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Abstract

The Rieske dioxygenases are a major subclass of mononuclear nonheme iron enzymes that play an
important role in bioremediation. Recently, a high-spin Fe!l'—(hydro)-peroxy intermediate
(BZDOp) has been trapped in the peroxide shunt reaction of benzoate 1,2-dioxygenase. Defining
the structure of this intermediate is essential to understanding the reactivity of these enzymes.
Nuclear resonance vibrational spectroscopy (NRVS) is a recently developed synchrotron technique
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that is ideal for obtaining vibrational, and thus structural, information on Fe sites, as it gives
complete information on all vibrational normal modes containing Fe displacement. In this study,
we present NRVS data on BZDOp and assign its structure using these data coupled to
experimentally calibrated density functional theory calculations. From this NRVS structure, we
define the mechanism for the peroxide shunt reaction. The relevance of the peroxide shunt to the
native Fe!!/O, reaction is evaluated. For the native Fe!!/O, reaction, an Fe!''-superoxo intermediate
is found to react directly with substrate. This process, while uphill thermodynamically, is found to
be driven by the highly favorable thermodynamics of proton-coupled electron transfer with an
electron provided by the Rieske [2Fe-2S] center at a later step in the reaction. These results offer
important insight into the relative reactivities of Fe!''-superoxo and Fe'l'-hydroperoxo species in
nonheme Fe biochemistry.
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1. INTRODUCTION

Mononuclear nonheme iron (NHFe) enzymes are abundant in nature and catalyze a variety
of reactions of O, with organic substrates.1~3 The majority of these enzymes use an Fe!! site
ligated by a facial triad of two His residues and one Glu/Asp carboxylate residue, which
remain 6-coordinate (6C) until the substrate and any necessary cofactors are present in the
active site.24> When these are all present, the active site becomes 5- coordinate (5C)
through loss of a water ligand, allowing O to bind to the Fe!! site and become activated for
reactivity.3 These NHFe!! enzymes are divided into subclasses based on the source of the
electrons used for the multielectron reduction of O,, the nature of the substrate, and whether
a cofactor is required.? There has been much interest in characterizing the activated O,
intermediates responsible for reacting with substrate. The most well-defined O,
intermediates are S= 2 Fe!V=0 intermediates,® which have been trapped in the pter-
independent hydroxylases’ and the a-ketoglutarate-dependent enzymes.8 A low-spin Fe!ll-
OOH intermediate that performs H atom abstraction (HAA) has been trapped in the
anticancer glycopeptide drug bleomycin, and high-spin Fe!!'-hydroperoxy model
complexes have also been shown to exhibit electrophilic reactivities including HAA and
sulfoxidation.1911 An Fe!''—superoxo species has been proposed as the reactive intermediate
in isopenicillin N-synthase (IPNS).12 The one-electron reduction of O, to 05"~ is
unfavorable (=0.16 V),13 but in this enzyme, the thiolate substrate binds directly to the Fe,
thereby lowering its Fe!l/Fe!!! reduction potential and making the formation of an Fe!!l-
superoxide favorable.1# Indeed, recent experimental data coupled to calculations suggest that
an Fel'_superoxo intermediate forms in the reaction IPNS with deuterated variants of its
native substrate.1® An S= 2 Felll-superoxo intermediate has also been trapped in an active
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site variant of the extradiol dioxygenase homoprotocatechuate 2,3-dioxygenase (HPCD)
with a slow substrate; however, in native HPCD, no Fe!!!'is observed during single turnover
reactions, so it remains controversial whether a transient Fe!l'-superoxo is the catalytically
relevant intermediate. 16:17

Another important subclass of NHFe!! enzymes that is the focus of the present study is the
Rieske oxygenases. In these enzymes, a high-spin Fe!!'—peroxy level intermediate has been
trapped in a peroxide shunt reaction,18 while recent single turnover kinetics data potentially
implicate an Fe!''-superoxo as an active intermediate in the native O, reaction.1® The Rieske
oxygenases catalyze a range of diverse chemistries2? including monooxygenation,?!
sulfoxidation,?! and desaturation. 22 Most of the well-studied Rieske oxygenases are
dioxygenases (RDOs) that catalyze the cis-dihydroxylation of aromatic rings?® and are
important in bioremediation.24:25 In contrast to the NHFe!! enzymes described above, the
RDOs require an external source of electrons to activate O,. As a result, a reductase and
sometimes ferredoxin (fd) protein components are required in addition to the oxygenase
component. The catalytically active oxygenase component28:27 consists of an (a)s or a3
trimer, where each a subunit has a mononuclear NHFe!! site and a [2Fe-2S] Rieske center.28
The head-to-tail quaternary structure places the NHFe!! site of one subunit adjacent to the
Rieske center of another subunit, and this combination forms the reactive unit. The Rieske
center can exist in either an oxidized, S= 0 Felll/Fe!"! form or a reduced, S=1/2 Fe!l/Fe!!!
form. O, activation and reaction with substrate occur at the catalytic mononuclear NHFe!!
site, and the Rieske center in a neighboring a. subunit provides one electron to the NHFe!!
site during the reaction through a hydrogen bond from a carboxylate residue at the interface
of the two subunits.2? At the end of a single turnover cycle, both metal centers are oxidized,
indicating that 2 electrons are required for the oxygen activation reaction.3° In order to start
the next reaction cycle, the reductase/fd must provide two electrons to reduce the RDO metal
centers. From magnetic circular dichroism (MCD) measurements on the RDO naphthalene
dioxygenase (NDO), it is known that the NHFe!! site becomes 5C only when substrate is
present. This opening of a coordination site on the iron in combination with structural
changes occurring upon reduction of the Rieske center prime the site for O, reactivity.31:32
Crystal structures for many members of the RDO family have been solved,27:28:33-37
including some with substrates bound,37~40 which show that substrate does not coordinate to
the Fe!! but binds in its vicinity in a hydrophobic pocket. Two O,-bound crystal structures
have been solved, one in NDO with the alternative substrate indole bound3” and the other in
carbazole 1,9a-dioxygenase (CARDO) with carbazole bound.3? Both structures show the
NHFe!! facial triad with one of the carboxylate side chains bound bidentate and the O,
bound side-on. In the case of the CARDO, single-crystal optical spectra showed that the
Rieske center is oxidized in this complex. The structural studies were complemented by the
single turnover studies described above and by peroxide shunt experiments showing that
hydrogen peroxide can provide both the oxygen and the two electrons required for turnover.
26,30 Together, these observations led to the proposal that the active intermediate in the
RDOs is an Fe!ll-peroxy or Fe!l'-hydroperoxy species, where O, has been reduced by two
electrons, one from the NHFe!! site and one from the Rieske center.*! The four-electron
reduced O, intermediate, an FeV(O)(OH) species, has also been considered.30
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As mentioned above, a solution-phase oxygen intermediate has been trapped in the RDO
benzoate 1,2-dioxygenase (BZDO) using the peroxide shunt reaction, where Ho05 is reacted
with an Fell! catalytic site and an oxidized Rieske center with the substrate, benzoate,
already bound.18 This intermediate, BZDOp, forms the correct cis-dihydroxylated product,
1-carboxy-1,2-cis-dihydroxycyclohexa-3,5-diene (benzoate-cis-diol), but at a much slower
rate than in the native O, reaction with the NHFe!! site18.19 (5.8 x 1074 571 vs 190 s71, both
pseudo first order single-turnover rates). This intermediate has been tentatively assigned as a
high-spin Fe!l'-peroxy species on the basis of Mdsshauer spectroscopy, with the binding
mode of O,, how this relates to the crystallographic intermediates, and protonation state of
the O unknown.18 The slow reactivity of BZDOp raises the question of whether it is
relevant to the native O reaction. Further, recent single-turnover kinetics on the native O,
reaction in BZDO indicate that the O»-bound NHFe!! site reacts with the substrate prior to
Rieske center oxidation, which implicates an Fe!!'-superoxy as the reactive intermediate,
rather than an Fe'''-(hydro)peroxy.19 If an Fe!!l—superoxy is the active intermediate, this
raises the question of what drives its formation, as substrate is not coordinated to the Fe, and
from reference 42, O, binding to an Fe!! in a facial triad (without substrate bound) is highly
endergonic. Accordingly, O, binding in the absence of substrate is not kinetically relevant
for either NDO or BZDO based on the single turnover studies.19:30

To address these issues, it is first necessary to define the structure of BZDOp and determine
how this relates to the native reaction of active site Fe!! with O,. Vibrational spectroscopy is
ideal for defining the binding mode and protonation state of the O,. Resonance Raman (rR)
would be the traditional method for obtaining vibrational data on the NHFe!! active site;
however, due to the chromophoric nature of the Rieske center,3 it is not possible to obtain
resonance Raman data on the NHFe!! site.#* We thus turned to nuclear resonance vibrational
spectroscopy (NRVS) to obtain vibrational data on BZDOp. NRVS is a third-generation
synchrotron technigue where inelastic vibrational sidebands of the 14.4 keV 5’Fe Mdssbauer
transition are observed.4546 NRVS has the useful property that all normal modes of
vibration with 7Fe displacement show intensity, and that intensity is proportional to the
amount of Fe displacement in the mode. NRVS thus gives selective vibrational and,
therefore, structural information on the Fe active site. For enzyme intermediates with
unknown structures, density functional theory (DFT) simulations, where the functional and
basis set have been calibrated on well-defined model systems, are used to assign the NRVS
spectrum and define the structure. This methodology has previously been applied to the low-
spin Fe!!' hydroperoxy intermediate in bleomycin (BLM),*’ the Fe!V-oxo intermediate in
SyrB248 and the bridged peroxide intermediate P in the binuclear Fe site of AurF.4° To
calibrate our DFT method for BZDOp and define the binding mode and protonation state of
high-spin Fe!!'-(hydro)peroxy models, we previously analyzed NRVS data on a side-on
Fe!ll_peroxy model? and an end-on Fe!!'-hydroperoxy modell? (both high-spin and ligated
by the 4-coordinate 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC) ligand).>°

In the present study, we first present the NRVS data of BZDOp and assign its structure based
on DFT calculations calibrated to the high-spin Fe!!l(hydro)peroxy models. We then define
its reactivity with substrate, including consideration of whether BZDOp can be in an
equilibrium with an Fe!''-superoxo reduced Rieske species. We then evaluate the native O
reaction in BZDO using DFT, including the timing of the electron transfer (ET) from the
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Rieske center, and based on these experimentally calibrated calculations offer thoughts on
how an Fe!''-superoxo can be activated for reactivity in the RDOs and how the reactivity of
this species compares with that of an Fe!!'-hydroperoxy intermediate.

2. METHODS
2.1. Preparation of °’Fe BZDOp Samples

57Fe enriched BZDO was heterologously overexpressed, purified, and characterized as
previously reported, only changing the growth and overexpression media to a modified
Hutner’s mineral base.19:51 The recipe for the defined media was followed as reported
except iron was omitted from all media components and 3 mg/L (~60 uM) >’Fe was added
to each flask of growth media. Filter sterilized glucose (0.4% wi/v) was used as the carbon
source and was added from a 20% (w/v) stock. The concentrated 5’Fe stock was made by
dissolving an isotopically enriched iron powder (Cambridge Isotope Laboratories, = 96%
57Fe) in 4 M HClI overnight. This procedure resulted in >’Fe being ~97% of the total iron
present in the Rieske center and the mononuclear Fe as assayed by ICP-MS.

NRVS samples were prepared at 23 °C by concentrating °’Fe-enriched as-purified BZDO to
5 mM. KCN and benzoate were added to the BZDO solution to respective final
concentrations of 20 and 50 mM from high concentration stocks to minimize dilution. KCN
suppresses background catalase activity preventing degradation of the hydrogen peroxide
added during the peroxide shunt.18 KCN was found not to alter the kinetic or spectroscopic
features of BZDO. Each NRVS sample was made by mixing 4 parts of the above enzyme
solution with 1 part of reaction buffer (50 mM MOPS buffer pH 6.8, 100 mM NaCl)
supplemented as described below. BZDOgyx samples were prepared by counter mixing with
reaction buffer containing 50 mM benzoate. 1860 BZDOp samples were prepared by counter
mixing with reaction buffer containing 50 mM benzoate and 250 mM H,0,. 180 BZDOp
samples were prepared by counter mixing with reaction buffer containing 50 mM benzoate
and 250 mM H, 180, (Cambridge Isotope Laboratories, 2-2.5% in water, 290% H, 180,).
The mixed reactions were then injected into NRVS cells wrapped in Kapton tape and frozen
on a liquid nitrogen cooled aluminum block. BZDOp samples were frozen 5 min after
addition of the HyO,-containing buffer. ApoBZDO (without mononuclear iron but with full
complement of Rieske center) was prepared by overnight dialysis at 4 °C in reaction buffer
containing 10 MM EDTA. EDTA was removed by an additional dialysis at 4 °C in reaction
buffer. A PD-10 desalting column (GE Healthcare) equilibrated in reaction buffer was used
as a final step to remove residual EDTA. ApoBZDO NRVS samples were made with
reaction buffer containing 50 mM benzoate.

2.2. NRVS Data Collection and Processing

5’Fe NRVS data were collected on BZDO samples at beamline 3-1D-D at the Advanced
Photon Source and at BLO9XU at SPring-8. The NRVS energy scale was calibrated using
[Fe'l(Cl4)][NEt,].52 Sample temperatures were maintained at ~60K in copper sample
holders mounted in LHe cryostats. Scans of 1 h in measuring time were collected and added
together using the PHOENIX software package®3 until good signal-to-noise was obtained,
and PHOENIX was also used to subtract the elastic peak and generate the final vibrational
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density of states spectra. To obtain data on the vFe—O in 160/280 BZDOp, the counting rate
in the region from 460-540 cm~1 was increased 10-fold, with the counting rate in the rest of
the spectrum (except in an 80 cm™1 range around the elastic peak) decreased to maintain the
same measuring time per spectrum. All data, including the isotope-sensitive feature, were
reproduced on two replicates of each sample.

2.3. DFT Calculations and NRVS Simulations

DFT calculations were performed using the Gaussian 09 software package, revision D.01.%4
The B3LYP functional®>-58 and a basis set consisting of 6-311g* on the Fe and 6-311g on
all other atoms®%-63 was used for all calculations, as this basis set and functional
combination has previously been found to perform well in calculating NRVS spectra and
reactivities of high-spin Fe!l'-peroxy species.5%:64 Implicit solvation was included in all
calculations using the Polarizable Continuum Model (PCM)® as implemented in Gaussian
09 with e = 4.0. No crystal structure exists for the oxygenase component of BZDO, but
BZDO and NBDO have high sequence similarity (45%) and identity (29%),56 so the crystal
structure of nitrobenzene dioxygenase (NBDO) with substrate bound was used as the
starting point for the calculations (PDB code 2BMQ).38 Nitrobenzene was modeled as
benzoate (protonated to eliminate self-interaction effects), and amino acid residues were
truncated to the a-carbons. O, was added to these structures computationally to generate the
NRVS structural models for BZDOp and the initial Fe!''-superoxo intermediate in the native
reaction coordinate. Bond constraints for calculating a 2D potential energy surface were
included using the modredundant keyword in Gaussian 09. For simulating the NRVS
spectra, DFT frequency calculations were initially calculated using natural abundance
masses, after which the terminal hydrogen atoms on the truncated a.-carbons were increased
to 100 amu and frequencies were recalculated to remove spurious vibrations associated with
the truncation scheme.%” NRV'S spectra were simulated from these heavy mass frequency
calculations using the gennrvs script.58 Molecular orbital contours were generating using
LUMO,59 and Mulliken orbital populations were calculated using QMForge.”®

3. RESULTS AND ANALYSIS

3.1. NRVS Definition of BZDOp

NRVS data were collected on four BZDO samples, all of which had >’Fe loaded into the
Rieske center: apo BZDO, where the catalytic site was not loaded with Fe but the oxidized
Rieske center is present, ferric resting BZDO (BZDOgx), which is the starting material of
the BZDOp formation reaction and has the Rieske center oxidized and °’Fe loaded and
oxidized in the catalytic site, and 160- and 180-labeled BZDOp, where the peroxy
intermediate made up 60% of the catalytic site °’Fe (with 30% due to BZDOgx and 10%
due to product complex from EPR, see Figure S1). These data are shown in Figure 1.

From the NRVS data, there are two major spectral features in BZDOp that are distinct from
the Rieske and BZDOgx features. One is the pair of peaks at 270 and 284 cm™1 (blue
spectrum), and the other is a peak at 510 cm™! that shifts to 496 cm~ with 180 substitution
(Figure 1, inset. Note that the data in the inset are in the 485-520 cm™! range taken with
additional scans at 10x the measurement time relative to the blue spectrum to improve the
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SIN; see Figure S2). (The peak at 587 cm™1 is not isotope sensitive and appears at the same
energy in BZDOpx.) Due to its isotope sensitivity, the 510 cm™1 feature can be assigned as
the vFe-0O. Qualitatively, based on a previous NRVS study on high-spin Fe!!'—(hydro)peroxy
models,>0 the peaks centered at 277 cm™! are equatorial Fe—Npjs stretches. This previous
study showed that the energy of the v#e—0 and the splitting between equatorial Fe-N
stretches are sensitive to the coordination mode of O, and its protonation state. From the
model study, the side-on Fe!''—peroxo has a symmetric vFe-O of 430 cm~ and an
equatorial Fe-N splitting of 23 cm™1, while for a hypothetical in silico side-on Fe!ll-
hydroperoxo these are 521 and 14 cm™1, respectively, and for the end-on Fe!!'-hydroperoxo
these are 619 and 25 cm™1. Both the vFe—O of 510 cm™! and the 14 cm™1 splitting between
the Fe—N peaks are consistent with BZDOp being a side-on Fe!!'-hydroperoxy.

DFT calculations were used to make a rigorous assignment of the structure of BZDOp via
the NRVS spectrum. Three primary candidate structures for BZDOp were considered:
sideon Fe!''—peroxy, side-on Fe!!'-hydroperoxy, and end-on Fe!!'-hydroperoxy shown in
Figure 2. Attempts to optimize an end-on unprotonated Fe!'l—peroxy structure resulted in an
end-on Fell-superoxy electronic structure inconsistent with the Méssbauer data.1® The
cluster model used for these calculations (derived from NBDO as described in section 2.3)
included all first-sphere residues and two conserved second-sphere Asn residues, Asn258
and Asn199 (labeled using the NBDO residue numbers), which are involved in hydrogen
bonding to the substrate and to the Oy, respectively. DFT simulations derived from the three
possible structures (in insets, with final DFT structures given in Figure S3) are shown in
Figure 2.

As shown in Figure 2, only the side-on hydroperoxy model (Figure 2 C) is consistent with
the NRVS data of BZDOp (Figure 2 A), as this model predicts an vFe-O at 516 cm™1 (510
cm~1 in the data) and a pair of intense Fe-His stretches at 285 and 271 cm™2. These are
inequivalent due to the differing Fe—Np;s bond lengths of 2.07 and 2.08 A, respectively, and
consistent with the observed 284 and 270 cm~ peaks in the NRVS data. In the side-on
peroxy structure, a symmetric vFe—-O, is calculated at 458 cm™2, and the intense vFe—Nps
appear at 270 and 243 cm~1, which are all too low in energy to be consistent with the NRVS
data, and the 27 cm™1 splitting between the vFe-Ny;s is also too large. For the end-on
hydroperoxy model (which is 1 kcal/mol higher in free energy than the side-on
hydroperoxy), the vFe-O is at 553 cm™1 and the vFe-Ny;s are at 316 and 296 cm™1, all too
high in energy relative to the NRVS data, with the 20 cm™1 splitting between the vFe-Ny;s
again too large relative to the data (though it should be noted that this splitting is within the
8 cm™1 resolution of the experimental value). From the DFT modeling, BZDOp can thus be
assigned as a side-on Fe!!'-hydroperoxy, consistent with the qualitative prediction presented
above based on model complexes. The DFT structure of BZDOp is shown in Figure 3, and
relevant calculated structural and vibrational parameters for this model, as well as the side-
on peroxy and end-on hydroperoxy, are given in Tables S1 and S2.

3.2. Reaction Coordinate of BZDOp

With the structure of BZDOp defined using NRVS spectroscopy, its cis-dihydroxylation
reactivity was computationally investigated. Two primary reaction pathways for a side-on
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Fe!ll_hydroperoxy have been proposed in the literature: (1) initial heterolytic cleavage of the
0-0 bond to form an FeY(O)(OH) that then reacts with substrate1:71 and (2) direct attack
of the unprotonated O on the substrate concerted with O-O cleavage,’? as shown in Scheme
1.

Previous computational studies disagree about which of these mechanisms is more feasible.
71-73 To evaluate this reaction coordinate, the NRV'S structure of BZDOp was used as a
starting point to generate a 2D potential energy surface (PES), where the two coordinates are
0O-0 distance and non-protonated O—substrate (C2) distance, as depicted in Figure 4, left.
The results of these calculations are displayed in Figure 4, right.

From the PES shown in Figure 4, decreasing the O—substrate distance without increasing the
O-O0 distance is energetically unfavorable and would go through a barrier of ~27 kcal/mol,
while cleaving the O-O bond would go through a barrier of ~19 kcal/mol. No transition state
for direct attack could be located. This can be rationalized by considering the frontier
molecular orbital (FMO) of BZDOp that would participate in the direct electrophilic attack,
which is its LUMO, a hydroperoxo o* orbital oriented along the O-O vector (Figure S4).
Due to the positioning of Asn258 (Figure 3), the substrate is unable to orient itself along this
0O-0 vector, and the O-O bond must cleave before attack on the substrate. A recent
QM/MM study’? similarly found that steric effects arising from residues in the binding
pocket of NBDO prevent the substrate from adopting the position necessary for a concerted
TS.

The O-0 cleavage mechanism was evaluated on the S=5/2 and S = 3/2 surfaces. The
results of these calculations are shown in Figure 5 and summarized in Table 1.

BZDOp is a high-spin (5= 5/2) Fe!l' species.18 The initial step in the reaction is cleavage of
the peroxy O-0 bond, which goes through a barrier of 21.8 kcal/mol on the $= 5/2 surface
(TS13), On the S= 5/2 surface, this process is best described as a homolytic cleavage where
one alpha electron from the Fe and one beta electron from the protonated O (OH) are used to
cleave the O-O o bond, as evidenced by the buildup of spin density on OH at TS!2 (Table 1).
This process generates an Fe!V(0)(**OH) product, where the S= 2 Fe!V and the S=1/2
**OH are ferromagnetically coupled. However, the S= 3/2 cleavage product is much lower
in energy (—4.6 kcal/mol relative to BZDOp, versus +5.2 kcal/mol for S=5/2), so there is a
spin crossover from the $=5/2 to the S= 3/2 surface along the O-0O cleavage coordinate.
The S=3/2 product is an FeV(O)(OH) species, where there are three a electrons in the Fe d
orbitals and the O-O bond has been heterolytically cleaved by two electrons from the Fe, as
shown at the bottom of Figure 5. (The S= 1/2 cleavage product was also considered. This is
a low-spin FeV(0)(OH) with an energy of 5.2 kcal/mol, higher in energy than the S=3/2
product. The S= 3/2 FeV being lower in energy here is consistent with computational
predictions that an FeV(O) with a ¢is OH group would have its high-spin configuration
lowest in energy.”#) This FeY(O)(OH) intermediate is shown as 112 in Figure 5 and Table 1,
and the DFT structure is given in Figure S5. The next step in the reaction involves attack on
the substrate by the oxo group, as the OH group is not oriented well for attack on the
substrate (see Figure S5, upper right). On the S= 3/2 surface, the oxo group attacks C1 of
the substrate with a barrier of 13.2 kcal/mol relative to BZDOp, much lower than the barrier
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for 0-O cleavage. At the transition state, TS22 (from the spin densities in Table 1 and the
FMOs in Figure S6), one a electron from the substrate £ HOMO has been transferred to the
Fe, as shown schematically in Figure 5, bottom. The intrinsic reaction coordinate (IRC)
product of this transition state, 122, is best described as an Fe!''-O-benzoate* bridged
species, where the second substrate =z HOMO electron has been mostly transferred to the Fe
(though there is still a small amount of Fe!V benzoate* character, as evidenced by the spin
densities in Table 1 and FMOs in Figure S6). This species does not correspond to a local
energy minimum, and upon geometry optimization, 122 goes directly to the final product P2,
where the OH group on the Fe has transferred to the substrate and there has been a spin
crossover back to the S=5/2 surface to generate an S= 5/2 Fe!!l product bound complex at
—37.2 kcal/mol. From these calculations, the rate limiting step of the BZDOp reaction with
substrate is O—O cleavage with a barrier of 21.8 kcal/mol, which is consistent with the
experimental slow rate of product formation in the peroxide shunt reaction (5.8 x 1074 s71).
18 Note that the slow rate of product formation could also be due to slow peroxide binding;
however, there is an immediate shift in the EPR signal of BZDOgx upon addition of
H,05,18 and its binding is thus likely not rate limiting.

Since literature results indicate that an end-on high-spin Fe!'! hydroperoxide should be
capable of electrophilic reactivity, 10:11.64 the possibility that BZDOp can isomerize to end-
on hydroperoxide to electrophilically attack the substrate through its protonated O was also
evaluated. The end-on hydroperoxo is only 1 kcal/mol higher in free energy than the side-on
structure and can attack benzoate at C1, but with a barrier of 30.1 kcal/mol, to form an
Fe!V(0) and (benzoate®)-(OH) at 22.4 kcal/mol. Interestingly, this barrier is much higher
than the 18.8 kcal/mol barrier found for a high-spin end-on Fe!!'-hydroperoxy-TMC model
complex performing H atom abstraction from xanthene.%4 This can be attributed to the
thermodynamics of the products: if the thermodynamics of the products are removed from
the barrier to obtain an approximate estimate of the intrinsic AG*,7>76 the barriers become
closer (19.0 kcal/mol for BZDOp, 23.4 kcal/mol for the TMC hydroperoxo model). The high
barrier for end-on hydroperoxo attack on benzoate rules out this mechanism for the peroxide
shunt reaction relative to the heterolytic O-O cleavage mechanism presented in Figure 5.

3.3. Thermodynamic Correlation of BZDOp with a Fe!'-0,*~ Rieske'®d Species

The barrier of 21.8 kcal/mol for cis-dihydroxylation via O—O heterolysis of the hydroperoxo
in BZDOp determined above is consistent with the observed slow rate in the peroxide shunt
reaction. However, there also exists the possibility that BZDOp could be in an equilibrium
with a Fe!''-0, *~ Rieske"d species (generated by deprotonation and electron transfer back
to the Rieske center), which could itself be the reactive intermediate and has recently been
invoked as a potential intermediate in the native O, reaction of BZDO (vide infra).19 To
investigate this possibility, the thermodynamics of reducing the Rieske center by one
electron and deprotonating and oxidizing BZDOp by one electron were calculated, as shown
in Scheme 2.

Reducing the Rieske® site by one electron is worth —=86.1 kcal/mol. Converting this to a
potential relative to the SHE'7 gives a value of —0.54 V. This is more negative than the
measured value for naphthalene dioxygenase (=0.15 V), but the 0.39 V (9 kcal/mol)
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discrepancy is typical of calculations on Rieske centers.”8 For BZDOp, conversion to a
superoxo species necessitates deprotonation, and it is important to consider the proton
acceptor. One potential proton acceptor is bulk solvent, which has a proton solvation free
energy of —265 kcal/mol.”® For BZDO, the other reasonable proton source is Arg312, which
is 7.9 A away from the active site in the crystal structure of NBDO and conserved in BZDO.
38 The Gibbs free energy of protonating the guanidine group of Arg312 is =275 kcal/mol, 10
kcal/mol more favorable than bulk solvent.89 It was found that deprotonating BZDOp and
oxidizing it by one electron to an S= 2 Fe!ll-0, *~ species (the lowest energy superoxo, vide
infra) is unfavorable by 129.3 kcal/mol if the proton goes to solvent, or 119.3 kcal/mol if the
proton goes to the guanidine group. The net thermodynamics of converting BZDOp to a
superoxo Rieske™d species are thus +43.2 kcal/mol (H * from solvent) or +33.2 kcal/mol (H
* from Arg*). If the experimental reduction potential of the Rieske center in NDO ferredoxin
(-95.2 keal/mol®l) is used instead of the calculated value, the thermodynamics become
+24.1 kcal/mol with H* from Arg*. Even this lowest value is too large to enable any
equilibrium between BZDOp and a superoxo species. Thus, the side-on hydroperoxy—
heterolytic cleavage mechanism presented in section 3.2 describes the peroxide shunt
reaction in the Rieske dioxygenases but, as shown below, is not relevant to the O, reaction of
the reduced enzyme.

3.4. Reaction Coordinate of Fe!l BZDO with O,

With the peroxide shunt mechanism in the Rieske dioxygenases evaluated based on the
structure of BZDOp elucidated by NRVS, it is now important to consider the native Fe!'/O,/
reduced Rieske center/benzoate reaction and understand whether this relates to peroxide
shunt reactivity. From single-turnover kinetics measurements of the native reaction of BZDO
and O, with benzoate and several fluorinated derivatives,19 it was determined that the
pseudo-first-order rate constant of Rieske oxidation (kops = 190 571, AG¥ ~13 kcal/mol) is
equal to the pseudo first order rate constant of product formation, meaning that the rate-
limiting step either occurs before or is concerted with the electron transfer from the Rieske
center. Further, the rate constant of Rieske oxidation was dependent on substrate type. This
mechanism would involve an initial Fe!''-superoxo intermediate that attacks the substrate
before accepting an electron from the Rieske center. To evaluate this hypothesis, a reaction
coordinate for BZDO with O, and a reduced Rieske center was evaluated, as shown in
Figure 6 and summarized in Table 2.

The first step in the reaction is binding O, to the Fe!!, which has gone 5C upon binding
substrate.3! This is an S= 2 Fe!!'-0, *~ species that is uphill in free energy by 9.9 kcal/mol,
consistent with previous calculations on naphthalene dioxygenase and on O binding to the
5C facial triad in the extradiol dioxygenases.#282 This species, 1P (Figure 6), is best
described as an 5= 5/2 Fe!ll site antiferromagnetically coupled to an $= 1/2 O,™ radical,
giving the S= 2 lowest energy spin state. The superoxide structure would be 6C with a
bidentate carboxylate, two His, and a water ligand (consistent with pulsed EPR data on the
{FeNO}’ substrate bound species in NDO).32 The superoxo, 1P, can attack carbon 2 of
benzoate with a total barrier of 13.7 kcal/mol (TSP) on the $= 2 surface, still consistent
with the single-turnover rate, to generate an Fe!!'-peroxobenzoate radical bridged species,
1P, at 11.9 kcal/mol. This process involves electrophilic attack by the superoxo r*, a-
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LUMO, perpendicular to the Fe—~O-O plane, on the substrate £ HOMO, as shown in Figure
7, left.

As the superoxo species attacks benzoate, the radical character shifts from the benzoate =
HOMO onto the O, *~, with the transfer largely complete at the transition state TSP, This
can be seen from the LUMO in Figure 7, middle, which is predominantly benzoate r in
character, and from the O—O bond length at the TS (Table 2) of 1.45 A, significantly
lengthened from the 1.37 A distance of the superoxo reactant. This produces species 11?,
which has an Fe!!! peroxide bridging a benzoate that has been oxidized by one electron. The
next step in the reaction would involve homolytic cleavage of the peroxo O-O bond to
generate an Fe!V-oxo benzoate epoxide species 122, with the S= 1 and S= 2 Fe!V species
nearly isoenergetic (Figure 6). While either of these species could plausibly complete the
cis-dihydroxylation reaction, the barrier for cleaving the O—O bond (TS2P) is too high; this
barrier is 29.1 kcal/mol on the lowest-energy S = 2 surface, relative to the ~13 kcal/mol
barrier estimated from the single turnover kinetics. Thus, the Rieske center must provide an
electron to drive the reaction at a stage prior to this O-O cleavage step, and this could occur
at either the superoxo species 1P or the bridged species 11° in Figure 6. These possibilities
are evaluated below.

3.5. Proton-Coupled Electron Transfer to Drive Reactivity

Since the native O, reaction in BZDO cannot proceed past the Fe!!'-peroxoaryl radical
species 120 without electron transfer from the Rieske center, the kinetics of both an electron
transfer (ET) and proton-coupled electron transfer (PCET) to the catalytic site along the
reaction coordinate were evaluated at both the peroxo bridged 110 step and the earlier
superoxo 1P step. The rate of electron transfer between a donor and acceptor, AcT, is given in
Marcus theory,83 eq 1.

(L + AG®)?

_ 2n 2
ker =T | Hpa | _W) &)

I
Ak, T P

ket is dependent on Hpg, the electronic coupling between the donor and acceptor, AG®, the
driving force of the reaction, A, the reorganization energy, and temperature (7). A is the
Boltzmann constant, and # is the reduced Planck’s constant. A is further divided into inner-
sphere () and outer-sphere (1,) components, which reflect the change in the geometry of
the ligands and solvent, respectively, upon electron transfer. A, is assumed to be 0.4 eV for
both the catalytic Fe and Rieske sites,3* Hpa is assumed to be 0.05 cm™2, consistent with
previous work,82 AG°and A; for the catalytic Fe site were both obtained from DFT
calculations8® (see the Sl for details on the A; calculation), AG°for oxidizing the Rieske
center is +95.2 kcal/mol as discussed in section 3.3, and A; for the Rieske center is 0.56 eV
as calculated previously.88

JAm Chem Soc. Author manuscript; available in PMC 2018 May 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sutherlin et al.

Page 12

The calculated AG°and A; values for PCET, as well as uncoupled ET and proton transfer
(PT), to the superoxo species 1° and the peroxo bridged species 11P are shown in parts A and
B, respectively, of Figure 8.

For these calculations, Asp203, which bridges between the catalytic and Rieske sites to
facilitate ET, was included in the cluster model to neutralize the charge on the site for the
uncoupled ET and PT calculations. Both Arg312 (vide supra) and the water coordinated to
the Fe were considered as potential proton sources, with the main text focusing on the
Arg312 calculations and the coordinated water results, which are similar but give lower rates
for both processes as presented in the SI. Note that the solvent cannot be the source of the
proton, as the rate of Rieske oxidation in single turnover is pH independent from 6.8 to 8.0
(see the supporting methods, Table S3, and Figure S9 in the Sl for details), eliminating
PCET to the superoxo as the rate-determining step (vide infra). As shown in Figure 8B,
bottom, PCET to the peroxy-bridged species 1P, protonating the oxygen proximal to the Fe,
leads to spontaneous heterolytic cleavage of the O—O bond to generate an Fe!!'-OH benzoate
epoxide (12°). This process is highly favorable, with a AG °of —47.3 kcal/mol, though it also
has a fairly large A; of 1.39 eV. Adding the A; and the A, for the catalytic and Rieske sites,
the total A for this process is 2.75 eV, and eq 1 gives a kg for this process of 5600 s™1 at
277 K (the temperature at which single turnover kinetics were measured!?). This PCET
process is thus driven by the highly favorable thermodynamics associated with reductive
cleavage of the O-O bond, which compensates for the large reorganization energy. The At
of 5600 s~1 is faster than the 190 s~1 rate limiting step of product formation in single
turnover,19 making this step catalytically feasible. As shown in the diagram in Figure 8B,
top, PT to 12 prior to ET is unfavorable thermodynamically (AG = +20.0 kcal/mol), and
performing ET prior to PT is slow relative to the coupled PCET process (kg7 = 9.6 571
versus 5600 s71).

Figure 8A evaluates the alternative of PCET/ET to the Fe!''-superoxo S= 2 species 1P to
generate an S= 5/2 Fe!l'-hydroperoxy or peroxy species. The PCET process has a relatively
small A; of 0.57 eV (Agta1 = 2.03 eV) but is less thermodynamically favorable with AG°=
—22.8 kcal/mol (consistent with the results in section 3.3). Using eq 1, these parameters give
a kgt of 31571, This is slow relative to the 190 s™1 rate-limiting step in single turnover, and
PCET at this step can be eliminated. To estimate the error in these calculated Ag, we
assume an error in A of £0.2 eV, an error in AG® of +5 kcal/mol, and an error in Hpp of
+0.03 cm™L. These give a wide range of possible rates (22.8-2.4 x 10° s71 for the kgt to the
peroxo and (1.9 x 1072) — (9.2 x 103) s71 for kgt to the superoxo). However, the calculated
PCET rate to the superoxo is always at least 2 orders of magnitude slower than that to the
peroxo bridge, as any errors in the calculated values would trend in the same direction.
Uncoupling the ET and PT at the Fe!!'-superoxide step further slows this process, with Azt
= 0.045 s71 calculated for ET from the values shown in Figure 8A, and PT prior to ET is
also disfavored due to highly unfavorable thermodynamics (+28.0 kcal/mol). The slow
calculated rate of PCET to the superoxo species and the fast calculated rate of PCET to the
peroxy bridged species indicate that the native O, reaction proceeds through an initial S=2
Fe!!l_superoxo intermediate (1°) that attacks benzoate with a total barrier of 13.7 kcal/mol
(Figure 6) that is consistent with the experimental rate-limiting step (k= 190 s™1). This
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generates an S = 2 Fe!ll_peroxobenzoate radical bridged species (11°), which accepts an
electron from the Rieske center and a proton from guanidinium (or another proton source) to
generate an S= 5/2 Fe!''-OH benzoate epoxide species (12°) with a rate of 5600 s1. Thus,
the reaction up to this point would be rate limited by superoxo attack on benzoate, consistent
with the substrate dependence of the rate of Rieske oxidation. It should be noted that using
bulk solvent as the proton source accelerates both PCET rates, making PCET to the
superoxo competitive with the rate of its attack on the substrate. This is inconsistent with the
experimental observations that the rate of Rieske oxidation is pH independent and substrate
dependent, eliminating bulk solvent as the proton source for PCET. Importantly, the rate of
PCET to the peroxo bridge is always calculated to be 2 orders of magnitude greater than the
rate of PCET to the superoxo due to the much more favorable AG? for the former process,
independent of any assumptions made about proton source, Hpa, and A. Completion of the
native O, cis-dihydroxylation reaction coordinate is evaluated below.

3.6. Completion of the Native O, Reaction Coordinate

The calculated reaction coordinate for completing c/s-dihydroxylation following PCET to
110 is shown in Figure 9.

PCET to the peroxy-bridged species 11P generates the Fe!!'(OH) epoxide species 12¢ at —35.4
kcal/mol relative to the resting Fe!! + O, system. In 12¢, the epoxide O is oriented toward the
Fe and is hydrogen bonded to the hydroxy H, and thus, it is primed for formation of a c/s-
diol as rotation of the substrate for formation of a frans-diol would be precluded by the
hydrophobic residues lining the substrate cleft.38 We evaluated the possibility of direct
attack of the epoxide by the hydroxy. A 1D linear transit calculation found that, while this
process would generate the correct cis-dihydroxylated product, it would involve a large
barrier of at least ~19 kcal/mol (see Figure S10). We thus investigated the alternative of the
epoxide first binding to the Fe. From 12¢, binding the epoxide with displacement of the water
ligand is uphill by 2.2 kcal/mol (13°). It is also possible that the solvent water dissociates
prior to this step, as this water is labilized by 21.9 kcal/mol in enthalpy (22.7 kcal/mol in
free energy) in going from the superoxo species 1P to the peroxo bridge species 1P due to a
stronger Fe—O donor bond (1.89 A in the peroxo vs 1.99 A in the superoxo). Water
dissociation prior to PCET is consistent with the minimal solvent exchange observed in the
native O, reaction of NDO.87 PCET to this peroxo bridged intermediate without a
coordinated water occurs at a rate of 1.54 x 10 s71, generating a 5C Fe!!'-OH epoxide
species similar to 12¢; binding of this epoxide to the Fe generates 13¢ (details on this PCET
and subsequent epoxide binding are given in the SI). Note that an ENDOR study32 on NDO
found that the substrate moves closer to the Fe (by 0.5 A) upon oxidation of the Rieske
center; this would facilitate binding of the epoxide to the Fe. From the epoxide-bound
intermediate, opening of the epoxide occurs with a barrier of 7.5 kcal/mol (TS2). The IRC
for this transition state goes to an Fe!l'-O—(benzoate™) bridged species (1) at —30.4
kcal/mol relative to Fe!l + O,. Geometry optimization of this species leads to spontaneous
transfer of the OH bound to the Fe to C2 of the substrate, generating the final, highly
thermodynamically favorable (-63.0 kcal/mol) c/s-dihydroxylated product (P€). The Fe
remains high-spin Fe!!! throughout the reaction coordinate. All steps after the PCET have
negative free energy relative to the starting system, indicating that these steps should be
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rapid and that the PCET mechanism described in section 3.5 is capable of giving the correct
final product.

4. DISCUSSION

The results presented above give important insights into the reactivity of the RDOs. First, the
peroxide shunt reaction, which from NRVS has the side-on Fe!!'-hydroperoxo BZDOp as an
intermediate, uses a different mechanism than the native Fe!' O, reaction, as shown in
Scheme 3, bottom.

In the peroxide shunt, H,O, binds to the Fe!!! catalytic site with an oxidized Rieske center to
form BZDOp. The O-0 bond then undergoes heterolytic cleavage with a barrier of 21.8
kcal/mol, generating an FeV(O)(OH) species that completes the cis-dihydroxylation reaction
through electrophilic attack on the substrate. The calculated barrier is consistent with the
slow product formation in the peroxide shunt reaction, and this mechanism is consistent with
observations that a small amount of 160 exchanged product (10%) is formed when the
peroxide shunt reaction is carried out with H,180, in NDO.4! In contrast, the native Fe!! O,
reaction (Scheme 3, top) is calculated to proceed through an S= 2 Fe!ll_superoxo
intermediate formed upon binding of O, to the Fe!! site, which attacks the substrate to form
an Fel''-peroxo bridgedaryl radical intermediate through a barrier of 13.7 kcal/mol. At this
point, the reaction is driven by a PCET process, with the electron coming from the Rieske
center and the proton from a nearby source. The Fe!!'-OH epoxide species formed by the
PCET process then completes the reaction coordinate. BZDOp and the Fe!!'-superoxo
intermediate are not in an equilibrium with each other, as BZDOp is significantly more
stable thermodynamically, and conversion of the Fe!''-superoxo to BZDOp is slow; thus, the
reaction mechanisms for the peroxide shunt and native O, reactions are not connected to
each other. It should be noted that, as mentioned in the Introduction, side-on O,
intermediates have been trapped in crystals of NDO37 and CARDO3® upon addition of O, to
enzyme with reduced NHFe!! and Rieske sites, and that these intermediates have oxidized
Rieske centers and structures similar to that defined by NRVS for BZDOp.37-3 If proton
transfer is more facile in the crystals, then PCET could occur at the superoxo stage to form a
side-on Fe!ll_hydroperoxy intermediate in the crystal similar to BZDOp; at the
crystallographic temperatures (~100 K), the barrier for O-O cleavage for this intermediate to
react with substrate would be too high, as it is already high (21.8 kcal/mol) at 277 K. The
rate of superoxo attack on the substrate could also be slower in the crystal: in NDO, O, was
added at =17 °C (versus 4 °C for the BZDO single turnover experiments). An alternative,
and more likely, possibility is that proton transfer is more restricted in the crystal state. From
Figures 6 and 8, the only thermodynamically favorable process after forming the Fe!ll—
superoxo is ET from the Rieske to generate an unprotonated Fe!''—peroxo species. From
section 3.1, such a side-on Fe!''—peroxo is also stable in BZDO, and from model studies a
side-on Fe'll_peroxo species is unreactive in electrophilic attack.10

Superoxide intermediates such as the one proposed here in the native O, mechanism have
been observed in two other mononuclear nonheme Fe enzyme classes: in IPNS® and in an
active site variant of the extradiol dioxygenase homoprotocatechuate 2,3-dioxygenase
(HPCD).16 This provides some support for this intermediate in the RDOs; however, there are
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important differences between the RDOs and these other enzymes. The fact that a superoxo
intermediate has been observed in IPNS and HPCD indicates that formation of this
intermediate is thermodynamically favorable in those systems, while it is uphill by ~10
kcal/mol in BZDO. Previous computational studies have indeed found superoxo formation
to be favorable in IPNS with its substrate bound to the Fe!! site and attributed this to
substrate binding tuning down the Fe!!/Fe!!! reduction potential.14 In BZDO, the substrate
does not bind directly to the Fe, making superoxo formation unfavorable. The transient
formation of the superoxide intermediate in BZDO is therefore driven by the favorable
thermodynamics of the PCET step that occurs upon formation of the peroxo bridge
intermediate.

An Fe!ll_superoxo intermediate as the reactive intermediate in the native O, reaction in the
RDO:s is consistent with the single turnover kinetics of BZDO, as discussed above. In
addition to electrophilic attack on an aromatic ring, Fe!!'-superoxo complexes are also
capable of performing HAA 88 consistent with other observed reactivities of the Rieske
oxygenases that include monooxygenation,?! the radical clock reaction in NDO with
norcarane,® and the oxidative carbocyclization reactions catalyzed by the Rieske enzymes
RedG and McpG.2290 Further, the mechanism developed here for the native BZDO O,
reaction involves O-O cleavage that is not concerted with attack of the second O on the
substrate, which is consistent with labeling experiments performed in the native O, reaction
of NDO, which show only a very small amount (~3%) of 160 exchange in the product when
the reaction is carried out with 180,.87

Finally, as described above, the barrier for the peroxide shunt reaction (21.8 kcal/mol, Table
1) is much higher than that of the native O, reaction (13.7 kcal/mol, Table 2). The
hydroperoxy intermediate BZDOp is thus less reactive than the Fe!''-superoxo intermediate.
However, if PCET were to occur at the Fe!!'—superoxo stage in the native O, reaction, this
would generate an Fe!''-hydroperoxy intermediate at —12.9 kcal/mol (from Figure 8 and
Table 2). This species can rearrange to form BZDOp by losing a water ligand with an
additional 1 kcal/mol of free energy; the rate limiting O-O cleavage TS for BZDOp would
then be at +9.9 kcal/mol relative to the Fe!l + O, initial state (-12.9 kcal/mol +1 kcal/mol
+21.8 kcal/mol). Thus, PCET to the superoxo species would be capable of giving the correct
final product by going through the BZDOp mechanism without an additional barrier;
however, this process would be rate limited by the PCET process. While there is a
significant thermodynamic driving force for forming a hydroperoxo from a superoxo via
PCET that would enable this reactivity, it is not sufficient to overcome the also significant
reorganization energy associated with the catalytic and Rieske sites, leading to a slow rate of
PCET. In contrast, the superoxo is highly reactive in electrophilic attack on the benzoate
substrate, requiring only an additional 3.8 kcal/mol to reach the TS, with the total barrier of
13.7 kcal/mol (Table 2) consistent with the 190 s~1 rate-limiting step in single turnover. The
high electrophilic reactivity of the superoxo therefore dominates over its PCET reactivity,
which is slowed by the large superoxo to hydroperoxo reorganization energy. PCET later in
the reaction coordinate is not rate limiting, as the large reorganization energy for PCET to
the peroxo bridge is overcome by the highly favorable thermodynamics associated with
reduction and cleavage of the peroxo O-O bond.
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5. CONCLUSION

In summary, we have used NRVS spectroscopy to define the structure of the peroxide shunt
intermediate in the RDOs and found this to be a high-spin side-on Fe!l'-hydroperoxy
species. This intermediate performs cis-dihydroxylation through an initial heterolytic 0O-O
cleavage through a large barrier, generating an FeV(O)(OH) species that then reacts with
substrate. This peroxide shunt intermediate is not in equilibrium with a superoxo species on
the native Fe!!/O, reaction pathway, and the native pathway instead proceeds through an
initial Fe'''_superoxo intermediate that directly attacks the substrate through a relatively low
total barrier. This process is uphill thermodynamically but driven by a highly favorable, fast
PCET process that occurs after superoxo attack on the substrate. We have thus established
separate mechanisms for the native O, and peroxide shunt reactions in the RDOs and
demonstrated the high reactivity of Fe!!'-superoxo relative to Fe!!'-hydroperoxo species in
catalysis.
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Figure 1.
NRVS spectra of BZDO. The Rieske center is loaded with ®’Fe in all spectra. Black: NRVS

of the Rieske center (apo BZDO, catalytic site not loaded with >’Fe). Red: BZDOgx
(catalytic site loaded with 5Fe). Blue: BZDOp generated with Hy 160, (catalytic site loaded
with 57Fe). Inset: NRVS of BZDOp generated with H, 160, (blue solid line) and H, 180,
(blue dashed line) in the region between 485 and 520 cm™1 showing a low-intensity isotope-
sensitive feature. These data were collected with a 10x longer measurement time between
460 and 540 cm™1 than the spectrum shown in blue at the bottom of this figure (see the
Methods). Error bars (gray) are calculated based on the number of counts in the raw
spectrum and were propagated upon baseline subtraction (see Figure S2 for the PVDOS
spectra for 160 and 180 BZDOp between 460 and 540 cm™1).
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NRVS spectrum of BZDOp (A) compared with three DFT-simulated spectra of possible

structures: side-on peroxy (B, green), side-on hydroperoxy (C, blue), and end-on

hydroperoxy (D, red). Intensity in the region between 480 and 540 cm~ (between the cyan
lines) has been multiplied by 10 in the BZDOp (A) data to show the Fe—O stretch on the
same scale as the rest of the NRVS spectrum. The intensities in the simulations have not

been adjusted. The right axis of the simulations depicts the calculated amount of Fe

displacement in each normal mode, represented by the vertical sticks, in A. Regions where
BZDOp has features distinct from the Rieske center, and BZDOgx are highlighted between

purple and cyan vertical dotted lines. Schematic depictions of the DFT structures are

included as insets.
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Asn258 [ Asn199

Vs

Figure 3.
DFT-optimized structure of BZDOp that is consistent with the NRVS data. Protein carbons

are shown in green, benzoate carbons in purple, nitrogens in blue, oxygens in red, hydrogens
in white, and iron in orange.
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21
O 0] dlstance Angstroms)

Left: Schematic of BZDOp with the O-substrate (carbon 2) coordinate shown in blue and the
0O-0 coordinate shown in red. Right: 2D potential energy surface for BZDOp reacting with
substrate, with O—O elongation on the x-axis and O-substrate contraction on the y~axis. The
starting point of the surface is at the upper-left corner marked by an R, and the ending point
is at the lower-right and marked by a P. Electronic energies are given on the contours in 2
kcal/mol increments, with colors closer to the blue end of the spectrum corresponding to

higher energies.
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Figure 5.

Calculated mechanism of cis-dihydroxylation by BZDOp. All energies given are Gibbs free
energy. The reaction was calculated on the $=5/2 surface (red lines) and S= 3/2 surface
(green lines). Schematics of the structures along the reaction coordinate are given and
labeled at the bottom, with the DFT structures shown in Figure S5 and FMOs given in
Figure S6. The electronic structure schemes for the Fe d orbitals, the substrate 7 orbital
involved in the reaction, and the OH group are given at the bottom for the final four
structures corresponding to the lowest energy spin state.
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Page 25

[T T T T T T T T T T T T T

Reaction coordinate for BZDO with O, without transferring an electron from the Rieske
center. The displayed energies are Gibbs free energies. Red lines are the S= 2 surface, green
are S= 3, and purple are S= 1. Schematics of the structures are shown at the bottom, with
the lowest energy DFT structures shown in Figure S7. The rate-limiting step for this
reaction, TS2P, corresponds to cleavage of the peroxo O-O bond and has a barrier of 29.1
kcal/mol, too high to be involved in catalysis; therefore, ET must occur prior to this step.
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Figure 7.

a LUMO FMO of species along the S= 2 superoxo attack on benzoate coordinate, with
labels corresponding to Figure 6 at the top and Mulliken populations given at the bottom.
The initial attacking superoxo species 1P primarily has a hole in the O, *~ 7*, FMO
(perpendicular to the O-O plane), and at TSP this hole character is predominantly shifted to
the substrate, generating the Fe!l'-0,-(benzoate®) intermediate 11P. (Note that these FMOs
are taken from calculations where Asn203 has been added to the model, vide infra; this has
no significant effect on energetics or orbital populations.).
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Page 27

(Top) Diagrams schematically depicting PCET to the superoxo species (A) and the peroxy-

bridged species (B), as well as the uncoupled PT — ET and ET — PT processes. The

fastest kinetic step (PCET in both cases) is highlighted in green. AG® in kcal/mol are shown
for all steps in red, with steps involving protonation using guanidinium as the proton source,
and A in eV are given for PCET and ET steps. The bottom of both sides shows the DFT
structures for the reactants and products of the PCET process with second-sphere residues
hidden for clarity. Substrate carbons are in purple, protein carbons in green, oxygen in red,

nitrogen in blue, iron in orange, and hydrogen in white.
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Figure 9.

Reaction coordinate for completing the native O, mechanism in BZDO. Oxygen atoms from
O, are shown in red. All energies are in Gibbs free energy relative to the Fe!! resting starting

material (Figure 6), with PCET energetics as in Figure 8. After PCET to the S=

2 peroxy-

bridged intermediate (brown line and text), all structures considered were on the S=5/2
surface (red lines and text). Structural schemes for all species on the reaction coordinate are
shown at the bottom, with DFT structures given in the SI (Figure S8). All calculated

structures here included Asp303 in the cluster model.
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Scheme 1. Two Possible Reaction Mechanisms for BZDOp Involving an O-O Cleavage Prior to
Reaction with Substrate (1) or Direct Attack on the Substrate Concerted with O-O Cleavage (2)2

aThe Rieske center remains oxidized throughout and does not participate in the shunt
reaction.
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Scheme 2. Thermodynamics of Conversion between BZDOP (Left) and an $= 2 Felll_o, *-

Rieske"d Species (Right)2

aThe numbers given reflect bulk solvent as the proton acceptor. The net reaction favors

BZDOp by 43.2 kcal/mol.
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Scheme 3. Mechanisms As Developed in Section 3 for the Native O, Reaction (Top) and the
Peroxide Shunt Reaction (Bottom) in BZDO?

3| catalysis on the native O, coordinate, the Fe!! resting state is regenerated by reduction of
the Rieske and mononuclear sites, which leads to dissociation of the product. See Figure S8
for the stereochemistry of the epoxide species.
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