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ABSTRACT: The active site residue Thr-201 in toluene 4-monooxygenase hydroxylase (T4moH) has a
structural counterpart in the active sites of all diiron monooxygenases. Thus, our previous finding that
mutation of this residue to Ala, Gly, or Ser had no impact on steady-state catalysis or coupling was
surprising. In this work, we provide kinetic, biochemical, and structural evidence that one role of
Thr-201 may be to stabilize a peroxo-level intermediate during enzyme catalysis. During reactions in
the absence of substrate, T201 T4moH slowly consumed O, but only a negligible amount of H,O, was
released. In contrast, T201A T4moH gave stoichometric release of H,O, during reaction in the
absence of substrate. Both enzyme isoforms were tightly coupled during steady-state catalysis with
saturating toluene and other optimal substrates and exhibited near-identical kinetic parameters.
However, rapid mix single-turnover studies showed that T201A T4moH had a faster first-order rate
constant for product formation than T201 T4moH did. Comparison of X-ray crystal structures of
resting and reduced T201A T4moH in complex with T4moD with comparable structures of
T201 T4moHD revealed changes in the positions of several key active site residues relative to the
comparable structures of T201 T4moH with T4moD. This combination of catalytic and structural
studies offers important new insight into the role of the role of conserved Thr-201, and its

contributions to the catalytic reaction cycle.

Soluble diiron monooxygenases catalyze the NADH-
and O,-dependent oxidation of aliphatic and aromatic
organic substrates as the first step of a metabolic pathway
that can supply the total carbon and energy needs of the
host bacterium (/—3). Many of these multicomponent
enzymes, including methane monooxygenase (MMO),!
toluene/o-xylene monooxygenase (ToMO), and toluene
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4-monooxygenase (T4MO), have been studied in vitro
(4—6), and the most extensively characterized of these is
MMO (7,8). The catalytic cycle of MMO begins with two-
electron reduction of the diferric center (9). The diferrous
center reacts with O, to form an initial Michaelis com-
plex (10), followed by rapid reaction to form compound P,
a diferric peroxo species in which the peroxo O atoms are
thought to bind in a relatively symmetric u-1,2 bridging
mode (/7). Compound P decays to form compound Q,
an oxo-bridged diferryl species responsible for hydroxyla-
tion of methane (/2). Compounds P and Q have distinctive
spectroscopic features that have facilitated detailed tran-
sient kinetic studies of their reactions (/0—12). A peroxo
species similar to compound P was observed in the mouse
ribonucleotide reductase R2 component as a precursor to
intermediate X, a Fe(III)—Fe(IV) mixed valence reactive
species (/3). Ferritin also produces a reactive peroxo
species during iron deposition (/4), and stearoyl-
ACP A’ desaturase yields a quasi-stable peroxo intermedi-
ate [t» ~ 30 min (/5)] that decays to a resting diferric state
without desaturating the fatty acid.

Toluene 4-monooxygenase (T4MO) from Pseudomo-
nas mendocina KR1 catalyzes the hydroxylation of toluene
to form p-cresol (5). Unlike the radical rebound (/16—18)
or concerted oxygen insertion (/9) mechanisms favo-
red for hydroxylation of methane and other alkanes,
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hydroxylation of aromatic substrates by T4AMO and other
four-component alkene/aromatic monooxygenases likely
proceeds by electrophilic aromatic substitution (20,21).
However, despite the significant body of published work
describing the steady-state and transient kinetics of the
soluble diiron monooxygenases, certain aspects regarding
the reactivity of the diiron cofactor with O, and organic
substrates remain unexplained. These include the role of a
threonine residue comparable to Thr-201 of T4moH that s
strictly conserved among soluble diiron monooxygenases
although not required for steady-state catalysis (22) and
the nature of reactive diiron intermediates used in the
aromatic ring monooxygenases like T4moH and ToMOH.
Except for an unusual peroxo species with no visible
chromophore recently identified in ToOMOH (27,23), no
diiron species comparable to compounds P and Q of
MMO have been reported for the aromatic ring monoox-
ygenases, despite substantial similarities in their active
sites.

In this work, new insights into T4moH reactivity were
gained from a combination of steady-state and transient
kinetic experiments and X-ray crystallographic studies.
Surprisingly, Thr-201 of T4moH slows the first-order rate
constant for product formation as compared to a mutant
containing Ala at that position. However, this slowed
reaction corresponds to efficient retention of a peroxide-
level oxidizing species on the enzyme in the absence of
substrate. In contrast, T201A T4moH has a faster rate of
single-turnover product formation with all substrates
tested yet readily releases H>O» in the absence of substrate.
This profound difference in the ability to retain a peroxide-
level oxidizing species would significantly impact the cou-
pling efficiency at nonsaturating concentrations of toluene.
Thus, Thr-201 may be conserved due to this major impact
on diiron monooxygenase function. The crystal structures
of the resting and reduced T201A T4moH isoform in
complex with T4moD showed that changes associated
with the mutagenesis were localized to the active site and
influenced the positioning of key residues along helix oE,
including diiron center ligands E197 and E231. In con-
junction, these kinetic and structural studies of T201A
T4moH offer important new insight into the role of
conserved Thr-201 during T4moH catalysis.

MATERIALS AND METHODS

Materials. Substrates, products, and other chemicals
were from Aldrich (Milwaukee, WI). The preparations of
the T4MO proteins were as previously reported (5,24—27).

Catalytic Assays. Steady-state reactions of the recon-
stituted T4MO complex were assessed as previously
described (28) except the assays were performed at 4 °C.
Coupling reactions were performed with the same protein
component concentrations as the steady-state activity
assays, initiated by the addition of NADH (typically
250 uM), and allowed to go to completion before total
products were analyzed. Steady-state O, consumption
was monitored using a Clark-type oxygen electrode
(Hansatech Instruments, Norfolk, England). The elec-
trode was calibrated with 10 units of 3,4-protocatechuate
dioxygenase (Sigma) and 100 uM protocatechuic
acid (29). The total reaction volume was 1 mL, and the
following protein concentrations were used: 0.5 uM
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T4moH (active sites), 4 uM T4moD, 3 uM T4moC, and
0.1 uM T4moF. Hydrocarbon substrate was added to a
final concentration of 1 mM, and the reaction was
initiated by the addition of 500 uM NADH. For studies
with no substrate, 4 uM T4moH (active sites), 4 uM
T4moD, 3 uM T4moC, and 0.1 uM T4moF were used.
T4MO components tested for catalase activity were
combined in 1 mL of reaction buffer, and the reaction
was initiated by addition of 50 mM peroxide calibrated
by its absorbance at 240 nm (¢ = 43.6 M~ ' cm ™).
Reactions containing added catalase (1000 units, Sigma),
superoxide dismutase (10 units, Sigma), and peroxidase
(10 units, Sigma) were assayed using the oxygen electrode.
Horseradish peroxidase assays of the rate and stoichio-
metry of H,O, formation were performed with 2,2’-
azinobis(3-cethylbenzthiazoline-6-sulfonic acid) (30).

Single-Turnover Reactions. The rate of product forma-
tion in a single-turnover reaction was determined by
rapid-mix chemical quench. Protein stocks were mixed
in the appropriate ratios, made anaerobic by vacuum/
argon cycling in a septum-sealed vial, transferred into an
anaerobic chamber (Coy Laboratory Products Inc.,
Grass City, MI), and reduced by stoichiometric addition
of NADH relative to T4moH active sites. While still in the
glovebox, the reduced samples were transferred into a
syringe for the rapid-mix chemical quench device (Update
Instruments, Madison, WI). A second syringe was pre-
pared by bubbling 100% O, through 10 mL of 50 mM
phosphate (pH 7.5) containing 50 mM NaClin a 15 mL
Falcon tube. An aliquot (10 uL) of the substrate was
added to the oxygenated reaction buffer. This solution
was transferred to the second rapid-mix syringe. Both
syringes were then transferred to the rapid-mix device and
maintained at 4 °C throughout the experiment. Aging
hoses were prechilled and also maintained at 4 °C. During
the rapid-mix experiments, reactions (100 uL) were
quenched at the times specified after mixing by direct
injection into 150 4L of a 2 N HCl/saturated NaCl
solution. Products were quantified by gas chromatogra-
phy as previously described (28), and rate constants
and amplitudes were determined by least-squares fitting
of the data with a single exponential (Sigma-Plot, Point
Richmond, CA).

Crystallographic Methods. Conditions and methods
for structure determination were identical to those pre-
viously reported for the oxidized and reduced wild-type
T4moHD complex (27). Diffraction data for the resting
complex were collected at LS-CAT beamline 21-ID-G,
and diffraction data for the reduced complex were col-
lected at LS-CAT beamline 21-ID-D at the Advanced
Photon Source (Argonne National Laboratory,
Argonne, IL). The data were indexed, integrated, and
scaled by using HKL2000 (37). The structures of the
resting and reduced T201A T4moHD complexes were
determined by molecular replacement with the CCP4
suite program MOLREP (32) using 3DHH as the starting
model. An initial round of simulated annealing was
performed in PHENIX (33). Electron density was fit
and refined by repeated cycles using Coot (34) and
REFMACS (35). Ramachandran and rotamer analyses
were performed with Molprobity (36). Figures were pre-
pared with PyMOL (37).
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Table 1: Rate Constants and Coupling Efficiencies in Single-Turnover and Steady-State Reactions of T4moH Isoforms at 4 °C

T4moH

T201A T4moH

rate constant

coupling efficiency®

rate constant  coupling efficiency®

substrate (s (%) effective rate’ (s™hH (%) effective rate
single turnover  NOj-benzene  0.11(0.01) 16.5(0.3) 0.31(0.01) 17.3(0.3)
Cl-benzene 0.91 (0.02) 40.0(0.4) 3.8(0.2) 24(0.6)
benzene 1.9 (0.2) 101 (4) 8.5(0.8) 102(5)
toluene 2.0 (0.1) 95(1) 8.5(0.2) 95(1)
anisole 0.89 (0.02) 97(1) 5.9(0.2) 97(1)
steady state” NO,-benzene  0.013(0.001) 12(2) 0.11 0.034(0.002) 21(1) 0.16
Cl-benzene 0.075 (0.006) 39(1) 0.19 0.087 (0.002) 34(3) 0.26
benzene 0.10(0.01) 98(2) 0.10 0.31(0.01) 101 (3) 0.31
toluene 0.21(0.02) 94(2) 0.22 0.23(0.01) 97(2) 0.24
anisole 0.16(0.02) 87(4) 0.18 0.23(0.01) 100 (10) 0.23

“For single turnover, the rate constant was obtained from fitting rapid-mix chemical quench time points to a single-exponential equation. * For
steady state, the rate constant reported was k¢, for product formation at 4 °C. ¢ For single turnover, coupling efficiency was calculated from the molar
ratio of products observed to diiron sites present. For steady state, coupling efficiency was calculated from the molar ratio of products observed to
NADH added. “The effective rate of active site turnover leading to product after accounting for uncoupled reactions was calculated as (rate constant)/

(percent coupling) x 100.

RESULTS

Single-Turnover Kinetics of T4moH and T201A4
T4moH. Calculated rate constants and amplitudes for
all single-turnover experiments are listed in Table 1.
T4moH had a single-turnover product formation rate
constant of ~2 s~ ' at 4 °C with saturating toluene as
substrate and gave a near-stoichiometric yield of p-cresol
product. Figure 1A shows product formation time
courses for various substrates during single-turnover
reactions. The product formation rate constants mea-
sured for the different substituted benzenes did not
exhibit a linear dependence on the predicted electronic
effects of the substituent (38). Moreover, the product
formation rate constants did not correlate with the cou-
pling efficiency for a given substrate. For instance, anisole
(0.91 s~ ") and Cl-benzene (0.89 s~ ') were converted to
product at the same rate in the single-turnover reactions,
but anisole was fully coupled (97% product yield) and
Cl-benzene only weakly coupled (40% product yield),
which was reflected in the amplitude of the reactions. In
general, the amplitude of the single-turnover reaction
(coupling efficiency) increased with the predicted electron
donating ability of the substituent and was maximized at
~100% with benzene, toluene, and anisole. O, consump-
tion assays gave insight into a mechanism for this
(see below). Figure 1B shows the results of single-turn-
over reactions of T201A T4moH. The mutated enzyme
gave product yields similar to that of T4moH at a
saturating substrate concentration. However, and sur-
prisingly, the single-turnover product formation rate
constants for the mutated enzyme were 3—6 times faster
for every substrate tested (Table 1).

Steady-State Product Formation and Coupling. Table 1
lists results from steady-state catalysis. These experiments
were performed at 4 °C to permit direct comparison with
the single-turnover studies. Upon accounting for the
difference in temperature, we found these results were
consistent with rates previously reported for oxidation of
these substrates by both T201 T4moH and T201A
T4moH (22,28). The steady-state and single-turnover
coupling efficiencies were similar (Table 1). The observed
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FIGURE 1: Rapid-mix chemical quench single-turnover reactions of
T201 T4moH and T201A T4moH. After being mixed, the reaction
mixtures contained 100 M diiron sites, 100 4uM T4moC, and 100 uM
T4moD. The percent turnover amplitude includes contributions
from all observed product isomers. Product distributions were similar
to those previously reported in steady-state catalysis (22,28). (A)
Single-turnover reactions of T201 T4moH with NO,-benzene (@),
Cl-benzene (O), toluene (¥), and anisole (2). (B) Comparison of the
single-turnover reactions of T201 T4moH (®) and T201A T4moH
(O) with toluene.

steady-state product appearance rate determined by gas
chromatography reflects only the productive consump-
tion of O, and NADH. Normalization of the observed
steady-state rate with the coupling efficiency yielded
the effective steady-state turnover rate. Comparison of
the rates for the single-turnover reactions and effective
steady-state turnover rates (Table 1) revealed that for
every substrate except NO,-benzene, the single-turnover
product formation rate was ~5—20-fold faster than the
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effective steady-state rate. For instance, while the single-
turnover product formation rate with Cl-benzene was
0.89 s, combination of the steady-state rate of chlor-
ophenol formation, 0.075s~ ", and the coupling efficiency,
39%, indicated that the active site was turning over O,
and NIADH to generate product at an effective rate of
0.2s .

For NO,-benzene, the observed steady-state turnover
rate (0.013 s~ ') and coupling efficiency (12%) yielded an
effective steady-state turnover number of 0.11 s~ '. This
matched the single-turnover rate for nitrophenol forma-
tion (Table 1). Thus, NO,-benzene was the only substrate
tested in which product formation appeared to be rate-
determining for the overall catalytic cycle.

Peroxide Consumption. A catalase activity has been
reported for T4moH and ToMOH (5,27,39). Azide
(100 mM) inhibited the catalase activity present in
T4moH without decreasing the activity of the enzyme
for toluene hydroxylation. This catalase activity did not
correlate closely with active site concentration and was
not changed by the addition of either T4moC or T4moD.
Furthermore, addition of hydroxylamine (20 uM), an-
other potent inhibitor of Escherichia coli catalase (40),
decreased the catalase activity by >95% without affect-
ing toluene hydroxylation activity. These results suggest
that the observed endogenous catalase activity was from a
contaminant, not from T4moH.

0, Consumption Assays in the Absence of Substrate.
Table 2 lists the rates of O, consumption with various
substrates and components of T4MO. Hydroxylamine
(20 uM) was included in all O, consumption assays except
those to which exogenous catalase (1000 units) was
added. In the presence of excess exogenous catalase, a
decrease in the rate of O, consumption would correspond
to the stoichiometry of the catalase reaction (2H,O, —
2H,O + O,) and thus provide a method for quantifying
the amount of H>O, released from an enzyme (41).

The electron transfer components T4moC and T4moF
consumed O, at a rate near the error associated with
baseline drift of the O, electrode, 0.005 s~ '. Addition of
catalase reduced this rate by ~40%, indicating that a low
level of H,O», might be produced by the electron transfer
components, and indeed, horseradish peroxidase-cata-

Biochemistry, Vol. 48, No. 18, 2009 3841

lyzed dye oxidation confirmed this. In the absence of
substrate, the fully reconstituted T4AMO system contain-
ing T4moH, T4moD, T4moC, and T4moF consumed O,
at a rate of 0.018 s~'. When catalase was added to this
reaction mixture, the O, consumption rate was decreased
to 0.013 s~ !. Because of the overall low rates measured,
the error associated with electrode drift, and the presence
of T4moF and T4moC in the reaction mixture, the
conclusion that T4moH releases H,O, in the absence
of substrate is equivocal. In contrast, the reconstitu-
ted T201A T4moH system consumed O, at a rate of
0.168 s~ !, and addition of catalase reduced this rate to
0.085 s~'. After accounting for O, potentially consumed
by T4moC and T4moF, we found the rate of O, con-
sumption observed in the presence of T201A T4moH
was ~10-fold higher than that observed with T4moH.
Furthermore, the 50% decrease in rate observed in the
presence of catalase indicated that nearly all of the O,
consumed could be identified as H,O, released from the
mutated enzyme. Dye oxidation experiments using horse-
radish peroxidase confirmed both the increased rate and
the stoichiometry of release of H,O, from T201A
T4moH.

O, Consumption Assays with Substrate Present. Addi-
tion of a saturating amount of toluene to fully reconsti-
tuted T4MO increased the steady-state O, consumption
rate by ~100-fold relative to active site concentration,
and the reactions were fully coupled [Table 2 (25,28)].
Interestingly, the combination of the steady-state product
formation rate and coupling efficiency suggested that
when T4moH reacted with Cl-benzene, toluene, or ani-
sole (Table 1) to give hydroxylated products, the active
site turned over at a similar effective rate. This was
confirmed by monitoring O, consumption (Table 2).
The high level of uncoupling observed with Cl-benzene
raised the question of the fate of the majority of the O,
consumed. Addition of catalase to the reaction mixtures
containing saturating Cl-benzene (1 mM) did not reduce
the rate of O, consumed by either T4moH or T201A
T4moH, indicating that uncoupling in the presence of
substrate was not caused by release of H,O, (note that
catalase was not inhibited by Cl-benzene at the concen-
trations used here). Likewise, addition of superoxide

Table 2: O, Consumption Rates Determined for T4moH Isoforms at 20 °C

0, consumption rate (s ')

protein components substrate” T4moH T201A T4moH
T4moH isoform, T4moC, T4moD, T4moF none 0.0187 0.168
with catalase” 0.013 0.085
T4moH isoform, T4moC, T4moD, T4moF toluene 2.2 2.0
anisole 2.0 nd*¢
benzene 1.4 2.0
Cl-benzene 2.0 2.0
with catalase 2.0 2.0
NO,-benzene 0.6 0.8
with catalase 0.4 0.6

“Substrate was added to a final concentration of 1 mM when indicated. Previous studies (28) established this concentration was saturating in steady-
state catalysis for all substrates tested. “One thousand units of catalase added. Corrected for contributions from electron transfer components and
normalized for T4moH active site concentration (see Materials and Methods). “The error in the measurement associated with baseline drift of the O,
electrode was ~0.005 s~ ! under these assay conditions and is included in all reported values. ¢ Not determined.
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dismutase did not affect the O, consumption rate.
Furthermore, substrates for which no product could
be detected, such as phenol and aniline, also stimulated
a large increase in the rate of O, consumption that was
not altered by addition of catalase or superoxide dis-
mutase. These results indicate that substrate binding
may stimulate O, consumption without completion of
the hydroxylation reaction. Moreover, in the case of
T201A T4moH, the presence of substrate completely
suppressed the release of H,O» from the enzyme. Possible
mechanisms for how this may occur are considered in
Discussion.

Crystal Structures of Resting and Reduced T201A
T4moH—T4moD Complexes. Table S1 of the Supporting
Information lists statistics from the crystallization and
structure determinations. The crystal structure of T201
T4moH in complex with T4moD (T201A T4moHD) was
determined in both the resting and sodium dithionite-
reduced states. In the resting state, the complex crystal-
lized in the P2,2,2, space group and the asymmetric unit
contained the functional dimer of the TmoA, TmoB, and
TmoE polypeptides of T4moH along with 2 mol of
T4moD. In the reduced form, the complex crystallized
in the C222; space group and the asymmetric unit was a
single protomer.

Overall, the resting and reduced T201A T4moHD
structures were remarkably similar to the T201 T4moHD
structures (27). The a-carbons of the TmoA polypeptides
containing the active sites in the resting T201 A and T201
T4moHD complexes aligned with a root-mean-square
deviation (rmsd) of 0.20 A, while the reduced forms
aligned with a rmsd of 0.14 A. Despite this overall
similarity, there were notable differences at the active site.

To review the key features of the resting T201
T4moHD structure (27), the Fe—Fe distance was 3.3 A,
the hydroxyl group of T201 hydrogen bonded to a
carboxylate oxygen of the diiron ligand E231, and the
methyl group of T201 positioned the side chain of F196
above the active site. Three water/hydroxo molecules
were identified in resting T201 T4moHD: HOH2 was a
bridge between the Fe atoms; HOH3 was bound to Fel;
and HOHS5 was positioned by HOH3 and the side chains
of Q228 and E231. HOHS was not present in the T4moH
structure lacking T4moD (27).

Figure 2A shows the models for active site regions
of the resting T201 T4moHD (light blue) and T201A
T4moHD (white). The loss of the hydrogen bonding
contact in the T201A structure led to an elevated B value
for the carboxylate group of E231 as compared to the B
values of the other active site residues. The T201A muta-
tion also led to changes in TmoA helix aE (see Figure S1
of the Supporting Information), which extended from
A185 to E214 and included the diiron ligand E197. From
T193 to F196, the Ca positions varied by up to 2.5 A
and rotamer flips were observed in residues F194
and S195. Furthermore, in response to the loss of the
methyl group in the T201A T4moHD active site, the side
chain of F196 shifted ~2 A closer to the diiron center.
The Fe—Fe—OEIl angle of E197 increased by ~10° in
resting T4moHD and T201A T4moHD as compared to
that in resting T4moH (see Figure S2 of the Supporting
Information).

A
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FiGURE 2: Models for the active site of T201A T4moH in complex
with T4moD. (A) Resting T201 T4moHD [light blue, 1.9 A (27)]
compared to resting T201A T4moHD (white, 2.2 A). Active site
residues are labeled. The positions of the iron atoms and three active
site water molecules (HOH2, HOH3, and HOHS5) are also indicated.
The positions of the side chains of Fe2 ligands E197 and E231 are
altered slightly in the mutated enzyme. The positions of other iron
ligands are indistinguishable. (B) Active site model for reduced
T201A T4moH and F, — F¢ (slate) and 2F, — F (green) electron
density maps (1.5 A). In reduced T201A T4moHD, the Fe—Fe
distance showed the same increase to 3.4 A observed in reduced
T201 T4moHD and HOH2, HOH3, and HOHS5 were also retained.
The Fe2 ligand E231 did not assume a bridging position in the
mutated enzyme, representing a major structural difference. T201A
T4moHD has an ~3—6-fold faster rate of single-turnover catalysis
than T201 T4moHD with all substrates tested.

In the reduced T201 T4moHD structure, the Fe—Fe
distance was 3.4 A (27), and the E231 carboxylate group
rotated away from T201 and displaced the water molecule
bridging between the iron atoms. This gave a rearranged
structure with one carboxylate oxygen atom from E231
ligated to Fe2 and the other carboxylate oxygen bridging
both Fe atoms. Figure 2B shows the model and electron
density map of E231 in the reduced T201A structure,
while Figure S2 of the Supporting Information shows the
positions of E197 and E231 in reduced T4moHD and
reduced T201A T4moHD. Significantly, the change in
coordination mode observed for E231 in the reduced
T201 T4moHD structure was not observed in the
T201A structure. However, despite the absence of this
new bridging moiety, the Fe—Fe distance in the T201A
T4moHD structure increased to 3.4 A, which was ob-
served upon reduction of T201 T4moHD. The Fe—Fe—
OE1 angle of E197 increased by ~5° in reduced T201A
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T4moHD as compared to that in reduced T4moHD (see
Figure S2 of the Supporting Information). In both the
resting and reduced T201A T4moHD structures, active
site water/hydroxo molecules HOH2, HOH3, and HOHS
were observed.

DISCUSSION

Stearoyl-ACP A’-desaturase has a Thr residue in the
active site that is structurally analogous to Thr-201 in
T4moH (42). Mutation of this residue to Ala eliminated
desaturase activity and converted the enzyme into a per-
oxidase (H,O, + 2¢~ + 2H" — 2H,0), providing insight
into one possible role of this residue in diiron enzymes.
This work and previous studies have shown that T201
T4moH and T201A T4moHD are functionally equivalent
in steady-state catalysis. However, T201A T4moH exhib-
ited faster single-turnover catalysis than T201 T4moH.
Furthermore, T201A T4moH readily released peroxide in
the absence of substrate. Cytochrome P450s also have an
active site Thr residue. Mutation of Thr-252 to Ala in
P-450canm caused uncoupling with release of H,O, and
profound loss of hydroxylation activity, and the crystal
structure showed a solvent molecule had occupied the O,
binding site (43). In complex with T4moD, T201A T4moH
retained the active site waters present in the unmodified
enzyme, reflecting the importance of the effector—hydro-
xylase complex in setting the active site configuration for
catalysis. Unlike the P450 mutation, T201A T4moH also
retained full, regiospecific hydroxylation activity in the
presence of a saturating amount of substrate. In the
following, we discuss how this combination of results
might arise and the potential consequences for the enzyme
reaction.

Model of Diiron Center Turnover. Figure 3 shows a
scheme for diiron center catalysis. This discussion pre-
sumes that similar metal-bound intermediates are formed
upon reaction of diferrous sites with O, in both the
presence and absence of substrate, and this is supported
by studies of reaction intermediates of MMO and ToMO
(10,21,23,44—46). Upon reaction of the Michaelis-type
complex of a diferrous center and O, (E*" —0,, k), the
active site presumably contains a diferric center bound to
an O»-derived species at the peroxide oxidation level
(E*" —peroxo). This species may be analogous to the
species observed in ToOMOH by Mdssbauer spectro-
scopy (12). E** —peroxo may potentially decay by three
routes: O—O bond cleavage (k3) leading to the formation
of E** —oxo, release of H,O, (ko) to restore resting B3,
or direct (ky;) or indirect (k;3) reductive quenching.
With substrate present, either E** —oxo (ks) or E3"—
peroxo (k7) may potentially react to give product, in
addition to uncoupling reactions ko, ky;, and k3.

In MmoH, compound P formed at ~20 s™', and this
step was pH-dependent (/0,44) Conversion from com-
pound P to compound Q (E** —oxo0) occurred at a rate of
1.2 s~! and was insensitive to the presence of substrate;
this step was also pH-dependent. Compound Q reacted
with methane at 19000 M~ s™! (70) and norcarane at
0.53 s~ (45); compound P oxidized ethers (46).

Recently, an unusual peroxo species with no chromo-
phore in the visible region and a Mdssbauer isomer shift
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FIGURE 3: Schematic representation of the T4moH reaction cycle
considered in Discussion. Reactions are assumed to be irreversible. In
this scheme, steps ks and k5 indicate reactions with substrate that lead
to product formation. Since the kinetic order of substrate addition is
at present not known, substrate binding is not explicitly assigned to a
single kinetic step in this scheme. However, substrate binding may
influence any of the other individual steps shown in the scheme. E**
denotes a diferrous state, E>™ a resting diferric state, E> " —peroxo a
peroxodiferric state, and E* " —oxo a diferryl state. The rate constant
ky represents conversion of a Michaelis-type (E>*—0,) complex to
E** —peroxo; k5 represents conversion of E*  —peroxo to E** —oxo.
The reaction constant ks controls product formation via reaction of
E**—oxo when substrate is present, while k; controls product
formation via E** —peroxo when substrate is present. Uncoupling
may occur by release of H,O, (k), reduction of B3 —peroxo (ky;), or
reduction of E** —oxo (k13)-

similar to the resting enzyme was proposed to be the
oxidizing intermediate in ToOMOH (2/,23). This species
was detected by Mdssbauer spectroscopy in rapid-mix
freeze quench samples. Murray and co-workers con-
cluded that this colorless species was responsible for arene
hydroxylation because its decay rate increased when
substrate was included in the reaction.

The results in Tables 1 and 2 show that both the
T4moH active site residues and the presence or absence
of substrates influence H,O, release (ko) and reductive
quenching (either ky; or ki3). Notably, our coupling
studies have shown that the presence of substrate can
dramatically influence the progress of the reaction cycle,
perhaps through alteration of the types, timing, and
partition of reaction intermediates. To date, X-ray crystal
structures determined for T4moHD have revealed rear-
rangements of active site ligands caused by T4moD
binding, reduction of the diiron center, and the T201A
mutation. Should these rearrangements occur during the
catalytic cycle, they may represent rate-determining steps
that are decoupled from chemical steps of the catalysis.

Release of H,O5 by T201A T4moH. In the absence of
substrate, T201A T4moH consumed O, substantially
faster than T201 T4moH, and addition of catalase re-
vealed that nearly all of the O, consumed was released as
H,0,. These results suggest that T201 may help to form
or stabilize E* * —peroxo during the T4AMO reaction cycle.
It might do so directly as a hydrogen-bonding partner to a
peroxo moiety bound in the active site or indirectly by
stabilizing a water molecule or some other residue that
interacts with the peroxo species. Corresponding to the
latter possibility, the hydroxyl group of T201 T4moHD is
less than 7 A from Fe2 and plays a central role in the
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extensive conformational changes and hydrogen bonding
interactions caused by T4moD binding (27). The T201
hydroxyl group stabilizes one configuration of Fe2 ligand
E231, which in turn helps to localize unique water HOHS
within ~5 A of the diiron center. It is also possible that the
T201 side chain can undergo a rotomer flip during the
catalytic cycle to a position more favorable for direct
interaction with a diiron intermediate. In T201A T4moH,
which reacts faster than T201, the bridging coordination
of E231 was not formed in the reduced state. Rearrange-
ment of E231 out of this bridging coordination might
represent a required, rate-determining step in diiron
enzyme catalysis (47). A plausible assignment for this
rearrangement step would be either k; or k3, correspond-
ing to conversions among E**—0,, E*" —peroxo, and
E*" —oxo.

T201 T4moH may release H>,O, when substrate is not
present, but if so, only a portion of the total O, consumed
could be identified as H>O, after correction for electrode
drift and the uncoupled reactions of the electron transfer
components T4moF and T4moC. Therefore, reductive
quenching must have consumed the remaining O,. This
would require either direct reduction of E* " —peroxo or
transient conversion to E*"—oxo and then reduction.
With regard to reductive uncoupling, peroxoA9D was
rapidly converted to a resting diferric state in the presence
of either sodium dithionite or reduced [2Fe-2S] ferre-
doxin (/5), and a similar process is feasible with
T4moH. Furthermore, E*" —oxo may presumably decay
either by reductive quenching (48) or possibly by reaction
with other buffer substances present in the active site or
the polypeptide chain itself.

Despite the increase in the O, consumption rate and
stoichiometric loss of H»>O, observed from T201A
T4moH in the absence of substrate, addition of toluene
dramatically increased the O, consumption rate and gave
a stoichiometric yield of hydroxylated product. Thus, the
maximal turnover number and complete coupling effi-
ciency were both achieved at a saturating substrate con-
centration, corresponding to the dominance of substrate
hydroxylation ksks (or k) over all other uncoupled path-
ways for decay of E* " —peroxo or E** —oxo.

Substrate-Triggered O, Consumption. MmoH displays
first-order kinetics in its reaction with methane, a highly
diffusible molecule (/0,12). Thus, the slow decay of
compound Q allows time for a productive collision with
methane that has diffused into the MmoH active site. In
contrast, the active site of the T4moHD complex has a
shape and size that will bind toluene tightly and specifi-
cally (27), which possibly allows toluene to participate in
the formation and rapid dissipation of reactive intermedi-
ates before they can diffuse from the active site or undergo
alternative reactions. The ~100-fold stimulation of the
rate of O, consumption observed in the presence of
toluene is consistent with this substrate-dependent en-
hancement (Table 2). Furthermore, assays using poorly
coupled substrates such as Cl-benzene and phenol gave
a similar stimulation in the rate of O, consumption yet
did not stimulate H,O, release and gave only a partial
yield of products. Taken together, these results provide
strong evidence that the presence of substrate stimulates
conversion of early states in the catalytic cycle to more

highly reactive intermediates that catalyze substrate
hydroxylation or that partition to reductive uncoupling.
Precedents for substrate-dependent activation can be
found in studies of P450s (49) and the 2-His 1-carboxylate
family of mononuclear iron enzymes (50).

A recent MCD study of the effect of T4moD binding on
the T4moH active site, in conjunction with DFT calcula-
tions, predicted that the position of the diiron ligand E197
would profoundly influence reactivity toward O, (57).
Specifically, an increase in the Fe—Fe—OEIl angle of
E197 was predicted to open a coordination site and orient
the HOMO of Fe?2 for efficient transfer of an electron to
O,. T4moD binding gave a shift in position of E197 in
T4moHD relative to T4moH alone (27), and at the
resolution presented here, the position of E197 is equiva-
lent in the T201 T4moHD and T201A T4moHD struc-
tures (Figure S2 of the Supporting Information).
However, the side chain of F196 in T201A T4moHD
was shifted by ~2 A to a position that could potentially be
affected by substrate binding. Thus, it is possible that
changes in iron ligand E197 are coordinated with sub-
strate binding by interactions along helix oE, including
the side chain of F196. This would provide an intriguing
but not-yet-demonstrated physical origin for substrate-
based activation in T4moHD.

Effects of Substituent on Single-Turnover Rate and
Yield. The aromatic ring substituent influenced both the
rate and product yield of single-turnover reactions. How-
ever, the changes in rate did not linearly correlate with the
predicted influence that the different substituents would
have on electrophilic aromatic substitution (38). For
example, anisole was oxidized to methoxyphenol at less
than half of the rate at which toluene was oxidized to p-
cresol despite the predicted stronger ability of a methoxy
substituent to stabilize o-complex formation. As pre-
viously mentioned, the presence of substrate stimulated
conversion of an early state in the catalytic cycle to more
highly reactive intermediates. If this conversion were a
rate-determining step, the size and shape of a substituent,
more so than electronic effects, might determine the
reactivity of a particular substrate. The difference in the
size of the methoxy group in anisole versus the methyl
group in toluene may introduce unfavorable steric inter-
actions that slow the rate of catalysis but nevertheless still
allow for high coupling efficiency and high fidelity for
para hydroxylation.

The electronic effects of the substituents were better
correlated with coupling efficiency. In this light, it is
useful to consider that Cl-benzene and anisole were
converted to products with the same rate but with mark-
edly different yields (Table 1). Since no H,O, was ob-
served from either T201 T4moH or T201A T4moH
during oxidation of Cl-benzene or toluene, one possibility
would be that a rate-determining rearrangement might
precede formation of the reactive intermediate E* " —oxo.
The rearrangement step (k3) would be sensitive to the
steric consequences of substrate binding, accounting for
the similar rate of turnover, while the partition between
hydroxylation (ks) and reductive decoupling (k13) would
be dependent on the electronic properties of the substrate.
Alternatively, the reaction of E** —peroxo (k7) might be
the chemically sensitive step, with uncoupling reactions
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provided by ksks/(ks + ky3) + kyp. In this alternative
mechanism, both size and substituent effects would con-
tribute to the partition between hydroxylation and un-
coupled reactions, which complicates further dissection.

Increased Product Formation Rate with T201A4 T4moH.
T201A T4moH had product formation rate constants
3—6-fold higher than that of wild-type T4moH for each of
the substrates tested (Table 1), with no difference in
product yields. The observed rate increase may have
several possible origins. (1) The crystal structure of
reduced T201A T4moHD revealed that E231 did not
adopt the bridging ligation mode observed in the wild-
type structure. It is possible that during turnover of T201
T4moHD the bridging carboxylate oxygen must move
out of the bridging position to allow the catalytic cycle to
proceed toward formation of reactive intermediates. This
rearrangement might represent a rate-determining step
that would not be needed in reduced T201A T4moHD. (2)
The change in helix .E of the T201A structure may alter
the position of F196, E197, or both, with subsequent
predicted changes in the reactivity of the diiron cen-
ter (57). (3) A decreased level of stabilization of a peroxo
moiety, as evidenced by an increase in ko for T201A
T4moH (Figure 3), may also increase the rate of forma-
tion of subsequent diiron intermediates in the presence of
substrate. (4) Thr-201 may have a role in proton delivery
during the transition between diiron intermediates (44).
It is feasible that protonation of the bound peroxide will
help to control its reactivity with the diiron center.
Heterolytic cleavage of the peroxodiferric O—O bond
likely requires asymmetric protonation (44). One role of
Thr-201 may be to prevent asymmetric protonation prior
to substrate binding to retain the peroxo species at the
active site. The removal of Thr-201 would allow faster
protonation and formation of the subsequent intermedi-
ates through the intermediacy of active site water or other
residues.

CONCLUSION

This work has provided evidence of the participation of
Thr-201 in the diiron monooxygenase reaction cycle.
Through stabilization of a peroxo-level intermediate, we
propose that T201 T4moH serves to maintain coupling
of the enzyme reaction even as substrate concentrations
fall below saturating levels. The catalytic efficiency af-
forded by this otherwise nonessential residue may serve
to explain why Thr-201 is conserved among the diiron
monooxygenases.
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