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ABSTRACT: At its carboxylate-bridged diiron active site, the hydroxylase component of toluene/o-xylene
monooxygenase activates dioxygen for subsequent arene hydroxylation. In an I100W variant of this enzyme,
we characterized the formation and decay of two species formed by addition of dioxygen to the reduced,
diiron(II) state by rapid-freeze quench (RFQ) EPR, Mo¨ssbauer, and ENDOR spectroscopy. The dependence
of the formation and decay rates of this mixed-valent transient on pH and the presence of phenol, propylene,
or acetylene was investigated by double-mixing stopped-flow optical spectroscopy. Modification of the
R-subunit of the hydroxylase after reaction of the reduced protein with dioxygen-saturated buffer was
investigated by tryptic digestion coupled mass spectrometry. From these investigations, we conclude that
(i) a diiron(III,IV) -W• transient, kinetically linked to a preceding diiron(III) intermediate, arises from the
one-electron oxidation of W100, (ii) the tryptophan radical is deprotonated, (iii) rapid exchange of either
a terminal water or hydroxide ion with water occurs at the ferric ion in the diiron(III,IV) cluster, and (iv)
the diiron(III,IV) core and W• decay to the diiron(III) product by a common mechanism. No transient
radical was observed by stopped-flow optical spectroscopy for reactions of the reduced hydroxylase variants
I100Y, L208F, and F205W with dioxygen. The absence of such species, and the deprotonated state of the
tryptophanyl radical in the diiron(III,IV)-W• transient, allow for a conservative estimate of the reduction
potential of the diiron(III) intermediate as lying between 1.1 and 1.3 V. We also describe the X-ray crystal
structure of the I100W variant of ToMOH.

Metal-activated dioxygen species are capable of oxidizing
a broad range of substrates (1-4). In synthetic systems, these
units are generated in a solvent that is inert to oxidation.
The peptide matrix surrounding the active site protects
reactive intermediates in protein systems. Enzymes are able
to coordinate reduction of an active metal center and
dioxygen activation with substrate binding, thereby assuring
that reactive metal-oxygen units are generated only when
the substrate is available (5, 6). The active sites in carboxy-
late-bridged diiron (CBDI1) proteins are housed within a four-
helix bundle and shielded by the protein framework (7-9).
As a consequence, reactive intermediates such as Q, an oxo-
bridged diiron(IV) center, in MMOH and X, a mixed-valent
diiron(III,IV) cluster, in RNR-R2 can accumulate and be
characterized by a number of spectroscopic methods (10, 11).

The primary coordination spheres of the diiron centers in
the CBDI enzyme superfamily are remarkably similar, yet
the high-valent intermediates Q and X are observed only in
MMOH and RNR-R2, respectively (12). Although the
capacity to form these iron(IV)-containing units is reserved
for these two enzymes, proteins in the superfamily activate
dioxygen by analogous mechanisms. The reduced diiron(II)
core reacts rapidly with O2 to generate a peroxo-bridged
diiron(III) species as the first observable intermediate. No
other oxygenated intermediates are observed in Ft and∆9D,
and the peroxodiiron(III) unit is detectable in∆9D only when
the substrate-carrier protein conjugate is bound to the
desaturase. This behavior has been ascribed to stearoyl-ACP
blocking access to the active site via a large substrate channel
(13). To date, no oxygenated intermediates have been
reported for reactions of diiron(II) or diiron(III) forms of
rubrerythrin with either dioxygen or hydrogen peroxide,
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respectively. From its crystal structure, the active site of
rubrerythrin appears to be more accessible to solvent and
buffer components than those of other enzymes in the family
(14). The accumulation of reactive oxygenated iron(III) and
iron(IV) intermediates would therefore appear to be cor-
related with accessibility of the diiron center to potential
quenching moieties in the medium.

At the beginning of the present study, no transient species
with UV-visible absorption bands had been detected kineti-
cally for the reaction of reduced ToMOH with dioxygen. In
the crystal structure of the native enzyme, a large channel
for substrate access and/or product egress, extending from
the protein surface to the active site pocket, was identified
(15). Site-directed mutagenesis studies of residues within the
channel of ToMOH were therefore undertaken to evaluate
the possibility that reactive intermediates might accumulate
if solvent or buffer components were occluded from the
active site in this system. Residues I100, F196, F205, and
H96 form a hydrophobic portal to the active site at the end
of the solvent-accessible channel in ToMOH (Figure 1). Of
these residues, I100 is especially noteworthy. The analogous
residue in MMOH, L110, has been proposed to function as
a gate for substrate entry to, and/or product egress from, the
active site during catalysis (7). Residue L98 in hemerythrin
might perform a similar function, controlling solvent access
to the diiron core (16). We therefore wondered whether
mutation of I100 would sufficiently isolate the active site
pocket from the channel to shield the dimetallic center from
buffer components or solvent, allowing accumulation of
reactive intermediates to observable levels. Residue F205,
which is on the opposite side of the channel from I100, and
L208, which is farther from the active site pocket, were also
selected as targets for mutagenesis (Figure 2). We substituted
I100 with tyrosine and tryptophan, L208 with phenylalanine,
and F205 with tryptophan. Modeling structures of these

variant hydroxylases using the native crystal structure
suggested that they would afford maximal closure of the
channel without disrupting the protein fold of the surrounding
matrix.

Preliminary investigations of reaction of ToMOH I100W
with dioxygen were reported previously (17). From this initial
study, dioxygen activation at the diiron(II) core was discov-
ered to produce an optically transparent diiron(III) intermedi-
ate that could be identified by Mo¨ssbauer spectroscopy. This
intermediate oxidizes the nearby W100 to form a mixed-
valent diiron(III,IV) unit coupled to a protein-based tryp-
tophanyl radical. This species subsequently decays to the
resting, oxidized diiron(III) state. The process by which the
diiron(III) intermediate oxidizes the nearby W residue and
the subsequent decay of the mixed-valent center and the
protein-based radical have been investigated in considerable
detail and form the basis for this report. The reactivity of
other channel-blocking mutations, I100Y, L208F, and F205W,
was also investigated under pre-steady-state and steady-state
conditions. We include these results because they provide
additional insight into the nature of the important diiron(III)
transient.

EXPERIMENTAL METHODS

General Considerations.Plasmids containing the genes for
the ToMO components were supplied by the laboratory of
Professor Alberto Di Donato, Naples, Italy. Recombinant
expression and preparation of the ToMO component proteins
were carried out as described elsewhere (15). ToMOH variant
proteins were prepared by the same protocol as used for the
native enzyme. The iron content, measured by the ferrozine
assay, ranged from 4.2 to 4.6 iron atoms per ToMOH dimer
for all samples. Isotopically enriched ToMOH I100W protein
for Mössbauer and ENDOR spectroscopy was obtained by
expression in LeMaster’s media containing57FeCl3 or

FIGURE 1: View of the active site pocket of ToMOH from the
substrate access channel. The diiron atoms and the hydroxylase
polypeptide backbone are depicted as orange spheres and as a gray
ribbon diagram, respectively. The opening to the pocket is bordered
by residues I100, T201, F205, and F196. I100 is analogous to the
proposed leucine gate, L110, in MMOH.

FIGURE 2: A substrate access channel (black) in ToMOH extends
from the protein surface to the diiron active site. Residues H96,
I100, and F205 form a hydrophobic region that joins the active
site pocket to the channel. Residue L208 resides farther from the
diiron active site, forming part of the channel wall. The iron atoms
are depicted as orange spheres in the lower right portion of the
figure.
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tryptophan-d5, selectively labeled on the indole ring (Cam-
bridge Isotope Labs, Andover, MA) (18). The solution of
57FeCl3 was prepared by dissolving57Fe powder (96.7%
isotopic purity, Advanced Materials Technologies Ltd., Nes-
Ziona, Israel) in concentrated hydrochloric acid. Deuterium
oxide was purchased from Cambridge Isotope Labs, and all
other reagents were acquired from Aldrich Chemical Co.
HPLC experiments were carried out with a Vydac protein
& peptide C18 column connected to a Waters 600S controller
and a Waters 2487 dual wavelength absorbance detector.
Optical absorption spectra were recorded with an HP8452
diode-array spectrophotometer.

Crystallization and Data Collection.Crystallization condi-
tions for ToMOH I100W were as published (19). Purified
ToMOH I100W protein was exchanged into buffer contain-
ing 10 mM MES, pH 7.5, and 10% (v/v) glycerol to a final
concentration of 50µM. A 2 µL aliquot of this solution was
mixed with 1 µL of a native ToMOH micro seed stock
solution containing 2.3 M (NH4)2SO4, 100 mM HEPES, pH
7.5, and 2% (v/v) PEG 400, as well as 1µL of precipitant
solution. The precipitant solution contained 2.0-3.0 M
(NH4)2SO4, 100 mM HEPES, pH 7.5, and 2% (v/v) PEG
400. Cryogenic solutions for data collection contained the
precipitant solution with added 20% (v/v) glycerol. X-ray
diffraction data were collected at the SSRL on beam line
9-2 using the BLU-ICE data collection suite (20). Crystal
annealing was conducted as described for 1.85 Å native
ToMOH, using a 5.0-s pause in the cryostream flow (19).
Diffraction data were integrated and scaled in HKL 2000
(21).

Structure Determination and Refinement.Phasing of the
ToMOH I100W data was accomplished by using EPMR and
1.85 Å native ToMOH coordinates (PDB code 2INC) in
which all non-protein atoms and the side chains of the
iron coordinating ligands and residues I100, T201, N202,
Q228, S232, and R233 were removed as a starting
model (15, 22). Subsequent models were built in Coot and
refined using REFMAC5 in CCP4 (23-25). Simulated
annealing composite omit maps were generated in CNS
(26). MSDchem ideal coordinates as well as CNS topology
and parameter files for glycerol, PEG 400, and MOPS
heterocompounds were obtained from the HIC-UP
database (residue codes GOL, P6G, and MPO, respectively)
(27).

Site-Directed Mutagenesis of the ToMOHR-Subunit.The
mutations were introduced by site directed mutagenesis on
the parent pET-22b(+)/touBEA plasmid with an MJ Re-
search MiniCycler using DNA polymerase pfU Turbo,
dNTPs, and reaction buffer (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. The sequences for
oligonucleotides (Invitrogen, Carlsbad, CA) used as primers
are given in Table S1 (Supporting Information). Primers for
the mutation I100W were as reported previously (17). PCR
products were transformed intoE. coli XL-1 Blue super-
competent cells (Strategene, La Jolla, CA) by heat-shock as
described by the manufacturer and grown overnight on LB-
Agar plates containing ampicillin (300µg/mL). Five colonies
from each plate were picked and grown in 5 mL cultures
(LB media, 300µg ampicillin /mL) for 20 h. Cells were
pelleted at 3500 rpm for 15 min and the plasmids were
isolated with a Qiagen Mini-Prep kit. Isolated plasmids were
submitted for sequencing in the forward and reverse direc-
tions to the Biopolymers core facility in the Center for Cancer
Research (M.I.T.).

Steady-State ActiVity Assays and Product Determinations
for ToMOH Variants.A colorimetric assay was used to detect
catechol that formed during steady-state hydroxylation of
phenol by these variant hydoxylases (28). Catechol-2,3-
dioxygenase cleaves catechol to form 2-hydroxymuconic
semialdehyde, which can be monitored by measuring the
absorption at 410 nm (ε ) 1260 M-1cm-1). Assays were
conducted at 25°C in 0.1 M Tris/HCl pH 7.5 in a final
volume of 1 mL. Reaction mixtures contained 0.15µM
ToMOH, 10µM ToMOD, 4 µM ToMOC, 30 nM ToMOF,
and saturating amounts of catechol-2,3-dioxygenase. Steady-
state hydroxylation of phenol (1 mM) was initiated with
NADH to a final concentration of 1 mM.

To determine if the regiospecificity of hydroxylation was
altered by these mutations, products of steady-state turnover
for phenol were identified by HPLC. The ToMO protein
component concentrations were 0.3µM ToMOH, 2 µM
ToMOD, 4µM ToMOC, and 30 nM ToMOF in 0.1 M Tris/
HCl pH 7.5 (150µL). Assay solutions contained 1 mM
phenol, and were initiated with NADH to a final concentra-
tion of 2 mM. Reaction mixtures were incubated at 25°C
for 15 min, quenched with 50µL TFA, centrifuged for 10
min at 14000× g, frozen in liquid nitrogen, and stored at
-20°C. Samples were thawed and 100µL of the supernatant
was injected on to the Vydac column. HPLC conditions for
separation of hydroxylated products from phenol were 0%
buffer B for 7 min, 0% to 40% B for 1 min (linear gradient),
40% to 100% for 7 min (linear gradient), and 100% B for 3
min (A: 1% acetonitrile, 98.8% ddH2O, 0.2% TFA; B:
49.9% acetonitrile, 49.9% ddH2O, 0.2% TFA). Absorption
at 280 nm was monitored with time for all samples. Retention
times for catechol, resorcinol, and hydroquinone were
determined under these conditions.

Stopped-Flow Optical Spectroscopy.A HiTech DX2
stopped flow instrument was made anoxic by treatment with
an anaerobic solution of sodium dithionite (> 4 mM). This
solution was allowed to stand in the drive syringes and flow
lines for at least 15 min to ensure complete scavenging of
dioxygen. The instrument was then flushed with anaerobic
25 mM MOPS buffer at the appropriate pH immediately prior
to use. Solutions containing the hydroxylase and regulatory
protein were made anaerobic by cycles of vacuum gas
exchange with nitrogen and transferred to a Vacuum
Atmospheres MO-20 anaerobic chamber, where they were
reduced with excess sodium dithionite in the presence of
methyl viologen. The reduced protein was dialyzed (8000
MWCO) twice against 25 mM MOPS at specific pH values.
Samples were then transferred either into tonometers or
Hamilton gastight sample-lock syringes and loaded into the
anaerobic stopped-flow instrument and mixed against O2-
saturated 25 mM MOPS buffer at a specific pH. The software
packages KinetAsyst 3.14 (HiTech Scientific, UK) and
Kaleidagraph 3.5 (Synergy Software, Reading, PA) were
used to fit the time dependence of the optical data.

Reaction of ToMOHred I100Y, F205W, and L208F with
O2. Concentrations of the variant hydroxylases after mixing
varied from 25µM to 150µM. Reaction mixtures contained
three equivalents of ToMOD to one equivalent of ToMOH.
The reduced hydroxylase pre-complexed with the regulatory
protein was dialyzed against buffer, pH 7.0, and allowed to
react with dioxygen-saturated buffer of the same pH. The
temperature of the stopped-flow instrument was maintained
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at 4.0 ( 0.1 °C. Multiwavelength data were collected
between 350 and 750 nm with a xenon arc lamp and a diode
array detector.

SolVent Kinetic Isotope Effect (SKIE) for Formation and
Decay of the ToMOH I100W Transient.After reduction,
protein mixtures were dialyzed anaerobically against either
25 mM MOPS buffer pD 6.61 in D2O or pH 7.0 in H2O and
allowed to react with dioxygen. The reaction was carried
out over the temperature range 4.0 and 36.0°C. The con-
centration of ToMOH I100W:3ToMOD varied from 25 to
60 µM in the optical cell. The optical traces collected in
single-wavelength mode at 500 nm were fit to an AfBfC
model to determine the formation and decay rate constants.

Effect of pH on the Reaction of ToMOHred I100W with
O2. In these experiments, the pH of the reaction mixture was
adjusted either by using double-mixing mode to set the pH
after dialysis and prior to oxygenation in the second push,
or in single-mixing mode with dialysis carried out using
buffers at specific pH values. For double-mixing experiments,
the concentrations of the hydroxylase and regulatory protein
after mixing were 94µM and 282µM, respectively. The
reduced protein was dialyzed against buffer with a pH value
of 6.6. In the first push, the solution of the hydroxylase and
regulatory protein was mixed with anaerobic buffer, pH 6.6
or 8.0, and allowed to age for 1 min. In the second push,
the aged protein solution was allowed to react with oxygen-
ated buffer, pH 6.6 or 7.2, and data were collected in multi-
and single-wavelength modes. The instrument temperature
was maintained at 4.0°C. For single-mixing experiments,
the concentrations of the hydroxylase and regulatory protein
in the optical cell were 18µM and 45µM, respectively. After
reduction, the first dialysis was carried out against 25 mM
MOPS pH 7.0. The pH of the buffer was 6.5, 7.0, or 7.5 for
the second dialysis. The reduced anaerobic samples were
mixed at 4.0°C with oxygenated 25 mM MOPS buffer at
the appropriate pH values. Data were collected at 500 nm
for 100 to 200 s.

Effect of Substrates on the Decay Rate of the ToMOH
I100W Transient.This double-mixing experiment was carried
out at 4.0 °C monitoring the absorption 500 nm. The
concentration of ToMOH I100W:3ToMOD after mixing was
25 µM. Reduced ToMOH I100W:3ToMOD was dialyzed
against buffer at pH 7.0, and loaded into the anaerobic
stopped-flow instrument. In the first push, the reduced
hydroxylase was reacted with dioxygen-saturated buffer (pH
7.0) for 3.9 s. The aged solution was subsequently mixed
with 25 mM MOPS pH 7.0 containing phenol, acetylene, or
propylene. The concentration of phenol after mixing ranged
from 25 µM to 5.2 mM. For acetylene and propylene, an
aliquot (10 mL) of buffer was sparged with the gas for 1.5
h to obtain saturated solutions of the substrate (7.7 mM or
42.4 mM, respectively) (29). Optical data were collected for
10 to 200 s and fit to either one or two exponential functions.

Rapid-Freeze Quench Sample Preparation.Protein solu-
tions of ToMOH I100W:3ToMOD were reduced and dia-
lyzed against 25 mM MOPS buffer pH 7.0 as described for
stopped-flow experiments. Reduced mixtures were loaded
into gastight syringes for an Update Instruments 1000 ram
drive system connected to a model 705A computer controller.
The RFQ instrumentation has been described in detail
elsewhere (30). Reduced protein was mixed with dioxygen-
saturated buffer and allowed to age for reaction times

between 0.03 and 900 s, after which the protein solution was
quenched in isopentane at-140 °C. The frozen protein
solutions were packed into X-band EPR tubes and Mo¨ssbauer
sample cups. Samples for ENDOR spectroscopy were
quenched 4 s after mixing with dioxygen-saturated buffer,
and packed into Q-band EPR tubes. All RFQ samples were
stored in liquid nitrogen until spectra were acquired.

Mössbauer Spectroscopy.ToMOH I100W isotopically
enriched with57Fe was used to generate RFQ samples for
Mössbauer spectroscopy. The concentration of ToMOH
I100W:3ToMOD after mixing was 290µM. Mössbauer
spectra were recorded at 4.2 K in a magnetic field of either
50 mT or between 1 and 8 T applied parallel to theγ-beam
on instrumentation described elsewhere (30). The zero
velocity refers to the centroid of a room-temperature
spectrum of an Fe foil.

X-Band EPR Spectroscopy.Samples were generated with
ToMOH I100W that contained either56Fe or 57Fe. The
concentration of ToMOH I100W:3ToMOD in the quenched
reaction mixtures was 198µM. EPR spectra atg ) 2.00
were recorded at 30 K with the following parameters: power
) 0.02 mW; frequency) 9.65 GHz; modulation frequency
) 100 kHz; modulation amplitude) 5 G; gain) 6.3 ×
104. EPR spectra atg ) 16 were recorded at 8 K with the
following parameters in parallel mode: power) 20 mW;
frequency) 9.39 GHz; modulation frequency) 100 kHz;
modulation amplitude) 10 G; gain) 6.3 × 104.

ENDOR Spectroscopy.Samples were prepared either with
25 mM MOPS in D2O (pD 6.6) or H2O (pH 7.0), and the
hydroxylase contained either natural abundance56Fe or was
isotopically enriched with57Fe. For samples prepared with
D2O-containing buffers, the reduced protein was dialyzed
against deuterated buffers. The concentration of ToMOH
I100W:3ToMOD in ENDOR samples ranged from 250µM
to 350µM. 1H- and2H-Mims ENDOR spectra were recorded
on instrumentation described elsewhere (31).

Enzymatic Digestion and Mass Spectrometry of ToMOH
I100W.Reduced ToMOH I100W was prepared as described
above for the stopped-flow experiments. A 10-µL control
aliquot of the ToMOH I100W:3ToMOD mixture was
removed prior to making the protein anaerobic. The remain-
der of the protein was reduced with excess sodium dithionite
and dialyzed under anaerobic conditions against 25 mM
MOPS pH 7.0. The reduced protein was mixed with buffer
oxygenated with either natural abundance16O2 or enriched
18O2 (95%, Cambridge Isotope Labs, Andover, MA) in the
stopped-flow instrument. The polypeptide chains of reacted
and unreacted oxidized protein solutions were separated on
a 4-20% Tris/HCl SDS-PAGE gel run at 200 V for 45 min.
The band corresponding to theR-subunit was excised and
digested with trypsin according to the manufacturer’s
protocol (New England Biolabs, Ipswich, MA). Positive ion
MALDI-TOF mass spectrometry of digests was carried out
with a Voyager DE-STR MALDI-TOF mass spectrometer
(Applied Biosystems, Foster City, CA), installed in the
Biopolymers Core Facility of the M.I.T. Center for Cancer
Research. The instrument was operated in reflector mode
with an accelerating potential of 20 kV and mass resolution
of at least 1:10000. The MALDI matrix wasR-cyano-4-
hydroxybenzoic acid. Protein digest samples were mixed with
a 10 mg/mL matrix solution in a 1:1 ratio and were deposited
on the MALDI plate. Mass spectra were obtained using a
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nitrogen UV laser (337 nm). Each mass spectrum is the
average of 50 laser shots. The mass spectrometer was
calibrated as per the manufacturer’s standard operating
protocols, with a mixture of peptides of known mass that
were spotted on the MALDI plate adjacent to the sample.
Mass spectra were processed using the Applied Biosystems
Data Explorer software.

LC-MS analyses of the protein digests were carried out
using a Tempo nano HPLC system (Applied Biosystems,
Foster City, CA) coupled on-line to a QSTAR Elite quad-
rupole-time-of-flight tandem mass spectrometer (MDS Sciex/
Applied Biosystems, Foster City, CA), installed in the
Proteomics Core Facility of the M.I.T. Center for Cancer
Research. The mass spectrometer was calibrated as per the
manufacturer’s standard operating protocols, with the frag-
ment ions from a peptide of known sequence. Separation of
proteolytic peptides was carried out on a C18 capillary HPLC
column (Michrom Bioresources, Auburn, CA) and a water-
acetonitrile (with 0.1% formic acid) solvent gradient at a
flow rate of 300 nL/min. Mass spectral data were acquired
and processed with the Applied Biosystems Analyst QS
software. Data acquisition was performed using the software
“Information Dependent Acquisition” mode with each MS
scan, where peptide ionm/zvalues were measured, followed
by four MS/MS scans, where fragment ion spectra of the
four most abundant precursor ions were acquired. A tem-
porary exclusion list was generated by the software after each
MS/MS data acquisition to minimize the generation of
duplicate MS/MS spectra from the same precursor ion.

RESULTS

X-ray Crystal Structure of ToMOH I100W.ToMOH
I100W crystallization conditions and morphology matched
that published for the native and Mn(II)-substituted protein
(19). The best-diffracting I100W crystal yielded a 2.1-Å
resolution data set, which was used for the structure
determination. Successful phasing followed by multiple
rounds of model fitting and refinements afforded the current
structure with statistics shown in Table S2. The diffraction
data exhibit a moderately low overall completeness of 84.7%,
but there are highI/σ ratios and redundancy counts in all
resolution shells. The global folds of theR-, â-, and
γ-subunits of ToMOH I100W are the same as those for the
native protein, except for predicted differences in the channel
interior, with a CR-to-CR rmsd of 0.173 Å. The indole ring
of the W100 side chain was modeled in two different
rotameric forms, as required by the observed electron density.
One position orients the plane of the indole ring almost
parallel to the Fe-Fe vector (Figure 3, Position A), whereas
the second position directs Cú3 and Cε3 of the indole side
chain toward the diiron active site (Figure 3, Position B).
The two rotamers were assigned equal occupancies of 50%,
which led to average refined Debye-Waller factors for the
two W100 side chains of 44.7 Å2 for Position A and 40.1
Å2 for Position B; the average B-value for all atoms in the
R-subunit is 50.8 Å2. Both positions of the W100 side chain
block direct access to the active site, as can be seen from
van der Waals surface renderings of the channel interior
(Figure 4). Distances between the indole ring and the active
site iron atoms range from 6.0 to 11.9 Å, with average values
of 10.6 and 8.0 Å for W100 positions A and B, respectively
(Table S3). The shortest distance is that between Cú3 (Position

B) and Fe1 at 6.0 Å, and the longest is that between Cú2

(Position A) and Fe2 at 11.9 Å.
Flanking the W100 side chain are two molecules of

glycerol, presumably derived from the purification or cryo
buffers used in sample preparation. These glycerol molecules,
together with the W100 indole ring, occupy the space
containing hexaethylene glycol encountered in the recent
crystal structures of ToMOH (19). One of these two glycerol
molecules resides in the active site cavity and, in a manner
similar to that observed for ethanol in MMOH, asymmetri-
cally bridges the active site iron atoms, replacing the
hydroxide ion typically found syn to the ligating histidine
residues (Figure 3) (32). With exception of this{µ--OCH-
(CH2OH)2} bridging glycerol anion, the diiron center in
ToMOH I100W is otherwise identical to that in native
ToMOHox (15, 19). The B-factors for atoms in the coordi-
nated and fully occupied glycerol molecule average 56.9 Å2.

Steady-State Product Distribution and ActiVity of ToMOH
Variants with Phenol as Substrate.The steady-state specific
activities of the ToMOH variants for phenol were lower than
that observed for wild-type hydroxylase as determined by

FIGURE 3: Conformations adopted by W100 in the crystal structure.
The aromatic side-chain occupies two positions with populations
of 50% for positions A and B. The indole ring in A is oriented
parallel to the diiron center whereas Cú3 and Cε3 are pointed toward
the diiron center in second conformation. The inset shows the
labeling scheme referred to for the atoms in the indole ring.

FIGURE 4: Diiron center blocking effect of W100 in ToMOH
I100W (bottom) in comparison to MMOH (top, left) and native
ToMOH (top, right). Amino acids in the region of the active site
pocket and iron atoms are shown as spheres in gray (carbon), red
(oxygen), blue (nitrogen), and green (iron). The two partially
occupied positions of the W100 side chain in the variant ToMOH
structure are highlighted in yellow.
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the coupled assay with catechol-2,3-dioxygenase. The I100W
variant had a specific activity of 80 mU/mg compared to
1250 mU/mg for the wild-type protein. ToMOH I100Y,
L208F, and F205W showed no activity under the conditions
of this assay. Catechol, resorcinol, hydroquinone, and phenol
are well separated by the method described in the Experi-
mental Section, with retention times of 13, 11, 6.5, and 15
min, respectively. The peak corresponding to the enzymatic
product had a retention time co-incident with that of catechol
(Figure S1). No peaks corresponding to resorcinol or
hydroquinone were observed. Product analyses for the variant
hydroxylases revealed catechol to be the only product
formed. A trace amount of catechol was observed in assay
mixtures for ToMOH I100Y, F205W, and L208F.

Stopped-Flow Optical Study of the Reaction of ToMOH
Variants with O2-Saturated Buffer.No transient absorption
bands between 350 and 750 nm were observed after mixing
solutions of chemically reduced hydroxylase variants I100Y,
F205W, or L208F in complex with ToMOD against dioxy-
gen-saturated buffer.

Reaction of Reduced ToMOH I100W with O2 Monitored
by Mössbauer Spectroscopy.An initial spectroscopic char-
acterization of the dioxygen activation reaction by the
reduced I100W ToMOH variant revealed two transient
species, an EPR-silent, optically transparent diiron(III)
intermediate that exhibits Mo¨ssbauer spectra characteristic
of ferric iron (δ ) 0.54 mm/s and∆EQ ) 0.67 mm/s) and
a spin-coupled diiron(III,IV)-W• chromophore that displays
an absorption band at 500 nm, an EPR signal in theg ) 2.0
region, and Mo¨ssbauer spectral characters indicative of a
mixed-valent diiron(III,IV) cluster (17). The magnetic field
dependence of the Mo¨ssbauer spectrum of the
diiron(III,IV) -W• intermediate confirmed a dipolar spin-
spin interaction between the diiron(III,IV) cluster and W•.
To gain further insight into dioxygen activation by reduced
ToMOH I100W variant and to obtain time evolution profiles
of Fe species generated in the reaction, Mo¨ssbauer and EPR
spectra of samples freeze-quenched during the reaction were
collected and analyzed.

Figure 5 shows Mo¨ssbauer spectra of reduced protein
before (A) and after (B-F) mixing with O2. Because the
parameters of these iron intermediates had been determined
previously (17), decomposition of the spectra into compo-
nents corresponding to different Fe species was possible
(Figure 5, colored lines). Percentages of Fe-absorption
corresponding to species generated at different time points,
including others not depicted here, were thereby obtained.
On the basis of the Fe/protein ratio determined for the freeze-
quenched samples, 3.88 Fe atoms/ToMOH dimer, these
relative percentages were converted to accumulation amounts
of diiron cluster/protomer for the diiron species at various
time points. The results (diamonds) are presented in Figure
6, which shows clearly the formation and decay of the
various diiron species. Before mixing with O2, the reduced
protein sample contains mainly diiron(II) clusters, 0.96 diiron
clusters/ToMOH protomer, the spectrum of which can be
modeled as two unresolved quadrupole doublets (Figure 5A,
green lines) with parameters given in the figure caption. After
mixing with O2-saturated buffer, approximately 40% of the
diiron(II) sites react rapidly to form the diiron(III) intermedi-
ate (Figure 5, red lines) with a rate constant of∼ 18 s-1.
Accumulation of the diiron(III) intermediate reaches a

maximum of 0.32 clusters/protomer at 0.14 s and then decays
at a rate of∼ 1.1 s-1 (Figure 6, red line and diamonds). The
decay of the diiron(III) intermediate parallels the formation
of the diiron(III,IV)-W• species (Figure 6, blue line and
diamonds), while the unreacted diiron(II) sites stay relatively

FIGURE 5: Mössbauer spectra of freeze-quenched samples from
the reaction of ToMOHred I100W:3ToMOD with O2. The samples
were frozen before mixing (A) and 0.07 s (B), 0.44 s (C), 3.5 s
(D), 37 s (E), and 900 s (F) after mixing. The spectra (vertical
bars) are collected at 4.2 K in a 50 mT field applied parallel to the
γ-beam. The diiron(II) spectrum (A) was simulated as a superposi-
tion of two unresolved quadrupole doublets (green lines in A) with
an intensity ratio of 1.6:1 for doublet 1:doublet 2. The parameters
are δ ) 1.32 mm/s,∆EQ ) 3.11 mm/s, and line width) 0.65
mm/s for doublet 1, andδ ) 1.31 mm/s,∆EQ ) 2.32 mm/s, and
line width) 0.65 mm/s for doublet 2. In B-F, the red, blue, orange,
and cyan lines are simulated spectra of the diiron(III) transient,
diiron(III,IV) -W• intermediate, major diion(III) and minor
diiron(III) products, respectively. The spectra of the diiron(III)
transient and diiron(III,IV)-W• intermediate are simulated with
parameters reported previously (17). The spectrum of the major
diiron(III) product is modeled with a single quadrupole doublet with
δ ) 0.51 mm/s,∆EQ ) 0.84 mm/s, and line width) 0.35 mm/s.
The spectrum of the minor diiron(III) product is simulated withδ
) 0.56 mm/s,∆EQ ) 1.77 mm/s, and line width) 0.33 mm/s.
For clarity, the diiron(II) spectral component is not shown specif-
ically in B-F. The simulated spectra are plotted at the follow-
ing absorption intensity: red, 29% and 27% in B and C,
respectively; blue, 16% and 34% in C and D, respectively; orange,
14%, 60%, and 65% in D, E, and F, respectively; cyan, 3%, 8%,
and 8% in D, E, and F, respectively. The black lines overlaid
with the experimental spectra are composite spectra including
the diiron(II) and all other species mentioned above. Approxi-
mately 25% of the total Fe in F appears in the form of broad,
featureless absorptions, indicative of ill-defined paramagnetic ferric
species. We therefore did not include this iron in the composite
spectra.
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stable (Figure 6, green line and diamonds) during this decay
phase of the diiron(III) intermediate. This result establishes
unambiguously that the diiron(III) transient is a true precursor
to diiron(III,IV)-W•. The data also reveal that the
diiron(III,IV) -W• species reaches a maximum accumulation
of 0.33 clusters/protomer at 3.5 s and decays with a rate
constant of∼ 0.08 s-1 to generate the diiron(III) product
(Figure 6, orange line). The formation and decay rates of
the optically silent diiron(III,IV) cluster are linked to that of
the optically active W•, because the rates of the former,
determined from Mo¨ssbauer spectroscopy, agree with those
of the latter, determined from optical studies (17, also, see
Table 1). Slow oxidation (∼ 0.01 s-1) of residual unreacted
diiron(II) species accompanies the second phase formation
of the diiron(III) product and the generation of other minor,
unidentified ferric species. A previously unreported, minor
oxidation product (Figure 5, cyan lines) can be detected as
forming around 1 to 2 s after mixing with O2. After 5 s its
accumulation reaches a constant value of∼ 8% of the total
iron in the samples. Its Mo¨ssbauer parameters (δ ) 0.56
mm/s and∆EQ ) 1.77 mm/s) and diamagnetism, revealed
by high-field Mössbauer measurements, indicate a diiron-
(III) cluster. Its kinetic profile suggests that it is a final

product. A definitive identification cannot be made, however,
due to the small amount of material that accumulates.

Reaction of Reduced ToMOH I100W with O2 Monitored
by EPR Spectroscopy.As reported previously (17), two EPR
signals were observed during the reaction of the reduced
I100W variant hydroxylase with dioxygen, a signal atg )
16, corresponding to diiron(II) centers, and a transientg )
2.0 signal, associated with the diiron(III,IV)-W• intermedi-
ate. Theg ) 16 signal decays in a biphasic manner. The
first phase is rapid and could not be simulated accurately
with the data collected. This initial decay is complete by∼
0.17 s, which is consistent with the decay kinetics of the
rapidly interacting diiron(II) sites observed in the Mo¨ssbauer
measurements (Vide supra). The second phase was slower
and incomplete by 150 s. Figure 7 displays EPR spectra of
selected freeze-quenched samples in theg ) 2.0 region,
showing the rise and fall of the transient EPR signal. The
intensity of this transient signal appeared and decayed with
rate constants of 0.77 s-1 and 0.15 s-1, maximizing at
approximately 4 s (Figure 6, green open diamonds and line,
respectively). The rate constants for formation and decay
agree with those reported from the stopped-flow optical and
Mössbauer experiments, confirming that this EPR active
species corresponds to the spin coupled mixed-valent diiron-
(III,IV) -W• intermediate (Table 1). The time-dependent EPR
data indicate that the fast-reacting diiron(II) protein and the
mixed-valent species are not kinetically linked because the
rate of decay of the former is much faster than the rate of
formation of the latter. This result indicates the presence of
an intervening EPR-silent species, namely, the diiron(III)
intermediate observed in the Mo¨ssbauer spectra of RFQ
samples quenched between 0.03 and 4 s, described above.

Prior to carrying out the1H and 2H-Mims ENDOR
measurements, X-band EPR spectra were recorded on
samples quenched 4 s after mixing solutions of ToMOHred

I100W:3ToMOD with dioxygen-saturated buffer. Theg )
2.0 signal has two contributions, as previously mentioned,
one from the diiron(III,IV) cluster and the other from the
tryptophan radical. The radical signal is visible at temper-

FIGURE 6: Speciation plot for the reaction of ToMOHred I100W:
3ToMOD with dioxygen. The diiron(II) starting material (green
diamonds) rapidly converts to a diiron(III) intermediate (red
diamonds) at∼18 s-1. The diiron(III) transient evolves to the
mixed-valent species (blue diamonds) at∼1 s-1. The formation
and decay rates of theg ) 2.0 signal (open green diamonds) from
RFQ EPR experiments are within error of the rates for mixed-valent
species determined by Mo¨ssbauer. The diiron(III) resting state
(orange diamonds) is formed as the mixed-valent species decays
at ∼0.08 s-1. Ill-defined ferric species formed during reaction of
the reduced hydroxylase with dioxygen (see caption to Figure 5)
are omitted from this kinetic analysis. The diiron(II) starting material
(green line), the diiron(III) intermediate (red line), mixed-valent
diiron(III,IV) transient (blue line),g ) 2.0 EPR signal (light-green
line), and the diiron(III) product (orange line) were fit to two-
exponential functions.

Table 1: Formation and Decay Rate Constants of the Mixed-Valent
Diiron(III,IV)-W • Species Measured by Optical, Mo¨ssbauer, and
EPR Spectroscopy

rate constant optical Mo¨ssbauer EPR

kf (s-1) 0.804(1) 1.1 0.77
kd (s-1) 0.054(2) 0.08 0.15

FIGURE 7: Selected EPR spectra for the transient formed during
the reaction of ToMOHred I100W:3ToMOD with O2. The intensity
of the signal atg ) 2.0 maximizes 4 s (red) after mixing reduced
protein with dioxygen-saturated buffer. Spectra for samples that
were allowed to react for 520 ms (black), 10 s (blue), and 100 s
(cyan) are also shown.
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atures up to∼77 K, whereas the diiron signal is visible only
below ∼40 K (Figure S4). The peak width of the mixed-
valent diiron(III,IV)-W• transient is smaller than that
reported elsewhere for tryptophan cation and neutral radicals
(33).

Kinetic Isotope Effects for Formation and Decay of the
Diiron(III,IV) -W• Species.Both the rates of formation,kf,
and decay,kd, were sensitive to the hydrogen isotope
concentration with normal isotope effects,kH > kD, observed
over the examined temperature range (Table S4). The ratio
of kH/kD decreased with increasing temperature from 2.51
to 1.97 forkf and from 3.2 to 1.72 forkd. From Arrhenius
plots, the formation activation energy is greater in deuterated,
15.6 ( 0.5 kcal/mol, than in protic, 13.5( 0.1 kcal/mol,
solvent as expected from the ratio ofkH/kD (Figure S2). The
solvent kinetic isotope effect (SKIE) for the formation
process is weakly dependent on temperature and contrasts
with the stronger, nonlinear dependence for the decay
process. The magnitude and sensitivity to temperature of the
SKIEs indicate that hydrogen atom transfer or tunneling does
not occur in the transition state during the reaction of the
diiron(III) intermediate with W100, or for subsequent decay
of the mixed-valent diiron(III,IV)-W• species.

Effect of pH on Reaction of ToMOH I100W with O2-
Saturated Buffer.As the pH increased from 6.5 to 7.5, the
rates of oxidation of W100 by the diiron(III) intermediate
and decay of the diiron(III,IV)-W• species also increased
(Table S5). From data collected in diode array mode, the
absorption maximum of the tryptophanyl radical was un-
changed over the examined pH range. To explain the pH
dependence, we propose a model in which a rate-limiting
deprotonation precedes a fast oxidation reaction. The pH
dependence data agree reasonably well with this model to
give a calculated proton-independent electron-transfer rate
of 1.22 s-1 (Figure 8). The decay rate of the transient is also
sensitive to pH, following a similar trend as observed for
the formation rate. Values ofkd increase almost 2-fold with
an order of magnitude decrease in proton concentration. The
data were adequately fit with the model applied to the

formation rate, rate-limiting deprotonation followed by
oxidation, yielding a rate constant of 0.12 s-1 for the rapid
second step of the reaction (Figure 8).

Effect of Substrates on the Decay Rate of the ToMOH
I100W Transient.The presence of phenol increased the decay
rate constant of the tryptophanyl radical from 0.054 s-1 to
13.7 ( 0.4 s-1. The concentration dependence ofkd was
modeled with a saturation binding model applied to the
reaction of oxygenated intermediates in MMOH with alter-
native substrates, where a substrate-enzyme complex forms
prior to reaction (eq 1) (34). From this analysis, the rate

constant for reaction with phenol,krxn, and the substrate-
enzyme dissociation constant,Kd, are 20( 2 s-1 and 2.3(
0.5 mM, respectively (Figure 9). In double-mixing experi-
ments employing phenol, the absorbance over all wave-
lengths increased after decay of the transient. This growth
in absorption was modeled as an independent exponential
function in all data for which phenol was the substrate. The
decay rate of W• is also accelerated in the presence of
propylene. The observed decay rate constants are 0.239(
0.003 s-1 and 2.8( 0.1 s-1 for propylene concentrations of
19 µM and 3.8 mM, respectively. Addition of acetylene to
the tryptophanyl radical had little influence on the decay
process, increasing the rate constant from 0.079( 0.002 s-1

to 0.114( 0.006 s-1 (Figure S3).
1H- and 2H-ENDOR Spectra of the Mixed Valent

Diiron(III,IV) -W• Couple.To confirm that the protein-based
radical resides on a tryptophan residue,1,2H-ENDOR spectra
were recorded of this transient in H2O/D2O buffers using
enzymes that contained either natural abundance tryptophan
or the tryptophan selectively deuterated on the indole ring.
Although the radical EPR signal overlaps that of the diiron
center, the spectrum of the latter is substantially broader.
Signals from the two can therefore be distinguished by their
field dependence as well as by their different relaxation
properties.

The1H-CW ENDOR spectra collected at fields associated
with the radical for samples containing natural abundance
tryptophan residues are dominated by signals from the Câ

FIGURE 8: Effect of proton concentration on formation and decay
of the diiron(III,IV)-W• species. Increasing pH increaseskf and
kd of the ToMOH I100W transient. The rate constants both increase
with decreasing [H+], with kf (9) andkd (b) increasing∼ 2-fold
between pH 6.5 and 7.5. They-axis scales differ above and below
the break.

FIGURE 9: Phenol increases the decay rate of the tryptophanyl
radical. The dependence of the observed rate on phenol concentra-
tion is well modeled by saturation kinetics. The determined reaction
rate of the transient,krxn, with phenol and the substrate binding
constant,Kd, are 20( 2 s-1 and 2.3( 0.5 mM, respectively.

kobs)
krxn[S]

Kd + [S]
(1)
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protons of the residue, with strong hyperfine couplings of
∼20 MHz, and by those from the indole ring, with smaller
couplings (Figure S5). Additional features nearνH have been
assigned to protein matrix protons in other systems (35). To
determine that the radical is centered at tryptophan, we
collected2H-Mims ENDOR spectra from natural-abundance
and selectively deuterated, tryptophan(d5-indole), hydroxy-
lase.

The sample prepared with isotopically enriched tryptophan
shows2H-Mims ENDOR signals with hyperfine couplings
corresponding toAH > 10 MHz when the field of observation
is where the radical signal is strongest (Figure 10). These
signals arise from the aromatic protons of the indole ring
because they are absent at fields outside the EPR envelope
of the radical signal. The signals unequivocally confirm that
the protein-based radical resides on a tryptophan residue.

1H-CW ENDOR spectra collected at the field corre-
sponding to the maximum intensity of the radical are similar
for the diiron(III,IV)-W• transient generated with unlabeled
protein in deuterated and protic buffers, but such comparisons
are difficult because of strong signals from nonexchangeable
protons (Figure S5). As a result, the presence of potentially
exchangeable protons was investigated by2H Mims ENDOR
measurements.2H-Mims ENDOR signals corresponding to
1H coupling ofAH ∼ 4-8 MHz were observed in samples
generated in deuterated buffer (Figure 11). Because these
signals are observed at fields across the EPR envelope of
the diiron center, and outside that of the tryptophanyl radical,
they can be assigned to the diiron center (compare Figures
10 and 11). By analogy to the diiron centers of intermediate
X and MMOHmv, for which ENDOR signals from terminal
water molecules on the iron(III) ion correspond to species
with AH ∼ 7-9 MHz, the signals observed in the
diiron(III,IV) -W• transient can be assigned to a terminal
water molecule or hydroxide ion on the ferric ion (35, 36).

If the tryptophanyl radical were protonated at the indole
nitrogen atom, one would expect an additional2H signal,
with AH > 10 MHz, at fields associated with this radical
(37-41). No such2H signals are observed, however (Figure
11). The absence of an exchangeable proton associated with
the protein radical is consistent with our interpretation of

the stopped-flow optical data, where a band withλmax of 500
nm indicated a deprotonated tryptophanyl radical.

Tryptic Digestion and Mass Spectrometric Analyses of
ToMOH I100W and its Oxidation Product.The most intense
ion envelopes in the MALDI-TOF(+) spectra are between
700 and 2500m/z for the in-gel tryptic digestedR-subunit
of as-isolated and O2-reacted ToMOHred I100W. The ex-
pected tryptic peptide containing W100,85ADPGWVSTM-
QLHFGAWALEEYAASTAEAR113, has a predicted monoiso-
topic mass of 3165.5 Da for the [M+ H]+ parent ion. The
ion envelope atm/z ) 3166 in the as-isolated sample is well
separated from other ions in the spectrum and is assigned to
this 29mer peptide containing W100 (Figure 12). Two
additional envelopes of lower intensity are present atm/z
values of 3182 and 3198. The relative intensities of these
latter two envelopes in the reacted sample increase markedly,
with that atm/z ) 3182 becoming the most intense. The
envelopes atm/z ) 3182 and 3198 were unchanged in
MALDI-TOF spectra of digestion products of reduced
ToMOH I100W reacted with18O2-saturated buffer.

The tryptic peptide of interest also contains other residues
sensitive to oxidation, such as methionine and histidine. To
determine the decay pathway chemistry for the W• species,
we attempted to identify the specific residue that is oxidized.
Fragmention of the tryptic peptide was carried out by
ESI(+)-MS/MS. Ions resulting from the [M+ H]3+ ion were
assigned to respective b and y peptides by considering the
fragment ion mass and the peak-to-peak separation within
the ion envelope (Figure S6) (42). We could not identify
the ions corresponding to every possible fragment because

FIGURE 10: 2H-Mims ENDOR spectra of the tryptophanyl radical.
Protein in this sample was expressed in media containing isotopi-
cally enriched tryptophan(d5-indole). Saturation of the transition
corresponding to the radical signal atg ∼ 2.00 (middle) yields2H
signals from the labeled indole ring. These peaks disappear upon
saturation at higher (top) or lower (bottom)g-values. Magnetic fields
scanned are reported asg-values in the figure.

FIGURE 11: 2H-Mims ENDOR spectra of the diiron(III,IV)-W•

species generated in deuterated buffers. Signals arising from
protonated species are observed over the swept magnetic fields.
The signal shows minor changes upon saturation atg ) 1.9875 to
2.0 and does not correlate with the tryptophan radical. The
corresponding proton scale is shown for comparison.
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the peak intensities were below our detection threshold. From
the ions that were isolated, the b ions limit the site of
modification to lie between S91 and E104, a region that
includes two other possible sites of oxidation, M93 and H96.
The y fragment ions further narrowed the possible region of
oxidation, excluding M93. Probable sites of oxidation are
therefore limited to H96 and W100.

DISCUSSION

Mixed-Valent Diiron(III,IV)-W• Species as an Entry to
Identifying Oxygenated Intermediates in ToMOH.Dioxygen
reacts rapidly,kobs∼ 18 s-1, with reduced diiron(II) ToMOH
I100W preincubated with ToMOD to yield a diiron(III)
intermediate that was only disclosed because it generated
the tryptophan neutral radical chromophore. One-electron
reduction of this diiron(III) transient by W100 gives rise to
a mixed-valent diiron(III,IV) center. The peroxodiiron(III)
species in RNR-R2 reacts in a similar manner. Oxidation of
W48 and protonation of one of the oxygen atoms in the
peroxo-adduct of RNR-R2 facilitates O-O bond cleavage
to form intermediate X (43, 44). The proposed mechanism
for dioxygen activation in cytochrome P450 enzymes requires
protonation of the distal oxygen atoms in the
peroxoiron(III) intermediate by a conserved threonine-
aspartic acid pair (6, 31). Residue T201 in the active site
cavity of ToMOH, which is strongly conserved among the
BMMs, could function in a proton shuttle pathway to the
diiron core. In MMOH, this threonine is proposed either to
deliver protons to the peroxodiiron(III) species directly or,
more plausibly, by strategically holding a hydronium ion for

proton transfer during reduction of the oxidized diiron(III)
center (45, 46). Conversion of the diiron(III) intermediate
in ToMOH to the mixed-valent diiron center could proceed
by an analogous pathway as that in the heme systems and
RNR-R2. In the I100W variant, T201 could help to provide
a crucial proton to facilitate cleavage of the O-O bond to
form the mixed-valent transient. Protons would be consumed
during the oxidative phase of the ToMOH catalytic cycle,
which would contrast with MMOH where protons are
proposed to be required during reduction of the oxidized
diiron(III) core (47). In the native system, T201 may be
important for steady-state catalysis if substrate radical
generation is a pathway for arene hydroxylation. Pre-steady-
state studies of a series of variants at this position would be
valuable in discerning its possible role in the mechanism of
substrate oxidation.

An investigation of T201 variants of T4MOH demon-
strated that this residue does not affect steady-state catalysis
(48). For an observable effect under steady-state conditions,
however, T201 must be involved in the rate-determining step.
Product release is believed to be rate-limiting for hydroxy-
lation by MMOH (49). The products catechol and phenol
can bind to the diiron center in ToMOHox isolated after
purification or following single-turnover experiments (50).
Lack of knowledge of the rate-determining step under steady-
state catalysis prevents us from making a meaningful
comparison between the earlier steady-state and current pre-
steady-state analyses.

Values ofδ and∆EQ for the mixed-valent diiron(III,IV)
transient in ToMOH I100W are comparable to those of the
Fe(III)Fe(IV) centers of intermediate X in RNR-R2 and QX

in MMOH (43, 51). In addition, the2H-ENDOR spectra of
the ToMOH diiron(III,IV) species prepared in deuterated
buffer suggest that an exchangeable proton-containing species
is coordinated to the iron(III) ion. The observed hyperfine
couplings for this protonated ligand are within the range
of those reported for terminal water molecules on the
ferric centers in MMOHmv and intermediate X (36, 44). This
terminal hydroxide ion or water molecule may arise by a
mechanism similar to that proposed for RNR-R2 (44).
Protonation-aided cleavage of the O-O bond in the
diiron(III) species would yield a water molecule that
coordinates to the ferric ion. Despite the differences between
the diiron(III) intermediate in ToMOH and those of other
CBDI enzymes, the ability to form high-valent transients
with similar spectroscopic parameters might arise from the
homologous primary coordination spheres that these enzymes
share.

Our preliminary assignment of the protein-based radical
as W• was based on stopped-flow optical experiments. In
these studies, aλmax was measured to be 500 nm, within the
previously reported range for tryptophanyl radicals (52-54).
Since the species (λmax 500 nm) was observed only in the
tryptophan variant, this specific residue seemed to be critical
for transient formation.1H- and 2H-Mims ENDOR spectra
of this species containing unlabeled and selectively deuterated
tryptophan residues firmly establish the presence of a
tryptophanyl radical. Samples made in protic and deuterated
buffers displayed similar1H-Mims ENDOR spectra, provid-
ing evidence that the tryptophanyl radical is deprotonated,
confirming unequivocally our initial assignment that the
optically active intermediate observed in stopped-flow studies
is a neutral tryptophanyl radical.

FIGURE 12: MALDI-TOF spectra of tryptic peptides for the
R-subunit of O2-reacted (top) and as-isolated (bottom) ToMOH
I100W. The mass of the [M+ H]+ ion at 3166m/z agrees with the
predicted mass for the 29mer peptide. Two additional envelopes
of 16 and 32 Da higher mass are also present. The relative intensity
of these three envelopes changes in the reacted sample, with [M+
H]+ less abundant than [M+ H]++16.
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The redox potentials of the aromatic side chains of tyrosine
and tryptophan are pH dependent with lower proton con-
centrations favoring oxidation (52, 54). In the present study,
we observed the deprotonated form of the radical, theλmax

value of which was invariant across the examined pH range
of 6.5 to 7.5. We were unable to access pH values near the
reported pKa values for the N-H group of the indole ring
and the cationic indolyl radical because of protein instability
(54, 55). Nonetheless, deprotonation of the indole nitrogen
is tightly coupled to electron abstraction because the tryp-
tophan cation radical is not observed. We exclude mecha-
nisms such as hydrogen atom transfer from W100 to the
diiron center or a proton tunneling event during the rate-
determing step for formation and decay of the
diiron(III,IV) -W• transient because of the small magnitude
and temperature dependence of the kinetic isotope effects.
In enzymes where hydrogen-atom transfer or proton tunnel-
ing are proposed to occur, the isotope effects range from 3
to >100 and are temperature independent (56, 57). The
isotope effects observed here are<3.2 for either rate constant
and temperature dependent, both of which are atypical of
hydrogen-atom transfer or tunneling.

Disruption of electron-transfer pathways from W48 and
Y122 to oxygenated diiron intermediates in RNR-R2 results
in oxidation of phenylalanine and tyrosine residues near the
dimetallic center (58-60). Models of the I100Y mutation
estimate the distance between the diiron center and this
tyrosine at 7 to 10 Å, positioning this residue for possible
oxidation (61). Absorption bands corresponding to tyrosyl
radicals or iron-catecholate species were not observed during
or after the reaction of ToMOHred I100Y with dioxygen.
Absence of these bands suggests that if oxidation of the
tyrosine residue were to occur, a stable radical species is
not formed and theL-dopa product is unable to coordinate
to the diiron center. Alternatively, the diiron(III) intermediate
may not be a strong enough oxidant to abstract an electron
from Y100. This limitation may arise from the redox
potential of tyrosine or from other parameters that affect ET,
such as the distance.

As mentioned in the Results section, a model whereby a
slow reversible equilibrium precedes fast oxidation provides
the most satisfactory explanation for the pH dependence data.
Deprotonation of the tryptophan residue, the diiron(III)
intermediate, or an amino acid side chain required to accept
the proton from the tryptophan residue could limit the
oxidation rate. The tryptophan cation radical is not observed
in our optical studies, implying that proton loss must occur
upon oxidation of this residue. Deprotonation of the indole
nitrogen before electron abstraction by the diiron(III) inter-
mediate is expected to be unfavorable because the pKa value
for this proton is estimated to be 17 (55). Oxidation of W100
prior to proton loss would yield a transient tryptophan cation
radical, the pKa of which is 3.7 (54). Deprotonation of the
radical cation is therefore predicted to be facile within the
examined pH range. Proton loss from the indole ring could
limit the oxidation rate if it is required to occur prior to this
reaction. Alternatively, if loss occurs after oxidation, the
rate-limiting deprotonation event might involve either the
diiron(III) intermediate or nearby amino acid residues.

A NoVel Diiron(III) Intermediate Oxidizes W100.The
mechanism for arene hydroxylation by the native hydroxylase
could proceed by either one- or two-electron oxidation

pathways. If the reaction occurs by initial electron abstraction
from substrate, the hydroxylation mechanism could involve
generation of a species similar to the mixed-valent
diiron(III,IV) -W• center in ToMOH I100W. However,
oxidation of the aromatic substrate by electrophilic attack
on theπ-system would be comparable to the reactions of
MMOHperoxo with electron-rich substrates, bypassing stable
radical intermediates (62).

Both radical- and cation-derived products were observed
for oxidation of RCS probes by T4MO, implying that one-
and two-electron oxidation mechanisms might occur in this
system (63). Formation of both of these products could reflect
two competing mechanisms for substrate oxidation depending
upon the ease of approach of these unnatural substrates to
the diiron site. If substrate is bound close to the reactive
intermediate, then oxidation might proceed by hydride
abstraction to generate a substrate cation. Ring-opening of
the substrate would give rise to the observed cation-derived
product. On the other hand, if the hydrocarbon were not able
to approach the oxidizing intermediate, electron abstraction
may predominate to generate substrate-radical intermediates.
If the diiron(III) species is the only iron-based transient
formed during dioxygen activation in the native hydroxylase,
the preference for electron-rich substrates, such as the indole
ring of W100 or aromatic compounds, by this transient in
ToMOH would be similar to the observed reactivity of
MMOHperoxo and the peroxodiiron(III) species in RNR-R2.
The formation of both radical- and cation-derived RCS
products could arise from two distinct intermediates that react
with these substrates. In MMOH, Q is proposed to carry out
one-electron oxidations and MMOHperoxoby hydride abstrac-
tion and epoxidation mechanisms (62). The diiron(III)
intermediate observed in ToMOH I100W is the only
observed precursor to the mixed-valent diiron(III,IV) center,
yet we cannot exclude formation of a short-lived oxo-bridged
diiron(IV) intermediate. Formation of such a Q-type inter-
mediate would facilitate electron abstraction pathways and
the diiron(III) intermediate would allow for two-electron
oxidation mechanisms. We recently reported a detailed
examination of dioxygen activation in the native system
where a similar diiron(III) intermediate forms and is kineti-
cally competent for substrate hydroxylation (50).

The Mössbauer parameters and lack of optical absorption
features in the near-IR region for the diiron(III) transient
species are unique among intermediates at this oxidation level
in the CBDI enzyme family (4). Specifically, values forλmax

near 700 nm,δ > 0.6 mm/s, and∆EQ > 1 mm/s are char-
acteristic parameters ofµ-1,2-peroxodiiron(III) clusters in
synthetic and enzyme systems (12). This intermediate is EPR-
silent, like other peroxo-bridged diiron(III) clusters. We ten-
tatively assign this intermediate as a peroxodiiron(III) species
based on the similarities of the proposed reactivity to other
peroxo-intermediates and by analogy to the mechanism of
dioxygen activation at synthetic and enzymatic CBDI centers.

The differences between the Mo¨ssbauer parameters for this
intermediate and other peroxodiiron(III) species might arise
from an alternate binding geometry of the peroxide moiety
to the diiron core. Binding modes, such asµ-η1:η2- and
µ-1,1-, of peroxide fragments at diiron(III) centers are
proposed to occur during formation of MMOHperoxo and X
(64-66). The peroxide fragment here might adopt such a
conformation. The protonation state of the peroxide ion may
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also differ. Hydroperoxoiron(III) intermediates reported in
heme systems are proposed to be electrophilic oxidants,
similar to the observed reactivity of peroxodiiron(III) centers
(6, 67). Structural investigations of this intermediate in the
native system by ENDOR and XAS would provide insight
into the structure of this species.

The redox potential of the diiron(III) intermediate can be
estimated by Marcus theory (eq 2). The variablekET is the

electron-transfer rate,k0 is the characteristic frequency of
the nuclei, usually assigned a value of 1013, R is the gas
constant, andT is the temperature in K (68). The termâ,
fixed at 1.1 Å-1, is related to the nature of the intervening
medium between the redox partners. The distance between
the tryptophan residue and the diiron center,r, was deter-
mined from the crystal structure to be 6.5 Å, andr0 is the
contact distance, which is generally set to 3 Å. Reorganiza-
tion energies,λ, of 1.0 and 0.1 V were used to calculate a
range for the reduction potential of the diiron(III) intermedi-
ate. The driving force,∆G, is the sum of the reduction
potentials for the forward reaction. Since we did not observe
a transient tyrosyl radical in the I100Y variant, the reduction
potential of the diiron(III) intermediate might lie between
that of Y and W. Depending on whether deprotonation of
the indole ring occurs before or after electron abstraction,
the potential may be further limited to between those of the
W•/W- and the W•+/W half reactions. To obtain a conserva-
tive estimate of the oxidizing power of the diiron(III)
intermediate, we assumed that proton loss must occur prior
to electron transfer because the energetic cost is less for
oxidation of the deprotonated versus neutral indole ring. The
foregoing analysis was used to estimate the potential for the
Fe2

III /Fe2
III,IV half reaction, assuming that the W•/W- couple

is 0.73 V, which corresponds to deprotonation of 50% of
the tryptophan residues (54). To negate the inhibitory effect
of protons on the oxidation rate, the calculated proton-
independent oxidation rate of 1.22 s-1 determined from the
variable pH data was used forkET. With these assumptions,
we estimate the reduction potential of the intermediate to
lie between 1.1 and 1.3 V versus NHE. This range is close
to the reduction potentials of oxidants such as hydrogen
peroxide (0.878 V), manganese dioxide (1.224 V), and
chromate (1.35 V). The latter two oxidants, MnO2 and CrO4

-,
are commonly employed for the conversion of hydroxyl
groups to either carbonyl or carboxylate functionalities. The
peroxodiiron(III) intermediate in MMOH is proposed to carry
out similar oxidation reactions, albeit via hydride abstraction
(62).

Mechanism of Dioxygen ActiVation and W100 Oxidation.
Scheme 1 depicts our proposed mechanism for formation of
the mixed-valent diiron(III,IV)-W• transient. Dioxygen
binding to the reduced diiron(II) enzyme would yield a
peroxodiiron(III) intermediate, two possible geometries for
which are shown. Electron abstraction from W100 by the
diiron(III) center is accompanied by protonation-aided cleav-
age of the O-O bond to form the mixed-valent
diiron(III,IV) -W• transient. The structure of the mixed-valent
diiron core is similar to that proposed for intermediate X,
where the oxygen atoms derived from dioxygen (filled circles
in Scheme 1) become an oxo-bridge and either a terminal
hydroxide ion or water molecule.

The diiron(III,IV) cluster and W• radical decay at the same
rate as measured by Mo¨ssbauer, EPR, and optical spectros-

copy. The twoS ) 1/2 centers are therefore likely to share
a common mechanism to restore the oxidized diiron(III)
cluster and quench the protein radical. In reacted ToMOH
I100W, the installed tryptophan appears to be oxidized, as
demonstrated by the 16 Da increase in mass of the tryptic
peptide containing W100 and the fragmentation peptides
thereof. In the crystal structure of ToMOH I100W, the indole
ring adopts conformations in which the six-membered ring
of the indole side chain vector is oriented either away from
or toward the active site. We predict either Cú3 or Cη2 to be
the site of oxidation, based on the distances between these
two carbon atoms and the diiron core in the oxidized crystal
structure. Oxidation of W• arising from attack by dioxygen
is unlikely, since the mass of the predicted products would
be 32 Da greater than the parent [M+ H]+ ion of the
unmodified peptide, in disagreement with the experimental
results. Dioxygen attack on W• gives rise to a transient
tryptophan peroxyl radical, which results in cleavage of the
pyrrole ring (69). The peak atm/z ) 3198 in the MALDI-
TOF spectra is of weak intensity and is attributed to further
oxidation of the W100 from multiple turnovers of the
hydroxylase, instead of oxidation of the indolyl radical by
O2. In addition, such a pathway would not explain the
simultaneous decay of the mixed-valent diiron(III,IV) center.
Instead, we propose a radical recombination mechanism,
where an oxygen atom species on the diiron(III,IV) cluster
is transferred to the indolyl radical (Scheme 2).

The terminal hydroxide or water molecule must be
exchangeable to explain the insensitivity of the mass of the
tryptic peptide and its fragments containing W100 to the

Scheme 1: Proposed Mechanism for Formation of the
Diiron(III,IV) -W• Transient

Scheme 2: Proposed Mechanism for Decay of the
Diiron(III,IV) -W• Transient

kET ) k0e
-â(r-r0)e[(-(∆G + λ)2)/(4λRT)] (2)
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isotopic content of the dioxygen source.2H-ENDOR spectra
of the transient in deuterated buffers identified an exchange-
able species with hyperfine coupling constants similar to
those reported for terminal water ligands on the ferric ion in
X and MMOHmv (35, 36). The exchange rate of this labile
species must be significantly faster than the rate of the decay
of the transient species to prevent incorporation of18O-atoms
into the tryptic peptide. Rapid exchange of oxygen atom
ligands at high-valent iron centers has been reported for
bridging and terminal ligands in intermediate X and terminal
oxo-groups at mononuclear iron centers (44, 70, 71).
Hydroxyl radical transfer from the diiron center to W•

followed by rearomatization of the indole ring gives rise to
an oxo-bridged diiron(III) cluster and a hydroxyindole side
chain at W100. Addition of water to the diiron core reforms
the di(µ-hydroxo)diiron(III) resting state.

The decay reaction is sensitive to proton concentration.
The active site of ToMOH is charge neutral, and depending
on the ligand type and binding geometries in the
diiron(III,IV) transient, the terminal ligand could be either a
bound water or hydroxide ion. If the terminal species is a
bound water molecule, deprotonation might be required prior
to hydroxyl radical transfer. Alternatively, the protonation
state of residues within the active site cavity or channel near
W100 may be important for stabilizing the diiron(III,IV)
cluster or W•. Deprotonation of these residues could favor
decay of these transient species. More detailed structural
information on the transient species formed during dioxygen
activation in the native and I100W variant of the hydroxylase
is required to determine the source of this proton dependence.

Potential substrates for BMMs, such as propylene and
phenol, accelerate decay of the tryptophanyl radical in
stopped-flow optical studies. In the steady state, the activity
of ToMOH I100W is more than an order of magnitude lower
than that of the wild type enzyme, possibly due to retardation
of substrate access or product egress in the variant hydroxy-
lase. The ability of phenol and propylene to accelerate the
decay rate is interesting. Phenol could quench the tryptopha-
nyl radical by hydrogen atom transfer from the O-H group
to form a phenoxyl radical. Similar reactivity is observed in
small molecule chemistry where analogues of phenol are used
as radical scavengers. Neutral and cationic tryptophanyl
radicals reportedly abstract hydrogen atoms from the hy-
droxyl group ofp-methoxyphenol at rates exceeding 105 s-1

(72). No absorption bands were observed at 410 nm during
our double-mixing optical experiments, which indicates that
any phenoxyl radical formed by hydrogen-atom abstraction
must be short-lived. To explain the sensitivity of the decay
rate on propylene and acetylene, we consider the bond
dissociation energies of the weakest C-H bonds in these
molecules. The BDE of the phenolic O-H bond is similar
to that of the methyl sp3 C-H bond in propylene,∼87 kcal/
mol (73, 74). Acetylene, by comparison, has a C-H BDE
almost 50 kcal/mol greater than that of phenol or propylene.
The tryptophanyl radical is capable of abstracting a hydrogen
atom from the weak O-H bond in phenol and C-H bond
in propylene, accelerating the decay of this transient. Because
the same reaction with acetylene requires more energy, the
decay rate is not appreciably perturbed upon mixing the
radical with this substrate.

The reaction of phenol with the neutral tryptophan radical
is a pathway distinct from hydroxylation of this substrate to

yield catechol under steady-state conditions where the diiron
centers are distributed into populations of reduced, diiron-
(III) intermediate, diiron(III,IV)-W• transient, and diiron-
(III) product species. The presence of W100 effectively out-
competes the phenolic substrate for the diiron(III) intermediate,
if substrate binding occurs after dioxygen activation. Sub-
strate could conceivably bind to the active site in either the
reduced state, prior to dioxygen binding and activation, or
in the oxidized state after oxidation of W100 or phenol. The
reduced capacity of the I100W hydroxylase to oxidize phenol
reflects the retarded access of substrate into the active site
pocket afforded by the mutation. Considering the location
of residue 100 in the ToMOHR-subunit, separating the active
site pocket from the rest of the channel and cavity 2, it is
reasonable to propose that it may serve to gate substrate
entry, product egress, or solvent access to the diiron center
as proposed for L110 in MMOH and L98 in hemerythrin
(16, 32). Evidence supporting this proposal is illustrated by
the two conformations of the indole side chain in the crystal
structure of I100W, which allow different levels of access
to the diiron center of ToMOH.

CONCLUSIONS

The reaction of diiron(II) ToMOH I100W with dioxygen
yields a diiron(III) intermediate, which subsequently abstracts
an electron from W100 to form a chromophoric mixed-valent
diiron(III,IV) -W• species. This coupled species could decay
by transfer of an O-atom from the diiron core to the protein-
based radical. The one-electron redox chemistry afforded by
the diiron(III) intermediate resembles that of the peroxodi-
iron(III) intermediate in RNR-R2. No other high-valent diiron
species were observed, suggesting that oxidation of hydro-
carbons in this system occurs at the diiron(III) level. This
diiron(III) intermediate is spectroscopically different from
that ofµ-1,2-peroxodiiron(III) clusters in CBDI enzymes and
model compounds. These differences suggest that this
intermediate in ToMOH may have an alternate binding
geometry or protonation state of the dioxygen-derived
fragment. The oxidation of W100 to form a deprotonated
tryptophanyl radical has allowed us to estimate the reduction
potential of the diiron(III) intermediate as 1.1-1.3 V. The
mixed-valent diiron(III,IV) center has spectroscopic param-
eters similar to those of intermediates X and QX, although
the diiron(III) precursors differ spectroscopically.
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