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Abstract
Rieske dioxygenases catalyze the first step in the degradation of aromatic
hydrocarbons. They facilitate dioxygen bond cleavage with insertion of both O atoms as
hydroxyl groups into the aromatic substrate; this produces a non-aromatic cis-diol. Here
studies of the chemical and regulatory mechanisms of benzoate 1,2-dioxygenase (BZDO)
and naphthalene 1,2-dioxygenase (NDO) are described. These multicomponent enzymes
consist of an (αβ)3 oxygenase component in addition to a reductase and, in the case of
NDO, ferredoxin components that mediate the electron transfer from NAD(P)H. The
oxygenase component contains a Rieske [2Fe-2S] cluster and a non-heme mononuclear
Fe center, which is the site for the O2 activation and product formation. Transient kinetic
and spectroscopic studies of BZDO show that electron transfer from the Rieske cluster to
an adjacent Fe center across the subunit boundary occurs in 3 phases due to the presence
of at least 2 and probably 3 different types of active sites. These differences in nominally
identical active sites are proposed to originate from structural changes related to redox
state-mediated regulation. This is demonstrated by a Magnetic Circular Dichroism study
with NDO that reveals changes in iron coordination number and geometry controlled by
the redox state of the Rieske cluster and the presence of substrate. Mutagenesis studies of
the essential subunit interface residue Asp205 in NDO show that it is unlikely to be the
sole mediator of electron transfer and regulatory conformational change as proposed by
others. The nature of the reactive oxygen intermediate formed at the Fe site was probed
using the radical clock substrate probes norcarane and bicyclohexane. They show that
monooxygenase chemistry by NDO occurs via a substrate radical, implicating formation
of a novel HO-Fe5+=O reactive state that may also pertain to dioxygenase chemistry.
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Introduction
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Strategies for Degradation of Aromatic Compounds
Aromatic hydrocarbons are characterized by their exceptional stability. The
stability arises from the large resonance energy they possess. This thermodynamic
stability is reflected in their chemical properties, which are quite different from those of
their aliphatic counterparts. This large amount of resonance energy also accounts for their
chemical inertness. Therefore, the breakdown of aromatic hydrocarbons requires quite a
large amount of activation energy.
There are many sources of aromatic hydrocarbons in the environment. One
important source is the pyrolysis of organic substances. Accumulation via pyrolysis may
result from a natural process like a forest fire, or it may be related to a human activity
such as burning of fossil fuels. Another significant portion ends up in our environment
through industrial applications such as synthesis of materials or chemical waste
compounds. The natural process of lignin degradation also contributes to the
accumulation of aromatics [1].
It has been known for some time that aromatic compounds are potential hazards
to human health [2, 3] . The simplest aromatic hydrocarbon, benzene, is a designated
carcinogen. Medical research has identified a number of aromatic compounds with the
potential to cause various diseases. Therefore, it is important to make our soil and water
systems safer by cleaning up these chemicals.
Microorganisms play a major role in maintaining the steady-state concentrations
of the environmental chemicals [1]. Past microbial research has established the role of
microorganisms, especially prokaryotes, in metabolism of aromatic hydrocarbons found
in the environment [3, 4]. Using known metabolic pathways, these organisms can
2

degrade complex aromatic compounds into smaller metabolites, which can, in turn, be
readily used as the source of carbon and energy. The amount of carbon in the biosphere
is constant, and it is constantly being recycled in a global process termed as the carbon
cycle. Some organisms, like green plants, can assimilate carbon from atmospheric
carbon dioxide (CO2) though photosynthesis, thereby converting solar energy into
chemical energy. Subsequently, a variety of organic chemical compounds, including
aromatic hydrocarbons, are synthesized from the initially formed high-energy
compounds. Most higher order organisms depend upon this organic carbon and the
energy trapped by photosynthesis. Ultimately, they utilize the complex carbon into
compounds for their own needs and release CO2 through respiratory processes to
complete the cycle, although there might be intermediate exchanges of carbon
compounds other than CO2. The breakdown of aromatic compounds by
microorganisms is a critical component of the cycle [4].
The actual processes of aromatic compound metabolism by the microorganisms
have been actively investigated for nearly 60 years [5]. Generally speaking, there are two
global strategies for the metabolism of aromatic hydrocarbons:
1. Anaerobic or reductive degradation.
2. Aerobic or oxidative degradation.

3

Anaerobic Degradation Pathway
Reductive degradation is primarily carried out by anaerobic bacteria. Because
they live in an environment where oxygen is not available, they use nitrate, sulfate or
CO2 as the terminal electron acceptor [6].
In the anaerobic process the common reaction steps are:
i)

Activation reaction.

ii)

Production of a central metabolite.

iii)

Ring cleavage and β -oxidation reaction. This process forms simpler
compounds, which can be utilized inside the cell for energy production.

In the activation process, various aromatic compounds are transformed into a few central
metabolites like benzoyl-CoA, resorcinol, and phloroglucinol [7] as shown in Figure
0.01.
The next step is to reduce the aromatic ring of the central metabolite
enzymatically. The most common central metabolite in the anaerobic pathway is benzoylCoA, and it is reduced by an enzyme called benzoyl-CoA reductase as shown in Figure
0.02. The reduction process involves 2 moles of ATP and electrons from various electron
donors. Once cyclohex-1,5-diene-1carboxyl-CoA is formed, it is enzymatically degraded
to acetyl-CoA and CO2, which are eventually utilized by the cell for energy production
(Figure 0.03).

4

Figure 0.01: Key intermediates in the anaerobic degradation of aromatic compounds.

Figure 0.02: Reduction of the central intermediate benzoyl-CoA to cyclohex-1,5-diene1carboxyl-CoA by benzoyl-CoA reductase. In absence of oxygen, this enzyme utilizes
the energy from ATP to breakdown the aromaticity.

Figure 0.03: The ring cleavage reaction of cyclohex-1,5-diene-l -carboxyl-CoA
proceeds via steps similar to β-oxidation reaction. Each mole of benzoyl-CoA produces 3
moles of acetyl-CoA and 1 mole of CO2.
5

Aerobic Degradation Process of Aromatic Hydrocarbons
Aerobic degradation is an oxidative process that is completely different from the
reductive process just described, but it shares a similar strategy of activation followed by
degradative reactions. The first step is to activate the aromatic nucleus by incorporating
one or both the atoms of oxygen from O2 as hydroxyl groups. This task is carried out by
either monooxygenase or dioxygenase enzymes [8-11]. The activation process results,
either directly or after additional metabolic transformations, in one of only a few key
intermediates that include catechol, protocatechuate, gentisate and homogentisate [8, 11]
(Figure 0.04).
The monooxygenase and dioxygenase enzymes utilize different mechanisms for
the oxygen insertion process [12, 13] . Figure 0.05A shows the activation of the aromatic
nucleus by a flavin-dependent monooxygenase and Figure 0.05B describes the reaction of
toluene-4 monooxygenase, which has a binuclear iron center [14, 15]. The majority of the
flavin dependent monooxygenases are single component enzymes. These enzymes
usually work on phenols and introduce another hydroxyl group at the position ortho to the
existing hydroxyl group (Figure 0.05A). The multicomponent monooxygenases comprise
the other major type of enzyme to introduce hydroxyl functions into aromatics. Enzymes
like phenol hydroxylase and toluene-4 monooxygenase introduce the hydroxyl group at
the para position with respect the existing functional group, but other points of addition
are known. Unlike flavin-containing monooxygenases, these enzymes use a binuclear
iron center similar to that found in hydrocarbon oxidizing monooxygenases like methane
monooxygenase (Figure 0.05B).

6

Figure 0.04: The key intermediates in the aerobic degradation pathway. These
hydroxylated compounds are less stable in terms of resonance energy than the parent
aromatic compounds; therefore they are better substrates for the ring opening reaction.

Figure 0.05: The hydroxylation reaction catalyzed by two monooxygenase enzymes.
These enzymes form catecholic intermediates from partially activated or unactivated
aromatic hydrocarbons. (A) reaction of p-hydroxybenzoate hydroxylase, a flavin
dependent monooxygenase; (B) reaction of toluene-4 monooxygenase (T4MO), an
enzyme with a binuclear iron cluster in the active site. T4MO system uses reductase and
ferredoxin components to mediate the electron transfer from NADH.

7

Bacterial aromatic ring dioxygenases activate the aromatic nucleus by
incorporating both of the oxygen atoms from O2 as hydroxyl groups, thus forming a nonaromatic cis-diol product [16]. The general reaction scheme is shown in Figure 0.06.
These enzymes are termed Rieske dioxygenases or simply Rieske oxygenases (ROs) as
they contain a Rieske-type [2Fe-2S] cluster in addition to a mononuclear iron center. A
detailed description of the Rieske-type cluster and the mononuclear iron center is
included later in this chapter. These are multicomponent enzymes that minimally have a
reductase component to allow NADH to be used as a reducing agent. Some of the Rieske
oxygenases have a ferredoxin component to mediate electron transfer between the
reductase and the oxygenase components. In subsequent steps, the cis-diol is
rearomatized to a central intermediate like catechol [17] by an NAD+ dependent cis-diol
dehydrogenase, and thus, no net NADH is utilized in the two-step reaction (Figure 0.07).
After formation of catechol, it is cleaved by ring cleaving dioxygenase and produces
metabolites, which can be utilized in TCA cycle [4, 17, 18].

8

Figure 0.06: The dioxygenation reaction catalyzed by benzoate 1,2-dioxygenase. Both of
the oxygen atoms from O2 are introduced as hydroxyl groups at the vicinal aromatic ring
carbon. The product is cis-1,6-dihydroxy-2,4 cyclohexadiene-1-carboxylic acid.

Figure 0.07: Formation of the central intermediate catechol from benzoate. Catechol
undergoes ring cleaving reaction by one of two types of ring cleaving dioxygenase to
yield products that are readily degraded further to intermediates of the TCA cycle.

9

Oxidative Ring Cleavage of the Central Metabolites
The goal of the activation process is to form intermediates that are less stable and
easier to degrade than their parent aromatic nucleus. Once formed, they undergo one
more round of oxygenation in which the aromatic ring is cleaved by ring cleaving
dioxygenases. Ring cleavage of the catecholic compounds can occur by either of two
pathways: the ortho-cleavage pathway (Figure 0.08a), in which the aromatic ring is split
between the two carbon atoms bearing hydroxyl groups, or the meta-cleavage pathway
(Figure 0.08b), in which the ring is broken between a hydroxylated carbon atom and an
adjacent unsubstituted carbon atom [18]. These processes are alternatively termed intraand extradiol cleavage, respectively. The subsequent metabolic pathways are quite
different, but they both lead to TCA cycle intermediates like acetate and succinate, or to
substrates that can be easily converted to TCA cycle intermediates like pyruvate and
acetaldehyde. These ring cleaving dioxygenases are usually Fe2+ or Fe3+ containing
enzymes [19]. The mechanisms of intra and extradiol dioxygenases are addressed in
detail later in this chapter.

10

Ortho or intradiol cleavage pathway of catechol

Figure 0.08a: Ortho or intradiol cleavage pathway of catechol by catechol 1,2
dioxygenase (1,2 CTD). 1,2 CTD incorporates both of the oxygen atoms from O2 into the
catechol aromatic ring with aromatic ring cleavage. The ring cleaved product is then
further metabolized by a number of enzymes and the eventually produces acetaldehyde
and succinate, which are used in TCA cycle.
Meta or extradiol cleavage pathway of catechol

Figure 0.08b: Meta or extradiol cleavage pathway catechol by catechol 2,3 dioxygenase
(2,3 CTD),. As in the ortho cleavage pathway, catechol is degraded by a series of
enzymes. The products from this pathway are acetaldehyde and pyruvate, which are used
by the cell for energy production.
11

The ring cleavage of another central metabolite gentisate is catalyzed by gentisate
1,2-dioxygenase [20]. This enzyme incorporates both O atoms from O2 into the aromatic
ring and forms maleylpyruvate. Further processing of maleylpyruvate eventually forms
fumarate and pyruvate, which are used by the cell for energy production.

Figure 0.09: Gentisate cleavage pathway; 2,4 dihydroxy benzoate (gentisate) undergoes
ring cleaving by gentisate 1,2 dioxygenase, eventually forming pyruvate and fumarate
that enters the TCA cycle.

12

Mechanism of Oxygen Activation by Non-Heme Iron Oxygenases
Oxygen is essential to aerobic life processes in at least two distinct ways. First, it
is the terminal electron acceptor in the oxidative phosphorylation process, which is the
metabolic pathway for ATP production; ATP being the most common universal supplier
of energy in cellular metabolic processes. Oxygen is also essential in biotransformation
of naturally occurring compounds and the metabolism of xenobiotic compounds.
The diatomic oxygen molecule has a triplet electronic state. The molecular orbital
diagram of oxygen is shown in Figure 0.10. As shown in the diagram, dioxygen has a
biradical nature as it has one unpaired electron in each of the two degenerate highest
antibonding orbitals (2pπ*). The spins of the electrons are parallel so oxygen molecule is
paramagnetic in its ground state. The spin quantum number for each electron can be
either ½ or - ½. This electronic state is known as the triplet state as the parallel spins may
have three possible orientations for spin angular momentum (1, 0,-1) in the presence of a
magnetic field. This diradical nature and the triplet multiplicity distinguish oxygen from
nonradical biological molecules of singlet multiplicity. In the ground state, oxygen is a
weak oxidant because the parallel spin arrangement prevents the direct addition of the
two antiparallel electrons from the same orbital of the singlet molecule to be oxidized
[21]. Reaction with singlet organic molecules requires a spin inversion for one of the
electrons, which is rather a slow process in comparison with the time required to form a
bond. Therefore, the reaction with oxygen by most organic molecules under
physiological condition is slow, and this kinetic barrier prevents the spontaneous
oxidation of most molecules that comprise all aerobic forms of life. As R.J.P Williams
describes it: “Life depends on the kinetic barriers to oxygen activation” [22].
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Figure 0.10: Molecular orbital diagram of dioxygen.
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To counter this inert nature of oxygen, biological systems utilize various
transition metal ions and cofactors to generate and decompose active oxygen species.
Transition metals are highly efficient in oxidation-reduction reactions due to their
variable valency and their ability to donate or accept electrons. The variation in the redox
behavior and the spin state of these metal ions arises from the type of ligands and the
ligand geometries of the metal center within the biomolecule [23]. Transition metal ions
like iron, copper, manganese, and molybdenum are integral parts of many enzymes in the
living systems. These metal ions are able to form reversible complexes with oxygen
allowing electron delocalization and spin inversion on the metal. This lowers the energy
barriers for reaction in the system so that the oxy complexes can react with singlet
molecules much easier than can oxygen alone [24].
Many oxygenase enzymes contain some type of transition metals like iron, copper
or manganese. The focus of this thesis is the Rieske-type oxygenase enzyme, which is a
nonheme iron containing oxygenase. A brief overview of the general reaction scheme of
some of the nonheme iron containing dioxygenases along with that of cytochrome
P450cam (a heme monooxygenase) will be presented to put the open questions regarding
the reaction mechanism of the Rieske oxygenases into perspective.
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Aromatic Ring Cleaving Dioxygenases
As described earlier, catecholic ring cleaving dioxygenases are categorized in two
broad classes according to their preferences of the ring cleaving position [10]: intradiol
and extradiol. The next section provides a brief description of each class along with its
proposed reaction mechanism.
Intradiol Dioxygenase
One of the most studied intradiol dioxygenases is protocatechuate 3,4
dioxygenase (3,4 PCD). This enzyme has been studied extensively by structural,
spectroscopic, and kinetic techniques [25-32]. The active site of this enzyme bears a
mononuclear Fe3+ center with the iron bound by two tyrosines, two histidines and a
hydroxyl ligand from the solvent. There are strong ligand-to-metal charge transfer
(LMCT) optical transitions from each of the tyrosinates to Fe3+, which gives rise to the
characteristic burgundy red color (λmax = 450nm) of the enzyme. It has been proposed
that the oxidation state of Fe remains the same throughout the catalytic cycle. The
proposed mechanism for 3,4 PCD [27] is depicted in Figure 0.11.
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Figure 0.11: Proposed mechanistic scheme for 3,4 PCD (from reference 27).
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As the figure shows, the catecholate substrate binds directly to the Fe center in
multiple stages as a dianionic bidentate chelate complex by replacing the one of the
tyrosinates and the hydroxyl ligand. Mechanistic studies have shown that the enzyme
active site utilizes asymmetric substrate binding to activate oxygen. Due to asymmetric
binding there is a delocalization of charge within the aromatic ring of the substrate
toward C4, which facilitates the electrophilic attack by oxygen at the insipient carbanion.
This attack might occur in two steps to yield intermediate substrate and oxygen radicals
which recombine to form the peroxy intermediate shown. Alternatively, the peroxy
intermediate might form after concerted attack of oxygen on the Fe and substrate [33].
The peroxy intermediate then undergoes a Criegee type rearrangement to form an
anhydride, which eventually forms the carboxy-muconate product after hydrolysis by the
second atom of oxygen from O2. Thus, intradiol dioxygenases activate O2 indirectly by
first activating substrates through asymmetric binding.
Extradiol Dioxygenase
The oxygen activation mechanism by extradiol dioxygenase is proposed to be
quite different than that of the intradiol enzyme. There are a number of extradiol enzymes
that have been studied by kinetic, spectroscopic and structural means. Here
homoprotocatechuate 2,3 dioxygenase (2,3 HPCD) is chosen as an example [34-40].
Although this class of enzyme is primarily Fe2+-dependent, a Mn2+-dependent active form
of homoprotocatechuate 2,3 dioxygenase (MndD) has also been described [39]. In 2,3
HPCD the active site consists of a mononuclear Fe2+ center, which is ligated on one face
by two histidines and a glutamate from the enzyme; thus it utilizes the 2-His-118

carboxylate facial triad binding motif. The coordination geometry of 2,3 HPCD has been
described as octahedral in some crystal structures [40] with three bound solvent
molecules completing the Fe coordination sphere. The crystal structure of 2, 3 HPCD
complexed with substrate (HPCA) reveals that the substrate binds asymmetrically as a
monoanion [36]. The hydroxyl groups of HPCA bind trans to the histidine ligands, and
the position trans to the glutamate is available for O2 to bind.
In recent years, there have been quite a number of spectroscopic and structural
studies elucidating the mechanism of 2, 3 HPCD. Figure 0.12 represents the mechanistic
scheme for 2, 3 HPCD as it stands today [41]. Structural studies show that the catecholic
substrate binds to the Fe center by displacing two solvent ligands. Substrate binding to
the Fe center increases the affinity for O2 binding by either decreasing the redox potential
of iron, causing release of the blocking solvent molecule, or both [39, 42]. According to
the proposal, electron density is transferred from substrate via the iron to O2 to form an
Fe2+-superoxo species. The superoxo species attacks the substrate radical to form an
alkylperoxo intermediate. In the next step, an active site base abstracts a proton from the
distal hydroxyl group of the substrate to allow ketonization of the substrate. This pushes
electron density into the ring. At the same time, acid catalysis from the second sphere
pulls electron density from the system by protonating the peroxo oxygen closest to the
iron. Together, this acid-base catalysis facilitates heterolytic O-O bond cleavage
concomitant with C-C bond cleavage of the aromatic ring in a Criegee rearrangement
reaction. In this reaction, one oxygen atom from the original O2 is inserted into the
substrate to form a seven-membered lactone ring. The product is then formed by
hydrolysis of the lactone by the second oxygen from O2 retained on the iron at the level
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of water.
Within last couple of years, it has been possible to capture the reaction cycle
intermediates within crystals allowing their structures to be directly determined [39, 43].
In these studies, 4-nitrocatechol (4NC) was used as an alternate slow substrate. Three of
the four subunits in the asymmetric unit were found to contain different reaction cycle
intermediates: Fe2+-superoxo, Fe2+--alkylperoxo and the product complex. It has been
proposed that the differences in the crystal packing forces causing differences in subunit
dynamics are responsible for the stabilization of different intermediates in structurally
identical subunits.
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Figure 0.12: Mechanistic scheme for 2, 3 HPCD (from reference [39])
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α-Keto:-Acid Dependent Dioxygenases
α−Keto acid-dependent oxygenases are found in plants, animals and in various
microorganisms [44]. These enzymes are important in various physiological processes
like post translational modifications, fatty acid synthesis and pyrimidine metabolism. The
active site iron of this group of enzymes is bound using a 2-His-1-carboxylate facial triad
motif, as is the case for many non-heme iron-dependent oxygenases including the
extradiol ring-cleaving dioxygenases and Rieske dioxygenases. In general, the
α−keto acid dependent oxygenases catalyze the hydroxylation of unactivated C-H bond
of substrates. The reaction requires an α−keto acid as the cosubstrate. Along with the
hydroxylation of the substrate, oxidative decarboxylation of the α−keto acid takes place.
The proposed mechanism for α-ketoglutarate (α−KG) dependent enzymes is
shown in Figure 0.13. In the resting state, three water molecules occupy three
coordination positions to prevent O2 binding [45]. α-KG binds in a bidentate fashion and
displaces two water molecules. The third water ligand is displaced by binding of the
substrate in a position off of the iron, perhaps by steric interactions. This regulatory
measure is common among oxygenase enzymes to prevent any unwanted oxygenation
without substrate [46]. In the next step, O2 binds and makes a Fe3+-peroxo type
intermediate bridging to α-KG. Cleavage of O-O bond and decarboxylation of α-KG
takes place simultaneously [47], which generates a formal Fe4+-oxo species. This high
valent intermediate has been identified by various spectroscopic methods [47, 48], and it
is believed to perform the substrate hydroxylation. This ferryl species eventually decays
to Fe2+ as the hydroxylation occurs by hydrogen atom abstraction and hydroxyl radical
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rebound. Elimination of CO2, succinate and the product brings the enzyme back to its
resting state.

Figure 0.13: Mechanistic scheme for α-KG dependent dioxygenases
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Methane Monooxygenase
Methane monooxygenase (MMO) is a member of the binuclear iron-containing
oxygenase class. MMO is found as either an insoluble or particulate form (pMMO) or a
soluble (sMMO) form in methanotrophic bacteria. These bacteria use methane as the sole
source of carbon. MMO efficiently performs the oxidation of methane to methanol at
ambient temperature, therefore breaking the highly stable C-H bond of methane. This
reaction is a NAD(P)H-dependent reaction, where the two reducing equivalents from
NAD(P)H are utilized indirectly to break the O-O bond of oxygen. One atom of oxygen
is incorporated into the substrate methane to form methanol whereas the other equivalent
is reduced to water.
sMMO is a multicomponent enzyme. Methane hydroxylation takes place in the
active site of the hydroxylase component (MMOH) which contains the oxygen-bridged
binuclear iron cluster. There is a reductase component (MMOR), which shuttles the
electrons from NAD(P)H to MMOH. In addition, there is a small effector protein termed
component B (MMOB), which substantially increases the efficiency of the catalysis.
Over the past two decades, there have been a number of kinetic, spectroscopic and
structural studies that have elucidated the reaction mechanism of sMMO in great detail
[49-56]. Figure 0.14 shows the overall mechanistic scheme for sMMO. The first half of
the reaction is the activation of oxygen by the iron cofactor. The catalytic cycle starts
with the reduction of the resting diferric cluster of MMOH to diferrous by electrons
available from MMOR. The next step is the formation of the intermediate O, which is the
oxygen adduct of the reduced MMOH. Decay of O was identified by the rapid loss of the
characteristic g = 16 EPR signal of the fully reduced binuclear iron cluster. Spontaneous
24

decay of intermediate O forms intermediate P* and subsequently intermediate P, an EPR
silent diferric species (48). From Mössbauer studies of MMO and model compounds, it
was proposed that intermediate P has a bridging peroxide between the irons. Proton
dependent decay of P (49) leads to the formation of intermediate Q, which was identified
as bis-µ-oxo binuclear Fe4+ compound (48). Q is chromophoric with the λmax at 330 and
430 nm. Mössbauer spectroscopic studies in combination with EXAFS studies revealed
that Q has two antiferromagnetically coupled high spin Fe4+ bridged by two single
oxygen atoms, and therefore it was the first high valent iron-oxo compound in non-heme
systems [57, 58].
The second half of the reaction describes the substrate hydroxylation. It is
proposed that intermediate Q abstracts a hydrogen atom from substrate to give a substrate
radical containing intermediate, R. Chiral and isotopically labeled substrates were used to
support the nature of this intermediate, as it is not stable enough to be trapped [55]. The
diiron cluster in R is proposed to exist as hydroxy-Fe4+-Fe3+ species. In the next step,
recombination of the bound hydroxyl radical and the substrate radical forms the product
bound species called intermediate T. This part of the mechanism is reminiscent of the
hydroxylation mechanism described for cytochrome P450cam. There are alternative views
of the T formation process that favor either the direct interaction of Q with methane and
concerted insertion of oxygen or the formation of a caged complex after hydrogen atom
abstraction leading to very rapid rebound. Decay of intermediate T generates the diferric
MMOH and completes the reaction cycle.
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Figure 0.14: Mechanistic scheme for methane monooxygenase (from reference [41]).
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Peroxide Shunt Reaction of MMOH
MMOH is capable of generating product through a peroxide shunt reaction [59],
where hydrogen peroxide (H2O2) as a source of both oxygen and electrons, thus
eliminating the need for NADH derived electrons The product generated is same as in the
oxygen-dependent reaction. In peroxide shunt, hydrogen peroxide is used as a source of
both oxygen and electrons, therefore bypassing the NADH, and the MMOR and MMOB
components. MMOH can hydroxylate linear, cyclic or aromatic hydrocarbons, including
methane, through this shunt reaction.

Mechanism of Oxygen Activation by Heme Enzymes
Heme containing enzymes are versatile catalysts. These enzymes are available in
all mammalian systems, plants, yeast and bacteria. Among the heme enzymes, the
cytochrome P450 group has been studied most extensively [60, 61]. This enzyme family
can hydroxylate substrates with an unactivated C-H bond. The reaction scheme of P450 is
described below.
Cytochrome P450 Monooxygenase
Cytochrome P450 has numerous isoforms. The biological sources include
microorganisms, animals and plants. In mammalian systems, almost all tissues contain
some form of this enzyme [61]. The most studied enzyme is called P450cam from
Pseudomonas putida, which uses camphor as the substrate. This enzyme has a reductase
and a ferredoxin component, which mediate the electron transfer from the biological
electron donor NAD(P)H. Figure 0.15 depicts the mechanistic scheme of the P450
reaction [60]. P450cam is isolated in the oxidized state, where the Fe exists as low spin
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Fe3+center. Substrate binds to the heme iron by replacing a water ligand and the Fe3+
becomes a high-spin center with a higher redox potential so that it is energetically
favorable for reduction to the Fe2+ state. One electron transfer triggers oxygen binding
and results in the formation of a substrate Fe3+-superoxo type complex. Another electron
transfer converts the superoxo to an end-on Fe3+-peroxy intermediate. Subsequent proton
transfer breaks the O-O bond resulting in formation of Fe4+ oxo-π cation radical species
or Compound I. This intermediate is a potent oxidant capable of abstracting a H atom
from the substrate to form a substrate radical and a hydroxyl radical bound to the iron
(stabilized as Fe4+-OH). Recombination of the substrate radical with the hydroxyl radical
makes the product complex. With the dissociation of the product, the enzyme returns to
its resting state [60, 62].
Cytochrome P450 is able to form product through a peroxide shunt reaction [61,
63]. In its reaction, H2O2 binds to the substrate-bound iron center and forms an end-on
peroxo complex, which eventually forms the Compound I as in the normal reaction cycle.
This detour in the reaction cycle is known as the ‘peroxide shunt’. This was an important
observation that derived from studies of the heme-containing peroxidase enzymes.
The mechanistic scheme for Cytochrome P450 and MMO are particularly relevant
for the Rieske dioxygenases described in this thesis. Some of the enzymes in the Rieske
family (e.g. NDOS) are able to perform monooxygenase reactions with suitable
substrates. Both Naphthalene and Benzoate dioxygenases are able to form product
through a peroxide shunt reaction. Moreover, reaction of Naphthalene dioxygenase with
radical clock substrates indicates a mechanism similar to that of cytochrome P450, which
will be discussed in later chapters.
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Figure 0.15: Reaction scheme for cytochrome P450cam
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Rieske Oxygenase Enzymes
The bacterial Rieske oxygenases form a class of non-heme iron-containing
enzymes that catalyze the activation of O2 for dihydroxylation, monohydroxylation,
desaturation and related oxidative reactions. They use a wide range of unactivated
aromatic and aliphatic compounds as substrates [1, 4]. As will be described in detail in
this thesis, attack on an aromatic ring generally results in dioxygenase chemistry in which
both oxygen atoms are incorporated into the ring to form a nonaromatic dihydrodiol.
However, 2-oxoquinoline 8-monooxygenase (OMO) is an exception because it catalyzes
monooxygenation of the aromatic ring of the substrate [64]. Rieske oxygenases that
catalyze reactions with nonaromatic substrates and substituent groups of aromatics are
usually monooxygenases or desaturases. For example, putidamonoxin [65, 66] was one of
the first Rieske monooxygenases studied and catalyzes the hydroxylation of an aromatic
sidechain methoxyl group in an O-demethylation reaction. Recently, the crystal structure
of the Rieske monooxygenase dicamba O-demethylase (DMO) has been reported which
performs a similar exocyclic oxidative demethylation reaction without oxygen
incorporation into the ring system [67]. Some of the mono and dioxygenation reaction
catalyzed by the Rieske oxygenases are presented in Figure 0.16.
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.

Figure 0.16: Reactions catalyzed by Rieske mono or dioxygenases. (A) reaction
catalyzed by benzoate 1,2 dioxygenase (BZDO); (B) reaction catalyzed by 2oxoquinoline 8-monooxygenase (OMO); (C) reaction catalyzed by dicamba
monooxygenase (DMO).
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Classification of Rieske Oxygenases
Batie et al. first classified the aromatic ring-hydroxylating dioxygenases. In that
system, the enzymes were classified into three separate groups according to the number
and nature of the electron transfer components [68]. Table 0.01 shows the original Batie
classification system. Benzoate dioxygenase belongs to class IB in Batie classification
system and the members of this class have only one electron transfer protein between
NADH and the oxygenase component. Naphthalene dioxygenase belongs to class III.
Members of this group have an additional ferredoxin component to shuttle electrons
between the reductase and the oxygenase. In recent years, with the growing numbers of
new members of this enzyme class, the Batie classification system based solely on the
electron transfer components has become confusing. It also became difficult to
distinguish between mono and dioxygenases, as many of the monooxygenases can
catalyze dioxygenation and vice versa.
Considering this problem, Gibson et al. suggested a change in the family name of
this general class of enzyme to Rieske non-heme iron oxygenases. The name dioxygenase
or monooxygenase would be reserved for systems which are not ambiguous [16].

32

Table 0.01: Original Batie classification system of Ring hydroxylating dioxygenases.
(Anthranilate Dioxygenase and the PDB IDs for Naphthalene and Carbazole
dioxygenases have been added).

Class

Example

IA

Phthalate 4,5
Dioxygenase (PDO)
Benzoate 1,2
Dioxygenase
Anthranilate
Dioxygenase
(AntDO)
Pyrazon
Dioxygenase

IB

IIA
IIB

III

Biphenyl 2,3
Dioxygenase
(BPhDO)
Naphthalene 1,2
Dioxygenase (NDO)
Carbazole 1,9a
Dioxygenase

Reductase
Flavin
[2Fe2S]
FMN
Cys4

Ferredoxin
PDB [2Fe-2S] PDB
ID
ID
2PIA
None
1KRH

None

FAD

Cys4

FAD

None

FAD

None

1F3P,
1D7Y

Rieske

FAD

Cys4

1O7W

Rieske

FAD

Cys4

1WW
9

Rieske

Cys4
1FQT

With the availability of amino acid sequence databases for many organisms, it
became clear that the α subunits of all the Rieske oxygenases are related to each other
[16]. Based on this information, several groups have proposed new classification systems
to complement the Batie classification system. In 1996, Werlen et al. proposed a
classification system based on the sequence homology of the α subunit. Nakatsu et al.
suggested that oxygenases containing only the α subunit form a separate class within the
Rieske oxygenase superfamily. Combining all these suggestions, Nam et al. proposed a
new scheme based on the homology of the α subunit of the oxygenase component [69].
Using the pairwise sequence alignment, 54 oxygenase components were divided into 4
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groups. Group I consists of oxygenases sharing low homology containing only α subunit.
Groups II, III and IV contain heterodimer oxygenases, which have a large α and smaller
β subunit. Typical oxygenases for group II are benzoate and toluate dioxygenases.
Naphthalene / other polycyclic aromatic dioxygenases belong to group III whereas group
IV contains benzene and biphenyl dioxygenase.
Both the classification systems stated above consider the oxygenase mono or
dioxygenase depending on the principal reaction they catalyze. However, recent studies
have shown that some of these dioxygenases are can perform monooxygenation
reactions. For example, naphthalene dioxygenase, which belongs to group III, can
perform monooxygenation, desaturation, O and N-alkylation reaction with certain
substrates [70], as described in Figure 0.17.
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Figure 0.17: Different reactions catalyzed by NDOS (from reference 71).
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The Electron Transport Chain of the Rieske Oxygenase System
In Rieske oxygenase systems, the oxygenase component performs the central role
of substrate oxygenation. However, the electrons necessary for the reaction are supplied
from NADH via a reductase or a coupled reductase/ferredoxin system. Figure 0.18
describes the electron transfer components of benzoate and naphthalene dioxygenase
system.

Figure 0.18: Electron transfer pathway for benzoate (top) and naphthalene (bottom)
dioxygenases.

36

Structural and Kinetic Studies of the Reductase Component
The reductase components in the Rieske oxygenase systems are monomeric
proteins with an average molecular weight of 40 kDa. These proteins are classified as
oxidoreductases. All the reductases contain a flavin cofactor (either a FAD or a FMN).
The flavins are particularly efficient in accepting two electrons and a proton from NADH
as hydride ion. They can give electrons away one at a time as they can exist in multiple
oxidation states including quinone, semiquinone or hydroquinone. In addition to the
flavins, some of the reductases contain a plant type [2Fe-2S] cluster. In a plant type
cluster, the two Fe atoms are ligated to two Cys residues each from the protein along with
the bridging inorganic sulfides. The [2Fe-2S] cluster can accept one electron from the
flavin cofactor and transfer it to either the terminal oxygenase or to the ferredoxin
component mediating the electron transfer between the reductase and the oxygenase.
Phthalate dioxygenase reductase was the first one of its kind to be crystallized [71].
Recently, the crystal structures of the reductase components for benzoate 1,2 dioxygenase
[72] and biphenyl 2,3 dioxygenase [73] have been determined. Table 0.02 presents a list
of the reductase components of the Rieske oxygenase systems for which the crystal
structure is available.
Table 0.02: List of the reductases in some Rieske oxygenase systems
Reductase
1. Phthalate dioxygenase
reductase (PDR)
2. Benzoate dioxygenase
reductase (BZDR)
3. Biphenyl dioxygenase
reductase

Flavin

[2Fe-2S]

FMN

Plant type (Cys4)

2PIA

FAD

Plant type (Cys4)

1KRH

FAD

None

1F3P, 1D7Y
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PDB ID

The crystal structure of the oxidized form of PDR (expressed in Pseudomonas
cepacia) was solved to 2 Å resolution [71]. In addition, PDR bound to NADH was solved
to 2.7 Å resolution. The crystal structure of BZDR (Acinetobacter sp. strain ADP1) was
solved to 1.5 Å resolution [72]. Both of the structures reveal 3 distinct domains within the
protein but in different sequential order. In both cases, the flavin binding domain
resembles the members of the ferredoxin reductase (FNR) superfamily. The residues
making contacts to the flavin and the nicotinamide moiety are highly conserved between
PDR and BZDR and the positioning of the co-factors are similar. Both enzymes maintain
a short distance between the flavin and [2Fe-2S] cluster. Therefore, it is thought that there
is likely to be a common reaction pathway for the two-electron transfer reaction from the
NADH to the [2Fe-2S] cluster.
The kinetics of electron transfer from NADH to PDR was monitored using
stopped-flow spectroscopy [74]. Figure 0.20 shows the steps and rate constants for
interconversions of the intermediates in the reductive half-reaction for PDR [71].
The flow of electron follows the path NADH → FMN → [2Fe-2S]. The first step is the
formation of a transient charge-transfer complex (CT1) between NADH and oxidized
flavin. This step is followed by the hydride transfer, which displays a kinetic isotope
effect with NADD as substrate. The next step is a one-electron transfer from the twoelectron reduced flavin to the oxidized [2Fe–2S] center via another transient chargetransfer intermediate CT*, which is proposed to be the flavin hydroquinone, but has not
been observed. The actual electron transfer to [2Fe-2S] is much faster than 200 s-1,
leading to the formation of another charge-transfer intermediate CT2, where the [2Fe–2S]
center is reduced and the flavin is in its semiquinone form.
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Nicotinamide
binding domain

[2Fe-2S] cluster
binding domain
Flavin binding
domain

Nicotinamide
binding domain

Figure 0.19: Crystal structures of the Rieske oxygenase reductase components.
(A) Phthalate 4,5-dioxygenase reductase (PDR), PDB ID: 2PIA; (B) Benzoate 1,2
dioxygenase reductase (BZDR, from reference 75), PDB ID: 1KRH.
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> 200 s1

45 – 50 s-1

NAD+

Figure 0.20: Reductive half reaction of Phthalate dioxygenase reductase (from reference
74).
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Structural Studies of the Ferredoxin Components
Some of the Rieske oxygenase systems have an extra ferredoxin component,
which mediates the electron transfer between the reductase and the oxygenase
component. The ferredoxins in Rieske oxygenase system are small proteins containing a
Rieske [2Fe-2S] cluster with an average molecular weight of 15 kDa. The crystal
structures of the ferredoxin components for biphenyl 2,3 dioxygenase (BphF) [75] and
carbazole 1,9 dioxygenase [76] have been presented in Figure 0.21. The [2Fe-2S] cluster
is located close to the surface. Comparing the amino acid sequence of BphF and
mitochondrial cytochrome bc1 (another Rieske type protein) complex, it seems that there
is a considerable variation in amino acid sequence in the vicinity of the [2Fe-2S] cluster
binding domain. This alteration in sequence as well as the H-bonding pattern greatly
reduces the mid-point potential (Em) of the BphF. The mid-point potential for bc1
complex is +320 mV at neutral pH and it is highly pH dependent whereas the mid-point
potential for BphF is around -150 mV at neutral pH.
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2Fe-2S
A

2Fe-2S
B

Figure 0.21: Crystal structures of the ferredoxin components of Biphenyl 2,3dioxygenase ferredoxin (A), [PDB ID 1FQT]; Carbazole 1,9-dioxygenase (B), [PDB ID
1VCK].
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The Oxygenase Component
The main catalytic component of the Rieske oxygenase system is the oxygenase
component itself. This component is the terminal electron acceptor where the aromatic
substrate is hydroxylated following oxygen activation. The oxygenase component is most
often an oligomer comprised of two subunit types, α and β, with exceptions in some
systems like PDO where it is composed of only α subunits. Structural studies reveal that
the oxygenase component exists in most systems as a trimer of α and β subunits. PDO is
a possible exception as it was first proposed to have an (α)4 oligomeric state (72). Later,
it was suggested that it may actually be an (α)6 structure [77-79]. However, there is no
crystallographic data available for PDO oxygenase component as of yet.
The molecular weight of the α and β subunits range between 40 to 60 kDa and
20 to 30 kDa, respectively. The α subunit serves as the terminal electron acceptor as it
contains both the Rieske type cluster and the mononuclear Fe center.
The crystal structure for the naphthalene 1,2 dioxygenase (NDO) was solved in
1998. It was the first reported structure of an oxygenase component of a Rieske nonheme oxygenase system [80-82]. Since then, a number of Rieske oxygenase structures
have been solved and reported [64, 83-86]. All the reported structures so far are trimers
of α and β subunits or α subunit alone. Figure 0.22 represents the monomeric (αβ)
structures of NDO (0.22 A) and trimeric (α3) structure of 2-oxoquinoline-8monooxygenase (OMO), a Rieske monooxygenase. OMO is an α only Rieske oxygenase.
In Figure 0.23, some of the Rieske oxygenase structures have been represented to show
the similarity of the overall structure.
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Mononuclear
Iron Center

α

β
Rieske
Cluster

Trimerization
Domain

B

Rieske
Cluster

Fe

Figure 0.22: (A) NDO monomer (αβ). [PDB ID 1O7W]. Τhe α subunit is represented in
darker shade and β subunit in lighter shade.
(B) Quaternary structures of OMO (PDB ID 1Z01). OMO does not have β subunit.
Instead the α subunit contains a trimerization domain to stabilize the overall structure.
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B

A

C

D

F

E

Figure 0.23: Monomeric structure ((αβ or α) of some of the Rieske oxygenases. From A
to F, the enzymes are naphthalene dioxygenase (1O7W), nitrobenzene dioxygenase
(2BMQ), biphenyl dioxygenase (1ULI), cumene dioxygenase (1WQL), carbazole
dioxygenase (1WW9) and 2-oxoqiunoline-8-monooxygenase (1Z01).
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The α Subunit
The α subunit of the oxygenase component contains two domains: the Rieske
domain containing the Rieske cluster and the catalytic domain containing the
mononuclear Fe. As shown in Figure 0.22A, the Rieske domain is made of three sets of
antiparallel β sheets. This domain structure is common to the other Rieske enzymes
including the mitochondrial cytochrome bc1 complex, which contains a high potential
Rieske cluster. The Rieske cluster is close to the surface of the enzyme as it accepts
electrons from the reductase or the ferredoxin component [82]. Figure 0.24 describes the
usual plant type [2Fe-2S] cluster and the Rieske type [2Fe-2S] cluster.

A

B
Figure 0.24: Structures of the plant type (A) and Rieske type (B) [2Fe-2S] cluster.
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The Rieske type cluster differs from the usual [2Fe-2S] cluster in terms of the
coordination environment of one of the Fe atoms. Unlike the plant type cluster where
each of the Fe atoms are coordinated to two cysteinyl thiolates from the protein, one of
the Fe in the Rieske cluster is coordinated to two histidines. The Rieske cluster ligands
are conserved among all the members of the bacterial ring hydroxylating oxygenase
family as evident from the sequence alignment study presented below.
NDO
NBDO
Cumene
BphDO
CarbDO
OMO
AntDO
PDO

FLTHDSLIPS-PGDYVTAKMGVDEVIVSRQNDGSIRAFLNVCRHRGKTLV-HAEAGNAKG
FLTHDSLIPS-PGDYVKAKMGVDEVIVSRQNDGSVRAFLNVCRHRGKTLV-HAEAGNAKG
LLGHEGHIPK-AGDYLTTYMGEDPVIVVRQKDRSIKVFLNQCRHRGMRIE-RSDFGNAKS
LLGHESHVPE-TGDFLATYMGEDPVVMVRQKDKSIKVFLNQCRHRGMRIC-RSDAGNAKA
PVMFSKEIDE-GEPKTLKLLGEN--LLVNRIDGKLYCLKDRCLHRGVQLSVKVECKTKST
PALFTHELEE-DQVQGIQICGVP--IVLRRVNGKVFALKDQCLHRGVRLSEKPTCFTKST
YACHESEIPN-NNDFVTVQIGRQPMIVSRDGKGELHAMVNACEHRGATLT-RVAKGNQSV
PVCLLEEVSEPDGTPVRARLFGEDLVVFRDTDGRVGVMDEYCPHR--RVSLIYGRNENSG

98
96
118
117
87
102
110
86

NDO
NBDO
Cumene
BphDO
CarbDO
OMO
AntDO
PDO

FVCSYHGWGFGANG----ELQSVPFEKELYGEALDKKCMGLKEVA-----RVESFHGFIY
FVCGYHGWGYGSNG----ELQSVPFEKELYGDAIKKKCLGLKEVP-----RIESFHGFIY
FTCTYHGWAYDTAG----NLVNVPYEKEAFCDKKEGDCGFDKADWGPLQARVDTYKGLIF
FTCSYHGWAYDIAG----KLVNVPFEKEAFCDKKEGDCGFDKAEWGPLQARVATYKGLVF
ITCWYHAWTYRWEDGVLCDILTNPTSAQIGRQKLKTYPVQEAKGCVFIYLG-----DGDP
ISCWYHGFTFDLETGKLVTIVANPEDKLIGTTGVTTYPVHEVNGMIFVFVREDDFPDEDV
FTCPFHAWCYKSDG----RLVKVKAP-GEYCEDFDKSSRGLKQGR------IASYRGFVF
LRCLYHGWKMDVDG-NVVEMVSEPAASNMCQKVKHTAYKTREWGG------FVWAYMGPQ

149
147
174
173
142
162
159
139

Depending on the reduction potentials, Rieske type proteins are divided into two
groups. One group is the mitochondrial membrane associated Rieske proteins; an integral
component of the respiratory or photosynthetic complexes in prokaryotes and eukaryotes.
An example from this class is the mitochondrial cytochrome bc1 complex. The midpoint
redox potentials for the Rieske cluster of this group are +260 to +320 mV, and they are
pH dependent [87-89]. The second class includes the soluble multicomponent Rieske
proteins of the bacterial ring-hydroxylating oxygenase systems, the focus of the study
presented in this thesis.
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Both Fe atoms are ferric in the oxidized Rieske center, so that the core is [Fe2S2]2+
and the net charge of the [(Cys)2Fe3+-(S)2-FeII(His)2] cluster is zero. Upon reduction, the
histidine ligated Fe changes to Fe2+ so that the reduced Rieske center is formally
[Fe2S2]1+ and the cluster becomes [(Cys)2Fe3+-(S)2-Fe2+(His)2]1−. Plant type [2Fe-2S]
ferredoxins exploit the same core oxidation levels. However, the difference in the net
charges of the ligands has a profound effect on the midpoint reduction potentials. Em
values for plant type [2Fe-2S] ferredoxins range from −450 to −250 mV (versus standard
hydrogen electrode), whereas the values for Rieske-type proteins in the oxygenase family
range from −160 to +360 mV [75].
The catalytic domain contains a mononuclear non-heme Fe atom. In the resting
state, the Fe possesses a distorted octahedral or octahedral geometry with five or six
ligands [64, 80, 82, 83, 85, 86, 90]. Among the ligands, there are two conserved His and a
monodentate or bidentate Asp/Glu residue. This versatile iron binding motif has been
named as the 2 His-1-carboxylate facial triad [88]. This facial triad is very flexible in
nature and is used by enzymes to catalyze a remarkably large variety of reactions. For
example, this platform is shared by the members of many other oxygenase families
including the extradiol ring cleaving dioxygenases and mammalian pterin dependent
hydroxylases.
In NDO, the ligands of the catalytic Fe are His 213, His 208 and Asp 362. The
alignment study presented below shows the conserved ligands of the mononuclear Fe in
different enzymes of the family.
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NDO
NBDO
Cumene
BphDO
CarbDO
OMO
AntDO

YHVG-WTHASSLRSGQSVFSSLAGNAALPPEGAGLQMTSKYGSGMGVLWDGYSGVHSADL
YHVG-WTHAAALRAGQSVFSSIAGNAKLPPEGAGLQMTSKYGSGMGVFWGYYSGNFSADM
YHAGTMAHLSGVLSSLPPEMDLS-QVKLPSSGN--QFRAKWGGHGTGWFNDDFALLQAIM
YHAGTTTHLSGILAGIPPEMDLS-QAQIPTKGN--QFRAAWGGHGSGWYVDEPGSLLAVM
SHIYI--HKDSILVK---DNDLALPLGFAPGGDRKQQTRVVDDDV-----VGRKGVYDLI
AHILV--HKDNTIVH---AMDWVLPLGLLPTSD--DCIAVVEDDD-----GPKGMMQWLF
YHVSTV-HYNYVSTVQHRQQVNAAKGDELDTLDYSKLGAGDSETDDGWFSFKNGHSVLFS

265
263
289
288
231
267
278

NDO
NBDO
Cumene
BphDO
CarbDO
OMO
AntDO

DANTTEVWTYAMVEKDMPEDLKRRLVDAVQRTFGPAGFWESDDNDNMETVSQNAKKYQSR
DENTTEVWTYAFVEKDMPEDLKRRVADAVQRSIGPAGFWESDDNENMETMSQNGKKYQSS
GPNEIEVWSFIVVDADAPEDIKEEYRRKNIFTFNQGGTYEQDDGENWVEVQRGLRGYKAR
GPNEIEVWAFTLVDADAPAEIKEEYRRHNIRNFSAGGVFEQDDGENWVEIQKGLRGYKAK
ENTHYYFQTLGKPCANDEERKNYEQEFESKWKPMALEGFNNDDIWAREAMVDFYADDK-ITDDTHEYWEILVRVCPTDEDRKKFQYRYDHMYKPLCLHGFNDSDLYAREAMQNFYYDGT
AWNKTEVISQCIGVKGESSEARRNRIRQFEDFFNVSGLGTPDDLVEFREQQKGFQGRIER

379
377
405
405
348
380
396

In addition to the carboxylic acid, the Fe has two water molecules as ligands. In
presence of the substrate, these waters are displaced by oxygen. Using MCD
spectroscopy, we have shown that this is a part of the regulatory mechanism used by the
enzyme to avoid detrimental oxygenation of the enzyme [91]. This will be discussed in
detail in chapter two.
The x-ray crystal structure for NDO reveals that the intrasubunit distance between
the Rieske cluster and the mononuclear Fe is approximately 44 Å [82]. Considering the
rapid electron transfer between these centers, that distance seems to be a much too large.
On the other hand, the distance between the mononuclear Fe and the Rieske center in the
adjacent subunit is only 12 Å suggesting that the preferred electron transfer pathway
crosses a subunit boundary. The subunit arrangement and the positions of the Rieske
cluster and the catalytic Fe are shown in Figure 0.25.

49

Rieske
cluster

Mononuclear
Fe center

Figure 0.25: The arrangement of the Rieske cluster and the mononuclear iron in the
α subunits in NDO (PDB ID 107W). For clarity, only the α subunits are shown. Each
subunit is highlighted with a different color.
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A conserved Asp (Asp 205 in NDO) residue forms a bridge between these two
metal centers by forming hydrogen bonds. One O atom of this Asp forms a hydrogen
bond with one of the Rieske cluster His (His 104 in NDO) whereas the other O is H
bonded with another His (His 208 in NDO), which is an Fe ligand as shown in Figure
0.26. It has been suggested that this Asp mediates the intersubunit electron transfer
between the Rieske cluster and the mononuclear Fe [82]. Sequence alignment shows that
this Asp residue is conserved among the members of Rieske ring-hydroxylating
oxygenases.
NDO
NBDO
Cumene
BphDO
CarbDO
OMO
AntDO

GCFDEEAPS-LKDYMGDAGWYLEPMFK-HSGG-LELIGPPGKVIIKANWKAPAENFTGDA
GCFDAEAPP-LIDYLGDAAWYLEPTFK-YSGG-LELVGPPGKVVVKANWKSFAENFVGDG
ANWDTEAPD-LKTYLSDATPYMDVMLD-RTEAVTQVITGMQKTVIPCNWKFAAEQFCSDM
ANWDVQAPD-LETYLGDARPYMDVMLD-RTPAGTVAIGGMQKWVIPCNWKFAAEQFCSDM
PPLARDTP--------------------PNFLDDDMEILGKNQIIKSNWRLAVEN-GFDP
PPLAHDLPF-RFPERSEQFPHPLWPSS-PSVLDDNAVVHGMHRTGFGNWRIACEN-GFDN
VSLDTQATDSLEDFLGDAKVFLDLMVDQSPTGELEVLQGKSAYTFAGNWKLQNEN-GLDG

206
204
232
231
179
217
218

Gibson and coworkers have made many mutations at this position. Almost all of
these mutants are inactive and unable to form product [92] under multiple turnover
conditions. One of the goals of the study presented here is to understand the role of this
Asp and that work will be discussed in detail in chapter four.
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Figure 0.26: The conserved Asp in NDO (PDB ID 1EG9) between the Rieske cluster and
the mononuclear Fe. The Rieske cluster is from the adjacent subunit is denoted by the
prime “`”.
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Mechanistic Studies of the Rieske Oxygenases
During the last decade, great advances have been made towards understanding the
fundamental mechanism of Rieske oxygenase enzymes. In addition to the kinetic,
spectroscopic and structural studies involving the enzymes, biomimetic model
compounds of the metal centers have also helped to understand certain mechanistic
aspects. The oxygen activation process by NDO has been proposed based on
computational methods using hybrid density functional theory (DFT). Taken together, all
these different methods have provided a better understanding of the oxygen activation
mechanism by Rieske oxygenases, although several critical details remain to be
experimentally elucidated. A summary of the current understanding of the mechanism is
presented in the following sections.
Structural Studies

Since the crystal structure of NDO was reported in 1998, approximately 40
structures of the oxygenase component of Rieske oxygenase family have been reported.
The structure of NDO revealed many of the unique features of this class of enzymes. All
the structures have been solved so far show that the oxygenase component is either a
trimer of two dissimilar subunits (α3β3) or of just the alpha subunit (α3). The Rieske
center is ideally positioned at the surface of the enzyme so that it can accept electrons
from the electron donating partners (reductase or ferredoxins). The catalytic Fe is buried
at the core of the enzyme. The overall structure at the enzyme core is conserved.
For NDO, it was possible to obtain the crystal structure of the oxy complex [72].
Figure 0.27 describes the substrate and product bound oxy complexes. Both naphthalene
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and indole were used as the substrates. In case of naphthalene, the distance between the
catalytic Fe and the C atom of naphthalene to be hydroxylated is 4 Å. To make the oxy
complex, the enzyme was reduced with dithionite and then exposed to oxygen. The
resultant oxy complex shows a clear density for the oxygen bound to the mononuclear Fe
in side-on mode. The distances between the oxygen atoms and the Fe in the oxo complex
are 2.2 Å and 2.3 Å with naphthalene as a substrate. When indole was used as a substrate
the distances are 1.8 Å and 2.0 Å respectively. Considering the side-on oxygen, it was
proposed that O2 attacks the substrate in a concerted manner. This mode of attack also
explains the cis specificity of the dihydroxylation reaction. The distance between the
oxygen atoms is approximately 1.4 Å, indicative of a peroxo species, although this level
of precision is questionable at the structural resolution reported [72].
Kinetic and Spectroscopic Studies

Among the Rieske oxygenases, NDO, PDO, BZDO, AntDO are well studied by
kinetic and spectroscopic methods. These studies have made important contributions
towards the elucidation of the oxygen activation mechanism by these enzymes. One of
the most important advances, made using NDO and BZDO, was to establish a single
turnover protocol. It was shown that the chemically reduced oxygenase component alone
can activate oxygen as well as generate the cis-diol product [93, 94]. This fact made the
other experiments less complicated as the reactions can be monitored without adding the
other redox partners like reductase, ferredoxin and NADH.

54

A

B

Figure 0.27: Substrate-oxy and product-bound complexes of NDO (from reference 82).
(A) Binding of oxygen to the mononuclear Fe in the presence of indole (1O7N). Oxygen
is bound side-on. (B) Naphthalene cis-dihydrodiol bound to the active site mononuclear
iron of NDO (107P).
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Figure 0.28 describes the resting and active states of NDO and BZDO. In NDO,
the mononuclear iron in the resting state is Fe2+ while the Rieske cluster is oxidized (both
irons are in the Fe3+ state). Upon reduction, the Rieske cluster becomes Fe3+/Fe2+. The
single turnover studies show that this fully reduced form is the only one capable of
turnover to produce product. Following the single turnover both metal sites were found in
the oxidized state, and one mole of product was formed per active site mononuclear iron.
This shows that two and only two electrons are required for catalysis supporting the
proposal that a two-electron reduced form of oxygen is the activated species. In the
resting state of BZDO, the mononuclear iron exists as Fe3+, but both this center and the
Rieske cluster become reduced when dithionite with a mediator are added. Again, this
fully reduced form is capable of a single turnover. Formation of the cis-diol product is a
four-electron reduction of dioxygen. The metal centers of the enzyme provide two
electrons and the other two are obtained from the aromatic substrate. It is interesting to
note that at the end of the single turnover reaction, the product remains bound to the
mononuclear Fe. Reduction of the iron is required to release the product.
During the single turnover of NDO or BZDO, it is possible to monitor the
reaction by observing the Rieske cluster chromophore. The spectrum of the oxidized
Rieske cluster is much more intense in the visible than that of the reduced cluster.
Following the absorption change at 464 nm allows the rate constants for electron transfer
to be measured using stopped-flow spectroscopy. Analyzing the electron transfer reaction
it was found that it is a multiphasic reaction with three kinetically competent phases in
the case of BZDO. Other Rieske oxygenases also have demonstrated multiple phases
during the transfer of one electron, therefore it seems that this phenomenon is common
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among the enzymes of this class. Two additional important findings from this approach
are that: (i) the aromatic substrate and O2 must be is present for electron transfer to occur,
and (ii) the type of aromatic substrate present controls the rate of electron transfer. It is a
goal of this thesis to understand the basis for these observations, and this is discussed in
detail in chapter one. Also, the regulation by the aromatic substrate at the molecular level
is discussed in chapter two.

NDO (ox)
BZDO I (ox)

BZDO II (ox)

S

S

Fe3+

Fe3+
S

Fe3+

e-

Fe3+

NDO (red)
BZDO (red)
S

Fe3+
S

Fe

2+

e-

Fe2+

Fe 3+
S
Fe2+

Normal resting state
Figure 0.28: The resting and reactive states of NDO and BZDO.
On the basis of kinetic and spectroscopic evidence, there are three possible routes
to product formation as shown in Figure 0.29. The proposed reaction cycle for NDO is
presented in Figure 0.30. In the presence of substrate, the fully reduced enzyme binds
oxygen and forms a Fe3+-hydroperoxo intermediate, which has been proposed by
structural, theoretical, and model compound studies. Recently, this intermediate was
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confirmed by a combination of EPR and Mössbauer spectroscopy [95]. Once this
intermediate is formed, there are several possibilities. According to route A, this
intermediate can attack the substrate directly and form the product in one step. In route B,
the O-O bond is cleaved before attacking the substrate and a high valent Fe5+oxo-hydroxo
type species is generated, which subsequently attacks the substrate. The product analysis
of the reaction between NDO and the radical clock substrate probe norcarane suggest that
this high valent intermediate can be formed in at least some reactions of the enzyme [96].
This will be discussed in detail in chapter three. Finally, in route C, another electron is
fed into the reaction cycle to form a Fe4+-oxo-hydroxo type intermediate. As a result, the
iron would be in the Fe2+ state at the end of a single turnover. This state has never been
observed in the NDO or BZDO system, suggesting that this pathway is unlikely.

e(Rieske center)
+
Substrate
+
O2

A

O

O
Fe2+

Fe3+

Fe3+ + product

B

OH

C

e(NDF)

Fe5+
OH
O

Fe3+ + product

Fe4+
OH

Fe2+ + product
Not Observed

Figure 0.29: Possible routes for product formation in NDO.
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Figure 0.30: Proposed cis-dihydroxylation mechanism by NDO based on single turnover
kinetic and spectroscopic studies (From reference 97).
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Regulatory Role of the Substrate in the Catalysis

In the absence of the substrate, the electron transfer from the Rieske cluster to the
Fe center is very slow (minutes) and no product is detected. Hence, the enzyme is
designed to minimize the production of the highly reactive reaction intermediate, as well
as the formation of uncoupled products, when substrate is absent. This type of regulatory
measure by oxygenase enzymes is not uncommon. For example, in ring-cleaving
dioxygenases, the substrate is required to bind to the iron in order to open a coordination
site for oxygen to bind [10, 34, 90, 97, 98]. Other types of regulatory mechanisms are
used by P450cam and MMO. In P450cam, the substrate binding near the iron lowers the
reduction potential of heme, and therefore facilitates electron transfer from the reductase
and ferredoxin components to begin the O2 activation process. In MMO, the active site is
completely closed to molecules from solution. When component B binds to the
hydroxylase component, it alters the structure to allow access of small molecules like O2
and CH4 [99]. This first allows O2 to bind to the active site metal cluster, and then
restricts access to the activated oxygen species (intermediate Q) for any molecule larger
than methane.
The regulatory role of the substrate in the Rieske dioxygenases is unique. As in
P450cam and MMO, substrate binds near rather than to the iron site [64, 72, 80, 82-86,
90]. However, its role differs in that substrate binding and the redox state of the remote
Rieske cluster work together to control O2 binding and activation. This role of the
substrate in the oxygen activation process will be described at the molecular level in
chapter two.
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The fact that the aromatic substrate exerts some kind of regulatory control is also
evident from the EPR spectroscopic studies using nitric oxide (NO) as an oxygen
surrogate. In presence of substrate, NO binds to the Fe center in the fully reduced enzyme
and gives a characteristic S = 3/2 EPR signal. In the absence of substrate the
characteristic spectrum is absent, showing that NO does not bind to the iron [94]. The
mononuclear iron in this case is Fe2+, so it should bind NO, but apparently, the regulatory
mechanism of the enzyme prevents this from happening. If the same is true of O2, the
substrate and both electrons required for substrate cis-dihydroxylation would have to be
present before O2 could bind to the mononuclear iron for activation.
NDO has also been studied by Electron Nuclear Double Resonance (ENDOR)
spectroscopy [100, 101]. These studies show in a different way that the Rieske cluster
plays an important role in catalysis beyond simple electron transfer. The ENDOR
spectrum gives information about the orientation and distance of the substrate relative to
the nitrosyl ligand of the mononuclear iron center in the NO complex. These properties
are altered according to the redox state of the Rieske cluster, suggesting that a redox
sensitive structural change is responsible for the observed regulation of O2 activation by
the Rieske cluster. This proposal is supported by the crystal structures of OMO.
Comparison of the oxidized and reduced structure of OMO shows reorganization of the
active site residues as presented in Figure 0.31. In the structure of the reduced enzyme
(gray lines), His 108, which is a Rieske ligand, makes hydrogen bonding contact with
Asp 218. Asp 218 is the bridging residue between the Rieske and the mononuclear Fe
equivalent to Asp205 in NDO, and it is believed to be the one through which the electron
transfer takes place. Comparing the oxidized and reduced structures of OMO, it is evident
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that along with a change in the H-bonding network, there is a large movement in the loop
containing the mononuclear Fe ligand, moving the iron relative to the fixed position of
the substrate.

Figure 0.31: Superposition of the oxidized and reduced structures of OMO [80]. The
gray bonds are the reduced structure and the gold is the oxidized structure. In the reduced
state of the Rieske cluster, His 108 is H-bonded to Asp 218, the residue which is thought
to carry the electron to the Fe center. (Figure from reference 67).
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Peroxide Shunt Reaction of NDO and BZDO

NDO and BZDO are capable of generating product via a peroxide shunt reaction.
In this reaction, hydrogen peroxide is used as the source of both oxygen and electrons.
Cytochrome P450 and MMO are also capable of carrying out there respective reactions
using a peroxide shunt. This also implies the formation of a peroxo intermediate in the
reaction cycle. Figure 0.32 describes the reaction cycle of BZDO cis-dihydroxylation as
well as the shunt pathway.
The shunt reaction of NDO is rapid and it produces almost stoichiometric amount
of naphthalene cis-diol when reacted with H2O2 in presence of naphthalene [102]. On the
other hand, the shunt reaction of BZDO is much slower and takes hours to complete [95].
It has been postulated that this difference in the reaction time arises from the difference in
the oxidation level of the mononuclear Fe center. In NDO, the resting state is Fe2+
whereas in BZDO, the mononuclear Fe exists as Fe3+. The ferric state of Fe does not
allow rapid binding of the substrate. Consequently, there is a kinetic conformational
barrier to the substrate binding and product release, making the reaction very slow. This
provides another view of the importance of the oxidation state of the mononuclear Fe in
the catalytic process.
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Figure 0.32: Mechanistic proposal for the formation of cis-diol by BZDO. The peroxide
shunt pathway has been shown in the inner cycle. (From reference 98).
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Mechanistic Study Using Biomimetic Compounds
Study of synthetic biomimetic compounds has added valuable information in the
mechanistic study of Rieske oxygenases. The first non-heme iron complex of this class
was reported by Que et al. [103] . Most of these catalysts have a mononuclear Fe center
coordinated to a tetradentate N ligand. These complexes can efficiently perform cisdihydroxylation of olefins using H2O2 as an oxidant. Also, these complexes need two cis
labile sites to perform olefin cis-dihydroxylation. This observation is in accord with the
active site structure of the Rieske oxygenases. The mononuclear Fe center in the enzyme
also has two cis labile coordination sites.
The cis-dihydroxylating complexes can be divided in two subclasses, namely
class A and class B, based on their preferred spin states [104]. Examples of class A
complexes are [Fe2+(TPA)(CH3CN)2]2+ and [Fe2+(BPMEN)CH3CN)2]2+, shown in Figure
0.33. The ligands shown have a strong interaction with the Fe center; therefore a low spin
complex is preferable. On the other hand, class B complexes prefer high spin states. An
example of this class is [FeII(6-Me3-TPA)(CH3CN)2]2+.
Experimental evidence shows a clear distinction between the reaction
mechanisms of these different classes of catalysts [105]. When these catalysts react with
olefins, either epoxide or cis-diol product is formed. For classes A and B, the ratio of cisdiol to epoxide is different. An iron-hydroperoxo (Fe3+-OOH) intermediate has been
proposed in both cases although with different spin states. In class A catalysts, low spin
Fe3+-OOH is formed whereas class B forms high spin Fe3+-OOH intermediate.
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Figure 0.33: Class A and Class B biomimetic complexes for Rieske oxygenases (From
reference 107).
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18

O2 labeling studies have been effectively used to elucidate the mechanism of

cis-dihydroxylation by these catalysts. Class A catalysts incorporate only one O atom
from the peroxide in the cis-diol product, but in the case of class B, both the O atoms of
the diol are derived from the H218O2. A significant fraction of the incorporated O atoms
are derived from the solvent in class A catalysts. Therefore, a high-valent Fe5+-oxo
intermediate, where exchange with the solvent is possible, has been postulated. This
intermediate is thought to be derived from a low-spin, side-on FeIII-OOH species. This
pathway is also supported by DFT studies [106]. The O-O bond in a low spin
hydroperoxy species is weaker than its high spin counterpart. Therefore, heterolysis of OO bond is preferred, resulting in a high-valent Fe5+ intermediate.
On the other hand, class B catalysts are believed to react using a high spin
pathway, where the O-O bond is much stronger and does not favor the heterolysis. The
side-on hydroperoxy species directly attacks the substrate. As a result, there is no
exchange with the solvent molecule, and both the O atoms in the diol come from a single
molecule of H2O2.
In recent years, another N, N, O-ligand has been reported, which is capable of
olefin cis-dihydroxylation with a high efficiency [107] . As shown in Figure 0.34, the
catalyst [Fe2+(Ph-DPAH)2](OTf)2, has two ligands molecules coordinated to a Fe2+
center, one of which dissociates to make a cis labile site. Thus, the active complex is
generated. 18O2 labeling studies have shown that there is approximately 33% isotope
exchange from the solvent during the formation of the cis-diol product.
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Figure 0.34: Dissociation of Ph-DPAH from Fe2+(Ph-DPAH)2 and formation of an active
tridentate N,N,O ligand capable of cis-dihydroxylation of olefin (From reference 110).
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Last year, a true functional biomimetic complex for NDO was reported [108,
109]. The compound, Fe2+(TPA)(NCMe)2](OTf)2, was able to perform cisdihydroxylation of aromatic hydrocarbons such as naphthalene in addition to an olefin.
Using H2O2 as the oxidant, it was possible to convert 30% of the 10 equivalent H2O2 into
cis-diol product, thus mimicking the peroxide shunt reaction of NDO. In addition to the
cis-diol, 1 and 2-napthol and 1,4-napthaquinone were also obtained as products in low
yield.
18

O2 labeling studies have shown that more than 90% singly labeled product was

obtained when 10 equivalents of 2% H218O2 were used. This result is supportive of the
previously postulated ‘water assisted’ mechanism. This mechanism involves the
formation of a low-spin Fe3+-OOH species, to which a water molecule can bind. The
bound water facilitates the heterolytic cleavage of the O-O bond, therefore making the
high-valent HO-Fe5+=O intermediate, which serves as the oxidant in the cisdihydroxylation reaction. Figure 0.35 describes the mechanistic scheme for naphthalene
oxidation by this catalyst.
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Figure 0.35: Proposed mechanism (from reference 111) for the cis-dihydroxylation of
naphthalene catalyzed by FeII(TPA)(NCMe)2](OTf)2.
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Theoretical Studies of NDO
The mechanism of NDO has also been studied using hybrid Density Functional
Theory or hybrid DFT [110]. This quantum chemical approach determines the reaction
pathways by finding possible transition state intermediates involved in the reaction. The
feasibility of the reaction pathway is predicted on the basis of the energetics of that
particular pathway. The thermodynamic and activation parameters of the postulated
intermediates and different pathways were compared to identify the one most feasible for
the oxygen activation pathway by NDO.
In this theoretical analysis, the oxygen activation process starts with binding of O2
to the catalytic Fe2+ center. Different structural arrangements of the iron – O2 complex
with different oxidation and protonation states were considered as the starting point.
Those structural arrangements are (1) Fe2+ + O2 ([Fe2+ – O2]2+), (2) Fe2+ + O2 + one
electron ([Fe2+ –O2]+), (3) Fe2+ + O2+ one electron + one proton ([Fe3+ – OOH]2. The
energy calculation shows that the oxygen activation likely involves a ferric hydroperoxo
(Fe3+ -OOH)2+ intermediate, formed via an external electron and a proton transfer to the
mononuclear Fe center. The crystal structure of the oxy complex of NDO shows that the
O2 is bound in a side-on fashion. The Fe in the ferric hydroperoxo intermediate is a highspin species. This has been supported by synthetic model compound studies [105, 111,
112]
Once the ferric-hydroperoxo species is formed, the computations show that it will
attack the substrate to form cis-diol product. Three different pathways have been
considered as shown in Figure 0.36. Among those, the lowest energy pathway is found to
be the direct attack of Fe3+-hydroperoxo moiety on the aromatic substrate, which results
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an epoxide intermediate. Cis-dihydroxylation of naphthalene is thus predicted to involve
a concerted mechanism, where the O–O bond of the hydroperoxo ligand of Fe3+–OOH is
cleaved heterolytically, while two new C–O bonds are formed simultaneously. This
concerted step yields a Fe3+-epoxide intermediate. Formation of this epoxide intermediate
is found to be the rate limiting step in the reaction and the activation energy associated
with this epoxide intermediate is 17.5 kcal/mol. The next step is the cleavage of one of
the C-O bonds with the formation of the arene cation, which eventually attacks the
second O atom to form the cis-diol with a very low energy barrier as shown in Figure
0.36.
Another alternative pathway was considered where an iron(II)-hydroperoxy
(Fe2+–OOH·) species is involved in dihydroxylation. As the hydroperoxo ligand reacts
with the substrate, a new C–O bond and a radical species delocalized on naphthalene is
generated. The formation of the Fe2+-peroxy-naphthalene species is endothermic by about
18 kcal/mol, and involves an energy barrier which is estimated to be 19 – 20 kcal/mol.
The activation energy for this step is comparable with the one associated with epoxide
formation. The subsequent O–O bond cleavage of the iron-peroxy-naphthalene
intermediate, yielding the expected cis-diol, passes through a transition state which lies
25.2 kcal/mol above the initial reactant as shown in Figure 0.37. Therefore, this pathway
was considered to be unlikely as in involves high activation energy for O-O bond
dissociation. Also, this pathway involves transfer of one electron internally to the Fe
before attacking the substrate, but this has never been observed in single turnover
experiments with NDO. Hence, the epoxide pathway for cis-dihydroxylation was favored
over this alternate mechanism.
72

Figure 0.36: Reaction coordinate along with the energy profile diagram of a concerted
mechanism of cis-diol formation by NDO (from reference 113).

Figure 0.37: Energy profile diagram of an alternative concerted mechanism for Cis-diol
formation as obtained from the theoretical study (from reference 113).
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It was also investigated whether a high-valent Fe-oxo species may be formed
prior to naphthalene dihydroxylation. The calculation shows that the formation of an
HO–Fe5+=O species from the hydroperoxo- Fe3+ precursor is not feasible because of a
high activation energy (26.5 kcal/mol) and the high endothermicity (12.1 kcal/mol) of OO bond cleavage. However, other DFT calculations indicate that formation of HOFe5+=O may be possible in some non-heme systems [113]. Our study with the reaction
probe norcarane and NDO also indicates the feasibility of the formation of Fe5+
intermediate. This will be explained in detail in chapter three.
Although the theoretical studies have their own limitations, they can be useful
where the experimental studies are difficult or have contradictory results. The
mononuclear Fe center in the Rieske dioxygenase systems is not suitable for direct
spectroscopic studies in most cases as there is a high background contribution from the
Rieske cluster. Therefore, the theoretical studies become quite valuable. In particular,
they provide a good comparison between different reaction pathways, which may allow
the design of better experiments and a better understanding of the system as a whole.
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Scope of the Work Presented Here
In recent years, there have been several great advances towards understanding the
oxygen activation mechanism by Rieske oxygenases. Kinetic and spectroscopic studies
with NDO and BZDO from our laboratory demonstrate the regulatory measures taken by
the enzyme during oxygen activation to minimize the release of activated oxygen species
and maximize the cis-diol product. A single turnover protocol was established to study
the electron transfer in the oxygenase component, which revealed that the electron
transfer from the Rieske cluster to the Fe center is a multiphasic process. Both NDO and
BZDO are able to form cis-diol product utilizing H2O2 as the source of oxygen and
electrons, and using this peroxide shunt reaction, a key reaction intermediate in the
catalytic pathway was identified in the BZDO system. Along with the kinetic and
spectroscopic studies, the structural, theoretical and mechanistic studies using biomimetic
compounds also increased the understanding of the reaction mechanism of Rieske
oxygenases. With this background information in hand, the current study was started to
investigate the origin of multiple phases observed in the electron transfer process and the
regulatory role of the substrate in the oxygen activation process. As a part of the study,
the molecular mechanism of Rieske oxygenases has been dissected using radical-clock
substrate probes and by mutating key amino acid residue in the catalytic pathway.
Chapter 1 describes the experiments and results of the transient kinetic study used
to investigate the origin of the multiple phases. Both NDO and BZDO exist as trimers of
α and β subunits. Therefore, multiple phases could originate from the subunits
transferring the electron in one step but at different rates. Another possibility is that the
different phases actually are discrete steps in sequential electron transfer. UV-visible
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spectroscopy has been used to monitor optical changes during electron transfer in the
BZDO system using a stopped-flow spectrophotometer. The dependence of the rate of
electron transfer on benzoate and O2 concentration was tested using stopped-flow
spectroscopy. The BZDO system was chosen to allow better control over the substrate
concentration as benzoate is highly soluble. Rapid chemical quench technique combined
with HPLC analysis was used to look at the time-scale of the product formation. The
unexpected role of aromatic substrates in the catalysis was tested using substrate
analogues. Nitric oxide (NO) has been used as an O2 surrogate to look at the effect of
small molecule binding in the electron transfer process. Steady-state and time dependent
fluorescence spectroscopy were used to search for structural changes occurring near the
active site during the redox process. The results are combined to formulate a model for
the oxygen activation mechanism by Rieske oxygenase enzymes.
In Chapter 2, the regulatory role of the enzyme as well as the substrates are
further demonstrated at the molecular level using variable temperature variable field
MCD (VTVH MCD) spectroscopy in the NDO system. This technique yields information
about the coordination geometry of a transition metal center. The result shows both
substrate binding and the redox state of the enzyme cause structural changes within the
active site, which are tightly coupled to O2 activation.
In Chapter 3, the reaction profiles and the product distribution of NDO and two
radical clock substrate probes, norcarane and bicyclohexane are presented. NDO can
perform monohydroxylation, sulfoxidation, O or N-alkylation, desaturation beside
dioxygenation and can hydroxylate a number of aromatic and aliphatic substrates in
addition to naphthalene. NDO monohydroxylates the aliphatic substrate probes norcarane
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and bicyclohexane. The monohydroxylated products can either be non-rearranged or
rearranged. The rearranged or ring expanded products are indicative whether a radical or
cationic intermediate, respectively has been formed during oxygenation process. The
product of the NDO-norcarane/bicyclohexane reaction was analyzed by GC-MS. For
NDO-norcarane reaction, the rearranged product obtained originated from a radical
intermediate; no product from a cationic intermediate was detected. A radical
intermediate is unlikely to arise from the reaction of an Fe3+-hydroperoxo species,
suggesting that a high-valent HO-Fe5+=O intermediate is the hydroxylating agent in this
case.
Chapter 4 describes a study of properties of the NDO D205A mutant enzyme. Asp
205 is a conserved residue at the subunit interface, which has been proposed to mediate
the electron transfer from the Rieske center to the mononuclear Fe center. Previous
steady-state analysis in Professor David Gibson’s lab (University of Iowa) has shown that
this mutant is inactive and does not yield any product. In the studies described in chapter
4, D205A mutant enzyme is found to be inactive and no product is detected, but transient
kinetic studies show rapid electron transfer from the Rieske cluster to the Fe center. It is
found that the Asp 205 mutant shows substrate dependent oxidase activity; instead of the
cis-diol product, H2O2 is detected. This result indicates that this residue may actually be
responsible for another important aspect of catalysis such a regulatory conformational
change in the active site or proton transfer to the Fe3+-hydroperoxo intermediate.
The oxygen activation and the dihydroxylation reaction of a Rieske oxygenase
enzyme is a highly synchronized process of many events as it apparently involves
binding of O2 to the mononuclear center and simultaneous electron transfer from the
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Rieske cluster only when the substrate is properly oriented in the active site.
Understanding the detailed molecular events of the oxygen activation process requires
further scrutiny. Together, the chapters of this thesis provide a better understanding of the
mechanism and the regulation of the oxygen activation process. The origin of multiple
phases in electron transfer is a common phenomenon in this class of enzyme. This
question is addressed in detail and related to the regulatory mechanism of the enzyme.
The regulatory role of the substrate is better understood following the MCD
spectroscopic work. The use of the radical clock substrate probes demonstrates that the
formation of a high-valent intermediate is likely to occur. Finally, the data from the Asp
205 variant in NDO indicate that this residue may actually function in roles that are more
important to catalysis than electron transfer.
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Chapter 1:
Kinetic and Spectroscopic Studies of the Single-Turnover
Reaction of Benzoate 1, 2-dioxygenase
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The oxygenase component of the benzoate 1,2-dioxygenase system is a
heterotrimer of α and β subunits (αβ)3, which contains a [2Fe-2S] Rieske type cluster and
a non-heme mononuclear iron in the active site. BZDO catalyzes NADH dependent
oxidation of benzoate by hydroxylating vicinal aromatic ring carbons using both of the O
atoms of dioxygen, thus producing a non-aromatic benzoate cis-diol. A single turnover
study using the chemically reduced oxygenase component showed that the electron
transfer from the Rieske cluster to the mononuclear iron center during oxidation is a
multiphasic process [93]. The goal of this chapter is to determine the physical basis of the
multiple phases of the electron transfer reaction using transient kinetic, spectroscopic,
and analytical methods. Current data support a parallel reaction model where each of the
subunits in BZDO independently participates in the single turnover oxidation reaction.
Analyzing the product formation pattern, it seems that only one phase yields the cis-diol
product. Different aspects of the reaction including electron transfer, O2 binding, and the
conformational change associated with the redox cycle are discussed in detail. Finally,
the catalytic significance of allosteric interactions among the subunits in the nonphysiological single-turnover process are discussed.
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Introduction
The benzoate 1,2-dioxygenase system (BZDOS) is a Rieske type dioxygenase
composed of two protein components : a 200 kDa trimeric oxygenase component
(BZDO) and a 38 kDa reductase component (BZDR) [114]. BZDOS utilizes NADHderived electrons to activate O2. Then, both of the O atoms are used to hydroxylate
vicinal aromatic ring carbons of benzoate to form (1S,2R)-1,2-dihydroclohexa-3,5 diene1-carboxylic acid (benzoate cis-diol) according to Scheme 1 [93, 115, 116]. This step is
the first step in benzoate biodegradation pathway. The cis-diol is degraded to catechol,
which is further degraded to acetaldehyde and succinate or pyruvate depending on the
position of cleavage in the aromatic ring of catechol. These end products are utilized in
TCA cycle for energy production [16].
Scheme 1: Reaction catalyzed by Benzoate 1, 2-dioxygenase

BZDO has an (αβ)3 quaternary structure, while BZDR is a monomeric protein
containing a plant-type [2Fe-2S] cluster1 and an FAD cofactor [72]. Although BZDO has
not been structurally characterized as yet, there are three-dimensional structures available
for related Rieske-type oxygenases [80, 82]. The αβ oxygenases are mushroom shaped,
where the α subunits form the head and the β subunits form the stem. The α subunit
contains both of the metal centers characteristic of this family: a Rieske type [2Fe-2S]
1

The plant-type [2Fe-2S] cluster is described in the Introduction chapter, p. 46.
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cluster and a non-heme mononuclear iron center. The structures indicate that the Rieske
cluster of one α-subunit is 12 Å from the mononuclear Fe2+ of the adjacent subunit [82].
Thus, it is proposed that these metal centers function together during catalysis. During
oxygen activation, one electron is transferred from the reduced Rieske cluster to the
reduced mononuclear iron center to allow 2-electron activation of O2 [93]. Based on
mutagenesis studies, it has been proposed that this electron transfer occurs via a
conserved Asp residue at the α-α subunit boundary [82, 92].
Previous studies from our lab established a single turnover system to study the
BZDOS mechanism more effectively. Chemically reduced BZDO was successfully used
to perform one cycle of oxygen activation and substrate hydroxylation in the absence of
BZDR [93]. The single turnover reaction can be conveniently monitored by observing the
optical change that occurs as the Rieske cluster is oxidized, leading to substrate and O2
reaction at the mononuclear iron site. Interestingly, it was found that the Rieske cluster
oxidizes in three observed, kinetically-competent phases. A fourth phase, occurring much
slower than the turnover number, was also observed. For this phase, the rate constant
matches that for the Rieske cluster auto-oxidation in absence of the substrate, suggesting
that it is due to the oxidation of Rieske clusters for which the adjacent mononuclear iron
site is not occupied. It was also shown that the rate constants for electron transfer in the
first three phases depend on the nature of the substrate, that is to say, the position and
type of the substitution on the aromatic ring. This suggests that the substrate plays a role
in the electron transfer process, but the type of role is unknown.
Here, we address the physical basis for the observed multiple phases in the Rieske
cluster oxidation reaction in presence of benzoate. The observation of three phases for a
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single electron transfer event is unexpected, but there are at least two possible
explanations. One possibility is that each of the three Rieske-mononuclear iron pairs in
the enzyme reacts at its own rate (parallel mechanism). Another option is that there
actually are three steps in the electron transfer reaction (sequential mechanism). In
principle, each step would yield a new phase in the kinetic time course under first order
or pseudo-first order conditions. Both of these possibilities have been considered in the
present study and a number of kinetic and spectroscopic techniques have been used to
study the nature of the Rieske oxidation reaction.

Materials and Methods
Reagents
3-(N-morpholino)propanesulfonic acid (MOPS), 3 and 4-fluorobenzoic acid, sodium
benzoate, methyl viologen, sodium dithionite, chelex-100, EDTA, catalase and 1,10phenanthroline were purchased from Sigma-Aldrich in the highest grade available and used
without further purification. Authentic benzoate cis-diol was prepared by a single turnover
reaction using chemically reduced WT BZDO and excess benzoate. Water was purified and
deionized using a Millipore reverse osmosis system.

Bacterial Growth and Protein Purification
WT BZDO was purified either from Pseudomonas putida mt-2 or an
overexpression system employing E. coli BL21(DE3) containing the plasmid encoding
benAB gene, which codes for the alpha and the beta subunits of Benzoate 1,2
dioxygenase. The Pseudomonas species was grown as described previously [93]. For the
overexpression system, single colonies were picked from a 2% LB agar plate supplied
with 50 µg/ml Kanamycin and used to inoculate a 10 ml culture that was grown overnight
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at 30 °C. LB broth or Terrific broth supplemented with 50 µg/ml kanamycin was used to
culture the BL21(DE3) containing benAB plasmid. The 10 ml overnight culture was
inoculated into a one liter culture of the same medium. Terrific broth was supplemented
by 25 ml of glycerol/ L of the media for the carbon source. The one liter culture was
grown at 30 °C until the OD600 reached 1.0. Then, it was induced by 0.25 mM isopropylβ-D-galactopyranoside (IPTG) to express the protein. After induction, the culture was
shaken at 25 °C for twelve hours. Lowering the temperature helped to minimize the
production of inclusion bodies. After 12 hours, the cells were harvested by
centrifugation. Cells were resuspended in MOPS buffer (pH 6.9) containing 5% glycerol,
frozen in liquid nitrogen and stored at -80 °C. The Terrific broth yielded approximately
10 g/L of cell paste, whereas the yield from the LB broth was 6 g/L.
Enzyme Activity Assay
The activity of WT BZDO was determined by measuring O2 consumption using a
polarographic O2 electrode (Hansatech, UK). The assay buffer contained 50 mM MOPS
pH 6.9, 100 mM NaCl, 2 mM benzoate. O2 consumption was initiated by adding 0.2 mM
NADH and 1 µM BZDR in a total volume of 1.5 ml. The amount of BZDO was adjusted
according to the O2 consumption rate over the background O2 consumption. Typically 0.5
µM to 1 µM BZDO was used for the assay.
Anaerobic Technique and Preparation of Reduced Enzyme
Reduced enzyme was prepared in a screw-top vial sealed with a Teflon septum.
50 mM MOPS, pH 6.9 along with 100 mM NaCl was used as the buffer to prepare the
enzyme solution. The enzyme solution also contained 100 µM methyl viologen, which
was used as a redox mediator and indicator. The vial containing enzyme was sealed with
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a Teflon cap and high purity argon was blown over the surface of the solution for 30
minutes. After that, a slight excess (reducing equivalents) of sodium dithionite in
anaerobic solution was added and the enzyme was kept under argon for 10 minutes, at
which time the faint blue color of the methyl viologen persisted, indicating complete
reduction.
Single Turnover Reaction
Single turnover reactions were performed in screw-top reaction vials at 23 °C.
Approximately 200 µM of Wt BZDO was used for this reaction. The enzyme solution
was prepared in 50 mM MOPS pH 6.9, 100 mM NaCl, 5 mM benzoate added. First, the
enzyme was made anaerobic as described earlier. Then, O2 saturated buffer containing 2
mM benzoate was added to the enzyme. The lid of the vial was kept open while the
enzyme solution was stirred for 10 minutes. After that, the contents of the vial were
transferred into an Eppendorf tube, and an equal volume of methanol was added to
precipitate the enzyme. Samples were vortexed for one minute, and then spun in a
tabletop centrifuge for 5 minutes at the maximum speed. The soluble fraction was frozen
in liquid N2 and stored at -20 °C for further HPLC analysis. Control reactions were
prepared in the same way except no benzoate was added.
Rapid Chemical Quench of Product Formation
The enzyme was chemically reduced as described earlier. The vial containing the
reduced enzyme, and a syringe from the chemical quench instrument (Update
Instruments, Inc.) were taken inside an anaerobic glove-box (Coy System), and the
reduced enzyme was transferred into the syringe. Once loaded, the syringe containing the
reduced enzyme was removed from the box and fitted onto the instrument. The other
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chemical quench syringe was loaded with oxygen saturated buffer containing 5 mM
benzoate. After rapid mixing, the solutions were passed through calibrated aging tubing
and then sprayed into an equal volume of methanol. The enzyme precipitated
immediately when sprayed into methanol. The estimated dead time of the experiment was
2 milliseconds. The mixture was then vortexed for 2 minutes and centrifuged. The
soluble fractions containing the benzoate cis-diol product were stored at -20 °C for
further HPLC analysis.
Iron Determination
The total iron content of purified BZDO was determined by ICP-MS spectrometry
at the Research and Analytical Laboratory, University of Minnesota. Iron was also
determined using 2,4,6-tri(2'-pyridyl)-1,3,5-triazine (TPTZ) and the method described by
Collins, et al. [117]. Rieske cluster was quantitatively determined spectrophotometrically
using the extinction coefficients ε325 = 14.5 mM-1 cm-1 and ε464 = 7.5 mM-1 cm-1. Almost
every batch of the enzyme showed over 90% Rieske cluster occupancy. Mononuclear
iron content was determined by subtracting the Rieske cluster iron from the total iron
content. On average, the Wt BZDO contained 0.6 ± 0.2 mononuclear iron/αβ.
Product Analysis by HPLC
Reaction samples were analyzed on a Waters Breeze HPLC equipped with a
1525 pump and a 2487 detector. The product generated either in the single turnover or the
rapid chemical quench reaction was first acidified by mixing 4 volumes of sample with 1
volume of 25% H2SO4. The sample was separated using an Agilent Zorbax StableBond
C-18 column (4.6 × 150 mm, 5 µm). An isocratic separation method was used with the
solvent 4% acetonitrile (0.1% formic acid added) and 96% water (0.1% formic acid
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added) and a flow rate of 0.5 mL/min at room temperature (23 °C). Elution of the product
was followed at 262 nm. Under these conditions, authentic benzoate cis-diol elutes at 7 ±
0.3 minutes.
Transient Kinetic Study
The transient kinetic experiments were conducted under pseudo-first order
conditions at 4 °C using an Applied Photophysics model SX.18 MV or SX.20 stoppedflow spectrophotometer. The single wavelength reactions were monitored at 464 nm in
presence of 20-fold excess benzoate over Km; therefore, creating a pseudo-first order
reaction condition. Under pseudo-first order conditions, reaction time courses can be
simulated using one or more summed exponential functions. The equation presented
below was used to fit the single wavelength data using nonlinear regression method.
absorbancet = a0 + Amp1e-t/τ1 + Amp2e-t/τ2 + … Ampne-t/τn
The amplitude terms in the reaction presented here are composed of rate constants,
wavelength-dependent ∆ε values, and a normalizing concentration term (generally the
total enzyme concentration). The constant a0 term represents the distribution of species
present at the completion of the reaction expressed in absorbance units. The total number
of exponential terms and reciprocal relaxation time values (1/τn) are equal to the number
of steps in the actual reaction as long as no internal cycles occur. The spectra were
collected using a diode-array detector.
The following reaction conditions were applied in aromatic substrate titration
experiments: syringe 1 contained anaerobic, stoichiometrically reduced WT BZDO + 1
mM benzoate or benzoate-free BZDO (60 - 80 µM αβ) in 50 mM MOPS, pH 6.9, 100
mM NaCl; syringe 2 contained either benzoate, 3-fluorobenzoate or 4-fluorobenzoate at
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the indicated concentration in O2-saturated (1.8 mM at 4 °C) 50 mM MOPS, pH 6.9, 100
mM NaCl. For O2 titrations, O2-saturated and O2-free buffers were mixed in different
ratios to obtain the desired O2 concentrations. NO saturated buffer (1.6 mM at 4 °C) was
prepared as follows: the reaction buffer was degassed with Ar for ½ hour to make it O2free and then and NO was bubbled through the solution for 15 min. Data were collected
at 4 °C and at 25 °C for benzoate. Otherwise all data were collected at 4 °C. All shots <
10 s were collected with constant pressure maintained on the stopped-flow syringes. 1000
data points were collected per shot. Time bases used for data collection were either single
or split time bases using time range from 0.2 s to 10 s.
Steady-state and Time Dependent Fluorescence Study of BZDO
Steady-state fluorescence spectra were recorded in the Varian (CA) Eclipse
Fluorescence Spectrophotometer. For the fluorescence measurement, 10 µM BZDO was
placed in a cuvette and sealed with a Teflon septum. The enzyme was then reduced
chemically as described earlier and the fluorescence spectrum was recorded. The
spectrum of the oxidized enzyme was recorded either using oxidized enzyme directly or
allowing the chemically reduced BZDO to be oxidized by adding O2-saturated buffer. For
intrinsic tryptophan fluorescence, the excitation wavelength was 295 nm and the emission
was set at 340 nm. Fluorescence time-course data were collected in the SX.18 or
SX.20MV stopped-flow spectrophotometer using a photomultiplier fluorescence detector.
The excitation wavelength was set at 295 nm using a monochromator and the emission
intensity was recorded using a 320 nm cut-off optical filter in front of the photomultiplier
tube. All data were collected at 4 °C.

88

Fitting and Data Analysis
Single wavelength kinetic traces were fit using the program KFIT (developed by
Neil C. Millar) and the software Microcal Origin. An average of at least 6 single
wavelength traces was used to determine the relaxation time for each substrate
concentration. Results from titration (aromatic substrates, O2 and NO) as well as the
fluorescence time-course experiments were repeated on multiple days with different
batches of enzyme. All the results were averaged to determine the final values. The error
bars shown in the figures represent one standard deviation from the mean for points in
which n ≥ 6 (n refers to the number of traces used to average the values.). Considering
the fast oxidation reaction, the best fits were obtained using 0.5 s time course for all the
substrates and the O2 titration. Results were plotted using Microcal Origin.
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Results
Effect of Benzoate and Substituted Benzoate Concentration on the Rieske Cluster
Oxidation Rate
Previous studies have shown that when reduced BZDO without substrate added is
mixed with O2-saturated buffer in a stopped-flow spectrophotometer, the Rieske center
oxidizes slowly (1/τ = 0.013 s-1) relative to the turnover number at 4 ºC (4 s-1) [93]. In the
presence of benzoate, reduced BZDO reacts much more rapidly with O2 in this single
turnover system. The reaction of reduced BZDO with oxygen in the presence of selected
concentrations of benzoate was monitored at 464 nm in a stopped-flow instrument as
shown in Figure 1.01a. Residuals from one, two and three exponential fits are presented
in Figure 1.01b.
The reciprocal relaxation times obtained from fitting a series of single wavelength
traces to a sum of three exponential phases are plotted versus the benzoate concentration
(after mixing) in Figure 1.01c and d. These plots show that the first and second relaxation
times have an approximate hyperbolic dependence on the benzoate concentration,
whereas the third relaxation does not show a detectable dependence (Figure 1.01i).
In addition to benzoate, two benzoate analogues were used to determine whether
ring inductive effects contribute to the Rieske cluster oxidation rate. The reciprocal
relaxation times were determined and plotted against varied 3- or 4-fluorobenzoate
concentration as shown in Figure 1.01e, f, g and h. As in the case of benzoate, three
phases are observed in the presence of 3 or 4-fluorobenzoate. For these two alternate
substrates, 1/τ1 and 1/τ2 have an apparent hyperbolic dependence at high concentration,
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whereas 1/τ3 has no clear dependence on substrate concentration. The third reciprocal
relaxation times (1/τ3) from the reactions of all three substrates are show in Figure 1.01i.
The amplitudes associated with each phase with varying benzoate concentrations is
presented in Figure 1.01j. Representative reciprocal relaxation times and amplitudes with
different substrates are shown in Table 1.01. The amplitudes do not appear to change
substantially with concentration or substrate type and all three amplitudes are similar in
magnitude.
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Figure 1.01a and 1.01b: Effect of benzoate concentration on the single turnover reaction
of reduced BZDO with O2 monitored by stopped-flow optical spectroscopy. Reduced
BZDO (40 µM αβ, after mixing) was mixed with varying amount of benzoate) along with
O2 saturated (1.8 mM) buffer at 4 °C. The buffer used was 50 mM MOPS pH 6.9, 100
mM NaCl. (a) The benzoate concentration was varied from 0.25 mM to 50 mM (after
mixing). Traces for 0.5 mM, 1 mM, 2.5 mM and 12.5 mM are shown and vertically
translated for the clarity. Figure 1.01b shows the 3 exponential fit and the residuals from one,
two and three exponential fits of the single wavelength spectrum.
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Figure 1.01c and 1.01d: Dependence of the observed reciprocal relaxation times on the
initial benzoate concentration for the single turnover reaction of reduced BZDO (40 µM
αβ, after mixing). Benzoate concentrations were varied from 0.25 mM to 50 mM (after
mixing). Reaction conditions are described in Figure 1.01a. 1/τ1 (Figure 1.01c) and 1/τ2
(Figure 1.01d) are plotted against the benzoate concentration along with their hyperbolic
fits.
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Figure 1.01e and 1.01f: Dependence of the observed reciprocal relaxation times on the
initial 3-fluorobenzoate concentration for the single turnover reaction of reduced BZDO.
3-fluorobenzoate concentrations were varied from 0.25 mM to 50 mM. Reaction
conditions are described in Figure 1.01a. 1/τ1 (figure 1.02e) and 1/τ2 (Figure 1.02f) are
plotted against corresponding 3-fluorobenzoate concentration along with their hyperbolic
fits.
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Figure 1.01g and 1.01h: Dependence of the observed reciprocal relaxation times on the
initial 4-fluorobenzoate concentration for the single turnover reaction of reduced BZDO.
4-fluorobenzoate concentrations were varied from 0.25 mM to 50 mM. Reaction
conditions are described in Figure 1.01a. 1/τ1 (Figure 1.01g) and 1/τ2 (Figure 1.01h) are
plotted versus corresponding 4-fluorobenzoate concentration along with their hyperbolic
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Figure 1.01i: Dependence of the third reciprocal relaxation time (1/τ3) on the initial
substrate concentration for the single turnover reaction of reduced BZDO (40 µM αβ,
after mixing). Benzoate, 3-fluorobenzoate and 3-chlorobenzoate are used as substrates.
Substrate concentrations were varied from 0.05 mM to 50 mM (after mixing). Reaction
conditions are described in Figure 1.01a.
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Figure 1.01j: Dependence of the amplitudes associated with the three phases on initial
benzoate concentration for the BZDO single turnover oxidation reaction using benzoate
as the substrate. Amplitude values are presented as the % of the total amplitude.
Reaction conditions are described in Figure 1.01a.

Table 1.01: Reciprocal Relaxation Times and Amplitudes2 of Single-Turnover
Rieske Cluster Oxidation
1/ττ1 (amp 1 %)

1/ττ2 (amp 2%)

145 s-1 (45)
152 s-1 (41)
240 s-1 (44)
250 s-1 (42)

34 s-1 (33)
34 s-1 (33)
39 s-1 (34)
40 s-1 (30)

5.9 s-1 (22)
7 s-1 (26)
6 s-1 (26)
7 s-1 (28)

Benzoate (25 °C)

330 s-1 (42)

55 s-1 (32)

6 s-1 (26)

3-F benzoate (4 °C)

230 s-1 (40)

30 s-1 (28)

5 s-1 (32)

4-F benzoate (4 °C)

140 s-1 (30)

15 s-1 (40)

0.5 s-1 (30)

1/ττ3 (amp 3%)

Substrate
Benzoate (4 °C)
0.5 mM
1.25 mM
5 mM
12.5 mM
3

2
3

The amplitude value is presented in % with respect to the total amplitude value.
The benzoate concentration at 25 °C and 3 and 4-F benzoate concentrations were 5 mM after mixing.
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NO Binding to the Mononuclear Fe Center
Previous studies with BZDO have shown that NO can be used to mimic O2
binding to the mononuclear center [93]. NO binding to the Fe center was monitored
through EPR spectroscopy. It was shown that NO binds to the fully reduced enzyme to
give its characteristic S = 3/2 spectrum only when the substrate is already bound. In this
study, the rate of NO binding is monitored via UV spectroscopy in a stopped-flow
spectrophotometer to allow the process to be followed in real time.
Figure 1.02 shows the time-dependent absorbance change due to NO binding to
the mononuclear Fe center. The absorbance change was monitored at 430 nm using a
photomultiplier detector. In the single wavelength experiment, reduced BZDO (50 µM
αβ after mixing) was rapidly mixed with NO-saturated (1.6 mM) buffer containing 5 mM
benzoate at 4 °C. Anaerobic BZDO and NO saturated buffer were prepared as described
in Materials and Methods.
The single wavelength traces were fitted using KFIT as described in the Materials
and Methods. The single wavelength traces fit best to a summed two exponential
equation. The average reciprocal relaxation time and the amplitude associated with the
phases are presented in Table 1.02. The reciprocal relaxation time for the first phase
(1/τ1) is 220 ± 30 s-1. This value is similar to that of the fastest phase of Rieske oxidation
during a single turnover reaction in the presence of O2 and benzoate, which is 260 s-1 on
average [93] or 250 ± 30 as determined in the current study. This result suggests that the
electron transfer, which is expected to be much faster than 260 s-1 over the 12 Å
separation between the metal centers [82], may be triggered by small molecule binding.
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Table 1.02: Reciprocal Relaxation Times and Amplitudes for the NO Binding to the
Mononuclear Center.

1/ττ2 / (amplitude 2)

1/ττ1 / (amplitude 1)
220 ± 30 s-1 (55%)

6 ± 3 s-1 (45%)

Absorbance change @ 430 nm

0.19
0.18

Reduced BZDO + Benzoate + NO

0.17
0.16
0.15

Actual absorbance change
Two exponential fit

0.14
0.13
0.00

Residual
-0.02
0.00

0.05

0.10

0.15

0.20

Time (sec)

Figure 1.02: Time-course for NO binding to the mononuclear Fe center at 430 nm.
BZDO (50 µM αβ after mixing) in 50 mM MOPS pH 6.9 plus 100 mM NaCl and 5 mM
benzoate was stoichiometrically reduced with dithionite. Reduced enzyme was then
mixed with NO saturated (1.6 mM) buffer at 4 °C in a stopped-flow spectrophotometer.

99

Effect of O2 Concentration on Rieske Oxidation Rate
The effect of O2 concentration on Rieske cluster absorption was monitored in a
single turnover experiment. Stoichiometrically reduced BZDO (50 µM αβ after mixing)
was rapidly mixed with buffer containing varying concentrations of O2 in presence of 5
mM benzoate at 4 °C, and the absorbance change was monitored using a stopped-flow
spectrophotometer. The Rieske cluster rapidly oxidized, and the absorbance change was
monitored at 464 nm. The reciprocal relaxation rates were obtained by fitting each trace
as the sum of 3 exponential phases as described in the Materials and Methods section.
Table 1.03 shows the average reciprocal relaxation times and the amplitudes
associated with the phases. Figure 1.03a shows the dependence on O2 concentration of
the reciprocal relaxation times for the reaction time course. The result shows that the
first (Figure 1.03b) and the second (Figure 1.03c) phases are linearly dependent on O2
concentration, whereas the third phase appears to be independent of O2 concentration.
The magnitude of the change in the amplitude follows the same trend as the benzoate
concentration dependence, that is, the amplitudes do not change substantially with O2
concentration.
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Table 1.03: Reciprocal Relaxation Times and Amplitudes of O2 Dependent SingleTurnover Rieske Cluster Oxidation4
O2 Concentration (µ
µM)

Reciprocal relaxation time (s-1)

270
360
450
540
630
720
810
900

400

1/ττ1 (amp 1%)

1/ττ2 (amp 2%)

1/ττ3 (amp 3%)

210.2 s-1 (42)
251.8 s-1 (44)
294 s-1 (45)
350.6 s-1 (48)
361.3 s-1 (41)
406.7 s-1 (43)
352.4 s-1 (39)
407.7 s-1 (45)

29.9 s-1 (33)
34.6 s-1 (34)
37.7 s-1 (30)
33.2 s-1 (32)
38.1 s-1 (35)
40.2 s-1 (36)
45.1 s-1 (33)
47 s-1 (30)

4.9 s-1 (25)
6.7 s-1 (22)
7.3 s-1 (25)
5.1 s-1 (20)
8.5 s-1 (24)
5.6 s-1 (21)
7.9 s-1 (28)
8.1 s-1 (25)

First phase

200

Second phase
40
20

Third phase

0
0

200

400

600

800

1000

O2 concentration after mixing (µM)

Figure 1.03a: Effect of O2 concentration on three phases of the electron transfer reaction.
Figure 1.03a shows the dependence of three reciprocal relaxation times of the Rieske
oxidation reaction on O2 concentration. Reduced Wt BZDO (80 µM αβ before mixing)
was mixed with varying amount of O2 saturated buffer in presence of 5 mM benzoate.

4

The reaction was performed at 4 °C. The benzoate concentration was 5 mM (after mixing). The amplitude
figure is presented in % with respect to the total amplitude value.
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Figure 1.03b and 1.03c: Linear fit of the first and the second reciprocal relaxation rates
obtained from the Rieske electron transfer reaction. The experimental procedures are
described in detail in Materials and Methods.
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Single Turnover Chemical Quench and Product Analysis by HPLC
The rate of product formation in the single turnover reaction of Wt BZDO was
determined using the rapid chemical quench method. 200 µL of reduced Wt BZDO (400
µM αβ) was rapidly mixed with equal volume of O2 saturated (1.8 mM) buffer in the
presence of 5 mM benzoate at 4 °C. The reaction mixture was quenched by an equal
volume of methanol at different time points. The procedure is discussed in detail in
Materials and Methods section. BZDO cis-diol standard was prepared using the
previously established single-turnover protocol, which is known to make the correct
product [94]. The product obtained from the chemical quench reaction was quantified
using HPLC.
Figure 1.04 represents the HPLC traces for the product formation for different
time-points obtained from the rapid quench experiment. The peak area for each of the
time-points is integrated and presented in Table 1.03. It is evident from the table that the
product forms very rapidly. In fact, the product formation is complete at the shortest time
point, which is 6 ms. There is no significant increase in the product formation up to 400
ms. This result is consistent with previous studies with NDO, where it has been shown
that the product formation takes place on a very fast time-scale [95]. The product yield
was obtained using the extinction co-efficient ε262 nm 3.35 mM-1cm-1 for benzoate cis-diol
[17]. When normalized with respect to the enzyme concentration after taking into account
the mononuclear iron concentration, the yield was only about 10%. This number is low
compared to the previously published value (approximately 35%), however, it was
reproducibly obtained with other Wt BZDO preparations.
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Figure 1.04: HPLC traces of the rapid chemical quench experiment for Wt BZDO. 200
µL of chemically reduced BZDO (400 µM αβ sites) + 5 mM benzoate were rapidly
mixed with O2 saturated buffer containing 5 mM benzoate at 4 °C. The reaction was
quenched with equal volume of methanol at different time points. The cis-diol elutes at
around 7 minutes at room temperature. No product was observed for the reaction if the
BZDO was not initially reduced. The control reaction was done using oxidized Wt BZDO
in presence of 5 mM benzoate 5.
Table 1.04: Product formation in the Chemical Quench Reaction of BZDO

Time-Point
(milliseconds)

5

Retention Time
(min)

Peak Area

6

7.2 ± 0.1

588500 ± 55E3

10

7.06 ± 0.1

634573 ± 53.6E3

20

7.22 ± 0.05

691631 ± 50E3

50

7.20 ± 0.05

646753 ± 80E3

100

7.18 ± 0.07

664491 ± 80E3

200

6.99 ± 0.04

623157 ± 40E3

400

7.05 ± 0.05

576298 ± 40E3

Control reaction spectrum was kindly provided by Dr. Melanie Rogers.
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Steady-state and Time-Dependent Fluorescence Study with BZDO
To probe the structural changes associated with the reduction-oxidation cycle in
BZDO, fluorescence spectroscopy was used. Intrinsic tryptophan fluorescence change
was monitored for oxidized and reduced BZDO (10 µM αβ) in presence and absence of
benzoate. Figure 1.05 shows the fluorescence change that occurs when the reduced
enzyme in the presence of benzoate reacts with O2. Steady-state fluorescence was
monitored in a Varian Eclipse (CA) fluorescence spectrometer equipped with a
photomultiplier detector. The excitation wavelength was 295 nm and the emission was
monitored at 340 nm. Fluorescence was measured separately for the following: reduced
BZDO, oxidized BZDO + 2 mM benzoate, reduced BZDO + 2 mM benzoate + O2.
Addition of the benzoate anaerobically to the reduced enzyme does not change the
fluorescence significantly (figure 1.05a). Upon oxidation of both metal centers during a
single turnover (reduced BZDO + O2), there is a large fluorescence change. This result is
consistent with the previous structural studies of NDO and OMO [64, 100, 101].
According to those studies, the redox state of the Rieske cluster can modulate the
structure of the active site. The time-course of the fluorescence change was monitored in
a stopped-flow spectrophotometer. Reduced BZDO (10 µM αβ) was rapidly mixed with
O2 saturated buffer in presence of 2 mM benzoate at 4 °C. The excitation wavelength was
295 nm and the emission was recorded using a 320 nm cut-off filter. The trace following
the rapid mixing was fitted to a single exponential time-course with an average rate
constant value of 7.1 s-1. This number is similar to the slowest phase of Rieske oxidation
in Wt enzyme [93].

105

a
Fluorescence intensity

800

Reduced BZDO +
benzoate + O2

Oxidized BZDO +
Benzoate
600

Reduced
BZDO
400

200

Reduced BZDO +
Benzoate(Anaerobic)
0
300

325

350

375

400

wavelength(nm)

Fluorescence intensity

b
4.0
3.8

Fluorescence change of WT
BZDO in presence of Benzoate
Single-exponential fit

3.6
-1

3.4

kobs: 7.11 s

3.2
3.0
2.8

Fluorescence change in
absence of Benzoate
0.2

0.4

0.6

0.8

1.0

Time(Sec)
Figure 1.05: Intrinsic tryptophan fluorescence change in Wt BZDO (10 µM αβ) in the
presence of 2 mM benzoate upon addition of O2. Figure 1.05a shows the fluorescence
change in a static experiment upon addition of O2. Addition of O2 to the reduced enzyme
in presence of substrate rapidly oxidizes both the Rieske cluster and the mononuclear Fe
center. The oxidized, as purified enzyme exhibits a fluorescence spectrum very similar to
that of oxidized enzyme after the single turnover. By comparison, the fluorescence
spectrum of reduced benzoate-bound BZDO is less intense and slightly red shifted. The
excitation wavelength is 295 nm and the emission was recorded at 340 nm. Figure 1.6b
shows the time dependent change in fluorescence measured in a stopped-flow
spectrophotometer. The excitation wavelength is 295 nm and the emission was recorded
using a 320 nm cut-off filter. The experiment was performed at 4 °C.
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Rieske Cluster Environmental Changes During a Single Turnover
To probe for structural changes in the environment of the Rieske cluster during a
single turnover, rapid-scan diode array spectra were recorded after rapid addition of O2 to
reduced BZDO plus benzoate (Figure 1.06a) as described in Materials and Methods
Approximately 70 µM BZDO was mixed with O2 saturated buffer (50 mM MOPS pH
6.9, 100 mM NaCl) in presence of 5 mM benzoate at 4 °C. The absorbance changes at
464 nm shown in Figure 1.06a were used to construct the plot presented in Figure 1.06b.
No other species exhibiting a spectrum that is different than those of oxidized or reduced
BZDO were detected. Consequently, the average trace of the first and the last coincides
perfectly with the trace when the oxidation is halfway through. Thus, there is no evidence
for a conformational change that alters the environment of the Rieske cluster following
oxidation in a way that affects the optical spectrum.
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Figure 1.06: Diode-array spectrum of Rieske cluster oxidation reaction in BZDO. 35 µM
(after mixing) of chemically reduced BZDO was mixed with O2 saturated buffer in the
stopped-flow spectrophotometer in presence of 5 mM benzoate at 4 °C. The buffer used
was 50 mM MOPS pH 6.9, 100 mM NaCl. Figure 1.06a inset shows the expanded 464
nm region. The plot in Figure 1.06b was constructed by selecting individual traces using
the software Pro-data Viewer and Pro-data SX (Applied Photophysics, UK) and the plot
was made using Microcal Origin.
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Discussion
The need for the generation of highly reactive oxygen species during the catalytic
cycles of enzymes carries with it the need to carefully control the activation process to
prevent adventitious reactions. In this chapter, the O2 activation and product formation
reactions of BZDO have been examined by combining transient kinetic, spectroscopic,
and analytical techniques. The formation of product by Rieske dioxygenases involves the
transfer of an electron from the Rieske cluster across the subunit boundary to the
mononuclear iron center [82]. This transfer does not occur unless substrate is bound near
the mononuclear iron center and O2 is available to be activated [93, 94]. Remarkably, it is
shown here and in previous studies that this electron transfer occurs in three kinetic
phases in a single turnover reaction, each separated by nearly an order of magnitude in
reciprocal relaxation time. This occurs despite the subunits are identical, as evident from
the crystal structure of NDO [83]. Moreover, the rate constants for electron transfer are
found to depend on the nature of the substrate, which cannot bind to the mononuclear
iron, and which structural studies indicate is unlikely to be on the electron transfer
pathway [80, 82]. It is our hypothesis that the molecular basis for these observations lies
in the exquisite regulatory mechanism of the enzyme. In the following sections, the
current data are discussed in the context of this regulatory mechanism and compared with
the findings for related Rieske dioxygenase enzymes.
Parallel Versus Sequential Mechanism for Electron Transfer
Multiphase transfer of a single electron from the Rieske cluster to the
mononuclear iron site appears to be a common feature of all Rieske dioxygenases that
have been studied using the single turnover techniques. It was first described using NDO
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and BZDO [94, 95] in our lab. NDO, PDO and Asp 218 variant of AntDO exhibit at least
two and probably three distinct kinetic phases, as we observe for BZDO [77, 79, 93, 94,
118]. For any kinetic process conducted under first order or pseudo first order conditions,
the number of summed exponential phases required to fit a kinetic time course is equal to
the minimum number of reversible or irreversible steps in the reaction. For irreversible
steps, the reciprocal relaxation times (RRTs) of the phases are the rate constants for the
steps. This is not the case for reversible steps where the RRTs are collections of rate
constants defined by the specific mechanism. The correlation between number of steps
and number of phases means that the single turnover oxidation of BZDO must involve at
least three steps.
The three phases in the Rieske oxidation reaction implies that either of two
families of possibilities for the mechanism could be correct. One is that these steps arise
from independent single-step reactions occurring at different rates in parallel (parallel
mechanism). The second possibility is several sequential steps within a single reaction
pathway (sequential mechanism). When considering these mechanisms, it is important to
keep in mind that the observed absorbance change is due to the Rieske cluster. Most or
all of the change arises from the oxidation of the cluster, but it is possible that
conformational changes cause a change in the extinction coefficient of the reduced or
oxidized cluster. Such changes could lead to the observation of steps in the reaction that
are consequences of the redox reaction rather than the reaction itself. Both the parallel
and sequential mechanisms have several possible implementations. For example, each
parallel reaction in a parallel mechanism might have more than one step, each giving rise
to a new phase.
110

The first approach to distinguish sequential from parallel mechanisms is to
observe the effect of the substrate concentration on the reciprocal relaxation times of the
electron transfer. In the simplest case, the three independent reactions for the parallel
mechanism would give rise to three RRTs that are linearly dependent on benzoate
concentration. If each parallel step involves fast reversible binding followed by a slower
step during which the cluster oxidation occurs, then the first RRT will show a linear
concentration dependence while the second shows a hyperbolic dependence. The
introduction of an irreversible first step results in the loss of concentration dependence
for one of the RRTs. If a sequential mechanism applies then only one RRT will show a
linear concentration dependence. The other RRTs will show either approximately
hyperbolic or no substrate concentration dependence depending upon how many steps are
reversibly or irreversibly connected to the substrate binding step, respectively. The results
reported here show that none of the possible substrate dependencies just described
completely apply. At least two of the RRTs depend strongly on substrate concentration
(shown in figures 1.01 c, d, e, f, g and h) confirming that the electron transfer reaction is
dependent on substrate binding. However, both RRTs show a nonlinear, possibly
hyperbolic, concentration dependence. This rules out the simple one-step parallel
mechanism, but either the sequential or the multistep parallel mechanism could give rise
to this dependence, if the binding step itself occurs too rapidly to be observed.
Completely consistent results are observed for the reactions in which 3 and 4fluorobenzoates were used. For these alternative substrates, the reaction rates are slightly
slower, so the RRTs can be determined over a larger range. Hyperbolic substrate
concentration dependencies fit the data well for the faster two RRTs while the slowest
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RRT shows little or no concentration dependence.
The apparent substrate concentration independence of the slowest kinetically
competent RRT for the reaction utilizing each of the substrates tested could arise due to
the occurrence of an irreversible step in a multistep parallel or sequential reaction.
Alternatively, it may be that the RRT is concentration dependent, but the rate of increase
is too small to be detected within the errors in the data.
Another approach to distinguish between parallel and sequential reaction
mechanisms is to evaluate the amplitudes of the observed phases. If all three phases
result from parallel reactions involving purely oxidation of the Rieske cluster, the
extinction coefficients for the observed absorbance changes should be approximately
equal. Moreover, if the concentration of Rieske cluster oxidizing in each parallel reaction
is about the same, then the phase amplitudes will also be similar. In contrast, if a
sequential reaction pertains, some of the absorbance changes will be due to changes in
the environment of the Rieske cluster. These absorbance changes would be likely to have
a much smaller change in extinction coefficient than the oxidation reaction. Detailed
analysis of the amplitude data of substrate dependence behavior reveals that the
amplitudes for each of the phases are similar for each of the substrates used and over a
wide range of substrate concentrations (Figure 1.01j, Table 1.01). The amplitude of the
fastest phase (1/τ1) is about 40% of the total amplitude and the other two (1/τ2 and 1/τ3)
are approximately 30% each. Considering this, it seems that the parallel mechanism
comprising at least two steps best accounts for the multiphasic electron transfer reaction
of BZDO. The hyperbolic dependence on substrate concentration implies that the
association step of the substrate and reduced enzyme is very fast and not observable. This
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is not the case for O2 binding as discussed below.
Oxygen Binding
The second substrate required to observe the Rieske cluster oxidation reaction
during single turnover is O2. As in the case of the organic substrate, observation of the
kinetic time course as a function of O2 concentration may help to differentiate the parallel
and sequential mechanisms for the oxidation reaction. It is shown in Figure 1.03 that the
RRTs of the first two phases of the oxidation reaction are linearly dependent on the O2
concentration. This effectively rules out the sequential mechanism because only one
phase can be linearly dependent if O2 only binds in one step. Because linear
concentration dependences can be observed, it is likely that the O2 binding step is slower
than the organic substrate binding step since the analysis described above suggests that
the latter reaction occurs too rapidly to be observed by stopped-flow.
Small Molecule Binding
It is not unexpected that O2 binding follows organic substrate binding because
previous experiments have shown that substrate triggers an MCD detectable
conformational change in the vicinity of the mononuclear iron, and also causes the
release of a solvent from the metal, presumably to create a binding site for O2 [91]. Also,
we have shown that NO only binds to the fully reduced enzyme after substrate is bound
[93, 94]. One approach to examine the rate of O2 binding is to use NO as an oxygen
surrogate in transient kinetic experiments. NO has been widely used by our group and
others as an O2 surrogate. Unlike O2, NO binding to the mononuclear iron center does not
invoke the electron transfer from the Rieske cluster. Therefore, the association rate of the
small molecule to the iron center can be determined. The association rate constant
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determined here by monitoring the chromophore of the resulting Fe2+-NO complex is
determined to be 220 ± 30 s-1 at a concentration comparable to that of saturated O2 in the
single turnover experiments. This value is similar to that of the fastest phase (250 ± 30 s1

) of the Rieske cluster oxidation reaction [93]. Therefore, we conclude that the fast

substrate binding phase is followed by O2 binding, which triggers the rapid electron
transfer.
Electron Transfer Rate Versus O2 Binding Rate
In the studies reported here, the increase in the Rieske cluster chromophore as an
electron is transferred to the mononuclear iron site is used to monitor the oxidation
reaction. However, it is unlikely that the electron transfer will be rate-limiting in this
process, as the crystal structure of NDO reveals that the shortest distance between the
Rieske cluster and the mononuclear iron center is only 12 Å. Moreover, these two metal
centers are connected by a conserved Asp residue that is proposed to provide a throughbond electron transfer pathway. According to the well-established theories for electron
transfer in proteins, a through-bond transfer over this short distance should be at least 3 to
4 times higher than the observed rate-limiting step for the electron transfer reaction [119].
Thus, we propose that the electron transfer merely provides a means to follow the rate
limiting process, which appears to be O2 binding after the organic substrate binds.
Origin of the Three Phases in the Parallel Mechanism
If the analysis given here is correct, it suggests that the Rieske oxidation during a
single turnover occurs in 3 parallel reactions. There are many possibilities for the nature
of these reactions. One possibility suggested by the trimeric nature of the enzyme, is that
the three sites function at different rates. However, it is also possible that, due to the
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lability of the mononuclear iron, different populations of enzymes exist with 1, 2, and 3
sites occupied per enzyme and these forms have different activities for the sites that are
occupied. Two observations argue in favor of the first possibility. First, the three phase
reaction has been observed in many different preparations of BZDO with widely varying
mononuclear iron content, as well as in NDO, PDO and AntDO. Second, the amplitude
analysis suggests that the three phases derive from three approximately equally populated
forms of the enzyme. This is reproducible and does not correlate with the statistical
distribution of enzymes with 1, 2, and 3 mononuclear iron sites occupied.
Chemical Quench and Fast Product Formation
Structural studies show that the three subunits of NDO are identical. Thus, it is
reasonable to ask why they become kinetically distinct as the current analysis indicates.
Some insight into this problem derives from the chemical-quench experiment of the
BZDO single turnover. HPLC analysis of the product formation shows that there is no
significant increase in the product yield after 6 ms, which is longer than the t1/2 of the
fastest phase of the Rieske oxidation but much shorter than the t1/2 values for the slower
phases. If this phase derives from one of the three reactions, then the other two reactions
do not yield product during the Rieske cluster oxidation. Indeed, the mononuclear iron
also oxidizes completely during a single turnover, so it too oxidizes without yielding
product. This suggests that O2 activation can occur, but the reaction to hydroxylate the
aromatic substrate is not completed. It is likely that this reaction requires precise
alignment of the activated oxygen species and the substrate, as is common in oxygenase
reactions. Uncoupling often occurs when using altered substrates or in mutated enzymes.
Neither is the case here, but the single turnover differs from normal turnover by the lack
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of an electron supplying component(s) that would normally reduce the Rieske cluster and
mononuclear site as soon as they become oxidized. Indeed, we have proposed that this is
the mechanism for product release from the active site. We have shown using MCD and
ENDOR studies that there is a conformational change that occurs as the Rieske cluster is
oxidized [91, 100, 101]. This involves a change that propagates across the subunit
boundary. Given the tightly integrated nature of the trimeric structure, it is possible that
the conformational change occurring at one subunit boundary affects the critical
interaction of the other subunit boundaries for active sites that have not yet reacted. This,
in turn, may affect the active site structure sufficiently to uncouple product formation.
Conformational Change During the Redox Cycle
The most direct evidence for the cross-boundary regulatory conformational
change of Rieske oxygenases derives from the crystal structure of OMO (a Rieske
monooxygenase), which clearly demonstrates a change in the conformation of some
residues in the active site in response to the oxidation state of the cluster. The distances
between the Rieske cluster, the bridging aspartate (Asp 218) and His 221 (ligand to the
catalytic iron center) are different in the Rieske oxidized state compared to when the
Rieske cluster is reduced. The hydrogen bonding pattern among these residues changes as
well. This finding is fully consistent with the ENDOR studies of NDO conducted by our
laboratory.
Here we have attempted to find evidence for a structural change using
fluorescence spectroscopy in conjunction with stopped flow kinetics. Upon reduction of
the Rieske cluster, there is a large decrease in the fluorescence intensity and a small red
shift when substrate is present. This is not due to self-absorption of the fluorescence
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because the absorbance of the cluster decreases during reduction. If the fluorescence
change is diagnostic of the conformational change proposed here to uncouple product
formation, then it should occur on a time-scale comparable to the fast phase of the
reaction. However, the time-course for fluorescence change matches instead the slowest
phase of Rieske oxidation reaction. The RRT for this slow phase is also similar to the
turnover number for the enzyme, so it may be that conformational change detected by
monitoring intrinsic Trp fluorescence is related to product release. However, it does not
appear to be related to regulation of oxygen activation.

Conclusion
The current data suggest that the Rieske dioxygenase BZDO reacts during a single
turnover in three discrete parallel reactions, only one of which yields cis-diol product
Similar three-phase processes have been reported for all other Rieske oxygenases studied
in a similar manner. Thus, it seems likely that allosteric effects play an important role in
the single turnover Rieske oxidation reaction. We hypothesize that the same
conformational changes that are necessary to insure that oxygen is not activated in the
absence of substrate and two electrons, are propagated to other subunit interfaces to cause
the opposite effect. This is contrary to the tight control of oxygen activation observed for
this and other oxygenases, but it may occur because the single turnover artificially causes
the carefully orchestrated series of redox, binding, and conformational change reactions
to occur out of order. In this case, a conformational change is forced to occur before
oxidation of the Rieske cluster. Evidence for this has come from our other studies of the
Rieske dioxygenase family. For example, the peroxide shunt of BZDO is very slow
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because the enzyme is in the wrong oxidation state (and hence the wrong conformation)
to bind substrate rapidly. During normal catalysis, rapid electron transfer from redox
components keeps the reaction and its regulation in synch. Although no spectroscopic
evidence for an inactive intermediate species have been found using UV-Visible or
fluorescence spectroscopy, it is possible that once all of the subunits are oxidized, the
whole enzyme collapses to an altered structure along the way to that required to release
the product or bind reducing partners.
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Chapter 2:
Near-IR Magnetic Circular Dichroism Spectroscopic
Study of Naphthalene 1,2-dioxygenase6,7

6

Reproduced in part with permission from Ohta, T., Chakrabarty, S., Lipscomb, J. D., Solomon, E.I.;
Journal of the American Chemical Society, 2008. 130(5): p. (1601-1610.) Copyright 2008 American
Chemical Society.
7
Preparation of the enzyme, enzyme-substrate complex and all the kinetic work described in this chapter
was done in the laboratory of John D. Lipscomb, University of Minnesota. The MCD spectroscopic work
was done in the laboratory of Edward I. Solomon, Stanford University.
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Near-IR MCD and variable temperature, variable field (VTVH) MCD have been
applied to naphthalene 1,2-dioxygenase (NDO) to describe the coordination geometry
and electronic structure of the mononuclear nonheme ferrous catalytic site in the resting
and substrate-bound forms with the Rieske [2Fe - 2S] cluster oxidized and reduced. The
structural results are correlated with the crystallographic studies of NDO and other
related Rieske nonheme iron oxygenases to develop molecular level insights into the
structure/function correlation for this class of enzymes. The MCD data for resting NDO
with the Rieske center oxidized indicate the presence of a six-coordinate high-spin
ferrous site with a weak axial ligand which becomes more tightly coordinated when the
Rieske center is reduced. Binding of naphthalene to resting NDO (Rieske oxidized and
reduced) converts the six-coordinate sites into five-coordinate (5c) sites with elimination
of a water ligand. In the Rieske oxidized form the 5c sites are square pyramidal but
transform to a 1:2 mixture of trigonal bipyramial/square pyramidal sites when the Rieske
center is reduced. Thus, the geometric and electronic structure of the catalytic site in the
presence of substrate can be significantly affected by the redox state of the Rieske center.
The catalytic ferrous site is primed for the O2 reaction when substrate is bound in the
active site in the presence of the reduced Rieske site. These structural changes ensure that
two electrons and the substrate are present before the binding and activation of O2, which
avoids the uncontrolled formation and release of reactive oxygen species.
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Introduction
Rieske non-heme dioxygenases are NADH dependent multi-component enzymes,
which catalyze dihydroxylation of the aromatic compounds in a stereo and regiospecific
manner. The product of the reaction is a cis-diol of a single, stereospecific conformation.
This cis-dihydroxylation is the first step in the biodegradation process of aromatic
compounds; therefore attracting interest in bioremediation technology [16].
Understanding the mechanism also leads to efficient synthetic applications such as
production of a particular stereoisomer.
Rieske dioxygenases contain a non-heme mononuclear iron, which is coordinated
to two His and an Asp/Glu residue. This coordination environment is popularly known as
2 His-1-Carboxylate facial triad [120] and it is believed to be an optimum environment
for the catalytic function of non-heme iron [121]. Although a number of Rieske
dioxygenases have been studied by various spectroscopic and structural methods, much
less had been known about the active site in this enzyme family compared to the heme
systems as the non-heme iron centers are less spectroscopically accessible, particularly at
the ferrous (+2) oxidation level.
Among the ring hydroxylating Rieske dioxygenases, naphthalene dioxygenase
system (NDOS) and its oxygenase component (NDO) is most thoroughly studied.
Spectroscopic and kinetic studies established that NDO can catalyze the cisdihydroxylation of naphthalene in a single turnover reaction if both the Rieske and
mononuclear non-heme iron centers are reduced [94]. It was further shown that the
binding of the O2 surrogate nitric oxide (NO) to the ferrous catalytic site is regulated by
both binding of substrate and the reduction of the Rieske [2Fe-2S] cluster, suggesting that
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structural reorganization occurs at the vicinity of the ferrous site during these steps [94].
There is, in fact, evidence from crystallography for an allosteric effect of the redox state
of the Rieske site in 2-oxoquinoline 8-monooxygenase or OMO [64]. It was found that
reduction of the Rieske [2Fe-2S] cluster modulates the resting ferrous catalytic site
through a chain of conformational changes across the subunit interface, resulting in the
displacement of the non-heme iron and its histidine ligand away from a substrate binding
site. The resting ferrous catalytic site changes its coordination number from five- to sixcoordinate, which would be relevant to the inhibition of NO binding to resting ferrous
sites with the Rieske center reduced as found for NDO and other RDOs [79, 93, 122].
However, the crystal structure of the catalytic ferrous site in NDO with a reduced Rieske
center is modeled as five-coordinate [81], inconsistent with the results found for OMO.
Binding of a substrate to the active site of RDOs is a key step in regulation of the
reactivity toward O2. Using near-infrared (NIR) MCD spectroscopy, we and others have
previously studied the Rieske dioxygenase phthalate dioxygenase (PDO) [123, 124], and
found that the resting PDO enzyme with the Rieske center oxidized showed features
indicative of a six-coordinate ferrous site; substrate binding converted the site to two
different five coordinate species. This six- to five-coordinate conversion upon substrate
binding to the resting enzyme is in line with a general mechanistic strategy observed for
other non-heme iron containing oxygenases where substrate binding leads to a
coordinatively unsaturated ferrous site for the O2 reaction [16, 120, 125]. However, the
crystal structures of the catalytic ferrous sites in the resting and substrate-bound forms of
NDO (with the Rieske center reduced) did not show a significant change in coordination
environment maintaining five-coordinate structures [81]. In addition, the five coordinate
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ferrous catalytic site in OMO with the Rieske center oxidized also does not show a
change in coordination number when a substrate is bound to the active site [64]. Thus
spectroscopy and currently available crystal structure data have provided different
descriptions of the structural mechanism for the catalytic ferrous site in Rieske
oxygenases.
Thus it is important to study a Rieske dioxygenase such as NDO with NIR MCD
and VTVH MCD where crystallographic information is available for correlation with
spectroscopy to determine whether the coordination geometry and electronic structure of
the catalytic ferrous site are synergistically modulated with binding of substrate and
reduction of the Rieske center. It should be noted that temperature-dependent MCD
intensity requires a paramagnetic ground state. Since the oxidized Rieske center has two
ferric S = 5/2 Fe2+ ions antiferromagnetically coupled to generate an S = 0 ground state,
it will not contribute to the temperature-dependent MCD signal. The reduced Rieske site
has an S = 5/2 Fe3+ ion antiferromagnetically coupled to an S = 2 Fe2+ ion to generate an
S =1/2 ground state. While this is paramagnetic and will contribute to the temperaturedependent MCD, previous studies have shown that, in the ferrous d-d transition energy
region, the contributions of the reduced Rieske center are comparable in
magnitude to that of the ferrous catalytic site. This signal can be subtracted out, using an
apoenzyme which lacks the catalytic ferrous center but contains the Rieske site.
In this chapter NIR MCD and VTVH MCD studies of NDO have been described
addressing the coordination geometry and the electronic structure of the catalytic ferrous
site in the resting and substrate-bound forms with both oxidized and reduced Rieske sites.
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These studies allow correlation with the crystal structures of NDO and other Rieske
oxygenases and provide molecular level mechanistic insights for this class of enzymes.

Experimental Procedure
Chemicals
All commercial reagents were used without further purification: MES (Sigma),
naphthalene (99+%; ACROS), EDTA (99+%; Aldrich), 2,2‘-dipyridyl (99+%; Fluka),
D2O (99.9% atom % D; Cambridge Isotope Laboratories), d3-glycerol (98% atom % D;
Cambridge Isotope Laboratories), NaOD (Sigma), sodium dithionite (Sigma).
Protein and Sample Preparation
All experiments were performed using NDO purified from Pseudomonas sp.
NCIB 9816-4, as described previously [94]. Mononuclear iron remaining in the isolated
and purified NDO was removed by dialysis using a 100 mM MES buffer (pH 6.8)
containing 10 mM EDTA and 5 mM 2,2`-dipyridyl for 15-20 h, followed by dialysis
using a 100 mM MES buffer (pH 6.8) for 15-20 h in a cold room. The apo NDO enzyme
with the Rieske center oxidized (apoNDOox) was further run through a Chelex-100
(Sigma) column in 100 mM MES (pH 6.8) to remove any remaining iron. The apoNDO
samples were then exchanged into a deuterated 100 mM MES buffer (pD 6.4), and
diluted 50% (v/v) by anaerobic addition of d3-glycerol. The concentrations of apoNDOox
samples were determined via their absorbance at 280 nm, using ε =129 mM (αβ)-1 cm-1.
The holo NDO enzyme, FeNDOox, was made by the addition of 0.9 equiv of a degassed
stock solution of Fe(NH4)2(SO4)2· 6H2O in D2O to the apoNDOox-glycerol-d3 solution.
For preparation of naphthalene-bound NDO samples, both apoNDOox and FeNDOox
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samples were exchanged into a naphthalene-saturated buffer (50% (v/ v) degassed
glycerol/100 mM MES buffer at pD 6.4) by centrifugation in microcon concentrators
(Microcon, Millipore) in a refrigerated microfuge in a glovebox. The concentration of
naphthalene in the MES buffer/glycerol (50:50) was determined as 400 µM using 6000
M-1 cm-1 at 275 nm8 [126]. Reduced Rieske samples (apoNDOred and FeNDOred) were
prepared by the anaerobic addition of excess sodium dithionite to the oxidized Riske
samples of apoNDOox and FeNDOox.
NIR MCD Spectroscopy
NDO samples for NIR MCD spectroscopy were in the form of a glass with 50%
(v/v) degassed d3-glycerol, 100 mM MES buffer at pD 6.4 and were typically 0.6 to 0.9
mM in active sites. Samples were injected anaerobically into an MCD cell made by
compressing a 0.3 cm thick neoprene gasket between two quartz plates. Low-temperature
NIR MCD spectra were obtained using either a JASCO 200D or JASCO 730
spectropolarimeter with a liquid N2 cooled InSb detector equipped with an Oxford
Instruments Spectromag 4000 superconducting magnet/cryostat (Oxford SM4000-7 Tesla
(T)). The MCD spectra shown were recorded at 5 K and 7 T with the natural CD (0 T)
subtracted unless otherwise stated. To obtain the MCD spectrum of the mononuclear
ferrous site of NDO, the MCD spectrum of a matched apoNDO sample was subtracted

8

There are no Kd values in literature for naphthalene dioxygenases because the substrates are colorless, the
binding is tight, and the Rieske cluster masks small spectroscopic changes from the Fe2+. A value for the
Km from steady state kinetics is 12 µM (Lipscomb et al., unpublished results). The reaction is completely
saturated by 300 µM and mostly saturated at 100 µM. We have estimated Kd by competition with ANS
which is fluorescent when bound to NDO. From this the Kd for naphthalene is in the range 20-40 µM
(Lipscomb et al., unpublished results). For the studies presented here the yield of NDOox-Naph (Kd ≈ 30
µM) and NDOred- Naph (Kd = 12 µM) can be estimated as 88% and 96%, respectively.
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from that of FeNDO. The matched apoNDO sample came from the same degassed
protein stock solution of FeNDO. VTVH MCD spectra were collected at a range of
magnetic fields at each chosen temperature, measured using a calibrated Cernox resistor
(Lakeshore Cryogenics, calibrated 1.5- 300 K) inserted into the sample cell to accurately
measure the temperature. VTVH MCD data were collected at an energy where there
is no contribution of the apoNDO; thus the VTVH behavior of the signal intensity can be
associated with the mononuclear ferrous site. The VTVH MCD data were normalized to
the maximum observed intensity over all isotherms for a given wavelength, and the
ground-state parameters were extracted by fitting in accordance with published
procedures [127].
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Results
MCD Spectrum of Oxidized NDO(NDOox)
The 5K 7T MCD spectrum of resting NDO with the oxidized Rieske site is shown
in Figure 2.01A. NIR MCD spectroscopy is a powerful method for observing the 5Eg
excited state LF splitting (∆5Eg) of non-heme ferrous active sites, which allows
assignment of the ferrous coordination number (six coordinate: two LF transitions
centered at 10000 cm-1 split by ~2000 cm-1; five-coordinate: one LF transition at ~10000
cm-1 and second LF transition at ~5000 cm-1; four-coordinate: two LF transitions at
~5000-6000 cm-1) [127, 128]. The low temperature MCD spectrum of FeNDOox
indicated by the gray line exhibits two peaks at ~8000 and 9700 cm-1, which includes
spectroscopic contributions from both the oxidized Rieske site and the catalytic ferrous
site. The apo spectrum shown by the gray dashed line is the temperature-independent
MCD signal of the S = 0 diamagnetic oxidized Rieske site. The difference spectrum
indicated with the dark green line obtained by subtracting the MCD spectrum of
apoNDOox from that of FeNDOox revealed two d-d transitions centered at ~9300 cm-1
with the 5Eg split by 2750 cm-1 (∆5Eg) indicative of a distorted six-coordinate ferrous site,
in agreement with the previous MCD study of the resting PDO. The ∆5Eg splittings of
resting NDO are relatively large compared to the splittings observed for PDO [79, 94]
and other nonheme iron containing oxygenases [45, 128-136], indicative of the presence
of a relatively weak axial ligand at the ferrous site of resting NDO.
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Figure 2.01: Ligand field MCD and VTVH MCD data for resting NDO with
oxidized Rieske. (A) MCD spectra at 5 K and 7 T of resting NDO; FeNDOox (gray line),
apoNDOox (gray dashed line), and the difference (FeNDOox - apoNDOox) (dark green
line) spectra. (B) VTVH saturation magnetization behavior of resting NDO with oxidized
Rieske measured at 7810 cm-1 (1) and 10 200 cm-1 (2). The normalized data are plotted vs
βH/2kT for a series of fixed temperatures (1.7, 2, 3, 5, 7, 10, 15, 25 K). The temperature
of isotherm curves increases as the color of curves changes from purple to red in the
spectral color order. Errors in the intensities are also shown by error bars. The best fit
(solid lines) to the data was generated by the parameters described in Table 2.1
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MCD Spectrum of Oxidized NDO-Naphthalene (NDOox-Naph)
Figure 2.02A shows the 5K 7T MCD spectra of naphthalene-bound holo and apoNDO with the Rieske site oxidized. The gray line is the spectrum of FeNDOox-Naph, the
gray dashed line is of the apoNDOox-Naph, and the navy line is the difference spectrum
(FeNDOox-Naph - apoNDOox- Naph). Although the apoNDOox-Naph spectrum is
essentially the same as that of apoNDOox, the spectrum of FeNDOox- Naph exhibits a
large increase in signal intensity at ~10000 cm-1 compared to the spectrum of FeNDOox
(Figure 2.01A). The difference spectrum (navy line) clearly demonstrates the presence of
a single intense MCD band at 10290 cm-1, which suggests formation of a five-coordinate
ferrous site. A five coordinate site also has a second ligand transition in the energy
range of ~5000 cm-1, which is not observed in FeNDOox- Naph but can be below the
instrument cutoff.
VTVH MCD spectroscopy was applied to probe the ground state splitting by
monitoring the signal intensity at 13040 cm-1 (position 1 in Figure 2.02A) for a series of
different fields at fixed temperatures. At this transition energy, only the mononuclear
ferrous site contributes to the MCD signal intensity because the MCD spectrum of
apoNDOox-Naph has a crossing point. Figure 2.02B shows these data plotted vs βH/2kT,
along with the best fit to the data. The saturation magnetization behavior is well
described by the negative ZFS non-Kramers model, and the ground-state spin
Hamiltonian parameters are listed in Table 2.01. The decrease in the nesting of the
isotherm curves in Figure 3B compared to the curves observed for a six-coordinate
ferrous site in FeNDOox in Figure 2.02B reflects a smaller δ value of 3.3. Using the δ
and g║ from the VTVH MCD fit, the 5T2g energy splittings are -∆ = 800 and V = 500
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cm-1, which are typical for a five-coordinate site. Thus, from the MCD spectrum and
VTVH MCD data, FeNDOox-Naph contains a high-spin ferrous catalytic site with a fivecoordinate geometry. The formation of a five-coordinate site is consistent with the high
intensity of the MCD signal compared with the signal from a six-coordinate site in
FeNDOox. A five-coordinate site would have increased absorption intensity relative to a
six-coordinate site, because its low symmetry allows higher energy intense transitions to
mix into parity forbidden d-d transitions. MCD intensity is proportional to absorption
intensity [137].

Table 2.01: Summary of VTVH MCD Analysis
NDOox
Transitions

7950

∆5Eg

2750

10700

NDOox-Naph

NDOred

10290

8060

>5290

2290

NDOred-Naph

10350

8165

10575

>3165

>5575

δ/cm-1

3.7 ± 0.1 3.7 ± 0.1

3.3 ± 0.1

3.0 ± 0.1

3.0 ± 0.1

1.2 ± 0.19

3.8 ± 0.1

g

9.3±0.1 9.3±0.1

8.9 ± 0.1

9.2 ± 0.1

9.3 ± 0.1

8.5 ± 0.18

9.0 ± 0.1

450 ± 125 450 ± 125 800 ± 150

310 ± 50

350 ± 50

-∆/cm-1

10

700±

200
|V/2∆|
V

0.18 ± 0.01 0.18 ± 0.01 0.30 ± 0.01 0.14 ± 0.01 0.14 ± 0.01
160 ± 50

160 ± 50

500 ± 110

90 ± 20

100 ± 20

9

Mz/Mxy

-0.6

-0.5

-0.2

0.04

-0.2

1.0

B-term

1.1

4.3

1.0

0.5

1.9

2.28

9

-1

-1

0.30±0.01

9

425 ± 135
8

-0.2
1.2

VTVH MCD data analyses obtained at 8890 cm provided δ of 1.4 (0.1 cm ), g║of 8.5 (0.1), Mz/Mxy of
-1.0%, and B-term of 2.3%.
10 5
T2g Hamiltonian not applicable to the trigonal bipyramidal 5E′′.

130

Figure 2.02: Ligand field MCD and VTVH MCD data for naphthalene-bound NDO with
oxidized Rieske. (A) MCD spectra at 5 K and 7 T of naphthalene bound NDO with
oxidized Rieske; FeNDOox-Naph (gray line), apoNDOox-Naph (gray dashed line), and
the difference (FeNDOox-Naph - apoNDOox-Naph) (navy line) spectra.
(B) VTVH saturation magnetization behavior of naphthalene-bound NDO with oxidized
Rieske measured at 10340 cm-1 (3). The normalized data are plotted vs βΗ/2kT for a
series of fixed temperatures (2,3,5,10,15,25 K). The temperature of isotherm curves
increases as the color of curves changes from purple to red in the spectral color order.
Errors in the intensities are also shown by error bars. The best fit (solid lines) to the data
was generated by the parameters described in Table 2.01.
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MCD Spectrum of Reduced NDO (NDOred)
The reduced Rieske site with a paramagnetic S = 1/2 ground state shows C-term
MCD intensity. Therefore, to access the spectroscopic data on the ferrous catalytic site in
resting NDO with the Rieske site reduced, we recorded the MCD spectra of both
FeNDOred and apoNDOred from the same batch of stock protein under identical
conditions, and the apo contribution was subtracted from the FeNDOred spectrum. Figure
2.03A shows the 5K 7T MCD spectrum of resting NDO with the Rieske site reduced.
The gray line is the spectrum of FeNDOred, the gray dashed line is of the apoNDOred,
and the green line is their difference spectrum. The MCD spectrum of apoNDOred
reveals that the signal due to the Rieske center has changed considerably, providing direct
spectroscopic evidence that the two sets of samples are indeed in different oxidation
states, conditions that are difficult to ascertain and maintain in crystallographic
experiments. The difference spectrum shows two peaks centered around 9200 cm-1,
implying the presence of a six-coordinate ferrous catalytic site. The smaller ∆ = 5Eg
splitting of 2290 cm-1 compared to the 2750 cm-1 splitting observed for the ferrous site in
FeNDOox (in Figure 2.02A) indicates that the weak axial ligand in the nonheme ferrous
site becomes stronger upon reduction of the Rieske site.
VTVH MCD data on the nonheme ferrous site were obtained at 8810 cm-1
(position 1 in Figure 2.03A) and 10010 cm-1 (position 2 in Figure 2.03A) for a series of
different fields at fixed temperatures. At these transition energies, the apoNDOred
spectrum of the S = 1/2 Rieske center (dashed line in Figure 2.03A) has no MCD signal
intensity. Figure 2.03B shows these data plotted vs βH/2kT, along with the best fit to the
data. The saturation magnetization behaviors at these transition energies are well
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described by the negative ZFS non-Kramers model. The ground-state spin Hamiltonian
parameters obtained from the fits to the data are g║= 9.3 and δ = 3.0 cm-1 for both bands
as listed in Table 2.01. The 5T2g splittings are determined from these to be -∆ ≈ 330 cm-1
and V ≈ 95 cm-1, which are in a range for distorted octahedral six-coordinate ferrous sites.
The difference in saturation behavior between the 8810 and 10010 cm-1 transition
intensities again reflects the different contributions from the B-terms and polarization
ratios (Table 2.01). Thus, from the MCD and VTVH MCD data, resting FeNDOred
contains a high-spin ferrous active site with a six coordinate distorted octahedral
geometry. The rhombicity |V/2∆| of 0.14 is a little smaller than that of NDOox (0.18),
which would seem inconsistent with the lower 5Eg excited-state splitting. However, the
excited-state splitting pattern depends on σ d-orbital interactions with the ligands, while
the ground state splittings reflect π d-orbital interactions with the ligands, in particular
the carboxylate [121, 138]. Importantly, -∆ and V both decrease in FeNDOred compared
to FeNDOox consistent with a stronger sixth ligand. Thus, upon reduction of the Rieske
site, a structural change is transmitted across the subunit interface to the ferrous site,
which results in stronger axially coordinated water, while the π-donor carboxylate
ligation becomes perturbed. Importantly, the MCD spectral features of the ferrous
catalytic site in FeNDOox and FeNDOred are generally the same, and thus alteration of
the redox state of the Rieske site does not significantly affect the coordination number of
the mononuclear ferrous site in the absence of a substrate.
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Figure 2.03: Ligand field MCD and VTVH MCD data for resting NDO with
reduced Rieske. (A) MCD spectra at 5K and 7T of resting NDO with reduced Rieske;
FeNDOred (gray line), apoNDOred (gray dashed line), and the difference (FeNDOred apoNDOred) (light green line) spectra. (B) VTVH saturation magnetization behavior of
resting NDO with reduced Rieske measured at 8810 cm-1 (1) and 10010 cm-1 (2). The
normalized data are plotted vs βH/2kT for a series of fixed temperatures (1,2,3,5,7,10,15,
25 K). The temperature of isotherm curves increases as the color of curves changes from
purple to red in the spectral color order. Errors in the intensities are also shown by error
bars. The best fit (solid lines) to the data was generated by the parameters described in
Table 2.01.

134

MCD Spectrum of Reduced NDO-Naphthalene (NDOred-Naph)
Figure 2.04A shows the 5K 7T MCD spectra of naphthalene bound NDO with the
reduced Rieske site. Although the spectral features of apoNDOred-Naph shown by the
gray dash line are essentially the same as those of apoNDOred, there is a difference in the
spectral pattern between FeNDOred-Naph (shown by the gray line) and the
corresponding substrate free form, in particular an increase of the MCD signal at ~11000
cm-1 in the substrate-bound form. The MCD difference spectrum (FeNDOred-Naph apoNDOred-Naph) indicated by the aqua line exhibits two bands at 8165 cm-1 and 10575
cm-1.
VTVH MCD data were used to assign the species associated with the new bands
by monitoring the MCD intensity at 8890 (position 1 in Figure 2.04A) and 10010 cm-1
(position 2 in Figure 2.04A) for a series of different fields at fixed temperatures. Again, at
these energies the reduced Rieske site in apoNDOred-Naph does not exhibit signal
intensity, which enables VTVH MCD analysis on the ferrous catalytic site. Figure 2.04B
shows these data plotted vs. βH/2kT, along with the best fits. However, a band fitting
analysis of the two MCD signals of NDOred-Naph indicates that the MCD signal
intensity at 8890 cm-1 has a 65% contribution from a band centered at 8165 cm-1 and 35%
from a 10575 cm-1 band. The VTVH MCD data obtained at 10010 cm-1 has no
contribution from the lower energy band. To access the VTVH MCD data for the 8165
cm-1 band, normalized VTVH MCD intensities experimentally obtained from the VTVH
MCD analysis at 8890 cm-1 were corrected for the 35% contribution from the 10575 cm-1
band (at 7T, 5K) and renormalized. This was accomplished by subtraction of 35% of the
intensity of normalized VTVH MCD data collected at 10010 cm-1 from the normalized
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VTVH MCD intensities experimentally obtained at 8890 cm-1. The resulting curves were
then renormalized. Figure 2.04C shows these data plotted vs βH/2kT, along with the best
fit. The saturation magnetization behaviors of both bands are well described by the
negative ZFS non-Kramers model, but in contrast to FeNDOox-Naph, fits to FeNDOredNaph can only be achieved by using different ground-state parameters for the two
transitions as listed in Table 2.01. The energy of the LF transitions observed for each
species and the VTVH MCD data indicate the presence of two different five-coordinate
ferrous sites. The second, low energy, LF transition would be below the 5000 cm-1 cutoff
of our NIR MCD instruments. The species associated with the 10000 cm-1 MCD
transition is characterized by a δ of 3.8 cm-1 and g║ of 9.0. The 5T2g splittings calculated
from those spin Hamiltonian parameters are almost the same as those obtained for the
oxidized substrate bound form indicative of a square pyramidal ferrous site; thus the
species associated with the 10000 cm-1 band in FeNDOred-Naph is equivalent to the five
coordinate ferrous site found for FeNDOox-Naph. The decreased MCD signal intensity
of NDOred-Naph compared to FeNDOox- Naph at 10000 cm-1 indicates that
approximately one-third of the square pyramidal sites is converted to a second 5c species
in FeNDOred-Naph (Figure 2.04C). This species is associated with 8165 cm-1 band and is
characterized by a small δ value of 1.2 cm-1 which is consistent with a five-coordinate
trigonal bipyramidal ferrous catalytic site. The small value of δ for the trigonal
bipyramidal site reflects the out-of-state interaction of the spin-orbit coupling of the
5

E′′ ground state with both the 5E′ and 5A1 excited states [127, 138]. For the square

pyramidal ferrous site the spin-orbit coupling is in-state (5T2g) which leads to a larger
zero field splitting.
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Figure 2.04: Ligand field MCD and VTVH MCD data for naphthalene-bound NDO with
reduced Rieske. (A) MCD spectra at 5 K and 7 T of naphthalene bound NDO with reduced
Rieske; FeNDOred-Naph (gray line), apoNDOred-Naph (gray dashed line), and the
difference (FeNDOred-Naph - apoNDOred-Naph) (aqua line) spectra.
(B) VTVH saturation magnetization behavior of naphthalene-bound NDO with reduced
Rieske measured at 8890 cm-1 (1) and 10010 cm-1 (2). The normalized data are plotted vs
βH/2kT for a series of fixed temperatures (1,3,5,7,10,15,25 K). The temperature of
isotherm curves increases as the color of curves changes from purple to red in the spectral
color order. Errors in the intensities are also shown by error bars. The best fit (solid lines) to
the data was generated by the parameters described in Table 2.01.
(C) Corrected VTVH saturation magnetization behavior of naphthalene-bound NDO with
reduced Rieske obtained by subtraction of 35% of the intensities of normalized VTVH MCD
data calculated at 10010 cm-1 from the normalized VTVH MCD intensities experimentally
obtained at 8890 cm-1. The normalized data are plotted vs. βH/2kT for a series of fixed
temperatures (1,3,5,7,10,15,25 K). The temperature of isotherm curves increases as the color
of curves changes from purple to red in the spectral color order. Errors in the intensities are
also shown by error bars. The best fit (solid lines) to the data was generated by the
parameters described in Table 2.01.
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d-Orbital Energy Levels
From the experimental excited state splittings and ground-state VTVH MCD
analyses, experimental d-orbital energy level diagrams have been constructed for the
ferrous catalytic sites in FeNDOox, FeNDOox-Naph, FeNDOred, and FeNDOred-Naph
(Figure 2.5). For the resting NDO enzymes (FeNDOox and FeNDOred in the first and
third columns), the observed 5Eg excited-state d-orbital energies at ~8000 and 10000 cm-1
are consistent with a distorted six coordinate ferrous center. The 5T2g ground-state dπorbitals lie at 0, 160, and 530 cm-1 and at 0, 95, and 385 cm-1 in FeNDOox and
FeNDOred, respectively, which are typical splittings observed for six-coordinate
complexes with oxygen and nitrogen ligand sets [121, 127, 138]. The energies of these
five d-orbitals are similar, implying that, in the absence of substrate, the geometric and
electronic structure of the catalytic ferrous site are not significantly perturbed with
change in the redox state of the Rieske site. This is in contrast to the X-ray crystal study
of OMO but consistent with the observation that O2 does not bind to the ferrous
mononuclear iron in the absence of substrate for either redox state of the Rieske cluster
[94]. The observed excited-state energy for the substrate-bound NDO with the oxidized
Rieske site (FeNDOox-Naph) occurs at 10290 cm-1. The ground-state LF splittings of 0,
500, and 1050 cm-1 are in the range found for five-coordinate square pyramidal
geometries [121, 127, 138]. Therefore, a six- to five-coordinate conversion of the
nonheme ferrous catalytic site occurs upon substrate binding to the resting NDO enzyme.
Again this result is not consistent with the crystallography on Rieske oxygenases but in
line with solution studies which showed rapid oxygen binding following addition of
substrate when the Rieske center is reduced [137] .
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Upon reduction of the Rieske site in the substrate bound form, two different fivecoordinate species are generated in a 2:1 mixture (fourth and fifth columns in Figure
2.05). The observed excited-state energy of the five-coordinate square pyramidal species
is 10 575 cm-1, and the 5T2g ground-state dπ-orbital splittings are 0, 425, and 910 cm-1.
The trigonal bipyramidal five-coordinate species exhibits an LF transition at 8165 cm-1.
A trigonal ferrous LF produces a 5E′′ ground state with (dxy, dyz) lowest in energy, a
5

E′ (dx2-y2, dxy) as the first excited state, and a 5A1′ (dz2) as the highest LF excited state.

Thus, there is a large change in the geometric and electronic structure of the catalytic
ferrous site upon reduction of the Rieske site in the presence of substrate, which could
contribute to its O2 reactivity.
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Figure 2.05: Experimentally determined d-orbital energy levels. Ligand field parameters
are listed in Table 2.01.
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Discussion
Correlation to the Crystallographic Data
In most of the crystallographic studies, the coordination environment and redox
state of the metal centers are not well defined. An important role of spectroscopy is to
provide complementary information on the geometric and electronic structures of the
metal centers providing molecular level insight into the catalytic mechanism.
The MCD data demonstrate the presence of a six-coordinated species.
The MCD data has demonstrated the presence of a six-coordinate catalytic ferrous
site with a weak axial ligand in resting NDO when the Rieske site is oxidized11, but the xray crystal structures of the corresponding NDO species show a five-coordinate ferrous
site [81]. A water would likely be the missing ligand in the crystal structures of resting
NDO because the structure of the ferrous site of resting OMO (with a reduced Rieske
site) shows two water molecules coordinated to a six-coordinate iron with two histidines
and one bidentate carboxylate [64]. The catalytic ferrous site of the resting NDO enzyme
with the Rieske cluster reduced was also characterized by the MCD data as being sixcoordinate. Again, the crystal structure of resting NDO with a reduced Rieske center
assigned the ferrous site as five-coordinate [81].
MCD data indicate that the catalytic ferrous site has a five-coordinate square
pyramidal geometry when the Rieske cluster is oxidized. The crystal structure of the
substrate-bound ferrous OMO enzyme was in fact modeled as having a distorted fivecoordinate square pyramidal site. Corresponding naphthalene bound oxidized NDO
11

Although in reference 84 the oxidation state of the Rieske cluster in the x-ray crystal structure is
described as oxidized, the x-ray beam is known to reduce the Rieske cluster (Karlsson A.; Parales, J. V.;
Parales, R. E.; Gibson, D.T.; Eklund, H.; Ramaswamy, S. J. Inorg. Biochem. 2000, 78, 83-87).
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crystallographic data is not available as the X-ray beam tends to reduce the Rieske
cluster. Reduction of the Rieske site in the substrate-bound form is found to convert onethird of the five-coordinate catalytic ferrous sites to trigonal bipyramidal sites. This
distortion to a trigonal bipyramidal structure is consistent with the crystal structure of
the ferrous site in substrate-bound NDO with the Rieske center reduced which can be
viewed as a distorted five-coordinate trigonal bipyramidal site with a water, His213, and
one of the oxygen atoms of Asp362 defining the trigonal plane [81]. Crystal structures of
OMO shows that the reduction of the Rieske site is believed to protonate the histidine
ligand of the Rieske center, which is now hydrogen-bonded to the Asp bridging between
the Rieske cluster and a histidine coordinated to the ferrous site, resulting in a
conformational change that alters the active site geometry. MCD data reveals that the
reduction of the Rieske center also changes the five-coordinate catalytic ferrous site
structure in the presence of substrate. This structural reorganization could be a trigger in
the electron transfer from the Rieske cluster or regulation of oxygen activation chemistry
at the mononuclear iron. A summary of the coordination environments of the catalytic
ferrous site in NDO constructed with the spectroscopy here coupled with the
crystallography is shown in figure 2.06 and 2.07.
Mechanistic Considerations
The six- to five-coordinate conversion upon substrate binding observed for the
ferrous site of NDO is in line with the general mechanistic strategy observed for other
nonheme iron containing oxygenases in creating a coordinatively unsaturated site for the
binding and activation of O2 only in the presence of substrate [16, 94, 120, 122]. The
allosteric effect on the ferrous site upon reduction of the Rieske site in the absence and
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presence of the substrate would further provide a mechanism for regulation of the
reactivity toward O2. The formation of a relatively strong axial six-coordinate ferrous site
in resting NDO when the Rieske site is reduced has relevance to NO binding studies of
NDO [137] and other Rieske dioxygenases [79, 94, 122]. NO can bind to the resting
ferrous site with the Rieske site oxidized, but not when the Rieske is reduced. The weak
axial six-coordinate ferrous catalytic site with the oxidized Rieske site would allow
binding of NO to eliminate a weakly coordinated water, but when the Rieske center is
reduced the tighter six-coordinate site would inhibit NO binding. This structural change
suggests a regulation mechanism limiting O2 binding to the resting ferrous site when the
Rieske center is reduced. It has been shown previously that O2 binding to a
coordinatively unsaturated ferrous site with one-electron reduction to superoxide is
unfavorable [139]. However, the two-electron reduction of O2 would be favorable which
is possible with the Rieske center reduced [101]. Thus this allosteric effect in resting
NDO would avoid uncontrolled formation and release of activated O2 species. This
additional regulation of the non-heme ferrous catalytic site parallels the behavior of other
non-heme iron containing oxygenases which require both cofactor and substrate for
activation of O2. MCD studies of the α-ketoglutarate and pterin dependent non-heme iron
oxygenases showed that when only the redox active cofactor is present the site is sixcoordinate preventing the O2 reaction until the substrate binds to the active site [101,
121].
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Figure 2.06: Substrate regulated change in coordination number and geometry of the
catalytic Fe2+ site in oxidized NDO.
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Figure 2.07: Substrate regulated change in coordination number and geometry of the
catalytic Fe2+ site in reduced NDO.
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From the crystal structures of resting OMO, reduction of the Rieske site displaces
the non-heme iron ~0.8 Å away from the substrate binding site and apparently increases
the distance between the iron and a proximal residue, Asn215 (corresponding to Asn201
in NDO), allowing binding of an exogenous sixth water ligand [64]. In addition, crystal
structures of resting OMO exhibit large conformational changes in His221 (His208 in
NDO) upon reduction of the Rieske center. The Cα atom shifts 1.5 Å and there is
20° twist in its side chain [64]. Thus in resting NDO reduction of the Rieske site might
displace the iron due to perturbation on His208, creating a more open site, allowing a
tightly bound sixth ligand (H2O). The conversion of the square pyramidal to the trigonal
bipyramidal structure in naphthalene-bound NDO upon reduction of the Rieske center
would also appear to be due to perturbation of the histidines ligand (His208) coordinated
to the catalytic iron and involved in the electron transfer pathway. The structural
alteration might only occur in one α subunit of the α3β3 structure based on the partial
conversion.
The formation of two coordination geometries in naphthalene bound NDO with
the reduced Rieske site relates to the ENDOR results for the substrate complexes of NObound NDO [100, 101]. The ENDOR study showed that there were two substrate binding
sites (A and B). When the Rieske center is reduced, the substrate is displaced 0.5 Å away
from the iron (the B site) compared with the A site which is dominant with the Rieske
center oxidized. The MCD data suggest that this change in the substrate position with
change in the redox state of the Rieske site is correlated to a change in the coordination
geometry of the catalytic ferrous site from square pyramidal to trigonal bipyramidal. The
partial formation of the second species observed by ENDOR is also consistent with the
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MCD results on the catalytic ferrous site.
From the crystal structures of NDO-O2 adducts [81], O2 is suggested to bind to
the iron in a side-on η2-O2-Fe structure. The trigonal bipyramidal site could control
binding of O2 in this orientation by elimination of its apical water ligand. The observed
weak axial ligand set of NDO would generate a high spin ferric (hydro)peroxo through
two-electron transfer (one electron from the catalytic ferrous site and the second electron
from the reduced Rieske center). It was found from previous model and computational
studies that homolytic cleavage of a peroxide O-O bond is not favorable at a high-spin
ferric site compared to its low-spin analogue. However, heterolytic cleavage of the O-O
bond was not evaluated in these studies.
In summary, the MCD spectra and VTVH MCD data and analyses presented here
provide new insight into the coordination geometry and electronic structure of the
catalytic ferrous site in naphthalene 1,2- and related Rieske dioxygenases. New aspects
emerging from this study are as follows:
(1) Resting NDO has a six-coordinate ferrous catalytic site.
(2) Substrate binding to resting NDO causes a six- to five-coordinate conversion at
this ferrous site.
(3) A relatively weakly bound water ligand at the ferrous catalytic site in the resting
enzyme becomes more tightly coordinated upon reduction of the Rieske site.
(4) A square pyramidal five-coordinate catalytic ferrous site in the substrate-bound
enzyme is partly converted to a trigonal bipyramidal site when the Rieske site is
reduced. The geometric and electronic structures of the catalytic site in the
presence of substrate are thus significantly affected by the redox state of the
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Rieske center. These molecular structural insights are relevant to protein
dynamics that regulate the reactivity toward O2 during the catalytic cycle, where
both substrate binding and reduction of the Rieske center are required for O2
activation.
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Chapter 3:
Radical Intermediates in Monooxygenase Reactions of
Naphthalene 1,2-dioxygenase12

12

Reproduced in part with permission from Chakrabarty, S., Austin, R. N., Deng, D., Groves, J.T.,
Lipscomb, J. D.; Journal of the American Chemical Society, 2008. 129(12): p. (3514-3515). Copyright
2008 American Chemical Society.

149

Norcarane and bicyclohexane are two radical clock substrates, which are valuable
in mechanistic enzymology. These probes yield different oxidation products or
distribution of products depending upon whether the oxidation reaction is concerted,
radical or cation-based. Naphthalene 1,2-dioxygenase (NDOS), a Rieske-type oxygenase,
catalyzes the O2 dependent oxidation of norcarane and bicyclohexane and yields 3hydroxymethyl-cyclohexene and 3-hydroxymethyl-cyclopentene, respectively, indicative
of radical oxidation reactions with negligible formation of any cationic intermediates.
Structural, spectroscopic and biomimetic studies of naphthalene dioxygenase system
support the idea that a Fe3+- hydroperoxy intermediate is formed, which either directly
participates in the oxidation or undergoes O-O bond cleavage to form a high valent Fe5+oxo-hydroxo species as the oxidative species. The formation of radical-derived products
in norcarane and bicyclohexane oxidations by NDOS suggests that the formation of the
high valent Fe5+-oxo-hydroxo intermediate is likely. Detailed analysis of the reaction
mechanism shows that this intermediate could serve as the common oxygenation species
in both mono and dioxygenation reactions.
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Introduction
The ring hydroxylating Rieske oxygenases are versatile platforms for the
oxidation of unactivated aromatic compounds. These enzymes often initiate the
biodegradation of recalcitrant environmental pollutants [16, 70, 140].
Naphthalene 1,2-dioxygenase a member of the Rieske dioxygenase family,
catalyzes the oxidation of its name substrate to form (+)-cis-(1R,2S)-dihydroxy-1,2
dihydro-naphthalene [70]. The NDOS consists of an FAD and [2Fe - 2S] clustercontaining reductase (NDR), a ferredoxin (NDF), and an α3β3 oxygenase containing a
[2Fe - 2S] Rieske cluster and a mononuclear iron center in each α subunit (NDO). NDOS
exhibits a broad substrate range for aromatic cis-dihydroxylation [16]. Moreover, it
catalyzes monooxygenase reactions with a diversity rivaling those of cytochrome P450
and methane monooxygenase (MMO) [16, 70, 141].
Currently there is significant debate about the mechanism of the oxygen insertion
reaction of Rieske oxygenases and no consensus has been reached yet. These mechanistic
studies involve a broad range of techniques by different groups and include
spectroscopic, structural and computational methods [110, 113]. Reactions of biomimetic
compounds have also been helpful in understanding the mechanism [104, 105, 107, 109].
Mechanistic theory for the Rieske dioxygenases has been advanced recently by
several observations. First, X-ray crystallography has revealed that NDO forms a side-on
bound Fe3+-hydroperoxy substrate intermediate at the mononuclear iron site [81].
Second, the single turnover experiments have shown that the chemical reaction can be
carried out without NDR and NDF. Both types of metal centers of NDO are oxidized
during the single turnover reaction [94]. This result implies that two reducing equivalents
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are required by the stoichiometry of the reaction [93, 94]. This stoichiometry shows that
the reactive species is at the oxidation level of the observed Fe3+-hydroperoxy species.
Third, it has been shown that the resting, oxidized NDO can also catalyze the reaction if
supplied with H2O2, which contributes both of the oxygen atoms and the two required
electrons [102]. This observation also supports the proposal that the Fe3+-hydroperoxy
species is a key intermediate. Isotope labeling experiment using an iron chelated
biomimetic complexes also suggests the involvement of Fe3+-hydroperoxy intermediate
in cis-dihydroxylation reaction [104, 142]. Finally, the first iron chelate
biomimetic complexes have been synthesized that carry out cis-dihydroxylation
reactions [105, 143].
Computational studies have also predicted that Fe3+-hydroperoxy species is the
probable reactive intermediate for the oxygen activation [110, 113]. It was concluded
that protonation of the initially formed peroxy adduct is required to form a reactive
species, but from this point many paths are possible, as shown in Figure 3.01 [106, 143,
144]. If the reactive species is the Fe3+-hydroperoxy species itself, the most likely
intermediate is a cation after an initial concerted O-O bond cleavage and oxygen insertion
step. Alternatively, if the O-O bond cleavage occurs as a precursor to substrate attack to
yield an Fe5+-oxo-hydroxo species, either cationic or radical intermediates could ensue.
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Figure 3.01: Possible pathways for the oxygen insertion by Fe3+- hydroperoxy
intermediate.
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In this chapter the mechanistic study involving diagnostic substrates norcarane
and bicyclohexane is described in detail. For the first time, these substrates have been
used as a diagnostic tool to determine the mechanism of a Rieske oxygenase enzyme.
NDOS is chosen for this purpose as it has a broad substrate specificity and it catalyzes
monooxygenation, alkylation, sulfoxidation reactions in addition to dioxygenase
reactions [70]. Norcarane and bicyclohexane are two informative substrate probes, which
have been used in the mechanistic studies for the enzymes like cytochrome P450, soluble
methane monooxygenase (sMMO) and alkane-metabolizing non-heme diiron
monooxygenase (AlkB) [145-151]. Upon oxidation, norcarane and bicyclohexane give
rearranged or ring-expanded products when radical or cation intermediates, respectively,
are formed [111, 145, 152, 153]. Figure 3.02 shows the different oxidation products and
the reaction pathway for norcarane and bicyclohexane. For radical intermediates, the ratio
of unrearranged to rearranged products allows estimation of the radical lifetime. Failure
to observe reorganized products suggests a concerted mechanism for a short-lived
intermediate. The reaction between NDOS and these substrates clearly shows a radical
rather than a cationic intermediate. These results hold implications for the mechanism of
the general oxygenation scheme by this family of enzymes.
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a

b

Figure 3.02: Products expected from the oxidation of (a) norcarane and (b)
bicyclohexane (from reference [145, 146, 152]).
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Experimental Procedures
Chemicals
Ethyl acetate (99+ % HPLC grade) and NADH were purchased from SigmaAldrich, and anhydrous magnesium sulfate was obtained from Fisher Scientific. NADH
was lyophilized overnight to deplete the ethanol in the preparation. Norcarane and
bicyclohexane were synthesized as previously described [145, 146, 152].
Growth and Purification of NDOS Components
NDO, NDR, and NDF were purified from Pseudomonas species NCIB 9816-4 as
previously described [94].
Enzyme Reaction
The multiple turnover reactions were performed in teflon sealed screw-top vials at
23 °C. A typical reaction contained 25 µM NDO and NDR along with 250 µM NDF in 50
mM MES buffer pH 6.9 plus 100 mM NaCl. 2- 4 µL of the substrates (1 or 6) were added
to the sidewall of the reaction vial with a gastight syringe, mixed into the solution, and
incubated for 30 min prior to the initiation of the reaction. The reaction was initiated by
NADH (300 µM final concentration). The final volume of the reaction mixture was 500
µL. The single turnover reactions were performed as described for BZDO in Chapter 1.
In the single turnover reaction, 500 µL of Wt NDO (100 µM) was used. The enzyme was
reduced by dithionite as described in Chapter 1. Prior to the reduction, 8 -10 µL of the
substrates (1 or 6) were added (Figure 3.02). The reactions (single or multiple turnover)
were allowed to proceed for 30 min at 23 °C and then quenched with an equal volume of
ethyl acetate. The quenched solution was vortexed for 1 min and centrifuged for 3 min at
15,000 rpm. The organic layer was removed and passed through a bed of anhydrous
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magnesium sulfate to remove any aqueous layer. The process was repeated with 250 µL
ethyl acetate on the same reaction mixture. The extracted product was stored at –20 °C
for later analysis by GC/MS.
Sample Analysis
Spectra were analyzed on an HP GC 6890/MS 5973 with a HP-5MS
cross-linked 5% PHME Siloxane capillary column (30 m x 0.25 mm x 0.25 µm) run with
an initial oven temperature of 50 ºC, ramping to 220ºC at a ramp rate of 10 ºC/min. For
confirmation and higher resolution, some samples were also analyzed using a Shimadzu
QP2010 GC-MS equipped with a 0.25 mm x 30.0 mm Supleco SPB-624 capillary
column. Authentic products were synthesized and their retention times and fragmentation
patterns compared to those of the identified peaks in the GC-MS spectra. Areas under
each peak were assumed to be proportional to concentration and were checked as
appropriate with concentration standards. Individual mass spectra are obtained by
averaging over the peak and relative intensities of key ions do not change over the time
course of the peak. Single and multiple turnover data have the same distribution of
products and were analyzed in the same way. All authentic standards of the oxidation
products of norcarene (the product that occurs when norcarane is desaturated) have also
been synthesized and characterized. Under the conditions of our assay, all of these
compounds separate with baseline resolution from all other norcarane oxidation products
and have distinctly different fragmentation patterns [154]. None of these products are
present in any of the NDO oxidations.
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Determination of Radical Intermediate Lifetimes
Lifetimes for the substrate-based radical created in the initial step of the rebound
mechanism can be calculated using the following formula [155]:

1

radical lifetime =

krearrangement

[ring closed]
[ring opened]

The krearrangement values determined for 1 and 6 are 2 x 108 and 2.9 x 107 s-1, respectively
(Figure 3.02).
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Results:
The oxidation products of norcarane (1) and bicyclohexane (6) by NDO are listed
in Table 3.01 with their corresponding yields. The oxidation of 1 and 6 yielded the endoand exo-2-alcohols 2a, 2b, 7a, and 7b, respectively, with minor amounts of the 3-alcohols
3 and 813. The radical rearrangement products of each probe (5 and 10) formed in
substantial yield, representing 62% of the product in the multiple turnover and 69% for
the single turnover in the case of 1. The lifetimes of the radical intermediates formed
during the oxidation of 1 (11 ns) and 6 (18 ns) are in close agreement despite a 10 fold
difference in inherent rearrangement rates of the radicals formed (2 x 108 and 2.9 x 107 s1

, respectively). This strongly supports similar radical rebound mechanisms. No

detectable product from cation rearrangement was observed for 1 either in the single or
the multiple turnover reaction, while the minor amount from 6 (9) mirrors that observed
in the Barton ester radical abstraction control reactions; thus, it is attributed to radical
rearrangement through internal bond cleavage. No desaturation products were observed.
GC-chromatogram of the norcarane and bicyclohexane oxidation product with
their corresponding fragmentation patterns are presented in Figures 3.03, 3.04 and 3.05.
For norcarane, the key diagnostic product, 3-hydroxymethyl-cyclohexene (5 in Table
3.01), has a particularly unique mass spectrum with m/z 81> m/z 79 over the course of
the peak,

13

Throughout in this chapter, the compound number relates to Figure 3.02.
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Table 3.01: Product Distribution from Probe Oxidation by NDOS
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Figure 3.03: GC chromatogram from GC-MS analysis of a characteristic norcarane
oxidation catalyzed by NDOS with corresponding fragmentation patterns.
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Figure 3.04: Fragmentation patterns characteristic norcarane oxidation catalyzed by
NDOS.
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Figure 3.05: GC chromatogram for GC-MS analysis of a characteristic bicyclohexane
oxidation catalyzed by NDOS.
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Discussion
Products from Stepwise Reaction are Observed
There is significant debate about the oxygen activation mechanism for Rieske
oxygenases. Studies done so far include the possibility of both a concerted and stepwise
mechanism. The reaction of the biomimetic compound TPA reported that an epoxide will
be generated if the oxygen insertion is a concerted process. On the other hand, a stepwise
mechanism generates the cis-diol product [104, 142]. Formation of the products 5 and 10
unequivocally shows that the monooxygenation reactions of two alicyclic probes by
NDO occur via radical intermediates, supporting the stepwise mechanism. In turn, it also
suggests the formation of a high-valent intermediate before the insertion reaction. This
conclusion is in accord with evidence for the formation of either a radical or a cation
intermediate in toluene dioxygenase from deuterium scrambling during oxidation of
labeled substrates [156]. The lifetime of the radical is comparable to those observed for
many non-heme monooxygenases, such as the long-chain hydrocarbon oxidizing AlkB
family, but much longer than those observed for P450 and sMMO [146]. Also, in contrast
to the reactions of the latter two enzymes, the NDO-catalyzed reaction yields little or no
cation derived ring expansion products, suggesting that the high-valent intermediate
formed is unlikely to abstract a second electron from the radical intermediate as shown in
Figure 3.06.
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Figure 3.06: Possible mechanisms of norcarane oxidation by NDOS.
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Monooxygenase vs. Dioxygenase Reaction
As mentioned earlier, NDO is capable of performing monooxygenase reaction as
well as dioxygenation. With the radical clock substrates norcarane and bicyclohexane,
only monooxygenase products are generated. Like the dioxygenase reactions, the
monooxygenase reactions could be envisioned to proceed either directly from the Fe3+hydroperoxy or after formation of a high-valent Fe5+- oxo-hydroxo intermediate. As
shown in Figure 3.01, if an intermediate forms, it is likely to be a cation for the Fe3+hydroperoxy species and a radical for the high-valent Fe5+-oxo-hydroxo species. It
remains unclear whether the dioxygenation reaction also proceeds through the highvalent species. However, the apparent ability of the enzyme to form this species shows
that its participation is possible. This is contrary to the computational studies that
conclude that the energy for formation of high-valent species is slightly too high for it to
materially participate in the dioxygenation reaction [110, 113]. Reaction through the
high-valent intermediate (shown in Figure 3.07) would unify the results of the enzyme
and cis-diol forming biomimetic compound studies. The reactions of the latter are
thought to proceed through a high-valent intermediate based on the pattern of 18O solvent
exchange [104, 142]. Early 18O studies showed that O from O2 is incorporated with high
fidelity in the dioxygenase reaction [156], but some exchange has been noted in the
peroxide shunt reaction [102]. Benzylic monooxygenation of toluene by NDO also shows
around 20% 18O solvent exchange (unpublished result). Thus, O-O bond cleavage may
precede oxygen insertion as expected for the high-valent intermediate.
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Figure 3.07: Simultaneous monooxygenation or dioxygenation of the aromatic substrate
by Fe5+- oxo-hydroxo intermediate.
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Chapter 4:
Biochemical Studies of the Aspartate Mutant of
Naphthalene 1,2-dioxygenase
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The crystal structure of Naphthalene 1,2-dioxygenase oxygenase component
(NDO) indicates that Asp 205 serves as the most direct route for transferring electrons
from the Rieske cluster and the mononuclear center. Sequence analysis reveals that this
Asp residue is conserved among all the members of the bacterial ring hydroxylating
Rieske oxygenase family. Gibson and coworkers showed that mutation of this residue in
NDO resulted in complete loss of the steady-state activity and the ability to form the cisdiol product [92]. It was concluded that the mutation of this conserved Asp impairs the
intersubunit electron transfer from the Rieske cluster to the mononuclear iron center.
Mutations of the same Asp residue in Anthranilate and Phthalate dioxygenase, two other
related Rieske dioxygenases, also result in inactive enzymes incapable of forming cis-diol
product. In the current study, the Asp 205 residue has been mutated to alanine by site
directed mutagenesis and the purified mutant enzyme is used to test the functionality of
Asp 205 residue using various kinetic and spectroscopic methods. Both the Wt NDO and
the D205A variant exhibit the substrate dependent rapid phase in the Rieske cluster
oxidation reaction, as observed in stopped-flow spectroscopic studies. This observation
seems to be contradictory with the conclusion by Gibson and coworkers. The variant is
also shown to be inactive in the peroxide shunt reaction, which does not require electron
transfer from the Rieske cluster. Considering these effects of the mutation, it seems that
Asp 205 plays a crucial role in the substrate dihydroxylation that goes beyond the
intersubunit electron transfer and potentially includes a function such as the transmission
of required protons to the mononuclear iron center.
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Introduction
Naphthalene 1,2-dioxygenase a member of the bacterial ring hydroxylating
Rieske oxygenase family, is a multicomponent enzyme system (NDOS). All the Rieske
oxygenases studied so far have a reductase protein (NDR for the NDOS), which shuttles
electrons from NAD(P)H to the main oxygenase component (NDO for NDOS). In some
systems like NDO, an extra ferredoxin component (NDF) transfers electrons between the
reductase and the oxygenase [16]. The oxygenase component contains a Rieske cluster
and a non-heme mononuclear iron center, where the aromatic substrate and oxygen bind
and the product is formed. The iron is active in the Fe2+ state and the second electron
necessary for the oxygen activation is transferred to this center from the Rieske cluster
[16, 94]. In 1998, NDO became the first Rieske oxygenase component to be crystallized
[82]. Since then, more than 40 oxygenase crystal structures have been submitted to the
Protein Data Bank (PDB). The crystal structure of NDO clarified the roles of many
amino acids postulated to be important in various aspect of the oxygenation process.
The structure revealed that the NDO oxygenase component exists as α3β3
hexamer in the quaternary state [80, 82]. The crystal structures of the other Rieske
oxygenases show that the quaternary structure is either a homotrimer of a single α
subunit (α3) or a heterotrimer of α and smaller β subunits (α3β3). Phthalate dioxygenase
is a possible exception as the experimental data supports a hexameric α6 structure [79].
The α subunit contains both the Rieske cluster and the mononuclear iron center. The
[2Fe-2S] Rieske cluster is ligated to two Cys and two His residues from the protein. In
NDO, the Rieske ligands are Cys 81 and 101, His 83 and 104. The mononuclear iron is
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coordinated to His 208 and 213, and Asp 362. Thus, the mononuclear iron in the Rieske
oxygenase contains the ‘2-His-1-carboxylate’ facial triad, which serves as the versatile
platform for oxygenation reactions in a number of different enzyme systems like the
extradiol ring cleaving dioxygenases, isopenicillin N-synthase, and tyrosine hydroxylase
among many others [157]. Sequence comparison of a number of Rieske oxygenases
shows that the ligands of the Rieske cluster and the mononuclear Fe center are conserved
among all of the family members.
The α3β3 hexamer in NDO is a mushroom shaped structure where 3 α subunits
make the head and the smaller β subunits make the stem. The catalytic Fe is
approximately 44 Å from the Rieske cluster within the same subunit but only 12 Å from
the Rieske cluster of the adjacent subunit. Considering the observed fast electron transfer
between the Rieske cluster and the Fe center, it was proposed that the electron is
transferred in an intersubunit manner; that is, the Rieske cluster in one subunit donates
electron to the Fe center of the adjacent subunit. There is an Asp residue at the subunit
interface (Asp 205), which is H-bonded to both His 104 (a ligand to the Rieske cluster)
and His 208 (mononuclear Fe center ligand) as shown in Figure 4.01. This Asp residue
has been proposed to be the direct path for the electron transfer for the Rieske center to
the catalytic iron center. In addition, this Asp residue is conserved among all the Rieske
oxygenases sequenced so far. Therefore, it is thought to be an important residue for
efficient catalysis [82].
To check the functional role of this Asp residue, Gibson and coworkers made four
variant enzymes of the WT NDO by mutating Asp 205 [92]. The mutants are D205A,
D205E, D205N and D205Q. All the variants have severely diminished activity and lack
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the ability to form cis-diol product even though the (α3β3) quaternary state and metal
centers of the wild type enzyme are maintained. The optical spectrum shows that the
Rieske center can be reduced by NADH in presence of the NDR and the NDF
components. The reduction of the Rieske center demonstrates that the electron transfer
pathway from the NADH to the oxygenase is intact in the mutant enzymes. Hence, the
authors concluded that the electron transfer pathway must be interrupted between the
Rieske cluster and the mononuclear iron center with Asp205 playing a central role.
Therefore, mutation of this residue directly interferes with the catalytic process and the
product formation.

Figure 4.01: The conserved Asp in NDO between the Rieske cluster and the
mononuclear Fe (PDB ID 1EG9). The Rieske cluster is from the adjacent subunit.
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The same Asp variant has been studied in other Rieske oxygenase systems. In the
Anthranilate dioxygenase oxygenase component (AntDO), the corresponding Asp (Asp
218) was mutated to Ala, Asn and Glu [118]. All the mutant forms were inactive and did
not form any cis-diol product. In the Phthalate dioxygenase oxygenase component
(PDO), the conserved Asp (Asp 178) was mutated to Ala and Asn [122, 158]. The steadystate activities of both the mutant enzymes were 100-fold less than that of the Wt PDO
and no cis-diol product was detected.
Gibson and the coworkers have already established the fact that Asp 205 is
essential for enzymatic activity in NDO [92]. To determine the role of this residue at the
molecular level, we have studied the Asp 205 variant of NDO in detail using various
kinetic and spectroscopic methods. Our current study shows that the D205A variant has
no steady-state activity and forms negligible cis-diol product in either multiple or single
turnover as well as in peroxide shunt reaction. Surprisingly, the transient kinetic study
shows that the mutant retains a relatively high rate of electron transfer from the Rieske
cluster to the mononuclear iron center in presence of the substrate. Like the Wt enzyme,
the mutant enzyme forms a nitrosyl adduct of the reduced mononuclear iron only in
presence of substrate when the Rieske cluster is reduced suggesting that regulation in the
enzyme is maintained. Despite these apparently normal functions, the mutant enzyme is
found to exhibit uncoupled NADH oxidase activity. Overall, this study supports the
conclusion that the Asp 205 residue has diverse roles in catalysis that go beyond simply
providing an electron transfer pathway.
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Materials and Methods
Reagents
2-(N-morpholino)ethanesulfonic acid (MES), naphthalene), methyl viologen, (1R,

2S)-cis-1,2-dihydro-1,2-naphthalenediol (NDO cis-diol), sodium dithionite were bought
from Sigma-Aldrich in the highest grade available and used without further purification.
Hydrogen peroxide (33% stock) was bought from Fisher. HPLC grade methanol and water
were purchased from Sigma-Aldrich. Water was deionized and purified using a Millipore
reverse osmosis system.

Site-Directed Mutagenesis
The construction of the pDTG141 plasmid containing the wild-type NDOS
(nahAaAbAcAd) gene encoding the oxygenase, reductase and the ferredoxin components
from Pseudomonas sp. strain NCIB-4 has been previously reported [159]. All mutations
made to the gene of the oxygenase component in this plasmid were performed using the
QuikChange system from Stratagene (La Jolla, CA) according to the manufacturer’s
instructions. Each mutation in the NDO gene was confirmed by sequencing at the
University of Minnesota Microchemical Facility as well as by MALDI-TOF mass
spectrometry. The oligonucleotide primers used to introduce the mutations to the NDO
gene are listed in Table 4.01.
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Table 4.01: Primers used to Introduce Mutations14 in Plasmid pDTG141 Containing
the Wild-type NDO Gene

NDO Mutants
NDO D205A

Oligonucleotide sequences
5` GCGGAAAACTTTGTGGGAGCTGCATACCACGTGGGTTGG 3`
3` CGCCTTTTGAAACACCCTCGACGTATGGTGCACCCAACC 5`

NDO N201A

5` GCACCCGCGGAAGCTTTTGTGGGAGATGCATACCAC 3`
3` CGTGGGCGCCTTCGAAAACACCCTCTACGTATGGTG 5`

NDO D205E

5` GAAAACTTTGTGGGAGAGGCATACCACGTGGGTTGG 3`
3` CTTTTGAAACACCCTCTCCGTATGGTGCACCCAACC 5`

14

All these mutations were made in the pDTG-141 plasmid expressing Wt NDO. Only D205A has been
studied extensively.
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Bacterial Growth and Protein Purification
The mutant enzymes were purified from E. coli BL21(DE3)(pDTG141)
containing appropriate mutated genes for the NDO oxygenase component. Single
colonies were picked from a 2% LB agar plate supplied with 100 µg/ml Ampicillin. The
cells were grown and harvested as described in Chapter 1. Purification of the mutant
enzyme was done as described in earlier work [95].
Enzyme Activity Assay
Activity of Wt and mutant NDO D205A was determined by measuring O2
consumption using a polarographic O2 electrode (Hansatech, UK). The assay buffer
contains 50 mM MES pH 6.9, 100 mM NaCl saturated naphthalene (250 µM). O2
consumption was initiated by adding 0.3 mM NADH, 1 µM NDR and 10 µM NDF in a
typical volume of 1.5 ml. The amount of NDO was adjusted according to the O2
consumption rate over the background O2 consumption. Typically 0.5 µM to 1 µM NDO
was used for the assay.
Iron Determination
The total iron for purified NDO (Wt and the D205A variant) was determined
using the ICP-MS and TPTZ colorimetric assay as described in Chapter 1.
Anaerobic Technique and Preparation of Reduced Enzyme
The anaerobic procedures and the enzyme reduction were performed according to
the procedures described in Chapter 1.
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Peroxide Shunt Reaction
Peroxide shunt reactions were performed in a reaction vial at 23 °C. The final
concentrations of NDO αβ sites and hydrogen peroxide were approximately 200 µM and
20 mM, respectively. The reaction was initiated by adding H2O2 to a buffered solution of
NDO saturated with naphthalene and stirred for 5 min. 50 mM MES pH 6.9, 100 mM
NaCl, 1 mM DTT was used as the buffer along with 10 mM KCN to inhibit the catalase
activity intrinsic to NDO. Previous experiments [102] showed that the product formation
is complete within 10 s and that there is no increase in the amount of product with
increased incubation time of the enzyme and the peroxide. After completion, the reaction
mixture was transferred to an Eppendorf tube that was then heated at 90 °C for two
minutes. Samples were vortexed for 1 minute and spun in a tabletop centrifuge at
maximum speed. The liquid phase was frozen in liquid N2 and stored at -20 °C before
HPLC analysis. For control reactions, samples were prepared without naphthalene.
Reactions monitored by EPR spectroscopy were performed as described in the
spectroscopy section later. After initiation of the reaction, the mixture was taken out of
the reaction vial at different time points and rapidly transferred to an EPR tube and frozen
in liquid nitrogen.
Single Turnover Reaction
The single turnover reaction was performed in a screw-top reaction vial at 23 °C.
Approximately 200 µM of Wt NDO or D205A variant was used for this reaction. The
enzyme solution was prepared in 50 mM MES pH 6.9, 100 mM NaCl saturated with
naphthalene (250 µM). First, the enzyme was made anaerobic as described in the
Materials and Methods section of Chapter 1. The reaction was performed as described in
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Chapter 1. At the end of the reaction, the content of the vial was transferred into an
Eppendorf tube and the tube was heated at 90 °C for 2 minutes. Samples were vortexed
for one minute, and then spun in a tabletop centrifuge for 5 minutes at maximum speed.
The soluble fraction was frozen in liquid N2 and stored at -20 °C for further HPLC
analysis. Control reactions were prepared in the same way except for the addition of
naphthalene.
Product Analysis by HPLC
The NDO cis-diol product was analyzed in a Breeze HPLC system, Waters
Corporation, MA. The system is equipped with a 1525 pump and a 2487 detector. The
samples were separated using an Agilent Zorbax StableBond C-18 column. Methanol and
water were used as the mobile phase solvents. The elution method started with 20%
methanol and 80% water with a flow-rate of 0.5 ml/min. The percentage of methanol was
increased up to 100% through a linear gradient over 60 min. Under these conditions,
NDO cis-diol eluted at 15.8 ± 0.4 min.
Stopped-Flow Spectrophotometric Work and Data Analysis
Kinetic studies were done using an Applied Photophysics (UK, Surrey) SX.18
spectrophotometer and data analysis was done by using KFIT as described in Chapter 1.
Charts and graphs were made using Microcal Origin.
Spectroscopy of the D205A Variant
UV-Vis spectra were recorded using a Hewlett-Packard 8453 diode array
spectrophotometer. X-band EPR spectra were recorded using Bruker Elexsys E-500
equipped with Bruker dual mode cavities and Oxford ESR 910 liquid helium cryostat. To
prepare the nitrosyl complexes, the buffer and the enzymes were made anaerobic by
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bubbling with argon. Then the enzyme solution was briefly exposed to nitric oxide (NO)
passed through 6 N NaOH. Spectra were analyzed using either WinEPR and SimFonia
(Bruker) or the software package SpinCount written by Mile P. Hendrich, Carnegie
Mellon University. Plots were made using Microcal Origin.
Determination of H2O2
The released H2O2 during partially uncoupled turnover was quantified using the
method of Thurman et al. [160]. 10 µM NDO and NDR and 25 µM NDF were placed in
a 0.5 ml reaction vial. All of the proteins were diluted from the stock with naphthalene
saturated buffer (50 mM MES pH 6.9, 100 mM NaCl). The reaction was initiated by
adding 50 µM NADH and then stirred for 20 minutes at 25 °C. At the end, the reaction
was quenched by the addition of the same volume of 3.5% trichloroacetic acid. The
precipitated proteins were removed by centrifugation. Then 200 µL of 10 mM ferrous
ammonium sulfate and 100 µL of 2.5 M potassium thiocyanate were added to the
supernatant. The presence of H2O2 was detected by the red ferrithiocyanate complex that
formed in the sample with absorption maxima at 480 nm. For quantitation of the H2O2
formed, ε480 was used as 90.9 mM-1 cm-1 [161].
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Results
Purification and Characterization of D205A Mutant
Mutant NDO D205A was produced using BL21(DE3) containing mutant
pDTG141 plasmid. SDS-polyacrylamide gel electrophoresis was used to verify the mass
of the mutant enzyme. Purified D205A shows two bands of approximately 50 and 20 kDa
corresponds to α and β subunits, indistinguishable from the wild-type enzyme. Iron
analysis of the mutant enzyme shows 2.6 Fe/αβ on average, which is a little lower than
the iron content of Wt NDO (2.8 Fe/αβ). The UV-Vis spectrum shows full Rieske
occupancy for almost all of the enzyme preparations suggesting that the mononuclear
center was at most 60% occupied. Accordingly, the enzyme preparations were
reconstituted with Fe to make them fully loaded.
Oxygen Uptake by the Wild-type and Mutant NDO
E. coli crude cell extracts, partially purified and purified Wt NDO and NDO
D205A were analyzed for their ability to catalyze O2 uptake in presence of NDR, NDF,
NADH, and naphthalene at ambient temperature. Typically, Wt NDO catalyzes O2
consumption at 130 ± 20 nmol min-1mg-1 of protein. The rate of O2 consumption
catalyzed by the D205A mutant was less than 5% that of the Wt NDO. This result is in
agreement with the previous study by Gibson et al. and confirms that the D205A mutant
is inactive.

180

Spectroscopic Properties of D205A Variant
Figure 4.02 shows the UV-Vis absorption spectra of wild-type and D205A
mutants (as isolated). The features at 325, 465 and 550 nm are due to the Rieske cluster.
The as-isolated enzyme has an oxidized Rieske cluster (Fe3+ – Fe3+) and a reduced
mononuclear Fe. Upon reduction of the Rieske cluster, the absorbance decreases
significantly. The UV-Vis spectra for the Wt and the D205A variant are identical as
shown in Figure 4.02a. In Figure 4.02b, the EPR spectra of reduced Rieske cluster of the
Wt enzyme and the D205A variant is presented. The D205A variant can be reduced
chemically or by using the natural NADH / NDR / NDF system as is the case for Wt
NDO. Figure 4.02c shows the EPR spectra of the D205A variant reduced by NADH in te
presence of NDR and NDF. This result indicates that the Rieske cluster is able to receive
the electron from NDR / NDF; that is, the electron transfer between NDF/ NDR and the
oxygenase component is intact in the D205A variant.
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Figure 4.02: (a) Electronic absorption spectra of as isolated Wt NDO and the D205A
variant. NDO is isolated with oxidized Rieske cluster, evident from the absorption
maxima at 325, 464 and 550 nm. The spectra were offset for clarity.
(b) EPR spectra of dithionite reduced Wt NDO and the D205A variant (150 mM
αβ). The buffer is 50 mM MES pH 6.9 plus 100 mM NaCl and 1 mM DTT. The enzyme
reduction was done as described in Materials and Methods. EPR conditions: microwave
frequency 9.6 GHz, modulation amplitude 10 G, microwave power 0.2 mW, temperature
20 K.
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Figure 4.02(c) EPR spectra of the D205A variant reduced by NADH/ NDR/ NDF.
D205A (100 µM αβ) was incubated with 75 µM NDR, 100 µM NDF and 500 µM
NADH at indicated time point shown in the figure. The buffer used was 50 mM MES pH
6.9, 100 mM NaCl, 1mM DTT. EPR conditions: microwave frequency 9.6 GHz,
modulation amplitude 10 G, microwave power 0.2 mW, temperature 10 K. The small
amount of Fe+3 signal around 1600 Gauss comes from oxidation of the excess ferrous
ammonium sulfate, which was used for the reconstitution procedure of D205A after
purification.
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Single Turnover Oxidations and Product Analyses of the Wt and the Mutant NDO
The electron transfer from the Rieske cluster to the mononuclear Fe in Wt and the
D205A variant of NDO during a single turnover reaction were monitored using a
stopped-flow spectrophotometer. In this method, enzyme was chemically reduced
stoichiometrically and then rapidly mixed with dioxygen saturated buffer with or without
substrate present. The time course for electron transfer was monitored by following the
reoxidation of the reduced Rieske cluster at 464 nm, as presented in Figure 4.03a, b
(D205A variant) and 4.03c, d (Wt NDO). This result shows that in presence of substrate,
the electron transfer from the Rieske cluster to the mononuclear Fe is a multiphasic
process in both Wt NDO and the D205A variant. The reciprocal relaxation times were
obtained from fitting a series of single wavelength traces. For Wt NDO, the best fit for
the time-course is a sum of three exponential phases. In contrast, the time course for the
D205A variant can be adequately fit by two summed exponentials. The reciprocal
relaxation rates are presented in Table 4.02. The rapid substrate dependent phase was
unexpected for D205A variant as it lacks steady-state turnover. For both of the enzyme
forms, when O2 is added to the reduced enzyme in absence of the substrate, no rapid
oxidation phase is observed except for the very slow oxidation of the Rieske cluster
unrelated to turnover. It is evident from this analysis that each of the phases has been
altered, becoming slower or disappearing entirely in the reaction of the mutant enzyme
compared to that of the Wt. Nevertheless, amplitude analysis shows that around 40% of
the mutant enzyme with an occupied mononuclear iron site transfers an electron from the
Rieske cluster at a rate of 80 sec-1, which exceeds the turnover number of the Wt NDO by
far. It is interesting to note that this high rate of electron transfer is maintained despite the
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fact that the aspartate has been mutated to an alanine, which is unable to participate in
any H-bonding or the postulated electron transfer network between the Rieske cluster and
the mononuclear iron center.
The D205A variant was tested for any persistent conformational alteration at the
end of the single turnover cycle by conducting several successive multiple single turnover
reactions. Following the first single turnover, the enzyme was made anaerobic,
chemically reduced and a single turnover reaction was performed as usual (described in
detail in the next section). The results were identical to the first single turnover reaction;
that is the reciprocal relaxation times and the amplitudes of the oxidation reaction were
similar to those of the first single turnover reaction.
The single turnover reaction was also used to evaluate product generation by the
D205A variant as described in the Materials and Methods. Little or no product was
detected (Figure 4.03c). This was found for several different batches of as purified
enzyme and enzyme reconstituted with Fe2+. Thus, product formation is not correlated
with substrate and O2-induced electron transfer in the mutant enzyme.

Table 4.02: Reciprocal Relaxation Times and Amplitudes for Wt NDO and D205A
Variant
1/ττ1 (amp 1)

1/ττ2 (amp 2)

Wt NDO (4 °C)

330 s-1(55)

50 s-1 (20)

NDO D205A (4 °C)

80 s-1 (40)

4 s-1 (60)
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1/ττ3 (amp 3)
6 s-1(25)
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Figure 4.03a and b: Single turnover oxidation of reduced D205A variant by stoppedflow optical spectroscopy. NDO D205A (30 µM αβ after mixing), was reduced
stoichiometrically with dithionite in presence of 100 µM methyl viologen and rapidly
mixed (1:1) with oxygen saturated buffer (~1.8 mM O2 at 4 °C). The reactions were
monitored at 4 °C in 50 mM MES buffer, pH 6.9 with 100 mM NaCl, 1 mM DTT, either
saturated with naphthalene (250 µM) or without naphthalene. (a) The absorbance change
of the mutant enzyme in presence and absence of naphthalene monitored at 464 nm.
(b) The absorbance change of the D205A variant in the presence of naphthalene. Actual
data is shown in red dots and the two exponential fit is shown in black line. The residual
from nonlinear regression fits using two summed exponential time courses is shown in
black.
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Figure 4.03c and d: Single turnover oxidation of reduced Wt NDO by stopped-flow
optical spectroscopy. 50 µM enzyme (after mixing) was used. Reaction conditions are
same as that of the D205A variant (described in the previous page). (c) Absorbance
change for Wt NDO in presence or absence of naphthalene upon mixing with O2
saturated buffer. (d) The absorbance change for Wt NDO in presence of naphthalene and
the three exponential fit. Actual data are shown in red dots and the three exponential fit as
well as the residual have been shown in black line.
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Figure 4.03e: HPLC traces of the product formed in the single turnover reactions for Wt
NDO and the D205A variant. In comparison to the Wt enzyme, D205A variant makes
very little cis-diol product. The HPLC method is described in the Materials and Methods
section. NDO cis-diol (20 µM) was used as the standard.
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Peroxide Shunt Reaction of the D205A Variant
Previous studies have shown that the Wt NDO is capable of forming the cis-diol
product through a peroxide shunt reaction where H2O2 serves as the source of both
oxygen and electrons [102]. The shunt reaction is fast so that the product formation is
complete in less than 10 seconds. Despite the presence of excess H2O2 and naphthalene,
the peroxide shunt is limited to one turnover because the mononuclear iron is
adventitiously oxidized by peroxide, and the product does not dissociate from the ferric
site over the course of an hour. The ability of the D205A variant to form product by the
peroxide shunt was tested and analyzed as described in Materials and Methods. The
HPLC traces are presented in Figure 4.04a. Only minor amounts of the cis-diol product
were detected for the reaction of the D205A variant in comparison to that for the wild
type enzyme. This result has been reproduced with different batches of enzyme with and
without iron reconstitution.
Figures 4.04b and 4.04c show the spectra of the enzyme for samples taken during
the time courses of the peroxide shunt reaction of the D205A variant and the Wt NDO,
respectively. As in the case of Wt NDO, the mononuclear iron in the D205A variant is
oxidized to Fe3+ at the end of the shunt cycle as evident from the EPR spectra of the
enzyme after the shunt reaction. There is a complex set of peaks around g = 2.0, which
are not very obvious in the Wt NDO and absent in the control15 reaction.

15

The control reaction was performed in the absence of naphthalene.
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Figure 4.04a: HPLC traces for the product formation in the peroxide shunt reactions for
Wt NDO and the D205A variant. NDO cis-diol (20 µM) was used as the standard. The
HPLC procedure is described in the Materials and Methods section.
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Figure 4.04b and 4.04c: EPR spectra of the peroxide shunt reactions of the D205A
variant (b) and Wt NDO (c), respectively. The buffer used was 50 mM MES pH 6.9, 100
mM NaCl, 1mM DTT. EPR samples preparation has been described in Materials and
Methods section. EPR conditions: microwave frequency 9.6 GHz, modulation amplitude
10 G, microwave power 0.2 mW, temperature 4 K.
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Nitrosyl Adduct of the D205A Variant
Nitric oxide (NO) was used to probe for the oxygen and substrate binding to the
mononuclear center of the D205A mutant. Previously, NO has been used with Wt NDO
as an oxygen surrogate [94]. The studies revealed the regulatory nature of the enzyme as
Wt NDO binds NO and gives the characteristic S = 3/2 EPR signal without the substrate
being present only when the Rieske cluster is oxidized. When the Rieske cluster is
reduced, NO binds to the mononuclear iron only after substrate binds. The D205A variant
shows similar regulatory behavior. As shown in Figure 4.05, D205A exposed to NO
gives only the S = ½ EPR signal from the reduced Rieske cluster when the substrate is
absent. After addition of naphthalene, NO binds to the mononuclear center and generates
the characteristic S = 3/2 species.
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Figure 4.05: EPR spectra of NO binding to the mononuclear center of the D205A
variant. The enzyme (150 µM αβ) was reduced by a stoichiometric amount of dithionite
(reducing equivalents). Reduced enzyme was incubated with NO in absence or presence
of saturating amounts of naphthalene. The buffer used was 50 mM MES pH 6.9, 100 mM
NaCl, 1mM DTT. EPR conditions: microwave frequency 9.6 GHz, modulation amplitude
10 G, microwave power 0.2 mW, temperature 10 K.
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Uncoupled Activity in the D205A Variant
In Wt NDO, binding of O2 to the mononuclear Fe center and subsequent electron
transfer from the Rieske cluster are tightly coupled events. The yield of the cis-diol
product formed is approximately 70% in a single turnover reaction and approaches 100%
if a small amount of the ferredoxin component is added. Yields are approximately 100%
in a multiple turnover reaction in presence of excess NADH, NDF and NDR [103]. In
other Rieske dioxygenases, it has been shown that the use of alternate substrates or an
active site mutant can uncouple the cis-diol formation reaction. The expected product
from the uncoupled reaction is H2O2. The uncoupling activity was tested for the Wt NDO
and the D205A variant in presence of a saturating amount of naphthalene. Detection and
quantification of H2O2 was performed as described in Materials and Methods. H2O2 was
generated in the multiple turnover reaction of the D205A variant and was detected by the
red color of the ferrithiocyanate complex. In contrast, only minor amount of peroxide was
generated in the Wt NDO system.
Table 4.03: Amount of H2O2 Produced by Different Systems16
System

H2O2 (µ
µM)

NDR + NDF + NDO(D205A) + NADH + Naphthalene

7.04

NDR + NDF + Wt NDO + NADH + Naphthalene

2.89

16

The amount of H2O2 determined is less than that formed. Previous experiments have shown that NDO
has some catalase activity. Therefore some amount of the produced H2O2 will degrade to H2O and O2.
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Discussion
The crystal structure of NDO reveals that Asp 205 is uniquely positioned at the
subunit boundary of the α3β3 hexameric structure and appears to be in position to serve as
the most direct route for the electron transfer between the Rieske cluster and the
mononuclear iron of adjacent subunits [82]. Indeed, the lack of the dioxygenase activity
in the D205A variant of NDO confirms that this residue is important for catalysis.
Sequence analysis of Rieske type oxygenases shows that this Asp is conserved among all
the family members. Its mutation resulted in enzymes unable to catalyze substrate
dihydroxylation in AntDO and PDO systems [118, 122, 158]. Our current study shows
that Asp 205 plays a unique role in the substrate dihydroxylation reaction beyond
electron transfer. Rapid, substrate dependent, electron transfer from the Rieske cluster is
detected in single turnover transient kinetic studies, although the full rate observed for the
Wt enzyme was not achieved. Despite this ability to transfer electrons, negligible cis-diol
product was formed. Most interestingly, the peroxide shunt reaction, which has not been
used with any of the Rieske oxygenase mutants before, did not yield any cis-diol product
with D205A variant. The need for electron transfer can be avoided entirely using the
peroxide shunt developed using Wt NDO. These findings support the idea that Asp 205
has a broader and more complex role in the oxygenation process of NDO that simple
electron transfer. It may hold great importance for the determination of the exact role or
roles of this conserved Asp residue for Rieske oxygenases in general. These aspects of
Rieske oxygenase catalysis are discussed in the following sections.
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Studies of the Mutation of the Conserved Asp in Related Rieske Oxygenases
In studies of AntDO, it was concluded that this conserved Asp residue may not be
essential for the electron transfer from the Rieske to the mononuclear iron center [118].
The D218A variant exhibited a substrate dependent rapid phase of Rieske cluster
oxidation similar to the phase observed in Wt AntDO. At neutral pH, the reduction
potential of the Rieske cluster of the D218A variant was found to be ~ 100 mV more
negative than its Wt counterpart. Therefore, to account for the uncoupling of the
dihydroxylation reaction, it was suggested that the conserved Asp is not essential for
facile electron transfer; instead it was proposed to maintain the protonation state and the
reduction potential of the Rieske cluster through H-bonding with one of the His ligands.
The resulting structural and electronic environmental change in the mutant could
potentially be transmitted to the mononuclear center.
Another detailed study of the Asp variant was done by Ballou and coworkers in
the PDO system [122, 158]. The conserved Asp (Asp 178) was mutated to Ala and Asn.
The steady-state activities of both the mutant enzymes were 100 fold less than that of the
Wt PDO. Part of the inactivity of the D178 variant was due to the low Fe content at the
mononuclear site, but that does not explain the uncoupling of the cis-diol formation. It
was found that the mutation affects phthalate binding to the catalytic Fe center, so that the
Km value for phthalate changes from micromolar to millimolar range. According to the
authors, mutating the Asp 178 changes the pKa of the Rieske center, therefore changing
the optical spectra of the Rieske cluster. The change in the optical spectra in the D178A
variant was similar to the pH-induced change in Wt PDO. Substrate-dependent rapid
electron transfer was observed in D178A variants. There was not a large decrease in the
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reduction potential of the Rieske cluster due to the mutation, as observed in D218A
variant of the AntDO system. Differential scanning calorimetric measurements revealed
that the mutant enzymes were less stable than Wt PDO, as they became more solvent
accessible with the possibility of the hexamer dissociating into trimers and eventually
monomers. Therefore, it was concluded that Asp 178 is responsible for maintaining the
closed multimeric structure and communication between the subunits.
In comparison to the results from these other Rieske systems, the D205A mutant
of NDO showed only minor structural and spectroscopic changes from the Wt enzyme.
The D205A variant was tested with a number of biophysical methods to detect subtle
differences from Wt NDO at the molecular level. SDS and native PAGE analysis shows
that the overall structure of the D205A mutant is indistinguishable from that of the Wt
enzyme. The electronic absorption spectrum of the Rieske cluster of the mutant enzyme
also appears to be the same as that of the Wt NDO. The only difference that was noted is
that one of the signals of the rhombic EPR spectrum from the reduced Rieske center of
the D205A variant is shifted slightly from that of the Wt enzyme. This is not unexpected
as subtle changes in the electronic environment of the Rieske cluster are likely as the Hbonding between His 104 and Asp 205 is disrupted.

Regulation of Catalysis in the D205A NDO Mutant
Previous studies with the Wt enzyme demonstrated a regulatory mechanism
imposed by the enzyme [94]. It was shown that the Fe2+-nitrosyl adduct is formed either
in presence or absence of the substrate when the Rieske cluster is oxidized. But the
mononuclear iron binds NO only in the presence of the substrate when the Rieske center
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is reduced. This NO binding phenomenon can be extended to O2 binding as NO is
considered as an O2 surrogate. Indeed, the mononuclear iron of the substrate free enzyme
does not oxidize rapidly in the presence of O2, suggesting that it does not bind to the iron.
This minimizes the possibility of formation of unregulated reactive oxygen species. The
regulatory system appears to be preserved in the D205A variant since the same substratedependent NO binding is observed when the Rieske cluster is reduced.

Electron Transfer Occurs Rapidly in the D205A Mutant
As seen by Gibson et al., the steady-state oxygen uptake activity for the D205A
was found to be less than 5% that of the Wt NDO [92]. Addition of exogenous Fe2+ could
not compensate for the loss of the activity. The original interpretation of this result was
that Asp 205 is necessary for the transfer of electrons rapidly from the Rieske cluster to
the mononuclear Fe center. The results obtained from the current transient kinetic studies
as well as those reported for AntDO and PDO contradict this hypothesis. The oxidation
of the Rieske center appears to be a substrate-dependent multiphasic process.
Approximately 40% of the Rieske clusters that have an associated mononuclear iron
center were oxidized (as calculated from the amplitude analysis) with a rate constant of
80 sec-1. This rate constant is 4 fold slower than that observed for Wt NDO in presence of
the substrate, but it still represents rapid transfer. The D218A variant of AntDO and
D178A variant of PDO showed similar substrate-dependent and multiphasic fast
oxidation of the Rieske cluster. Considering that the electron continues to be transferred
relatively efficiently, it seems that there are other routes between the metal centers that do
not involve the conserved Asp. Despite the continued electron transfer, very little cis-diol
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product was detected. Therefore, the conserved Asp residue must play a role in catalysis
that is more important than simple electron transfer.
The ability of the Rieske cluster to accept electrons in the D205A variant was
tested by EPR spectroscopy. Addition of NADH along with the electron transferring
components generated reduced Rieske cluster as evident from the EPR spectra.
Therefore, it can be concluded that the electron accepting ability of the Rieske cluster is
still intact in the D205A variant.
Dihydroxylated Product is not Produced Efficiently by the D205A Mutant
The result obtained from the peroxide shunt reaction was somewhat surprising. In
the peroxide shunt reaction, the H2O2 is the source of both of the oxygens and the two
electrons required for catalysis, and thus, interruption of the electron transfer pathway
from the Rieske cluster should have no effect on catalysis. Nevertheless, very little cisdiol product was formed. This result suggests that the effect of the mutation is not only
limited to the immediate vicinity of the Rieske cluster as reported for AntDO and PDO,
but extends to the mononuclear Fe center.
The EPR spectra of the D205A variant during the peroxide shunt reaction shows
some complex sets of time dependent peaks near the g = 2 region, which were not
explored further. One possibility is that those peaks arise from the degradation of
the enzyme as the enzyme is incubated with very high concentration of peroxide for a
long time. In that case, it is likely that the D205A variant is less stable than the Wt NDO
as those peaks do not develop in the Wt enzyme.
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Uncoupling Reaction
In Rieske oxygenase systems, oxygen activation is regulated by the presence of
the substrate in the active site and the redox state of the Rieske center (equation 1) by
reducing dioxygen when a mutant or alternate substrates have been used.
NADH + H+ + O2

H2O2 + NAD+

(1)

The amount of peroxide formed through the uncoupled activity in the D205A variant in
presence of naphthalene was approximately three fold higher than the peroxide formed in
the Wt NDO. This result suggests that Asp 205 may actually be responsible for the tight
coupling between binding of O2 and formation of the diol product. The crystal structure
of the oxy-complex of NDO reveals that a side-on Fe3+-peroxo intermediate is formed
when oxygen binds to the mononuclear iron center. Recently, a transient intermediate
was identified in the BZDO peroxide shunt cycle that has spectroscopic properties like a
high-spin side-on Fe3+-peroxo complex [96]. Theoretical studies and studies involving
the biomimetic compounds also support the idea that a high-spin side-on Fe3+-peroxo
species is likely to be formed. According to the computational studies, an external
electron and a proton transfer to the dioxygen-NDO complex forms a ferric-hydroperoxo
(Fe3+-OOH)2+ intermediate, which is capable of cis-dihydroxylation of the aromatic
substrate [110, 113]. Alternatively, the O-O bond of the ferric-hydroperoxo intermediate
may cleave and form a high valent Fe5+-oxo moiety, which attacks the aromatic ring and
forms cis-diol. Considering the effect of mutation of Asp 205A, it is logical to think that
this residue may actually be involved in proton transfer to the mononuclear iron during
oxygenation process. Under this scenario, mutation of this residue does not shut-off the
electron transfer between the metal centers, therefore allowing the formation of ferric200

peroxo intermediate. However, the inability to transfer protons might not allow
generation of the ferric-hydroperoxo moiety necessary for cis-diol product formation.
Additional studies involving the D205A variant are necessary to evaluate this idea.
Electron transfer from the Rieske cluster and the cis-diol product formation can be
studied at varying pH to support the proton transfer hypothesis.
Conclusion
Previous studies by Gibson et al. and the work presented in this chapter
established that Asp 205 is essential for the dihydroxylation reaction in NDO system.
Conservation of this residue in bacterial ring hydroxylating Rieske oxygenases and the
results obtained from AntDO and PDO system indicate that this Asp residue plays a very
important role in the catalysis by this class of enzyme. The work presented in this chapter
reinforces this idea and highlights some of the unique aspects of the effects of mutation
of D205A. To date, no structure has been reported for this Asp variant for any Rieske
oxygenase system. A three-dimensional structure will be very helpful in establishing
whether there are significant alterations in the substrate binding pocket due to the
mutation and to search for alternative electron transfer pathways.
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