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ABSTRACT: A diiron hydroxylase reaction typically begins by combination of O2 with a diferrous center to
form reactive intermediates capable of hydrocarbon hydroxylation. In this natural cycle, reducing equivalents
are provided by specific interactions with electron transfer proteins. The biological process can be bypassed
by combining H2O2 with a diferric center, i.e., peroxide-shunt catalysis. Here we show that toluene
4-monooxygenase has a peroxide-shunt reaction that is ∼600-fold slower than catalysis driven by biological
electron transfer. However, the toluene 4-monooxygenase hydroxylase-effector protein complex was stable
in the presence of 300 mM H2O2, suggesting overall benign effects of the exogenous oxidant on active site
structure and function. The X-ray structure of the toluene 4-monooxygenase hydroxylase-effector protein
complex determined from crystals soaked in H2O2 revealed a bound diatomic molecule, assigned to a cis-
μ-1,2-peroxo bridge. This peroxo species resides in an active site position adjacent to the hydrogen-bonding
substructure established by effector protein binding and faces into the distal cavity where substrate must bind
during regiospecific aromatic ring hydroxylation catalysis. These results provide a new structural benchmark
for how activated intermediates may be formed and dispatched during diiron hydroxylase catalysis.

Diiron hydroxylases are multicomponent enzyme complexes
that require NADH and O2 for in vivo catalysis (1-3). In
addition to the hydroxylase, the T4MO1 complex consists of an
NADH oxidoreductase [T4moF (4)] that is responsible for trans-
ferring reducing equivalents from NADH to T4moC, a Rieske
ferredoxin that directly and specifically reduces T4moH (5, 6),
and a cofactorless effector protein, T4moD (7, 8). T4moD forms a
high-affinity complex with T4moH to increase the rate of steady-
state catalysis up to ∼150-fold (8). Crystal structures of the
T4moHD complex in the resting (diferric) and reduced
(diferrous) states revealed a number of coordinated changes
within the active site that occur upon complex formation (9)
and presumably set the stage for efficient catalysis.

sMMO, another diiron hydroxylase, has a well-characterized
catalytic cycle (Figure 1), and many supporting spectroscopic
and structural studies of it have been completed (1-3). Reaction

of diferrous sMMO (Figure 1B) with O2 produces a peroxo-
diferric species named compound P (Figure 1C), which is the first
spectroscopically detected intermediate along the hydroxylation
reaction cycle (10). Compound P has been proposed to be
competent for alkene epoxidation (11). Compound P also reacts
to form a high-valent diferryl intermediate named compound Q
(Figure 1D), which is chemically competent for methane and
norcarane hydroxylation (12, 13). Upon product release, the
active site assumes the resting-state diferric configuration until
effector protein binding and reduction begin another catalytic
cycle (12).

In diferric sMMO, O2-mediated turnover was successfully
bypassed by reaction with H2O2 (14). This reaction, called the
peroxide shunt, presumably proceeded via direct formation of a
compound P-like species (15). sMMO was capable of at least 30
turnovers with propene during peroxide-shunt catalysis with a
rate of∼1 s-1, which is comparable to the rate observed with O2-
mediated turnover.

Recently, a different type of peroxo-diferric intermediate has
been proposed for the toluene/o-xylene monooxygenase reac-
tion (16). The M€ossbauer isomer shift of this species was
consistent with a diferric assignment, but the absence of a visible
absorption feature indicated that the ToMOH species was
somehow distinct from the peroxo-diferric species observed in
sMmoH (10), ribonucleotide diphosphate reductase R2 compo-
nent (17), stearoyl-ACP Δ9-desaturase (18), ferritin (19), deoxy-
hypusine hydroxylase (20), or hemerythrin (21).

Although a number of informative catalytic studies have
been performed with members of the toluene monooxygenase
family (5, 8, 22-24), the experimental establishment of a
peroxide-shunt reaction has been unsatisfactory. Thus, variable
levels of catalase activity have been observed in both native (25)
and recombinant enzyme preparations (5, 16), and this has
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complicated the characterization of peroxide-shunt reactions. In
this work, enzyme prepared for X-ray crystallographic studies
was used to characterize the peroxide-shunt reaction of T4moH
alone, and the complex of T4moH and T4moD (T4moHD)
without the biological electron transfer partners T4moF,
T4moC, andNADH. These newest preparations have∼100-fold
lower catalase activity than previously observed (5). In these
preparations, the H2O2-dependent formation of p-cresol was
slow but continued in the presence of 300 mMH2O2 without loss
of activity for an extended time period, suggesting a structurally
robust active site. With this solution-state catalytic information,
crystals of the T4moHD complex were prepared, treated with
H2O2, and frozen for X-ray diffraction studies. The presented
crystal structure reveals an active site geometry corresponding to
a frequently hypothesized H2O2-level precursor to diiron enzyme
reaction intermediates. Some of the implications of this observa-
tion are discussed.

MATERIALS AND METHODS

Expression, Purification, and Crystallization. All T4MO
components were expressed and purified as previously des-
cribed (4, 6, 7, 26). T4moH used in crystallization trials was
pooled on the basis of activity and strictest criteria for purity as
determined by SDS-PAGE tominimize contaminating proteins.
This resulted in an∼50%decrease in the yield of purified protein
as compared to previous studies. Crystals of T4moHD in the
absence of acetate were obtained from hanging drop vapor
diffusion by adding 2.5 μL of 140 μM T4moH and 280 μM
T4moD to 2.5 μL of 100 mM Bis-Tris (pH 6.0) containing 24%
PEG 3350 and 200mMNH4Cl. Crystals were generally obtained
by seeding with a stock of crystals produced under the previously

reported conditions (9). Prior to cryoprotection, crystals were
soaked in a solution ofmother liquor supplementedwith 300mM
H2O2 for∼20 min. Crystals were cryoprotected by incrementally
increasing the precipitant to 30% PEG 3350, 700 mM NH4Cl,
and 300 mMH2O2 and were frozen by rapid immersion in liquid
N2 and then stored in liquid N2.
Kinetic Assays. Reactions were performed at 26 �C with

10 μM T4moH and variable amounts of T4moD and T4moC.
Reactions were initiated by the addition of H2O2 to a crimp-
sealed vial and allowed to continue for up to 3 h. Reaction
contents were quenched in NaCl-saturated HCl and prepared
and quantified as previously described (8). Optical spectra of
T4moHD reactions were recorded during this time duration
using an Agilent diode array spectrophotometer (Agilent Tech-
nologies, Santa Clara, CA) or an Olis RSM stopped-flow device
(OLIS, Inc., Bogart, GA).
StructureDetermination.Diffraction datawere collected on

Advanced Photon Source (Argonne, IL) Life Science Collabora-
tive Access Team beamline 21-ID-F. The data were indexed,
integrated, and scaled using HKL2000 (27). The structure was
determined by molecular replacement with the CCP4 suite
program MOLREP (28) using PDB entry 3HDH as the starting
model. Simulated annealing was performed in PHENIX (29)
followed by iterative rounds of model fitting and refinement in
COOT (30) and REFMAC5 (31), respectively. Ramachandran
analysis and rotamer analysis were performed with Molprob-
ity (32). Figures were prepared with PyMOL (33).

RESULTS

Peroxide-Shunt Catalysis. During O2-dependent catalysis,
the effector protein T4moD was responsible for up to ∼30-fold
enhancement of the rate of T4MO steady-state turnover and also
contributed to control of regiospecificity of aromatic ring hydro-
xylation (8). In contrast, Table 1 shows that the rate of peroxide-
shunt catalysis did not substantially change either with orwithout
T4moD.

The initial rate of product formation was∼0.3 min-1, which is
∼600-fold lower than the rate of product formation obtained
with the optimized biological electron transfer chain. During
peroxide-shunt catalysis in the presence of 300 mM H2O2,
hydroxylated cresol products continued to accumulate for
>1 h, which is comparable to the duration observed for
peroxide-shunt activity of sMmoH (14). The product distribution
observed throughout the time course was typical of the T4moH-
catalyzed reaction in the absence of T4moD, i.e., 55% p-cresol,
43% o-cresol, 2% m-cresol, and a barely detectable content of
benzyl alcohol (Table 2). These results are contrasted with those
of nonenzymic electrophilic aromatic substitution reactions,
which favor ortho or benzylic hydroxylation (34). The role of

FIGURE 1: Representative reaction cycle for the diiron hydroxylases.
In T4moHD, substrate binding is thought to occur prior to the
formation of activated intermediates. The resting diferric state (A) is
reduced by 2e- concomitant with rearrangement of a carboxylate
ligand and displacement of a bridging water molecule. The diferrous
center (B) reacts with O2 to generate the peroxo-diferric state (C).
Alternatively, the peroxide-shunt pathway proceeds by combination
of the diferric state (A) and H2O2 to also form a peroxo-diferric
state (C). Because of differences in the proton balance within the
active site, the peroxo-diferric states initially formed by these two
different pathways may not be equivalent. Reaction of the peroxo-
diferric state yields a diferryl intermediate (D). The diferryl inter-
mediate reacts with substrate, RH, to generate a hydroxylated
product, ROH.

Table 1: Kinetic Characterization of the T4moH Peroxide-Shunt Reaction

reaction kcat (min-1) Km(H2O2) (mM) ref

T4moHD O2 turnover
a 168 nac 8

T4moH O2 turnover
a 7.8 nac 8

T4moHD peroxide shuntb 0.30 (0.05) 128 (7) this work

T4moH peroxide shuntb 0.27 (0.05) 122 (10) this work

aO2-mediated turnover reactions conducted with optimized concentra-
tions of T4moH, T4moD, T4moC, and T4moF in the presence of saturating
toluene, NADH, and O2.

bPeroxide-shunt reactions conducted with
T4moH or T4moHD in the presence of saturating toluene and varying
levels of H2O2.

cNot applicable.
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the active site in the peroxide-shunt-mediated hydroxylation was
further supported by the altered regiospecificity of the G103L
T4moHD complex, which afforded 16%m-cresol in the peroxide
shunt, a level significantly higher than that found in the wild-type
isoform or in solution reactions. This increased yield of m-cresol
is comparable to the 20% m-cresol observed from G103L
T4moHD during O2-mediated turnover (Table 2).

No absorbance in the visible region was observed from
either steady-state or rapid-mix reactions of T4moHD with
H2O2. Moreover, the rate of the peroxide-shunt reaction did
not exhibit a logarithmic dependence on the pH of the reaction,
suggesting that changes in the protonation state of reactive
intermediates did not represent a rate-limiting step over the pH
range of 6-8.5.
Crystallization Conditions. Crystallization conditions used

inmany past studies of diiron hydroxylases have included acetate
or other small molecule carboxylates (9, 35-37). These additives
are often found in the active site and are often coordinated to the
diiron center as bridging ligands. In anticipation that these bound
additives might act as inhibitors of catalysis, we undertook a
systematic search for crystallization conditions that did not

include small molecule carboxylate ligands and identified the
conditions used in this work. Using crystals prepared in this new
precipitant solution, the structure of T4moHDwas determined at
1.9 Å resolution without acetate in the crystallization buffer.2

Table 3 provides a summary of the structure determination
statistics for this new structure, and Figure 2 provides a side-
by-side comparison of the active sites. In summary, except for
replacement of a coordinated acetate molecule with a loosely
coordinated water molecule, the structures of resting T4moHD
crystallized in either the presence (Figure 2A) or the absence
(Figure 2B) of acetate are equivalent, including the positions of
all active site ligands.
Structure of Peroxo-T4moHD. Incubation of resting

T4moHD crystals with 300 mM H2O2 for ∼30 min yielded no
appearance of color and afforded diffraction at ∼2.1 Å. Table 3
provides a summary of structure determination statistics for this
complex, while Figure 2 shows a side-by-side comparison of the
active sites in resting acetate-free T4moHD (Figure 2B) and in
peroxo-T4moHD (Figure 2C). Overall, the acetate-free and
peroxo-T4moHD structures had a 0.2 Å root-mean-square
deviation (rmsd) for alignment of the 490 residues in the
comparable TmoA subunits that contain the active site. With
the exception of the exchangeable coordination site occupied by
acetate, water, or H2O2, the diiron center ligands in these two
structures were superimposable.

Table 2: Product Distributions from Peroxide-Shunt and Biological Turnover Reactions

reaction o-cresol p-cresol m-cresol benzyl alcohol ref

T4moHD peroxide shunta 43 55 2 ndc this work

T4moHD biological O2 turnover
b 2 96 1 1 8

T4moH peroxide shunta 43 55 2 ndc this work

T4moH biological O2 turnover
b 63 6 16 15 8

G103L T4moHD peroxide shunta 38 45 16 ndc this work

G103L T4moHD biological O2 turnover
b 55 24 20 1 8

aPeroxide-shunt reactions conducted with T4moH or T4moHD in the presence of saturating toluene and 300 mMH2O2.
bO2-mediated turnover reactions

conducted with optimized concentrations of T4moH, T4moD, T4moC, and T4moF in the presence of saturating toluene, NADH, and O2.
cNot detected,

which may reflect the combination of a low percentage of formation and slow turnover in the peroxide-shunt reaction.

Table 3: Summary of Data Collection, Crystal Structure, and Refinement Statistics

resting T4moHD, no acetate (3I5J) peroxide-bound T4moHD (3I63)

space group C2221 C2221
wavelength (Å) 0.97872 0.97872

crystal dimensions (Å) 100.4 � 115.7 � 181.3 98.8 � 116.9 � 181.6

resolution range (Å)a 90.54-1.90 (1.95-1.90) 90.91-2.09 (2.14-2.09)

no. of unique (total) reflections 76944 58828

Rmerge 0.068 (0.436) 0.071 (0.124)

completeness (%) 97.44 (86.52) 99.25 (92.60)

no. of non-hydrogen atomsb 8809 17481

no. of solvent molecules 753e 639f

R (working)c 0.157 (0.297) 0.160 (0.154)

free R valued 0.207 (0.299) 0.209 (0.212)

mean B value (Å2) 14.6 21.2

Ramachandran plot (%)

favored 97.8 97.6

additionally allowed 2.2 2.4

disallowed 0 0

root-mean-square deviation

bond lengths (Å) 0.023 0.022

bond angles (deg) 1.814 1.758

aNumbers in parentheses indicate the highest-resolution shell of 20. bNumber of non-hydrogen atoms included in refinement. cR=
P

||Fo| - |Fc||/
P

|Fo|,
where |Fo| is the observed structure factor amplitude and |Fc| is the calculated structure factor amplitude. dRfree=R calculated on the basis of exclusion of 5.1%
of the data from the refinement. eIncludes 753 water molecules. fIncludes 639 water molecules.

2Coordinates and structure factors of structures reported herein have
been deposited in the PDB as entries 3I5J (resting T4moHD crystallized
in the absence of acetate) and 3I63 (resting T4moHD treated with
H2O2).
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With the peroxo-T4moHD crystals, a 2Fo- Fc difference map
revealed an elongated feature of electron density that bridged
between the iron atoms of the diiron center. This feature was
located on the face of the diiron center opposite to the histidine
ligands and projected toward the inner cavity of the active site,
where the substrate must bind during catalysis.

This electron density was modeled using several different
assumptions for its identity. When modeled as a single water
molecule, substantial residual density was unaccounted for along
the Fe-Fe vector, suggesting that this feature might correspond
to a diatomic species. Modeling with two waters was likewise not
satisfactory, as the interatomic distance of 1.8 Å was also
incompatible with the volume typically required to hold these
two molecules.

When the difference density was modeled as H2O2 using an
O-O bond distance restraint of 1.5 Å and 70% occupancy, the
resulting best fit gave Fe-O distances of ∼2.2 and 2.4 Å and B
factors (∼19 Å2) within the range of the other protein-derived
atoms assembling the primary coordination sphere of the active
site (∼10-28 Å2). As an alternative, when the O-O distance
restraint was released, the resulting best model of the difference
density increased the O-Odistance to 1.8 Å, yielded compensat-
ing decreases in the Fe-O distances to∼2.1 Å, and yielded slight
decreases in the temperature factors. In both models, the
peroxide moiety was bound in a μ-1,2 bridging mode with a
dihedral angle of ∼29�.

Figure 3 shows a close-up representative electron density and
the modeled structure of peroxo-T4moHD obtained using the
O-O bond distance restraint of 1.5 Å. The Fe-Fe distance of
3.4 Å was not significantly altered relative to the resting structure.
HOH2, normally displaced by the shift of Glu231 into the
bridging position upon reduction of the diferric center (9), was
still present. Likewise, HOH3 was bound to Fe1, andHOH5was
positioned by interactions with Thr201, Glu231, Gln228, and

HOH3 (see Hydrogen-Bonding Substructure and Figure 4). The
positions of all other coordinating protein ligands were identical.
Hydrogen-Bonding Substructure. The crystal structure of

resting T4moHD (9) revealed that a unique water molecule,
HOH5, was localized by a T4moD-induced rearrangement of the
active site. The hydrogen-bonding substructure produced by this
rearrangement notably includes Thr201, Gln228, Glu231, and
HOH2, the latter of which is coordinated to Fe1 and also
hydrogen-bonded by Glu104. Figure 4 shows that the peroxo
species is intimately associated with this substructure. Thus, the
peroxo O atom bound to Fe1 moved within 3.1 Å of HOH3 and
within 3.6 Å of the unbound carboxylate O ofGlu231, which was
also within 2.7 Å of HOH5.

Along with the previously noted residues Thr201, Asn202, and
Glu231, residues Gln141, Phe205, and Ile227 provide the bound-
ary surface for the internal cavity holding HOH3 and HOH5 in
place. The aromatic ring of Phe205 provides the majority of this
surface, including the provision of van der Waals contacts with
HOH5, while the amide O atom of Gln141 is oriented toward the
unbound carboxyl O atom of Glu104, thus extending the
interactions with HOH3.

DISCUSSION

This work has provided new insight into the types of inter-
mediates that may form in diiron enzymes and features of the
enzyme active site that may control their reactivity.
Enzymic Peroxide-Shunt Reaction. The rates of product

formation in the T4moH and T4moHDperoxide-shunt reactions
were ∼600-fold slower than the rate of the reaction caused by
O2-mediated turnover, and this work suggests reasons why this
might be so. Monooxygenase reactions ultimately require the
delivery of two protons during the reduction of one O atom to
water (38). Figure 4 shows a hydrogen-bonded substructure of
T4moHD that is apparently optimized for reaction of the
diferrous center with O2, which must include efficient delivery
of protons. Our cumulative structural evidence indicates that this
hydrogen-bonded substructure forms uponT4moHDbinding (9)
and persists after two-electron reduction of the diiron center. By
reliance on H2O2 as both the electron donor and the source of O
atoms for the hydroxylation reaction, the peroxide-shunt reac-
tion increases the inventory of protons in the active site beyond
that required for the optimal reaction. Specifically, two protons
must be released from H2O2 to facilitate binding to the diferric
center. Accommodation of this different proton count represents
one way that the peroxide-shunt reaction will differ from the
biological reaction and perhaps lead to altered rates of reaction.

This work shows that bridging HOH2 was retained in peroxo-
T4moHD, apparently because the reduction-driven rearrangement

FIGURE 2: T4moHD complex active sites. (A) Crystals prepared with acetate in crystallization buffer. (B) Crystals prepared without acetate in
crystallization buffer. (C) Peroxo-T4moHD. The active site water molecules are represented as red spheres, and the peroxidemoiety of panel C is
shown in a red stick representation.

FIGURE 3: Model for the active site of peroxo-T4moHD. An omit
map of the peroxide species is shown with the 2Fo-Fc map (slate)
contoured to 2σ and the Fo-Fc map (green) contoured to 5σ.
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of Glu231 had not yet occurred. The presence of a bridging
hydroxide has been previously proposed to stabilize metal-bound
peroxo species (20). In possible correspondencewith these results,
the presence of HOH2 may contribute to the stability of peroxo-
T4moHD. Furthermore, calculations by Friesner and co-work-
ers suggest that both O atoms in oxy-diferryl intermediates such
as compound Q derive from O2 (40), further supporting the
hypothesis that a water (or hydroxide) bridge such as HOH2 will
not be present in the most reactive diiron intermediates.

The rearrangement of Glu231 in T4moHD is apparently
responsible for the displacement of bridging water HOH2.
Moreover, the acetate-free structure of T4moHD shows two
open coordination sites on the iron atoms facing toward the
presumed substrate-binding site. This would be an attractive
position for O2 to coordinate and react during catalysis. Occupa-
tion of the open coordination sites by peroxide prior to the
carboxylate shift of Glu231 may alter the kinetics of this
rearrangement, representing another deviation in the catalytic
pathway relative to the biological reaction. In this regard, a
recently determined structure of reduced T201A T4moHD

revealed that Glu231 was primarily not in the bridging posi-
tion (41), although residual electron density near HOH2 sug-
gested the ability of Glu231 to transiently achieve this active site
arrangement in the mutated enzyme. Since the rate of formation
of the product of T201A T4moHD was ∼3-6-fold faster for all
substrates tested, we postulated that ligand rearrangements may
contribute rate-limiting steps to the catalytic cycle.

One other facet of the peroxide-shunt reaction warrants a
mention. Previous single-turnover studies of sMmoH revealed
that product release was the slowest step during the turnover of
nitrobenzene (12). As this step was slower than steady-state
turnover, Lipscomb and co-workers proposed that reduction of
the diiron center might play a role in product release. This might
also be true for T4moH catalysis, reflecting the different affinities
of Fe2þ and Fe3þ for the phenoxide (or phenol) bound in the
active site as the ending step in the catalytic reaction.
Geometric Properties of Peroxo-T4moHD. Table 4 sum-

marizes the properties of non-heme peroxo-iron species observed
in T4moHD, other enzymes, and model complexes. By assuming
a peroxoO-Obond distance of 1.5 Å, we found crystallographic

FIGURE 4: Stereoview of the active site of peroxo-T4moHD showing the hydrogen-bonding substructure possibly involved in the delivery of two
protons that fulfill the stoichiometry of the monooxygenase reaction. The peroxomolecule is colored green; active site residues and selected bond
distances are shown.

Table 4: Properties of Non-Heme Iron-Peroxo Complexes in Enzymes and Model Complexes

complex

PDB

entry

O-O

distance (Å)

M1;O

distance (Å)

M2;O

distance (Å)

dihedral

angle (deg) comments ref

peroxo-T4moHD 3I63 1.5 2.2 2.4 29 this work

oxy-hemerythrin 1hmo 1.5 2.1 naa naa peroxo species 45

naphthalene dioxygenase 1o7m 1.4 2.2; 2.3 naa naa O2-bound complex 46

1o7n 1.5 1.7; 2.0 naa naa O2, substrate complex

2,3-homoprotocatechuate

dioxygenase

2iga:c 1.3 2.4; 2.5 naa superoxo species 47

2iga:b,d 1.5 2.1 naa naa alkylperoxo species

cysteine dioxygenase 3eln 1.5 2.1 naa naa putative persulfenate complex 48

[Fe2(μ-1,2-O2)(N-Et-hptb)(Ph3PO)2]3þ 1.42 1.88 1.88 ∼0 49

[Fe2(Ph-bimp)(C6H5COO)(O2)]
2þ 1.43 1.94 1.86 9.9 first diiron-O2 adduct complex

crystallographically characterized

50

[Fe2(μ-O2)(μ-O2CCH2Ph)2(HB(pz0)3)2] 1.41 1.91 1.88 53.5 model complex with M€ossbauer

parameters comparable to those of Hperoxo

42

aNot applicable.
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model refinement gave peroxo Fe-O bond distances of ∼2.2 Å
for peroxo-T4moHD. These are longer than the bonds observed
in small molecule complexes, where the peroxo Fe-O bonds are
generally ∼1.85-1.95 Å in length. Moreover, Fe-O bond
lengths of ∼1.9 Å were predicted for sMmoH compound P by
DFT calculations (39, 40). We also investigated whether a longer
O-O bond was compatible with the observed electron density,
and crystallographic model refinement gave an unreasonably
long O-O bond length of 1.8 Å for peroxide but also gave a
compensatory shortening of Fe-O bonds to ∼2.1 Å.

Differences in the metal, ligand, and proton inventories in
these various structures may account for some of these differ-
ences in bond lengths. Specifically, protonation of an active site-
bound peroxide species may result in a lengthening of the
metal-peroxide bonds (39) and consequent weaker coordination
of the hydroperoxide ligand to the metal center. The absence of a
detectable optical spectrum from peroxo-T4moHD may be
rationalized in this manner, since protonation and weak coordi-
nation may both diminish the intensity of charge trans-
fer interactions. These considerations may also apply to the
colorless peroxo-diferric intermediate recently described in
ToMOH (16).

The dihedral angle observed in peroxo-T4moHD is 29�. For
the sake of comparison, Solomon and co-workers (39) predicted
dihedral angles for peroxo-R2 of 37�, close to that observed in
peroxo-T4moHD. Furthermore, among the peroxo-diferric
model complexes characterized by X-ray crystallography
(Table 3), the dihedral angles ranged from near planarity
to ∼52�. Interestingly, the model complex with M€ossbauer
parameters most similar to those of sMmoH compound P (42)
had a dihedral angle of ∼52�, also near the range predicted by
DFT calculations.

Additional electron density was observed in the active site
channel of peroxo-T4moHD.When it was modeled as H2O2, the
B factor of this additional peroxide was 42 Å2 at full occupancy
and the nearest O atom was located 3.0 Å from the metal-bound
peroxide species. These parameters are consistent with the
presence of multiple H2O2 molecules in the active site channel,
corresponding to the 300 mM H2O2 solution used to treat the
crystals.
Reactivity. The identification of bound H2O2 in a T4moHD

crystal structure suggests a level of stability exceeding that
expected for the intermediates used in solution catalysis. How-
ever, it is known that reactions in crystals are slower than
reactions in solution (43). Moreover, the high concentration of
H2O2 present in the crystallization buffer, the apparently unique
slowness of the peroxide-shunt reaction in T4moHD, the absence
of substrate, and the use of a low temperature have likely
contributed to the trapping of this precursor state. Alternatively,
photoreduction of a quasi-stable peroxo-diferric center in the
X-ray beam may have generated a stable, closely associated
peroxo-diferrous complex or a hydroperoxo- or superoxo-mixed
valence complex within the constraints of the frozen enzyme
active site. Regardless of the formal electronic assignment of the
density identified, considerable new geometrical information has
been revealed by these results.
Hydrogen-Bonding Substructure. The monooxygenase re-

action requires delivery of two protons during the reductive
conversion of one atom from O2 into water. The prior crystal
structure of resting T4moHD revealed that a unique water
molecule, HOH5, was localized by the hydrogen-bonding sub-
structure produced by effector protein-induced rearrangement of

Thr201, Gln228, the conformationally flexible carboxylate of
Glu231 bound to Fe2, and HOH2, which is coordinated to Fe1
and is further positioned by hydrogen bonding to Glu104. With
the exception of the reduction-induced shift of the side chain of
Glu231, this network is retained upon two-electron reduction of
the T4moHD complex, suggesting it represents a catalytically
relevant active site substructure capable of delivering the proper
number of protons required for the monooxygenase reaction.

The positioning of these proton donors around the peroxo-
diiron core is chemically asymmetric, consisting of entry points
defined either by HOH3, Glu104, and Gln141 or by HOH5,
Thr201, Gln228, and Glu231. Asymmetric proton donation has
been suggested as a mechanism for the promotion of heterolytic
cleavage of the O-O bond during sMmoH catalysis (38). The
current structure provides a plausible basis for this asymmetry
and thus suggests a heterolytic cleavage of the O-O bond during
T4moH catalysis as well (41).

Currently undefined features in the active sites of sMmoH,
ToMOH, and T4moHD must manifest themselves in the differ-
ences in their catalytic properties. Interestingly, a species with
M€ossbauer spectroscopic parameters similar to those of the
peroxo-diferric intermediate found inToMOH(16) was observed
in ribonucleotide reductase R2 protein (44). Bollinger and
co-workers proposed this colorless intermediate might be a
μ-1,1-hydroperoxo-diferric species that formed rapidly, kineti-
cally masking the accumulation of an unprotonated, colored
cis-μ-1,2-peroxo species like sMmoH compound P. Assuming
rearrangements of peroxo-diferric species are required for cata-
lysis, displacement of a bridging HOH2 might become the rate-
limiting step relative to rearrangement of Glu231 during per-
oxide-shunt catalysis. Correspondingly, the presence of a brid-
ging oxo/hydroxo moiety was recently invoked to explain the
stability of a peroxo-diferric intermediate in deoxyhypusine
hydroxylase (20).

CONCLUSION

The ability to produce and manipulate crystals of T4moHD
has opened new avenues to investigating the relationship between
diiron hydroxylase structure and catalytic function. The catalytic
results presented here show that T4moHD is capable of peroxide-
shunt catalysis characteristic of other representatives in the diiron
enzyme family, albeit slowly. T4moHD exhibited a surprising
stability in the presence of the exogenous oxidant and gave a
product regiospecificity for the peroxide shunt consistent with an
enzyme-catalyzed reaction. Treatment of resting crystals of
T4moHD with H2O2 revealed an enzyme-bound μ-1,2 bridging
peroxo species with structural properties reminiscent of those
envisioned from spectroscopic studies, calculations, and synthetic
model chemistry. The peroxo moiety is located immediately
adjacent to an asymmetric hydrogen-bonding substructure and
projects into the active site cavity where substrates must bind.
This work provides a new structural benchmark along the diiron
enzyme reaction pathway, likely residing between the diferrous
enzyme and subsequent intermediates capable of hydrocarbon
hydroxylation.

SUPPORTING INFORMATION AVAILABLE

Difference electron density for peroxo-T4moHD (Figure S1)
and electron density assigned to a second peroxide molecule in
the peroxo-T4moHD active site (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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