxybenzoate bound CYP199A2 and
CYP199A4: structural changes on substrate binding and the identification of an anion
binding site. Dalton Trans. 41, 8703-8714 (2012).
Bell, S.G. et al. Investigation of the substrate range of CYP199A4: modification of the
partition between hydroxylation and desaturation activities by substrate and protein
engineering. Chemistry 18, 16677-16688 (2012).
Bell SG, Tan AB, Johnson EO, & Wong LL (2010) Selective oxidative demethylation of
veratric acid to vanillic acid by CYP199A4 from Rhodopseudomonas palustris HaA2. Mol
Biosyst 6(1):206-214.
Berry, E.A., Trumpower, B.L. Simultaneous determination of hemes a, b, and c from
pyridine hemochrome spectra. Anal. Biochem. 161, 1-15 (1987).
Bilinski T (1991) Oxygen-toxicity and microbial evolution. Biosystems 24(4):305-312.
Blomfield IC, McClain MS, Princ JA, Calie PJ, & Eisenstein BI (1991) Type 1 fimbriation
and fimE mutants of Escherichia coli K-12. Journal of bacteriology 173(17):5298-5307.
Boerjan, W., Ralph, J. & Baucher, M. Lignin biosynthesis. Ann. Rev. Plant Biol. 54, 519546 (2003).
Bolicke SM & Ternes W (2016) Isolation and identification of oxidation products of
syringol from brines and heated meat matrix. Meat Science 118:108-116.

373

Bothner, B., Chavez, R., Wei, J., Strupp, C., Phung, Q., Schneemann, A., and Siuzdak, G.
(2000) Monitoring enzyme catalysis with mass spectrometry. J. Biol. Chem. 275, 1345513459.
Bruice TC (1984) Oxygen-Flavin Chemistry. Isr. J. Chem. 24(1):54-61.
Bugg, T.D., Ahmad, M., Hardiman, E.M. & Singh, R. The emerging role for bacteria in
lignin degradation and bio-product formation. Curr. Opin. Biotech. 22, 394-400 (2011).
Bugg, T.D.H. & Rahmanpour, R. Enzymatic conversion of lignin into renewable
chemicals. Curr. Opin. Chem. Biol. 29, 10-17 (2015).
Caballero, J. L., Martinez, E., Malpartida, F., and Hopwood, D. A. (1991) Organization
and functions of the actVA region of the actinorhodin biosynthetic gene cluster of
Streptomyces coelicolor. Mol. Gen. Genet. 230, 401-412
Caignan, G. A., Deshmukh, R., Zeng, Y. H., Wilks, A., Bunce, R. A., and Rivera, M. (2003)
The hydroxide complex of Pseudomonas aeruginosa heme oxygenase as a model of the
low-spin iron(III) hydroperoxide intermediate in heme catabolism: C-13 NMR
spectroscopic studies suggest the active participation of the heme in macrocycle
hydroxylation. J. Am. Chem. Soc. 125, 11842-11852.
Caignan, G. A., Deshmukh, R., Wilks, A., Zeng, Y. H., Huang, H. W., Moenne-Loccoz,
P., Bunce, R. A., Eastman, M. A., and Rivera, M. (2002) Oxidation of heme to beta- and
delta-biliverdin by Pseudomonas aeruginosa heme oxygenase as a consequence of an
unusual seating of the heme. J. Am. Chem. Soc. 124, 14879-14892.
Capra JA & Singh M (2007) Predicting functionally important residues from sequence
conservation. Bioinformatics 23(15):1875-1882.
Carney, T. J., Collins, S. J., Moore, J. S., and Brushett, F. R. (2017) ConcentrationDependent Dimerization of Anthraquinone Disulfonic Acid and Its Impact on Charge
Storage. Chem. Mater. 29, 4801-4810
Chaiyen, P., Fraaije, M. W., and Mattevi, A. (2012) The enigmatic reaction of flavins with
oxygen. Trends Biochem. Sci. 37, 373-380
Chen, V.B. et al. MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12-21 (2010).
Chim, N., Iniguez, A., Nguyen, T. Q., and Goulding, C. W. (2010) Unusual diheme
conformation of the heme-degrading protein from Mycobacterium tuberculosis. J. Mol.
Biol. 395, 595-608.

374

Chrastil JW, J.T. (1975) A sensitive colorimetric method for formaldehyde. Anal Biochem
63:202-207.
Christ, B., Sussenbacher, I., Moser, S., Bichsel, N., Egert, A., Muller, T., Krautler, B., and
Hortensteiner, S. (2013) Cytochrome P450 CYP89A9 Is Involved in the Formation of
Major Chlorophyll Catabolites during Leaf Senescence in Arabidopsis. Plant Cell 25,
1868-1880.
Chung, J. Y., Fujii, I., Harada, S., Sankawa, U., and Ebizuka, Y. (2002) Expression,
purification, and characterization of AknX anthrone oxygenase, which is involved in
aklavinone biosynthesis in Streptomyces galilaeus. J. Bacteriol. 184, 6115-6122
Clark, R. W., Lanz, N. D., Lee, A. J., Kerby, R. L., Roberts, G. P., and Burstyn, J. N. (2006)
Unexpected NO-dependent DNA binding by the CooA homolog from Carboxydothermus
hydrogenoformans. Proc. Natl. Acad. Sci. U.S.A. 103, 891–896.
Cock PJA, et al. (2009) Biopython: freely available Python tools for computational
molecular biology and bioinformatics. Bioinformatics 25(11):1422-1423.
Colloch, N., El Hajji, M., Bachet, B., Lhermite, G., Schiltz, M., Prange, T., Castro, B., and
Mornon, J. P. (1997) Crystal Structure of the protein drug urate oxidase-inhibitor complex
at 2.05 angstrom resolution. Nat. Struct. Biol. 4, 947-952.
Cossi M, Rega N, Scalmani G, & Barone V (2003) Energies, structures, and electronic
properties of molecules in solution with the C-PCM solvation model. Journal of
Computational Chemistry 24(6):669-681.
Cowtan, K. The Buccaneer software for automated model building. 1. Tracing protein
chains. Acta Crystallogr D Biol Crystallogr 62, 1002-1011 (2006).
Cowtan, K. Recent developments in classical density modification. Acta Crystallogr. D
Biol. Crystallogr. 66, 470-478 (2010).
Cryle, M.J. & Schlichting, I. Structural insights from a P450 Carrier Protein complex reveal
how specificity is achieved in the P450BioI ACP complex. Proc. Natl. Acad. Sci. 105,
15696-15701 (2008).
Dardas, A. et al. The demethylation of guaiacol by a new bacterial cytochrome P450. Arch.
Biochem. Biophys. 236, 585-592 (1985).
Darden T, York D, & Pedersen L (1993) Particle mesh Ewald: An N⋅ log (N) method for
Ewald sums in large systems. The Journal of chemical physics 98(12):10089-10092.

375

Deng YQ & Roux B (2009) Computations of Standard Binding Free Energies with
Molecular Dynamics Simulations. Journal of Physical Chemistry B 113(8):2234-2246.
Dikalov, S. I., Kirilyuk, I. A., Voinov, M., and Grigor'ev, I. A. (2011) EPR detection of
cellular and mitochondrial superoxide using cyclic hydroxylamines. Free Radic. Res. 45,
417-430
Duan, X., Chen, J., and Wu, J. (2013) Improving the Thermostability and Catalytic
Efficiency of Bacillus deramificans Pullulanase by Site-Directed Mutagenesis. Applied and
Environmental Microbiology 79, 4072-4077
Dubey, K.D., Wang, B.J. & Shaik, S. Molecular dynamics and QM/MM calculations
predict the substrate-induced gating of cytochrome P450 BM3 and the regio- and
stereoselectivity of fatty acid hydroxylation. J. Am. Chem. Soc. 138, 837-845 (2016).
Eby, D.M., Beharry, Z.M., Coulter, E.D., Kurtz, D.M., Jr. & Neidle, E.L. Characterization
and evolution of anthranilate 1,2-dioxygenase from Acinetobacter sp. strain ADP1. J.
Bacteriol. 183, 109-118 (2001).
Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart, T. T., and
Dempsey, J. L. (2017) A Practical Beginner’s Guide to Cyclic Voltammetry. J. Chem.
Educ. 95, 197-206
Eltis LD, Karlson U, & Timmis KN (1993) Purification and characterization of cytochrome
P450RR1 from Rhodococcus rhodochrous. Eur. J. Biochem. 213(1):211-216.
Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta
Crystallogr. D Biol. Crystallogr. 60, 2126-2132 (2004).
Engh, R.A. & Huber, R. Accurate bond and angle parameters for X-ray protein-structure
refinement. Acta Crystallogr. A 47, 392-400 (1991).
Evans, P. Scaling and assessment of data quality. Acta Crystallogr. D Biol. Crystallogr.
62, 72-82 (2006).
Evans, P.R. An introduction to data reduction: space-group determination, scaling and
intensity statistics. Acta Crystallogr. D Biol. Crystallogr. 67, 282-292 (2011).
Evans, W.C. and Fuchs, G. (1988) Anaerobic Degradation of Aromatic Compounds.
Annual Review of Microbiology 42, 289-317
Farrow, S.C. & Facchini, P.J. Dioxygenases catalyze O-demethylation and O,Odemethylenation with widespread roles in benzylisoquinoline alkaloid metabolism in
opium poppy. J. Biol. Chem. 288, 28997-29012 (2013).

376

Feller SE, Zhang Y, Pastor RW, & Brooks BR (1995) Constant pressure molecular
dynamics simulation: The Langevin piston method. The Journal of Chemical Physics
103(11):4613-4621.
Fetzner S & Steiner RA (2010) Cofactor-independent oxidases and oxygenases. Appl.
Microbiol. Biotechnol. 86(3):791-804.
Fetzner, S. (2012) Ring-Cleaving dioxygenases with a cupin fold. J. Appl. Environ.
Microbiol.78, 2505-2514
Fischer, F., Kunne, S., and Fetzner, S. (1999) Bacterial 2,4-dioxygenases: new members
of the alpha/beta hydrolase-fold superfamily of enzymes functionally related to serine
hydrolases. J. Bacteriol. 181, 5725-5733
Floudas, D. et al. The Paleozoic origin of enzymatic lignin decomposition reconstructed
from 31 fungal genomes. Science 336, 1715 - 1719 (2012).
Frerichs-Deeken, U., Ranguelova, K., Kappl, R., Huttermann, J., and Fetzner, S. (2004)
Dioxygenases without requirement for cofactors and their chemical model reaction:
compulsory order ternary complex mechanism of 1H-3-hydroxy-4-oxoquinaldine 2,4dioxygenase involving general base catalysis by histidine 251 and single-electron oxidation
of the substrate dianion. Biochemistry 43, 14485-14499
Frerichs-Deeken, U., and Fetzner, S. (2005) Dioxygenases without requirement for
cofactors: Identification of amino acid residues involved in substrate binding and catalysis,
and testing for rate-limiting steps in the reaction of 1H-3-hydroxy-4-oxoquinaldine 2,4dioxygenase. Curr. Microbiol. 51, 344-352
Frey, P. A. and Hegeman, A. D. (2007) Enzymatic Reaction Mechanisms, Oxford
University Press, Oxford, UK pp 1-68
Frisch, M. J. GWT, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J.
Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F.
Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings,
B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G.
Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr.,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C.
Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi,
J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox
(2009) Gaussian 09, Revision A. 02. Gaussian. Inc.: Wallingford, CT.

377

Fuchs, G., Boll, M. & Heider, J. Microbial degradation of aromatic compounds - from one
strategy to four. Nat. Rev. Microbiol. 9, 803-816 (2011).
Gadda, G. (2012) Oxygen activation in flavoprotein oxidases: the importance of being
positive. Biochemistry 51, 2662-2669
Galbraith, R. (1999) Heme oxygenase: Who needs it? Proc. Soc. Exper. Biol. Med. 222,
299-305.
Graves, A., Morse, R., Chao, A., Iniguez, A., Goulding, C., and Liptak, M. (2014)
Crystallographic and Spectroscopic Insights into Heme Degradation by Mycobacterium
tuberculosis MhuD. Inorg. Chem. 53, 5931-5940.
Gray, B., and Carmichael, A. J. (1992) Kinetics of superoxide scavenging by dismutase
enzymes and manganese mimics determined by electron spin resonance. Biochem. J. 281,
795-802
Gray, H. B., and Winkler, J. R. (1996) Electron Transfer in Proteins. Annu. Rev. Biochem.
65, 537-561
Gray, H. B., and Winkler, J. R. (2005) Long-range electron transfer. Proc. Natl. Acad. Sci.
102, 3534-3539
Gray, H. B., and Winkler, J. R. (2009) Electron Flow through Proteins. Chem. Phys. Lett.
483, 1-9.
Grimme S, Ehrlich S, & Goerigk L (2011) Effect of the damping function in dispersion
corrected density functional theory. Journal of Computational Chemistry 32(7):1456-1465.
Grimme S, Antony J, Ehrlich S, & Krieg H (2010) A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu. The Journal of Chemical Physics 132(15):154104.
Grinkova YV, Denisov IG, McLean MA, & Sligar SG (2013) Oxidase uncoupling in heme
monooxygenases: human cytochrome P450 CYP3A4 in Nanodiscs. Biochem Biophys Res
Commun 430(4):1223-1227.
Grocholski T, et al. (2010) Crystal structure of the cofactor-independent monooxygenase
SnoaB from Streptomyces nogalater: implications for the reaction mechanism.
Biochemistry 49(5):934-944.
Grocholski, T., Oja, T., Humphrey, L., Mantsala, P., Niemi, J., and Metsa-Ketela, M.
(2012) Characterization of the two-component monooxygenase system AlnT/AlnH reveals
early timing of quinone formation in alnumycin biosynthesis. J. Bacteriol. 194, 2829-2836

378

Guengerich FP (2001) Common and Uncommon Cytochrome P450 Reactions Related to
Metabolism and Chemical Toxicity. Chem. Res. Toxicol. 14(6):611-650.
Guengerich FP (2002) Rate-Limiting Steps in Cytochrome P450 Catalysis. Biol. Chem.
383(10):1553.
Guengerich, F.P., Martin, M.V., Sohl, C.D. & Cheng, Q. Measurement of cytochrome P450
and NADPH-cytochrome P450 reductase. Nat. Protocols 4, 1245-1251 (2009).
Guengerich, F.P. & Munro, A.W. Unusual cytochrome p450 enzymes and reactions. J.
Biol. Chem. 288, 17065-17073 (2013).
Hamdane D, Zhang H, & Hollenberg P (2008) Oxygen Activation by Cytochrome P450
Monooxygenase. Photosynth. Res. 98(1-3):657-666.
Hannemann, F., Bichet, A., Ewen, K.M. & Bernhardt, R. Cytochrome P450 systems—
biological variations of electron transport chains. Biochim. Biophys. Acta 1770, 330-344
(2007).
Harada, A. et al. The crystal structure of a new O‐demethylase from Sphingobium sp. strain
SYK‐6. FEBS J. (2017).
Hasemann, C.A., Kurumbail, R.G., Boddupalli, S.S., Peterson, J.A. & Deisenhofer, J.
Structure and function of cytochromes P450: A comparative analysis of of three crystal
structures. Structure 3, 41-62 (1995).
Hernandez-Ortega, A., Quesne, M., Bui, S., Heuts, D., Steiner, R., Heyes, D., de Visser,
S., and Scrutton, N. (2014) Origin of the proton-transfer step in the cofactor-free (1H)-3Hydroxy-4-oxoquinaldine 2,4-dioxygenase. J. Biol. Chem. 289, 8620-8632
Hernández-Ortega A, et al. (2015) Catalytic Mechanism of Cofactor-Free Dioxygenases
and How They Circumvent Spin-Forbidden Oxygenation of Their Substrates. J. Am. Chem.
Soc. 137(23):7474-7487.
Himmel, M. E., Ding, S.-Y., Johnson, D. K., Adney, W. S., Nimlos, M. R., Brady, J. W.,
and Foust, T. D. (2007) Biomass Recalcitrance: Engineering Plants and Enzymes for
Biofuels Production. Science 315, 804-807
Ho, R.Y.N., J.F. L, & J.S. Valentine (1995) Biological Reactions of Dioxygen: An
Introduction. Active Oxygen in Biochemistry. Structure Energetics and Reactivity in
Chemistry Series, ed Valentine J.S. FCS, Greenberg A., Liebman J.F. (Springer, Dordrecht,
New York City, NY), Vol 3, pp 1-36.

379

Hortensteiner, S., Wuthrich, K., Matile, P., Ongania, K., and Krautler, B. (1998) The key
step in chlorophyll breakdown in higher plants - Cleavage of pheophorbide alpha
macrocycle by a monooxygenase. J. Biol. Chem. 273, 15335-15339.
Huang, W.C., Ellis, J., Moody, P.C., Raven, E.L. & Roberts, G.C. Redox-linked domain
movements in the catalytic cycle of cytochrome p450 reductase. Structure 21, 1581-1589
(2013).
Imlay JA (2008) Cellular defenses against superoxide and hydrogen peroxide. Ann. Rev.
Biochem. 77:755-776.
Jayakody LN, et al. (2018) Thermochemical wastewater valorization via enhanced
microbial toxicity tolerance. Energy & Environmental Science 11(6):1625-1638.
Johnson CW & Beckham GT (2015) Aromatic catabolic pathway selection for optimal
production of pyruvate and lactate from lignin. Metab Eng 28:240-247.
Jung, S.T., Lauchli, R. & Arnold, F.H. Cytochrome P450: taming a wild type enzyme.
Curr. Opin. Biotech. 22, 809-817 (2011).
Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125-132 (2010).
Kagle, J. & Hay, A.G. Phenylacetylene reversibly inhibits the phenol hydroxylase of
Pseudomonas sp. CF600 at high concentrations but is oxidized at lower concentrations.
Appl. Microbiol. Biotechnol. 72, 306-315 (2006).
Kahn, K., and Tipton, P. A. (1998) Spectroscopic characterization of intermediates in the
urate oxidase reaction. Biochemistry 37, 11651-11659
Karlson, U. et al. Two independently regulated cytochromes P-450 in a Rhodococcus
rhodochrous strain that degrades 2-ethoxyphenol and 4-methoxybenzoate. J. Bacteriol.
175, 1467-1474 (1993).
Karlsson, A. et al. X-ray crystal structure of benzoate 1, 2-dioxygenase reductase from
Acinetobacter sp. strain ADP1. J. Mol. Biol. 318, 261-272 (2002).
Katoh K & Standley DM (2013) MAFFT Multiple Sequence Alignment Software Version
7: Improvements in Performance and Usability. Molecular Biology and Evolution
30(4):772-780.
Kelly, S.L. & Kelly, D.E. Microbial cytochromes P450: biodiversity and biotechnology.
Where do cytochromes P450 come from, what do they do and what can they do for us?
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368, 20120476 (2013).

380

Kemal, C., and Bruice, T. (1979) Transfer of O2 from a 4a-hydroperoxyflavin anion to a
phenolate ion. A flavin-catalyzed dioxygenation reaction. J. Am. Chem. Soc. 101, 16351638
Kemal, C., Chan, T. W., and Bruice, T. C. (1977) Reaction of 3O2 with dihydroflavins. 1.
N3,5-dimethyl-1,5-dihydrolumiflavin and 1,5-dihydroisoalloxazines. J. Am. Chem. Soc.
99, 7272-7286
Kendrew SG, Hopwood DA, & Marsh ENG (1997) Identification of a monooxygenase
from Streptomyces coelicolor A3(2) involved in biosynthesis of actinorhodin: Purification
and characterization of the recombinant enzyme. J. Bacteriol. 179(13):4305-4310.
Kendrew SG, et al. (2000) Crystallization and preliminary X-ray diffraction studies of a
monooxygenase from Streptomyces coelicolor A3(2) involved in the biosynthesis of the
polyketide actinorhodin. Acta Crystallogr. Sect. D-Biol. Crystallogr. 56:481-483.
Kersten, P.J., Dagley, S., Whittaker, J.W., Arciero, D.M., Lipscomb, J.D. 2-Pyrone-4,6dicarboxylic acid, a catabolite of gallic acids in Pseudomonas species. J. Bacteriol. 152,
1154-1162 (1982).
Khoshtariya, D. E., Dolidze, T. D., Shushanyan, M., Davis, K. L., Waldeck, D. H., and van
Eldik, R. (2010) Fundamental signatures of short- and long-range electron transfer for the
blue copper protein azurin at Au/SAM junctions. Proc. Natl. Acad. Sci. 107, 2757-2762.
Kirkwood JG (1935) Statistical mechanics of fluid mixtures. Journal of Chemical Physics
3(5):300-313.
Kohler, A.C., Mills, M.J., Adams, P.D., Simmons, B.A. & Sale, K.L. Structure of aryl Odemethylase offers molecular insight into a catalytic tyrosine-dependent mechanism. Proc.
Natl. Acad. Sci. 114, E3205-E3214 (2017).
Kollman P (1993) FREE-ENERGY CALCULATIONS - APPLICATIONS TO
CHEMICAL AND BIOCHEMICAL PHENOMENA. Chemical Reviews 93(7):23952417.
Kosa, M. & Ragauskas, A.J. Lignin to lipid bioconversion by oleaginous Rhodococci.
Green Chem. 15, 2070-2074 (2013).
Koskiniemi H, Grocholski T, Schneider G, & Niemi J (2009) Expression, purification and
crystallization of the cofactor-independent monooxygenase SnoaB from the nogalamycin
biosynthetic pathway. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 65(Pt 3):256259.
Kralj, M., Uzelac, L., Wang, Y.-H., Wan, P., Tireli, M., Mlinaric-Majerski, K., Piantanida,
I., and Basaric, N. (2015) Enhancement of antiproliferative activity by
phototautomerization of anthrylphenols. Photochem. Photobiol. Sci. 14, 1082-1092.

381

Kräutler V, Van Gunsteren WF, & Hünenberger PH (2001) A fast SHAKE algorithm to
solve distance constraint equations for small molecules in molecular dynamics simulations.
Journal of computational chemistry 22(5):501-508.
Kulys, J., Krikstopaitis, K., and Ziemys, A. (2000) Kinetics and thermodynamics of
peroxidase- and laccase-catalyzed oxidation of N-substituted phenothiazines and
phenoxazines. J. Biol. Inorg. Chem. 5, 333-340
Lee C, Yang W, & Parr RG (1988) Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density. Physical Review B 37(2):785-789.
Lee, S.-K., and Lipscomb, J. D. (1999) Oxygen Activation Catalyzed by Methane
Monooxygenase Hydroxylase Component: Proton Delivery during the O−O Bond
Cleavage Steps. Biochemistry 38, 4423-4432.
Legault C (CYLview, 1.0 b, Université de Sherbrooke, Sherbrooke, Québec, Canada, 2009.
URL http://www. cylview. org (accessed February 1, 2016).
Lee, W. C., Reniere, M. L., Skaar, E. P., and Murphy, M. E. P. (2008) Ruffling of
Metalloporphyrins Bound to IsdG and IsdI, Two Heme-degrading Enzymes in
Staphylococcus aureus. J. Biol. Chem. 283, 30957-30963.
Li, C., and Hoffman, M. Z. (1999) One-Electron Redox Potentials of Phenols in Aqueous
Solution. J. Phys. Chem. B 103, 6653-6656.
Li L, Li C, Zhang Z, & Alexov E (2013) On the Dielectric “Constant” of Proteins: Smooth
Dielectric Function for Macromolecular Modeling and Its Implementation in DelPhi.
Journal of Chemical Theory and Computation 9(4):2126-2136.
Lin, L. et al. Systems biology-guided biodesign of consolidated lignin conversion. Green
Chem. 18, 5536-5547 (2016).
Linger, J.G. et al. Lignin valorization through integrated biological funneling and chemical
catalysis. Proc. Natl. Acad. Sci. 111, 12013–12018 (2014).
Liu, Y., Moënne-Loccoz, P., Loehr, T. M., and Ortiz de Montellano, P. R. (1997) Heme
oxygenase-1, intermediates in verdoheme formation and the requirement for reduction
equivalents. J. Biol. Chem. 272, 6909-6917.
Machovina MM, Usselman RJ, & DuBois JL (2016) Monooxygenase Substrates Mimic
Flavin to Catalyze Cofactorless Oxygenations. J. Biol. Chem. 291(34):17816-17828.
Maier JA, et al. (2015) ff14SB: Improving the Accuracy of Protein Side Chain and
Backbone Parameters from ff99SB. J Chem Theory Comput 11(8):3696-3713.

382

Maines, M. D. (1997) The heme oxygenase system: A regulator of second messenger gases.
Ann. Rev. Pharm. Toxicol. 37, 517-554.
Mallinson SJB, et al. (2018) A promiscuous cytochrome P450 aromatic O-demethylase for
lignin bioconversion. Nat. Commun. 9(1):2487.
Martínez, Á.T. et al. Biodegradation of lignocellulosics: microbial, chemical, and
enzymatic aspects of the fungal attack of lignin. Int. Microbiol. 8, 195-204 (2010).
Martyna GJ, Tobias DJ, & Klein ML (1994) Constant pressure molecular dynamics
algorithms. The Journal of Chemical Physics 101(5):4177-4189.
Masai, E. et al. A novel tetrahydrofolate-dependent O-demethylase gene is essential for
growth of Sphingomonas paucimobilis SYK-6 with syringate. J. Bacteriol. 186, 2757-2765
(2004).
Masai, E., Katayama, Y. & Fukuda, M. Genetic and biochemical investigations on bacterial
catabolic pathways for lignin-derived aromatic compounds. Biosci. Biotech. Biochem. 71,
1-15 (2007).
Massey V (1994) Activation of molecular oxygen by flavins and flavoproteins. J. Biol.
Chem. 269(36):22459-22462.
Matsui, T., Unno, M., and Ikeda-Saito, M. (2010) Heme oxygenase reveals its strategy for
catalyzing three successive oxygenation reactions. Acc. Chem. Res. 43, 240-247.
Matsui, T., Nambu, S., Ono, Y., Goulding, C. W., Tsurnoto, K., and Ikeda-Saitot, M.
(2013) Heme Degradation by Staphylococcus aureus IsdG and IsdI Liberates
Formaldehyde Rather Than Carbon Monoxide. Biochemistry 52, 3025-3027.
McCoy, A.J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40, 658-674
(2007).
McDonald CA, Fagan RL, Collard F, Monnier VM, & Palfey BA (2011) Oxygen
Reactivity in Flavoenzymes: Context Matters. J. Am. Chem. Soc. 133(42):16809-16811.
Miller, A.-F. (2004) Superoxide dismutases: active sites that save, but a protein that kills.
Curr. Opin. Chem. Biol. 8, 162-168
Morawski, B., Segura, A. & Ornston, L.N. Substrate range and genetic analysis of
Acinetobacter vanillate demethylase. J. Bacteriol. 182, 1383-1389 (2000).
Moser, C. C., Keske, J. M., Warncke, K., Farid, R. S., and Dutton, P. L. (1992) Nature of
biological electron transfer. Nature 355, 796

383

Muller, K., Mayer, K., and Wiegrebe, W. (1986) Dithranol and active oxygen species, II
1) 1
. O2- oxidation of dithranol to chrysazin. Arch. Pharm. (Weinheim) 319, 1009-1018
Muller, K., Wiegrebe, W., and Younes, M. (1987) Formation of active oxygen species by
dithranol III1). Dithranol, active oxygen species and lipid peroxidation in vivo. Arch.
Pharm. (Weinheim) 320, 59-66
Muller, K. (1996) Antipsoriatic anthrones: aspects of oxygen radical formation, challenges
and prospects. Gen. Pharmocol. 27, 1325-1335
Muller, K. (1997) Antipsoriatic and proinflammatory action of anthralin. Implications for
the role of oxygen radicals. Biochem. Pharmacol. 53, 1215-1221
Muller, K., Gawlik, I., and Wiegrebe, W. (1995) Acidity and stability of 10-substituted
1,8-dihydroxy-9(10H)-anthracenones. Arch. Pharm. (Weinheim) 328, 359-362
Muller, P., and Ahmad, M. (2011) Light-activated cryptochrome reacts with molecular
oxygen to form a flavin-superoxide radical pair consistent with magnetoreception. J. Biol.
Chem. 286, 21033-21040
Murshudov, G.N. et al. REFMAC5 for the refinement of macromolecular crystal
structures. Acta Crystallogr. D Biol. Crystallogr. 67, 355-367 (2011).
Mycroft, Z., Gomis, M., Mines, P., Law, P. & Bugg, T.D. Biocatalytic conversion of lignin
to aromatic dicarboxylic acids in Rhodococcus jostii RHA1 by re-routing aromatic
degradation pathways. Green Chem. 17, 4974-4979 (2015).
Nambu, S., Matsui, T., Goulding, C. W., Takahashi, S., and Ikeda-Saito, M. (2013) A New
Way to Degrade Heme: The Mycobacterium tuberculosis Enzyme MhuD Catalyzes Heme
Degradation without Generating CO. J. Biol. Chem. 288, 10101-10109.
Nogales, J., Canales, A., Jimenez-Barbero, J., Garcia, J.L. & Diaz, E. Molecular
characterization of the gallate dioxygenase from Pseudomonas putida KT2440. The
prototype of a new subgroup of extradiol dioxygenases. J. Biol. Chem. 280, 35382-35390
(2005).
Nogales J, et al. (2011) Unravelling the gallic acid degradation pathway in bacteria: the gal
cluster from Pseudomonas putida. Mol Microbiol 79(2):359-374.
Nozaki, K., Oyama, M., Hatano, H., and Okazaki, S. (1989) Kinetic study on the
dimerization reaction of 9-methoxyanthracene cation radical by means of fast scan cyclic
voltammetry. J. Electroanal. Chem. 270, 191-204

384

Olshansky L, Stubbe J, & Nocera DG (2016) Charge-Transfer Dynamics at the alpha/beta
Subunit Interface of a Photochemical Ribonucleotide Reductase. J. Am. Chem. Soc.
138(4):1196-1205.
O'Reilly, N. J., and Magner, E. (2005) Electrochemistry of Cytochrome c in Aqueous and
Mixed Solvent Solutions: Thermodynamics, Kinetics, and the Effect of Solvent Dielectric
Constant. Langmuir 21, 1009-1014
Ortiz de Montellano, P. R., and Wilks, A. (2000) Heme oxygenase structure and
mechanism. Adv. Inorg. Chem., 51, 359-402.
Oturan, M. A., and Yildiz, A. (1984) Mechanism and Kinetics of the Dimerization of 9Cyanoanthracene. J. Electroanal. Chem. 161, 377-383
Padilla, J.E. & Yeates, T.O. A statistic for local intensity differences: robustness to
anisotropy and pseudo-centering and utility for detecting twinning. Acta Crystallogr. Sect.
D-Biol. Crystallogr. 59, 1124-1130 (2003).
Palfey, B. A., Moran, G. R., Entsch, B., Ballou, D. P., and Massey, V. (1999) Substrate
recognition by "password" in p-hydroxybenzoate hydroxylase. Biochemistry 38, 11531158
Palfey, B., Frederick, K., Moran, G., Entsch, B., Ballou, D., and Massey, V. (2000) Proton
movements control the reduction of FAD in p-hydroxybenzoate hydroxylase. Biochemistry
39, 1556-1557
Palfey, B., and McDonald, C. (2010) Control of catalysis in flavin-dependent
monooxygenases. Arch. Biochem. Biophys. 493, 26-36
Patil, P., and Ballou, D. (2000) The use of protocatechuate dioxygenase for maintaining
anaerobic conditions in biochemical experiments. Anal. Biochem. 286, 187-192
Pavlishchuk, V. V., and Addison, A. W. (2000) Conversion constants for redox potentials
measured versus different reference electrodes in acetonitrile solutions at 25 degrees C.
Inorganica Chim. Acta 298, 97-102.
Phillips JC, et al. (2005) Scalable molecular dynamics with NAMD. J Comput Chem
26(16):1781-1802.
Pishchany, G., and Skaar, E. P. (2012) Taste for Blood: Hemoglobin as a Nutrient Source
for Pathogens. Plos Pathogens 8, e1002535.
Pishchany, G., McCoy, A. L., Torres, V. J., Krause, J. C., Crowe, J. E., Jr., Fabry, M. E.,
and Skaar, E. P. (2010) Specificity for Human Hemoglobin Enhances Staphylococcus
aureus Infection. Cell Host Microbe 8, 544-550.

385

Pohorille A, Jarzynski C, & Chipot C (2010) Good Practices in Free-Energy Calculations.
Journal of Physical Chemistry B 114(32):10235-10253.
Poulos, T.L., Finzel, B.C., Gunsalus, I.C., Wagner, G.C. & Kraut, J. The 2.6-A crystal
structure of Pseudomonas putida cytochrome P-450. J. Biol. Chem. 260, 16122-16130
(1985).
Prior JE, Lynch MD, & Gill RT (2010) Broad-host-range vectors for protein expression
across gram negative hosts. Biotechnology and Bioengineering 106(2):326-332.
Que, L.Q., and Valentine, J. S. (2007). in Biological Inorganic Chemistry: Structure and
Reactivity (Gray, H. B., Steifel, E.I., Valentine, J.S., Bertini), First Ed., University Science
Books, Sausalito, CA. pp 1-40.
Radak BK, et al. (2017) Constant-pH Molecular Dynamics Simulations for Large
Biomolecular Systems. Journal of Chemical Theory and Computation 13(12):5933-5944.
Rafanan, E. R., Le, L., Zhao, L. L., Decker, H., and Shen, B. (2001) Cloning, sequencing,
and heterologous expression of the elmGHIJ genes involved in the biosynthesis of the
polyketide antibiotic elloramycin from Streptomyces olivaceus Tu2353. J. Nat. Prod. 64,
444-449
Ragauskas, A.J. et al. Lignin valorization: Improving lignin processing in the biorefinery.
Science 344, 1246843 (2014).
Ravichandran, K., Boddupalli, S., Hasermann, C., Peterson, J. & Deisenhofer, J. Crystal
structure of hemoprotein domain of P450BM-3, a prototype for microsomal P450's.
Science 261, 731-736 (1993).
Reniere, M. L., and Skaar, E. P. (2008) Staphylococcus aureus haem oxygenases are
differentially regulated by iron and haem. Mol. Microbiol. 69, 1304-1315.
Reniere, M. L., Ukpabi, G. N., Harry, S. R., Stec, D. F., Krull, R., Wright, D. W.,
Bachmann, B. O., Murphy, M. E., and Skaar, E. P. (2010) The IsdG-family of haem
oxygenases degrades haem to a novel chromophore. Mol. Microbiol. 75, 1529-1538.
Reniere, M. L., Haley, K. P., and Skaar, E. P. (2011) The flexible loop of Staphylococcus
aureus IsdG is required for its degradation in the absence of heme. Biochemistry 50, 67306737.
Ribeiro RF, Marenich AV, Cramer CJ, & Truhlar DG (2011) Use of Solution-Phase
Vibrational Frequencies in Continuum Models for the Free Energy of Solvation. The
Journal of Physical Chemistry B 115(49):14556-14562.

386

Rigoldi, F., Donini, S., Redaelli, A., Parisini, E., and Gautieri, A. (2018) Review:
Engineering of thermostable enzymes for industrial applications. APL Bioengineering 2,
011501
Rinaldi R, et al. (2016) Paving the Way for Lignin Valorisation: Recent Advances in
Bioengineering, Biorefining and Catalysis. Angew Chem Int Ed Engl 55(29):8164-8215.
Rivera, M., and Zeng, Y. H. (2005) Heme oxygenase, steering dioxygen activation toward
heme hydroxylation. J. Inorg. Biochem. 99, 337-354
Roberts, G. P., Youn, H., and Kerby, R. (2004) CO-sensing mechanisms. Microbiol.
Molec. Biol. Rev. 68, 453-473.
Rocchia, W., Alexov, E. & Honig, B. Extending the applicability of the nonlinear PoissonBoltzmann equation: Multiple dielectric constants and multivalent ions. J. Phys. Chem. B
105, 6507-6514 (2001).
Roth, H. G., Romero, N.A., and Nicewicz, D.A. (2016) Experimental and Calculated
Electrochemical Potentials of Common Organic Molecules for Applications to SingleElectron Redox Chemistry. Synlett 27, 714-723
Roth JP & Klinman JP (2003) Catalysis of electron transfer during activation of O2 by the
flavoprotein glucose oxidase. Proc. Nat. Acad. Sci. 100(1):62-67.
Roth JP, Wincek, R., Nodet, G., Edmondson, D.E., McIntire, W.S., and Klinman, J.P.
(2004) Oxygen Isotope Effects on Electron Transfer to O2 Probed Using Chemically
Modified Flavins Bound to Glucose Oxidase. J. Am. Chem. Soc. 126:15120-15131.
Roth, J. (2009) Oxygen Isotope Effects as Probes of Electron Transfer Mechanisms and
Structures of Activated O2. Acc. Chem. Res. 42, 399-408
Rupp, H., Rao, K.K., Hall, D.O. & Cammack, R. Electron spin relaxation of iron-sulphur
proteins studied by microwave power saturation. Biochim. Biophys. Acta 537, 255-269
(1978).
Ryter, S. W., Alam, J., and Choi, A. M. K. (2006) Heme oxygenase-1/carbon monoxide:
From basic science to therapeutic applications. Physiol. Rev. 86, 583-650.
Saeki Y, Nozaki M, & Senoh S (1980) CLEAVAGE OF PYROGALLOL BY NONHEME IRON-CONTAINING DIOXYGENASES. Journal of Biological Chemistry
255(18):8465-8471.
Sainsbury, P.D. et al. Breaking down lignin to high-value chemicals: The conversion of
lignocellulose to vanillin in a gene deletion mutant of Rhodococcus jostii RHA1. ACS
Chem. Biol. 8, 2151-2156 (2013).

387

Salvachúa D, Karp EM, Nimlos CT, Vardon DR, & Beckham GT (2015) Towards lignin
consolidated bioprocessing: simultaneous lignin depolymerization and product generation
by bacteria. Green Chem. 17(11):4951-4967.
Salvachúa D, et al. (2016) Lignin depolymerization by fungal secretomes and a microbial
sink. Green Chem. 18(22):6046-6062.
Schneider, T.P.a.S., G.M. Substructure solution with SHELXD. Acta Cryst. D58, 17721779 (2002).
Schuller, D. J., Wilks, A., de Montellano, P. R. O., and Poulos, T. L. (1999) Crystal
structure of human heme oxygenase-l. Nature Struct. Biol. 6, 860-867.
Schutyser W, et al. (2018) Chemicals from lignin: an interplay of lignocellulose
fractionation, depolymerisation, and upgrading. Chemical Society Reviews 47(3):852-908.
Schutz CN & Warshel A (2001) What are the dielectric “constants” of proteins and how to
validate electrostatic models? Proteins: Structure, Function, and Bioinformatics
44(4):400-417.
Sciara G, et al. (2003) The structure of ActVA-Orf6, a novel type of monooxygenase
involved in actinorhodin biosynthesis. EMBO J. 22(2):205-215.
Seaton, S.C., and Neidle, E.L. in Lignin Valorization: Emerging Approaches. (ed. G.T.
Beckham) (Royal Society of Chemistry, London; 2018).
Segura, A., Bünz, P.V., D’Argenio, D.A. & Ornston, L.N. Genetic analysis of a
chromosomal region containing vanA and vanB, genes required for conversion of either
ferulate or vanillate to protocatechuate in Acinetobacter. J. Bacteriol. 181, 3494-3504
(1999).
Sellmer, A., Terpetschnig, E., Wiegrebe, W., and Wolfbeis, O. S. (1998) UV/Vis and
fluorescence study on anthralin and its alkylated derivatives. J. Photochem. Photobiol. A
Chem. 116, 39-45
Sevrioukova, I.F., Li, H., Zhang, H., Peterson, J.A. & Poulos, T.L. Structure of a
cytochrome P450–redox partner electron-transfer complex. Proc. Natl. Acad. Sci. 96,
1863-1868 (1999).
Shahrokh K, Orendt A, Yost GS, & Cheatham TE, 3rd (2012) Quantum mechanically
derived AMBER-compatible heme parameters for various states of the cytochrome P450
catalytic cycle. J Comput Chem 33(2):119-133.
Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. A 64, 112-122 (2008).

388

Sheldrick, G.M. Experimental phasing with SHELXC/D/E: combining chain tracing with
density modification. Acta Crystallogr. D Biol. Crystallogr. 66, 479-485 (2010).
Sindhikara DJ, Emerson DJ, & Roitberg AE (2010) Exchange Often and Properly in
Replica Exchange Molecular Dynamics. Journal of Chemical Theory and Computation
6(9):2804-2808.
Sirajuddin, S., and Rosenzweig, A. C. (2015) Enzymatic Oxidation of Methane.
Biochemistry 54, 2283-2294
Skaar, E. P., Gaspar, A. H., and Schneewind, O. (2004) IsdG and IsdI, heme-degrading
enzymes in the cytoplasm of Staphylococcus aureus. J. Biol. Chem. 279, 436-443.
Skubak, P., Waterreus, W.J. & Pannu, N.S. Multivariate phase combination improves
automated crystallographic model building. Acta Crystallogr. D. Biol. Crystallogr. 66,
783-788 (2010).
Skubak, P. & Pannu, N.S. Automatic protein structure solution from weak X-ray data. Nat.
Commun. 4, 2777 (2013).
Solov'yov, I., and Schulten, K. (2009) Magnetoreception through cryptochrome may
involve superoxide. Biophys. J. 96, 4804-4813.
Steinbrecher T, Joung I, & Case DA (2011) Soft-Core Potentials in Thermodynamic
Integration: Comparing One- and Two-Step Transformations. Journal of Computational
Chemistry 32(15):3253-3263.
Steiner, R. A., Janssen, H. J., Roversi, P., Oakley, A. J., and Fetzner, S. (2010) Structural
basis for cofactor-independent dioxygenation of N-heteroaromatic compounds at the
alpha/beta-hydrolase fold. Proc. Natl. Acad. Sci. USA 107, 657-662
Streit BR, et al. (2016) Time-resolved Studies of IsdG Protein Identify Molecular
Signposts along the Non-canonical Heme Oxygenase Pathway. J. Biol. Chem. 291(2):862871.
Sucharitakul J, et al. (2007) Kinetics of a Two-Component p-Hydroxyphenylacetate
Hydroxylase Explain How Reduced Flavin Is Transferred from the Reductase to the
Oxygenase. Biochemistry 46(29):8611-8623.
Sugishima, M., Sakamoto, H., Higashimoto, Y., Omata, Y., Hayashi, S., Noguchi, M.,
Fukuyama, K. (2002) Crystal structure of rat heme oxygenase-1 in complex with heme
bound to azide. Implication for regiospecific hydroxylation of heme at the alpha-meso
carbon. J. Biol. Chem. 277, 45058-45090.

389

Sun Z, Fridrich B, de Santi A, Elangovan S, & Barta K (2018) Bright Side of Lignin
Depolymerization: Toward New Platform Chemicals. Chem Rev 118(2):614-678.
Swoboda, B. E. P. (1969) The relationship between molecular conformation and the
binding of flavin-adenine dinucleotide in glucose oxidase. Biochimica et Biophysica Acta
(BBA) - Protein Structure 175, 365-379
Taguchi, T., Yabe, M., Odaki, H., Shinozaki, M., Metsa-Ketela, M., Arai, T., Okamoto, S.,
and Ichinose, K. (2013) Biosynthetic conclusions from the functional dissection of
oxygenases for biosynthesis of actinorhodin and related Streptomyces antibiotics. Chem.
Biol. 20, 510-520
Tao, Y., Fishman, A., Bentley, W.E. & Wood, T.K. Oxidation of benzene to phenol,
catechol, and 1,2,3-trihydroxybenzene by toluene 4-monooxygenase of Pseudomonas
mendocina KR1 and toluene 3-monooxygenase of Ralstonia pickettii PKO1. Appl.
Environ. Microbiol. 70, 3814-3820 (2004).
Taube H (1965) Mechanisms of Oxidation with Oxygen. J. Gen. Physiol. 49(1):29-50.
Takayama, S.-i. J., Ukpabi, G., Murphy, M. E. P., and Mauk, A. G. (2011) Electronic
properties of the highly ruffled heme bound to the heme degrading enzyme IsdI. Proc. Natl.
Acad. Sci. USA 108, 13071-13076
Terwilliger, T.C. et al. Iterative model building, structure refinement and density
modification with the PHENIX AutoBuild wizard. Acta Crystallogr. D Biol. Crystallogr.
64, 61-69 (2008).
Thierbach, S., Büldt-Karentzopoulos, K., Dreiling, A., Hennecke, U., König, S., and
Fetzner, S. (2012) Hydrolase-like properties of a cofactor-independent dioxygenase.
Chembiochem 13, 1125-1127
Thierbach S, et al. (2014) Substrate-Assisted O2 Activation in a Cofactor-Independent
Dioxygenase. Chemistry & Biology 21(2):217-225.
Tripathi, S., Li, H. & Poulos, T.L. Structural basis for effector control and redox partner
recognition in cytochrome P450. Science 340, 1227-1230 (2013).
Tumen-Velasquez M, et al. (2018) Accelerating pathway evolution by increasing the gene
dosage of chromosomal segments. Proc. Nat. Acad. Sci. 115(27):7105-7110.
Ukpabi, G., Takayama, S.-I. J., Mauk, A. G., and Murphy, M. E. P. (2012) Inactivation of
the heme degrading enzyme IsdI by an active site substitution that diminishes heme
ruffling. J. Biol. Chem. 287, 34179-34188

390

Usselman, R. J., Hill, I., Singel, D. J., and Martino, C. F. (2014) Spin biochemistry
modulates reactive oxygen species (ROS) production by radio frequency magnetic fields.
PLoS One 9, e93065
Vaillancourt, F.H., Bolin, J.T. & Eltis, L.D. The ins and outs of ring-cleaving
dioxygenases. Crit. Rev. Biochem. Mol. Biol. 41, 241-267 (2006).
Valentine, J.S. (1994) Dioxygen Reactions. Bioinorganic Chemistry, ed Bertini E. GHB,
Lippard S.J., Valentine J.S. (University Science Books, Mill Valley, CA), pp 253-313.
Vardon, D.R. et al. Adipic acid production from lignin. Energy Environ. Sci. 8, 617-628
(2015).
Verdolino, V., Cammi, R., Munk, B.H., and Schlegel, H.B. (2008) Calculation of pKa
Values of Nucleobases and the Guanine Oxidation Products Guanidinohydantoin and
Spiroiminodihydantoin using Density Functional Theory and a Polarizable Continuum
Model. J. Phys. Chem. 112, 16860-16873
Visitsatthawong S, Chenprakhon P, Chaiyen P, & Surawatanawong P (2015) Mechanism
of Oxygen Activation in a Flavin-Dependent Monooxygenase: A Nearly Barrierless
Formation of C4a-Hydroperoxyflavin via Proton-Coupled Electron Transfer. J. Am. Chem.
Soc. 137(29):9363-9374.
Wan YY, Du YM, & Miyakoshi TS (2008) Enzymatic catalysis of 2,6-dimethoxyphenol
by laccases and products characterization in organic solutions. Sci. China Ser. B-Chem.
51(7):669-676.
Wang J, Wolf RM, Caldwell JW, Kollman PA, & Case DA (2004) Development and
testing of a general amber force field. J Comput Chem 25(9):1157-1174.
Wang, M. et al. Three-dimensional structure of NADPH–cytochrome P450 reductase:
prototype for FMN-and FAD-containing enzymes. Proc. Natl. Acad. Sci. 94, 8411-8416
(1997).
Warren JJ, Tronic TA, & Mayer JM (2010) Thermochemistry of Proton-Coupled Electron
Transfer Reagents and its Implications. Chem. Rev. 110(12):6961-7001.
Whitehouse CJC, Bell SG, & Wong L-L (2012) P450BM3 (CYP102A1): connecting the
dots. Chem. Soc. Rev. 41(3):1218-1260.
Wilks, A. (2002) Heme oxygenase: Evolution, structure, and mechanism. Antioxid. Redox
Signal. 4, 603-614.
Windley BF (2018) Precambrian time. (Encyclopaedia Brittanica, inc.).

391

Winn, M.D. et al. Overview of the CCP4 suite and current developments. Acta Crystallogr.
D Biol. Crystallogr. 67, 235-242 (2011).
Winter, G. xia2: an expert system for macromolecular crystallography data reduction. J.
Appl. Crystallogr. 43, 186-190 (2010).
Wu, R. Y., Skaar, E. P., Zhang, R. G., Joachimiak, G., Gornicki, P., Schneewind, O., and
Joachimiak, A. (2005) Staphylococcus aureus IsdG and IsdI, heme-degrading enzymes
with structural similarity to monooxygenases. J. Biol.Chem. 280, 2840-2846.
Xie, Y., An, J., Yang, G. Y., Wu, G., Zhang, Y., Cui, L., and Feng, Y. (2014) Enhanced
Enzyme Kinetic Stability by Increasing Rigidity within the Active Site. Journal of
Biological Chemistry 289, 7994-8006
Ye, J. S., Dickens, M. L., Plater, R., Li, Y., Lawrence, J., and Strohl, W. R. (1994) Isolation
and sequence analysis of polyketide synthase genes from the daunomycin producing
Streptomyces sp strain C5. J. Bacteriol. 176, 6270-6280
Ylihonko, K., Tuikkanen, J., Jussila, S., Cong, L. N., and Mantsala, P. (1996) A gene
cluster involved in nogalamycin biosynthesis from Streptomyces nogalater: sequence
analysis and complementation of early block mutations in the anthracycline pathway. Mol.
Gen. Genet. 251, 113-120
Yoneda, A. et al. Comparative transcriptomics elucidates adaptive phenol tolerance and
utilization in lipid-accumulating Rhodococcus opacus PD630. Nucleic Acids Res. 44,
2240-2254 (2016).
Yoshikata, T. et al. Three-component O-demethylase system essential for catabolism of a
lignin-derived biphenyl compound in Sphingobium sp. strain SYK-6. Appl. Env. Microbiol.
80, 7142-7153 (2014).
Yoshioka S, Takahashi S, Hori H, Ishimori K, & Morishima I (2001) Proximal cysteine
residue is essential for the enzymatic activities of cytochrome P450cam. Eur. J. Biochem.
268(2):252-259.
Zeng, Y. H., Caignan, G. A., Bunce, R. A., Rodriguez, J. C., Wilks, A., and Rivera, M.
(2005)
Azide-inhibited
bacterial
heme
oxygenases
exhibit
an
S=3/2
(dxz,dyz)3(dxy)1(dz2)1 spin state: Mechanistic implications for heme oxidation. J. Am.
Chem. Soc. 127, 9794-9807.
Zhao Y & Truhlar DG (2008) Computational characterization and modeling of buckyball
tweezers: density functional study of concave-convex [small pi][three dots, centered][small
pi] interactions. Physical Chemistry Chemical Physics 10(19):2813-2818.

