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ABSTRACT
Di oxygen, one of Naxitlants, es6essentimab fertcourilessve r f u
bi ol ogi cal reactions. To harness this oxid

evolved to interact with €) activate it, and poise it for catalysis with substrates. This
dissertation explores how two very difent enzyme families, monooxygenases and a new
class of cytochrome P450s, utilize this powerful oxidant. Previously, it was thought that
cofactors are essential for, @ctivation; however, a subset op-Qtilizing enzymes that
catalyze direct reactions tween substrate and>@as recently discovered, including
nogalamycin monoxygenase (NMO). To probe how the protein environment affects
thermodynamic and kinetic barriers ok @ctivation, we used a suite of techniques,
including: UV/is (transient and coemtional) and electron paramagnetic resonance
spectroscopies, Lconsumption, higiperformance liquid chromatography (HPLC), and
cyclic voltammetry. Here, we provide evidence that the NMO mechanism has similar
characteristics to that in flavoenzymes; in BMthe substrate, acting in lieu of flavin,
donates an electron toOactivating it to superoxide with the protein environment
facilitating this by lowering the reorganization energy. The last half of this dissertation
describes the discovery and engimegof a new class of cytochrome P450 enzymes that
employ hemaron oxygen activation to demethylate key lignin degradation products,
forming central carbon intermediates that are precursors for bioplastics. The P450 GcoAB,
comprised of the oxidase GcoAdathe reductase GcoB, is efficient at demethylating G
lignin, but shows poor reactivity towardsli§nin. Using a structurguided mutagenesis
approach, we generated a variant, F169A GcoA, that is more efficient thatypelct
demethylating @ignin and the only enzyme that efficiently degradedighin. We
characterized this variant, and the wildtype enzyme, using biochemical (UV/vis
spectroscopy, HPLC), structural €8y crystallography), and computational (Molecular
Dynamics and Density Functional Tdrg). Currently, we are testing tirevitro efficiency

of additional variants evolved using a directed evolution apprdduhresults presented

in the following chapters explore the mechanisms of several enzyméststanding how
O:is activated and dized acrossliverseenzymatic systems provides valuable knowledge
that can aid in future design and enginee
particularly for largescale industrial applications.
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CHAPTER ONE

STRATEGIES OF @DEPENDENT ENZYMES

The Paradox of @Utilization

One of Natureds mao,stusedfar wanyebsential moghemlicalnt s ,
reactions, such as respiration, detoxification, and biosyntfigsBecause of the reactivity
and potential chemical energy in molecular oxygen, it is considered an ideal clean oxidant
for syntheticprocesses, as it is both renewable and abundant, and produces relatively
harmless products. However, because of its poweus® must be tightly regulated and
controlled to prevent unwanted reactions, such as the generation of reactive oxygen species
(ROS like Oy (superoxide), KO2, and hydroxyl radicals.

Our planet did not always have an-fh atmosphere. During the Paleoarchean
period, ~3.5 billion years ago, it had to evolve slowly, as it was toxic to orgaf@sf)s
Evolution was allowed because of®s sl ow reacti vity with or ge
thermodynamig5-7) and kinetic(5, 7, 8)barriers. As shown ifable 1.1 the overall 4 e
reduction of Qto form water is favorable; however, the first step to form superoxide has
a high energetic cost. As the one and-glectron reductions are the most relevant in

biology, these are the most critical steps to consider when lookinga O over al | red

(7).



2

Table 1.1. Standard reduction potentials for the reduction of @species in watel7).

Reaction E° (V) vs NHE, pH 7, 25 °C
O2+€e=0y -0.33
Oy + € + 2H" = H.0» +0.89
H2O2+ € + H" = H,O +OH +0.38
OH+ e+ H" =H0 +2.31
Oz + 2e + 2H" = H20> +0.281
H202 + 26 + 2H" = 2H,0 +1.349
Oz + 46 + 4H" = 2H,0 +0.815

Kinetically, triplet @ is spinforbidden from reacting with singlet organic
molecules. The MO diagram of2Qlepicts two unpaired electrons irp @ntibonding
orbitals. In contrast, singlet molecules have all their electron spins paired, and are therefore
at a lower energy thanQpreventing reactivity. If the two are to react together, they need
to be activatedirst so that they have an equal number of unpaired spins.

Both thermodynamic and kinetic barriers helped regulateg&rtivity in early life
forms. Unchecked ©reactivity can lead to the formation of reactive oxygen species
(ROS), such as superoxide dahydroxyl radicals, which are damaging to cedlb.
However, because XQuse could als be very beneficial, organisms began developing
enzymatic strategies to promote reactivity with (@). In this way, Q activation could

occur, making @reaction with organic molecules sgafiowed.

Enzymatic Strategies for ActivatingpeO

In order to harness the power of @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

reductionpotential and are able to activate. @he 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 thihagltiofactors
were essential for £activation; however, the last two decades have seen the discovery of
a second class of enzymes that are able to pgetie complete absence of any cofactor
How the protein environment promotes activation pix@h the substrate alone is not well
understood and is of keen interest in the field.

Cofactorassisted @activation has been wellescribed for both organic and metal
dependent cofactors. An example of a-noetal 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 n occur via a orelectron transfer
to Q. This step, while slow, is formally spadlowed since there are two unpaired electrons
on the reagents ¢&nd reduced flavin) and two @ne products (superoxide/Oand the
flavin semiquinone radical). The resulting pair of radicals can rearrange their spins and

recombine with their spins paireBigure 1.1), forming a flavinperoxy adduc¢11).
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Figure 1.1: Representation of the activation of dioxygen using flavin. Redflaeith (1)
(reduced by NAD(P)H) oxidizesQ¥via one electron. The reduced flavin is in the singlet
state while Qis in a triplet state. The resulting flavin radical (2) and superoxide are in a
doublet state, with one unpaired electron each, and formea cadical pair. The electron

on the superoxide can rearrange its electron spin, enabling it to bind the radical flavin and
form the C4ahydroperoxy intermediate (3). Addition of a proton can lead to oxidized
flavin (4) with hydrogen peroxide as a byprodu@r 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 é¢feas and a proto(l1).

The initial electron transfer reaction between flavin to dioxygeiois in aqueous
solution but significantly accelerated by the protein environment. This swift reactivity is in
part due to the ability of the active site
However, the protein must somehow activate ftaein 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 O
dependent reactions, such as hydroxylations, epoxidations, desaturations, and
oxygenations, to name a fedi7). The P450 system usually contains three domains: the
reductase (FAD or FMN), the ferredoxin (Becluster), and the oxidadeefne) domains,
which act together to activate>@1, 7), promoting reactivity with their substrates.
NAD(P)H acts as a reductant, where a total of two electrons is carwedththe reductase
domain to the ferredoxin, ultimately reducing the substratend F& heme to F&heme.

A general diagram of the P450 cy¢le 18, 19)s shown inFigure 1.2

Fe'l _.
_RV (low spln) Nj
Fe'' ROH Fe!" RH (high spin)
‘O, rebound;,
®\ le
/ NAD(P)H reductase™d
I

FeVOH R’ Fe’ RH

H-atom @
abstracticxn\® //02

FeVO'* RH Fe"—O-O RH

'Hz'Cx\@ @y‘ le

NAD(P)H reductase™d
Fe"—00H (5)  Fe'—0-Or
RH «— RH

H+

Figure 1.2. The general mechanism of ©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) ¥ds 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 fiveoordinate. At this point, the heme is reduced by the reductase
andferredoxin domains (step 2), where (NAD(P)) is the reductant in both ca8dsere
can now bind (step 3) and reduce (Gtep 4), thus activating it. A hydroperoxy species
forms on F¥ (step 5), after which @ bond scission takes place (step 6), fogrthe
reactive F&-porphyrin radical species known as compound I; compound | can now
perform hydrogen atom abstraction fepom RH
reboundo, the substrate is oxidizedichconcom
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, isdpm. The substrate binding
event transitions the Heto the highspin state, wher it can then be reduced by the
reductase and ferredoxin domains; herd, dam bind and activate,OUpon the second 1
e reduction of Q (step 4), the protein donates a proton to form thé-iRaroperoxy
intermediate (step 5). This step is proposedctur by a weHconserved dyad in the P450
family, consisting of an alcohol and acidic resid@8). As the only strictly conserved
residue across the P450 superfamily, the proximal cysteine is covalently bdloadhéone
and mutagenesis studies have shown that this thiolate ligand donates electron density to
Fd'', promoting heterolytic cleavage of the@bond (step 618, 20)

In contrast to these two cofactdependent enzyme systems, the cofactor
independent oxidases (CIOs), a third enzymatic superfamily, catalyziep@ndent
reactions using only the @iein environment and substrate. This cofagtdependent
substrateassisted activation of Onitigates the need for costly and often toxic cofactors
(21) and several structurally diverse CIOs have been characterized in receriR a5

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 suctas chromium (IV) compounds, peroxides, and halogen oxidesever,

while structural studies have shown that ClIOs come from diverse classes, detailed
mechanisms are not understood, specifically how the protein environment overcomes the
spinforbidden natte of reactions of @with organic moleculeddere we investigate two
members of the antibiotics biosynthesis monooxygenase (ABM) family, a subset of the

larger CIO superfamily, to understand how they activate O

ABM Enzymes Activate @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 monae tri- and tetracyclic substrates to synthesize antibi¢#s28), such as ActVA
Orf6 and Nogalamycin monooxygenase (NMO), a small subfamily binds heme as the
substrate. As part of the Iron Determinant SysterStaphylococcus aureutsdG binds
heme obtained from the host organism and breaks it down to sequedterftr its own
use. Recently, we described the mechanism and intermediates formed of this heme
dependent monooxygenase (IsdG) within the ABM far(®l§)) and proposed IsdG uses
heme as both a cofactor and subst(@®. While IsdG is structurally very similar to
ActVA-Orfé and NMO Figure 1.3, it activates @Qusing this metatlependent substrate
and the rest of the characterized family members, divided into three subfamilies,imse O
the complete absence of any mégal, 25, 27, 28, 30, 31How does the organic substrate

activate Q without the aid of either a cofactor or metal center? How does the protein
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environment lower thactivation barrier for activation of @ Using NMO as a case study,

this work seeks to answer the above questions.

Figure 1.3 Domain and active site structures oNMO (violet), ActVA -Orf6 (cyan),

and IsdG (green) (PDB IDs: 3KGO, 1N5T, 3LGN).(A) Overlay of substratbinding
domain of all three proteins, rendered as cartoons(BActive site residues conserved
within each subfamily are shown, with the protein in the same orientation as in A.
Interactions that could be hydrogen bonds (distae s O3 . 5j) are indica
lines. Conserved residues are shown and their labels color coded. Blue labels indicate
conservation among all 3 subfamilies; red: NMO and AciV#A6; purple: NMO and

IsdG; black: conserved only within the subfamilywhnoNote that H85 (NMO numbering

used) is conserved within the NMO subfamily but not the AcO®#6 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 ceaden both NMO and ActVAOrf6
subfamilies. Additionally, the functionally important asparagine in the IsdGs (N6) is
conserved in the NMO subfamily (as N18) but not among Ae®#6 and its close
relatives(32). Notably, no positively charged or adidse residues are conserved between
the NMO and ActVAOIrf6 clusters, arguing against their involvement in a common
reaction mechanism. The irdigating histidine residue that is strictly conserved in 1IsdGs

is not conserved in either the NMO or ActM&if6 clusters.

"Adapted from Chapter 3: Monooxygenase substrates mimic flavin to catalyze cofactorless
oxygenations.
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NMO (Figure 1.3B) catalyzes the formatmo of nogalonic acid from 12
deoxynogalamycin; one oxygen atom from atmosphesics@nserted into the substrate
and the second atom forms water, the only bypro(@t Using dithranol as a substrate
analog, we found the mechanism of NMO incorporates elements of the flavin model
mechanismKigure 1.1). In particular, the monoanionic deprotonated sals is faster
than the neutral from, where it is able to transfer an electron in-amnitiag step to form
the caged dithranyl and superoxide radical pair. Interestingly, the uncatalyzed oxidation of
dithranol occurs spontaneously; however, NMO aca#ds this process by ~206dld.
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 flavitependent glucosexidase(16, 33)and ribonucleotide
reductas€34), which contains a neheme Fe cofactor. The resuftom this basic science
study suggest that enzymes use similar mechanisms to activate and utilczes3 diverse
enzyme families, regardless of whether they have a cofactor or not. Understanding the
mechanisms behind@tilization is an important poairsor to using enzymes for important

industrial applications that can use this green and abundant oxidant.

New P450 Class Degrades Plant Matter to Make dajbe Products

The Paleoproterozoic times saw the emergence of enzymes contakSrausers
and heme cofactors that could activate and contpolig® for essential oxidatior{g).
Hemecontaining P450s are one of the old&sgest, and most versatile superfamilies that

activate Qto carry out oxidations on unactivated hydrocarbdnd7, 19) As shown in
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Figure 1.2 their mechanism has been wellaracterized 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 dadoon
plants.

Recently, a new bacterial class of P450s was discovered that could demethylate
lignin degradation products, specificallydemethylation of guaiacol, and contained only
a reductase and oxidase domain. Although these enzyme genes were discovered a couple
decades ag@@5), the reductase and oxidase components that make up the P450 system
werenot fully charact er i (36 khthigstudy, Wwe examiee wo r k
this novel P450 system, GCcoAB, where GcoA is a heme oxidase and GcoB is a flavin
adenine dinucleotide (FAD) and 228§ reductase. GCoAB efficientl-demethylates
several lignin breakdown products, such amigcol, 3methoxycatechol, anisole,- 2
methylanisole, and guaethol. These demethylated products can then be funneled into
central carbon metabolism and used as a carbon and energy(8@)ras well as a viable
method for the development of higialue products, such as nyl(88, 39)

To further push the reactivity and potential of this system, we used a structure
guided approach to engineer GCoA to accept an even wider range of lignin substrates. As
lignin is mainly comprised of G coniferyl) and S(sinapyl) lignin and the wiliype (WT)

GcoA only demethylates-ignin compounds, and shows poor reactivity withgin, we
hoped to produce GcoA with reactivity towarddighin. The engineered GcoA variant,
where residue 169 is mutated from phenylalanine to alanine, not only seaetwity

towards Slignin, 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 engineesieg & novel directed
evolution approach, termed Evolution by Amplification and Synthetic Biology (EASY).
Two variants from this method were shown to have impravedo efficiency over WT
GcCoA (40). We are interested in seeing what advantage they impart by looking at the

reactionin vitro.

Understanding How Different Enzymes Usgf@r Variable Reactions

The following chapters in this dissertation delve into the question of how
cofactorless and cofactdependent enzymes utilize @ 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 wtdda
Understanding the fundamental science behind this question will help scientists develop
strategies to exploit the use of @ a broad range of applications, of particular interest in

industry due to this green d¢ative batoxititf. s abund
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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 includmproteomass spectrometry, conventional
and stopped flow UV/vis was used in conjunction with analytical methods to define the
reaction steps mediated by IsdG frddtaphylococcus aurewmnd their time scales. A
putativemesehydroxyheme (forming witlk = 0.7 mint, 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 addeddd, nor does it convert to verdoheme and CO.

Rather, the next observable intermediates (0.3 min') are a set of formybxo-bilin
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isomers, similar to the mycobilin products of the IsdG homolog fidyeobacterium
tuberculosigMhuD). These converted in separate fast 0.2 mint) and slow phases to
b-/ -Gtaphylobilin isomers and formaldehyde (£H. Slow release of this unusual C1
product may support | sdGos dual role as |

availability in S. aureus

Introduction

Heme oxygenases (HOs) are enzymes that oxidatively liberate iron from the heme
tetrapyrrolg(1-3). In the wellcharacterized HOs from animals and many bacteria, the same
heme molecule acts as both the-dodtivating cofator and substrate. Three successive
monooxygenation steps yield Fe(ll), co, an
reaction Figure 2.1) (2,3). Animals use HOs to maintain cellular heme homeostasis as
part of a constant cycle of heme synthesis aadkzlown. The products report on the status
of this cycle and serve as antioxidants and signaling a@¢&bis Many bacteria also use
HO homologs, both to control heme homeostasis and to liberate iron frorddnvstd
heme (6,7). Heme, found primarily inhemoglobin, 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 substré810), as well as the acute biological importance of-HO
mediated processes, HOs freeveral species have been exceptionally well characterized
(2,3).

By the early 2000s, however, it was apparent that many importantgysitive

pathogens that degrade host heme did not possess-andd@ing gene in their genomes.
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A new family of hemedegading proteins known as I1sdGs was subsequently discovered,
with representatives found in bacteria from both gpasitive and grarmegative phyla
(11). IsdGfamily proteins are evolutionarily and structurally distinct from the-seltied
HOs(12,13)ard t hey yi el d different end product s.
IsdG-protein from Mycobacterium tuberculosigknown as MhuD) generates triply
oxygenated linear tetrapyrroles called mycobilikgy@re 2.1) (14,15) A formyl group
remains appende 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
released16).

Though homologous to MhuD, the IsdG frddtaphylococcus aureutegrades
heme to yet a third set of pr ondesecbutsatherT he me
at ei t-loe-maseécarleon. xo groups are generated on both the carbon backbone
and the pyrrole rings at the cleavage site, and the tetrapymotkicts are known as
staphylobilins Figure 2.1) (17). It was recently shown that a C1 product is indeed released
by theS. aureudsdG; however, quite unexpectedly, the major C1 product was determined
to be formaldehyde (C#D) instead of CO(18). Unlike CO, formaldehyde may be
undetectable by animal immune systems, offering a potential selective advantage for heme
feeding pathogens that use Istpe enzyme$5,19,20) Mechanistically, the observation
of CH2O instead of CO implies that verdoheme, theegreatermediate coproduced with
CO in HOmediated and uncatalyzed heme degradation reaq2dns i s not on |
catalytic pathway. IsdG must therefore proceed via a different mechanism from the well

studied HOs, in which the identity of any of its réaic 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 monitarg heme decomposition in the presence of a reductant
(ascorbate) and £413). Here, using the IsdG enzyme fr@n aureusthe time course of
the reaction of the Isd@eme complex was probed using a combination of orthogonal
analytical approaches designedidentify intermediates and to define the kinetics of the
reaction steps. These included both conventional and stdlopedlV -vis spectroscopy
as well as high resolutiomn proteo mass spectrometry (MS). The latter method
discontinuously measures changeshe mass of the protelmound substrate in real time
(22). We report for the first time the presence of intermediates appearing during the
reaction of IsdG with ascorbate and, @nd propose a likely pathway leading to the
formation of staphylobilin tht has features in common with both the MhuD and HO

mechanisms.

Methods and Materials

IsdG purification, expression, and reconstitution with heme

Recombinant I1sdG with an-Mrminal His6 tag (pEF15b) was expressed in
Escherichia coliTuner (DE3) cells (Merck/Novagen) grown in Terrific Broth (TB)
supplemented with ampicillin (100 pg/mL). Protein was expressed and purified as
described previousl{l2), with some modifications. Briefly: cultures were grown at 37°C

in a shaker incubator260 rpm) to midogarithmic phase (optical density at 600 nm
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[ODsogd = 0.4). 1 mM isopropyb-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 centrigation and stored aB0°C.

Pell ets were thawed/resuspended in Buff
buffer, pH=7.4, 600 Og/mL lysozyme and 1 m
on ice. The | ysates were cltagilfoaededyorctemt:
PerfecNPAoAgNarose (5 PRIME) column. Pure pr
using an AKTA protein puri t5i00atmM nl isnyesatre ng r
of i mi dazole in Buffer A, wérev garn ee nenl / by
PAGE and pure fragthangepgooheéed/ Buffer A usi
tubing (10,000 mol ecul ar wei ght cttagf f [
cl eavage, t he dial yzedetpargogteedi att owdaascvcione st b @ T
protease (50:1 w/w) for 16 h at 4AC-with s
PAGE and MS (see below). Cleaved pNdAein w
Agarose column to remove the THEM pwmaosthe a(s2e0.
mM i midazole in Buffer A) were pooled and

The dialyzed 1 sdG was incubated with 1

a dimethyl sulfoxide (DMSO) stock axncdesisncub

hemin was removed by centrifugation foll ow
size exclusion chromatography (Sephacryl S
di alyzed into Buffer A, concentr aatceechttratlol

(10, 000 MW) , f b, 0 zaennd iBIOArCequAddimbl scdoGi cent r at |
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given @&ouhdmenonomer, where [ heme] and [pr

pyridine hemochrome and Bradford assays, r

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

spectroscopy

To initiate the heme decomposition reaction, 10 uM KaEe 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 observabléoss of the Isd&eme chromophore. Spectral changes were monitored
over time with a Cary600i spectrophotometer Agilent Technologlesabsorbance at the
heme Soret dnd maximum (411 nm) plotted versus time was fit by linear least squares
regression analysis to exponential decay curves to obtain first order rate coRsignts (

All kinetic data plotting and fitting were carried out using Kaleidagraph 4.0 except
where noted. All reportedkons are averages of 3 measurements (error = + 1 standard

deviation).

IsdG-heme reaction with éascorbate monitored by time resohirgroteomass

spectrometry

Reactions were prepared exactly as above but at volumes allowingsfor 1
successive injections. Reactions and automated analysis used a 1290 ultrahigh pressure
(UPLC) series chromatography sta¢kgilent Technologies) coupled directly to an
electrospraytime of flight (ESFTOF) mass spectrometer (Bruker Mi€F@F). Rapid

revasephase chromatography (5 min) reliedonaPIRP 100 | col umn (50
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flow rate 600 €L/ min, autosampler temperat
0.8-4.3 min, 2095% 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 caower of hemeassociated
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 28D00 m/z. Data processing and analysis were performed using Bruker
Data Analysis package 4.0. Mass spectra for the protein and heme products were
concurretly 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 §lascorbate monitored by UV/vis stopped flow spectroscopy

Reactionsvere carried out at 20 °C on a-Hech stopped flow instrument (15 ms
mixing time) with diode array detection (2500 nm). IsdGh eme (20 &€ M) was
with ascorbate in 50 mM KPi (pH 7.4) prepared immediately prior to use at varying
concentrations wer N(g) from a 2 M stock. The concentration of @as varied by
equilibrating KPi buffer with @N> gas mixtures and measuring the resulting ath a
Clark-type QG electrode. The variable pPbuffer was mixed with Isdéeme equilibrated
to air in orcer to reach the final [€). Spectra were measured over time evefy0Q ms.
Absorbance at selected wavelengths was fit to one or more exponential curves using both
the Hitech data analysis software and Kaleidagraph 4.0, yielding vallkes dteported

rate constants are averages of 3 measurements (error = + 1 standard deviation).
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Shunt reactions with #D» and peracetic acid

8 & M -Hemdirs50 mM KPi, pH 7.4, (2 mL) was made anaerobic by gently
purging with N(g) for 40 min. The reaction was starteddudition of 15 equivalents of
H2O:> 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 Nand stored fo subsequent LBAS analysis (see

below).

Extraction of tetrapyrrole products

Three methods were used to remove bound products from IsdG at the end of the
hemedecomposing reaction. First, concentrated HCI| was used to adjust the pH to 2
followed by additon of 2v 2butanone. The mixture was vortexed, centrifuged, and the
organic layer containing the extracted products removed and washed with 150 mM NacCl.
Second, 1v of a 1:14:ACN mixture with 0.1% trifluoroacetic acid (TFA) was added to
the IsdG/productixtures, 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 supercld&nsGlid
phasee xt racti on column (Supelco) and tetrapyr
mM KPi, pH 7.4 (flow rate 1 mL/min). Extracted products were lyophilized in a-mini

SpeedVac.
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Tetrapyrrole product analysis by liquid chromatography/tandem mass spectréinagtry

MS/MS)

Analyses were performed on an Agilent 1290 ultrahigh pressure (UPLC) series
chromatography instrument coupled to a 6538 UHD@F mass spectrometer (Agilent
Technologies) operated in positive mode. Samples (15 pL) were separated on a Zorbax
RRHD Eclipse Plus €18 column (150 mm x 2.1 mm; 1.8 um, Agilent Technologies) at
700 pL/min using conditions: 2 min, 5% B:15 min, 590% B; 1517 min, 90% B (50°C);
where solvent A = 0.1% FA in water and solvent B = 0.1% FA in ACN. Electrospray
conditions inboth 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 50300 m/z (auto MS/MS) and ED0 m/z (targeted MS/MS) with isolation
width 4 m/z and m 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

IsdGheme (200 eL) was incubated with asc:c¢
used for time resolved UV/vis, MS, and, @epletion (above), then analyzeor
formal dehyde (the major C1 product previou

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 (Mvhwi Na s h 6 s
reagent (0.05 mM acetic acid, 0.02 M acetylacetone, 2M ammonium acetate). The retained
protein (retentate) was applied to a supercleah8Golid phase extraction column
(Supelco) to remove any bound tetrapyrrole products (extracted retentetaeténtate,
extracted retentate, and a whole reaction sample in which the protein had not been removed
by filtration were all/l i ndependenenzyme r eact
and neascorbate controls.

Samples were incubated ati37 for 30 min to allow acetylacetone to couple to
any formaldehyde that might be present. A set of formaldehyde stand&8ds (0e M) wa's
generated using incubation conditions identical to those above. The samples and
standards were analyzed via HPLC on an AgildiiO series instrument with UV/vis
detection (412 nm). For HPLC, a 150 mm x 5 fAhenomenekuna G18 column was
used at a flow rate of 1.5 mL/min. Elution conditions were: 3 min, 5% R, Bin, 5
95% B; 1215 min, 95% B at 37°C; where solveht= 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 [formaldeleaitdy in

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 aromaiene ma ¢ m.gSonettd 481 ( &
nm; U =lend)116-B8MHeme degradation is typically initiated by adding excess
ascorbate in the presence of air anDHscavenging catalase to the Isd&me 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 pM IsdGheme, 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 constankdoret= 0.35 + 0.02 mir; all reported first order rate constants are
averages of 4 independent measurements; error = + 1 standard deviation). No intermediates
were detectabl e, and the final mxspgdcddd um r e
nm) (17). The value fokseretwas insensitive to pH (data not shown) buteteded linearly
on the initial ascorbate concentratid+(13 + 0.1 M!min, Figure 2.2B). This suggested
that the reaction step that contridsretis likewise dependent on reducing equivalents.

While a convenient probe of the reaction, conventionslvi$ 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 hemeagscle;ksoretis 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 reactioth@tSoret 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 theefore sought means of monitoring the Isd@diated reaction over time
which might be more sensitive to the presence of intermediates and therefore more
powerful mechanistic probes. Tianesolvedn proteoMS was of particular interest since
the anticipatd changes in mass associated with the reatti@udition of three oxygen
atoms (16 Da each) and loss of {30 Da) from the tetrapyrroleare large. Moreover,
the reaction is relatively slowifi[Soret] ~ 0.5 min; 50 mM KPi, pH 7.4, 22 °C). Time
revlved MS therefore seemed ideally suited for monitoring I1sdG 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 inathalter
form.

In proteoMS conditions were adjusted to allow quantitative tracking of heme and
associated products bound to Isdy(ire 2.3A). The disappearance of a species with an
exact mass/charge ratio (m/z) of 616.17 (hdmé-igure 2.1) occurred in a sigle
exponential kinetic phase with a rate conskéit6.17 = 0.75 + 0.09 min(Figure 2.3B),
roughly twice the value ofsoret In further contrast with the UV/vis data, at least two
intermediates could be detected by time resolved MS, starting witecgesmppearing
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 tmeesecarbons of the teapyrrole. Too little of this species

accumulated to allow for further characterization of its structure by coHisguced
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dissociation (CID) MS/MS fragmentation or other methods, and the time resoluiion of
proteoMS 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 firstorder rate constant that was the same within err&gqas k611.24 =
0.28 + 0.05 mirt (Figure 2.3B). This species grew to substantial intensity before decaying
very slowly over a period of >12 h. The final species detecteid pyoteoMS had the
exact mass of staphylobilin (599.24 m/z), forming with a fitted-brsler rate constant
k599.24 = 0.19 + @3 min! (Figure 2.3B).

Taken together, these results are consistent with the initial, rapid conversion of
heme to a shotived mesehydroxyheme (633.17 Da) intermediate and then to a species
resembling mycobilin (exact mass 611.24 Bmyure 2.1). Macmocycle cleavage would
presumabl y occu4mesalmdt art a tt Her -rhasooaetodslewithb
formyl and oxo groups generated on pyrrole rings B/C or A/D to make the fooryl
bilin. The similarity in the measured values f@gretand k61124 suggested that loss of
heme aromaticity is kinetically coupled to formation of the putative fomgtbilin. In
the simplest interpretation of the data, both rate constants could be ascribed to a roughly
concomitant opening and oxygenation of the hemeerocycle. Finally, some of the
putative formytoxo-bilin appeared to convert in the slowest measured &&49(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 ahé end of the 30 min reactions showrFigures 2.2Aand2.3B,

were further characterized by UPIMS/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 publisheddr st aphyl obilin iso@é&rs b and

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 igHt of the four formyloxo-bilin isomers that might, in
principle, be o0bs emeseathon, whiclois convertadvteadfornayt t h e
group appended to ring A or D; and the analogous pair of isomers cleaved-ahése
carbon with the formyyyroup remaining on ring B or C.

The most prominent LC peak (retention time = 6.6 min) was extensively
characterized by CID MS/M$-{gure 2.4B). The most abundant fragments were generated
by formation of oxonium (m/z = 279.11, [K)]and pyrrolium (m/z 251.11, [M]) ions
containing both pyrrole rings A and BiQure 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. Thessesare consequently highly
diagnostic of the presence and location of the formyl group. Notably, though formylation
of rings A/ B versus C/ D can be di-anhdngui sh
formyl-oxo-bilin isomers requires parallel methodsbaracterization. The prominent 6.6
min peak therefore appeared to correspond to eitheforfyl,11-oxo-bilin or 20
formyl,19-oxo-bilin, or a mixture of the two.

Systematic MS/MS analysis of m/z 611.24 peaks eluting betwe@nmin
confirmed that fragnm@s associated with isomeric formgyko-bilin structures were

ubiquitous. This suggested that all of the eluting species corresponded todartlin
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isomers. Moreover, several of the same fragments Rigune 2.4Bwere detected in the
peak at 4.8 mm, 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]Jogether, these
results suggest that the m/z 611.24 species is indeed a foxapilin that is present as
more than oe structural isomer.

To explore the hypothesis that the early, 633.17 m/z species mightmese
hydroxyheme intermediate, we attempted to isolate this species using eitbeoH
peracetic acid. Classic experiments with humanH®HO-1) showed thathe ferric
hemeHO compl ex c o messhydraxytheme within 30es oflihe anaerobic
addition of 1 eq of KO- (23 °C) (21). Exposure of this species to air brought about its
gradual conversion (~4 min) to verdoheme and CO, where verdoheme israrethéte
on the pathway to biliverdih X U . Peracids yielded neXl,her
suggesting that a ferric heshgdroperoxy species was an obligate hiH@termediate.

Using the ferric Isdéheme complex, the same experiments were repdweied
However, neither the expected UV/vis spectral cha(@g}s nor the anticipated changes
in the mass of the heme were observed when eitbeed HO- or peracetic acid were
used (data not shown) . -T-inésshydroxylsemdistnotanu gge st
intermediate in the Isd@atalyzed 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 HO».

The latter explanation is plausible since the hemarenment in HOs and IsdGs

is highly distinct (23, 24) In particular, the Isdéound ferric heme, uniquely, is
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profoundly distorted from planarity (ruffled}2). Moreover, though a mechanism leading
from this intermediate to either the IsdG/hHO prodgets be drawn, only the hH@ese
hydroxyheme intermediate is expected to convert to verdoheme plus CO. The IsdG enzyme
would therefore have to have some -wa-y Uof
mesehydroxyheme intermediate. Hence, it wouldnakt 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, lik
the timeresolved MS, stopped flow experiments gave evidence for a-stettiheme
degradation process. Time traces for absorbances at the Soret (4Flgume 2.5A) and
charge transfer (CT) band (5800 nm) Figure 2.5B) regions were both best modalas
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 didlavetfer
guantitative fitting of the data. However, for the Sofag(re 2.5A), a fast phasek{ =
0.63 + 0.06 mif) followed by a second, slower decay phdee=(0.26 + 0.04 mir; 50
mM KPi, pH 7.4, 20 °C) could be readily modeled. The majoritheffast phasest = 1
min) was complete before the Soret band diminishes appreciably in inteng®Bp(et] =
2 min), consistent with the possible conversion of strongly absorbing heme to a slightly
less strongly absorbingiesehydroxyheme, as expea from work with hHQ(21). The
majority of Soret intensity was lost in the slower, second phageshich dominates the

kinetic trace at 411 nm and has a rate constant that is approximately the samésasdoth

b
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and k611.24. These results suggestbdt o, ksorey 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 conversionrokachydroxyheme intermediate to a
formyl-oxo-bilin. Neitherk: nor k> exhibited a strong dependence on][@hough each had
a measurable linear dependence on ascorbate concentration (second order rate constants
for ki andkz: 4.2 mM?! mint and 0.76 mNM min, respectivelyFigure 2.5C). This again
indicated that thekinetic events described by these constants arelimated by the
delivery of reducing equivalents (ascorbate).

In combination, these results suggest a mdelglfe 2.6) whereby the ferric 1IsdG
heme complex rapidly{t~ 1 mi n) ¢ o Amesshydrexyhéme intermddiate, U )
which then more slowly {& ~ 3 min) goes on to form a set of forrgpo-bilin isomers. A
subpopulation of these converts relatively quickly ¢ 4 mi nrsyaphylobilind A U
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 formytoxo-bilin precursor stateMeasurements of the product distribution over
longer time periods indicated that the forroyo-bilins and staphylobilins, which are
known to degrade readily under ambient ligft), bot h decay over a pe

If both formyl-oxo-bilin and stapilobilin species are present at the end of the IsdG
reaction (as assessed by monitoring changes at the Soret maximum by Bigiwis,
2.2A) , why have only staphylobilins been i
(tetrapyrrole) products? We hypothesizédt if the formyloxo-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 thisypothesis, IsdG reaction mixtures were fractionated and analyzed
guantitatively for their formaldehyde contefitaple 2.1). When the protein was filtered
from the reaction mixture following 40 min of reaction tinfrlégure 2.2A), much of the
characteristigellow color of the tetrapyrrole product remained associated with the protein
containing retentate. Whil® . 5 ( 8 CBO gre quantified in the filtrate, no
formaldehyde could be detected in the washed retentate fraction. Followinglsadid
extracton to remove bound tetrapyrroles from the retentate, the protein component became
colorless, an® . 5 (elj CHQO werk detected in the extract. Consistent with these and
prior observationg18), a total of 0.9 N 0 .CHJO wascdetected in whole reamn
mixtures that had been passed over the solid phase extraction column, whide.odly ( N
0.1) eq could be detected i nThesaresultsduggest, un
that some formaldehyde remained protessociated, likely appended ttee 611.24 Da
species, until the tetrapyrrole was released from the protein. Notably, the addition of further
eg of ascorbate and/or.@id not accelerate conversion of this protagsociated species

to staphylobilin and CkO.

Conclusions

The results msented here are consistent with a model forShaureusisdG
reaction that has elements in common with both HO and MhuD. An initial intermediate,

tentatively ass.i-gesehdy darso xay hneinmketsu r e -swe$a nba/l o g C
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hydroxyheme of HOs, though the two enzyme families carry the intermediate forward
toward different fates.

The observation of a formydxo-bilin as a second staphylobilin intermediate is
chemically intuitive and satisfying from a biological perspective dascribed above, the
formyl-oxo-bilin known as mycobilin is the final reaction product of the IsdG homolog,
MhuD (Figure 2.1). Formyloxo-bilins are also observed as intermediates in plant
chlorophyll degradation, as products of@ediated chlorin ringleavage by the enzyme
pheophorbida oxygenasé25). Interestingly, a cytochrome P450 was recently discovered
which oxidatively frees formaldehyde from the chlorophyll derivat®@, converting the
formyl-oxo-bilin into a staphylobilidike dioxo-bilin product(26). There is no obvious
candidate P450 to carry out the analogous reacti@ sureusRather, enzymes in the
IsdG family belong to a class of cofaciadependent monooxygenases, where reactions
very similar to the proposed oxidative deforntida are known to occur autocatalytically
(27). Autocatalytic, @-dependent release of the formyl group is therefore plausible for
members of the IsdG family. Uncatalyzed conversion of the foeox@bilins to
staphylobilins plus CED also appears to occwhen the former are released from the
protein and into aerobic, aqueous solution.

Why the MhuD protein does not release formaldehyde, then, and wBy dlueeus
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 serSonofeuscellular
heme statu@8,29) it may well be that the tendency of IsdG to retain ¢ginmf/l-oxo-bilin,

which is slowly released to yield formaldehyde, has som&rnyatvn biological role.
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Tables and Figures

Table 2.1. Stoichiometries of formaldehyde produced following the Isd@ediated
breakdown of heme

Sample/fraction eq CHO
10 mMIsdG-heme (control) 0

Whole reaction mixture (untreated 0 . 4 N
Whole reaction mixture (sokd 0.9 N
phase extracted)

Filtrate (3,000 MWCO) 0.5 N
Retentate 0.5 N

(solid-phase extracted)
yReacti on c ondthemegair $0 mMLKPi, pBlM.4, 2%°6,G00U 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.




HOOC COOH

MW = 583.25
HO
Fe, CO

mycobilins
HOOC COOH MW = 611.24

Figure 2.1. Known enzymatic breakdown products of chemically unfunctionalized
heme (heméb). Heme carbons are numbered according to the standard IUPAC convention.
The reactivanesoc ar bons are | abeled U, b, o9, and u.
with the formaldehyde appended at either the heme C4 or C6. Staphylobilins are a pair of

i somers with ring cl eamesaojbeme €E-in€sdHernes s U o f
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.



40

0.8
S
c 0.6
m
£
=]
80.4
20.
0.2
0 400 500 600 700
Wavelength (nm)
0.8
0.8
B -~
0.7 c 06
£
= o4l
0.6 002

0 20 40 60
[Ascorbate] (mM)

Soret absorbance
o o
Y t

2
w

11111

0.2

0 5 10 15 20 25 30
time (min)

Figure 2.2. UVivisible spectroscopyillustrates broad changes to the Isd@&eme
chromophore during the reaction with Oz and ascorbate(A) Changes in the UV/visible
spectrum of the heme bound to IsdG (10 puM) over time following the addition of 10 mM
ascorbate (50 mM KPi, pH 7.4, 22 °C) arewh. 100 U of catalase are included in the
reaction mixture to convert any unwanteglz back to Q 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 staphylobi(ih7) (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 equati to obtain values fdbs Which in turn were used to determine
the second order rate constlat 13 + 0.1 M'min? (inset).
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Figure 2.3. The IsdG reaction was monitored using time resolveid proteoMS. (A)

The mass spectrum was measured at t -h@wmg the heme (616.17 Da) and protein
envelope. (B) Integrated intensities the extracted ion chromatograms (m/@.01)
measured over time for the species with exact masses 616.17 (red), 611.24 (green), and
599.24 (blue) Da. Intensities for the 616004 species (heme) are given on the ledixis;
intensities for the other two species are given on the rigixis; The data were fit to single
exponential curves as described in the text. Data from a single representative experiment
are shown; reportedate 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 formyoxo-bilin isomers. (A) Extracted ion
chromatogram for m/z 611.24 measured 30 min after initiatingstt®&mediated heme
decomposition reaction (10 uM Isdé&me, 50 mM KPi, pH 7.4, 22 °C, 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,"[Mid m/z = 251.11]M]* indicates a

for myl group appended t o -intdimesocarborisoagnotA or
be distinguished). lon labels are color coded to match fragments assigned to presence of
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specific group: formyl (red) oxo (blue) or both (black). @pgmentation map of 10
formyl,11-oxo-bilin with indicated cleavage sites generated during CID.
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Figure 2.5. Stoppedflow kinetic traces at selected wavelengths present a detailed
spectroscopic view of early events in heme degradatio8topped flowkinetic traces

were measured at (A) 411 nm and (B) 460 nm for the reaction ofHedt@ with varying
[ascorbate] (10 uM Isddeme, 50 mM KPi, pH 7.4, 22 °C, 100U catalase, €450,).

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 value&ifandk.. Values reported in the
text are for [ascorbate] = 10 mM (1000 eq, aBigures 2.2and2.3). (C) First order rate
constants (closed circles) ankb (open circles) determined from fits to the data in panel
A are plotted as a function of [ascorbate] ahtbflinear equations. The second order rate
constants determined from the slopes are: 4.2'miif (k1) and 0.76 mM min? (ko).

k616.17 = k611.24 = k599.24 =
0.74 + 0.05 min-' 0.28 = 0.05 min™ H  0.19%0.03 min™

CFe 0

(1) (2) o QO 3 . _

—_—

H

ki = 0.63 £ 0.06 min™' 0-CFe > D o v %)

616.17 Da 633.17 Da Fe 611.24 Da CH,0 599.24 Da
kz=0.26 * 0.04 min™*

| f

ksoret= 0.35 £ 0.02 min™!
Figure 2.6. Summary of the kinetic scheme determined usingn proteo MS,
conventional timeresolved and stoppeelow 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 pNdaus;
10 mM ascorbate, 50 mM KPi, pH 722 °C, 100U catalase.
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CHAPTER THREE

MONOOXYGENASESUBSTRATES MIMIC FLAVIN TO CATALYZE

COFACTORLESS OXYGENATIONS
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Abstract

Members offhe antibiotic biosynthesis monooxygenase (ABM) family catalyze O
dependent oxidations and oxygenations in the absence of any mataliganic cofactor.
How these enzymes surmount the kinetic barrier to reactions between singlet substrates
and triplet Q is unclear, but the reactions have been proposed to occur via alitavin
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
nogahmycin monooxygenase (NMO) fror8Streptomyces nogalateiAs with flavin,
dithranol oxidation was faster at higher pH, though the reaction did not appear to-be base
catalyzed. Rather, conserved asparagines contributed to suppression of the sistrate p
The same residues were critical for enzymatic catalysis which, consistent with the
flavoenzyme model, occurred via an>-@ependent slow step. Evidence for a
superoxide/substrate radical pair intermediate came from detection of ebhayme

superoxide duringurnover. Smalimolecule 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 forrtian and directed the recombination of a superoxide/dithranyl radical
pair. These catalytic strategies are in some ways fl&enand stand in contrast to the
mechanisms of urate oxidase andH)B-hydroxy-4-oxoquinaldine 2,4ioxygenase
(HOD), both cofator-independent enzymes that surmount the barriers to direct

substrate/@reactivity via markedly different means.

Introduction

Reactions between organic molecules anci@ among the most important in
biology, powering aerobic life. These reactionsoajgesent a distinct mechanistic
challenge, since £has two unpaired electron®®, YY) whi |l e most orgar
have all their spins pairedY, 9¥Z). Uncatalyzed react-ions b
called spinrule and are consequentlywsi@l). The sluggishness of these reactions protects
biological organisms from poteatly destructive oxidations and necessitates the use of
catalysts for activating and directing @activity.

Enzymeassociated cofactoiisflavins, pterins, or redeactive metals which are
capable of sequentially donating electrons to1Qoprovide a pathway of microscopic
chemical steps, each of which adheres to thergjén Cofactors have therefore long been
assumed to serve an obligate role in the catalytic activatior» of Blological systems.
Over the last two decades, howeveraotivating enzymes that defy chemical expectation

by not requiring cofactors have been discovef@d These enzymes are biologically
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diverse, coming from several structural classes and evolutionary families and deriving from
all kingdoms of life. Thg act upon a variety of substrates that nonetheless tend to be highly
conjugated, good reducing agerBgcause they use-@om air, require no exogenous
metals or redosensitive organic components, and have all of the benefits of biocatalysis,
cofactorf r ee oxi dases and oxygenases provide a

In part because of the nature of their substrates, thectivating mechanisms of
many cofactoiindependent oxygenases have been proposed to be flavopilad(d8).
Flavoproteindependent oxidases and oxygenases are able to accelerate the rate of the
flavin/Oz reaction by 16-1(P-fold over the reaction of free flavin in aqueous solu(®a0)
according to principles that are well described (summanzé&cheme 3.1 The flavin
acts as an intermediary, activating @nd using it either to hydroxylate an exogenous
substrate or to dispose of substrdézived electrons (as 2B.). In the cofactoiffree
enzymes, the substrate itself has been proposeettwtively activate @via the same
series of steps used by the flavin cofactor. The activated substreveiPlex subsequently
converts to the oxidized product. Such a motivating model, while plausible, has not been
widely tested.

The antibiotic biosynthesis monooxygenase family (ABRfgm family PF0399p
contains several small, structurally simple, and intrinsically solvamd temperature
stable enzymes known to catalyze-d2pendent, cofactondependent oxidations or
monooxygeations (5-8,11-15). Many ABMs are part of the biosynthetic pathways for
polyketide antibiotics including tetracenomydit¥,16) daunomycin(17), actinorhodin

(8,12) alnumycin (18), and aclacinomycin(11), also known as nogalamyci(l9).
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Additionally, a subset of ABMs known as IsdGs catalyze theojpgning oxygenation of
the metallosubstrate her(0)in mary hemefeeding pathogenic bacteria.

Here, we have tested three essential components of the flavin model for the reaction
catalyzed by the cofactandependent nogalamycin monooxygenase (NMO), an ABM
from Streptomyces nogalatéggene 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 (fromStaphylococcus aureug1), and the emerging model for catalysis
by the increasingly welthaacterized cofacteindependent oxygenas@H)-3-hydroxy

4-oxoquinaldine 2,4lioxygenase (HOD},22-27).

Methods and Materials

Expression and purification of NMO

The gene encoding the-tdrminally Hig-tagged NMO (pBad vector) was received
as a kind gift from the Schneider laboratory, University of Turku, Fin{&ar&). The NMO
was expressed and purified as previously describgdrhe purified enzyme mass was

verified by electrospray ionization mass spectrometry (MS).

Generation of sit@irected mutants

Site directed mutagenesis was carried out using a QuikChange Lightning Kit
(Agilent Technologies), the pBAD/HISMO construct. Cultures dE. coli Topl10 cells
contaning 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 (1,8dihydroxy-9,10-dihydroanthracei®-one, MP Biomedicals) was
used as a surrogate for the natural NMO subs{fa€ (Scheme 3.1 Stocks (10 mM)
were prepared in Nequilibrated dimethylsulfoxide (DMSO) in septtsraled vials inside
an anaerobic chamber (Coy) immediately prior to use. The DMSO stock was ditoted
reaction media consisting of 1:2 (v/v) bufferriethoxyethanol (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 desiretigiel: c
(pH 4.26.3), BES (pH 6.4/.6), Tricine (pH 7.48.4), CHES (pH 8.-3.3), and CAPS (pH

9.810.8).

NMO/substrate binding monitored by fluorometric quenching

NMO/dithranol binding was monitored via quenching of the intrinsic fluorescence
of the protén on forming the enzymsubstrate (ES) complex. Dithranol (1.25 mM) was
added via aitight syringe (Hamilton) to a septusealed, M-purged cuvette containing
6.5 UM NMO (pH 6.3 or 9.8) and allowed to equilibrate -Djthiothreitol (DTT) (1 mM)
was addd to both the dithranol titrant solution and protein solution to remove residual O
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 tmax=328 0m).nThe péreentags of iquemched-

fluorescence intensity was plotted against [substrate] and fit to eq 3.3 tokitain

30

6 O 0 5 ©O 0 100 (3.3)
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Lo, Et, Kp, a lAmek aredhe ligand concentrations, total protein (subunit) concentration,
the equilibrium dissociation constant, and the maximum % fluorescence that was

guenched.

pH titration of dithranol

Aliquots of dithranol (100 uM) (TriME, 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 vesus pH and fit:

y = (B x 10°H + A x 10PK8)/(10PH + 10PKa)  (3.4)

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

Analysis of reactants and products by hpgrformance liquid chromatography (HP)

Dithranol and its quinonoid oxidation product dithranone (Sigma Aldrich) were
di ssol ved ( 5 OME:tetrdhydrofuran (THF)lin ah anaesobic chamber. The
dimeric product, bisanthrone, was prepared by exposing 500 uM dithranol under acidic
condtions to atmospheric £>60 min, 20 °C, TrisME, pH 6.3)(51,52) An Agilent 1100
series HPLC instrument with dio@eray UV/vis detection (36000 nm) was used with:
flow rate 1.5 mL/min, 50 AC, 20 L injecti
150 mm x 4.6 mm. The solvents were 99.999H).1% TFA (trifluoroacetic acid) (Solvent
A) and 99.9% acetonitrile (ACN),.D% TFA (Solvent B). Separation of the three
molecules began with 50% Solvent AZ0min) followed by a gradient (min-21) to 5%

Solvent A/95% Solvent B and a short isocratic phase (mih4)1Standard curves were
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generated from 22 50 ¢ M u s i dnHPLCi prak entgnsiaes. &rror 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 thesueed amounts of dithranol and dithranone.

Monitoring uncatalyzed reactions over time

Uncatalyzed reactions between dithranol andw@re analyzed discontinuously
over time by HPLC and continuously by UV/vis spectroscopy ancb@sumption assays
(pH 63 and 9.8). For HPLC, reactions were initiated by exposure of anaerobic dithranol
solutions to air at the desired pH (500 uM, 20 °C). Reaction vials were gently stirred. The
same reactions were monitored by UV/vis spectroscopy (100 mM dithranol, air) 20¢C
O2 consumption (20 mM dithranol, air, 20 °C), using the methods described below but

excluding NMO.

Monitoring the NMQcatalyzed reaction over time in the steady state

Reactions were monitored via both UV/vis spectroscopy andd@sumption.
UV/vis: 1 mL reaction solutions containing -P00 uM dithranol (in buffeME at the
desired pH, 20 °C) were equilibrated to air and initiated by the additioi20f @1 NMO
(all concentrations are given as NMO subunit). For determining Mishaenten
parameters, the reaction was monitored in air with [dithranol] varied ov2rd® € M. The
initial portion of each curve was fit to a linear equation to obtain the initial velogity (v
Kaleidagraph). Points were measured in triplicate and asdrégrror = £1 standard

deviation). Values forwvere 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 interactioitls dimeric NMO (h = Hill coefficient)
(3.7):
Vi = Vma[S)/(Km + [S]) (3.5)
Vi = Vmal(1 + Km/[S] + [S]/K}) (3.6)
Vi = Vima{ S](Km " + [S] ") (3.7)

O2 consumption: A Clarkype Q electrode (Yellow Springs International) in a
temperatureontrolled chamber (2 mL reactions, 20 °C) was used with constant stirring.
The rate of background consumption oftfy dithranol was measured for 1 min in buffer
ME. NMO was subsequently addedcetalytic amounts €20 uM) to initiate the reaction.
Dithranol concentrations were varied from#4@500 pM and [@] from 0.057 1.3 mM.

The linear background rate of nenzymatic @ consumption was subtracted from the rate

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

Effects of pH on the steady state reaction

Values ofkcar and keafKm(dithranol) were measured in air via €lectrode as a
function of pH. Buffers with similar structures and a rangekaf{describe@bove) were
chosen and evaluated at overlapping pH values to ensure that kinetics were net buffer
dependent. The effects of incubating the enzyme at various pHs before initiating reactions,
versus adding enzyme to ass ayatednAlkbufteses | a:
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 valud&for p

log(c/(1+(10¥ 10P<ay)) (3.8)
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where c is the difference betwettre minimum and maximum ldgat values and x is the

pH.

Transient kinetics of the reaction between the NsM®strate complex and,O

Reactions were monitored using a -Fech Scientific stoppetlow
spectrophotometer in single mixing mode with diode adetection. 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-MEfer
and a baseline spectrum measured {280 nm). All reaction solutions were made
anaerobic using a double manifold Schlenk line with alternating cycles of Argon gas
purging and evaation.

Concentrated solutions of the anaerobic ES (Ndi@ranol) complex were
generated by adding 90 uM NMO (CAREE, pH 9.8) to 60 uM dithranol in an air tight
tonometer. These were mixed with CARE, pH 9.8, equilibrated to various O
concentrationsFinal & concentrations after mixing with ES complex (measured via
electrode) were: 67, 140, 270, 390, and 590 uM. Progress of reaction curves were fit to
single or double exponential equations, as described in the text, yielding valkes for

(KinetAssyst).

Analysis of reaction products

The products of the NM@atalyzed reaction were quantitatively analyzed by

HPLC at various pH values. Reactions were: 500 uM dithranol, air (280 pivRO °C,
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with either 1 mM NMO (citrateME, pH 6.3, 30 min) or 50 uM NMO (CARBIE, pH 9.8,
10 min).Products for the uncatalyzed reactioveyre generated under identical conditions
but incubation times sufficient fordthese

i.e., >3 halflives: 34 h citrateME (pH 6.3) or 40 min CAPS/E (pH 9.8).

Effects of superoxide (0 ) 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 miAhydroxy3-methoxycarbonyR,2,5,5
tetramethylpyrrolidine (CMH), a smatholecule radical trapping agent with high
specificity for Oa'. (k = 10-10* M1s?, pH 7. 4), yi ed,d54)ng CMI
Alternatively, superoxide dismutase (SOD, 32.5 kDa,-5000 units/mL, 0.0®.2
mg/reaction, Sigmayas used to enzymatically convert Z'Go HO, and Q with greater

steric restriction but at a substantially higher rate:6.4 x 18 M-s?, pH 7.8(55).

Detection and guantification of superoxide via the-€dical by continuous wave

electron paramagnetic resonance (EPR) spectroscopy

~T

OJ' trapping was monitored over time via the characteristic {lmeeEPR
spectrum for CMi, a stable nitroso radical
to OJi'. EPR spectroscopy was carried out at 22 °C using a Varian spectrometer: 0.2 mW,

0.1 mT nodulation amplitude, 32 ms time constant, 1 min time scansf@r2M mi n. CMI
was quantified via a standard curve generated Wihg,6tetramethyll-piperidinyloxy

(TEMPO), a stable free radical with a similatirse EPR signal. Peak height was plotted
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versus [TEMPO] (2800 uM TEMPO, CAPSME, pH 9.8), fit to a linear equation, and
the slope used to quantify unknowns.

To minimize background autocatalytic reactions between CMHBA), EPR
samples were prepared in buffers from which metals had been removed by treatment with
Chelex resin (Sigma). Uncatalyzed reactions contained 200 puM dithranol, 0.1 mM
diethylenetriaminepentaacetic acid (DTPA) as a metal chelator, air (280, yMr@d 12
mM CMH. Catalyzed reactions further contained 5 pM 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 ~3 min).

Sequence analysis

The ABM family was divided into subfamilies using protein network analisté (
EST PFAM/Interpro Analysis). Members of each of the subfamilies containing NMO,
ActVA-Orf6, and IsdG were used to generate secpi@tignments (ClustalW) in order to

identify residues conserved within each.

Results

Characterization of the enzyme, substrate, and products

Hise-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 tained full activity for at least 25 min in the Mibntaining buffers, after
which activity began to decline.

UV/vis spectra for dithranol were monitored as a function of Bigure 3.1A).
Plots of absorbance at 354 and 389 nm versus pH yielded sigmwides that were fit to
eg 3.4, yielding an averag&p= 8.5 £ 0.3 Figure 3.1A inset), ascribed to the conversion
of neutral dithranol to the monoanionic enolate (dithranol@®) (Scheme 3.2 UV/vis
features were identified under acidic and alkaline conditions in the Wiesolvent
(Figure 3.1B). Well-resolved HPLC peaks for dithranol and its oxidafwaducts 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 uM
0)>2 wunits belKe(pH 6d3) viatimesesolwdd &\¢/visspectroscopy. The
dithranol peak maximum reshifted over a period of hours to 392 nm as the yellow starting
solution turned brownHjgure 3.2A). The lack of isosbestic behavior was consistéth
the formation of more than one product. The reaction was subsequently monitored over
time by discontinuous HPLC ([dithran@ifa = 500 pM, Figure 3.2B). The curve
indicating the progress of reaction for dithranol disappearance fit well to ae singl
exponential equation, yieldirg= 0.0028 + 0.0001 mih(tiz= 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
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The same reactions were subsequently monitored for the alkaline form of dithranol
(pH 9.8,Figure 3.3A). The dithranol peak (389 nm) rastlifted over a period of minutes
to a product spectrum closely resembling that of dithranone. Dithranolate disappearance
monitored by HPLC (500 uM) was linear with time and significantly faster thaerun
acidic conditions (20 [+1] uM mih, 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
zerothorder reaction (in dithranol) was observed when [dithraagalP [O2] and appeared
to result from the rapid depletion of €lative to the rate of requilibration of the solution
with air. When the reaction was carried out at [dithran@l= 30 mM, the dithranol versus
time curve was single exponenti&l< 0.02(+ 0.05) mint, not shown), indicating that the
reaction was first order in both,@nd dithranol as in the acidic case.

To avoid complications due either to very slow equilibration ef(tH 9.8) or
reaction times (pH 6.3), the reaction order and ratstaohfor 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 reactiong{gure 3.4A). Consistent witlthe 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 kj©f{]) the second order rate constants
k= 1.2 (+0.005) x10 and 3.6 (+0.08) x 10*mM* min'* were computed at pH 6.3 and
9.8, respectivelyTable 3.1).

Slower apparent rates ob©@onsumption relative to dithranol disappearance were

observed for the same reactions. This is qualitatively consistent with a proposed
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mechanism were the @' product disproportionates to form.@nd HO, (Scheme 3.2,
thereby suppressing the apparent rate oédddsumption. The second order rate constants

measured via the HPLC method were therefore repdfigdre 3.4A, Table 3.).

Enzymaticoxidation of dithranol in air

Dithranol disappearance was monitored via d@@nsumption under acidic and
alkaline conditions identical to those used for determining the uncatalyzed second order
rate constants (above), but in the presence of catalytic NMMJ4Figure 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), yieldilg/Km = 0.048 + 0.01uM™* mint (pH 6.3).

This is approximately 40€ld 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 datafigure 3.4Ato eq 3.6 yielde#ca/Km = 0.58 + 0.04
UMt min?, or about a 1606fold increase relative to the uncatalyzed secomtrorate
constantThese values fda/Km are apparent because theadncentration (air, 280 uM)
was not saturating, and because of the kghfor O, a saturating concentration ot O
moreover could not be obtained (see below). However, they provideetonal measure
of the reaction rate enhancement afforded by the presence of the enzyme in air. Finally,
fitting eq 3.6 to the data yieldd€l = 1100 + 30QuM. This describes the dissociation of a
molecule of dithranol (S) from the NM@ithranol (ES) complex: SES D S + KTable

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 -gependence in the enzymatic reactions,
apparent steady state kinetic parameters were measured over a range -dflpHsihg
various concentrations of dithranol in air (20 °Oata measured at pH values below the
pKaof 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 logcatand lodkea/Km[dithranol] increased markedly with piigure
3.4B and 3.4C) and had slopes a 0.6, suggesting
controlled the conversion between a less reactive acidic and more reactive alkaline form.
Fitting the data to eq 3.8 yielded&p= 6.8 + 0.05 K. and 6.7 + 0.2kcafKm[dithranol]).

These values are more than 1.5 units smaller tharkihm@asured for the substrate (8.5)
in the same solvent system.

The pH dependence Kigure 3.4 could be attributable to an active site base. Two
possible candidates were identified by inspection of the NMO strudtigeré 3.5. The
enzyme is relatively small, containing a single open cavity between a series of alpha helices
and beta sheets wheséhylene 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 potentiallzase residues

are present in the pocket. The pH dependent kinetics of the H49A and H85A mutants were
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characterized as abové-igure 3.4B, 3.4Q. The lack of any change ikcat and
keafKm[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 NM€ontaining subfamily (see below).

While not lasic residues, two wetlonserved asparagines (N18 and N63) are within
hydrogen bonding distance of a solvent molecule in the NMO activeFsgeré 3.5).
Mutation of either (to nospolar alanine) was previously shown to strongly impair the
activity of the enzyme, though both mutant enzymes retain their stru¢g)rd@hough the
data were near the limits of detection, th&gobserved foplots of both logcat and
logkcaf Km[dithranol] for N18A and N63A NMO clearly shifted away from the WT values
and toward the K. for free dithranol: Ba = 8.6 + 0.1 Ka) and 7.2 £ 0.05
(kealKm[dithranol]) (N18A); KKa = 7.6 = 0.1 kea) ard 7.0 + 0.2 Kea/Km[dithranol])
(N63A). This suggests that both residues contributed to thdgpidndence in the steady
state reaction for WT NMO.

We hypothesized that N18 or N63 could suppressKhefdithranol by stabilizing
its anionic form or a@tg as a conduit for released.Ht pH 6.3 when the substrate is in
its neutral form, both mutations strongly suppredsgdq120 and 50fold for the N18A
and N63A mutants, respectively). By contrast, the valueKyiowrere actually lowethan
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 snaller (26fold) effect was observed fdea: for either mutant. Howevekwm
values for N18A and N63A were elevateddnd 3fold, respectively. For the anionic
substrate, reduction in polarity in the active site strongly impairs ES formation with a
proportonally smaller impact on chemistrig4). These results suggest that polar residues
N18 and N63 are most important for ES formatim) when S is already in the anionic
state and for catalysik) when it is neutral/protonated, as it would primaidy at

physiological pH. Thécateffect 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 (pHK&.3)0.73 + 0.004
MM. This decreased roughly Z6ld to 0.069 £+ 0.03 uM at pH 9.8, indicating that NMO
bindsthe substrate anion with greater affinity. For the N63A mutant prdfgin:0.69 +
0.02 uM (pH 6.3) and 0.20 + 0.01 pM (pH 9.8). For the N18A mutént 0.33 + 0.009
UM (pH 6.3) and 1.4 £ 0.2 uM (pH 9.8). These results showed that N18A and N63A have
appoximately 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 reactior oarfoentration

Initial rates of the reaction between the NMGbstrate complex and>Qvere

measured in the presence of saturating (>5% Mithranol (500 uM) with various
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concentrations of 9using the @ consumption assayrigure 3.6A Table 3.2. Under
acidic conditions (pH 6.3), fitting eq 3.3 to the data yielkgd= 13 [+ 0.9] mint, Ku(Oy)
= 430 uM andkcaKm(O2) = 0.030 + 0.003. Above the observed enzymdfig(pH 9.8),
the rate of the reaction increased substantially. Though a saturathgd@d not be
reached, the apparefit from fitting the data to eq 3.7 was 410 puM. This fit also predicted
a Hill coefficient of 1.8, indicating positive cooperativity. This suggests thattheaCtion
at one of the two subunits of NMO potentiates a reaction at the second, by an unknown
mechanism.

The measuredka/Km(O2) = 0.26(x 0.01) mitt was 736fold greater than the
second order rate constant for the reaction of dithranol am@®rmned under identical
conditions but with no enzyme presefrigure 3.4A, Table 3.). The kealKm(O2) was
furthermore Zfold less than théca/Km(dithranol) measured in air. THea/Km can be
regarded as a secoondder rate constant encompassing all micopgc chemical steps
involving a given substrate up to and including the one that is rate limiting. Because
keal Km(Oz2) < keaf Km(dithranol), it was concluded that a step involvingrmust limit the

overall rate of the NM&atalyzed reaction.

Transient kinetics of the reaction between the NMi@hranol complex and £

Stoppedflow experiments were carried out by mixing the anaerobic enzyme
substrate complex in one syringe with-&uilibrated 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 enzya®und. The reaction occurred in two readily identifiable

phases, each of which fit well to angle exponential curve={gure 3.6BandC). Under
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air, the initial phase was complete within
order of 300 sKigure 3.6B). Carrying out the reactions with various concentrations;of O
showed that the firggthase was clearly&ependent with a second order rate condtant
0.14 + 0.005 uNt min't (Figure 3.6C, inse}. This number is similar to the measured value
for kealKm(O2) (0.26 + 0.01 uM mint), 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 £ Comparison of the data to a-enzyme control indicated that
the slow phase is due to conversion of dithranone to a photoproduct on exfmsue
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 compoufi23).

Radical pair formation and recombination

Prior work has suggested that bisanthrone forms via the initial generation of a
dithranyl radical/@". pair that does not undergo recombinat{#@,3632). Consistent
with that expectation, when dithranol,,Gand CMH were incubated at pH 6.3 (major
product: bisanthrone), the continuous, slow convarsioo f CMH t o CMI was ¢
EPR for 0120 min (datal inbé sho@WN). uBdenushk
is on the order of 6fB1), 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 bel ow), no CMIi was observed by EPR. T

reaction with Q' rather than dithranyl radical.
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A related mechanism for dithranone formation can be proposed in which a
dithranyl/Qi' p ai r forms (y)(Vy), undergoes a spin
r ecombi rSehsmeg J-2.)Bregkdown of the resulting (hydperoxyadduct by
heterolytic cleavage of the-O bond yields dithranone and®l. If this mechanism is
correct, superoxide scavengers could in principle disrupt the dithrafyp'ar, leading to
the release of free dithranyl. Two neutral dithranyl rddicauld then couple to form
bisanthrone, biasing the product ratio (bisanthrone:dithranone) toward bisanthrone.

To test this hypothesis, experiments were carried out using CMH and SQD as O
scavenging reagents at pH 9.8, where dithranone was the abssaye product for both
the catalyzed and uncatalyzed reactiofab(es 3.12). We expected that either SOD or
CMH could compete with dithranyl&D recombination in free solution. However, due to
its size, SOD should have no effect on reactions occungige the NMO active site. The
products of the uncatalyzed reaction (500 puM 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 lindewiy 60:40 to 25:75 as CMH eq
increased from-Q0 (-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, présénbeof@8tapping i sant |
agents did not appreciably extend the incubation time needed to deplete the entire initial
concentration of dithranol. This observation is consistent with a slow dithramel€iion

to form dithranyl/Qi" with faster subsequent steps.
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Under the same conditions but with added NMO (50 uM), 5000 U/mL of SOD (a
saturating amount in the uncatalyzed reactiogure 3.7A) had only a modest effect on
the NMO-catalyzed reaction, lowering the dithranone:bisanthnati® from 90:10 to
~80:20. The relative insensitivity of the ratio to SOD suggested that either superoxide was
not involved in the NM@catalyzed reaction, or that dithranone is primarily generated from
a dithranyl/Qi" pair that is sterically protectedside 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, competitve effects between the substrate and CMH, or both.

The production of @' during the dithranol oxidation reaction was subsequently
monitored over time via EPR at pH 9Rdure 3.7B). Superoxide trapping (detected via
CMYi ) was | inear W)oventhetiritial@ortionlof tie re@dvion.nni time
presence of 2500 U/ mL SOD, the same react.i
level though the dithranone:bisanthrone ratio was 25:75. This suggestedithata®
preferentially scavenged by SOn|l t he presence of 5 OM NMC
production was observed during the initial phase of the reaction (3.0 pi¥).riMoreover,
in contrast to the uncatalyzed reaction, t
by 2500 U/mL SOD. These resutige consistent with the conclusion that'Qyenerated

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 (QUM®@)) and oxygenases (Act\\@rf6 (8), NMO, IsdGH20)),
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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 stingency sufficient to separate the wellaracterized
IsdGs as a discrete cluster'{g at least 20 distinct subfamilies are observed. Notably,
though both catalyze monooxygenase reactions on polyketide antibiotic substrates,
ActVA-Orfé and NMO partitiorto separate subfamilies. Residues conserved within and

between clusters are shownrFigure 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 thayliaatof cofactors,
and a specific though largely untested analogy to flavoprotein chemistry has been drawn
(2). The environment inside flavdependent oxidases and oxygenases indeed has an
extraordinary influence over the cofactor, enhancing the ratis okidation by 161°
fold over the reaction in free soluti¢hO). Here, using the ABM from the nogalamycin
biosynthetic pathway (NMO), we examined whether flavoprelikencatalytic strategies
(Scheme 3.1 were at work, comparing the uncatalyzed and catalyzed reactions.

At least three weltlescribed features of the flavD, 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 for(88,34) While removal of the substrate proton

is often basecatalyzed in flavoproteing35), the relatively acidic flavin (. of flavin-
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NtH &8 pH 7) is stabilized in its anionic
or a hydrogen bonding partné6). In keeping with this model, the ptdte profiles for
the NMO reaction Kzat and keafKm) showed that the alkaline enzyssebstrate complex
reacts more rapidly than the acidic forfgure 3.4) by nearly two orders of magnitude
with a Ka of 6.8 (dithranol Ka = 8.5). The structure and sequence of NMOs were
examined for evidence of base catalysis, identifying -w@liB5) and poorly (H49)
congerved potential bases in the open NMO caigyre 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 constditgife 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 recestipracterized cofactdree
dioxygenase, which undergoes a 550l diminution inkcat When its active sitedse is
eliminated (23). Given the relave 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 clustagyre 3.8 and are obvious candidates for
hydrogen bonding to ghsubstrateHigure 3.5. Consistent with prior observatiofs),

N63A and N18A mutant proteins exhibited activity that was stronglpressed over the
entire pH range examined. However, both still bound't&/protonated substrate with
affinity similar to that of the WT enzyme (pH 6.3). At pH values greater thankhefp

the substrate, the binding affinity diminished byaBd 206fold, respectively for the N63A

and N18A mutants. Parallel effects were observedKiar This suggested that an

f

0]



74
interaction with both residues helps to selectively stabilize the anionic form of the substrate
and might be partly responsible for lowering tsa. Suppressed values f&g.: further
suggested that these residues play an additional catalytic role.

A second defining feature of flavoprotein/@atalysis is the formation of a
semiquinone/@' radical pair in a ratéimiting step Scheme 3.1A The barrier to this
important step is lowered by the enzyme, sometimes via gpasiioned positive charge
that stabilizes superoxide and thereby minimizes the reorganization energy following
electron transfe37-40).

An analogous substrate radicalfi Opair can be proposed at the NMO active site
(Scheme 3.1B howerer, such an intermediate is not obligate. As an alternative, the
protein could stabilize the substrate or a
could react directly with triplet @ §9) t o form azadadwklte t( Z9 u b sStt
reaction would not violate the spirule and hence could occur rapidly. In fact, W66, one
of a handful of strictly conserved residues in the hdegrading I1sdG familyKigure 3.5),
has been shown to deform the normally planar heme inside these enzymes. Such ruffling
induces unpaired electron density in timesecarbons of the tetrapyrrolg0,41,42)
thereby facilitating the direct reactions betwe®; and heme(43,44) A mechanism
involving induction of radical character in the substias also been proposed for the
oxidation of urate by the cofactordependent urate oxidagé5,46) Catalysis could
alternatively involve formation of a triplet state-rddical adduct between the singlet

substrag and triplet @ Recent experimental and computational evidence suggested that
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the anion of the substrate for HOD reacts directly witttddorm such an intermediate in
a step that limits the overall reaction ré2e).

In investigating the @reactivity of NMO, we found that, consistent with the
flavoenzyme paradigm, the reaction between dithranol an@dd®urs as a slow step
(Figure 3.6). We then tested the hypothesis that a dithrani/l/@adical 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 voaidaselike activation of the substrate (data
not shown). Second, using enzymatic (SOD) and smalécule (CMH) superogie
trapping agentsFigure 3.7A), the intermediacy of superoxide was confirmed for the
uncatalyzed, dithranoA®rming pathway. Both were able to reverse the 60:40 ratio of
dithranone:bisanthrone (pH 9.8) toward nReamplete formation of bisanthrone,
presimably due to the scavenging ofiDaway from a dithranyl/@' pair. A similar
though smaller effect on the product ratio was observed for the -&@yzed reaction
carried out in the presence of CMRigure 3.7A) but not SOD, suggesting thatiO
generated inside NMO could be quenched by reaction with the small molecule, CMH.
Third, the amount of C Mieactiorg momgoded ty YEPR, h e
diminished in the presence of SOD for the uncatalyzed reaction, suggesting that CMH and
SOD cauld compete for @'. However, SOD had no effect on CMH#$Otrapping in the
presence of NMO Kigure 3.7B). Collectively, these experiments point toward a
dithranyl/Qi' pair as a key intermediate on either the catalyzed/uncatalyzed pathway

leading to tle 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
formaton of the radical pair.

A third and final role for the enzyme in flavadependent 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 inriechanisms of flavoenzymés0). First,
the initially formed flavin semiquinon@4i' radicd pair is in the triplet state (two unpaired
electron spins{9). The radicals in the pair can drift apart, generating the semiquinone and
OJ' as the ultimate products. This is the observed outcome for{igprndent electron
transferases as well as cryptochromes, digbeptor flavoprotein oxidases that use the
resulting superoxide as a diffusible signaling agéi49). It is also a principal reaction
pathway for free flavin in solution, where autocatalytic reactions between the flavin
semiquinone and £or Q' compete with the enzymaticaltyriven recombinatior{10).
Alternatively, the two electron spins can pair and the radicadénrdprming the flavia
C4a00 adduct. With the addition of a proton, this adduct becomes the centr@CHa
reactive species of flavin monooxygenases and some oxidases. The pendant peroxy group
can either depart from the flavin as®1 (oxidases), or ta 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 dithram@OH adduct would appear to obligately follow the pathway in
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Schemes 3.And3.2 This path predicts movement of the C10 hydride to the C10 oxygen,
heterolytic @ 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 reacfiablé¢ 3.1, Figues 3.23), pH is
clearly a key factor in this decision. First, the-d2pendent disappearance of dithranol
accelerates dramatically with pH, with reaction timescales moving from hours to minutes.
The acceleration is attributable to the faster formatioa dithranylO,' "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 sameg#pendent trends in rate and
product dstribution, 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 viéhere N6
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 stsgipat 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 catiS8eheme 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 eodtalcy arpskdbly a@viemect or | e
While urate oxidase stabilizes a substrate radical and HOD a triplet substchtediral
adduct, NMO follows a third route, where the enzyme clearly plays a major role in both
forming and directing the reactivity of a dithra@i' pair. How does NMO lower the
b ar r i %rThe(unp&@alyzed oxygenation of the substrate anion (pH 9.8) is orders of
magnitude slower than then NMe€atalyzed process, illustrating that substrate
deprotonation is not the primary function of the enzyme. Atsthme time, catalysis must
be due to more than desolvation or restriction of substrate translational and rotational
motions. lllustrating the point, the N63A and N18A mutants, which have fully intact
structures and bind the substrate with reasonabletgffirave strongly impaired activity.

Instead, the principal role in catalysis appears to come ultimately from the ability
of NMO to facilitate formation of a dithrang%i' pair. According to classic transition state
theory (50), if the noenzymatic anénzymecatalyzed reactions share a similar transition
state (as appears likely here), then dissociation constants fokadgk«) can be written,
where E is a spectator in the uncatalyzed case. The thermodynamic cycle can then be closed

with the addibbn of two constant¥s andKr:

E+S == E+8t—>E+pP

Al f <o

ES == ES* — EP (3.1)
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Here, Kt is the dissociation constant for the substrate transition state frémirEgie
simple transition state theory model, the enzyme accelerates the rate of reaction by
stabilizing ES, or in other words, lowerinég(r. Relating these constants to rateskeif
describes the ratiemiting chemical transformation of ES to EP (equivalenkd@in the
Michaelis model) anétn describes the same step in the uncatalyzed case, then:

ke/ kn=Ke'/ KNy = Ks/ Kt (3.2)
Inserting values measured under identical conditions for the nonenzymatic and NMO
catalyzed reactiongg = 60 min' , ky = 0.02 mint, Ks = 0.069uM, pH 9.8, air, 20 °C, 30
mM S or ES complex) yield&kr = 0.023 nM. The associated extent of transition state
stabilization forKr relative toKs is, therefore, 19 kJ mél In terms of magnitude, this is
on the order of B hydrogen bonding interactions.

A more detailed investigation of the energy lands@apmoting 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 developrokoatalysts that use @om the air

and obviate the need for fragile, expensive, and nonrenewable cofactors.
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Schemes, Tables, and Figures
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Scheme 3.1. Flavin/@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 triplestate Qt o f orm a superoxide (9y)/sem
(9,10,5658). This spinallowed step is rate limitingn several flaviroxidases and
oxygenases (59). Deprotonation of both the flavin and, in monooxygenases, the organic
substrate occurs, the latter in a baatalyzed mannd€B5,36,60) The presence of an active

site positive charge lowers the height of the activation barrier in somestwdied
flavoproteins (37) by stabilizing the superoxidéamnd helping to minimize the electron
transfer reorgani B&39) oThe reantierr gbgtween athe
superoxide/semiquinone radical pair to form the -@4an-hydroperoxide (C4&®0H)
intermediate is enforced via sitglation, which prevents autocatalytic reactions between
the oxidized and reduced flavins to form semiquas{0). The C4a200H releases #D>

to form the tweelectronoxidized flavn in flavin-dependent oxidases. Alternatively, the
terminal oxygen may be transferred to a substrate in a ftependent monooxygenase
(36). (B) An analogous mechanism folIMO is proposedThe native 1,zhogalonate
substrate shown, with the dithranol anion core highlighted in green.
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Step 1
OH O OH Kdithranol OH O OH
(acidic) -
L0
slow
H*“-H* pKa = 8.5 l-H*
OH O~ OH kdnthranol OH O OH
basic
O e GO0
fast
Step 2 OH O OH
OH O OH

2

o (D s o
”m”000m2

pathway B OH O OH
bisanthrone

OH O OH 2 OH O OH

G

O dithranone

Scheme 3.2. Proposed pathways for the uncatalyzed oxidation of dithran@tep 1
results in formation of a dithranyl/superoxide radical paiiStep 2, the radical pair may
dissociate, resulting in dimerization of two dithranyls to form bisanthrone. The expected
rapid disproportionation of two superoxide radicals to forstand Q, is also shown
(pathway A). Alternatively, the radical pair can combine (pathway B), forming the peroxy
adduct. Heterolytic cleavage of the@bond leads to water and dithranone. Pathway A
predominates under acidic conditions, and B under basic corgdition
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Table 3.1. Kinetic constants and final product distributions for the norenzymatic
oxidation of dithranol?

pH | K(UMT min?) t12(min) | % bisanthrone | % dithranone
6.3 | 1.2 (+0.005) x 10 | 240 90 + 4 10+4
9.8 [ 3.6 (+0.005) x 10 |13 40+ 2 60£2

aReaction conditions: [dithran@i}ia = 500 pM, air (280 mM), 20 °C, citratdE (pH 6.3)

or CAPSME (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 [dithran(lope =k [O2]). See Figure 3.4A. Note that enzymatic
rates were corrected for the nonenzymatic react®eaction was firsorder in dithranol;

k = 0.0029 mint and 2= 0.693k. “Reaction was pseuekerothorder in dithranol under
conditions whergdithranoljniia > [O2] (air-saturated solvent). The value fos is reported

for [dithranol}niial = 500 UM, where k = 20 uM mihand t/2= [dithranol}nita/2K.
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Table 3.2. Kinetic constants for the steady statenzymatic oxidation of dithranoP

PH | Keat Kwm Kead Km Km(O2) | KealKm Ki % %

(minY) | (dithranol | (dithranol} | 2(uM) | (O2)® (UM | bisant | dithra
¥BMEM) | (UM min (um* ) hroné | noné
h min?)

6.3|10 % 220 £ 60 | 0.050 430 0.030+ | N/A |[50+£3 |50+3
0.3 0.01 0.003
13+
0.9

9.8/60+6'|100+20 | 0.58+0.04| 410 0.26 £ 1100{10x2 |90 £ 2
110 = 0.01 +
6° 300

@Reaction conditions: varied concentrations of dithranol were used in aisdsutating,
280 UM @), 4 uM NMO, 20 °C, citrateME (pH 6.3) or CAPSME (pH 9.8) buffers. The
measured value fdeatis apparent because a ssdturating amount of Qvas used.
PReaction conditions: varied concentrations efwre used in saturating dithranol (500
UM), 4 uM NMO, 20 °C, citrateME (pH 6.3) or CAPSME (pH 9.8) buffers.

‘Reaction conditions: 500 pM dithranol, air (280 pM), 1 mM NMO, 20 °C, 30 min
incubation, citrateME (pH 6.3); or 500 uM dithranol, air (280 uM2) 50 uM NMO, 10
min incubation. CAPSME (pH 9.8).



84

. A

2: ...00
olS5 L o | .
Q 0 = P
c 3 I
(1] e ® 4
e 1— OL 1 1 l‘; .ll
a 6 pH M
e
o5

i |

0 1 I [
300 350 400 450 500 550 600

Wavelength (nm)

Absorbance
-
- »

S
3

I

Wavelength (nm)
Figure 3.1.The substrate (dithranol) and its oxidation products have distinct spectra.
A) Titration of 0.5 mL 100 uM dithranol iffris-ME with 5 M NaOH (1pL), illustrating
changes irthe 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:
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Figure 3.2. Uncatalyzed dithranol oxidation under acidt conditions (pH 6.3) is very
slow. A) Dithranol (green) converts to bisanthrone (brown) as its major product at pH 6.3
in air (100uM starting dithranol, 22°C, 0.1 M citraldE, gray spectra measured at 60 min
increments). The lack of an isosbestic p@nggests the generation of more than one
product. B) Dithranol (500 uM) 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 ambof dithranone (red circles, 10% vyield) (0.1

M citrate ME, pH 6.3, air). The disappearance of dithranol and appearance of bisanthrone
occurred with first order kineticsy4= 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 distributionA) Dithranol anion
(green dashes) converts to approximately equal amounts of bisanthrone and ditfneahone
dashes) over a period of 40 min at pH 9.8 in HDOUM starting dithranol, 22°C, 0.1 M
CAPSME, gray traces measured at 5 min increments). B) Dithranolate (500 pM)
disappearance (green circlés; 20 uM mir), monitored discontinuously by HPLC, sva
linear over time @@= 13 min), converting into the alkaline forms of dithranone (red circles,
k =13 uM mint) and bisanthrone (brown circldss 6.7 pM min?).
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Figure 3.4. The steady state NM@atalyzed reaction is faster and exhibits substrate
inhibition at higher pH. A) The initial rate of substrate fbdisappearance was monitored
as a function of dithranol concentration at pH 6.3 (circles) and 9.8 (triangleke
presence (closed symbols) and absence (open symbols) of catalytic amounts of NMO (4
MM, 22 °C, air). Under moderately acidic conditions, the enzymatic reaction is slow and
follows MichaelisMenten kineticsKcar= 10 + 0.3 min', keaf Km(dithranol)= 0.050 + 0.01
UMt min, Km = 210 + 60uM). Under basic conditions, the reaction is substantially faster
and exhibits substrate inhibitioksa:= 60 + 6 mint, keafKu(dithranol) = 0.58 + 0.04 puM
min?t, Km = 100 * 20 pM,K(dithranol) = 1100 + 300 puMinset: Second order rate
constants derived from the uncatalyzed reaction werd..2 (+0.005) x 18 pM* min?
(pH 6.3) andk = 3.6 (+ 0.005) x 10 uM™* min?t (pH 9.8). Values of Bk and C)
keaf Km(dithranol) were measured as a function of pHNBO (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 overl#&a €6.8 = 0.05), indicating that
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neither histidine acts as an active site base.degesrmined for all of the curves. ThKss
for the N mutants were alkalirghifted relative to WT: 8.6 = 0.kdg) and 7.2 £ 0.05
(kcafKm[dithranol]) (N18A); 7.6 + 0.1Kca) and 7.0 + 0.2kcafKm[dithranol]) (N63A).

Figure 3.5. Domain and activesite structures ofNMO (violet), ActVA -Orf6 (cyan),

and Isdl (green) (PDB IDs: 3KGO, 1IN5T, 3LGN).(A) Overlay of substrateinding
domain of all three proteins, rendered as cartoons(BActive site residues conserved
within each subfamily are shown, with the protein in the same orientation as in A.
Interactions that could be hydrogen bonds (distans O3 . 5j) are indica:
lines. Conserved residues are shown and their labels color coded. Blue labels indicate
conservation among all 3 subfamilies; red: NMO and AclV#A6; purple: NMO and

IsdG; black: conserved only within the subfamily shnoWote that H85 (NMO numbering

used) is conserved within the NMO subfamily but not the AcO®#6 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 coadenvboth NMO and ActVAOrf6
subfamilies. Additionally, the functionally important asparagine in the IsdGs (N6) is
conserved in the NMO subfamily (as N18) but not among Aet##6 and its close
relatives(62). Notably, no positively charged or adidse residues are conserved between
the NMO and ActVAOIrf6 clusters, arguing against their involvement in a common
reaction mechanism. The irdigating histdine residue that is strictly conserved in IsdGs

is not conserved in either the NMO or ActM&if6 clusters.
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Figure 3.6. NMO-catalyzed steady state and single turnover reactions of dithranol

and Oz show that an @-dependent step limits the overall reaction rate{A) The initial

rate of Q disappearance was monitored as a function st@centration at pH 6.3
(triangles) and 9.8 (circles). Fitting the data at pH 6.3 (500 uM dithranol, eliaie22

°C) to the Miclaelis Menton model (eq 3.5) yielddda = 13 + 0.9 mint, Km(Oz) = 430

mM, andkeafKm(Oz) = 0.03+ 0.003 uM* mint. At pH 9.8 600 uM dithranol, CAPSVE,

22 °C), a model including positive cooperativity yieldkgi= 110 + 6 mint, kealKm(O2)

= 0.26+ 0.01 pM?! min?, Ky = 410 uM, and n = 1.8 (Hill coefficient)B) The reaction
between the anaerobic B NMO-dithranolate complex and 6@&1 O, (CAPSME, pH

9.8, 22 °C) was monitored over time following rapid mixing. The initial conversion of the
staring 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 grayapect
were measured at 0.3 s increments. (C) Single wavelength traces (389 nm, 66, 137, 262,
392, and 608 uM ¢€) plotted versus time illustrate the two kinetic phases shown in A. Data
were fit to the sum of two exponentials to obtain valudsydfl) andkob{2), and the arrow
shows the direction of increasing €ncentration. Inset: The values f@pswere plotted
versus Q concentration. The initial kinetic phase exhibited a strong linear dependence on
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[O2], yielding the second order rate constknt 0.14 + 0.005 uNt mint. The second
phase, ascribed to the photodegradation of the product, was far slower and independent of
O concentration.
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Figure 3.7. Superoxide is generated during the catalyzed and uncatalyzed reactions
and is an intermediate to the monooxygenase product, dithranon@?) The products
of the uncatalyzed reaction at pH 9.8 (CAME&, 500 uM 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
MM 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 uM dithranol [used as limiting reagent due to lack of sample equilibration
with air], air/280 pM @, 5 pM NMO, and 10 eq of CMH (2 mM) to yield M wa s
monitored over time by EPR (pH 9.8 CAIREE, 22 °C). Data were measured every minute

until the spectrum stopped growing in intensity. Spectra measured at selected time points
with their yaxis normalized to TEMPO standard concentrations are shownlift

resolved spectra were measured as in (B) in the presence (blue symbols) and absence (red
symbols) of 5 uM NMO. Circles represent reactions carried in the presence of CMH as the
means for superoxide detection, and triangles are for reactions cartriwdloboth CMH

and added SOD (2500 U/ mL) . The catalyzed
the uncatalyzed. Only the uncatalyzed reaction is significantly affected by competition with
SOD, suggesting thatD is protected from SOD inside the NM@tiae site.

Y &
- *

Figure 3.8. Sequence analysis illustrates the diversity of the ABMs and the
monooxygenase subfamilies within itNetwork analysis (stringency e =19 divided

the >45,000 unique sequences of the family into at least 24 subfamilidscbfthe NMO
subfamily and its nearest neighbors are depicted here as clusters of dots (each dot contains
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closely related individual sequences). Partitioning of the functionally distinct,-heme
degrading I1sdGs (green dots) into a discrete cluster wasaiggide 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,reboionooxygenase, 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 §its thermodynamic power, and the benign nature of its end products have
raised interest in oxidases and oxygenases for biotechnological applications. While most
O2-dependat enzymes have an absolute requirement foraac@vating cofactor, several
classes of oxidases and oxygenases accelerate direct reactions between substgate and O
using only the protein environment. Nogalamycin monooxygenase (NMO) is a cefactor
indepemlent enzyme that catalyzes Fitaiting electron transfer between its substrate and
O.. Here, we demonstrate that the enzyme initially activates the substrate, loweriag its p
by 1. 0G=ulrdikdal mpfyover buffer alone. The oraectron reductio potential,
measured for the deprotonated substrate both inside and outside the protein environment,

increases by 85 mV i nsi®@ & 20Ma@l,mofq0B7ed)s pondi
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whil e the actd,isowered by 48 &cal mbl@.21,eV).pplying the
Marcus model, this suggests a sizable decrease of 28 kcdl (hdl eV) in the
reorganizationenergyY , whi ch constitutes the major
effect in lowering the reaction barrier. A similar role for ghetein has been proposed in
several cofactedependent systems and may reflect a broader trenddutil2ing

proteins.

Introduction

Reactions between organic molecules ang@ver aerobic life. While ©is a
thermodynamically powerful oxidant, welescribed kinetic(1,2) and thermodynamic
(2,3) barriers render it largely inert under ambient conditions. This tdclpparent
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 te @-8). The partally reduced forms of &(superoxide

or peroxide anions) are both activated for oxidizing exogenous substrates and sheltered

inside proteins, where they may access substrates sele¢fiyely
Several classes of oxidases and oxygenases amenkthat directly catalyze

reactions between substrates anth@ cofactorindependent manné€t0), and are broadly

termed cofactemdependent oxidases and oxygenases (ClOs). Examples of these are the

antibiotics biosynthesis monooxygenases (ABMs), a large family of enzymes involved in

the synthesisf bacterial antibiotics. These catalyze oxidations and oxygenations of

po
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mona, tri-, and tetracycline natural products through the direct interaction of the substrate
and Q(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 tayclic anthraquinol analog of i@eoxynogalonic acidScheme
4.1) (17). With the substrate in its deprotonated, monoanionic form (ditHdanek
observed ratéimiting electron transdr in both the uncatalyzed and catalyzed reactions,
where the presence of the protein led to an approximatef2@Dihcrease 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 withn(both natural and
designed enzymes that exploitthi abundant , fAgreeno oxidant.

Here, we have begun to quantify how the enzyme activates both the organic
substrate and ©Because the radeniting step is an electron transfer, Marcus Theory can
be applied. The Marcus model states that the activation learG’) {orgelectron transfer
is a function of how the chemical e@&@yironme
between the ground (reduced) and exciteddsielized) states, and the energy required to
reorganize the reactants and solvent in the excited Efate (

Because of the simplicity of our systema small, structurally characterized 34 kDa
enzyme which lacks a cofactaand our ability to study thuncatalyzed 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 O
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Results

Pure wildtype (WT) and mutant NMO were preparedigh vields

Hiss-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
disaepancy was attributed to loss of part of the histidine tag before or during MS analysis.
Typical values for the specific activity of freshyepared enzyme in asaturated buffer,
consisting of 0.1 M CAPS, 0.3 M NaCl, 36%niethoxyethanol (CAPME), pH 9.8, 25
AC, were: ZgZMNM®@ €WTMmj n0. 431 MANMD.(NILSAS, &hd mi n
0.15 N 0.8 OBNMO KN63A). The enzyme retained full activity for at least

25 min in the 2Zmethoxyethanol (ME) containing buffer, after which activity began t

decline.

NMO lowers the K, of the bound substrate

The Ka of free dithranol in solution is 7.9 + 0.4, but when bound to WT NMO the
value is lowered by 1.0Ka unit to 6.9 + 0.2Kigure 4.1). This suggests that NMO plays a
role in promoting formationf the reactive dithranbht physiological pH and temperature
(pH 7, 25 AC), an GN1i.4kcd mot (a8). Previoysly,wesaw g t o
that catalytic activity was significantly reduced in two active site asparagine mutants of
NMO (17). To probe whether these are involved in lowering the substtat@H titrations

were carrieaut for the enzymsubstrate (ES) complexes of the N18A and N63A variants,
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yielding values of 7.8 £ 0.2 and 7.7 £ 0.1, respectivElgyre S4.1). Hence, both N18
and N63 appear to be involved in facilitating the deprotonation reaction.

The uncatalyzed qgenation of dithranohas a modest barrier

A discontinuous HPLC method was used to monitor the initial rate of dithranol
oxygenation under pseudiost order conditions (constant.@oncentration, pH 9.8, 25
°C). Dithranone, dithranol, and bisanthrora& weltresolved peaks with retention times
of 2.3, 2.7, and 3.2 min, respectivelyiqure S4.2. The rate of dithranobxygenation
increased with @ concentration, with the highest attainable dissolveg [O ( 935 & M)
resulting in exponential loss of thstial 200 M dithranol within 2.5 min Figure S4.3.

In each case, dithranone formed in a 1:1 ratio with dithfaBale to the slow oxidation of
dithranol, especially at low temperatures and]j@he method of initial rates was used to
find k™ (17). [dithrano}]¢/[dithrano}]iniiar Of the initial, linear portion of the curve was
plottedveraustime (Figure 4.2), yielding a slope equal to k™ (eq 4.7), where k™ is equal to
the rate constank, times [Q] (eq 4.7). Plotting measured k™ valuesrsug[O2] (Figure
S4.9 yielded lines of increasing steepness as both §8d temperature were inased
(Figures 4.2 and S4 % In (K) was then plotted as a function of temperature (106D%R
using eq (4.4), which yielded a negative linear relationship from whieh15 + 1 kcal
molt and the preexponential term, In (A) = 26 + 2, were determinEy(re 4.4, Table

4.1).

NMO lowers the activation barrier for oxidizing dithranol

Oxygenation ofdithranol in the presence of NMO is significantly faster than the

uncatalyzed reaction and similarly increases in rate wigh(fdgure 4.3, S4.5, Table 4).
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Analogous to the uncatalyzed reaction, the ratdithranol oxidation with NMO also
increases as temperature is increabeglife 4.3). For the enzymatic reactiokia/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 othes,17,19) The plot of In kca/Km(O2)) versus1000
R'Thas a negative linear slope, giving an activation engrgy.0 + 1 kcal mot and In
(A) =19 £ 3 Figure 4.4, Table 4.). The activation energy is lower than the uncatalyzed

reaction by ~ 2.50ld.

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
keadKm(O2) for these mutants in order toaeasure their activation energies. However,
neither mutant exhibited any kinetic sensitivity in changes to tempei&iguee S4.9.
We were therefore unable to use the Arrhenius relationship to determine the activation

barriers for these mutants.

Theprotein environment does not significantly change the free eregg@®yNjor dithranol

oxidation
Oxidation peak potential&f) for the one electron oxidation of dithrahtd form
the dithranyl radical were measured for free dithraaod the NMGdithranol complex
using cyclic voltammetry (CV)Higures 4.5 and S4.Y. Using eq (4.10) anki= 2.6x 10°
M-1s? the dimerization rate constant that has been applied to describe coupling by several

other phenolic radical@0), alowed for the calculation d& Nghe 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 dithrandl(Table 4.1). The presence of NMO does not significantly chaBgéj
These values areperted vs Ag/AgCI (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 agR&pus
and mxed solvent systemg§22). However, caution should be taken when doing so,
especially if an organic solvent is ug@8,24) To reference the dithranalxidation to the
half-cell potential of @+ € Y £ we applied the correction factor below:

O % » g 11 Wat 25 °C
0O forO,+eY £is-0.16 V(5). We then used eq (4.9) to solveo G Nji electron
transfer to @for unbound and bound dithrahg@able 4.1). There was a modest increase
in the free energy when dithrah@d bound to NMO3 30 : 2.0 (WT), 1.7 (N18A), and
1.8 (N63A) kcal mot. Hence, the presence of NMO eas 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 Gjcti vat
can bep ar amet e rGP forehd eleciroa tragsfer reaction and the reorganization

energy (&), as shown bel ow:
3@  — (4.1)

| is defined as thenergy requiré to reorganize the nuclei of substrate, product, and their

immediate solvent environment without electron transfer occurring.
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For electron transfer fromithranot to O,, the activation barrier is 14 kcal mil
however, in the presence of WT NMO, tharrier is lowered to 9.2 kcal mblleading to
a3 30  of 4.8 kcal mot. Using the small difference inO measured via CV-(
0.085V),3 30 = 2.0 kcal mot (Table 4.1), and eq (4.1), the reorganization energy is
40 kcal mott for the reaction between@nddithranol, and 12 kcal mol for the NMG-
dithranol complex Table 4.1). Hence, NMO acts to lower the activation barrier of-rate

limiting electron transfer via a 28 kcal mdahift in the reorganization energy.

Discussion

O2is natureds premiere oxidant: naturall
challenged, but thermodynamically powerfuk-@ilizing processes must overcome the

intrinsic barriers to @activation, which can be understood in the context ofseié
exchange reaction betweeny @Qnd Q (DG Nf 0 kcal mot). Applying the Marcus
relationship [eq (4.1)] to this reaction givieé&’ =1 /4. Using kTt =4.5+ 1.6 x 18M*s?

as an aqueous rate constant fart® O, electron transfer, Roth and Klinman estimated a
barrier ofDG¥ = 11.5 kcal mol andl = 46 kcal mot. The value fot was further broken

down as the sum of innshell ( in = 16 kcal mot) and outeishell ( ou = 30 kcal mot)
contributionsl in is defined as the energy needed to change the internal coordinates of the
reactant state to the product state, without transfer of the eldcigathe energy required

for reorganizing the solvent medium from the reactant to the product statesékeithout

transfer of the electron. Hende,u, or the energy cost for reorganizing the surrounding
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polar/aqueous medium, dominates the intrinsic barrier for electron transferitoti@
solvent environment.

Marcus theory suggests that proteins cavelathe intrinsic barrier to £activation
in two ways. Firstthe protein environment can impose a rigid and structured network of
dipoles that prerganize the active site to minimize molecular reorientations during charge
transfer(25), thereby lowerind (I in + 1 ou). Secondan enzyme can stabilize the product
state, in which an electron has been fully transfefn@d the substrate to yieldQor, the
initial, resting state may be destabilized (i.e., substrate activation). These effects are
observed irDG°.

A further key component of the biological strategy feruSe is the cofactor. ©
activating enzymes are ntosften populated with tightly anchored, intrinsically-O
reactive organicor metallocofactors, within an evolutionarily optimized protein active site
environment. This obviates the need to produce a wholly unique active site for 2ach O
dependent reactm rather, an already optimal protainfactor motif efficiently activates
O, 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 & activation; as such, they illustrate what a natural or engineered protein
environment may achieve in the absence of the protEfector motif, and how. To
understand @activation by NMO, we first noted from prior work that the deprotonated,
monoanionic substrate (dithrahpl reacts with @ much more rapidly than its

neutral/protonated counterpart. In the mixed aqueous/organic buffer used throughout this
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study, the native i, for dithranolHD dithranol + H" was previously measured at 7.9 +
0.4. Here, thelga for the ES complex was shown to be a full pH unit smaller (6.9 £ 0.2),
corresponding to an G%rld kcal edliTeo consemvedractibeu t i o n
site asparagines, N18 and N&3yure 4.6), appear to play roles in lowering thi€gof 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 enronment is to activate the substrate by deprotonation, a reaction that
happens independent of the presence or absence @&f @telimiting electron transfer
was previously demonstrated for the reaction between the -Nith@anol complex (the
predominah species above pH 6.9) and,@orming a radical pai(17). We therefore
examined the energeticsthis process here.

The reaction barrier (activation enerdy, and the related quantitpG’) was
measured for both the uncatalyzed and catalyzed conversiodittofinol |0, to
di t hr anwal the| tAndperature dependence of the reaction rate. Priok wor
demonstrated that this reaction proceeds vialratemi t i ng f 0o(t7ImWaweren o f
therefore able to use the secader rate constankt, for the uncatalyzed anda/Km(O»)
for the catalyzed reactions. The latter term encompasses all microscopic reaction steps up
to and including the ratkmiting step and was used as a surrogate for a second order rate
constant for electron transfer. A similar approach has been ysgddrs elsewher®,19)
For unboundlithranol, a barrier oDG’ = 14 kcal mof, close to the intrinsic barrier for
seltexchange, was measured using theerived from an Arrhenius ploFigure 4.4,

Table 4.3).
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When thedithranol is part of an NMQ dithranol complex, the barrier height
lowers substantially, t®G' = 9.2 kcal mot. The observation of similar pexponential
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 insider outside of the protein environmg6). Hence, the effect of the enzyme
is to lower the reaction barrier by approximately 5 kcalmol

In order to understand how the protein environment does so, we determined the free
energychange for the catalyzed and uncatalyzed electron trasféivas measured for
thedithranol| di t hranyl A half reaction in buffer a
the NMO- dithranol complex, via a voltammetric method that has previously been used
to measurd= for rapidly dimerizing phenolic radica(20,27) We previously observed
that two dithranyl A r ap(l7)Aswhoar iffedle 4.1zEe 2t o f o
is minimally modulated by the protein environment. The corresponding valuas ofe
for the catalyzed and uncatalyzed reactions, in which dithif@otonverts to
di t hr andifferdd|bd eénly 2.0 kcal mdl (CAPSME, pH 9.8, 25 °C). This is
comparable in magnitude to the energy required to lowerkhefmithranol in the NMO
dithranol complex by 1.0 unit (1.4 kcal ml We concluded that therotein 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,ccoui n pr i nci pl e>2 ser ve
through the resonance form in which the amide side chain has a charge on its nitrogen

atom.
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The similarity in values oDG &dor the catalyzed/uncatalyzed electron transfer
suggested that the predominant role of the protein environment is tol lowkich it does
by a sizable 28 kcal mdl(Table 4.1). Notably, both the uncatalyzed and catalyzed
reactions betweedithranol /O, are unaffected by light, indicating that photoexcitation
yielding an inneisphere electron transfer is not at wolke therefore conclude the change
in & 1 s domi natds,orobter spherelreorgamization gf the grotem and
solvent.In addtion, the reaction is pt{dependent whereas is unaffected by changes in
pH (5).

Rothet al.found that glucose oxidase lowers the activation barrier ofimaténg
electron transfer from the flavin cofactor te @i a | o su byrl® kca mak (5,19)
This was accomplished by a single point positive chardecimdttive site by His516Has
the effect was el i miKaé&ébtl® fhe aatalygtic inpottamee offai st i d
single positive charge in the active sites of flavoprotein oxidases has been described in
numerous example@8,29) Though the source of the catalytic effect and its specific
assignment tb 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, Olshanskgt al. showed that ribonucleotide reductase (RNR), which
contains a ferrigyrosyl radical cofactor, catalyzes protooupled electron transfer
(PCET) via lowering of the reorganization energy by 21 kcai'r(@0). PCET must occur
between the two subunitép a n d, obRNR (35 A apart). It was found that the
conformati onal » subudtnugre sespansible tfoh enablihg PCET and

subsequent | owering of o . These recent st
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studies of azurin and cytochromgxl-33), all point to the importance ofin cofactor
dependent proteins.

Conclusions

The NMO protein environment facilitates direct electron transfer from an anionic
substrate to ®in the absence of a cofactor. Analogous to enzymes that use either an
organic or metatlependent cofactor in a wadlolved active site environment, NMO
accelerates rafiemiting electron transfer via lowering of the reorganization energy, where
the magriude of the effect in NMO is robust. This may be a general feature-of O

activating enzymes, and one that could conceivably be mimicked in engineered proteins.

Methods

Expression and purification of NMO

The gene encoding the-tdrminally Hig-tagged NMQ(pBad vector) was received
as a kind gift from the Schneider laboratory, University of Turku, Finland. The NMO was
expressed and purified as previously descrified). The purified enzyme mass was
verified by electrospray ionization mass spectrometry-@rected mutants of NMO were
available from a prior study and were expressed and purified) the same protocol as

for WT NMO.

Dithranol stocks and reaction media

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

used as a surrogate for the natural NMO substratde@fynogalonic acidScheme 4.1
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10 mM stocks wee prepared in septusealed 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 oefficient for dithrandlat pH 9.8 f3s7nm= 18 (+0.2) mM! cm. The DMSO

stock was diluted into reaction media consisting of 1:2 (v/v) bufimethoxyethanol
(ME). The organic ME component was essential for solubilizing the substrate and product.
The huffer contained 0.1 M CAPS, 0.3 M NaCl in doubly distillegCH 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 comaéed acid or base is added.
Titrations of free dithranoland its NMO complex were performed in a Coy anaerobic
chamber using an HP8453 spectrophotometer. 100 uM dithrandd0 pM NMO
dithranot complex (WT, N18A, or N63A) was incubated in various bffgelow) for 3
min before the absorbance was measured. TKewas 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 sindte pansition:

y = (B x 10PH + A x 10PKa)/(10PH + 10PK?) (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 HCI 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 coatent

of 36 v/v%.

o

Determinati on of pifdrthe narernzymatia teactom ener gy ( U

The Arrhenius equation quantifies the exponential relationship between a rate
constantk) and temperature (T), with the activation endigiy the exponentiaierm:
k=AeWRT= [ Bh] e®RT (4.3)

Taking the natural logarithm gives:

In (k) = In @ ksT/h) - YRT (4.4)
Herelgi s t he Boltzman constant ; h i s Pl anck©6s
and o = 1 | f the electron transfer is adi a

acceptor are proximal. The reaction between dithrama Q is expected to be second
order, yielding the following rate equation:
dithranol + O;Y product s (4.5)
rate =-d[dithranol ]/d[t] = k[dithranol ][O2] (4.6)
Theuncatalyzed reaction was monitored under constant concentrations of dissolved
O2 (2001200 mM), maintained via a continuous2@2 purge. Dissolved [€) was
measured using a Clark type €lectrode (Yellow Springs Instruments) calibrated te air
saturated dably distilled HO and corrected for ambient pressure and temperature.
Dithranol disappearance was monitored discontinuously over time by HPLC (see below)
from stirred 2 mL sol intCARSME, pt 9.8. As6tiie @ M di t

concentration was helconstant and only the linear, initial portion of the reaction was
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monitored, the pseuedlrst order and initial rate approximations allowed equation (4.6) to
simplify to:
rate = d[dithrandl/dt, = k"[dithrano! initai, Wwhere 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 tenperatures and [{D

A line was fitted via least squares regression to a plot of
[dithranol ¢/[dithranol Jiniiar Versustime to obtain an initial rate, and eq (4.7) was used to
solve for k™. A plot of kversugO2] was then used in turn to solve for the sldpé&/alues
of kmeasured in this way at a series of temperature232C) were then used to generate
an Arrhenius plot. Ink) versus1000 R!T was fit to a line by least squares regression

analysis (Kalelagraph) andl} was computed from its slope, using eq (4.4).

Analysis of reactants and products by hpgrformance liquid chromatography (HPLC)

Quantification of reactants and products was performed on an Agilent 1100 LC
system (Agilent Technologies, SanClara, CA) equipped with a G1315B diode array
detector. Each sample or standard was injected at a volumesbfdiio a Hypersil Gold
PFP 5em, 4.6 x 150 mm column (Thermo Scientific) maintained at 50 °C. Buffers used to
separate the analytes of int&revere 0.1% TFA in water (A) and 0.1% TFA in acetonitrile
(B). The separation was carried out with a gradient: 40% Ar(0n, 1.5 mL/min), 50% A
(2-2 min, 1.5 mL/min), 15% A (z8 min, 2.0 mL/min), 15% A (3.8 min, 2.5 mL/min),

40% A (3.84.0 min, 1.7 mimin), 40% A (44.1 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.

Determinat on o f a c t iaVonthel NdGditerana complex U

The enzymecatalyzed oxygenation of dithrah¢éq 4.5) was previously monitored
over time under both singleirnover and steady state conditiqd§). The steady state
kinetic parametekca/Km(O2) has been used as a surrogate for the secoadratd constant
k (5,17) This parameter includes all microscopic steps up to and including tHemateg
step and has the same unitka#/e previously showed thkt./{Km(O2) andk were close
in magnitude (17), where the latter was measured by stopped flow for the reaction between
the anaerobic NM@lithranol complex and @ We consequently used the tengiare
dependence d&a/Km(O2) for determining the Arrhenius behavior of the NA@alyzed
reaction here.

Initial rateversussubstrate concentration plots were generated as a functiop] of [O
(8071 1200 pM) using a Clarkype Q@ electrode (Yellow Spring International) in a
temperatureontrolled chamber (2 mL) with constant stirring. Buffer (CARE, pH 9.8)
was equilibrated with a definedo@®z2g as mi xt ur e. Y dithranolg300 ng ( O
pMM) was then added and the linear backgroundc@hsumption recorded. After one
minute, 4 uM NMO was added to initiate the enzymatic reaction and the consumption of
O was monitored. Initial velocities i(vKaleidagraph) of each reaction were fit from the
first 510% of the progress of reaction curvesyrrected for nofenzymatic Q
consumption. The plot ofi wersus[O2] was fit to the MichaelidVenten equation (4.8)

including the effects of cooperativity (H = hill coefficient):
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Values of InkcafKm(O2) measured at-37 °C were plottedlersus1000 R'T! and fit to the
Arrhenius relationship, eq (4.4). Triplicate experiments were performed for each starting

[O2].

Measurement of cycliecoltammetry for the uncatalyzed and catalyzed reactions

CV experiments were performed with a-S® potentiostat (BioLogic) and EEb
software using a threelectrode cell comprised of a glassy carbon rod encased in
polychlorotrifluoroethylene (PCTFE) aswerking electrode (CH Instruments), a platinum
coil as a counter electrode (CH Instruments), and a fritted Ag/AgCI electrode (BASI) as
the reference electrode filled with 3 M NaCl (0.209 vs. SHE). The working electrodes were
prepared immediately prior teach CV by thoroughly polishing on 0.05 pum alumina
powder and sonicating in doubly distilled (Millipore) water for 1 min.

Buffer (CAPSME, 30% glycerol, pH 9.8) was made anaerobic by alternating argon
purges and vacuum cycles and then brought into a @agrabic chamber. Final solutions
had a concentration of 30% glycerol to keep the enzyme from aggregating. Solutions of
either 1 mM dithranélor 1 mM NMO-dithranol complex were prepared in the Coy
chamber and transferred with a crimp sealed vial intelactrochemical 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 29 F€.ohmic drop was measured to

be | ess than 200 iRdropwohlesctinan 2 mvVadar mdasurececdrreitso a n
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inthe 0.1 € A range. A s ¢was usedad fiest redfice thedsolutiah, s
followed by an oxidative scan. The irreversildeidation peak current could then be
measured. The potential was referenced against the measured experimental Ag/AgCl

potential.

Aqg/AgCI calibration

A hydrogen reference electrode (Hydroflex, EDAQ) was placed into a buffered
solution (pH = 1.68, Oaktorgnd 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 dermininggp G Nj

The Nernst relationship bel @&w) canlbeustr a
determined from the experimentally measured electrochemical potential, where electron
transferto@Qat pH 9.8 is t@ewmttéhdNgby repl acing o

oG Nf-nHE NO2]-E NES, S} (4.9)
n is the number of electrons (1 in this ceé
andE NES, S] is the redox potential of dithrahdh the presence (ES) or absence (S) of
NMO, andE NjO7] is the half-cell reduction potential to reduce. @ superoxide. All
potentials are expressed as vs Ag/AgCI, 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 thetandard hydrogen electrode.
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Phenolic compounds including dithranol are known for their irreversible
voltammograms, due to the tendency of the-eleetron oxidized species to dimerize
(20,27) The equation for determining phenolic redox potenttflsin an irreversible one

electron oxdation (20)is shown:

% % —a — (4.10)

where E is the measured irreversible potential peak, R is the universal gas constant, F is
Faradayos c oissheiaitak[dithramdl]=, 13, iG t hledessribesn r at ¢
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 neate diffusion limit: 18 M sec! (20). Historically, and in our own stopped

flow experiments (data not shown) anthrdike compounds are observed to behave
similarly to simple phenol§27,3436); we therefoe usedk = 2.6 x 10 M s, a value

commonly used for phenolic radic0).

To determine the effect of the enzyme onEReof dithranol, the difference in the

midpoint potential for the substrate (S) and enzguastrate (ES) was calculated using

3% % % (4.11)



121

Tables, Schemes, and Figures

Table 4.1. Kinetic and thermodynamic data for free dithranol’ oxidation of
dithranol' and its complex with WT and variant NMO.
dithranol WT NMO- N18A NMO- N63A
(uncatalyzed) dithranol dithranol NMO-
dithranol
K (O2) or keafKm | 3.4 +0.2 7400 + 300 90 £+ 60 32+10
(02
4 (kcal mol?) 15+1 601 NDK ND
In Aabc 26+ 2 19+3 ND ND
oqHY (kcal mot)® | 14 5.4 ND ND
qf (kcal mof! K~ | 0.0013 0.013 ND ND
1)a,e
aqS’ (kcal mott)2f | 14 9.2 ND ND
E Nj (V) vs|-0.048 +| 0.037 £0.010 | 0.027 +0.009 | 0.029 +
Ag/AgClen 0.007 0.002
g Nkcal moth) | 7.4 £ 0.2 9.4+0.3 9.1+0.2 9.2 +0.05
> (kchl 140 12 ND ND

2All values derived from measurements made at 298 K and pH 9.8.

bUnits of M1s?

‘From equation 4.4

grom e
ogH =U-RT

eqﬂ__: | n (kBwistZh & 21 M2 st and In A redofided in table
'g&'= Hp+ Fo

9From equation 4.10

"oH-independent reductigootentials

'From equation 4.9 arieP (O2) =-0.37 V vs Ag/AgCl
IFrom equation 4.100G" a @ d reaprded in table
KND = not determined
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Step 1
OH O OH OH OH OH OH O OH O OH
Step 2

OH O OH OH O OH

Soe

Scheme 4.1.Proposed pathway for the oxygenation of dithrandl and 12
deoxynogalonic acid.Dithranol, thesubstrate analog of i@eoxynogalonic acid (12
deoxynogalonic ackdpecific substituents in gray), transfers an electronaidd@ming a
dithranyl radical and superoxide pair in a step that prior work suggests is rate limiting
(RLS) (Step 1). This occufaster 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.

OH O

o dithranone
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Figure 4.1. NMO lowers the K4 of dithranol. Spectrophotometric titrations of A) 50 uM
dithranol or B) the NM@&dithranol complex (100 uM dithranol + 150 uM WT NMO) in

buffer over pH 5.8L0.9 reveal that NMO lowers th&pby 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 10sPectra (solid black) are highlighted. Insets: The
absorbance at 354 nm (black circles) and 440 nm (red squares) is yéotiegbH and fit

to a sigmoidal curve to obtain values fdtadeq 4.2): 7.9 + 0.4 (free dithranol) and 6.9 +

0.2 (NMGO-dithranol @mplex). 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 Oz were measured as a function of increasing temperaturghe method

of initial rates for pseudéirst order reactions was used to determine k™ for dithfanol

oxidation at 21280 (black circles), 46650 (red diamonds), 71860 (green triangles),

and 9401175 (blue squares) uM2h CAPSME, pH 9.8 at A) 10 °C, B15 °C, C) 20 °C,

and D) 25 °C. The reactions were stirred under constahtjh the green arrow showing

increasing [@]. The slope of the line for [ditH][dith]o 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. MichaelisMenten curves for NMO-catalyzed dithranoll oxidation at
varying temperatures. Initial rates for dithrandlo x i dat i on i n t he prese

in buffer (CAPSME, pH 9.8) were measured as a function git@ncentration and fit to

the MichaelisMenten equation (eq 4.8). Dithrah@éa s s at ur )t i antg 5 0O®B x& WK
and the @ conaimption was monitored via LCelectrode with respect to ppat 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 ingithases
increasing temperature (represented by the arrow). Error bars represent the error in the
slope from the linear regressions of three or more runs.
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Figure 4.4. Arrhenius plots were used to measure the activation barriers for NMO
catalyzed and uncatalyzed dithranol oxygenation.The natural log of either A) Irk)
(O2) (uncatalyzed) or Bka'Knm) (O2) (catalyzed) determined from Figures-8.2nd S4.4
at variable temperatures was plotted as a function of 1300'Rnd fit to a linear equation
(eq 4.4). The activation energy for the uncatalyzed reaction is 15 + 1 kcl wiwreas
that of the NMO catalyzed reaction is 6.0 + 1 kcal t@rror bars represent +1 standard
deviation of three or more runs.



127

1.2

e
@

Current (nA)
[=]
=

08

Current (pA)

0.4

0l

| | | | ]
-06 04 -02 0 0.2 0.4 0.6

Potential vs Ag/AgClI (V)
Figure 4.5.E Nand gG Njor free and NMO-bound dithranol™ have similar values.
CV was run using A) 1 mM dithrariond B) 1 mM NMGdithranol complex in air
saturated buffer (CARSIE, 30% glycerol, pH 9.8) at 25 °C. The arrow indicates the scan
direction (in the oxidative direction)p, the potential where the current reaches a
maximum, was used in equation (4.10) to determine the standarédmt potential of
dithranol oxidationE Njr free and bound dithrariol0.048 + 0.007 anet 0.037 + 0.01
V, respectivelyTo calculate the standard free energy of electron transfer from dithranol
to O, equation (4.9) was useqG  free dithrandl = 7.4 + 0.2 and boundithranol =
9.4 + 0.3. Binding the substrate to WT NMO makes the reaction more endothermic by 2.0

kcal mot?.




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 intude N18, N63, F82, and W&17), shown in gold. The latter is the only strictly
conserved residuenengst 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 A, respectively;
they may play a role in the deprotonation of dithranol and loweringkhe p

Associated Content

Acknowledgements

We thank Garrett Moraski and Prof. Robert Szilagyi for helpful discussions. NSF

grant MCB1715176 is gratefully acknowledged for financial support.

Footnote

This work was supported by NSF grant MCB1715176.

The abbreviabns used here are: NMO, nogalamycin monooxygenase; CIOs,
cofactorindependent oxidases and oxygenases; ABMs, antibiotics biosynthesis

monooxygenases; ME;@ethoxyethanol; CAPME, 0.1 M CAPS, 0.3 M NaCl, 36% 2



129

methoxyethanol; CV, cyclic voltammetry; PCEFpolychlorotrifluoroethylene; SHE,

standard hydrogen electrode; RNR, ribonucleotide reductase; PCET ,-pooigled

electron transfer

10.

11.

References

Que, L.Q., and Valentine, J. S. (2007). Biological Inorganic Chemistry:
Structureand ReactivityGray, H. B., Steifel, E.l., Valentine, J.S., Bertini), First
Ed., University Science Books, Sausalito, CA. pg01

Taube, H. (1965) Mechanisms of Oxidation with OxygkrGen. Physiol49, 29

Warren, J. J., Tronic, T.A., and Mayer, J.M. (2010) Thermochemistry of Proton
Coupled Electron Transfer Reagents and its ImplicatiGhem. Revl110 6961
7001

Lee, S:K., and Lipscomb, J. D. (1999) Oxygen Activation Catalyzed by Methane
Monooxygenase Hydroxyl ase Component:
Cleavage Step&iochemistry38, 44234432

Roth, J.P., and Klinman, J.P. (2003) Catalysis of eledtemsfer during activation
of Oz by the flavoprotein glucose oxidas&roc. Nat. Acad. Scil00 62-67

Hamdane, D., Zhang, H., and Hollenberg, P. (2008) Oxygen Activation by
Cytochrome P450 Monooxygenagotosynth. Re98, 657666

Sirajuddin,S., and Rosenzweig, A. C. (2015) Enzymatic Oxidation of Methane.
Biochemistrys4, 22832294

Chaiyen, P., Fraaije, M. W., and Mattevi, A. (2012) The enigmatic reaction of
flavins with oxygenTrends Biochem. S@7, 373380

Miller, A.-F. (2004) Suproxide dismutases: active sites that save, but a protein that
kills. Curr. Opin. Chem. Biolg, 162168

Fetzner, S., and Steiner, R. A. (2010) Cofaatdependent oxidases and
oxygenasesAppl. Microbiol. Biotechnol86, 791-804

Grocholski, T.,Koskiniemi, H., Lindqvist, Y., Mantsala, P., Niemi, J., and
Schneider, G. (2010) Crystal structure of the cofactdependent monooxygenase



12.

13.

14.

15.

16.

17.

18.

19.

20.

130

SnoaB fromStreptomyces nogalateimplications for the reaction mechanism.
Biochemistry19, 934944

Koskiniemi, H., Grocholski, T., Schneider, G., and Niemi, J. (2009) Expression,
purification and crystallization of the cofactoidependent monooxygenase SnoaB
from the nogalamycin biosynthetic pathwagta Crystallogr. Sect. F Struct. Biol.
Cryst. Commune5, 256-259

Adams, M. A., and Jia, Z. (2005) Structural and biochemical evidence for an
enzymatic quinone redox cyclelischerichia cotiidentification of a novel quinol
monooxygenasel. Biol. Chem280 83588363

Sciara, G., Kendrew, S. G., Mielg, E., Marsh, N. G., Federici, L., Malatesta, F.,
Schimperna, G., Savino, C., and Vallone, B. (2003) The structure of ACt\®\

a novel type of monooxygenase involved in actinorhodin biosyntHesiBO J.
22, 205215

Kendrew, S. G., Federici, L.a8ino, C., Miele, A., Marsh, E. N. G., and Vallone,
B. (2000) Crystallization and preliminary -pay diffraction studies of a
monooxygenase fror8treptomyces coelicol#3(2) involved in the biosynthesis
of the polyketide actinorhodicta Crystallogr. SecD-Biol. Crystallogr.56, 481
483

Kendrew, S. G., Hopwood, D. A., and Marsh, E. N. G. (1997) Identification of a
monooxygenase frorBtreptomyces coelicolgk3(2) involved in biosynthesis of
actinorhodin: Purification and characterization of the recombinant enzyme.
Bacteriol. 179, 43054310

Machovina, M. M., Usselman, R. J., and DuBois, J. L. (2016) Monooxygenase
Substrates Mimic Flavin to Catalyze f@otorless Oxygenations. Biol. Chem.
291, 1781617828

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 Modél.Phys. Chenl12 1686016873

Roth, J. P., Wincek, R., Nodet, G., Edmondsok,.[Mclntire, W.S., and Klinman,
J.P. (2004) Oxygen lIsotope Effects on Electron Transfer std*©bed Using
Chemically Modified Flavins Bound to Glucose OxidakeAm. Chem. Sod26,
1512015131

Li, C., and Hoffman, M. Z. (1999) Orelectron Redox &entials of Phenols in
Aqueous Solution]. Phys. Chem. B03 66536656



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

131

Kulys, J., Krikstopaitis, K., and Ziemys, A. (2000) Kinetics and thermodynamics
of peroxidaseand laccaseatalyzed oxidation dfl-substituted phenothiazines and
phenoxazinesl. Biol. Inorg. Chem5, 333340

O'Reilly, N. J., and Magner, E. (2005) Electrochemistry of Cytochronie
Aqueous and Mixed Solvent Solutions: Thermodynamics, Kinetics, and the Effect
of Solvent Dielectric Constaritangmuir21, 10091014

Pavlishchuk, V. V., and Addison, A. W. (2000) Conversion constants for redox
potentials measured versus different reference electrodes in acetonitrile solutions at
25 degrees Qnorganica Chim. Act&298 97-102

Elgrishi, N., Rountree, K. J., McCarthy, B., Rountree, E. S., Eisenhart, T. T.,
and Dempsey, J. L. (2017) A Practical
J. Chem. Edu@5, 197-206

Gray, H. B., and Winkler, J. R. (1996) Electron Transfer in Protéinau. Rev.
Biochem 65, 537561

Moser, C. C., Keske, J. M., Warncke, K., Farid, R. S., and Dutton, P. L. (1992)
Nature of biological electron transfé&tature355, 796

Roth, H. G., Romero, N.A., and Nicewicz, D.A. (2016) Experimental and
Calculated Electrochemical Potentials of CoommOrganic Molecules for
Applications to SingleéElectron Redox Chemistrgynlett27, 714723

Gadda, G. (2012) Oxygen activation in flavoprotein oxidases: the importance of
being positiveBiochemistrys1, 26622669

Visitsatthawong, S., Chenprakhon, P., Chaiyen, P., and Surawatanawong, P. (2015)
Mechanism of Oxygen Activation in a Flavidependent Monooxygenase: A
Nearly Barrierless Formation of C4#ydroperoxyflavin via Protoi€Coupled
Electron Transferd. Am. ChemSoc.137, 93639374

Olshansky, L., Stubbe, J., and Nocera, D. G. (2016) Chinayesfer Dynamics at
the alpha/beta Subunit Interface of a Photochemical Ribonucleotide Reddctase.
Am. Chem. S0d.38 11961205

Gray, H. B., and Winkler, J. R. (2009) Electron Flow through Prot€inem. Phys.
Lett.483 1-9

Khoshtariya, D. E., Dolidze, T. D., Shushanyan, M., Davis, K. L., Waldeck, D. H.,
and van Eldik, R. (2010) Fundamental signatures of saond longrange electron
transfer for the blue copper protein azurin at AU/SAM junctienec. Natl. Acad.

Sci. 107, 27572762



33.

34.

35.

36.

132

Gray, H. B., and Winkler, J. R. (2005) Longnge electron transfelProc. Natl.
Acad. Sci102 35343539

Nozaki, K., Oyama, M., Hano, H., and Okazaki, S. (1989) Kinetic study on the
dimerization reaction of-tnethoxyanthracene cation radical by means of fast scan
cyclic voltammetryJ. Electroanal. Chen270 191204

Oturan, M. A., and Yildiz, A. (1984) Mechanism and Kineti€she Dimerization
of 9-Cyanoanthracend. Electroanal. Chenil61, 377383

Carney, T. J., Collins, S. J., Moore, J. S., and Brushett, F. R. (2017) Concentration
Dependent Dimerization of Anthraquinone Disulfonic Acid and Its Impact on
Charge Storag&€hem. Mater29, 48014810



133

Supplementary Information

UNDERSTANDING HOW A COFACTORFREE PROTEIN ENVIRONMENT

LOWERS THE BARRIER TO @QREACTIVITY

Melodie M. Machovinaet al.

Supplementary Figures

15

0.8

o
Q
c
o
£
-
=]
w
o
<

Absorbance

Absorbance
o o

Absorbance

0 1 1 1 - 1
300 350 400 450 500 550 600
Wavelength (nm)

Figure S4.1. Both N18and N63 contribute to lowering the Ka of dithranol in the
enzymesubstrate complexpH titrations were carried out for the A) N18#hranol and

B) N63A-dithranol complexes as described in the text. The absorbance of dithranol at 354
nm (black circles).=d 440 nm (red diamonds) was plotted as a function of pH and fit to
equation (4.2). Values for theKp 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 NMGdithranol 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 dithranone5 0 0 & M
dithranol and dithranone were injected (& 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 confirred via mass spectromet(d).
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Figure S4.3. Representative progress of reactiarurves showing the disappearance of
dithranol™ and appearance of the product dithranone in the absence of NM@50 uM
dithranolate was stirred under a constant purge of pp(®33 UM dissolved @ 25 °C,
pH 9.8in 0.1 M CAPS, 0.3 M NaCl). A) Tlilisappearance 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 rapidun C18 HPLC column ahthe dithrandldithranone 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 the slow reaction times especially at low
temperature and [{) the method of initial rates was used by measuring the initial, linear
portion of the curve and referencing to starting [dithrgnbiitial rates were used to obtain
k" and k (eq 4.7).
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Figure S4.4. Second order rate constants for dithranbloxygenation were measured
as a function of temperature in the absence of NMOValues for k were determined
(each in triplicate) at varying {xoncentrations as shown kgure S4.3andusing the
method of initial rates ifrigure 4.2were plotted as a function of $D 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 valubdasecond order rate
constant (k) for the reaction betweep @hd dithrandl. Error bars represent +1 standard
deviation of three or more runs.
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Figure S4.5. Representative progress of reaction curve for NM@atalyzed oxidation
of dithranol'. A Clark-type G electrode was used to monitor the oxidation of dithfanol
via the disappearance ob, (s a function of different concentrations ofdd different
temperatures. The reacti onh, s&qoewi NB@Ek g f
M CAPS, 0.3 M NaCl, 36%-tnet hoxyet hanol ), 2.5Badkgtqund8 8 0 ¢ |
oxidation of dithrandl was measured {0.2 min) prior to injection of NMO at 0.25 min
and fit to a linear function. An initial velocity ijwvas then obtained by méar fit to the
Oz consumption data, as shown. Values favere then plotted vs [Pto yield Michaelis
Menten curves (equation 4.8) that showed positive cooperatirgyre 4.3). Upon fitting
to equation 4.8, the In &fa/Kwm (O2) were plotted as fnction of 1000 RT to yield the
final Arrhenius plot Figure 4.4B).
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Figure S4.6. The steady state reaction for N18Aand N63A-catalyzed dithranol
oxidation was monitored at varying temperaturesPlots of the initial velocities of the
reaction of A) N18A and & vanitgIGhin buifet (0.1 3 50
M CAPS, 0.3 M NaCl, 36% -thethoxyethanol, pH 9.8) were plotted and fit to the
Michaelis Menton equation to yield kinetic paramekessKwv, andkeafKm (seeTable 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 logarithmk@fKu (O2) determined in paais A) and B)
were plotted vs 1000-R ! 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.b&msor
represent £1 standard deviation of three or more runs.
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Figure S4.7. BothE and gG of NMO variants overlap with WT. Cyclic
voltammetry was run using 1 mM dithranahd 1.1 mM A) N18A NMO and B) N63A
NMO in air-saturated buffer (0.1 M CAPS, 0.3 M NaCl, 36¥n2thoxyethanol, 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 curremaches a maximum, was used in equation
4.10 to determine the standard cell redox poterffia)&f dithranol oxidation.E Njor

N18A and N63A ar®.027 + 0.009 V and 0.029 + 0.002 V, respectively. Both are within
errorof WT NMO (0.037 = 0.010 V) To calculate the standard free energy of electron
transfer from dithranblto O;, G Ngquation 4.9 was used: N18A9<1 + 0.2 kcal mot,

N63A = 9.2 + 0.05 kcal md} and WT = 9.4 + 0.3 kcal ndl
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Abstract

Microbial aromatic catabolism offers a promising approach to convert lignin, a vast
source of renewable carbon, iniseful products. ArylD-demethylation is an essential
biochemical reaction to ultimately catabolize coniferyl and sinapyl ligerived aromatic

compounds and is often a key bottleneck for both native and engineered bioconversion
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pathways. Here, we repdhte comprehensive characterization of a promiscuous P450 aryl
O-demethylase, consisting of a cytochrome P450 protein from the family CYP255A
(GcoA) and a thredomain reductase (GcoB) that together represent a newdamponent

P450 class. Though origimaldescribed 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 sstem 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 itis used for defense, structure, and nutrient and water trafSpimen 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 t@ubkition of microbial
strategies to break lignin polymers down to smaller fragments using powerful oxidative
enzymes secreted by rot fungi and some bactéidese lignin oligomers can Ifherther
assimilated as carbon and energy sources, through at least four known catabolic
paradigms.

The most well understood aromatic catabolic mechanism, mainly studied in aerobic
soil bacteia, relies on the use of ndreme irordependent dioxygenases to oxidatively
ring-open structurally diverse, ligniderived aromatic compounés.These dioxygenases

act on central intermediate substrates such as catechol, protocatechuate, aneitjadiat



145
in an intra or extradiol 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 ligniiderived compounds must therefore ®elemethylated to
diols before they can be oxidatively cleaved to generateopeged compounds, which
are ultimately routed to central carbon metaboli§ig.(5.1).” More recently, thesame
aromatiecatabolic pathways have been invoked as a potential means to convert lignin to
useful products in biorefinerids! O-demethylation is therefore a critical reaction for
assimilating ligninderived carbon in both natural carbon cycling as well as in emerging
biotechnology applications.

The importance 0O-demethylation has motivated substantial efforts toward the
discovery and characterization of enzymes capable of demethylating the methoxy
substituents of diverse ligniterived substrate’$2° For example, Ornstoet al.described
the VanABO-demethylase idcinetobactebaylyi ADP1, which converts vanillate to the
central intermediate, protocatechuate, via a Rieske nonheme iron monooxygenase
mechanisnt? 1 VanAB, which is common in many aromatiatabolic soil bacteria, is
active on vanillatenalogues, but to our knowledge, has not been reported to be active on
other ligninderived compounds. Masai and colleagues first described 't.iEm
Sphingobiunsp. SYK6, a model bacterium for aromatic catabolishigX also employs
a Rieske nofheme iron mnooxygenase mechanism to demethylate a biphenyl compound
representing a common lignin linkage. Mastal. additionally reported, in SY46, two
tetrahydrofolatedependent O-demethylases, LigM and DesA. LigM primarily
demethylates vanillate and@Gmethylcallate, whereas DesA principally demethylates

syringate with very weak activity on vanillate !’
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Earlier rgports from Eltiset al. and Bellet al. described cytochrome P4%@sed
demethylation of aromatic compounds; though either the full gene sequences were not
reported until recently 26 or thepara-substituted substrate-(dethoxybenzoate) was of
limited interest for the lignin degradation problém?® Similarly, Dardaset al. found
evidence of a P450 MoraxellaGU2 responsible for th@-demethylation of guaiacol and
guaethol; however, neither the gene sequence nor identity of the P450 or its reductase
partner werésolated?®

The relatively narrow substrate specificities elucidated to date forQaryl
demethylation, coupled to the patially broad distribution of structurally distinct,
methoxylated lignin products found in nature, prompted us to search for alternative
mechanisms for this key reaction. Becausen@ monomers constitute a majority of plant
derived lignin, we initiallyfocused onO-demethylation of guaiacol {&ethoxyphenaol),
which in turn represents the simplesu@it monomer derivable from lignin. As reported
in a companion stud§; we isolated a cytthirome P45@eductase gene pag¢oAB from
Amycolatopsis sp. ATCC 39116 (accession numbers WP_020419855.1 and
WP_020419854.1). Introduction of this pair via plastéded expression into
Pseudomonas putiddT2440, a robust aromatizatabolic bacterium, as sufficient to
confer growth on guaiacéf.Here, we report a comprehensive structural, biochemical, and
computational description of this new cytochrome RPd&8ed mechanism for arg-
demethylation. Unlike other known tetrahydrofotater nonheme irordependent
demethylases, which are fairly substrate specific, the Jredilctase pair characterized

here (GcoAB) demethylates diverse aromatic substrates, potentially providing an itnportan
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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 A and 1.7 A, respectivéligs( 5.2 and 5.3
Supplementary Figs. 5.17, andSupplementary Table 5.2. The GcoA structure reveals
a typical P450 singtdomain architecture with a central heme adjacent to a buried active
site, captured with the substrate access loop in the closed positjob.@aandb). GcoA
possesses a broadly hydrophobic pocket with the two oxygen atoms of the substrate
coordinated by &ickbone 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. 5.29. The guaiacol methoxy carbon is positioned at a distance of 3.92 A 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 guaiamoealogbound complees
produced three additional waliffracting cacrystals with guaethol, vanillin, and syringol,
where each ligand was fully occupied in the active &itg. (5.2df). 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 w&itbout any rearrangement of the
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active site around the additional methyl group. Vanillin, being bulkier with an aldehyde
group at the $osition, induces a significant reorientation of Thr296, forming a new H
bond between the residue and the substrdiis. rEsults in the twisting of the carboxylate
group on the adjacent heme propionate, eliminating thertl with Thr296 observed in
the guaiacebound structure, and instead forming an alternativieohld with a water
molecule in between the two heme proptes. 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 unusutiiree 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 cytochroth@nalysis of thegcoB sequence,
however, suggests it contains all of the necessary domains in a single polypeptide, with an
N-terminal 2Fe2S ferredoxin domain followed by an FAD and NAD(P) binding region
with homology to ferredoxitiNADPH reductase (FNR) type oxigdeductases.

Structurally, the compact,-drminal 2Fe2S domain of GcoBHjg. 5.3a, i) bears strong
homology toputidaredoxin (Pdx), a ferredoxin that transfers electrons to P450cam in the
threecomponent camphor hydroxylase system fi®nputida(Supplementary Fig. 5.6

8). The Gterminal region consists of an FAINding domain, containing 6 besérands

and a sinp alpha helix, followed by an NADH binding domain. Thestefninal domains

show structural homology to FAEpe cytochrome P450 reductase (CBRlomains in
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which the Gterminal portion primarily stabilizes the isoalloxazine moiety of FAD while
the Nterminal dmain coordinates the diphosphate bridge between the flavin and
adenosine groups$-ig 5.3cd, ). 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 owveNADPH. 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 B&nfie benzoate 1-@ioxygenase reductase
from A.baylyiADP1, which supplies electrons to Riedipe aromatic ringhydroxylating
dioxygenases. This suggests an unexpected convergenite inrganization of the

reductase partners for these evolutionarily distinct oxyenases.

GcoA and GcoB form a dimer complex in solution

GcoA and GcoB operate as a nmudamain complex; guaiacol is processed
exclusively in GcoA, with electrons supplied liye GcoB redox machinery. When
expressed and purified individually, each protein was shown to be monomeric in solution
using a combination of hydrodynamic metho&upplementary Table 5.3. Size
exclusion chromatography revealed a strong interaction betw&coA 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 systethas the docking
surface for the associated reductase partB8apglementary Fig. 5.10. Similarly, the
surface of GcoB is predicted to have an acidic patch that interfaces with the corresponding

basic region in GcoA® From the GcoB crystal stcture and surface charge representation,
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and comparison to ferredoxins homologous to GéaBis 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 strueiu Drawing parallels from Huangt al,*® a
conformational change of GcoB likely precedes binding with GcoA. A possible schematic
for this process is shown Bupplementary Fig. 5.11 While the organization of P450
systems is diver$é the architecture of this-Rrotein system, combining a catalytic P450
with a 2Fe2S ferredoxin domain in addition to FAD and NAD binding sites, represents a
new class. The linear domain diagram showrim 5.3eallows 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 p&ugplementary Fig. 5.1215). The
UV/ visible spectrum of GcoA exhi b-iatngd & sha
bands (@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 nni lkety due to the 2Fe
2S cluster® Total heme, FAD, and 2F2S occupancies for the protein monomers were
determined at 0.9 (active heme = 0.8 via al@if@ling assalf), 0.7, and 0.8 equivalents,
respectively, using measured extinction coefficients: Gho& maz nmE 114 + 4 mMt
cml; GCOBF A Dass kb= 26.6 + 0.2 mNMt cml; GcoB-2Fe2 Sazskh= 25.2 + 0.1 mNt
cm®. Reduced GcoB exhibits énambic EPR signature with temperature saturation

behavior typical for a 2F2S clustef!
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The reductase activity of GcoB was monitored using NADH or NADPH in a
cytochrome ¢ reduction assaSupplementary Fig. 5.1620).4° In agreement with our
comparative structural analysiSuypplementary Fig. 5.7, the reaction with NADH was
over 56fold faster than with NADPHk¢ai= 44 + 1 &, Ky = 16 + 0.2 uM, 25°C, pH.5;
all activity measurements referenced per active cofactor). Demethylation of guaiacol,
which binds tightly to GcoAKp = 6 nM; Table 5.1 was then monitored over time via
NADH disappearance at 340 nm under steady state condifanss(1h). The resuing
keat (6.8 + 0.5 &) was approximately -6old less than théa: for the GcoB reduction
reaction alone, suggesting that the overall rate of theetvegme catalytic cycle is limited
by steps involving GcoA. The value fkyatis similar to or greatein magnitude thamcat
for other known, noiP450type O-aryl-demethylases acting upon their preferred
substrates, including LigM (5.8 0.25 s%), LigX (6.1 + 0.2 s!), or PODA (0.034 %)
(Supplementary Table 5.3.

Ten structurally divers@-methylatedaromatic compounds were screened for
activity with GcoA. Seven of these induced measurable NADH consumpigprb(4) and
Kp values spanning 70 nM to 37 uMdble 5.1). All nonetheless yieldelm(O-methyk
aryl) values comparable tov(guaiacol), indicatig that all form catalytically productive
complexes with GcoA. Only three (vanillate, ferulate, and veratrole) had no detectable
binding or catalytic interaction with GCcoA.

We next examined whether NADH consumption was coupled to substrate
demethylation. Adehyde 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 substiBébdlé 5.1 Supplementary Fig. 5.19.
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For all substrads tested except guaethol, in which acetaldehyde is produced, formaldehyde
was the expected product. Five of the seven substrates that produced aldehyde (guaiacol,
guaethol, 3methoxycatechol, anisole, andrethytanisole) did so in a ~1:1 ratio with
NADH consumed Kig. 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 spirstate change that permits reduction of the heme?irblowever, the
reaction with Qis uncoupled to substrate demethylation in some proportion of turnovers,
likely leading to HO- release. For all 7 substrates, the expected hydroriydee 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 bettetaiali 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 structacvity relationship $upplementary Fig. 5.5. First,
the efficiency of guaethol as a substrate shows that the enzyme is capable not only of
accommodating the larger ethoxy grodjg( 5.2d but also of catalyzing dethylation.
Second, there appears to be a varying degree of flexibility in the permisatdtituents
around the aryl ring. C1 (guaiacol numberikg@. 5.4 can accommodat®©H (guaiacol,
guaethol, 3methoxycatechol)-CHs (2-methylanisole), o-H (anisole) with comparable
efficiency constantskfa/Km(O-methytaryl)]. However, veratroleyhich hasOCHs at this
position, is a nofsubstrate/noibinder, suggesting that steric constraints supplied by the

n e a r-helx (Fig. 5.29 might limit the size of substituents here. Similarly, the carbon
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orthoto the-OH of guaiacol can have eithét or -OH (3-methoxycatechol) substituents
without substantial penalty to the efficiency constant, theQgPHs (syringol) again leads
to a partial substrate, partial uncoupler. Finally, substitutingthat the C4 guaiacol
position, which is closest td¢ 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 @ygol and vanillin, despite the fact that both assume a
guaiacollike binding mode in the crystal structurdsig. 5.2, suggests that dynamic
factors may be important for understanding the efficiency of the GubAtrate

interaction.

Enzyme opening andosing are key steps in GCoA catalysis

Some P450 enzymes are known to undergo conformational opening and closing
motions during their catalytic cycléWhile the structures of GCcoA obtained in this study
were crystallized in an apparent closed state, molecular dynamics (MD) simulations
indicated that am silico-generated apo fornf GCcoA can spontaneously open on the time
scale of 1 ¢s, with the structural Figchanges
5.5ab, Supplementary Fig. 5.21and Supplementary Movies 5.12). The overall
conformation of the MBgenerated GcoA open sttuce closely resembles that of the well
characterized open form of the P450 frBacillus megateriunBM3, (PDB ID: 2HPD}3

(Supplementary Fig. 5.22.

We subsequently employed umbrella sampling to obtain the free energy profile for

the openineclosing 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 defireed as th
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 anothdrensthsted
state Fig. 5.59. 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 stawsavubstrate is absent, which
may help to explain the difficulty in obtaining a crystal structure of thefapo. In
contrast, the free energy profile associated with the opeasing motion of either
GcoA:guaiacol or GeoA:catechol exhibits only ansimum, 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 b 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. 5.2). 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 opelosigg motions
of GCcoA. Simulations show that residues Phe75, Phel69, and Phe395, which surround the
aryl ring of the substrate in the active site as seéigin5.2¢ undergo breathingnotions

as a function of the GcoA openhagpsing movement. Larger deviations in the positions
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of the Phe residues are associated with open states of GcoA, as Bagrbibd which
shows the correlation between the opéssed motions in GcoA:apo, as aseired by the
reaction coordinate computed along simulations, and breathing motions of residues Phe75,
Phel69, and Phe39Bi¢. 5.5eQ), measured by their RMSD relative to the crystal structure
(details of the Phe aromatic center distances are preserfegphementary 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 A, in
contrast to the RMSD in GcoA:apo, which can reach valueatgr than 4 A. In the
configuration shown ifrig. 5.5e which occurs in the crystal structures and corresponds to
an RMSD less than 2 A, the three Phe residues are close to each other and interact directly
with guaiacol. This configuration tends to oceuten GcoA is closed in the simulations
(Fig. 5.5d, Supplementary Fig. 5.2)1 In the configuration ifrig. 5.5f, which corresponds
to the 23 A RMSD range and occurs when GcoA is partially open (with the reaction
coordinate around 0), the side chain of F¥gedeviates from its crystallographic position,
but the three Phe residues still interact with the substrate and exclude water from the active
site. In the configuration iRig. 5.5g which shows the most open state of GcoA:apo (when
the reaction coordinatassumes values less than 0 and at an RMSD value greater than 3
A), 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 bindimg site keeps the three Phe residues arranged around the ligand and prevents
the full closeeto-open transition of the active site.

Simulations of GcoA:guaethol, GcoA:syringol, and GcoA:vanillin indicate

different effects of these substrates on the confooma flexibility of GcoA
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(Supplementary Fig. 5.27) and help explain the structuaetivity relationships in this
enzyme. GcoA:guaethol exhibits less flexibility than GcoA:guaiacol, as observed by the
limited openingclosing motions and binding site exgam. Given an almost-feld
reduction inkcat 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 amate prone to openinrgosing
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
demethylatedTable 5.1), are less effective in antaining 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 catalysi and these data provide a route to help

define the optimum window.

Proposed reaction mechanism for quaig@aemethylation

Having identified that GcoA contributes the rate limiting step in thpd2ein
system, density functional theory (DFT) caldidas were used to investigate the
mechanism for guaiac@-demethylation. The putative enzymatic reaction is shdwa (

5.6) with guaiacol as the modeled substrate. DFT calculations using a truncated model
system identified two possible reaction pathwfysth A and path B) that GcoA could
catalyze, which rely to two different approaches of the guaiacol substrate to the Fe=0

active speciedHg. 5.6). DFT optimized geometries are provideSupplementary Table
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5.5and cartesian coordinates of the optirdiztructures are provided Bupplementary
Data 5.1.

Path A leads to the formation of hemiacetal (3) through a hydrogen atom transfer
(HAT) ratelimiting step, followed by a rapid OH rebound. Hemiac8te&n then degrade
in solution to form theD-demethyhted catechol product and formaldehyde. Conversely,
path B would form a stable acethin two sequential HAT reactions: a rdieiting C-H
abstraction followed by a subsequentabstraction to generate a biradical intermediate
4 that cyclizes in a baerless process to fors(Fig. 5.6andSupplementary Figs. 5.24
26).

The main difference between the two rhteiting transition states (TSs) is the
conformation that the guaiacol substrate adopts with respect to the Fe=O active species.
TS1-a* correspods to the HAT transition state when the substrate/Fe=0 orientation is
similar to the one observed in the substiaiand crystal structure (s&gy. 5.2candFig.
5.6b); TS1-b?is the lower energy HAT TS (1.5 kcal/mol lower thE®1-a%). In this case,
thesubstrate orientation allows the guaiacol hydroxyl group to interacttond with the
Fe=0, stabilizing the TS but also permitting the second GadbstractionFig. 5.6. The
direct comparison of the two ralieniting TSs proved the intrinsic preferencé 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 simulationBi¢. 5.5fandSupplementaryFig. 5.27), indicates that
path A will be followed although it is energetically less favorable.

Alternatively, opershell singlet biradical intermediadein path B could form the

less stable zwitterionic closesthell electronic configuration (1.6 kcal/iMagher in energy
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than the biradical) and further react with a water molecule to generate the hendacetal
The absence of water molecules in the active site environment when guaiacol is bound as
observed from our MD simulationsSpplementary Fig. 5.28 argues against this

possibility.

Discussion

Recent efforts from multiple groups have attempted to harness aromatic catabolism
for productively utilizing lignin® 1918 4449 A5 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 specificitie of the host microbe. Bacterial enzymes that catalyze the
demethylation of lignirderived aryimethoxy substrates are of particular interest, as the
demethylation reaction presents a bottleneck for the conversion of lignin into desirable
products. Currehy, Rieske norheme iron monooxygenasés™® 8and tetrahydrofolate
dependent O-demethylasé§ 7 offer two wdl-known paradigms for aryD-
demethylation. This study presents a detailed characterization of a third, cytochrome P450
based enzymatic strategy that could fill a critical gap for engineering applications.

From a metabolic engineering standpoint, the G @&stem offers a number of
potential advantages. First, the native substrate of GCoA, guaiacol, is a major breakdown
product of plant lignin. Demethylation of guaiacol yields catechol, which can be ring
opened via eithentra- or extradiol cleavage cathol dioxygenases. Second, compared
to other knownO-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 systenbéoamenable to further tuning using
directed evolution techniqué$A prior report of a closely related cytochrome P450 that
can demethylate-thethoxybenzoaté suggests that the GcoA active site may be modified
to admit larger, more hydrophilic, lignitkerived substrates such as ferulate or vanillate.
Indeed, genes encoding putative homologues to thecongonent GcoA and GcoB
system described here are predicted in the genomes of several bacterial species belonging
to the gener&hodococcusStreptomycesandGordonia among others, and the substrate
preferences for this diverse group remain unclear but offer a promising plé&fdunther
exploration and engineering. Moreover, work from Belllal revealed an unrelated
Rhodopseudomonad cytochrome P450 can also demethyhagthéxybenzoate and be
productively engineered to accommodatetdylbenzoate. While retaining a classie450
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 demonstratmglitrersity within this class
of enzymes. Fourth, a herbased P450 may offer a simpler alternative for aromatic
demethylation compared to tetrahydrofoldependen®©-demethylases, given the relative
ubiquity of P450s and robust heme biosynthetic pathwaysotential bacterial hosts.
Finally, distinct from most P450 systems, the GcoB reductase is encoded as a single
polypeptide rather than two.

Close examination of the Gceduaiacol active site shows that substrate binding
involves interactions betweehée peptide backbone and the substrate hydroxyl (ring C1)
and methoxy groups (C2). The ring C3 position has a relatively close (3.8 A) interaction

with the porphyriro-mesocarbon that bridges the propionaigbstituted pyrrole rings.
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However, the remainingng 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 efficiendiegKv) to guaiacol itself. Even
substitutions alC1 and C2 (ethoxyfor methoxy) are permitted. Comparison of the
structures of the guaiacol, guaethol, vanillin, and syringol liggouhd GcoA structures
shows that all assume a similar binding mode with only subtle reorganization of the
surrounding adte 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, Phel69,
Phe395) reorganize to accommodate the bound ligaag,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 substie 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 loweenergy cycltation 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 eaaleact 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 &d Stype lignin subunits, by protein

engineering or direetd evolution. Tests of this hypothesis are the subject of ongoing work.
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Methods

Materials

Standards of-2nethylanisole, Znethylphenol, 3nethoxycatechol, anisole, caffeic
acid, catechol, 3:dihydroxybenzaldehyde, ferulic acid, guaethol, guaiacol, gheno
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 fogcoAandgcoBwere amplified fromAmycolatopsisp. ATGC 39116
genomic DNA and assembled separately using NEBuilder® HiFi DNA Assembly Master
Mix (New England Biolabs) into the pGE&P-1 vector (GE Lifesciences), which codes
for an Nterminal glutathiones-transferase (GST) fusion tag. Oligonucleotide primer
sequences are provided i8upplementary Table 5.1 Expression constructs were
expressed ifE. coiRosettaE 2 ( DE3) cells (Novagen).
plasmids containing either the GcoA or GceoB 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 °C, 250 rpm, the starter culture was inoculated into 2.5 L flasks
contaning 1 L of either terrific broth (TB) (GcoA) or LB (GcoB) with antibiotics. At an
ODsoo0f 0.5 (GcoB) or 1.0 (GcoA), 0.2 mM IPTG was added to induce protein expression.
Additionally, 100 mg/L Saminolevulinic acid (GcoA), or 200 mg/L ammonium iron(lll)
citrate (GcoB) was added to support productive cofactor incorporation. Induction of protein

expression was performed for-18 hr at 20 °C with shaking at 250 rpm. Affinity
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purification was carried out using glutathiesepharose 4B media (GE Lifesciences)
followed by GSTtag cleavage with PreScission protease (GE Lifesciences). Anion
exchange chromatography was performed using a MonoQ 5/50 GL column (GE
Lifesciences) for GecoB with a80% gradient of 50 mM HEPES pH 7.5, 1 M NaCl, 1 mM
DTT, and with a Sourc80Q column (GE Lifesciences) with a-20% 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. Bparation of a GCcoA 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 NacCl 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 yieas).

Heme quantification

Catalytically active heme bound to GcoA was determined via a
spectrophotometric/C®inding assaf® CO gas was bubbled into a cuvette containing
0.9425¢ M Gc oeke BCR 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 CGbound eme. A spectrum for a control containing only dithiomgduced
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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 equatisrused to compute the concentrations of catalytically competent
and inactive henf€ are shown below. Reported values are the average of three or more
measurements.
( PA4E5HB490) / 0. OfP450 per m_mo | 0 (5.1)
[ ( PA-LAZND)bserved (A450 - A490)heoretical/0.110 =nmol of cytochrome P420 per
mL (5.2)
nmol of P450permLxQ . 04 1) =A4908pbHeta2 (6.3)
Here @A450 and @A 4 Bebveea the referdnee ardlisdmple spectnacae s
absorbances 450 and 420 nm, respectively.
The pyridine hemochrome assay was additionally used to assess the total heme
content in GecoAR! 200 pL of a 6 uM GcoA solution was added797 uL 50 mM NaOH,
20% pyridine and 3 pL Kre(CN)} and a UV/vis spectrum measured. ExcesS (8g)
sodium dithionite was used to reduce the heme and the absorbance at 556 nm was compared
to the oxidized slambertlawmwas ugeditdigalate thehamouBtefe r
heme pr esssF 284 mMsdmh Repdited values are averaged from three or
more measurementdn extinction coefficient for Gcodound heme, using the [GcoA
heme] determined from the CO binding assay, was estimated & ieeof a line relating

absorbance at 417 nm (Soret peak) to [Gbefne].



164

Determination of [FAD] and necheme [Fe] in GcoB

FAD was released from GcoB by denatur.i
solution with 5 gL sat ur afidiQ)simiactmnstiudies s ul f
with related cytochrome P4505Precipitated protein was pelleted by centrifugation and
the UV/vis spectrum of the FADontaining supernatant was measured. The absorbance at
454 @ow,11.30mMcm?, and total protein concentration determined by the Bradford
assay were used to determine [FAD] bound to GcoB. An extinction coefficient for-GcoB
bound FAD was estimated via the slope of a line relating absorbance at 454GuuBe
FAD].

The FeS content of GcoB was assessed both by quantifyindgieare Fe(15*and
spectroscopidly characterizing the cluster as a whole (below). GcoB was denatured as
described above. 50 €L of supernatant was
reduce the iron. 100 L of bat ho®@hwasant hr
added and theample was incubated for 1h. The resulting Fe(ll) complex was quantified
via its abs o rsp=a28 tdenMacin?, deRrfineu osing RéS6tandards).

An extinction coefficient for Gcobound 2Fe2S cluster was estimated via the slope of a

line relating absorbance at 423 nm to [Ge2Be 2S)].

EPR and UV/vis spectroscopic characterization of FeS cluster

A 150 €M sample of GcoB was brought i nt
into anaerobic 50 mM Tris, 200 mM NacCl, 5% glycerol, pH 7.0. The samatethen
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 liguitidand EPR
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spectra were recorded on a Brukeb® spectrometer equipped with a SupéghHQ
(SHQ) resonator, Htavity cryogerfree system (ColdEdge Technologies), and
MercuryiTC temperature controller (Oxford). Spin quantifications were determined by
comparison to copper standards at 75, 100, and 125 uM via double integration of the
specta after basdine subtraction using the OriginPro software package. Spectral
simulation was carried out with the EasySpin software package gfealue
determinatior?? FexSy clusters of different nuclearitiesabe EPR spectra with distinct
temperature dependencies. Based on the cluster type determined via EPR, the [Fe(ll)] was
found to be in close agreement to the results from the bathophenanthroline disulfonate
assay described above. Thus, the colorimetricyasaa used to determine all subsequent

o

[2Fe2 S] and tom find the U

Reductase activity measurement of GcoB

GcoB activity was assessed using a continuous colorimetric assay involving
cytochrome ¢ as a colorimetric electron accefftdr.8 nM GcoB (referenced to [FAD])
and 42 uM cytochrome c (from equine heart) were dissolved in buffer (25 mM HEPES, 50
mM NaCl, pH 7.5), 25 °C. 100 uM NADH was then added to initiate the NA&xdl
GcoB-dependenreduction 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 ¢ was monitored over time, and the specific activity (nmol reduced
cytochrone ¢ min* nmol GeoB?) calculated usirfy:

op Aso min/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 uM cytochrome ¢ were
dissolved in buffer (25 mM HEPES, 50 mM NacCl, pH 7.5), 25 °C, and the reaction was
initiated with the addition of 2:200 uM NADH. Initial velocities () were determined
from linear fis to the initial portion of the progress of reaction data, plotted as a function
of [NADH], and fit to the MichaelidMenten equation (5.5) using the KaleidaGraph
software:

Vi = Vma{S]/(Km + [S]) (5.5)

Steady state kinetignalysis of GCcoAB

The demethylation of guaiacol and substrate analogs was continuously monitored
under steady state conditions. 0.2 uM each of GcoA and GcoB were dissolved in air
saturated buffer (25 mM HEPES, 50 mM NacCl) in a cuvette at pH 7.5, 25 °QgiiQ
catalase was added to each reaction to capture sy fbkmed during the uncoupled
reaction. A sat ur atKi,B@ pM)waswadaded andfa batkguhd ( O 5
rate of NADH oxidation in air (>200 uM £) recorded via continuous scanning of the
UV/vis spectrum. 26800 uM 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
bydi sappearance of the char aciusb22snMicar NADH
1. A plot of v versus [guaiacol] was fit to equation 5.5 to obtain Kv, and ka/Km. For
specific activity determination, the above method was used but with sagufafiopM)

guaiacol. The linear portion of [NADH] vs time was fit and referenced to the amount of
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GcoAused (0.2uM)Reported values are the average
errors are standard deviations.

For vanillin, whose UV/vis spectrum ovaps with that of NADH, fluorescence
was used to monitor NADH disappearance using a FluoroMax3 instrument (Horiba Jobin
Yvon). A standard curve for NADH {850 uM) was generated by exciting the sanfpke
mM HEPES, 50 mM NaCl pH 7.5t 340 nm and monitorinthe emission at 458 nm
(vanillin did not excite or emit at this wavelength). The intensity vs [NADH] was plotted

and fit to a 4parameter logistic equation:

Ve 0QETIQ0Q (5.6)
Where a is the theoretical response at [NADH] = 0, b is the slope of the curve at the
inflection point, c is [NADH] at the inflection point, and d is the theoretical response at

infinite [NADH]. Reactions with vanillin were performed in the same mannerritesl

above.

Determination of substrate dissociation constafts fvith GcoA

0-60 uM of substrate analogs, in 0.25 or 0.5 uM aliquots, were titrated into a cuvette
containing 16 pM GcoA in 25 mM HEPES, 50 mM NacCl, pH 7.5. The spectrum after
each subsate 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 lowspin aqueheme complex to the higgpin substratdound complex

(spectral shift from 417 nm to 388 nm). The resulting difference spectra showed a peak at

o
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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 detehaike.

~

30 Wi

0 O v 0 O v 1020 (5.7)

Where Lo, E;, Kp, and (oA has are the ligand concentrations, total protein (subunit)
concentration, the equilibrium dissociation constant, and the maximurgseAdISmm
respectivelyReported values are the average of 2 or more measurements.

Since the UV/vis spectra of vanillin andrhe overlap, fluorescence quenching was
monitored to determine th€p. 4 pM 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 emissgitensity was followed upon titration
of vanillin (0-350 puM) after equilibrium had been established. The % fluorescence
guenched, equation (5.8), was plotted as a function of vanillin and fit to equation (5.7)

above, replacingp A bagwithpF | uor ems cenc e

P od@d ———— owpnmb (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
detemination. 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, describe
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previously®® Briefly, 200 pL of the reaction was quenched by adding 200 pL of 0.1%
tryptophan solution in 50% ethanol, 200 pL 90% sulfuric acid and 40 uL of 1%.He@
solution was then incubated in a heating block for 90 min at 70 °C. After cooling, the
absorbance was read at 575 nm and the [formaldehyde] calculated by comparing to a
standard curve made with-320 uM 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 sub$teperted
values are the average of O3 measurements.

[Acetaldehyde] produced during the dedityon of guaethol was also determined
by using a colorimetric assay and a generated acetaldehyde standard curve. A kit from
BioAssays was used. Briefly, 20 uL of the reacted sample was transferred tovedl 96
plate and 80 pL of the working reagent, catisig 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 tduce MTT,
resulting in the absorbance at 565 nm. Control reactions included samples without substrate

and/or aldehyde dehydrogenaBee por t ed val ues are the avera

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 Bhto a Phenomenex Luna

C18(2) colunm 5em, 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 gadient program of: (A) = 99% and (B) = 1% at tile0; (A) = 99% and (B)
=1% attime = 5, (A) = 50% and (B) = 50% &t 35 min; (A) = 1% and (B) = 99% &t
= 35.01 min; (A) = 99% and (B) = 1% &t 37.01 min; (A) = 99% and (B) = 1% &t
47.00 min.The flow rate was held constant at 0.6 mL tiasulting in a run time of 47
minutes. Calibration curve concentration for each analyte varied between the ranges of 2.5
i 200 ug L. A DAD wavelength of 225 nm was used for analysis of the analytes of
interest. In addition, 210 nm was used for protocatechthigddoxybenzoic acid, guaiacol,
syringol, veratrole, guaethol, vanillin, vanillic acid, catechaih&hoxy catechol, anisole,
2-methylanisole, dihydroxybenzaldehyde, phenol, amdezhylphenol ad 325 nm was
used for pcoumaric acid, ferulic acid, caffeic acid, and pyrogallol. A minimum -&f 3
calibration levels was used with ancoefficient of 0.995 or better for each analyte and a
check calibration standard (CCS) was analyzed every 10 satoptesire 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 Azgovalues of 12 and 5 for GcoA and GcoB, respectively, as measured coBidp
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 ligenadtNout
further addition of cryoprotectants. All data were collected at Diamond Light Source
(Harwell, UK). The complex of GcoA with guaiacol was collected on 104 and the phases
were solved with a single SAD dataset at a wavelength corresponding to the Se @lge. Da
from crystals of GcoA with guaethol, syringol, and vanillin were collected on 103 and the
data from GcoB crystals were collected on 104. Data were processed with using tit& CCP4
and PheniX suites and details are provided in tBepplementary Methods Data
collection and refinement statistics can be foun8upplementary Table 5.2 Structural

images were generated using PyMOLht{p://www.pymol.org and surface charge

calculated using DelPR?.

Dynamic light scattering

Dynamic light scattering experiments were performed using a Protein Solutions
DynaPro MSTCB800 instrument operated through the Dynamics version 5.26.60 software
package (Protein Solutions). Samples were passed through @mmOfllter prior to
measurement at 2C€. 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:

0 pH Y Y 8 (5.9)
Where M = the molar mass of the protein in kilodaltons &d& the hydrodynamic

radius of the protein in nm.


http://www.pymol.org/
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Analytical ultracentrifugation

Velocity analytical ultracentrifugation was performed using a BeckmarAXL
analytical ultracentrifuge with an An50 rotor. Doublechamber Epon cells were used
with 1.2 cm path lengths and quartz window assemblies. Protein concentration was
measured at 3% nM 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@&e20
3,000 rpm before accelerating to 40,000 rpm and taking 72 radial scans at 20 min intervals
at a wavelengtiof 280 nm. SedntePpwas used to calculate buffer viscosity and density,
andv of the protein sample and Seéffivas used to analyze the scasslye the Lamm

equation, perform c(s) size distribution analysis and determine f/f

MD simulation and DFT systems setup

Molecular dynamics simulations were performed with GcoA in the following
conditions: complexed to guaiacol (GcoA:guaiacguaethol (GcoA:guaethol), syringol
(Gceoa: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 is 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 Gtaphaksystems, and
in the hexacoordinate (compound 1) 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 strafterrstructural
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alignment. Hydrogen atoms were added and the protonation states of titratable residues
were estimated using H++ at pH P55 At this condition, all Asp and Glu residues were
considered deprotonated (bearinglacharge); His131, His221, His224, His255, and
His343 were considered doubly protonated (+1 charge); and His80, His91, His213, His329,
His349, His357, His367, and His4dbe r e consi dered protonated
charge). The systems were then immersed in a rectangular water box extended at least 15
A from the protein, and Naations were added to neutralize the system. The final systems
comprised approximately4,000 atoms.

Force field parameters for guaiacol, guaethol, syringol and vanillin were obtained
from Generalized Amber Force Field (GAEE)with Restrained Electrostatic Potential
(RESP) partial charg&sderived at the HF/31G(*) level with Gaussian 08.Force field
parameters for the heme group, both in the pentacoordinate state and compound | were
taken from from Shahrokret al®® For the protein, the ff14SB Amber force fitldvas
employed along with the TIP3P water motfeThe simulations were performed using
periodic boundary conditions, with sh@ange inteactions truncated at a cutoff radius of
8.0 A and particle mesh Ewald (PME) for lerange interaction® The equations of
motion were integrated with a tinstep of 2.0 fs, with bonds involving hydrogen atoms
constrained atheir equilibrium values using SHAKE. The temperature was kept constant
at 300 K using the Langevin thermostat with a collision frequency of £.0Tpg pressure
was controlled at 1.0 bar only during the initial equilibration steps (described beldw) wit
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 energyimmn i mi zati on, with all the prote
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
es of MD simul ation was <carried out with
system, sut procedure was repeated three times. PMEMD, from the Amber16 p4tkage

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 opense motions of GcoA:apo, GcoA:guaiacol and
GcoA: catechol . The PMFs were computed al on
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 modul®f NAMD 2.12"! (with the same Amber force field employed for the
unbiased simulations). I n the RMSD calcul a
and residug 150 to 206 were considered. These residues correspond to the region involved
in the operclose motions of GcoA. We split the conformational space into 28 egqually
spaced windows, c e n-#.2Aand3.6d thermfore vith inceesments et we
ofus = 0.3 j. Simul ations within each windo

of the f-®»0m2,( 1 wiktkl *A2=Simdaion kamddditionallwindow
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centered at 2.2 A and with k = 10 kcal m8I?> was conducted to assure enough @aerl
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 10ns equilibration (not considered in the PMF calculation), totalizing 2A0imdow.
Initial configurations for the different windows of the GcoA:apo US simulations were
taken from the unbiased simulation where we observed the dipsgen transition. For
the GcoA:guaiacol and GcoA:catechol systems, we started from the ctosedre 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 Vildiistiegram

Analysis Metho® was employed to reweight the biased histograms obtained with US MD.

Density functional theory calculations

DFT calculations were performed using Gaussiarf°08. truncated model
containing the porphyrin pyrrole core, Fe center and a methanethiol to mimic cysteine as
Feaxial ligand wa used. Geometry optimizations and frequency calculations were
performed using unrestricted B3LYP (UB3LYPY*with the LANL2DZ basis set for iron
and 631G(d) on all other atoms. Transition states had one negative tamstant
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 cavorkers, was also applied to the entropy calootet by raising all
frequencies below 100 ¢ito 100 cm!.” Single point energy calculations were performed

using the dispersienorrected functional (U)B3LY4®3(BJY® ""with the LANL2DZ basis
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set on iron and-811+G(d,p) on all other atoms, within the CPCM polarizable conductor
model (di et Ry°o have dnestimatiod of the die)ectric permittivity in the
enzyme active site. The use of a dielectri
to account for electronic polarization and small backbone fluctuations in enzyme active
sites®® All stationary points were verified as minima or fisstler saddle points by a

vibrational freqiency 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, 50MR, 50M8®MU, 50GX. 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.


http://www.rcsb.org/
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Tables andFigures
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Fig. 5.1 O-demethylation in aromatic catabolisa O-demethylation provides a central
role in the upper pathways of aromatic catabofist?*?> G- and Slignin, the primay

units in lignin, aréD-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, |Ilustrat|ng the substrate blndlng m@db The
general architecture of GCcoA is shown in cartoon representation highlighting the relative
positions of the buried heme (pink) and bound guaiacol (sjjleg). 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 GcoBa Thethreedomain structure of GcoB is shown with

electron transport cofactors. Thet&fminal 2Fe2S domain is shown in dark blue,

followed by the FADBbinding domain in cyan, and the NABbinding domain in light

blue.b The 2Fe2S cluster is held in ardéndeal basket coordinated by four Cys residues.

c,d The FAD is accommodated by hydrophobic stacking interactions between Phe330 and

the flavin isoalloxazine moietye A diagrammatic representation of the GcoAB domain
organization.
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Fig. 5.4GcoAB O-demethylates a range of ligriterived substrates. 300 uM NADH and
O-methylaryl compounds were incubated in air with 0.2 uM GcoA and B (each) for 6.75
min prior to quenching the reaction with saturated ammonium sulfate and 7% v/v
concentated BSQ; (50 mM HEPES, pH 7.4, 25 °C). The products were then analyzed.
The total NADH consumed is compared above to the amounts of aldehydealkylated
aromatic compound produced. Error bars represent = 1 standard deviation from three or
more independent mgarements.
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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 birai@psed and open GcoA
structures obtained from MD simulations highlighting in red the app@se motion of the
helices F and G; Free energy profiles (calculated as the potential of mean fétiF)

of the operclose motions of GcoA:apo, GcoA:guaiacol, and Gecokdadl. PMFs were
calculated using }@s 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 -@p@se motions) and RMSD

of Phe75, Phel69, 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 cordigpn of the binding pocket;
Configuration of residues Phe75, Phel69, and Phe395 (ineiati)e most closed GcoA
structuref in a partially open GcoA structure, agth a fully open structure, showing that

the aromatics (from left to right; Phe®hel69, Phe395) prevent water (shown as space
filling representation) from penetrating the binding pocket but not ing, where the
expansion of the Phe residues allows the penetration of water into the binding pocket. For
visual clarity, the water mobelles represented gandf correspond to those located within

7 A of the Phe side chains and within 16 A 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. 5.6ProposedscoA-catalyzed reaction mechanisms for the degradation of guagacol.
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
formaldehydePath B could generate a stable and unproductive acethlRajh A and B
DFT optimized Habstraction ratéimiting transition states. Gibbs energies are given in
kcal-mol?, distances in A, and angles in degrees.
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Table 5.1. Efficiency of GcoAB toward binding and demethylation 0O-methyl-
aromatic compounds

Compound Compoun Kkeat(S  Km Keal Kim Aldehyde Demethylat
d Kp b [O- [O- produced ed product:
(e M) methyt methyt per amount
aryl aryl NADH produced
substrate] substrate] consume per NADH
(mM) (mMtsl) of consumed
Guaiacol 0.0060+ 6.8 0.060% 11020 1.2+ 1.2+£0.3
0.002 0.5 0.01 0.15
3- 3.7£0.1 21+ 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
Guaethdl 0.070+ 1.4+ 0.015% 100+20 1.5% 1.4+0.3
0.03 0.09 0.004 0.14
2- 1.0£0.1 4.6+ 0.027+ 170+20 0.90% 0.20+0.04
methylanisol 0.1 0.003 0.1
e
Vanillin' 37+3 n/a n/a n/a 0.40% 0.20+0.01
0.04
Syringol 2.8+0.4 nla n/a n/a 0.080+ 0.21+

0.008 0.002

aTitration conditions: 6 ¢ M GcoA, 25 UC, 25 mM HEPES,
Reaction conditions: NADH consumption was determined via loss of absorbance at 340
nm (enaoH = 6.22 mM! cmi?) or loss of fluorescence at 458 rwanillin) in reactions
containing 0.2 €M GcoAB, 100 -2@0 méeMcmae ah axs)
aryl substrate in 25 mM HEPES, 50 mM NaCl, pH 7.5, 25 °C¢ @aotal [aldehyde] was
assessed using the colorimetric toghanfunctionalization 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).
Standard deviations are representatifethree or more independent measuremehts.
Guaethol is desthylated by GcoAB, forming catechol and acetaldehyde instead of
formaldehyde! Vanillin and syringol are the only partial substrates/partial uncouplers of
those listed. As such, the Michaelienten parameters were not measured using the
described NADH oxidation assay.
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Supplementary Information

A PROMISCUOUS CYTOCHROME P450 AROMATIO-DEMETHYLASE FOR

LIGNIN BIOCONVERSION

Sam J. B. Mallinsoet al

Supplementary Methods

Structure solution andkfinement of GcoA and GcoB

The data collected for GcoA with guaiacol were indexed, integrated, merged and
scaled using Xia?® before solving and building using Crarik2 and refinement with
Refmad®and Coot® Structures of GcoA with guaethol, syringol and vanillin were sblve
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 Phaséifrom the Phenix suitéfor molecular replacement
and phenix.autobuild for building. Iterative refinement was performed using
phenix.refiné® and Coot. The structure of the GcoR&@minus 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 usiegGhterminus of benzoate



193
dioxygenase reductase (1KRH). This partial crystal structure was subsequently used for
the structure solution of the felibngth protein. Data were indexed, integrated, merged and
scaled using Xiag?® 2. Molecular replacement was performed using PhAgmfore
building with Phenix.autobuifd and iterative refinement using Phenix.reffrend Coot®.

Validation of these structures was performed using MolProfatyd the PDB validation

server.
Supplementary Figures
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Sljpplementary 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-BBGE (inset). The purifig

and concentrated protein was seen to have-bn@an 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 peakssrved
corresponding to a single band of 36 kDa by SESGE. 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).cY Optimized pyramidal crystals of GCoA grown bwpor
diffusion display a deep rdarown color and could be consistently grown to a maximum
dimension of 400 um.d) Crystals of GcoB we colored yellow and generally appeared in

a needle conformation with maximum dimensions up to 500 pum. Single crystas wer
obtained for diffraction experiments by careful manipulation of the needle clusters shown
here.

Phe169 | |

Phe395

]| Cys3se

Supplementary Figure 5.2. Coordination of guaiacol in the active site of GcoA
cartoon representation of the active site of GcoA is shown, withdsegues rendered as
sticks (green) and the heme (pink) shown with the central iron (orange )sgihiga&col
(yellow) is coordinated by a combination of hydrophobic and hydrophilic residues. The
aromatic ring is primarily coordinated by three hydrophobsidues, Phe75, Phel69, 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 indieatied/ellow dashed lines.

The distance from the methoxy carbon to the center of the heme iron is 3.92 A. 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 electrodensity maps were rendered as white mesh farF2 maps
contoured at 10, and gr een F{¢FRmapscontowednt an d
3 U(a) Electron density is shown for Gee#ound guaiacol (5SNCB)bj guaethol (50OMS),

(c) syringol (50MU) ad, d) vanillin (50OMR). In each case, electron density was rendered
around the substrate and the heme group along with the main coordinating residues, Phe75,
Phel69, Val241, Gly245 and Cys356). EElectron density for GcoB highlighting the FeS
cluster wit coordinating residues Cys37, Cys42, Cys45 and Cys77)dmdhlighting the

bound FAD cofactor of GcoB (50GX).
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Supplementary Figure 5.4. Structural alignment of GcoA withB. subtilis P450Biol.

P450Biol (blue, PDB accession code 3EJB) is the higidesitity homolog of GcoA

(green) in the PDB, with 26% identity and an RMSD of 1.87 A. The similarities can be
seen by the cl| os e -heVdrcleshpetathfdughatrihg stractures. h e U
Key differences in the two proteins can be found ardbadubstrate access channel: The

F/G loop is a feature of P450s that undergoes a breathing motion to allow substrate
access/product release. In P450Biol this is significantly shorter than that of GcoA and the

B6 helix 1is positiraemaeassthammel with a relativeaatation bfe s u
about 90. This may reflect the difference in the substrates of the two proteins since GCcoA
catalyzes the demethylation of small aromatic molecules, compared to P450Biol which
catalyzes the oxidative cleavagielong chain fatty acid$’
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Thr296

/

Supplementary Figure 5.5. Comparison of alternative ligand coordination in GCoA.

Each panel shows the active site of the guaiacol bound strudggmecawith 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.
(&) The guaethol bound structure of GcoA is showgadlow; there is a slight rotation of

the aromatic ring to accommodate guaethol compared to guaiacol, but no discernible
rearrangement of the active si(d) Shows the active site alignment frof@) rotated
through 90to show the plane of the ligand aratic ring. €) Thevanillin 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. Sto 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 movementaases the shift of the heme propionate group. In addition, the
backbone of the protein is displaced by about 1A over quite a large surroundinglarea. (
shows the active site alignment fr@o) rotated through 1830 show the movement of the
Thr296 resida and the heme propionate group (circled).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, Phel69 and Phe395 exhibit varying degrees of translation (Pbeifi§9the
greatest) with subsequent shifting of the protein backbdheshpws the active site
alignment from €) rotated through 45

Alal171 Thr172

Supplementary Figure 5.6. Coordination of FAD in GcoBFAD is shown in yellow

with the FAD binding domain of Gecol light blue and the @erminal 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 structumed black dashed lines represent hydrogen bonds.
Three consecutive residues, Vall70, Alal71 and Thr172 all contribute backbone hydroxyls
or peptide nitrogens to coordinate the diphosphate. In addition, Thr172, Argl45 and Ser334
(the last residue in the qtein), 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 Xay structure of the CPR froRattus norvegicuSLAMO).

(a) In the CPR structure froR. norvegicugbronze), 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 20 phosphate on the ribose ring
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
measurementsS(pplementary Fig. S5.16 (b) An overview of the same superposition
shows the proxinty of the putative NADH binding site in GcoB to the FAD binding site.
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Supplementary Figure 5.8. GecoB structural alignments(a) GcoB (dark blue, blue and

light blue) aligned with BenC (1KR¥, dark green).k) 2Fe2S domains of GcoB (dark
blue) and BenC (green) and) 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 (LAMO, FAD/FMN type P450 reductase fr&mnorvegicu®,

light red). € Alignment of putidaredoxin (1XLP frorR. putidg pink) with the 2Fe2S
domain of GcoB®. GcoB bears structural homology to different classes of oxidoreductase
protein. The closest structural homolog, BenC fidecimetobacter baylyADP1, was used

asa productive search model in molecular replacement for GcoB. BenC is a reductase for
benzoate 1:2lioxygenase, a class 1B Rieske dioxygeflages seen ind), 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 clos&y \While the
terminal protein of the electron transport clsdior Benzoate dioxygenase and GCcoAB 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 overalldaf 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 sedhsfiows GcoB aligned with the
FAD and NAD(P)H binding domaing a P450 reductase from ecBmponent type system,
containing an FABFMN 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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1AMO?8, in particular in the coordination of thefaotors, 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 sysglems (
These alignments suggest that GcoAB represents astrewturally uncharacterized
cytochrome P450 system, ac@mponent system utilizing an FAf@rredoxin type
reductase rather than an FAIMN type reductase. While the structure of GcoB is highly
conserved with Rieskiype reductase proteins, this protesrfunctionally homologous to

a reductase from aé@mponent cytochrome P450 system. In addit®ogB maintains
some structural similarity with the P450 reductase proteins with which it shares a function.
This protein can be seen as a newothponent syste reductase in which the FMN
domain of an FABFMN type reductase has been replaced by the FeS domain-of a 3
componenet P450 system.
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Supplementary Figure 5.9. Hydrodynamic analysis of GcoA, GcoB, and GcoARa)

An overlay of 3 separate size exclusion chatmgraphy experiments with GcoA (red),
GcoB (black), and GcoAB (blue). The single species detected in the GCcoAB trace
demonstrates that the two proteins remain as a dimer in soluio8DSPAGE of the
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sample that eluted from GcoAB size exclusion chrog@phy. 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, respectyely. (
Sedimentation velocity AUC values of 3.53S, 2.92S and 4.37&6mA, 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 3p®afa plot of AUC velocity
experiment of GCoAB. Raw data points and fitted curves are platagng 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 GcoBa-c) Show

three different orientations of GCoA rendered as surface models and colored according to
electrostatic potential betweenkT/eand +7kT/e The surface of GCoA is highly clugad

and mainly acidic with the exception of a basic patch on the proximaldacehé dipole
created by this difference in charge across the protein is thought to aid in electronifansfer.
(d, e Two orientations of a correspondingly colored GcoB model show that it is generally
less charged than GcoA. P450 reductase proteins typically haedic 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 1&uifur cluster in other systems, is not
obvious in GcoB.

Guaiacol
s ]

Catechol

Guaiacol

Supplementary Figure 5.11. Predicted GCcoAB domain arrangement and potential
electron flow. This schematic was based on information from SAXS studies by Huang et
al2% which demonsated the flexible motion of FM#fAD type cytochrome P450
reductase proteins required for interaction with their partner P450; and Tripatiif,et al.
where the structure of cytochrome P450cam elioked 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 &fcoA. This concurs with the structural alignments of
GcoA and GcoB with P450cam:Pdx (4X91(a) and p) 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, respecticgnd ()

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 crdssked crystal structure d&#450cam 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 daslkedepresents the
demethylation reaction converting guaiacol to cateckplifear diagram of the domain
arrangement in this system.
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Supplementary Figure 5.12. UV/vis spectra of GcoA and GcoB in their oxidized

forms. Spectra for GcoA (12 Mred trae) andGecoB (L7¢ Mblack trace) were measured

in 25 mM HEPES, 50 mM NacCl, pH 7.5. In addition to the pressisociated absorbance
centered at 280 nm, GcoA exhibi-asndmmfis har p
(Q-bands) at 537 and 567 nm. GcoB lamsabsorbance 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 the2Ge&lustef! Heme, FAD, and 2F&S
occupancies for these proteins were measured at 0.9, 0.6 and 0.8 equivalents per protein,
respectivey, 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 heme3? A solution containing0.94 M GcoA in 25 mM HE
mM NacCl, 1.0 mM EDTA, 20% glycerol, 0.5% sodium cholate, 0.4%inait detergent,

pH 7.5, 25 °C was put into a cuvette and the baseline t@k&igas was bubbled into one

of the cuvettes (sample); the second cuvette was theemefe sampleA 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 sp&ctwas 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 €M (0.78 eg/ GcoA monome
trough at 420 nm, itad seddian)0 Amountsl of active and Bactivee r i me
heme were found using the following relationships between the absorbances at 420, 450,

and 490 nr¥:

( PA4+EHB490)/ 0.091 = nmol of P450 pén) mL
[ ( CpA-4A2-%)observed- (A450-A490)heoretica]/0.110 =
nmol of cytochrome P420 per mL (5.2)

nmol of P450 permLxQ . 04 1) =A4908pdefc2 O (5.3)



