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Abstract: We report the generation and characterization of a diiron(lll) intermediate formed during reaction
with dioxygen of the reduced hydroxylase component of toluene/o-xylene monooxygenase from Pseudomo-
nas sp. OX1. The decay rate of this species is accelerated upon mixing with phenol, a substrate for this
system. Under steady-state conditions, hydrogen peroxide was generated in the absence of substrate.
The oxidized hydroxylase also decomposed hydrogen peroxide to liberate dioxygen in the absence of
reducing equivalents. This activity suggests that dioxygen activation may be reversible. The linear free
energy relationship determined from hydroxylation of para-substituted phenols under steady-state turnover
has a negative slope. A value of p < 0 is consistent with electrophilic attack by the oxidizing intermediate
on the aromatic substrates. The results from these steady and pre-steady-state experiments provide
compelling evidence that the diiron(lll) intermediate is the active oxidant in the toluene/o-xylene
monooxygenase system and is a peroxodiiron(lll) transient, despite differences between its optical and
Maossbauer spectroscopic parameters and those of other peroxodiiron(lll) centers.

Introduction Scheme 1. Dioxygen Activation at Iron—Heme and CBDI Centers
. +
Dioxygen activation at structurally homologous active sites O/O oH* O§OH2

in metalloproteins often leads to transient species having similar
spectroscopic properties. For example, heme prosthetic groupd—
bind dioxygen in their ferrous forms to generateperoxo- | I |

Fell— 02 p_'l_'e"l_ A, p_ql:em_ - . pml_lelv_

iron(Ill) intermediates.2 Protonation of the distal oxygen atom P—  — = porphyrin

in this intermediate facilitates -©O bond cleavage and forma-

tion of an (oxo)iron(IV)-porphyrin cation radical (Scheme 1). Fe' Fe' /O_O\ 50
The reactivity of the heme iron unit is modulated by the S /(') 0, l|=e'" I|=e'" ? I|=e'" I|=e'"
proximal ligand trans to the £binding site on the metal center Y o.__-0 0.0
and by the surrounding protein matrix, dictating dioxygen T T
binding or activation depending on the requisite enzyme

function. Similar phenomena occur for the non-heme carboxyl- \RNR-RZ \MMOH
ate-bridged diiron (CBDI) protein superfamily, in which a

reduced, diiron(ll) form reacts with dioxygen (Schemé&A4The HO 5 o
choice of nonbridging ligands at the dimetallic center, histidine ,‘:én \Fe'V FéV\Fe'V
vs aspartate or glutamate, and the availability of an open Cl)‘ /CI) 6‘0/6

coordination site determine whetheg @ill bind reversibly or

be activated for substrate oxidation. For dioxygen activation,
the diiron(Il) form of the protein typically reacts with dioxygen ) o )
to form a peroxodiiron(lll) center. In the hydroxylase component heterolyti¢ cleavage of the ©O bond in this species occurs

of methane monooxygenase (MMOH), either homofytic to yield a high-valent di{-oxo)diiron(IV) core, designated Q.
In the R2 subunit of Class | ribonucleotide reductase (RNR-

R2), the peroxo intermediate carries out a one-electron oxidation
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of W48 to form a mixed-valent, diiron(lll,IV) species designated
X.” The peroxodiiron(Ill) units in MMOH and RNR-R2 are the
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only ones in the CBDI enzyme superfamily that evolve to form
iron(lV) intermediates.

The primary coordination spheres of stearoyl-AQFD
desaturase\®°D),B rubrerythrin? and the hydroxylase component
of tolueneb-xylene monooxygenase (ToMOW}tbear a strong

resemblance to those of MMOH and RNR-R2. No intermediates
have previously been reported for reaction of the reduced forms

of these enzymes with dioxygen. Addition of the substrate
carrier protein conjugate to reducadD prior to reaction with

dioxygen allowed such an intermediate to be generated,

and synthetic complexes. The results suggest that this intermedi-
ate contains § 0,2} fragment bound to a diiron(lll) center
but with a previously unknown coordination geometry and/or
protonation state.

Experimental Methods

General Considerations.Plasmids containing the genes for the
Pseudomonasp. OX1 toluened-xylene monooxygenase (ToMO)
component proteins were kindly supplied by the laboratory of Prof.
Alberto Di Donato (Naples, Italy). Expression and preparation of
ToMOH and ToMOD were carried out as described elsewfRevith

however, the Mesbauer, resonance Raman, and optical Spec-the following changes. Fo¥Fe enrichment, TOMOH was expressed

troscopic parameters of which are indicative ofual,2-
peroxodiiron(lll) specie?13

We previously reported that an 1200W variant of TOMOH
from Pseudomonasp. OX1, in its reduced form, TOMQH,
reacts with @ to provide a transient mixed-valent di-
iron(l11,IV) —W* chromophoreAmax 500 nm) that was character-
ized by various spectroscopic methd#%® Of particular interest
was the identification of a diiron(lll) intermediate, formed prior
to the diiron(ll1,IV)—W-* species, having Mesbauer parameters

in media (10 g of tryptone, 10 g of NaCl, @2 g of Cassamino acids
per liter of distilled, deionized water (ddB)) supplemented with 40
uM 5"FeCh. The solution of>FeChk was prepared by dissolving
enriched metal powder (96.7% isotopic purity, Advanced Materials
Technologies Ltd., Nes-Ziona, Israel) in concentrated hydrochloric acid.
lon-exchange buffers containé@eCk (150 uM) instead of Mohr’s
salt. Specific activities for phenol for the isolated components were
>1200 mU/mg. The iron content of the hydroxylase was #.2.3
Fe:H dimer, as measured by the ferrozine as&&PLC experiments
were performed with a Vydac protein and peptide C18 column

and optical absorption features different from those of other connected to an Agilent 1200 series instrument equipped with a

peroxodiiron(lll) transient4.16 Its isomer shift lies within the
range of known peroxide-bridged synthetic diiron(lll) com-
plexes, but the quadrupole splitting differs by more than 0.3

mm/s16-18 No transient optical absorption bands, other than that
of the deprotonated tryptophanyl radical signal at 500 nm, were

apparent during reaction of the reduced ToMOH 1100W/
regulatory protein (ToMOD) complex with O

multiwavelength detector. Instruments for optical and sStwauer
spectroscopy are as reported elsewhefeAll other reagents were
purchased from Aldrich Chemical Co. and used as received.
Rapid Freeze-Quench Sample Preparation for Mesbauer Spec-
troscopy. Samples of’Fe-enriched ToMOH and ToMOD were reduced
and dialyzed as described previousheFor single-mixing rapid freeze-
guench (RFQ) experiments, a solution of TOMOH:2ToMOD (&20)
in 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, pH

In the present article we describe the results of experiments, 7.0, was rapidly combined with an equal volume ef€aturated buffer

including single- and double-mixing rapid freeze-quenctsdto

at 4.0°C. The oxygenated protein was allowed to react for a specific

bauer studies, to determine whether this same diiron(lll) speciesperiod of time, ranging from 70 ms to 15 min, after which the protein

is generated in native TOMOH. As will be demonstrated, such

mixtures were quenched in isopentane-&t40 °C. Samples were

an intermediate does indeed accumulate over a relatively |0ngpacked into Mesbauer sample cups and stored in liquid nitrogen. For

time scale 61 s and reacts with substrate, as examined by
double-mixing methods in which the oxygenated species was
first generated and then exposed to buffer containing phenol.

To gain further insight into the nature of this intermediate,

double-mixing experiments, oxygenated buffer and the reduced protein
solution (510uM ToMOH, 1.02 mM ToMOD) were first mixed with

an equal volume of @saturated buffer and allowed to react fet 70

ms. This oxygenated protein solution was then mixed with a half volume
of buffer containing phenol (4.6 mM in 25 mM MOPS buffer, pH 7.0),

steady-state experiments were conducted to determine (i)aged for times varying from 25 ms to 30 min, and quenched in
whether hydrogen peroxide evolves during catalytic turnover, jsopentane at140°C. A sample of the 0.17-s aged oxygenated protein
(i) whether a peroxide shunt pathway to this species is without phenol was collected as a reference. The dilution factors for
accessible in this system, and (iii) the reactivity profile of the single- and double-mixing samples were 2 and 3, respectively. The
diiron(Ill) center in comparison to those of other CBDI enzymes product of phenol oxidation was determined and quantified in double-

(7) Sturgeon, B. E.; Burdi, D.; Chen, S.; Huynh, B. H.; Edmondson, D. E.;
Stubbe, J.; Hoffman, B. MJ. Am. Chem. Sod.996 118 7551-7557.

(8) Lindqvist, Y.; Huang, W.; Schneider, G.; ShanklinEMBO J.1996 15,
4081-4092.

(9) Jin, S.; Kurtz, D. J., Jr.; Liu, Z.-J.; Rose, J.; Wang, B.JCAm. Chem.
S0c.2002 124, 9845-9855.

(10) Sazinsky, M. H.; Bard, J.; Di Donato, A.; Lippard, S.JJ.Biol. Chem.
2004 279, 30600-30610.

(11) McCormick, M. S.; Sazinsky, M. H.; Condon, K. L.; Lippard, SJJAm.
Chem. Soc2006 128 15108-15110.

(12) Broadwater, J. A.; Ai, J.; Loehr, T. M.; Sanders-Loehr, J.; Fox, B. G.
Biochemistry1998 37, 14664-14671.

(13) Broadwater, J. A.; Achim, C.; Mk, E.; Fox, B. GBiochemistry1999
38, 12197-12204.

(14) Murray, L. J.; Gara-Serres, R.; Naik, S.; Huynh, B. H.; Lippard, SJJ.
Am. Chem. So2006 128 7458-7459.

(15) Murray, L. J.; Gar@-Serres, R.; McCormick, M. S.; Davydov, R.; Naik,
S.; Kim, S.-H.; Hoffman, B. M.; Huynh, B. H.; Lippard, S.Biochemistry
2007, in press.

(16) Kim, K.; Lippard, S. JJ. Am. Chem. S0d.996 118 4914-4915.

(17) Ookubo, T.; Sugimoto, H.; Nagayama, T.; Masuda, H.; Sato, T.; Tanaka,
K.; Maeda, Y.; Gxawa, H.; Hayashi, Y.; Uehara, A.; Suzuki, M. Am.
Chem. Soc1996 118 701-702.

(18) Yamashita, M.; Furutachi, H.; Tosha, T.; Fujinami, S.; Saito, W.; Maeda,
Y.; Takahashi, K.; Tanaka, K.; Kitagawa, T.; Suzuki, M. Am. Chem.
So0c.2007, 129, 2—3.

mixing RFQ Massbauer samples, for which the oxygenated protein
was allowed to react with substrate for at ke8ss in thefollowing
manner. Ascorbic acid (20L, 22 mM in ddHO) was added to an
aliquot (50 uL) of a thawed Masbauer sample. This mixture was
allowed to stand for 5 min, after which trifluoroacetic acid (TFA, 30
uL, 50% in ddHO) was added. Samples were centrifuged, and the
supernatant was loaded onto a 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 (buffer A, 1%
acetonitrile, 98.8% ddpD, 0.2% TFA; buffer B, 49.9% acetonitrile,
49.9% ddHO, 0.2% TFA). The optical absorption at 280 nm was
monitored with time for all samples. Retention times for catechol,
resorcinol, and hydroquinone were determined under these conditions.
Mdssbauer measurements were carried out at 4.2 K with an applied
magnetic field parallel to the-irradiation using spectrometers described
previously?® Analyses of the Mssbauer spectra were performed with

(19) Gassner, G. T.; Lippard, S. Biochemistry1999 38, 12768-12785.
(20) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Edmondson, D. E.; Stubbe,
J.J. Am. Chem. S0d.994 116, 8007-8014.
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the program WMOSS (WEB Research). The zero velocity refers to s, and centrifuged at 5000 rpm for 5 min to pellet the denatured protein.

the centroid of a room-temperature spectrum of a metallic Fe foil. Each aliquot was then frozen in liquid nitrogen and storee z8 °C.
Assay for Hydrogen Peroxide Release in the Steady Staté& For p-chloro- andp-nitrophenol, samples were taken at 30-s instead of
colorimetric assay employing potassium thiocyanate and ferrous 10-s intervals. The supernatant was analyzed by HPLC as mentioned
ammonium sulfate was used to detect hydrogen perdkideach previously. The absorbance was monitored at 280 nm for all substrates
reaction solution contained giM ToMOH, 2 uM ToMOC, 4 uM except for nitrophenol, the samples of which were monitored at 465
ToMOD, 0.1uM ToMOF, and 1 mM reduced nicotinamide adenine nm. Standard curves were generated for catechol products with the
dinucleotide (NADH) in 50QuL of Tris/HCI buffer, pH 7.5, at 25C. appropriate substituent in the 4-position. 4-Fluorocatechol was syn-

ToMOC and ToMOF are the Rieske protein and NADH oxidoreductase thesized according to a literature procedtiend characterized b\H
components of the toluereexylene monooxygenase (ToMO) system, NMR spectroscopy. The solid catechols were vacuum-sublimed and
respectively. In samples containing phenol as a substrate, the concentrastored in the dark prior to use.
tion was 4 mM. Reactions were initiated by addition of NADH,
guenched after a specified reaction time with 100 of 0.4 M
trichloroacetic acid, and centrifuged at 13§0fbr 5 min. After Formation of a Diiron(lll) Intermediate by Oxygenation
centrifugation, aliquots of solutions of potassium thiocyanate (200 of TOMOH 4. Because the diiron(lll) intermediate identified
2.5 M) and ferrous ammonium sulfate (200, 10 mM) in ddHO in the TOMOH 1100W variant is diamagnetic and exhibits no
were added to the supernatant (5D). The mixture was shaken o570t gptical absorption baridd5Moéssbauer spectroscopy
vigorously and allowed to stand for 5 min before the absorbance at . . .
was used to seek spectroscopic evidence for the possible

480 nm was measured. Solutions of hydrogen peroxide were standard- . . . . . .
ized by measuring the absorbance at 240?Aifhese solutions were accumulation of the same diiron(lll) intermediate in the reaction

treated as described for the enzyme reaction mixtures to generate £f reduced wild-type TOMOH with @ The reaction was freeze-
standard curve. The consumption of NADH to generate hydrogen quenched at various reaction times (0.07, 0.14, 0.44, 2, and 32
peroxide was determined by monitoring the absorbance decrease at 34®) by the RFQ method (Experimental Methods), and the resulting
nm, which corresponds to the depletion of NADE = 6220 M? samples were characterized by $8bauer spectroscopy. Figure
cm™?), for 5 min, quenching the reaction, and measuring the concentra- 1A displays the 4.2 K Mssbauer spectrum of the diiron(ll)
tion of hydrogen peroxide present. To monitor the absorbance changeToMOH before reaction with © Also presented are spectra of
at 340 nm, the initial NADH concentration in the assay solution was several freeze-quenched samples-(B that clearly reveal the
reduced from 1 mM t0 0.2 mM. _ sequence of events that occur during the reaction. By comparison
An Attempt To Initiate Catalysis by a Peroxide Shunt Pathway. with the spectrum of the reduced ToOMOH reactant (A), the
HPLC analysis of reaction mixtures was conducted as above following spectrum of a sample freeze-quenched at 0.14-s reaction time

steady-state experiments in which NADH and ToMOF were omitted o . L .
and hydrogen peroxide was added as a reduced dioxygen source. AssagB) shows ~45% reduction in intensity of the quadrupole

mixtures (0.5 mL) contained 18V ToMOH, 30 4uM ToMOC, 40uM doublet arising from the reduced, diiron(ll) ToMOH and the
ToMOD, 20 mM hydrogen peroxide, and 2 mM phenol in 0.1 M Tris/  @ppearance of a sharp quadrupole doublet (red line in spectrum
HCI buffer, pH 7.5. TOMOH was the last component added to each B) with parameters = 0.55+ 0.02 mm/s,AEq = 0.67 &
mixture. These solutions were stirred and allowed to react 4&€2r 0.03 mm/s, and line widtk= 0.27 mm/s) that are identical to
specified times ranging from 30 s to 12 min. Samples were quenched those of the diiron(lll) intermediate found in ToOMOH 1100W.
with 100uL of 0.4 M trichloroacetic acid, centrifuged, and loaded onto A high-field experiment confirms that this doublet arises from
the HPLC column as described above. A series of experiments was g5 diamagnetic system (Figure S1, Supporting Information).

also performed in which the concentrations of hydrogen peroxide These ghservations establish that the diiron(ll) sites in wild-
produced were assayed by the colorimetric method outlined above . . - .
except that, prior to measuring the absorbance, the sample was diIutec}ype TOMOH indeed react rapidly with 3o generate a di

15-fold with ddHO. Solutions of hydrogen peroxide, which were iron(lil) |ntermed|qte that ',S .the samg as the one in TOMOH
standardized by measuring the absorbance at 240 nm, were used t¢100W- Accumulation of this intermediate reaches a maximum
calibrate HPLC peak integrals. Dioxygen release from reaction mixtures orresponding to 44% of the total Fe absorption and remains
containing TOMOH and ToMOD was assayed by the alkaline pyrogallol Unchanged for several seconds (compare spectra B and C) before
method?3 Anaerobic assay mixtures for,@eneration contained 100  decaying directly to the diiron(lll) product (orange line in
uM ToMOH and 400uM ToMOD in 200 uL of 25 mM MOPS, pH spectrum D). No other intermediates were detected.
7.5, to which hydrogen peroxide (0.6 mL, 30% solution) was added.  Kinetics of the Reaction of TOMOH;eq With O,. To obtain
Control samples were also prepared in which the protein solution or 3 quantitative estimate of the time evolution of Fe species
hydrogen peroxide was substituted with buffer. _ generated during the oxidation of reduced TOMOH, it is
Hammett Studies.The s_teady-state activity of TOMOH, using as necessary to deconvolute the Mbauer spectra into various
substrates the para-substituted phenols cresol, phenol, ﬂuorophenolSpectral components corresponding to the different Fe species.

chlorophenol, and nitrophenol, was determined by directly quantifying - - .
the catechol products by an HPLC protocol described above. Ass,ay'A‘lthoth(3 values for the diiron(lll) intermediate (0.55 mm/s)

mixtures comprising 0.8M ToMOH, 15M ToMOD, 2 «M ToMOC, and product (0.52 mm/s) are similar, differehieq values for

40 nM TOMOF, and 1 mM substrate in 0.1 M Tris/HCI, pH 7.5, were  the intermediate (0.67 mm/s) and product (0.85 mm/s) allow
incubated at 28C. Steady-state turnover was initiated by addition of the spectra of these two species to be readily deconvoluted
NADH to a final concentration of 1 mM. Aliquots (100L) were (Figure 2). A global analysis of the entire set of théddbauer
removed at 10-s intervals, quenched with TFA (40, vortexed for 5 spectra, including those for time points not depicted, yields the
characteristic parameters reported above as well as percentages

(21) gé'ge(fg{gt?%ta ﬁj G.; Roots, IArch. Biochem. Biophysl975 171, 385- of Fe absorption for the species detected in the freeze-quenched

(22) Keller, R. J.; Halmes, N. C.; Hinson, J. A.: Pumford, N.Ghem. Res. samples. Based on the Fe and protein contents determined for
Toxicol. 1993 6, 430-433. - i

(23) Chufan, E. E.; Verani, C. N.; Puiu, S. C.; Rentschler, E.; Schatzschneider, the freeze quenChed samples, 3.5 Fe atoms/ToMOH dlmer’ these
U.; Incarvito, C.; Rheingold, A. L.; Karlin, K. DInorg. Chem 2007, 46,
30173026 and references cited therein. (24) Corse, J.; Ingraham, L. lJ. Org. Chem1951, 16, 1345-1348.

Results
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Absorption (%)

3
Velocity (mm/s)

Figure 1. Mossbauer spectra of freeze-quenched samples from the reaction
of reduced TOMOH:2ToMOD mixtures with OThe samples were frozen
before mixing (A) and 0.14 s (BR s (C), and 32 s (D) after mixing. The
spectra (vertical bars) are collected at 4.2 K in a 50 mT field applied parallel
to the y-ray beam. The red and orange lines are simulated spectra of the
diiron(lll) intermediate and diiron(Ill) product, respectively. The spectrum
of the diiron(lll) intermediate (red) was modeled with a single quadrupole
doublet withé = 0.55 mm/s,AEq = 0.67 mm/s, and line widtk= 0.27
mm/s. The spectrum of the diiron(lll) product (orange) was simulated as a
superposition of two equal-intensity quadrupole doublets with parameters
0 = 0.52 mm/s, AEq = 0.73 mm/s, and line widtl 0.32 for doublet 1
andd = 0.52 mm/s,AEq = 0.97 mm/s, and line width= 0.28 mm/s for
doublet 2. They are plotted at the following absorption intensities: red,
44%, 41%, and 13% in B, C, and D; orange, 41% in D. Unreacted di-
iron(ll) protein accounts for~56% of total Fe absorption at maximal

accumulation of the intermediate (B). These parameters and intensities are

the results of a global analysis of the entire set ofsslmauer spectra,
including those that are not depicted here.

percentages can be converted into amounts of diiron clusters

per TOMOH monomer. The results are presented in Figure 3
(diamonds). Analysis of these data indicate that the diiron(lIl)
intermediate (red diamonds) forms rapidly with a rate constant
of ~26 s1 and accumulates to a maximum of 0.4 cluster/
ToMOH monomer (or 0.8 cluster/dimer). It decays slowly at a
rate of 0.045 s! to generate the diiron(lll) product (orange
diamonds and line). Data for the reduced ToMOH (green
diamonds and line) reveal two populations for the diiron(ll) sites
that are distinguishable by their rates of reaction with One
population (0.4 cluster/ToOMOH monomer) reacts rapidly (26
s™1) to form the diiron(lll) intermediate, while the remaining
diiron(ll) sites react slowly at a rate 0f0.02 s'*.

Effect of Phenol on Decay of the Diiron(lIl) Intermediate.
The reactivity of the diiron(lll) intermediate with phenol as a
substrate was probed by using the double-mixing RFQ technique
and M@ssbauer spectroscopy. Reduced ToMOH was allowed
to react with Q for 0.17 s to afford a maximum accumulation
of the diiron(lll) intermediate prior to the introduction of the
substrate phenol. The oxygenated protein mixture was then

Velocity (mm/s)

Figure 2. Overlay of Mtssbauer spectra of the diiron(lll) intermediate
(red) and product (orange). The spectrum for the intermediate (red vertical
bars) was prepared by removing the 56% diiron(ll) contribution from the
raw spectrum of the 0.14 s freeze-quenched sample (Figure 1B), and the
product spectrum (orange vertical bars) was the spectrum of as-purified
oxidized TOMOH. For comparison, the two spectra are scaled to matching
intensities. The solid lines are theoretical spectra simulated with parameters
of the Fe species reported in the caption of Figure 1.

@
0.8
£
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= 6]
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0.01 0.1 1 10 100
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Figure 3. Speciation plot for reaction of diiron(ll) ToOMOH:2ToMOD with
dioxygen. Reduced diiron(ll) protein (green diamonds) reacts with dioxygen
at~26 s to form a diiron(lll) transient species (red diamonds). OnK5%

of diiron(ll) clusters give rise to this intermediate. The diiron(lll) transient
subsequently decays to the oxidized resting state (orange diamonds) at
~0.045 s1. The unreacted diiron(Il) centers decay slowly at 0.02te
generate several ill-defined ferric species, the production of which is not
depicted. Solid lines are one- or two-exponential fits to the data.

mixed with a buffer solution containing phenol. The reaction
was allowed to proceed for various times and then quenched at
—140°C (Experimental Methods). Samples were collected for
Maossbauer investigations. The resulting $8bauer spectra for
some of the time points are presented in Figure 4. As in the
single-mixing experiments, the spectrum of the 0.17-s aged
oxygenated protein shows that40% of the diiron(ll) sites
evolve to the diiron(lll) intermediate (Figure 4A, red line). After
mixing with phenol, the quadrupole doublet corresponding to
this species decreases its intensity almost immediately and
becomes nearly undetectablebas (Figure 4B-D, red lines).

This behavior is in stark contrast to the relatively stable
accumulation of this species observed in the absence of phenol.
The diiron(lll) product is detected almost immediately after

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14503
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Figure 5. Speciation plot for reaction of the diiron(lll) intermediate with
phenol. The intermediate (red diamonds) decays at 2csgive rise to the
early formation phase of diiron(lll) product (orange diamonds). Diiron(ll)
clusters (green diamonds) that do not traverse the intermediate oxidize more
slowly, with a rate constant 0f0.01 s to product. Solid lines represent
one- or two-exponential fits to the data.

Diiron Clusters/ ToMOH Monomer
*
/

Absorption (%)

T T T T

Velocity (mm/s)

ABSORPTION (%)

Figure 4. Mdssbauer spectra of double-mixing RFQ samples for reaction
of the diiron(lll) intermediate with buffer containing phenol. Reduced protein
was allowed to react with £for 0.17 s to generate the intermediate before
mixing with phenol (A). After mixing with phenol, the reaction mixture
was freeze-quenched at 0.14 s (B), 0.67 s 83 (D), and 100 s (E). The
spectra (vertical bars) are collected at 4.2 K in a 50 mT applied field parallel
to they-ray beam. The green, red, and orange lines are simulated spectra,
respectively, of the unreacted diiron(ll) protein, diiron(lll) intermediate, : : : : - : ! : L
and diiron(lll) product. The spectra of the diiron(lll) intermediate in the
absence of phenol (red in spectrum A) and diiron(lll) product (orange) were VELOCITY (mm/s)

simulated using the parameters reported in the caption of Figure 1. The ry,e 6. Overlay of Missbauer spectra of the diiron(lll) intermediate in

spectrum of the diiron(lll) intermediate was perturbed slightly by the hq ghsence (red) and in the presence (black) of phenol. These spectra were
presence of phenol (see Figure 6) and was simulated with the altered yrepared by removing the unreacted diiron(ll) contributions from the

parameters reported in text (red lines in spectreEp The spectrum of spectrum shown in Figure 4A and the spectrum of a sample freeze-quenched
the unreacted diiron(ll) was modeled as a superposition of two quadrupole 4+ 70 ms after mixing with phenol. Addition of phenol results in smaller

doublets with an intensity ratio of 10:1 and the following parameters: values ford and AEq as compared to those of the intermediate generated
1.32 mm/s AEq = 3.06 mmy/s for the intense doublet, and= 1.39 mm/s in the absence of substrate (see text for parameters). Absorption lines also

and AEq = 2.13 mmy/s for the minor doublet. The simulated spectra are proaden in the presence of phenol by 0.03 and 0.06 mm/s for low- and
plotted at the following absorption intensities: green, 61, 60, 58, 57, and high-energy lines, respectively.

29%; red, 39, 30, 14, 0, and 0%; orange, 0, 12, 28, 43, and 71% in spectra
A, B, C, D, and E, respectively. The black lines overlaid with the spectra . . . .
are composite spectra including all the Fe species mentioned above. iron(lll) intermediate increases by more than 40-fold, from 0.045

s1to 2.0 s}, in the presence of phenol. Because the amount
mixing with phenol and grows into a dominant species at 5 s of unreacted diiron(ll) sites remains constant during the decay
(Figure 4B-D, orange lines). The unreacted diiron(ll) protein, phase of this transient, the decay of the diiron(lll) intermediate
however, remains relatively stable (compare the absorption (Figure 5, red line) parallels the early formation of the di-
peaks at 3 mm/s in spectra/D) and starts to decay several iron(lll) product (Figure 5, orange line), both in rate constant
seconds after mixing with phenol, behavior similar to that (2.0 s1) and in the extent of accumulation (0.4 cluster/TOMOH
observed in the absence of phenol. As in the single-mixing study, monomer). Decay of the unreacted diiron(ll) species, with a
a global analysis to deconvolute the entire set of spectra intorate constant 0f~0.01 s, accounts for the second phase
spectral components was performed, and kinetic data for the production of the diiron(lll) product. No other intermediate was
Fe species generated after mixing with phenol were thereby detected. Mesbauer parameters of the diiron(lll) intermediate
obtained. The data are depicted in Figure 5 (diamonds) togetherdiffer in the presence and in the absence of phenol (Figure 6);
with results of kinetic modeling of the formation and decay of in the presence of phenol, this species was modeled by a
the diiron species (lines). The decay rate constant for the di- quadrupole doublet with parameteds € 0.52 + 0.02 mm/s
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Figure 7. Optical spectrum of a sample following an RFQ double-mixing Figur_e_B. Co_ncentration_of hydrogen peroxide evolved un(_jer _steady-state
Méossbauer experiment. The broad absorption band is centeregBatnm. conditions with (7) and without ®) phenol. Hydrogen peroxide is formed

slowly as NADH is consumed by the enzyme system. The addition of

. . substrate inhibits peroxide formation. Data were fit with hyperbolic
andAEqg = 0.62+ 0.03 mm/s) that are slightly different from  fynctions. P vP

those ¢ = 0.55 mm/s and\Eg = 0.67 mm/s) observed in the
absence of this substrate. Also, the absorption lines of this 16 _
doublet are broader by 0.03 and 0.06 mm/s for the low-energy
and high-energy lines, respectively, in samples containing phenol
(Figure 6). These differences, although minor, suggest that 124 .
phenol perturbs the diiron center of the intermediate prior to 104 -
reacting with it.

The acceleration of the decay of the diiron(lll) transient by
phenol provides strong evidence that this species is responsible
for the substrate oxidation. Indeed, catechol was detected and 44 .
determined by HPLC analyses to be the only observed aromatic
product in the double-mixing samples at reaction times equal
to and longer than 5 s. The concentration of this hydroxylation 0- L — 8 " L
product in the samples was 145 1 M, in good agreement 0 100 200 300 400 500
with the estimated intermediate concentration135 uM, Time (s)
accumulated before mixing with pheno|_ The intermediate Figure 9. Change in the concentration of hydrogen peroxide with time

- : sk after mixing with ToOMOH-ToMOD mixtures. Hydrogen peroxide is rapidly
concentration was estimated from the result of thes uer consumed and evolves dioxygen in a manner independent of the presence

analysis (40% Fe absorption for the intermediate before mixing of substrate. A peroxide shunt pathway was not accessed because catechol
with phenol) and protein and Fe contents determined for the was not observed in assay solutions that contained phenol.

double-mixing samples (17@M protein and 3.92 Fe/ToMOH

dimer). A broad optical absorption band centered at 580 nm, mixture retarded peroxide formation, implying that phenol reacts
consistent with that of an iron-catecholate charge-transfer With either a peroxodiiron(lll) center or a precursor of such a
transition, was observed in optical spectra of samples prepareciransient.

by double-mixing (Figure 7). Coordination of catechol to the ~ Peroxide Shunt Pathway and Catalase Activity of
diiron center, however, appears to cause only minor perturba- TOMOH o Hydroxylation products were not detected in
tions to the diiron site, since the dsbauer spectrum of the ~Samples containing hydrogen peroxide, ToOM@HoMOD, and
final product, the oxidized protein (Figure 4E, orange line), could TOMOC. Inclusion of TOMOC in the reaction mixtures was to
be simulated with quadrupole doublets identical to those used €nsure that protein component interactions would not affect our

to model the Mssbauer absorption of the as-purified di- inability to access a peroxide shunt pathway. We noticed during
iron(lll) TOMOH (Figure 2, orange spectrum). the course of the experiments that hydrogen peroxide was

rapidly consumed. Its concentration was monitored in acid-

guenched samples by integrating the peak eluting&8 min

in HPLC traces recorded at 240 nm (Figure 9) and by the

colorimetric method used to assay for hydrogen peroxide release.
Samples in which the hydroxylase was omitted showed no

144 W B

[H,0,] (mM)

Release of Hydrogen Peroxide by ToMO under Steady-
State Conditions. Under steady-state conditions, hydrogen
peroxide was evolved in the absence of phenol (Figure 8). Its
rate of formation could be modeled with a hyperbolic function,
suggesting that the enzyme system may be inactivated in the

presence of hydrogen peroxide, as reported for phenol hydroxyl-"’“O'OrecmfbIe decrgg;e in®, concentration.
ase fromPseudomonasp. CF60®® The efficiency of the Experiments utilizing only TOMOB} and TOMOD revealed

NADH oxidase reaction, defined as the ratio of the decrease in Lhat dioxygen was rapidr:y evol\:ed upon additionk?f aliquots of
NADH concentration to the increase in hydrogen peroxide "Ydrogen peroxide. The evolved gas from these reaction

concentration, was 51(4)%. Addition of substrate to the reaction mixtures oxidized the pale pink solution of alkaline pyrogallol
to a brown color. Addition of hydrogen peroxide to vials

(25) Cadieux, E.. Vrajmasu, V.. Achim. C.. Powlowski, J.." Mk, E containing buffer, or addition of buffer to protein solutions, did
Biochemistry2002 41, 10680-10691. not result in oxidation of pyrogallol.

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14505



ARTICLES Murray et al.

terized thus far is a peroxodiiron(lll) adduct, with well-defined

04 1.0 spectroscopic parameters, including a near-IR optical absorption
band? Despite the structural homology of the active sites of
0.00+ ToMOH and MMOH10 the first intermediate observed upon
025: oxygenation of TOMOHR is a diiron(lll) transient for which
T no such absorption feature could be detected. Ttiedidauer
Ei -0.50- spectroscopic parametefsandAEg, for this intermediate are
> 0.55 and 0.67 mm/s, respectively, which are both lower than
= 07 those of peroxodiiron(lll) centers in related enzymes and model
2 o0l complexes. Despite the spectroscopic differences, we tentatively
] assign the diiron(lll) transient formed after oxygenation of
-1.25+ reduced TOMOH as a peroxodiiron(lll) center. This assignment
is based on the following observations: (i) the reactivity of the
-1.50 . o .
04 02 00 02 04 06 08 10 transient is similar to that reported for peroxodiiron(lll)
o, intermediates in other systems and requires that the regulatory
Figure 10. Hammett plots for oxidation of pasubstituted phenols by ~ Protein ToMOD be present in order to form; (ii) hydrogen
ToMO. The values op were—1.3 and—1.7 for o, (M) ando* (red @), peroxide is liberated during steady-state turnover in the absence

respectively. A negative reaction constant is indicative of electrophilic of sybstrate: and (iii) by analogy to dioxygen activation in other
reactions. The goodness of fit as measure@®bfor eithero value is 0.81. ' : - " h :
CBDI systems, in which the diiron(lll) intermediates are all

Scheme 2. Proposed Pathways for Substrate Hydroxylation peroxo species. The observed spectroscopic differences from
OH o peroxo intermediates in other systems may arise from a weak
G o) OH or red-shifted absorption band in the optical spectrum, photo-
e H H decomposition, additional ligands coordinated to the diiron
center, or an alternative geometry or protonation state of the
OH X X peroxide moiety.
FejO, The{0O,27} fragments in the peroxodiiron(lll) intermediates
HO o in RNR-R23031A%D 12 and ferritin (Ft§233are proposed to bind
X H in acis-u-1,2 fashion, and thatin MMOH has alternatively been
given the same assignméht®® or that of au-12n? side-on
peroxide>2837In the former geometry, the out-of-plane and in-
X plane* dioxygen orbitals interact with \d and @ orbitals,
respectively, on the iron atoms. The out-of-plane orbitals form
Hammett Relationship for Substrate Oxidation by ToMO. 7-bonds, and the in-plane orbital gives risestbonds between

Initial reaction rates were used to generate Hammett plots for peroxide and the dimetallic unit. In the case of iron(lll),

the oxidation of phenolic substrates by ToMO (Figure 10). Plots z-honding dominates the interaction because the metal orbitals
of the substituent constanis, ando,™ against the logarithm  are half-filled3® The characteristic low-energy absorption feature
of the ratio of the initial rates for the substituted phenols and centered at~-700 nm inu-1,2-peroxodiiron(lll) species arises
phenol were fit with a linear equation. Reaction constapis, from ][p*-to-dyz transitions, according to one formalishThe

of —1.3 and—1.7 for o, and o, were determined for this  strength of thisz-bonding interaction therefore dictates the
system, consistent with electrophilic attack on the aromatic energy and intensity of this transition as well as the@bond
substrate. The rate data were plotted against two substituentstrength. In systems where high-valent oxygenated diiron species
constants because of the hydroxylation mechanism proposedare observeds-bonding is proposed to dominate the interaction
for the homologous T4MO system. In that system, NIH shift petween the{0,2} fragment and the diiron center because
experiments suggested that the substrate is attacked either agleavage of the consequent weaker @ is more facile. The

the site of oxidationdm), to yield a substrate cation, or at the  extinction coefficients for the peroxodiiron(lll) intermediate in

para and meta positions"), to form a transient arene epoxide (27) Baldwin, J.; Voegtli, W. C.; Khidekel, N.; Mome.L B Krebs. C
. . . alawin, J.; Vvoegtl, .G laekel, N.; Mao@e-Loccoz, P.; Krebs, C.]
(Scheme 2). There is appreciable scatter in the plots, however,” * pereira, A. S Lgy, B. A.; Huynh, B. H.; Loehr, T. M.; Riggs-Gelasco, P.

with R? ~ 0.81 in both cases. Scaling the initial reaction %Eﬁ%%weig,A. C.; Bollinger, J. M., I. Am. Chem. So@001, 123
velocities to account for the percentage of deprotonated substratgzg) Beauvais, L. G.; Lippard, S. J. Am. Chem. So€005 127, 7370-7378.

. 3876-3887.
of the fit. (30) Mo@ne-Loccoz, P.; Baldwin, J.; Ley, B. A.; Loehr, T. M.; Bollinger, J.
M., Jr. Biochemistry1998 37, 14659-14663.
Discussion (31) Yun, D.; Garca-Serres, R.; Chicalese, B. M.; An, Y. H.; Huynh, B. H,;

Bollinger, J. M., Jr.Biochemistry2007, 46, 1925-1932.
i i i i (32) Hwang, J.; Krebs, C.; Huynh, B. H.; Edmondson, D. E.; Theil, E. C;
Mechanlnsm of Dioxygen Activation by ToMOH. The ' PennerHahn. 3. ESCionce2000 267 122125,
reduced diiron(ll) forms of the CBDI enzymes are reactive (33) Mone-Loccoz, P.; Krebs, C.; Herlihy, K.; Edmondson, D. E.; Theil, E.

)
)
) ! .
toward dioxygen, activating the molecule to yield intermediates ., gué*ULy”*J‘r _;Bbt)';gE‘ﬁgc_Tcweﬂ?g‘ggégé%g?ig%%159269_&5295-
;
)
)

: _ _ 34
with Fe—O bonds that react with substrafe$:26-2° The first (35) Wallar, B. J.; Lipscomb, J. IChem. Re. 1996 96, 2625-2657.
intermediate observed spectroscopically in the systems charac{3®) yaientine, A. M. Lippard, S. J1. Chem. Soc., Dalton Trant997 1997
(37) Gherman, B. F.; Baik, M.-H.; Lippard, S. J.; Friesner, RJAAm. Chem.
(26) Xing, G.; Diao, Y.; Hoffart, L. M.; Barr, E. W.; Prabhu, K. S.; Arner, R. So0c.2004 126, 2978-2990.
J.; Reddy, C. C.; Krebs, C.; Bollinger, J. M., Rroc. Natl. Acad. Sci. (38) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon, El.I.
U.S.A.2006 103 6130-6135. Am. Chem. Socl998 120, 5674-5690.
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MMOH, RNR-R2,A%D, and Ft follow the expected trend, with

those reported for this transient in RNR-R2 and MMOH being #-1-2-Peroxodiiron(ill) Complexes

greater than those for the same speciesAfD and Ft. If
sr-bonding in the TOMOH intermediate is weak, the energy and

intensity of this charge transfer are predicted to decrease. The NiOs

absorption maximum will therefore be red-shifted, with a smaller
extinction coefficient than that of similar diiron(lll) species.
Weaker w-bonding would favor peroxide release, disfavor

formation of high-valent intermediates, and reduce the electron

density on the iron atoms. The ‘dsbauer parameters are
indicators of the symmetry of the electric field gradient around
(AEg), and effective charge or oxidation stat® 6f, the iron
atoms. Reducing the electron density therefore should Idwer
relative to systems with strongerbonds. Longer FeO bonds
may increase the symmetry, translating into smalleg values.
The Fe-O—0 bond angle, which determines in part the-Fe
Fe distance, strongly influences tliébonding contribution from
the peroxide fragment, with smaller angles favorimgnly
bonding. If the absorption band is therefore weak and low in
energy in TOMOHeroxo We predict that the FeFe distance in
this intermediate will be shorter than that observed in peroxo
adducts of other CBDI systems.

Another possibility is that the peroxodiiron(Ill) species might

ARTICLES
Table 1. Mossbauer and Optical Spectroscopic Parameters for
donor bridging Amax € ) AEqy
set ligands (nm) (M~tecm™) (mm/s)  (mm/s) ref
hydroxo 644 3000 050 131 40
N3O;  oxo 577 1500 050 1.46 40
2 alkoxo 665 2300 0.57 144 17
carboxylato
N3Oz2  alkoxo 710 1500 0.58 117 17
carboxylato
N3O;  alkoxo 500-800 1700 065 1.70 16
carboxylato 0.58 0.70
N3Os; dicarboxylato 694 2650 0.66 140 18
N4O2  oxo 494,648, 1100,1200, 0.54 1.68 43
846 230
aThese compounds were characterized bysdb@uer and optical

spectroscopy only.

ate would either have to be obscured by end absorption from
the protein optical band at 280 nm or lie in the near-IR region,
beyond the range of our diode array instrument detector.
Finally, the geometry or protonation state of the peroxide
fragment in TOMOHeroxomay differ from those of other-1,2-
peroxodiiron(lll) intermediates. Diiron(lll) centers containing
1,1-peroxo-, 1,1-hydroperoxo-, gt:2-peroxo bridges have all

decompose upon irradiation, as reported previously for a been proposed for transition states linking the reduced di-

cis-u-1,2-peroxodiiron(lll) comple¥ and for the superoxodi-
iron(lll) intermediate inmycinositol oxygenasé® Reaction of
reduced ToOMOH 1100W and ToMOD with dioxygen quanti-
tatively converts the diiron(lll) intermediate to the mixed-valent
diiron(I11,IV) —W* couple!*15 The calculated extinction coef-
ficient at 500 nm of the radical agrees with the accumulation
of TOMOHperoxo judging by Mtssbauer spectroscopy. The
photodecomposition rate of the diiron(lll) transient, therefore,
must be slower thar1 s71 to permit quantitative formation of
the diiron(lll,IV)—W* species. Given an estimated formation
rate constant of 2673 for this intermediate from Mssbauer

iron(ll) forms to diiron(lll) and high-valent intermediates in
MMOH and RNR-R2:37:3844|f the intermediate is protonated,
such proton transfers could not be rate-determining within the
limits of RFQ methods because we find no solvent kinetic
isotope effect for either its formation or decay in single-mixing
Mdossbauer studie’s.Hydroperoxy intermediates in cytochromes
P450 and heme iron synthetic complexes are proposed to be
electrophilic oxidants, reacting with electron-rich substrates.
MMOH perox0@nd the peroxo intermediate in RNR-R2 are also
capable of oxidizing electron-rich substrates, such as alkénes,
ethers®® and aromatic side chain residu@g’ The reactivity

studies, we predict that this transient should accumulate to profile of the intermediate reported here is similar to those of
adequate levels to permit detection of any optical features. We hydroperoxoiron(lll) species in heme systems, MM, and
can therefore exclude photodecomposition as an explanation forthe peroxo intermediate in RNR-R2. ToOMOH can epoxidize or

the lack of an optical absorption band.

hydroxylate halogenated alkenes and a number of aromatic

The nature, number, and protonation state of the bridging compounds, preferring electron-rich substrates over poorer

ligands in dioxygen adducts of CBDI model complexes influ-
ence the spectroscopic features of the charactedized-1,2-
peroxodiiron(lll) intermediates. Model compounds with GR8?
hydroxo#° or alkoxd’184142 pridges opposite the bound

ones®®49 A preliminary cryoreduction study of the ToMOH
intermediate gives rise to an EPR-active species, which will
allow us to probe its structure BYyO-ENDOR spectroscopy in
future work>0

peroxide have absorption maxima, extinction coefficients, and  ToMOH is unique among bacterial multicomponent mono-
Mossbauer parameters that cover a broad range of values (Tab|%xygenases (BMMs) studied to date because it can serve as a

1)16-18.40.43A number of these compounds have valuesdor
within range of the present 0.52 mm/s value, although all the
AEq parameters are1.0 mm/s. Amino acid side chains in the
active site pocket of ToMOH, such as E243, which shifts
between the Mn(ll)-reconstituted and diiron(ll1) forffsit could

catalase in the absence of reducing equivalents and as an NADH
oxidase in conjunction with the other components of the enzyme
system. The catalase activity of ToM@tsuggests that dioxy-
gen activation by ToMOHKHq may be reversible if

be incorporated as additional oxygen atom bridges, thereby 4) poliinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.; Edmondson,

modulating the absorption and sbauer spectra of
ToMOHgeroxo Any absorption band arising from this intermedi-

(39) Shan, X.; Que, L., JiProc. Natl. Acad. Sci. U.S.A2005 102 5340-
5345

(40) Zhang, X.; Furutachi, H.; Fujinami, S.; Nagatomo, S.; Maeda, Y.; Watanabe,
Y.; Kitagawa, T.; Suzuki, MJ. Am. Chem. So@005 127, 826-827.

(41) Feig, A. L.; Lippard, S. JJ. Am. Chem. So0d.994 116, 8410-8411.

(42) Feig, A. L.; Becker, M.; Schindler, S.; van Eldik, R.; Lippard, Sindrg.
Chem.1996 35, 2590-2601.

(43) Dong, Y.; Zang, Y.; Shu, L.; Wilkinson, E. C.; Que, L., JrAm. Chem.
S0c.1997 119 12683-12684.

)

D. E.; Stubbe, JJ. Am. Chem. S0d.994 116, 8015-8023.

(45) Murray, L. J.; Naik, S.; Ortillo, D. O.; Huynh, B. H.; Lippard, S. J.,

unpublished results.

(46) Nam, W.; Ryu, Y. O.; Song, W. J. Biol. Inorg. Chem2004 9, 654~

660.

(47) Ormqg M.; deMare F.; Regnstim, K.; Aberg, A.; Sahlin, M.; Ling, J.;
Loehr, T. M.; Sanders-Loehr, J.; ®erg, B.-M.J. Biol. Chem1992, 267,
8711-8714.

(48) Ryoo, D.; Shim, H.; Canada, K.; Barbieri, P.; Wood, TN&t. Biotechnol.
200Q 18, 775-778.

(49) Vardar, G.; Ryu, K.; Wood, T. KJ. Biotechnol.2005 115 145-156.

(50) Murray, L. J.; Davydov, R.; Naik, S.; Huynh, B. H.; Hoffman, B. M.;
Lippard, S. J., unpublished results.
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Scheme 3. Reaction of TOMOHx with Hydrogen Peroxide
OH
H H202 02 H202 (_| 2
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protons are lost prior to electron transfer (ET). Dioxygen binds identical to those in the absence of catechol (Figures 2 and 4).
reversibly to diiron(ll) clusters in respiratory proteins, such as Presumably, phenol accesses the CBDI active site via the
hemerythrin, but has not been reported for CBDI enzymes that channel and binds to the diiron center before undergoing
catalyze substrate oxidation. RFQ B&bauer spectra of samples oxidation. Coordination of phenol to a CBDI center in this
from reaction of dioxygen with ToMO}y and ToMOD manner would direct hydroxylation at the ortho position. The
demonstrate that TOMOJdoxo0decays to form only the oxidized  high regioselectivity of phenol hydroxylation by ToMO parallels
diiron(lll) center. The catalase reaction was conducted with more that of model complexes in which the substrates are tethered to
than a 20-fold excess of hydrogen peroxide, which could drive ligands bound to iron and where oxidization occurs regio-
the reaction in the reverse direction. Hydrogen peroxide could specifically at the closest accessible positi&pe-53

react with TOMOHy, liberating two water molecules and Substrate coordination might potentiate reaction pathways that
generating ToMORkoxo (Scheme 3). Oxidation of the peroxide  are otherwise unavailable in its absence. The choice of phenol
fragment by the diiron(lll) center evolves dioxygen with as substrate for our experiments was determined because of the

g e
2 H,0

formation of ToOMOHg Binding of a second molecule of
hydrogen peroxide, possibly in @-1,1 fashion, to the di-
iron(ll) center would allow for protonation of the distal oxygen
atom followed by cleavage of the-@D bond. This binding
mode for a peroxide fragment to a diiron(ll) center has been
previously proposed during reaction of synthetic peroxo-
diiron(lll) complexes with the diiron(ll) starting compound.
The oxo-bridged diiron(lll) center formed after-<® bond
cleavage can react with water to form ToM@Hor with
hydrogen peroxide to generate ToMgxo

The ToMO enzyme system catalyzes the two-electron reduc-
tion of dioxygen to hydrogen peroxide with an efficiency of
51%. Reductive quenching of the diiron(lll) intermediate in the
absence of substrate could explain this poor efficiency. Electron
transfer from reduced TOMOC to TOMQHoxo prior to dis-
sociation of peroxide may allow for complete reduction of
dioxygen to water, as occurs in MMOW.The combined rate
for dissociation of ToMOD and binding and ET from reduced
ToMOC to ToMOHeroxoWould have to exceed the decay rate
of the transient, for which the rate constant is 0.05. §he
catalytic rate of phenol hydroxylation is 20-fold greater than
the decay rate of TOMOHdioxo°* The rate of protein complex
formation and ET is faster, therefore, than that of ToM@¥lo
decay, suggesting that reductive quenching of ToM&Ub is
kinetically feasible. The reduction of ToOMQkxo could give
rise to a peroxodiiron(ll) species, similar to that proposed in
Scheme 3.

Substrate Hydroxylation by TOMOH. The rate constant for
decay of the ToMOH diiron(lll) intermediate is sensitive to
phenol, increasing by more than 30-fold, from 0.05to I s
in its excess. The reaction is quantitative and forms catechol.
The Mtssbauer spectrum of ToMQHox. differs with phenol
present, in contrast to that of the diiron(lll) end product in

weak regioselectivity exhibited by the enzyme system for
toluene. ToMO oxidizes phenol exclusively to catechol, but
oxidation of toluene yields a mixture of cresélsTo ensure
that the M@sbauer spectrum of the diiron(lll) product could
be readily distinguished from that of the diiron(lll) intermediate,
phenol was therefore chosen as substrate.

A possible detailed mechanism for phenol hydroxylation is
shown in Scheme 4. Dioxygen activation involves formation a
peroxodiiron(lll) intermediate, which we arbitrarily depict with
au-1,2 geometry. Phenol next coordinates to one iron(lll) atom,
after which there is an electrophilic attack of tH©,27}
fragment on the arene-system. The resulting arene epoxide
ring opens, and rearomatization leads to oxidized diiron(ll)
center with bound product. In the absence of substrate, the
intermediate slowly liberates hydrogen peroxide to return the
resting diiron(lll) state, ToMOJk. For reaction with toluene, a
similar mechanism is expected but with substrate orientation
being affected by residues within the active-site pocket rather
than by coordination to the diiron center. No EPR-active species
were observed in samples from the double-mixing studies. We
previously reported the reaction of the diiron(lll) intermediate
to produce a neutral tryptophanyl radical centered at the
mutagenic site (I100WA*15 Oxidation of phenol to catechol
did not produce a similar substrate-based radical with an
appreciable lifetime. Substrate proximity to the diiron center
may direct the reaction through radical pathways at longer
distances and two-electron processes at shorter distances.

Linear free energy relationships for steady-state hydroxylation
of substrate by ToMO have negative slopes (Figure 10),
indicative of electrophilic attack on the aryl ring with substrate
oxidation being at least partially rate-limiting. Activation of an
aromatic substrate by donation from a hydroxyl group predis-
poses the system to electrophilic attack. As such, hydroxylation

double-mixing samples, which can be modeled with parameters could proceed by a mechanism different from that used for less

(51) Cafaro, V.;Izzo, V.; Scognamiglio, R.; Notomista, E.; Capasso, P.; Casbarra,
A.; Pucci, P.; Di Donato, AAppl. Erviron. Microbiol. 2004 70, 2211-
2219.
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activated arenes, such as toluene and benzene. Hammett studies

(52) Carson, E. C,; Lippard, S. [horg. Chem.2006 45, 828—-836.
(53) Carson, E. C,; Lippard, S. [horg. Chem.2006 45, 837—-848.
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Scheme 4. Substrate Hydroxylation and Dioxygen Activation by ToMOH
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of the homologous T4MO enzyme system employing substituted droxylation by MMOH?3® Coordination of products to the diiron
benzenes as substrates, however, are consistent with an elecenter after hydroxylation, and the effects of these events on
trophilic attack on thes-ring5* The results of NIH shift the reaction rate, are probably common to the hydroxylation
experiments using T4AMO suggested that hydroxylation involves mechanisms of BMMs. In TOMOH, a linear Hammett relation-
formation of a transient arene epoxide that opens reversibly, or ship provides strong evidence that substrate hydroxylation limits
attack at a specific carbon atom, to yield a substrate carbo-the reaction rate, implying that product dissociation can be only
cation®® The intermediate in TOMOH is therefore electrophilic, partially rate-limiting.
demonstrating a preference for two-electron oxidation of  Quantitation of catechol formed in double-mixing samples
electron-rich substrates, such as alkenes and arenes, or onewas possible only after treatment of the diiron(lll) protein with
electron abstraction from a nearby redox-active residue, asascorbic acid. Under steady-state conditions, reduction of
occurred in the 1100W variant. product-bound ToMOU facilitates its release to restart a
Slow binding of substrate in the active-site pocket will retard catalytic cycle. Reduction-facilitated product release has been
the steady-state hydroxylation rate and bring about deviationsproposed previously for MMOH?5” Such a mechanism,
from a linear Hammett relationship. Mutation of two glutamate whereby product release is enhanced by reduction of the diiron
residues, E214 and E284, on the protein surface near the channetenter, would require that diffusion of product out of the active
opening and far from the active site enhance the rate of steady-site occur more rapidly than subsequent steps involving dioxy-
state hydroxylation of 4-nitrophen®l.More than 60% of this gen activation, hydrocarbon diffusion into the active site, and
substrate is deprotonated at pH 7.5. Removal of negative chargdhydroxylation. Previously, steady-state oxidation of benzene by
at the opening of the substrate access channel could eliminateToMO resulted in the initial accumulation of phenol, and phenol
repulsion with deprotonated carboxylate side chains of E214 was hydroxylated to catechol only at low benzene concentra-
and E284, increasing the ease of substrate access to the activéons>! The accumulation of phenol is therefore evidence that
site. Correcting the observed hydroxylation rate of substratesthe rate of product dissociation exceeds that of reduction of the
in the Hammett study for the fraction of substrate that is oxidized hydroxylase and subsequent dioxygen activation.
protonated at pH 7.5 did not improve the quality of the fit. Other ~ ToMOD enhanced binding of phenol to the diiron center by
factors, such as the energy cost to bring a charged species int@ factor of 2, as measured by optical titration of the oxidized
a buried, neutral active-site pocket in TOMOH, may also hinder hydroxylase with phend® This result suggests that hydroxyl-
access and affect the oxidation of these electron-poor aromaticase-regulatory protein interactions perturb the diiron center,
compounds. possibly by reorienting residues to increase the active-site
A portion of the product remains bound to the diiron center, volume and allow substrate access. The flexibility of the active
as evidenced by the appearance of a broad absorption band agite to facilitate changes in the volume of the substrate-binding
580 nm. Phenol, the substrate used here, is also a reactiorfavity was reported previously for other BMMs. For example,
product of benzene hydroxylation by TOMOH. Phenol, like the volume is increased by partial unwinding of helix E in
catechol, can also bind to the diiron center and does so, asMMOH.x upon binding of 6-bromohexan&l Analogous helical
evidenced by the growth of an absorption band centered at 495rearrangements were also noted in the crystal structure of the
nm during titration of TOMOH, with phenol (data not shown). ~ PHH—PHM complexi® The regulatory protein in these systems
A similar absorption band was reported in a mutant of RNR- may therefore effect structural changes to allow for dioxygen
R2 in which F208 is hydroxylated and binds to the diiron activation and substrate access to, and/or product egress from,
center?’ Product release in this pre-steady-state system may bethe diiron center.
slow because the installed hydroxyl group allows coordination ~ Implications for the CBDI Protein Family. Half-sites
to the diiron center. Dissociation and egress of products is reactivity, whereby two equivalent active sites alternate in tra-
proposed to be the rate-determining step in steady-state hy-

(56) Lipscomb, J. DAnnu. Re. Microbiol. 1994 48, 371—-399.
(57) Lee, S.-K.; Nesheim, J. C.; Lipscomb, J. ID.Biol. Chem.1993 268,

(54) Mitchell, K. H.; Studts, J. M.; Fox, B. Biochemistry2002 41, 3176— 21569-21577.
3188. (58) Sazinsky, M. H.; Lippard, S. J. Am. Chem. So2005 127, 5814-5825.
(55) Mitchell, K. H.; Rogge, C. E.; Gierahn, T.; Fox, B. 8roc. Natl. Acad. (59) Sazinsky, M. H.; Dunten, P. W.; McCormick, M. S.; Di Donato, A.; Lippard,
Sci. U.S.A2003 100, 3784-3789. S. J.Biochemistry2006 45, 15392-15404.
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versing opposite halves of the catalytic cycle, has been proposedConclusions

in RNR-R2%0 A°D,12 and MMOH1® The maximum observed

accumulation of the peroxodiiron(lll) intermediate in ToOMOH The reactive intermediate in TOMOH that hydroxylates arenes
is consistently recorded to be45%, with the remaining protein  is a diiron(lll) species, which we tentatively assign as a peroxo
present as unreactive diiron(ll) starting material. Such reproduc- adduct. This intermediate is an electrophile, similagt,2-

ible yields of the intermediate generated upon oxygenation of peroxodiiron(lll) transients in RNR-R2 and MMOH. ToMOH
the reduced hydroxylases, the wild-type and the 1100W vari- is distinct, however, because it generates hydrogen peroxide
ant!*15suggest that dioxygen activation in this system occurs during steady-state turnover in the absence of substrate and acts
atonly one active site per dimer. This conserved feature of CBDI as a catalase, consuming hydrogen peroxide to liberate dioxygen.
family members may reflect allosteric changes transmitted Our results suggest that the dioxygen activation step(s) may be
through the protein framework as amino acid side chains shift reversible in this system, which has not been previously reported
with the transition from the reduced enzyme to intermediate for any BMM. The Massbauer parameters and optical charac-
and oxidized forms. teristics of TOMOHeroxo differentiate it from otheru-1,2-

The protein framework can modulate the mechanism of peroxodiiron(lll) centers in biology. Further characterization of
dioxygen activation and the reactivity of those intermediates, this intermediate by ENDOR, XAS, and X-ray crystallography
as evidenced by the ability of MMOH and RNR-R2 to form Wwill provide invaluable insight into factors that govern dioxygen
high-valent species, af®D and Ft to form only peroxo-bridged  activation at CBDI centers in biology.
intermediates, and of TOMOH to form a putative peroxo-
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