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Abstract

Binuclear non-heme iron enzymes activate O, for diverse chemistries that include oxygenation of
organic substrates and hydrogen atom abstraction. This process often involves the formation of
peroxo-bridged biferric intermediates, only some of which can perform electrophilic reactions. To
elucidate the geometric and electronic structural requirements to activate peroxo reactivity, the
active peroxo intermediate in 4-aminobenzoate A-oxygenase (AurF) has been characterized
spectroscopically and computationally. A magnetic circular dichroism study of reduced AurF
shows that its electronic and geometric structures are poised to react rapidly with O,. Nuclear
resonance vibrational spectroscopic definition of the peroxo intermediate formed in this reaction
shows that the active intermediate has a protonated peroxo bridge. Density functional theory
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computations on the structure established here show that the protonation activates peroxide for
electrophilic/single-electron-transfer reactivity. This activation of peroxide by protonation is likely
also relevant to the reactive peroxo intermediates in other binuclear non-heme iron enzymes.

Graphical Abstract
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INTRODUCTION

Dioxygen is an essential component for metabolic processes in aerobic organisms, but
requires activation to become reactive toward organic metabolites at ambient conditions.
Binuclear non-heme iron (NH-Fey) enzymes are a large class that activate O, by two-
electron reduction to form a peroxide intermediate.23 The peroxide generated is then either
further reduced to a bridging oxo intermediate or more generally directly reacts with
substrate. The reactions catalyzed are important in DNA and natural product biosynthesis,
Fe uptake and release, and involve electrophilic aromatic substitution and hydrogen atom
abstraction.*’

These NH-Fe, enzymes form peroxo-bridged antiferromagnetically coupled high-spin
Fe(lI1l), intermediates (Table 1), some of which, labeled P, display a prominent absorption
band at ~700 nm (e ~ 1500 M~ cm™1) and Méssbauer parameters of & ~ 0.66 and AEg ~
1.5 mm/s,%-19 while there are species characterized by the lack of absorption at ~700 nm and
decreased Mosshauer parameters of &~ 0.52 and AEq ~ 0.55 mm/s.”:20-24 On the basis of
resonance Raman (rR) spectroscopic analysis, P of class la ribonucleotide reductase (RNR)
was determined to have a 1-1,2-peroxo bridge, 1325 while for others, several structures have
been proposed (Figure 1). Based on a relatively low O-O stretch frequency (~790 cm™1), the
peroxo intermediate of the arylamine oxygenase of the chloramphenicol biosynthesis (CmlI)
was proposed to have a side-on/end-on peroxo-bridged structure.24 Deoxyhypusine
hydroxylase (DOHH) has been characterized to have a (+1,2-peroxo bridge by X-ray
crystallography?6 and rR spectroscopy,!8 but shows a higher energy absorption feature and
lower Mdssbauer isomer shifts than other P type intermediates. These spectral changes have
been attributed to the presence of an additional z-hydroxo bridge.1827 Recently, the crystal
structure of toluene 4-monooxygenase (T4MO) has been obtained with O, and substrate
bound, and based on Fe—O distances, an Fe(Il)Fe(l1l)-superoxide species rather than a
peroxo biferric species has been suggested as the active intermediate.28
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Importantly, the P sites appear to require activation in a number of the NH-Fe, reactions. In
RNR, P converts to an active peroxo intermediate, labeled P’, which is isolable in the W48A
variant and enables the reductive formation of a high-valent oxo-bridged Fe(I\V)Fe(l11)
intermediate X that abstracts an H atom from a nearby Tyr.20 A similar conversion was
proposed for P in stearoyl-acyl carrier protein A® desaturase (A°D)10 and Cmll,2° as the cis-
L-1,2-peroxo-bridged P does not initiate reaction with substrate. Thus, the conversion of P to
P’ appears to be the peroxide activation step, and elucidating the geometric and electronic
structural differences between these two intermediates is key to understanding the activation
of O, at the peroxide level. Computational searches for P” in RNR and A°D proposed
protonated peroxo structures with either a (+1,1- or 1~1,2-hydroperoxo bridge or a non-
protonated peroxo structure having an additional water ligand (Figure 1).30-32

The 4-aminobenzoate N-oxygenase (AurF) forms a P’-type peroxo intermediate that can
directly react with 4-aminobenzoic acid to produce 4-nitrobenzoic acid (Figure 2).21.22 This
intermediate is diamagnetic with antiferromagnetically coupled ferric centers and thus not
accessible by para-magnetism-based techniques. However, it is relatively stable in the
absence of substrate, and a high-yield sample (>70%) with ’Fe can be prepared based on
the rapid O, reaction of the ®’Fe(l1), state (within 0.01 s at ~0.6 mM O, and 20 °C) and the
slow decay of P’ in the absence of substrate (no noticeable decay on the 100-s time scale).
21,22 Thjs 57Fe-peroxo intermediate in AurF is suitable for defining the nature of the P’
intermediate via nuclear resonance vibrational spectroscopy (NRVS). This method probes
the vibrational side bands of the >’Fe Mésshauer transition and thus all vibrations involving
significant Fe displacement are observed.33-37 This rich information on the vibrations of the
57Fe site can further limit the possible structures of P’ previously proposed.

We have also used near-infrared (NIR) circular dichroism (CD), magnetic circular dichroism
(MCD), and variable-temperature, variable-field (VTVH) MCD spectroscopic techniques?:38
to elucidate the structure of reduced AurF that is poised for the rapid reaction with O,. The
reduced AurF structure thus obtained was used to generate possible structures of P” using
density functional theory (DFT) computations. Among the possibilities, only one structure
could reproduce the NRVS spectra and this structure has been used to evaluate the reactivity
of P’ relative to P in N-oxygenation.

MATERIALS AND METHODS

Sample Preparation

Reduced AurF was obtained by degassing the HEPES-D,0 (pD ~ 7.4) solution of the AurF
protein prepared as previously described?! and reducing it using sodium dithionite. This
solution was mixed with glycerol-d; to form a glass for low-temperature CD and MCD
studies. The NRVS samples of P’ in AurF were prepared by growing £. colicells in
57FeS0,-containing media and trapping P” as described before.21:22 The yield and quantity
of [’Fe] in P” was assured by Méssbauer spectroscopy.
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Spectroscopy

A Jasco J730 spectropolarimeter with an InSb detector cooled with liquid nitrogen was used
for NIR (600-2000 nm), CD, and MCD studies. For the latter, an Oxford Instruments
SM4000 7T superconducting magnet provided up to 7 T magnetic field. NRVS data were
collected at third-generation synchrotron beamlines, BLO9XU of SPring-8 in Japan and 3-1D
of APS in Argonne National Laboratory, under He(l)-cooled cryostat conditions.
Reproducibility of each scan was ensured and multiple scans were collected until the
combined data achieved an acceptable signal-to-noise ratio. These accumulated raw data
were processed using the PHOENIX program to extract the partial vibrational density-of-
states (PVDOS) spectra.34-36 The details of the data processing processes are given in refs
34-36.

Computation

The initial active-site geometry of AurF was obtained by truncating the X-ray crystal
structure of the resting biferric AurF (PDB entry 3CHU)3° using a scheme previously
developed for NRVS analysis.*0 Based on our previous NRVS study of peroxy biferric
model complexes,*! the 90% Becke—Perdew86/10% HF hybrid functional and the 6-31G*
basis set for geometry optimizations and frequency calculations, and the 6-311G* basis set
for single-point energy calculations*2:43 were used with the Gaussian 09 (g09) package.*4-58
NRVS spectra were predicted from g09 frequency calculations using the GenNRVS
program, while electronic%:60 and Méssbauer spectroscopic properties®® were calculated
with the ORCA 2.9 package, using BP86/def2-TZVP for Fe’s and BP86/def2-SVP for other
atoms in time-dependent (TD) DFT computations®2 and BP86/CP(PPP) for Fe’s and
BP86/DZP for other atoms in Mdsshauer parameter calculations.®® The potential energy
surfaces of the AurF P’ and hypothetical P intermediates were constructed in two
dimensions along peroxy O-O bond and substrate N—peroxy O distance. From the saddle
points of these surfaces, transition states were searched and validated using g09 intrinsic
reaction coordinate calculations.

RESULTS AND ANALYSIS
Reduced AurF

Since the Fe(l1), state of AurF reacts rapidly with O,,2! elucidating the structure of reduced
AurF and its reaction with O, limits the possible structures for P’. The NIR CD and MCD
spectroscopic data in Figure 3a show four bands, each corresponding to a ligand-field
transition from the lowest-energy Fe-&-3d-based molecular orbital (MO) into an Fe-¢-3d-
based MO. Given that each Fe(ll) center can display up to two d-d transitions in the NIR
region,? the observation of the four bands indicates that the two Fe(ll) centers in reduced
AurF have significantly different coordination environments.

To determine which two bands arise from each Fe(ll) center, the magnetization behavior of
the MCD signal at the energies indicated in Figure 3a was determined by using VTVH MCD
spectroscopy. The nested saturation curves obtained (Figure 3b) were fit using a spin
Hamiltonian analysis (Supporting Information), which determined the exchange coupling J
between the two Fe(ll) centers and the axial and rhombic zero-field splitting parameters D
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and £for each Fe(Il) center.2:38.64 The negative Jvalue (-3 cm™1) shows that the Fe(ll),
centers are weakly antiferromagnetically coupled via z-1,3-carboxylato bridges.2 Opposite-
signed D values (-12.4 and +10.6 cm™1) with significant rhombicity indicate that each Fe(ll)
center exhibits a different magnetization behavior. Bands 2 and 3 exhibit the same VTVH
MCD behavior and thus are associated with one Fe(ll) center, which should have a five-
coordinate (5C) trigonal bipyramidal (TBP) structure with a weak axial ligand, given its d-d
transition energies, 6630 and ~9200 cm~1-38 Then, bands 1 and 4 are associated with the
second Fe(ll) center (the low signal-to-noise ratio of the VTVH MCD data on band 1
precludes reliable fits), and their energies at 4360 and 10650 cm™1 reflect a 5C square
pyramidal (SP) structure.38 With both Fe(Il) centers being 5C, a side-on binding of O, to
reduced AurF is not likely to give the fast kinetics observed in the formation of the peroxo
intermediate (kops ~ 147 s71).21

A DFT model that matches the spectroscopically defined reduced AurF structure could be
obtained by truncating the crystal structure of the biferric resting state AurF,3° removing the
L-0X0 bridge, setting Fe centers to be ferrous, and performing geometry optimization with
the backbone frozen but allowing the side chains to move freely to reproduce MCD-defined
structural features (Figure 4). The two Fe(ll) centers bridged by E227 and E136 in (1,3
binding modes were calculated using the broken-symmetry formulation®® to have an
exchange coupling J~ -2 cm~1 with Fel (Ms = +2) and Fe2 (Mg = -2). The Fe2(ll) center
with one histidine (H230) optimizes to a 5C TBP structure with a weak axial ligand trans to
H230 from the bidentate E196. The Fel(Il) center is ligated by two histidines, H139 axial
and H223 in the equatorial position of the 5C SP structure. The TD-DFT calculation of this
optimized reduced AurF structure predicts d-d transitions at 10 562 and 13 365 cm™1 for Fe2
and 8900 and 14 104 cm™1 for Fel, a qualitative energy order consistent with the MCD data.

For fast formation of a peroxo-bridged biferric intermediate, the highest-occupied molecular
orbital (HOMO) of each Fe(ll) center should interact with one of the two orthogonal =*
lowest-energy unoccupied molecular orbitals (LUMOs) of O,. Thus, to facilitate the two,
one-electron transfers from each Fe(ll) center, the HOMOs of the two Fe(ll) centers should
be perpendicular to each other.56-69 This orientation is achieved in reduced AurF (Figure 4).
With the 4-1,3-carboxylato bridges that provide only limited superexchange pathways for
the ferrous centers,2:64 the spin-up and spin-down d-based HOMOs are localized on Fel and
Fe2, respectively. The HOMO of Fe2 can interact with the 7*-MO of O, that will be in the
Fe—(0,27)—Fe plane upon formation of a peroxo bridge, while that of Fel can interact with
the out-of-plane *-MO. Thus, this good frontier MO overlap rationalizes the rapid O,
reaction of reduced AurF to form P’.

Intermediate P’ of AurF

To determine the structure of P” in AurF, NRVS spectra were obtained for P’ generated
with 160, and 180, (Figure 5). These active-site vibrational spectra can be divided into three
regions: region (1) at energies below 180 cm™1 is featureless; region (2) displays four
distinct features at 200, 246, 315, and 363 cm™1 with comparable NRVS intensities; and
region (3) shows two oxygen-isotope-sensitive peaks at energies above 375 cm=2, On the
basis of our previous NRVS study of £-1,2-peroxo-bridged Fe(l111), models,?! these regions
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include features associated with the vibrations of the bridged Fe(l1), core given in Figure 6.
The peaks that shift upon 180 labeling in region (3) from 409 and 520 cm™! in the 160 data
to 390 and 495 cm™1 in the 180 data are assigned to the Fe—O stretching vibrations. These
peaks have a large energy separation of ~110 cm™1, compared to ~40 cm™ found in the rR
study of the cis-4-1,2-peroxo-bridged P in RNR.13:25

To search for possible structure(s) that can reproduce the NRVS data of P, various peroxo
structures were constructed by adding O, to the DFT-optimized reduced AurF structure
(Figure 4) and allowing for the possible uptake of a proton and/or a water molecule as
proposed earlier.30-32 28 different structures were obtained (5 O,-only O models, 14
protonated h models, 6 water-associated w models, and 3 water-and-proton-associated wh
models; Figure S1) that include variations in the bridging peroxo ligand (x~1,2-end-on; /-7,
7P-end-on, side-on; 47!, 77-side-on peroxide; and £-1,1- and u-1,2-hydroperoxide), the
number of carboxylato bridges (one or two), the conformations of the terminal carboxylate
ligands (syn or anti; mono- or bidentate), and the hydrogen-bonding interactions.

The NRVS spectral/structural correlations observed in the 28 models narrowed the possible
structures for P” (Figures S2-S6). For example, Figure 7 includes the DFT-simulated NRVS
spectra and structures of 6 representative models, each of which has the lowest energy
among the models with the same structural type. All peroxo models, including O1, O5, and
w1, show a small energy splitting of ~45 cm™1 between 180-sensitive peaks in region (3),
and thus these can be ruled out. There are three Fe—O stretches for the s~ 7%, 72-end-on, side-
on peroxo-bridged model O5, but one of the Fe-720 stretches is considerably low in energy
and thus appears in region (2). The (+1,1-hydroperoxo-bridged model h9 is also ruled out
because it is predicted to have one Fe—O stretch in region (2) and the other in region (3) with
low NRVS intensity due to minimal Fe displacements involved in the normal modes. Both of
the h3 and w5 models show an increased energy separation between the 180-sensitive peaks
compared to peroxy models. However, w5 shows a three-peak pattern in region (2), and thus
h3 with the four-peak pattern in region (2) is the best among the six models presented in
Figure 7.

Similarly, in consideration of all 28 models, £+1,2-end-on peroxo-bridged structures and g~
7, 7-end-on, side-on peroxo-bridged structures with the 71-O atom out of the Fel—720-
Fe2 plane are calculated to have the symmetric and antisymmetric Fe-O stretch vibrations
split in energy by less than 60 cm™L. This small energy splitting of 180-sensitive peaks
excluded nine models (O1, O3-05, h6, h7, wl, w3, and w4). The combinations of low-
energy bends and torsions create the translational and rotational motions of the {Fe,-
(hydro)-peroxo} core (Figure 6), which contribute to NRVS intensity in a broad energy
range of ~120-260 cm~1. Having no prominent peak in region (1) in the experimental NRVS
spectrum of P” further limits the possible structures; the bis-bridged structures with one
carboxylate bridge exhibit an intense peak in region (1) due to the less constrained core
relative to the tris-bridged structures, and thus models O2 and w2 are further excluded
(Figures S2-S6).

A majority of the remaining structures could not reproduce the four peaks with comparable
intensity in region (2). In all, 15 out of 17 structures show fewer than four resolved peaks
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with a major broad band at ~200-240 cm~L. Only the hydroperoxo-bridged structures h3
and h10 (i.e., 4+1,2- and w-1,1-hydroperoxo-bridged structures, respectively) exhibit multiple
peaks with comparable intensities in region (2). However, the energy splitting of 180-
sensitive peaks in the predicted NRVS spectrum of the 4-1,1-hydroperoxo-bridged structure
h10 is too large (166 cm™1, Table S1), with the symmetric stretch contributing in region (2)
(consistent with the peak at 322 cm™1 in the rR spectrum of a x-1,1-hydroperoxo-2Cu(ll)
complex’0). Thus, h10 is excluded. (See Table S2 for detailed NRVS comparisons of all
models.)

Only h3, which has two g-1,3-carboxylato bridges (E227 and E136) and a x-1,2-
hydroperoxo bridge with the proton on the peroxo oxygen coordinated to the 2His-
coordinated Fel and H-bonded to E101 on Fel (Figure 8), reproduces four bands with
comparable intensity in the NRVS spectrum in region (2) (Figure 5). The four bands
predicted at 209, 245, 315, and 356 cm™L (Figure 7a, (2), h3) agree well with the
experimental features at 200, 246, 315, and 363 cm™1 (Figure 7a, (1)) and are assigned as the
core motions, peroxo twist, butterfly, and Fe—Fe stretch, respectively (Figure 6). The
moderately intense feature predicted at 180 cm~1 matches the broad feature at ~165 cm™1 in
Figure 7a, (1). For h3, the two 180-sensitive features are predicted at 389 and 463 cm™1,
which correspond to the rather localized Fel-OH and Fe2-0O stretches, respectively, of the
hydroperoxo bridge, with the former lower in energy due to the protonation. These DFT-
predicted energies underestimate experiment by 20 and 57 cm™2. In our previous study of
peroxo-bridged biferric models, the DFT methodology used here underestimated the
energies of the symmetric and antisymmetric Fe—peroxo stretches by 14 and 42 cm™ on
average.*! This leads to the underestimation of the energy separation between the two Fe-O
stretches by 30 cm™L. Given this correction factor, the 74 cm™1 separation calculated for h3
reasonably matches with the experimental observation of ~110 cm=2, showing that the
increased energy separation between the Fe—O stretches of P” in AurF compared to P in
RNR is due to the protonation of the peroxide.

h3 also reproduces the absorption and Mdssbauer spectral differences between the P” and P
sites. Compared to a computational model constructed for P in RNR, h3 reproduces the lack
of the ~700 nm absorption band and the decreased Mdssbauer isomer shifts (Figure S8 and
Table S3), suggesting that the spectral differences between the P’ and P sites result from the
diminished interactions between the peroxide and the Fe(l1l) centers due to protonation of
the peroxo bridge. Protonation stabilizes the filled peroxo m*-based MQOs, shifting the
peroxo-to-Fe(l11) charge-transfer band to higher energy with lower intensity, and diminishes
electron donation to the Fe(ll1) centers, thereby diminishing the isomer shifts. The DFT-
predicted O-O stretches of h3 and the P model for RNR are at 918 and 992 cm™1,
respectively, which parallel the experimental data of peroxo intermediates in Cmll (791 cm
~1)24 for P” and in RNR (868 cm™1)25 for P. The DFT-calculated and rR-observed
frequencies of P in RNR (992 and 868 cm™1) give a correction scaling factor of 0.88, which
can be applied to predict the experimental O-O stretch of P” in AurF to be about ~800 cm
1. Furthermore, among the 28 models tested, h3 (in Figure 8) is the most stable structure.
An analogous structure with the proton on the peroxo oxygen coordinated to the 1His-
coordinated Fe2 (h1) is 5 kcal/mol less stable than h3, suggesting that the extra His
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coordination increases the basicity of the peroxide. In general, structures with a hydroperoxo
bridge that is H-bonded to a terminal carboxylate ligand are more energetically favored than
peroxo-bridged structures (AAG in Table S1). Thus, E101, which used to be in an anti
conformation in the reduced state, rotates around to form a H bond to the proton of the
hydroperoxide. This structural variation may imply that E101 could play a role in
deliverying a proton upon peroxide formation.

Reaction Coordinate

To examine the viability of h3 in the A-oxygenation of 4-aminobenzoic acid, the potential
energy surface (PES) was constructed along the N(substrate)-O(hydroperoxo) and
O(hydroperoxo)-O(hydroperoxo) distances. From the substrate-docked structure (Figure 9a,
Ry),39 the reaction initiates as the O-O bond cleaves (Figure 9b, lower right). This reaction
involves a AG* ~ 12.0 kcal/mol, consistent with the experimental observation (AG* < 14
kcal/mol from Agps ~ 150 + 20 s71 in the reaction of 0.16 mM P’ with 1 equiv of substrate).
This O-0 bond cleavage (R, — TS1, — Inty) occurs at a considerable N(substrate)—
O(hydroperoxo) distance of ~3.4 A, and involves electron density transfer to fill the
hydroperoxo o*-based LUMO; starting from the antiferromagnetically coupled Fel (Ms =
+5/2) and Fe2 (Ms = —5/2) in Ry, spin-up electron density is donated into the hydroperoxo
o*-based MO by the substrate, while spin-down electron density is transferred from the Fe2
d-based HOMO (Table S4), which is the d 2 orbtial oriented toward the peroxide oxygen.
This substrate oxidation results in an Fe1(l11)-OH/Fe2(IV)=0 intermediate (Figure 10,
Inty), and the reaction is exergonic by —11.4 kcal/mol relative to Ry,. An alternative
mechanism of O-O bond cleavage that involves H-atom abstraction from the substrate is
calculated to be unfavorable, as AG* ~ 17.7 kcal/mol and the reaction is endergonic by +7.9
kcal/mol relative to Ry. Note that while aminobenzoic acid is relatively easily oxidized and
thus undergoes single electron transfer (SET) in the calculated reaction coordinate, this
behavior reflects a general electrophilic character for P” (vide infra).

The Fe2(IV)=0 moiety of Inty, resulting from the SET pathway can then form the Ng,,—O
bond (Figure 10a, b) with a 10.8 kcal/mol free-energy barrier from Inty, and back-electron-
transfer from the oxo moiety to the Fe2 center. This process generates the Fe(l11), product
Py, with a highly exergonic AG of —16.7 kcal/mol relative to Ry,. The alternate reaction
between the Fel(111)-OH moiety of Inty, and substrate (Figure 10a, dashed green) is highly
unfavorable, involving ~26 kcal/mol energy barrier from the Inty, state. The product Py, can
be further stabilized by forming a (~OH-bridged structure (AG = -21.3 kcal/mol). Note that
the resting oxidized state of AurF has a -0xo bridge with E227 terminal, 32 and is

calculated to be AG ~ —1.3 kcal/mol relative to Ry, after migrations of protons (Figure S12).
71

To understand the difference in reactivity between the protonated peroxo P and the non-
protonated peroxo P, the hypothetical P structure in AurF (O1) was evaluated (Figure 10a,
orange). The PESs for the A-oxygenation of P (O1) and P” (h3) show a similar trend
(Figure S13), but the O—O bond cleavage of P involves a much higher energy barrier of AG*
~ 20.2 kcal/mol (vs 12.0 kcal/mol for P") and does not oxidize the substrate. Instead, both
the spin-up and spin-down electron densities from the Fe(l11) centers flow into the peroxo-
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o*-based MO. The formation of the resulting (Fe(IV)=o0xo), intermediate (Figure 10c,
Inty) is endergonic by 1.6 kcal/mol, and its subsequent electrophilic attack on the substrate
triggers a two-electron transfer from the substrate to this Fe(IV) center. This step is
endergonic by 14.5 kcal/mol, involves a second activation barrier of 20.5 kcal/mol and
produces an Fe(IV)=0/Fe(ll) product (Figure 10c, Ay). Thus, protonation of the peroxo
intermediate in AurF lowers the kinetic barrier for the reaction by ~8 kcal/mol, allowing the
direct oxidation of substrate. Note that without the electron-donating substrate, the O-O
bond cleavage of P’ is unlikely, because the formation of an Fe(1V)=0/Fe(IV)-OH species
is not thermodynamically driven and thus involves a 6.3 kcal/mol additional energy barrier
(Figure 11). This is consistent with the relatively long lifetime of the intermediate prepared
in AurF without substrate.?!

Comparison to a Mononuclear Fe-Hydroperoxide

Since electrophilic attack on substrates has also been observed for high-spin mononuclear
Fe(lI11)-hydroperoxides, we evaluated the relative reactivity of mononuclear to binuclear iron
hydroperoxo species. The [(TMC)Fe(l11)-OOH]?* (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacylotetradecane) complex’2 that has an end-on hydroperoxide was chosen and tested
for the reaction with 4-aminobenzoic acid. In principle, the lone-pair electrons on the amino
group could directly attack the hydroperoxo-o*-based MO to form the N-O bond. This two-
electron pathway, however, is highly unfavorable in the 4~1,2-hydropero-bridged binuclear
Fe(l11) P” structure (AG* ~ 30 kcal/mol), because the hydroperoxo-o*-based MO is
oriented along the O-O vector, and in the c/s-4~1,2-hydroperoxo structure this is sterically
too hindered to have overlap with the HOMO of the substrate (Figure 12a).

Alternatively, in the mononuclear system, the hydroperoxo-o*-based MO is now accessible
and thus the two-electron electrophilic pathway can occur, but still has an energy barrier of
AG* ~ 21 kcal/mol (Figures 12c and S14). The high energy barrier, despite the lack of steric
hindrance, is due to the transient formation of an unstable Fe(l11)-oxo, where the substrate
has transferred 2e~ into the hydroperoxo-o*-based MO in the hydroxylation.

The most favorable two-electron process is achieved in the binuclear Fe site when the x-1,2-
hydroperoxide bridge is rearranged into a 4-1,1-hydroperoxide (AG* ~ 10 kcal/mol for this
rearragement). The protonated oxygen of the /+1,1-hydroperoxide can undergo an
electrophilic attack with a total barrier comparable to SET (AG* ~ 13 kcal/mol; Figures 12b
and S15), as it forms an oxo-bridged biferric product. This comparable barrier to SET is
understandable, because, compared to the peroxo-o*-based MO of the z~1,2-hydroperoxide,
that of the t~1,1-hydroperoxide is also significantly stabilized by the protonation but less
sterically hindered for the electrophilic attack on substrates. Although the X-ray crystal
structure of the resting biferric AurF displays an active site open enough to accommodate
the substrate without “active site crowding”,3° conformational changes of the binuclear Fe
site upon substrate binding cannot be excluded. The reaction coordinate involving the z-1,1-
hydroperoxide has been suggested for the electrophilic aromatic substitution reaction.3
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CONCLUSIONS

The NRVS analysis of P” in AurF has revealed this intermediate to be a protonated z-1,2-
peroxo-bridged Fe(l11), complex. This structure reproduces the unusual absorption and
Mossbauer spectroscopic features of P’ and is calculated to be viable in the
electrophilic/SET A-oxygenation of the aminobenzoic acid substrate. The energy barrier for
this process in P’ is ~8 kcal/mol lower than for a non-protonated P, because protonation
increases the electron affinity and stabilizes the high-valent product of O-O bond cleavage.
This protonation-enhanced electrophilicity of P” and its conversion to an Fe(1V)Fe(l11)
intermediate in AurF may be relevant to the activation of P to form P” for the conversion to
X in RNR20 and the electrophilic chemistry of ToMO.”

Finally, while mononuclear Fe(l11) hydroperoxides are also electrophilic, this reaction is
more favorable in the binuclear Fe hydroperoxo system due to its stabilization of the oxo
product.
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Possible structures of peroxo-level intermediates. The top four structures have been partially
characterized in RNR, DOHH, Cmll, and T4MO, and the bottom three structures have been
proposed in DFT calculations.
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Fe(ll)Fe(ll)

2e

‘ L
AurF : AurF
Fe(lll)-uO-Fe(lll)} . Bz-NO, + H,0 peroxo-Fe(lll)Fe(lll)

HO,C

(Bz-NHOH) (Bz-NH,)

Figure 2.
Reaction scheme for 4-aminobenzoate A-oxygenase (AurF). AurF is a monooxygenase that

catalyzes the conversion of 4-aminobenzoic acid to 4-nitrobenzoic acid via 2+4 electron
oxidation steps, each indicated by solid and dashed arrows, respectively.
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Figure 3.

NIR CD, MCD, and VTVH MCD data for reduced AurF. (a) 278 KCD and 7 T, 4 K MCD
spectra (solid black) of the reduced AurF and their Gaussian fits (dashed gray for Gaussian

deconvolutions and solid gray for the sum). The fit parameters on the right include the

energies and extinction coefficients (in parentheses) of the individual bands. (b) VTVH
MCD data collected on bands 2 and 3 and their spin-Hamiltonian fits (gray). Both VTVH
MCD data sets are fit with J= -3.1 cm™, D;= -12.4 cm™1, £/D; = 0.29, D, = 10.6 cm™1,
and £,/D, = 0.32. Spin Hamiltonian projections of each Fe on the dimer wave functions
show that the transitions associated with bands 2 and 3 originate on the same Fe center,

which has a negative D value.
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Figure 4.
Optimized geometry and redox-active molecular orbitals of reduced AurF. For clarity, only

the first-sphere ligands are depicted without hydrogens and —CH,- side chains. The Fel- and
Fe2-based highest-occupied molecular orbitals that will donate electrons to O, are overlaid.
H139 on Fel is axial and oriented into the page.
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Vibrations of the {Fe,-(hydro)peroxo} core contributing to NRVS spectra.
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Figure 7.
NRVS data and DFT-assisted assignment of P” in AurF. (a) (1) The NRVS spectra of P’

obtained with 160, (red) and 180, (gray). The four major features in region (2) and the noise
level are indicated by solid vertical and dashed horizontal lines, respectively. The features
with arrows on the 180 data appear upon isotope labeling. (2-7) The DFT-predicted NRVS
spectra of representative model structures given in (b). To assess chances of seeing predicted
NRVS features, the experimental noise level, ~10% of the maximum intensity, is also noted
for each model. The x-1,2-hydroperoxo-bridged h3 is the only structure that reproduces the
NRVS data, and its normal modes (i—iv) are given in Figure 6. (b) DFT-calculated structures
of u-1,2-hydroperoxo-bridged h3, y~1,1-hydroperoxo-bridged h9, 41,2-peroxo-bridged O1,
L-nt, P-end-on, side-on peroxo-bridged O5, £-1,2-peroxo-bridged w1 with a terminal water
ligand, and g-hydroxo-4+1,2-hydroperoxo-bridged w5 models. h3 was used to simulate the
NRVS data in Figure 3a.
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Figure 8.
Structure of AurF P’ determined by NRVS analysis. This structure h3 was used to simulate

the spectrum of Figure 7a, (2). H, C, N, O, and Fe are depicted in white, gray, blue, red, and
green, respectively.
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Figure 9.
Potential energy surface (PES) calculations for A-oxygenation in AurF. (a) NRVS-derived

structure of intermediate P’ in AurF complexed with the 4-aminobenzoic acid substrate
(Rp). (b) PES in AG along OO bond cleavage and NO bond formation. The minimum energy
pathway indicates that reaction coordinate starts at lower right and proceeds along the red
dashed arrow (SET pathway) rather than the gray solid arrow (direct electrophilic attack on
substrate).
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Figure 10.

Reaction coordinate for A-oxygenation in AurF. (a) Energy profile (AG; AE, AH) of the
AurF u-1,2-hydroperoxo-bridged P’ intermediate (green) compared to that of a hypothetical
L-1,2-peroxo-bridged P intermediate (orange) for the A~oxygenation of 4-aminobenzoic
acid. The dashed energy levels (TS2’y, and P’y,) are for an alternative unfavorable reaction
pathway where the amino group of the substrate forms a bond with the hydroxide on Fel.
(b) Reaction scheme for the P” intermediate. The NO and OO distances are 3.25 and 1.43 A
in Ry, 3.38 and 1.81 A in TS1, 2.66 and 2.82 A in Inty,, 2.00 and 2.86 A in TS2),, and 1.43
and 2.64 A in P},. (c) Reaction scheme for the P intermediate. The NO and OO distances are
3.08 and 1.36 A in Ry, 3.00 and 1.75 A in TS1, 3.01 and 2.60 A in Intp, 1.80 and 2.79 A in
TS2,, and 1.42 and 2.79 A in Py,
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Figure 11.
Substrate effect on the O—O bond cleavage. Energy profiles for the O-O bond cleavage of P

(orange) and P” (green) in the presence (solid) and absence (dotted) of 4-aminobenzoic acid
substrate.
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Figure 12.

Direct electrophilic attack on p-aminobenzoic acid by (a) a x-1,2-hydroperoxo-bridged Fe
dimer, (b) a £~1,1-hydroperoxo-bridged Fe dimer, and (c) an end-on-hydroperoxo Fe
monomer. At the left is the frontier MO interaction, and at the right is a schematic drawing
for each reaction, for each panel.
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Table 1

Peroxo-Level Intermediates Observed in Binuclear Non-heme Iron Enzymes

SAEg)/mm st

enzyme Alnm (/M1 cm™

AurF21.22 500 (500) 0.55 (0.74); 0.61 (0.35)
cmii2 500 (500) 0.62 (-0.23); 0.54 (~0.68)
WA48A RNR from E. col° 500 (100) 0.52 (0.55); 0.45 (1.53)

toluene-o-xylene monooxygenase (ToMO)’

aldehyde deformylating oxygenase (ADO)23
wild-type RNR from mouse?®

D84E RNR from E. colP13

stearoyl-acyl carrier protein A° desaturase®1°

T201S ToMO1

soluble methane monooxygenase (SMMQ)1112.14.16.17

deoxyhypusine hydroxylase (DOHH)!8

no absorption
450 (1200)
700 (1500)
700 (1500)
700 (1200)
675 (1500)
725 (1800)
630 (2800)

0.55 (0.67)
0.48 (0.55); 0.49 (1.23)
0.63 (1.74)
0.63 (1.58)
0.68 (1.90); 0.64 (1.06)
0.67 (1.51)
0.69 (1.55)
0.55 (1.16); 0.58 (0.88)
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