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Enzymes in the non-heme diiron super-family perform key biological functions ranging from
radical generation for DNA biosynthesis to regio- and stereo-selective oxidation of
hydrocarbons at structurally similar active sites.1 The features that determine the outcome of
O2 activation at these sites are unclear and are currently of great interest.

In the catalytic cycles of these enzymes, a diiron(II) center reacts with O2 to generate reactive
intermediates that have thus far been observed in only a few cases.2,3 Among members of the
sub-family of bacterial multi-component monooxygenase (BMM) enzymes,4 soluble methane
monooxygenase is the only one for which intermediates have been observed. In this system,
the reduced hydroxylase component, MMOH, reacts with O2 to generate spectroscopically
characterized diiron(III) and diiron(IV) intermediates.3a,b Both of these species can oxidize
hydrocarbons,3 which can enter the active site of MMOH via a string of hydrophobic pockets.
5 In contrast, a large substrate-access channel is present in toluene/o-xylene monooxygenase
hydroxylase (ToMOH), affording more exposed diiron sites.6 We postulated that buffer
components might quench the reactive intermediates in ToMOH and that mutations to block
access to the diiron centers would facilitate the observation of intermediates. Following this
strategy, we generated an I100W mutant in the α-subunit of the ToMOH by site-directed
mutagenesis and discovered an oxygenated diiron intermediate that oxidizes the newly supplied
W100 residue.

The reaction of the chemically-reduced diiron(II) form of I100W ToMOH in the presence of
the coupling protein, ToMOD, with O2-saturated buffer was monitored by stopped-flow UV/
visible spectroscopy. A transient species with an absorption band centered at 500 nm appeared
with formation and decay rate constants kform = 0.804 ± 0.001 s-1 and kdecay = 0.054 ± 0.002
s-1 and an extinction coefficient, ε500, of 1.5 ± 0.2 × 103 M-1cm-1 (Figure S1). Based on these
optical properties we tentatively assigned this species as a neutral tryptophan radical, W•.7

To investigate further the reaction of I100W ToMOH with O2, rapid-freeze quench (RFQ)
samples were prepared at various aging times and characterized by EPR and Mössbauer
spectroscopy. A transient g = 2.00 EPR signal with fine structure (Figure 1) was observed, as
expected for a W• species. The intensity of this signal maximized at ∼3.5 s, consistent with the
kinetics of formation of the putative W• radical from the UV/visible stopped-flow study. The
EPR signal is easily saturated at 10 K and can be detected up to 50 K without any broadening,
properties typical of an organic radical. When 57Fe-enriched I100W was used in the reaction,
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however, hyperfine broadening was observed (Figure 1). This result unambiguously
establishes that the diiron cluster contributes to this EPR signal. The observed hyperfine
broadening is similar to that observed for the g = 2.00 EPR signals of the spin-coupled diiron
(III,IV) X-WH+• in the ribonucleotide reductase R2 subunit (R2)2g and of X-Y• in the R2-
W48F variant.2h The optical absorption and EPR spectral data therefore suggest a spin-coupled
intermediate comprising W• and a paramagnetic diiron cluster. Mössbauer data (Figure 2)
confirmed the spin-coupled nature of this intermediate and revealed the oxidation state of the
paramagnetic diiron center to be mixed-valent diiron(III,IV).

Figure 2B displays the 4.2-K Mössbauer spectrum of the 3.5 s RFQ sample recorded with a
50-mT magnetic field applied parallel to the γ-beam. A paramagnetic spectral component with
features (arrows) similar to the diiron(III,IV) intermediate, X, in R22g,h was observed.
Analysis of the spectrum indicates that this component accounts for 15 ± 2 % of the total Fe
absorption. The spectrum of this sample recorded with a strong applied field of 8 T (Figure
2C) showed a two-fold increase in the intensity of the paramagnetic component to 30 ± 3 %
of total Fe absorption. This field-dependent increase of the paramagnetic absorption indicates
that the S = 1/2 diiron(III,IV) cluster is weakly spin-coupled to a nearby S = 1/2 paramagnet.
2h For a weakly-coupled system (J < 1 cm-1) in a weak applied field of 50 mT, the energy
separations of the four electronic levels are small, whereas in a strong applied field of 8 T, the
Zeeman interaction increases the energy separations between these levels. At 4.2 K and 50 mT,
all four levels are nearly equally populated and the spectrum contains two equal-intensity
components: a paramagnetic component (two MS = ±1 sublevels of the triplet state) superposed
on a “diamagnetic” component (the singlet state and the MS = 0 sublevel of the triplet state).
In contrast, at 4.2 K and 8 T, only the lowest MS = − 1 sublevel is populated and the
“diamagnetic” component disappears, doubling the intensity of the paramagnetic component.
2h We compared a simulated spectrum of the X-Y• species in R2-W48F (Figure 2) to the
spectrum of the 3.5 s sample and the agreement is remarkable and consistent with our
assignment. The observed discrepancy in the central region of the spectrum indicates the
presence of another intermediate (vide infra) and a diiron(III) product; in addition, the
Mössbauer parameters for the I100W diiron(III,IV) may be slightly different than those of X
in R2-W48F.

Time-dependent EPR experiments indicate that the diiron(II) g = 16 signal decays more rapidly
(∼ 60 s-1) than the formation rate of the diiron(III,IV)-W• g = 2 signal (data not shown). An
EPR-silent precursor to the diiron(III,IV)-W• species therefore must exist, the concentration
of which would maximize at a reaction time of ∼100 ms. Consistent with this conclusion, the
Mössbauer spectrum of a sample quenched at 70 ms (Figure 2A) shows a sharp quadrupole
doublet accounting for approximately 30% of the total Fe absorption, as well as the broad
quadrupole doublet of the initial diiron(II) protein. The parameters of the sharp quadrupole
doublet (δ = 0.54 ± 0.02 mm/s and ΔEQ = 0.66 ± 0.03 mm/s) are typical of high-spin FeIII

species. Spectra recorded with strong applied fields and the EPR data indicate that this doublet
arises from an antiferromagnetically coupled diiron(III) cluster. In the 3.5 s sample, the
intensity of this doublet is diminished substantially and accounts for less than 7% of the Fe
absorption, establishing that this diiron(III) intermediate decays during formation of the spin-
coupled diiron(III,IV)-W• species. This diiron(III) species is the first observable intermediate
after reaction with O2 and, based on work with other non-heme diiron proteins,2 we tentatively
assign this species as a peroxodiiron(III) unit. The Mössbauer parameters for this species in
I100W ToMOH, however, differ from those reported for the peroxodiiron(III) intermediates
in other carboxylate-bridged diiron proteins, for which δ > 0.6 mm/s and ΔEQ > 1.00 mm/s.8
Furthermore, the peroxo species in these proteins exhibit optical absorptions with λmax greater
than 650 nm2d-g and no such features are observed for I100W ToMOH. Peroxodiiron(III)
synthetic complexes with a planar μ-1,2-peroxo coordination mode and a second bridging
ligand9 have δ and ΔEQ values similar to those reported here for the putative peroxodiiron(III)
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intermediate. The mechanism by which the diiron(III,IV) center and W• radical form in I100W
ToMOH may be similar to that proposed for the generation of X and Y• in R2.2h Preliminary
evidence indicates that decay of the diiron(III,IV) and W• species may proceed via
hydroxylation of W100 (unpublished results).

The detection of an early transient for I100W ToMOH with Mössbauer parameters atypical of
those for peroxodiiron(III) species and no obvious visible absorption band led us to examine
the time-dependent Mössbauer spectra of the reaction of the wild-type enzyme with O2. The
results indicate unambiguously the accumulation of a transient with a spectrum identical to
that observed for the diiron(III) intermediate in the I100W ToMOH variant (unpublished
results). Detailed spectroscopic investigations of this intermediate are in progress. Peroxo3c,
10 and hydroperoxo11 species are proposed to be reactive intermediates in metalloenzymes,
and this putative peroxo adduct may be the active oxidant for aromatic hydroxylation in the
ToMO systems.
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Figure 1.
EPR spectra of the diiron(III,IV)-W• intermediate generated in the reaction of reduced
ToMOH-I100W with O2. The reaction was quenched at 4 s using natural-abundant diiron(II)
protein (blue) or at 3.5 s using 57Fe-enriched protein (red).
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Figure 2.
Mössbauer spectra of samples freeze-quenched at 70 ms (A) and 3.5 s (B and C) in the reaction
of diiron(II) I100W ToMOH with O2. The data were recorded at 4.2 K in a parallel applied
field of 50 mT (A and B) or 8 T (C). For the spectra in B and C, the diiron(II) contributions
(50% of the total Fe absorption) were removed from the raw data for clarity. Simulated spectra
of the peroxo intermediate (A, red line) and of the X-Y• species in R2-W48F (B and C, blue
lines) are superimposed and scaled to 30% of the total absorption of that sample. The bracket
(A) indicates the diiron(II) protein. Raw data are denoted as vertical bars.
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