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Abstract

Rieske dearomatizing dioxygenases utilize a Rieske iron-sulfur cluster and a mononuclear Fe(ll)
located 15 A across a subunit boundary to catalyze O,-dependent formation of cis-dihydrodiol
products from aromatic substrates. During catalysis, O, binds to the Fe(ll) while the substrate bind
nearby. Single turnover reactions have shown that one electron from each metal center is required
for catalysis. This finding suggested that the reactive intermediate is Fe(I11)-(H)peroxo or HO-
Fe(V)=0 formed by O-O bond scission. Surprisingly, several kinetic phases were observed during
the single turnover Rieske cluster oxidation. Here, the Rieske cluster oxidation and product
formation steps of a single turnover of benzoate 1,2-dioxygenase are investigated using benzoate
and three fluorinated analogs. It is shown that the rate constant for product formation correlates
with the reciprocal relaxation time of only the fastest kinetic phase (RRT-1) for each substrate,
suggesting that the slower phases are not mechanistically relevant. RRT-1 is strongly dependent
on substrate type, suggesting a role for substrate in electron transfer from the Rieske cluster to the
mononuclear iron site. This insight, together with the substrate and O, concentration dependencies
of RRT-1, indicates that a reactive species is formed after substrate and O, binding, but before
electron transfer from the Rieske cluster. Computational studies show that RRT-1 is correlated
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8In most characterized RDDs, the as-isolated state of the enzyme is composed of 100% oxidized Rieske cluster (Fe(111)Fe(111)) and
100% ferrous mononuclear Fe.” No equilibrium is observed between the reduced mononuclear Fe and the oxidized Rieske cluster
showing that the reduction potentials are far enough apart that the electron transfer is irreversible. BZDO is unique in that it can be
isolated in either the typical state or in a fully oxidized state with a ferric mononuclear Fe.52 When BZDO is fully oxidized, addition
of stoichiometric reducing eqsuivalents (relative to active sites) from dithionite results in the typical state of oxidized Rieske cluster
and ferrous mononuclear Fe.®2 The reduction potentials of the Rieske cluster and mononuclear Fe for the Rieske monooxygenase
putidamonoxin have been reported as 5 mV and = 200 mV respectively.53v54

bThe good correlation illustrated in Figure 6 is independent of whether the C(2)-H charges are computed for the conjugate acid
(proximally or distally oriented) or base forms of the benzoates (R2 values of 0.992 or higher), but the correlation is sensitive to
whether the charges are computed in the gas phase or including solvation effects. The correlation is significantly improved when using
solvated values, as might be expected given the condensed-phase nature of the reaction.
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with the electron density at the substrate carbon closest to the Fe(ll), consistent with initial
electrophilic attack by an Fe(l11)-superoxo intermediate. The resulting Fe(l11)-peroxo-aryl radical
species would then readily accept an electron from the Rieske cluster to complete the cis-
dihydroxylation reaction.

Rieske oxygenases catalyze a diverse repertoire of chemical reactions including oxygenation
of hydrocarbons, O- and N-demethylations, N-oxidations, and C-C bond formation in
pathways for catabolism of hydrocarbons, and biosynthesis of medically significant natural
products. The Rieske oxygenase subclass termed Rieske dearomatizing dioxygenases
(RDDs) are the only known enzymes that catalyze dearomatizing cis-dihydroxylation of
aromatic compounds (Scheme 1). This reaction activates otherwise stable aromatic
compounds, making RDDs effective agents for bioremediation.2 3 Another type of
application stems from the ability of RDDs to produce large quantities of regio and
stereospecific cis-diols as important synthetic building blocks for streamlining synthesis of
drugs and antibiotics. A complete understanding of the catalytic mechanism of RDDs will
aid further development and utilization of these applications and provide guiding insights for
mechanistic studies of the broad class of Rieske oxygenases.

The benzoate 1,2-dioxygenase system is an archetypal RDD that utilizes the electrons from
NADH to catalyze the conversion of benzoate to (1S,6R)-1,6-cis-dihydroxycyclohexa-2,4-
diene-1-carboxy acid (benzoate cis-diol), inserting both atoms from O, into the substrate,
forming the product (Scheme 1).5=7 This system consists of reductase (BZDR) and
oxygenase (BZDO) components. Each a-subunit of the (af)3 BZDO contains a [2Fe-2S]
Rieske cluster and a nonheme mononuclear Fe coordinated by two His and one Asp residues
(a 2-His-1-carboxylate facial triad)8 in addition to 1 or 2 solvent molecules.® 10 The
conserved quaternary structure of RDDs places the Rieske cluster of one a-subunit within
15 A of the mononuclear iron of the adjacent a-subunit, suggesting that this pair of metal
centers comprise the functional unit of the enzyme.10 11 Substrates bind near (but not to) the
mononuclear Fe, showing that this is the site of O, activation and cis-dihydroxylation.12-15
Single turnover experiments have shown that reduction of both the Rieske cluster and the
mononuclear iron is required for normal catalysis, and that one electron from each metal
center is used during the cis-dihydroxylation reaction.” A conserved Asp residue links the
two metal centers via hydrogen bonding and appears to mediate the electron transfer from
the Rieske cluster to the mononuclear iron during the reaction. 11. 16.1718,19 conformational
changes involving the pathway between the metal centers also appear to play a role in the
complex regulatory mechanism of the enzyme, which ensures that the Rieske cluster is
reduced and substrate is correctly bound in the active site before O, can be activated at the
mononuclear Fe(l1). © 20-22 This mitigates formation of deleterious reactive oxygen
species.”: 23

RDDs have characteristics that make them mechanistically distinct from other Fe-dependent
dioxygenases and monooxygenases. For example, many non-heme dioxygenase classes that
are reactive in the Fe(ll) state utilize the 2-His-1-carboxylate facial triad iron binding
ligation like the RDDs. 24 However, these dioxygenases extract all four electrons required
for O, reduction from the substrate or co-substrate, whereas RDDs ultimately utilize two
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electrons from the substrate and two from NADH. Monooxygenases like methane
monooxygenase (MMO) or cytochrome P450, also extract two electrons from both substrate
and NADH, but the products are oxidized substrate and water rather than a dihydroxylated
substrate. 25-27 |t is noteworthy that well-characterized Rieske monooxygenases exists
which are structurally similar to RDDs, but exhibit the same NADH and O stoichiometry
and single oxygen atom incorporation pattern as MMO or cytochrome P450.20: 28 These
similarities have led mechanistic theories for RDDs along the lines of monooxygenase rather
than dioxygenase enzymes.

A hypothesis for the mechanism of RDDs based on typical monooxygenase chemistry is
shown in Scheme 2 (purple arrows).” Substrate binds to the enzyme with the Rieske cluster
and mononuclear Fe reduced (Rieske™d / Fe(11)), resulting in solvent release from the
mononuclear Fe(ll). Then, O, binds to the Fe(ll) and an electron from the reduced Rieske
cluster is transferred to the mononuclear Fe-O, complex to yield a (hydro)peroxo
intermediate similar to those previously proposed for all well-characterized
monooxygenases.2%-33 The (hydro)peroxo species might be reactive with substrate or the O-
O bond could cleave to yield a reactive HO-Fe(V)=0 species (red bracketed box in Scheme
2).

The results from experimental and computational approaches have supported the
monooxygenase-like mechanism of RDD catalysis, but have not agreed on the identity of
the reactive species performing the initial substrate oxidation.l: 24 In crystallo
characterization of tertiary ESO, complexes in the RDDs naphthalene 1,2-dioxygenase
(NDO) and carbazole 1,9a—dioxygenase (CarDO) have shown O binding in side-on or end-
on configuration to the mononuclear iron, resulting in lengthening of the O-O bond
consistent with formation of a peroxo species.13 15 Also, BZDO with both the mononuclear
Fe and Rieske cluster oxidized can form significant yields of product after addition of
substrate and H,O5 in a peroxide shunt reaction (Scheme 2, blue arrows).34 During these
reactions, the observed rate constants of single turnover is decreased by a factor of ~ 2x10°.
Analysis of the peroxide shunt reaction revealed formation of a transient S= 5/2 ferric
species with unusual spectroscopic properties consistent with those of a side-on bound
Fe(I11)-(hydro)peroxo species. These observations suggest that an Fe(l11)-(hydro)peroxo is
on the reaction coordinate during peroxide shunt reactions and may also be important during
catalytic turnover.

DFT studies based on active site models of the structurally homologous RDDs NDO and
nitrobenzene 1,2-dioxygenase (NBDO) have reached different conclusions regarding the
reaction coordinate. The calculations with NDO showed that O-O bond cleavage prior to
substrate attack to yield an HO-Fe(V)=0 is too energetically demanding. Instead, a lower
energy pathway was proposed using a side-on Fe(l11)-(hydro)peroxo proceeding to product
through an epoxide intermediate.3> However, recently conflicting results were obtained in a
study of NBDO which showed that such a peroxo attack is more energetic than O-O bond
cleavage. 36

Several insights have been gained from studies with small-molecule Fe-chelate complexes
that mimic the active site of RDDs. Investigations of olefin oxidation using various
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complexes showed two distinct reactive pathways to cis-dihydroxylation.3” Both types of
reaction rely on the availability of two adjacent ligand sites on the iron, as is apparently the
case for RRDs. In one type of reaction catalyzed by some low spin Fe(l11)-(hydro)peroxo
complexes within TPA or BPMEN ligands, one oxygen from water is incorporated into the
cis-diol product in addition to one oxygen from H,05. 38 This observation and subsequent
experiments have demonstrated a water assisted cleavage of the O-O bond to form an HO-
Fe(V)=0 reactive species. 32 In contrast, both cis-diol oxygens were found to derive from
peroxide when the reactions were carried out with high-spin TPA and BPMEN Fe-chelate
compounds.3” The mononuclear iron of RDDs is high spin in both the ferric and ferrous
state,” but whether this correlates with the type of reactive species formed is unknown.
Another study using high-spin TMC-Fe(l11)-hydroperoxo complexes has shown that the S=
5/2 state increased the oxidation potential. 4° This generates a more potent species for
electrophilic catalysis, thereby providing evidence that an Fe-hydroperoxo could be active in
RDDs.

The focus on two-electron O, activation in RDDs has limited consideration of another
commonly employed mechanistic strategy in the 2-His-1-carboxylate family involving one
electron reduced O,. Indeed, the initial attacking species in enzymes such as extradiol ring-
cleaving dioxygenases*: 42 and isopenicillin N-synthase 43 are proposed to be metal-bound
superoxo moieties. 4 45

A potential difficulty with a mechanism that invokes an Fe(l11)-peroxo or HO-Fe(V)=0,
reactive species for RDDs derives from our past studies which showed that the rate of
electron transfer from the Rieske cluster to the mononuclear iron site within BZDO is
influenced by the functional groups on the aromatic ring of benzoate.” This observation
might imply that the reaction of some type of Fe-oxygen intermediate with substrate occurs
before formation of a two-electron reduced species. Alternatively, it could reflect steric
effects on the substrate position in the active site. Here, the transient kinetics of electron
transfer within BZDO during a single turnover are examined for benzoate and a variety of
fluorinated benzoates selected in order to limit steric effects. It is shown that the step in
which activated O, first attacks the substrate is rate limiting, and that this step is likely to
involve a metal-bound species with superoxo character. The study provides new insight into
the detailed steps of oxygen activation and reaction that ensure both specificity and efficient
catalysis in Rieske dioxygenases.

EXPERIMENTAL PROCEDURES

Standard materials and procedures are described in Supporting Information. Authentic
standards of dearomatized 1,2-cis-diol products of benzoate and the fluorobenzoates used
here were prepared and characterized as described in Supporting Information. Cloning,
heterologous expression, and purification of BZDO and BZDR from the genomic DNA of
Pseudomonas putida mt-2 were carried out using modifications of previously described
methods.” The current methods for these procedures are described in Supporting
Information.
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Stopped-Flow Analysis of Single Turnover Reactions

Stopped-flow experiments were performed at 4 °C, in 50 mM MOPS buffer, pH 6.8 plus
100 mM NaCl using an Applied Photophysics SX.18MV configured for single wavelength
data collection at 464 nm. The instrument was made anaerobic by flushing with a dithionite
solution and then anaerobic buffer. BZDO (60 uM) was reduced as described in the
Supporting Information and mixed with a solution containing varied concentrations of
substrate and O, (see figure legends). Fitting procedures for time courses to
multiexponential equations and concentrations dependencies to hyperbolic expressions are
described in Supporting Information.

Chemical Quench and Rapid Chemical Quench Product Analysis

Reduced BZDO (400 pM) was mixed 1:1 with reaction buffer (50 mM MOPS buffer, pH 6.8
plus 100 mM NacCl) saturated with O, (1.8 mM at 4 °C) containing benzoate or a
fluorobenzoate (10 mM). For time point quenches of completed reactions (> 3 min), 200 pl
of the reaction mixture was pipetted into 800 pl of rapidly stirring 1 M HCI. Rapid quenches
were accomplished in an identical manner except that an Update 715 ram Syringe Controller
was used to mix and dispense the reactants. Sodium formate (50 pl of 7.5 M) and NaOH (50
ul of 10 M) were added to the quenched solution to buffer the pH to ~ 3.5 and 400 pl H,O
was added to bring the final volume up to 1.5 ml. Each sample was vortexed (~20 s) and the
denatured protein was removed from the solution by centrifugation at 4 °C before HPLC
was used to analyze 1 ml of the quenched reaction. HPLC was performed on a Waters
system with a 1525 binary pump, 2487 dual wavelength UV/Vis detector, and an Agilent
Zorbax SB C18 column (4.6 mm x 150 mm, 5 um) with an aqueous gradient of 4 to 100%
acetonitrile/0.1% formic acid over 7.5 min following an isocratic flow at 4% acetonitrile/
0.1% formic acid for 2.5 min. The cis-diol products were detected by their optical absorption
at 262 nm. The methods used to verify the observed HPLC peaks and construct standard
curves for quantification using authentic standards are described in the Supporting
Information.

Computational methods

Molecular geometries for parent and various fluoro-substituted benzoic acids were
optimized at the M06-2X level of density functional theory*® employing the 6-311+(2df,p)
basis set.#” Both conjugate acid and conjugate base forms were considered in the
optimizations, and the calculations were undertaken both in the gas phase and also including
condensed phase effects using the SMD continuum aqueous solvation model.#8: 49 Charges
were computed for the optimized structures at the same level of theory employed for the
optimizations, summing the charges for carbon atoms with those for attached H atoms in
order to compute a net group partial charge for the C(2) C-H group. In the case of the
conjugate acids, variations in this charge as a function of the position of the hydroxyl group
of the carboxylic acid (distal or proximal to the carbon defined as C(2)) was in every
instance 0.009 a.u. for gas-phase calculations, but no more than 0.001 a.u. with the SMD
solvation model. Geometry optimizations were accomplished with the Gaussian09 suite of
electronic structure programs® and CM5 charges were computed using CM5PAC.51
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RESULTS

Product Formation Correlates with Only One Step of the Multistep Rieske Cluster
Oxidation Reaction

Single turnover reactions were conducted by rapidly mixing reduced BZDO in a stopped-
flow instrument with buffer containing substrate and O, (saturated). Only a single turnover
can occur because there is no additional reductant present to reduce the metal centers for a
second turnover, and the ferric mononuclear iron must be reduced in order for product to
dissociate.” Figure 1 shows that spectra collected during single turnover reactions monitored
in this study fit well as linear combinations of the fully oxidized and reduced Rieske cluster
spectra, demonstrating that no other chromophoric intermediate(s) accumulate to detectable
concentrations.

Figure 2A shows the single wavelength time courses of Rieske cluster oxidation during
single turnover reactions containing benzoate or one of several fluorinated benzoates
selected to yield only one cis-diol product. Each reaction displayed two characteristics
previously observed for the turnover of other substrates.” First, a satisfactory simulation of
the time course of the Rieske cluster oxidation under pseudo-first order conditions requires
more than one exponential phase term (Figure 2B). This shows that there is more than one
step in the Rieske cluster oxidation process for each substrate, but it does not indicate
whether the steps occur in sequence or in parallel, or whether all of the steps are catalytically
relevant. Second, the chemical nature of the substrate (in this case, the number and position
of the fluorine aromatic substituents) changes the magnitudes of observed reciprocal
relaxation times (RRTs). (Figure 2A and Table 1).

The catalytic relevance of the steps in a multistep reaction can sometimes be evaluated from
the magnitudes of the RRTs in comparison to the ke, values for the reactions. This is
straight forward when the steps are irreversible, in which case each RRT is the rate constant
for a specific step. Many of the steps in the current case are likely to be effectively
irreversible: electron transfer across a substantial potential gradient.2 52-54 0-O bond
cleavage, and cis-dihydroxylation. (The conclusion of irreversible steps is verified by results
shown below.) With benzoate as the substrate, three substrate-dependent (see below)
exponential phases are observed, while the reactions for the fluorobenzoates each exhibit
only two substrate-dependent phases. All the substrate-dependent phases are faster than the
respective Keg Values for the reactions, and thus all of the corresponding steps (assumed to
be irreversible) must initially be considered relevant to the true catalytic process of the
enzyme (Table 1). In contrast, each reaction displayed one or more low amplitude substrate
concentration independent phases with RRTs much slower than k., and are therefore not
catalytically relevant. Despite the observation of at least two kinetically relevant phases, it is
difficult to rationalize how a single, one electron, Rieske cluster oxidation event could occur
in a multistep sequential reaction. Thus, it is important to identify functionally relevant
steps, which may be a subset of kinetically competent steps.

One strategy that may distinguish functionally relevant from nonproductive Rieske
oxidation steps is to determine the number of steps involved in product formation and their
rate constant(s). Rapid chemical-quench samples taken at specific times during a single
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turnover were analyzed by HPLC to determine the rate constant(s) and fractional yield of
product formation as shown in Figure 3 and S1 and summarized in Table 1. For each
substrate, a single new HPLC peak appears at the same retention time as purified authentic
standards of the cis-diol product (Figures 3 and S1, insets). In contrast to the time course for
Rieske cluster oxidation, the accumulation of cis-diol products can be fit to a single
exponential function (Figures 3 and S1). For each substrate, the kons for product formation is
within experimental error of RRT-1 (Table 1). Under the assumption of irreversible steps in
the product formation process, this suggests that the product is formed in only one step of
the Rieske oxidation reaction. If so, then the fraction of the overall amplitude of the Rieske
oxidation represented in RRT-1 should correlate with the fractional yield of each cis-diol
product. It is shown in Table 1 that this prediction is confirmed. While the error in the yield
data would allow additional phases in the fit, the small amount of product formed during
these phases would not correlate with the amplitudes of the slower phases in the optically
monitored time course. These results strongly imply that the observed phases do not arise
from a multistep, sequential process, but instead are the result of independent, parallel,
substrate-triggered Rieske oxidation reactions. The reason that the slower substrate-
dependent steps do not yield product remains unclear. However, the ability to consider the
catalytically relevant Rieske oxidation as a one-step process greatly simplifies the analysis
of the mechanism of the cis-diol forming reaction. Accordingly, we will only consider
RRT-1 here, and the RRT for this phase will be considered the rate constant for the rate-
determining step in the product-forming process.

It is important to note that even though it is Rieske oxidation being monitored in the single
step product forming reaction, the electron transfer per se between the Rieske cluster and
mononuclear iron site is unlikely to be rate-limiting. In all of the structurally characterized
RDDs, the electron transfer between the Rieske cluster and mononuclear iron occurs over a
distance of about 15 A presumably following a through-bond pathway!9: 11 with a large
driving force due to the difference in redox potentials of the metal sites.53 54 A rate constant
for electron transfer (kg in Scheme 2) of 2.2 x 108 s~ was computed based on the NDO
active site structure.5® This rate constant is four orders of magnitude larger than those for
single turnover with benzoate, the fastest substrate in this study, thus, a step(s) that precedes
the electron transfer must be rate-limiting. Nevertheless, the Rieske cluster oxidation allows
the rate-determining step in product formation to be characterized and its rate constant
determined, as shown below.

The Rate-Limiting Step Prior to Rieske Cluster Oxidation Occurs after Initial Substrate and

O, Binding

One possible explanation for the large difference in rate of single turnover between benzoate
and the fluorobenzoates is that the fluorine substituent(s) interferes with substrate and /or O5
binding despite the comparable van der Waals radii of hydrogen and fluorine. This
possibility was examined by studying the substrate and O, binding kinetics of each reaction
through monitoring the Rieske cluster oxidation time course under pseudo-first order
conditions in substrate and O,. The rate constant for each substrate reaction exhibits a
hyperbolic concentration dependence as shown in Figure 4A and S2A. This result shows
that the oxidation of the Rieske cluster is not rate limited by substrate binding, and that the
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binding reaction is reversibly connected to the true rate-limiting step. For this type of kinetic
behavior (see Experimental Procedures in Supporting Information), the apparent K4 for the
relatively fast (unobserved) binding reaction is given by the Ky for the titration curve. In the
present case, the apparent Kq values for benzoate and 4-FB are approximately the same
(Table 2). This result shows that replacing hydrogen with a fluorine substituent at carbon 4
does not affect binding affinity. The extrapolated y-intercept and the asymptotic maximum
of the curve give information about the true rate-limiting step. In this case, the y-intercept
for the titration plots is approximately zero, suggesting that the rate-limiting reaction in
effectively irreversible, supporting the assumptions of irreversibility proposed above. The
extrapolated maxima of the titration plots at high substrate concentration are quite different
(Table 2), reflective of the substrate type-dependence of the true rate-limiting step.

The 3,5-fluorobenzoate and 3,4,5-fluorobenzoate substrates also exhibit hyperbolic
concentration dependence extrapolating to zero (Figure S2A). Once again the maximum
value for RRT-1 depends on the type of substrate present (Table 2). However, the apparent
Kq values for the unobserved substrate binding step are an order of magnitude higher than
those observed for benzoate and 4-fluorobenzoate. Apparently, the presence of fluorine at
the 3 and/or 5 positions weakens the binding slightly without causing a change in the
product formed. This pair of substrates shows similar values for the apparent Ky, as
observed for the benzoate, 4-fluorobenzoate pair (Table 2).

Earlier studies have shown that O, binding requires both reduction of the Rieske cluster and
prior substrate binding (Scheme 2). 52 As shown in Figure 4B, the rate constant for the
catalytically relevant step preceding Rieske cluster oxidation reaction displays a hyperbolic
dependence under pseudo-first order conditions in O, and a large excess of benzoate or 4-
FB over the apparent K4 values determined from Figure 4A. As described above for
substrate binding, the hyperbolic plot shows that the O, binding reaction is not rate-limiting.
The hyperbolic fits with zero y-intercepts and the similar apparent K4 values for the two
substrates confirm that the true rate-limiting reaction is effectively irreversible and that the
presence of a fluorine substituent(s) does not significantly affect O, binding affinity. The
maxima (Ksorwarg) Of the fitted O, titration plots are different from each other, but similar to
the respective values found for the substrate titration plots (Table 2). This suggests that the
true rate-limiting step is substrate-type dependent, and that the rate constant for substrate
and O, binding reactions are limited by the same downstream reaction. The same
conclusions are reached for the O, binding reactions in the presence of 3,5-FB and 3,4,5-FB
as shown in Figure S2B. In the case of O, binding, the substrate type causes little change in
the apparent Kg.

Binding of the O, Surrogate Nitric Oxide to the Mononuclear Fe(ll) is Fast Relative to the
Rate of Product Formation

Studies of other oxygenases have indicated that O, binding might proceed in several steps
beginning with the formation of a complex in the active site but not yet with the metal.56-58
Indeed, a small molecule binding site has been identified in the active site of NDO.>% As
such, binding of O, to the mononuclear iron from an active site binding location might be
rate-limiting. One means to directly observe small molecule binding to the metal utilizes NO
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as an O, surrogate. 7 60 The chemical and spatial environments of the resulting spin-coupled
Fe(I11)-NO~ complex can be probed via its characteristic S= 3/2 EPR spectrum and broad
optical spectrum.®1 62 The optical spectra of reduced BZDO exposed to NO (~ 0.5
equivalents relative to active sites) with and without added benzoate or 4-FB are shown in
Figure 5A. In the absence of substrate, there is a large change in the intensity and shape of
the optical absorption spectrum across the visible region, but a much smaller change in
intensity and little change in spectral lineshape occurs in the presence of either substrate.
The cause of this difference is revealed in EPR spectra (Figure 5A, inset) of identical
samples. When NO was added to the reduced enzyme in the absence of substrate, the
rhombic S= Y% EPR spectrum of the reduced Rieske cluster (g-values 2.01, 1.91, and 1.76)’
was attenuated and a new species formed with spectral characteristics (g = 2.04) consistent
with dinitrosyl iron complexes previously reported from reactions of biological Rieske
clusters with NO.%3 When 4-FB was present, the predicted S=3/2 spectrum of a
mononuclear Fe(l11)-NO™ adduct appears without alteration of intensity or lineshape of the
reduced Rieske cluster signal (Figure 5A, inset). This demonstrates that when substrate is
present, NO binds preferentially to the mononuclear iron site, causing a broad increase in
absorbance without significant change in the spectral line shape of the intense chromophore
of the Rieske cluster.

The optical changes observed upon binding of sub-stoichiometric NO exclusively to the
mononuclear Fe site in the presence of benzoate or 4-FB provides, in principle, a method to
measure the rate constants for the binding reaction of NO, and by analogy O», to the metal.
When sub-stoichiometric NO was rapidly mixed with solutions of reduced BZDO and
benzoate or 4-FB (Figure 5B), the change in absorbance occurred primarily in the dead time
of the stopped-flow instrument (pseudo-first order rate constant = 600 s™1). These results
show that NO, and presumably O, in the presence of substrates bind with a much larger
pseudo-first order rate constant than the rate constant for the true rate-limiting step prior to
the Rieske oxidation reaction.

The Rate Constant for the Rate-Limiting Step Correlates with the Computed Atomic
Charge at the Site of Attack on Substrate

An alternative explanation for the difference in single turnover rates of benzoate and the
fluorobenzoates is that the electronegative fluorine aromatic substituents deactivate the
substrates with respect to electrophilic attack on the aromatic ring. If this hypothesis is true,
a relationship should exist that correlates the electronic changes within the fluorobenzoates
listed in Table 1 with the rate constants for Rieske cluster oxidation. As shown in Figure S3,
this system is not described well by a Hammett o plot. However, Hammett analysis is more
typically successful for reactions occurring at benzylic positions than at aromatic ring
centers themselves. A more direct approach to this analysis was adopted by calculating the
partial atomic charge specifically at carbons 1 (the ipso carbon) and 2 for benzoate and the
fluorobenzoates and then comparing this value to RRT-1 under saturating conditions for
each substrate. While there is no trend associated with the CM5 partial charge for carbon 1
(nor is any trend apparent when correlating rates against computed frontier orbital energies),
a linear relationship was observed between the observed rates and the CM5 partial group
charge at carbon 2 (Figure 6) indicating that as electron density is removed from carbon 2,
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the rate of electron transfer from the Rieske cluster decreases proportionally.? The
suggestion that the C(2)-H group is the site of initial reaction is supported by structural
studies of NBDO, which is similar to BZDO in structure, substrate, and chemistry.14 In
NBDO, substrate carbon 2 is positioned closer to the mononuclear Fe than carbon 1, and is
thus the likely site of initial attack of the activated oxygen species. This result is consistent
with the hypothesis that the decreased rate of turnover with the fluorobenzoates is caused by
a change in electron density at the site of initial substrate oxidation.

DISCUSSION

The results presented here show that the rate-determining step of product formation in the
active site of BZDO occurs after substrate and O, binding, but before transfer of an electron
from the Rieske cluster to the mononuclear iron site. This finding contradicts all previous
mechanistic theory for RDDs. 7+ 52: 55 64,65 | these earlier studies, it was proposed that the
reactive species is an Fe(l1)-(H)peroxo adduct (or the derivative HO-Fe(V)=0), which
requires transfer of a Rieske electron prior to its formation. Our finding implies a new
reactive species for RDDs and differentiates the potential mechanism from those proposed
for other NAD(P)H-linked oxygenases such as cytochrome P450 and MMO.27: 29, 66-68
These aspects of RDD catalysis are discussed here.

Significance of Product Forming in Only One Step of the Rieske Cluster Oxidation Process

A long standing mystery in the study of BZDO is the cause of the multiphase Rieske cluster
oxidation observed during single turnover.” This phenomenon has also been reported for
other RDDs such as phthalate and anthranilate dioxygenases. 17- 69 Several hypotheses were
proposed in these studies to account for the multiphase oxidation including
(anti)cooperativity between the subunits of the enzymes, asymmetry caused by partially
occupied metal sites, and multistep sequential reactions. The finding here that only the RRT
and amplitude of the fastest phase correlate with the rate constant and overall yield of
product formation during a single turnover argues against multistep sequential reactions and
subunit cooperativity. Rather, the data strongly imply that the Rieske cluster can oxidize in
multiple, independent, one-step processes, only one of which is relevant to product
formation. It is this insight that allows the evaluation of the steps in substrate binding,
oxygen activation, and product formation described here.

Despite the observation that product is formed in only one of two or more independent
Rieske oxidation reactions, it is true that the rate constants for some of the non-product
forming reactions depend on both the type and concentration of substrate present. This
implies substrate participation in each process, and consequently, a role for the mononuclear
iron center where the substrate binds. The most straight forward explanation for this
observation is that in each reaction an Fe-oxy species of some sort interacts with substrate to
trigger the inter-subunit electron transfer. For the slower non-product forming processes, the
reaction apparently does not carry through to cis-diol formation. Indeed, after a single
turnover of BZDO, all of the Rieske cluster and mononuclear iron is oxidized despite the
less than stoichiometric product yield.” This finding may be associated with release of H,05
or another reduced oxygen species, as has been previously reported for some RDD
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systems. 70-72 \We have previously shown that BZDO can act as an effective catalase.34 64
Consequently, direct observation of H,O, release during the non-product forming oxidation
reactions of BZDO has not been verified.

Nature of the Reactive Species

The most plausible initial activated oxygen species after formation of an Fe(I1)-O, complex
is an Fe(l11)-superoxo (Fe(l11)-02°") complex. Regulation in BZDO and the RDD family
prevents such a complex from forming in the absence of substrate and a reduced Rieske
cluster.”- 52 This regulation appears to have at least two aspects. First, spectroscopic studies
suggest that substrate binding may facilitate release of solvent blocking the potential O,
binding site.? Second, spectroscopic and crystallographic studies suggest that reduction of
the Rieske cluster may shift the mononuclear iron slightly relative to substrate to create
space for O to bind.%: 15 20-22 \We propose that the shifts in active site structure may have
an additional function as described below.

The reactivity of the Fe(l111)-superoxo species with an aromatic ring has not been fully
explored, but there are indications that some types of reactions are possible. For example,
we and others have proposed that a metal superoxo species can add to a catechol ring to
form an alkyl peroxo intermediate in the mechanism of extradiol ring cleaving dioxygenases
(Scheme 3A).73 In this case, we also proposed that the reaction is promoted by electron
transfer from the catechol to the iron, so that the iron and catechol have ferrous and radical
character, respectively.’ This, in turn, promotes recombination of the oxygen and substrate
radicals to form the alkylperoxo intermediate. In the case of isopenicillin N-synthase, we
and others have proposed that an Fe(l11)-superoxo is capable of hydrogen atom abstraction
from the B-carbon of the cysteinyl moiety of the 3-(L-a-aminoadipoyl)-L-cysteinyl-D-valine
(ACV) substrate.*3-45. 75 The energy for such a reaction would be similar to that required
for electron abstraction from an aromatic ring. Here again, the Fe(l11)-superoxo species can
be considered to be somewhat activated by a shift in electron density from the cysteinyl
sulfur of ACV bound directly to the iron. One particularly relevant example is found in the
tryptophan 2,3-dioxygenase (TDO) and indolamine 2,3 dioxygenase (IDO) systems where
electron abstraction from aromatic systems by Fe(11)-O, or Fe(lll)-superoxo has been
computationally and experimentally explored (Scheme 3B).76-78 For this enzyme class, the
iron-oxy system is not significantly activated, but initial attack involving 1- or 2-electron
withdrawal from the heterocyclic indole ring, followed by recombination to form an
alkylperoxo intermediate is predicted as a first step. Downstream reactions result in
dioxygen insertion and indole ring cleavage. Radical reactions with aromatics have also
been explored both experimentally and computationally using a diradical form of phthaloyl
peroxide in which one radical moiety is proposed to attack an unactivated aryl moiety to
form an ester linked aryl radical with only a moderate activation barrier (Scheme 3C).”®

One route to substrate hydroxylation by BZDO is illustrated in Scheme 4. The current
results show that substrate and O, binding occur rapidly to BZDO when both the
mononuclear iron and Rieske cluster are reduced. Direct radical attack of a potential
resulting Fe(l11)-superoxo intermediate on the aromatic substrate would yield an Fe(l11)-
peroxo-aryl radical analogous to the Fe(l11)-peroxo-imidazole radical proposed as a feasible
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route for the TDO/IDO systems (Scheme 3B). 76-78 In the latter system, the subsequent
steps may result in the formation of a substrate epoxide with coincident formation of an
Fe(1V)=0 at the level of Compound II. Reaction of the high valent oxo species with the
epoxide or the carbocation formed upon epoxide ring-opening would result in the
dioxygenation reaction and ring opening. In contrast, the BZDO system is able to avoid ring
cleavage. This can be achieved by controlling the source of the two electrons required for
this phase of the reaction. Rather than utilizing two electrons from the sessile bond (as in the
TDO/IDO case), our past results have shown that BZDO uses one from the iron and one
from the Rieske cluster.”- 52 We propose that the high potential Fe(I11) formed concurrent
with the formation of the putative Fe(l11)-peroxo-aryl radical intermediate allows the
transfer of an electron from the Rieske cluster. The additional electron would promote
homolytic O-O bond cleavage with formation of an intermediate ring epoxide and an
Fe(I11)-O~. Opening of the epoxide would yield a carbocation which could abstract the
hydroxide anion from the iron to yield the cis-diol product without ring opening. In this
scenario, the Fe(l11)-superoxo species would have to have sufficient Fe(ll) character to
prevent electron transfer from the Rieske prior to rate limiting attack on the substrate. Other
mechanistic scenarios such as heterolytic cleavage of the O-O bond with formation of a high
valent iron-oxo intermediate subsequent to formation of the Fe(l11)-peroxo-aryl radical
species are also possible.

The initial reaction of Fe(l11)-superoxo with the aromatic substrate shown in Scheme 4
would depend strongly on susceptibility of the aromatic ring to oxidation, specifically at the
position of attack. The current results show that the presence of electron-withdrawing
fluorine substituents on the ring deactivate the C(2) position for such an attack. Moreover,
the computational evaluation of the effect of the numbers and positions of fluorine atoms on
the charge density at the presumed position of attack, C(2), are consistent with this proposed
mechanism.

The crystal structure of BZDO has not been reported, making it impossible to explore
theoretically any actual reaction coordinate with a requisite level of confidence, but
structures of several other RDDs and some intermediates are known. This includes
structures of the putative Fe(l11)-(H)peroxo intermediate previously assumed by many to be
the species that initially attacks the substrate.13 15 In all such structures, the distance
between the mononuclear iron and the substrate carbon closest to the iron is in the range of
4.2-4.6 A. This is the expected distance for formation of an aryl-peroxo intermediate. After
0O-0 bond cleavage and electron transfer from the Rieske cluster, the resulting Fe(111)-O~
would be approximately 2.5-3 A from the nearest substrate carbon. This is not an
unreasonable distance for a nucleophilic attack of a Fe(I11)-O~ on aryl cation, but the
reaction may be further promoted by the return of the Rieske cluster to the oxidized state.
Structural studies of 2-oxoquinoline 8-monooxygenase and CarDO show that oxidation of
the Rieske cluster forces the mononuclear iron to move approximately 0.5 A toward the
substrate. 1520 Such a movement would bring the Fe(I11)-O~ and aryl cation in closer
proximity and may trigger rapid irreversible completion of the reaction once the electron
from the Rieske cluster has been transferred. This reaction would make the rate-limiting
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formation of the Fe(l11)-peroxo-aryl intermediate appear to be irreversible as we observe,
even if it were in fact a reversible process.

Our previous studies have shown that product formation during a single turnover in RDDs
results in 1-electron oxidation of each metal center.”- 52 This stoichiometry together with
crystal structures of CarDO and NDO showing a side-on bound peroxo intermediate and our
demonstration that the enzymes can use a peroxide shunt to slowly drive catalysis led to the
hypothesis that an Fe(l11)-(H)peroxo (or HO-Fe(V)=0) species is the reactive species in
RDDs. 13.15, 34,64 Thjs hypothesis was supported by computations as well as model
studies.36: 55, 80-82 However, the observation here that the apparent rate of the electron
transfer from the Rieske cluster required to form the peroxo intermediate depends on the
number and position of fluorines introduced into the substrate ring strongly suggests that
there is a reaction with substrate prior to electron transfer. The dependence of the rate of this
reaction on the electron density at the closest substrate carbon to the iron is consistent with
the attacking species being an electrophilic Fe(lll)-superoxo. The result of this attack would
be an Fe(l11)-peroxo-aryl-radical intermediate. While it is possible that the O-O bond
cleavage occurs at this stage, we believe that it is unlikely because there is no detectable
reaction of any type when only the mononuclear iron is reduced. However, it may also be
that the conformation imposed by the oxidized Rieske cluster does not allow substrate and
O, access to the active site to allow the reaction to initiate. Oxygen bond cleavage after
electron transfer from the Rieske cluster would force the reaction onward irreversibly to
product formation.

There is little doubt that RDD enzymes can stabilize a reactive Fe(ll1)-peroxo species as
demonstrated in both solution and crystallographic studies. 13- 15. 34 However, the current
study suggests that this species is not accessed during normal turnover due to either kinetic
or steric constraints. When the intermediate is formed during a single turnover peroxide
shunt reaction of fully oxidized BZDO, the product formation reaction occurs on a minute
rather than a millisecond time scale. 34

NDO and other RDDs can catalyze both dioxygenase and adventitious monooxygenase
reactions. 83 Use of a radical trap/clock molecule as a monooxygenase substrate for NDO
unequivocally demonstrated that a radical intermediate was formed.84 A radical is unlikely
to arise from the attack of an Fe(ll1)-peroxo intermediate, but it might derive from attack by
either an Fe(l11)-superoxo species proposed here or an electrophilic HO-Fe(V)=0 species
hypothesized previously. 8 Indeed, both types of chemistry might occur in the versatile
RDD family with the mechanism determined by the reaction type, the oxygen species
supplied, the substrate, and the kinetics of individual steps along the reaction coordinate.
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ABBREVIATIONS
RDD Rieske dearomatizing dioxygenase
benzoate cis-diol (1S,6R)-1,6-cis-dihydroxycyclohexa-2,4-diene-1-carboxy acid
BZDR benzoate 1,2-dioxygenase reductase
BzZDO benzoate 1,2-dioxygenase oxygenase
NDO naphthalene 1,2-dioxygenase
NBDO nitrobenzene 1,2-dioxygenase
TPA tris(2-pyridylmethyl)amine
BPMEN N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-1,2-diaminoethane
T™MC 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
4-FB 4-fluorobenzoic acid
3,5-FB 3,5-difluorobenzoic acid
3,4,5-FB 3,4,5-trifluorobenzoic acid
RRT reciprocal relaxation time
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The optical changes during a single turnover with benzoate are well-accounted for by linear
summations of the spectra of the reduced and oxidized Rieske cluster. Selected optical
spectra observed after reduced BZDO (100 pM) was mixed with an O, saturated reaction
buffer containing benzoate (20 mM) at 4 °C in a stopped-flow spectrophotometer. The
spectra are combinations of 21 single wavelength time courses collected from 300 -725 nm.
The simulated spectra were calculated by summing the indicated fractions of the fully
reduced and fully oxidized Rieske cluster spectra.
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Figure 2.
Rieske cluster oxidation rates during a single turnover depend upon the type of substrate

present. (A) Optical change at 464 nm when reduced BZDO (60 M) was mixed with an O,
saturated reaction buffer containing the indicated substrate (5 mM) at 4 °C in a stopped-flow
spectrophotometer. (B) The resulting optical change at 464 nm with 4-fluorobenzoate and
residuals from single, double, and triple exponential function fits.
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Product analysis of single turnover reactions shows a correlation with the fast phase of
Rieske cluster oxidation. Reduced BZDO (400 pM) was rapidly mixed 1:1 with O, saturated
reaction buffer containing (A) benzoate (10 mM) or (B) 4-FB (10 mM) and chemically
quenched as described in the Experimental Procedures. The yield at the end of the reaction

(= 4 min) is shown by a star. The product formation time course can be fit to a single

exponential equation for each substrate (solid line), yielding the kgns. In each case, a single
new HPLC peak consistent with an authentic standard of the cis-diol product is observed
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(insets). For replicated points, n = 3 and the errors bars represent 1 standard deviation of the
mean.
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RRT-1 with 4-FB (s') e

RRT-1 with 4-FB (s™') e

Substrate and O, concentration dependence of RRT-1 reveals a common subsequent slow
step. Reduced BZDO (60 uM) was mixed 1:1 in a stopped-flow spectrophotometer with
reaction buffer containing either (A) O, (saturated solution at 4 °C ~ 1.8 mM) and varied
concentrations of benzoate or 4-FB, or (B) varied concentrations of O, and benzoate (5 mM)
or 4-FB (5 mM). RRT-1 from multiexponential fitting of stopped-flow traces (n= 6 and 4
for the reaction of benzoate and 4FB, respectively) was plotted vs (A) substrate or (B) O,
concentration. Reported error of each point is one standard deviation of the mean. K4 and
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Ksorward Values were determined by fitting the data to a hyperbolic function (solid curve) and
are reported in Table 2.
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Figure 5.

NO binds rapidly to the mononuclear Fe(ll) in the substrate complex. (A) The optical
spectra of reduced BZDO (250 uM) with or without benzoate (50 mM) or 4-FB (50 mM) are
shown 15 min after the addition of NO (~ 0.5 equivalents relative to BZDO sites). In the
absence of substrate, the large change in electronic absorption is caused by NO binding to
the Rieske cluster as can be observed by the attenuation of the S=% (g = 2.01, 1.91, and
1.76) EPR signal (inset) from the reduced Rieske cluster and formation of a new signal at g
= 2.04. In the presence of benzoate or 4-FB, the NO adduct of the mononuclear iron is
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formed as shown by the appearance of the characteristic S=3/2 (g = 4.10 and 3.94) EPR
signal. Conditions: microwave power, 0.2 mW; temperature, 20 K; microwave frequency,
9.64 GHz. (B) A solution of reduced BZDO (200 uM) and 4-FB (1 mM) was mixed 1:1 in a
stopped-flow instrument with anaerobic reaction buffer or anaerobic buffer containing NO
(~ 0.5 eq relative to BZDO). Formation of the Fe(l11)-NO adduct was monitored by the
increase in absorption at 430 nm. The same experiment using benzoate in place of 4-FB
gave indistinguishable results.
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Figure 6.
The logarithm of the rate of Rieske cluster oxidation is proportional to the calculated partial

group charge at C(2)-H of the substrates tested. A linear trend is observed showing RRT-1
decreases as the electron density at the C(2)-H group decreases.
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reaction with unactivated aromatic compound.”®
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COO COO

O, bindin
2 g >

lAttack
e transfer
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COO COO"

Reaction Cycle for Benzoate 1,2-Dioxygenase Emerging from the Current Studya,b,c
@Red arrows represent the direction of a conformational shift of the mononuclear iron

observed spectroscopically and in crystal structures.

bThere are several possibilities for the cis-diol forming reactions following electron transfer
from the Rieske cluster, only one of which is shown.
CAn electron from an external source is required to allow product release.
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Kinetic parameters from substrate and O, concentration dependence of product coupled phase RRT-12

Table 2

Kasubstrate (UM)  Krorward 58 Ka,02 (BM)  Keorward (573

Benzoate 213+4 135+13 212+6

4-FB 56+0.2 163+ 12 6.4+0.1

3,5-FB 17+1 150 + 14 15+04
3,4,5-FB 11+01 152+7 0.89 £ 0.02

aApparent K( values determined from hyperbolic fits to the data shown in Figures 4 and S2. The value for kyeverse is approximately zero in all

cases.
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