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ABSTRACT: Stopped-flow kinetic investigations of soluble methane monooxygenase (sMMO) from M.
capsulatus (Bath) have clarified discrepancies that exist in the literature regarding several aspects of catalysis
by this enzyme. The development of thorough kinetic analytical techniques has led to the discovery of two
novel oxygenated iron species that accumulate in addition to the well-established intermediates Hperoxo andQ.
The first intermediate, P*, is a precursor to Hperoxo and was identified when the reaction of reduced MMOH
and MMOB with O2 was carried out in the presence of g540 μM methane to suppress the dominating
absorbance signal due to Q. The optical properties of P* are similar to those of Hperoxo, with ε420 = 3500M-1

cm-1 and ε720 = 1250 M-1 cm-1. These values are suggestive of a peroxo-to-iron(III) charge-transfer
transition and resemble those of peroxodiiron(III) intermediates characterized in other carboxylate-bridged
diiron proteins and synthetic model complexes. The second identified intermediate, Q*, forms on the pathway
of Q decay when reactions are performed in the absence of hydrocarbon substrate. Q* does not react with
methane, forms independently of buffer composition, and displays a unique shoulder at 455 nm in its optical
spectrum. Studies conducted at different pH values reveal that rate constants corresponding to P* decay/
Hperoxo formation andHperoxo decay/Q formation are both significantly retarded at high pH and indicate that
both events require proton transfer. The processes exhibit normal kinetic solvent isotope effects (KSIEs) of
2.0 and 1.8, respectively, when the reactions are performed in D2O. Mechanisms are proposed to account for
the observations of these novel intermediates and the proton dependencies of P* to Hperoxo and Hperoxo to
Q conversion.

Methane monooxygenases (MMOs1) from methanotrophic
bacteria catalyze the remarkable oxidation of methane to metha-
nol at ambient temperatures and pressures (1). One enzyme
responsible for this process in the methanotroph Methylococcus
capsulatus (Bath), hereafter Mc, is soluble methane monooxy-
genase (sMMO) (2). sMMO requires three protein components
for efficient catalysis. A dimeric hydroxylase (MMOH) houses
two copies of a carboxylate-bridged diiron active site, a reductase
(MMOR) acquires electrons from NADH and transfers them to
the hydroxylase, and a regulatory protein (MMOB) couples
electron consumption to substrate oxidation. The resting state
of the hydroxylase (Hox) active site is a di(μ-hydroxo)-
(μ-carboxylato)diiron(III) species. Upon two-electron reduction
to the diiron(II) form (Hred), the bridging hydroxide ligands

dissociate, and the diiron center reacts rapidly with O2 in the
presence of MMOB. The events that occur as a result of this
reaction have been characterized by multiple spectroscopic
methods, and a series of oxygenated-iron intermediates accumu-
late prior to regeneration of the enzyme resting state (3-7).

Early studies relied on M€ossbauer spectroscopy to probe the
reaction of MMOHred with O2 (6, 7). The first species observed
by thismethod after the addition of O2 is a peroxodiiron(III) unit
comprising two antiferromagnetically coupled iron centers of
indistinguishable M€ossbauer parameters δ = 0.66 mm/s and
ΔEQ = 1.51 mm/s. UV-vis spectroscopy also supported the
formation of a peroxodiiron(III) species displaying peroxo-to-
iron charge transfer optical bands centered around 720 nm (ε=
1800 M-1 cm-1) and 420 nm (ε = 4000 M-1 cm-1) as the first
observable intermediate (8, 9). The signals arising from
M€ossbauer and optical spectroscopy were attributed to the same
peroxodiiron(III) unit because the decay rates measured by these
twomethods were identical, and this species was termedHperoxo.

2

The formation rates reported by these twomethods differed by an
order of magnitude, however. The presence of multiple
peroxodiiron(III) species with similar M€ossbauer parameters
but distinct optical signatures was suggested to explain this
disparity, although there was no direct evidence for this pro-
posal. The presence of various peroxodiiron(III) species that
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2Hperoxo is denoted P in studies of sMMO from M. trichosporium
OB3b.
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accumulate on the reaction pathway was later addressed in a
study of O2 activation in MMOH from M. trichosporium OB3b,
hereafter referred to asMt, which provided direct evidence for an
optically distinct Hperoxo precursor, P* (3). Experiments on the
Mc enzyme provided no such evidence for this species.

Much effort has been devoted to understanding the nature of
Hperoxo. Attempts to elucidate the binding mode of the peroxo
moiety have been unsuccessful, and there is no consensus on the
structure of this intermediate. Analogy to peroxodiiron(III)
species generated in other nonheme diiron enzymes, such as
those formed in the W48F/D84E variant of ribonucleotide
reductase (RNR) (10, 11), at the ferroxidase center of frog M
ferritin (12), in Δ9-desaturase (13), and in human deoxyhypusine
hydroxylase (14), supports a symmetric cis-μ-1,2 peroxide bind-
ing configuration. Some theoretical studies confirm this assign-
ment (15), whereas others favor a nonplanar μ-η2:η2

geometry (16-18). The protonation state of the Hperoxo peroxo
moiety also remains an unanswered question.

Hperoxo oxidizes electron rich substrates such as propylene (9)
and diethyl ether (8); however, in the absence of such substrates it
rapidly decays to intermediate Q, an antiferromagnetically
coupled diiron(IV) unit responsible for methane oxidation.
Structural characterization of Q by EXAFS spectroscopy re-
vealed a short Fe-Fe distance of 2.46 Å from which a di(μ-
oxo)diiron(IV) “diamond core” was postulated (19). The intense
optical bands of Q centered at 350 nm (ε=3600M-1 cm-1) and
420 nm (ε = 7200 M-1 cm-1) that trail into the near-infrared
(ε720 ≈ 1000 M-1 cm-1) have been used as a handle for
mechanistic studies (4-7). Q is thought to be responsible for
oxidation of a variety of substrates (3, 5, 6, 9, 20), a process that
might occur via two single-electron transfer events from substrate
to Q in a manner that generates a transient bound radical
species (21). In the absence of substrate, Q decays slowly to
Hox by an unknown pathway that requires the acquisition of two
electrons and two protons at the diiron center. Themechanismby
which this process occurs has not receivedmuch, if any, attention
in the literature.

Another enigmatic aspect of MMOH catalysis is the mechan-
ism of Hperoxo to Q conversion and concomitant O-O bond
cleavage. Two distinct mechanisms have been proposed for
this transformation based on existing inorganic chemistry
(Scheme 1). The first involves homolytic O-O bond scission
and concerted rearrangement of an Hperoxo μ-η2:η2 core to form
intermediate Q in a manner similar to established
peroxodicopper(II) transformations (22, 23). The second in-
cludes proton-promoted heterolytic O-O bond cleavage and
rearrangement of the diiron center, a mechanism analogous to
the generally accepted route ofO-Obond scission in cytochrome
P450 enzymes (24, 25). Key differences between these two
proposed mechanisms are the origin of the two bridging oxygen
atoms of Q and the proton requirement for the O-O bond-
breaking process.

Results from kinetic investigations of the proton requirement
of Hperoxo to Q conversion in the Mc and Mt enzymes are
contradictory. The rate constants associated with Hperoxo forma-
tion and Hperoxo decay/Q formation in Mt MMOH are pH-
dependent and display normal solvent kinetic isotope effects
(KSIE) in proton inventory studies, results that implicate rate-
limiting transfer of a single proton in both steps (26). The slopes
of the proton inventory plots led the authors to conclude that
Hperoxo formation and its subsequent conversion to Q involve
addition of two protons to an iron-bound peroxide oxygen atom

followed by heterolytic O-Obond scission coupled to the release
of a water molecule. However, studies of MMO fromMc found
that these processes were neither pH-dependent nor exhibited
KSIEs greater than unity, consistent with proton transfer not
being rate-limiting in either of these steps (6). A reconciliation of
these results is important for understanding the Hperoxo to Q
pathway and the O-O bond cleavage mechanism in this enzyme,
elucidating the protonation state and structure of Hperoxo, and
guiding experiments to devise synthetic models for the reaction
chemistry.

Although these previous studies provide a framework for
understanding O2 activation for attack on the strong and
kinetically difficult to access C-H bond of methane, many
aspects of MMOH catalysis remain vague. To clarify some of
the ambiguities, we have in the present study employed stopped-
flow optical spectroscopy to reexamine the mechanism of dioxy-
gen activation in MMOH from Mc. Our findings provide direct
evidence for amultistep reaction pathway inwhich aminimumof
four oxygenated-iron intermediates accumulate, including P*,
previously identified in theMt enzyme, as well as a novel species
termed Q*. Q* forms as a result of Q decay and is not reactive
toward methane. Comparison of these results to previous work
reveals that the Hperoxo species formerly characterized by optical
and M€ossbauer spectroscopy are actually two distinct
peroxodiiron(III) intermediates rather than one single entity.
Additionally, in contrast with previous reports from the Mc
enzyme, our data show thatHperoxo formation andHperoxo decay/
Q formation are both pH-dependent and exhibit normalKIEs, as
found for the Mt MMOH. The results indicate that both
processes involve rate-limiting proton transfer steps, and me-
chanisms to explain these results are discussed.

MATERIALS AND METHODS

General Considerations. Hydroxylase protein (MMOH)
was purified fromMethylococcus capsulatus (Bath) as previously
described, except that a Q Sepharose fast flow anion exchange
column (4 � 50 cm) was used in place of the final MonoQ
column. Protein obtained by this procedure typically exhibited
specific activities of 400-500 mU/mg for propylene oxidation at
45 �C and iron contents of 4.0 ( 0.2 iron atoms per protein
dimer (8, 9). The regulatory (MMOB) and reductase (MMOR)
proteins were expressed recombinantly in E. coli and purified by
established methods (27, 28). The buffer system employed in all
experiments was 25 mM potassium phosphate (6.6e pHe 8.6),
prepared by adding the appropriate volumes of 1MK2HPO4 and
1 M KH2PO4 to ddH2O and adjusting the pH using HCl or
NaOH. Distilled water was deionized with a Milli-Q filtering
system. Methane (99.9%) was purchased from Airgas
(Independence, OH). All other chemicals were obtained from
Aldrich and used as received.

Scheme 1: Two Possible Mechanisms of O-O Bond Cleavage
in MMOHDepicting Oxygen Atoms Derived from O2 as Filled
Circles
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Stopped-Flow Optical Spectroscopy. Single turnover tran-
sient kinetic experiments were performed on a Hi-Tech Scientific
(Salisbury, UK) SF-61 DX stopped-flow spectrophotomer
made anaerobic by flushing the flow circuit extensively with
∼10 mM Na2S2O4 and then N2-purged buffer. A protein
solution containing MMOHred and 2 equiv of MMOB was
prepared by reduction with Na2S2O4 in the presence of methyl
viologen, as described previously, except that 25 mM potassium
phosphate buffer was used instead ofMOPS (9). Excess reducing
agentwas removed by dialyzing themixture twice against 500mL
of buffer for ∼1 h each. Following dialysis, the protein was
transferred to the anaerobic stopped-flow instrument in a glass
tonometer.

For stopped-flow experiments performed in the absence of
substrate, reduced protein solution was mixed rapidly with an
equal volume of O2-saturated buffer of the appropriate pH. For
experiments performed in the presence of substrate, the reduced
protein solution was mixed with an equal volume of buffer
containing CH4 and O2. Double-mixing stopped-flow (DX-SF)
experiments were performed by introducing a solution of sub-
strate-containing buffer at the time of maximization of the
intermediate of interest. Substrate solutions were prepared by
drawing the appropriate volumes of O2- and CH4-saturated
buffers into a 10 mL gastight Hamilton syringe. Approximate
methane and dioxygen concentrations were calculated using the
solubility constants of gaseous CH4 and O2 in water at 20 �C, the
temperature at which the solutions were prepared (1.54 mM for
CH4 and 1.39 mM for O2) (29).

Q photodecomposes in response to the Xe lamp of the
diode array apparatus (9); therefore, reactions investigating
Q and events resulting from Q decay were all collected at
single wavelengths using the photomultiplier tube, limiting the
number of data points that could be obtained. Data were
collected using Kinetic Studios (Hi-Tech Scientific) and fit
with KaleidaGraph v 3.6 (Synergy Software) and Origin
v 6.1 (OriginLab Corporation). All experiments were performed
at 4 �C. The concentration of MMOH in the optical cell after
mixing was 50 μM in all experiments unless otherwise noted. All
experiments were carried out at least in triplicate using a
minimum of three different batches of proteins.
KSIE Measurements. Deuterium oxide (99.9%) was pur-

chased from Cambridge Isotope Laboratories (Andover, MA).
Buffers containing 25 mM potassium phosphate (pD 7.0) were
prepared by adding weighed mixtures of K2HPO4 and KH2PO4

to the appropriate amount of D2O. The pD of the buffer was
adjusted with DCl, where pD = pH meter reading þ 0.4.
MMOH and MMOB were individually exchanged into D2O
buffer by three repeated rounds of concentration and dilution in
Amicon centrifugal concentrators (Millipore, Billerica,MA) over
the course of 4 h, which was found to be sufficient for exchange.
Protein solutions were prepared and reduced as noted above,
except that dialyses were carried out in D2O buffer for ∼1.5 h
each. All KSIE experiments were performed at 5 �C. Adequate
comparisons to data collected in H2O at 4 �C could be made
because the one degree temperature difference was found to
have a negligible effect on the rate constants. Approximate
methane concentrations for these experiments were calculated
using the solubility constant of gaseous CH4 in D2O at 20 �C
(1.64 mM) (29).
Data Analysis. Except where noted, all experiments were

performed under first-order or pseudo first-order conditions
and were analyzed accordingly. Multiple chemically reasonable

kinetic models were considered when analyzing the results of
stopped-flow studies probing the reactions of MMOHred and 2
equiv of MMOB with O2 and O2/CH4 mixtures. The kinetic
solutions reported here are those that required the minimum
number of variable parameters to adequately fit the data. Data
fits were evaluated by examining the magnitude of the difference
between the fit and the data at every data point collected (residual
plots) and were accepted or rejected on the basis of these fit
residuals, the reduced chi-squared value describing the goodness-
of-fit (χ2red = χ2/degrees of freedom), and the parameter
dependencies.

RESULTS

MMOHred:2B þ O2:Reactions in the Presence of
Methane. Results of numerous studies provide compelling
evidence that intermediate Q is the oxygenated iron species
responsible for methane oxidation, and it is generally accepted
that Hperoxo does not react with this substrate. To reinvestigate
Hperoxo formation and decay and to identify other optically
significant events that occur prior to formation of Q, we
reasoned that the dominant optical signal of Q will be
suppressed if sufficiently high concentrations of this substrate
are present such that the rate of Q decay exceeds that of its
formation. Under these conditions, the weaker optical signa-
tures of preceding intermediates can be uncovered and eval-
uated by kinetic methods. Stopped-flow optical spectroscopy
was therefore employed to monitor the optical changes that
occur at 420 nm upon mixing MMOHred and 2 equiv of
MMOB with a solution containing O2 and CH4 (Figure 1).
At low methane concentrations (<∼540 μM), the optical
signal changes with increasing substrate concentration, sug-
gesting that Q accumulates under these conditions. However, at
methane concentrations g∼540 μM, the optical signal no longer
changes with increasing substrate concentration, indicating
that Q does not build up, presumably because of rapid reaction
with the substrate. Although the optical signal of Q is fully
suppressed when [CH4] g 540 μM, a time-dependent rise and
decay in absorbance at 420 nm is observed, indicating the
presence of at least one intermediate that is unaffected by
methane and absorbs at this wavelength (Figure 1). Because
Hperoxo absorbs at 420 nm (8, 9), it is reasonable to assume that
this intermediate contributes to some of or all of the observed
signal.

FIGURE 1: Representative 420 nm absorbance profiles for reactions
of 50 μMMMOHred and 100 μMMMOB with a mixture of O2 and
CH4 at pH 7.0 and 4 �C. [CH4] = 77 μM (purple), 154 μM (blue),
231 μM (cyan), 308 μM (aqua), 385 μM (dark green), 462 μM (light
green), 500 μM(yellow), 539 μM(orange), 578 μM(red), and 616 μM
(maroon). Data collected on separate occasions with different
batches of protein yielded similar results.
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To investigate the processes associated with the rise and decay
in absorbance observed at [CH4] g 540 μM and to determine
whether it is solely due to absorbance by Hperoxo, data collected
under these conditions at 420 and 720 nmwere fit using nonlinear
least-squares methodology. Previous studies probing the reaction
of MMOHred and 2 equiv of MMOB with O2 have generally
relied on fitting single-wavelength data to obtain kinetic
information about the processes that occur as a result of this
reaction. Here, we found that fitting single-wavelength data
sets to sums of exponentials or to analytical kinetic models
often resulted in solutions that appeared satisfactory for the
data being analyzed but were poor descriptors of data col-
lected under the same conditions at different wavelengths. By
fitting data collected at only a single wavelength, it was
therefore easy to converge upon an incorrect solution. A more
reliable method of fitting the kinetic traces was afforded by
collecting data at a minimum of two wavelengths and simul-
taneously fitting these data sets using shared rate constant
parameters (30). This approach reduces the number of para-
meters to be fit by adding constraints and therefore increases
our confidence that the model used to fit the data is correct if a
satisfactory result is obtained.

Using this method, we observed that the rise and decay in
absorbance in the presence of high concentrations ofmethane did
not fit well to a sum of two exponentials describing the process
Hred f Hperoxo f Hox described previously for Mc experiments
conducted in the presence of methane (Figure S1a, Supporting
Information) (9). Instead, the data fit well to a sum of three
exponentials representing a minimum of three processes, as
reported for the Mt system (Figure S1b, Supporting In-
formation) (3). Two of those processes must arise from Hperoxo

formation and from Hperoxo decay. The additional feature
observed in the data suggests one of the three following possi-
bilities: (i) accumulation of an additional transient species on the
reaction pathway, (ii) two productive populations of Hred that
proceed with different rate constants to Hperoxo upon reaction
with O2, or (iii) two pathways that lead to Hperoxo decomposition
with different rate constants. Although process i seems most
likely, processes ii and iii could arise from a heterogeneous
population of MMOH/MMOB complexes (5) or via a half-sites
reactivity mechanism in which the two diiron sites in the
hydroxylase react withO2 on different time scales (31). Possibility
iii was rejected because truncation of the data to include only
points following the time of maximal absorbance fit well to a
single exponential decay process. Furthermore, the amplitude
describing the additional phase is positive in the exponential fit,
suggesting that it contributes to the rise phase of the absorbance
profile.

Possibilities i and ii were assessed by fitting the data to
differential equations S1 and S2 (Supporting Information)
describing the analytical solutions to models i and ii of
Scheme 2. Hperoxo presumably decays to Q under these condi-
tions; however, because Q is depleted faster than it forms, it does
not accumulate and therefore does not have to be accounted for
in the kinetic model. Fitting the data to eq S1, which includes an
additional intermediate that precedes Hperoxo formation, P*,
afforded excellent results with k1

0 = 6.7 ( 0.9 s-1, k2 =
0.75( 0.04 s-1, and k3 = 0.34 ( 0.03 s-1 (Figure 2). The values
of k2 and k3 measured in this work are the same as those reported
for Hperoxo formation and decay by optical spectroscopy in
MOPS buffer (8, 9). We have therefore assigned the second
species as Hperoxo and the precursor that forms in the faster phase

governed by k1
0 as the novel transient P*. In contrast, fits to eq S2

(Supporting Information), which yielded similar rate constants,
were not as satisfactory (Figure S2, Supporting Information).
The best fit from this model resulted when Hred comprised 20%
of a rapidly reacting diiron population and 80% of a slowly
reacting population, which is inconsistent with a half-sites
reactivity mechanism. The fits obtained from this model demon-
strated unacceptably large parameter error values and a worse
χ2red value than that obtained from fitting to process i. Also, the
residual plots from these fits demonstrated sinusoidal behavior
indicative of incorrect kinetic modeling. Therefore, both the
goodness-of-fit parameters and fit residuals indicate that the
Hred f P* f Hperoxo f Hox model is more appropriate to
describe the data.
Kinetic Characterization of P*. Data collected at 420 and

720 nm in the presence of 540 μMCH4 were fit simultaneously to
eq S1 (Supporting Information) by sharing rate constant para-
meters and setting [Hred]0 to 32μMtoaccount for the observation
that only 32% of the 100 μM diiron sites in the sample proceed
though a productive pathway (6). The approximate extinction
coefficients obtained were ε420≈ 3500M-1 cm-1 and ε720≈ 1250
M-1 cm-1 for P* and ε420≈ 3880M-1 cm-1 and ε720≈ 1350M-1

cm-1 for Hperoxo, although these numbers are probably over-
estimated because the protein preparations used in these studies
display significantly higher steady state activities than those
previously employed to measure the percentage of active diiron
sites (6). The similarities between the optical parameters of P*
and Hperoxo reveal that the two intermediates are electronically
identical. The dependence of k1

0 on O2 concentration was
measured to probe the mechanism of P* formation. No change
was observed for k1

0 or for the rate constants governing the
subsequent steps when the concentration of O2 was varied in
the experiments and the data were fit to eq S1 (Supporting
Information), indicating that the first irreversible step in the
reaction precedes P* formation (Figure S3, Supporting In-
formation).
MMOHred:2B þ O2: Reactions in the Absence of

Methane.Reactions of reducedMMOHand 2 equiv ofMMOB
with O2 were monitored to study the events that occur when
methane is not present. Previous experiments conducted in
MOPS buffer indicated that the data should fit well to an
analytical model describing the process Hred f Hperoxo f Q f
Hox (8); however, data analyzed simultaneously at 20 different
wavelengths spanning from 400 to 740 nm did not fit well to this
solution (Figure S4, Supporting Information) or to a sumof three
exponentials describing the three processes involved in thismodel
(Figure S5a, Supporting Information). Instead, the data fit well
to a sum of four exponentials describing a minimum of four
processes (Figure S5b, Supporting Information). The values of
the two fastest rate constants obtained from these fits are the
same as those of the rate constants describing Hperoxo formation
(k2) and decay (k3) measured in experiments performed in the

Scheme 2: Models for the Reaction of MMOHred and 2 Equiv
of MMOB with O2 in the Presence of 540 μM Methane
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presence of 540 μMCH4 (vide supra), allowing us to unambigu-
ously assign these events.3

To correlate the two slower observables with enzymatic events,
two different chemically reasonable models were considered, and
fits of the data to differential equation solutions for these models
were compared. The first model describes a process in which a
chromophoric intermediate that follows Q decay (denoted Q*)
contributes to the observed optical events (iii, Scheme 3).
The second model describes a situation in which there are two
populations of Q that decay on different time scales
(iv, Scheme 3). Fits of the data to eqs S3 and S4 (Supporting
Information), the respective differential solutions to models iii
and iv, are shown in Figure 3 and Figure S6 (Supporting
Information). Fits to model iii afforded excellent results, with
k2 = 0.75 ( 0.05 s-1, k3 = 0.37 ( 0.01 s-1, k4 = 0.011 (
0.002 s-1, and k5 = 0.0026 ( 0.0001 s-1, whereas those to iv
yielded poor fits with sinusoidal residual plots and large para-
meter dependencies (∼1). χ2red values for fits to iii were over an
order of magnitude better than those to iv, allowing us to
unambiguously confirm iii as the process with the minimum
number of steps necessary to describe the data. Global analysis of
kinetic data collected at various wavelengths was employed to
approximate the absorption spectrumofQ* (Figure 4). Although
spectral determination by this method can be biased by the
absorbance of other species present during the reaction, it has
been used widely to estimate the optical and fluorescent proper-
ties of individual components in complex mixtures (30). The
optical spectrum of Q* displays a band centered around 420 nm

and a shoulder around 455 nm that is not present in the optical
spectrum of Q.
Double-Mixing Stopped Flow Optical Spectroscopy:

Q/Q* þ CH4. To address the relative significance of Q and
Q* with respect to enzyme function, double mixing stopped-flow
experiments were conducted in which either intermediate was
generated and then mixed with a solution containing 770 μM
CH4. For each experiment, appropriate age times between the
first and second push needed to monitor reactions of Q and Q*
were determined by preparing a speciation plot using rate
constants extracted from fits of the data to model iii (vide supra)
and identifying the tmax values of the two intermediates. From
this method, tmax values of Q and Q* were 13 and 186 s, respec-
tively (Figure 5).

Data investigating reactions of Q with CH4 at 420 nm were fit
well by a single exponential decay process having k = 3.9 (
0.2 s-1 (Figure S7, Supporting Information). This rate constant is
∼350 times larger than that forQ decay in the absence of substrate
identified in single-mixing experiments (vide supra) and in double-
mixing control experiments in which the intermediate was accu-
mulated and mixed with buffer instead of CH4 (k3 = 0.010 s-1).
The acceleration of Q decay in the presence of CH4 and the fact
that a term for Q* is not necessary to fit the data indicate that Q
is depleted by a different pathway in the presence of methane than
that in its absence. Themechanism ofmethane-promotedQ decay
most likely arises from rapid reaction with this substrate (3, 9).

Experiments probing the reaction of Q* with CH4 at 420 nm
revealed the presence of two distinct decay processes (Figure S7,
Supporting Information). Because these twophases are separated
by several orders of magnitude in rate constant and are indepen-
dent of each other (vide infra), the data were fit well by separately

FIGURE 2: Representative fits of datamonitoring the reaction of 50 μMMMOHred and 100 μMMMOBwith∼210 μMO2 in the presence of 540
μMCH4 at pH 7.0 and 4 �C. Data collected at 420 nm (left, red lines) and 720 nm (right, red lines) were fit simultaneously to the Hred f P*f
HperoxofHoxmodel (eq S1, Supporting Information). This method returned good fits (black lines) with acceptable residuals (bottom plots) and
χ2red < 1.07 � 10-7.

Scheme 3: Models for the Reaction of MMOHred and Two
Equiv of MMOB with O2

3The first processHredfP* does not have to be accounted for in these
analyses because a significant portion of the rise in absorbance asso-
ciated with this transformation occurs during the dead time of the
stopped-flow instrument and because the process is characterized by
only a very modest change in absorbance relative to events that follow.
Including an additional term for the first process Hred f P* did not
reduce the χ2red of the fit, and the parameter dependency of the rate
constant associated with that process was close to unity, suggesting that
the inclusion of this step is unnecessary. One assumption implicit in
these analyses is that [P*] = 0 at t= 0 s. Such is not the case; however,
the excellent fits obtained using this model and the fact that the fastest
rate constant obtained from these fits matches that of k2 measured in
experiments performed in the presence of 540 μM CH4 justify this
approximation.
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analyzing each event. The rate constants for the two phases
obtained by this method are 3.6( 0.2 s-1 and 0.002( 0.001 s-1.
The observation that the faster rate constant agrees with that of
methane-promoted Q decay (vide supra) allows us to unambigu-
ously assign this process. At the age time employed in these
experiments (186 s), the protein sample is a complex mixture of
19% Q, 60% Q*, and 21% Hox (Figure 5), and it is therefore
necessary to include a term for the substantial population of Q
present because this intermediate absorbs significantly at the
wavelength employed (ε420=8415M-1 cm-1). The rate constant
describing the slower event is identical to that of Q* decay
measured in single-mixing experiments (vide supra) and in
double-mixing control experiments (k3 = 0.0028 s-1). These
results indicate that this process represents Q* decay and that it is
not altered by the presence of methane. Although Q is competent
for methane oxidation, Q* does not appear to react with this
substrate. These conclusions are summarized in Scheme 4.
Effect of Buffer on QDecay. The data strongly suggest that

a novel intermediate Q* forms as Q decays in the absence of
hydrocarbon substrate. To confirm that Q* is on the reaction

pathway and is not a physiologically irrelevant adduct of Q
formed by reaction with buffer components, experiments mon-
itoring the reaction ofMMOHred and 2 equiv ofMMOBwithO2

were performed in 25 mM sodium cacodylate at pH 7.0 (Figure
S8, Supporting Information) and in 25 mM MOPS at pH 7.0
(Figure S9, Supporting Information). As for experiments per-
formed in phosphate buffer, data could only be fit well when a
fourth termwas included in the exponential fit. The data fit nicely

FIGURE 3: Representative fits of datamonitoring the reaction of 50 μMMMOHred and 100 μMMMOBwith excess O2 at pH 7.0 and 4 �C.Data
collected at 420 nm (left, red lines) and 720 nm (right, red lines) were fit simultaneously to the P* f Hperoxo f Q f Q* f Hox model (eq S3,
Supporting Information). This method yielded good fits (black lines) with acceptable residuals (bottom plots) and χ2red < 8.14 � 10-8.

FIGURE 4: Optical spectra of Q (dashed line) and Q* (solid line)
recorded at pH 7.0 and converted tomolar extinction values. Spectra
were obtained at 4 �C from data collected every 15 or 20 nm and
analyzed by the global fitting procedures described in the text. The
arrow points to the 455 nm shoulder of Q*.

FIGURE 5: Speciation plot depicting the time-dependent formation
of transients during the reaction of 50 μM MMOHred and 100 μM
MMOBwith excess O2 at pH 7.0 and 4 �C. The concentrations of P*
(black solid line), Hperoxo (dark gray solid line), Q (light gray solid
line), Q* (dark gray large dashed line), and Hox (black small dashed
line) as a function of timewere calculated from the P*fHperoxofQ
fQ*fHoxmodel using rate constants obtained from fits of data to
eq S3 (Supporting Information).

Scheme 4: MechanismsofQDecay in thePresence of 335μMCH4
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to the P*fHperoxo fQf Q*fHox model (eq S3, Supporting
Information), and the rate constants obtained from the fits are
within error of those measured in phosphate buffer. The excep-
tion is k3, the value of whichwas reduced to 0.21 s

-1 in cacodylate
buffer. This effect might reflect a steric constraint imposed by
large cacodylate molecules on this transformation, which in-
volves geometric reorganization at the diiron center. The neces-
sity of including a term for Q* in all fits indicates that this
phenomenon is a property of the protein rather than a result of
unnatural buffer-diiron adducts.

These results represent the first evidence for the existence of
Q*. Kinetic studies performed previously in MOPS buffer
reported that Q decays with a rate constant of 0.05 s-1

(6, 9), which is considerably faster than that measured here
(0.01 s-1). The fact that Q decay was found to be faster in these
earlier studies suggests a reaction of this intermediate with a
component not present in the current experiments, which
would lead to a mechanism of Q decay that does not proceed
through Q*. Results of single- and double-mixing stopped-
flow experiments with MOPS reveal that this phenomenon is
not due to a difference in buffer composition between these
and previous experiments, as we initially suspected (Figures S9
and S10, Supporting Information). The reason for the differ-
ent Q decay mechanism found in this study therefore remains
unknown.
Proton Requirements of MMOHred:2BþO2 Reactions.

Reactions of MMOHred and 2 equiv of MMOB with O2 were
monitored in the absence and presence of 540 μM methane at
different pH values in the range of 6.6 to 8.6. The enzyme system
is stable over the duration of the experiments at all pH values
employed. The data clearly demonstrate that buffer pH affects
the kinetics of the oxygenated iron intermediates that accumulate
(Figure 6). For example, data collected in the absence of methane
display time-dependent rise and decay phases at 420 nmwhen pH
<8.6; however, when the buffer pH is increased, the kinetics of
the processes contributing to these features are altered such that
the amplitude of the signal is reduced. At pH 8.6, rise and decay
processes are no longer observed, indicating that chromophoric
intermediates no longer build up under these conditions, either
because the kinetics are altered such that they no longer favor
accumulation of these species or because the transients do not
form under these conditions.

To determinewhich steps are affected, pHdata collected at 420
and 720 nm were fit simultaneously at all pH values employed.
Data probing the reactions ofMMOHred and 2 equiv ofMMOB
with O2 in the presence of methane fit well to eq S1 (Supporting
Information) describing Scheme 2i at all pH values employed.
Experiments conducted in the absence of methane were analyzed
satisfactorily with eq S3 (Supporting Information), the solution
to Scheme 3iii.4 Using these fitting procedures, k2 and k3 were
found to vary with pH whereas k1

0, k4, and k5 did not change
(Figure 7 andS11, Supporting Information). The values of k2 and
k3 both decrease with increasing pH, suggesting that the steps
associated with these rate constants are facilitated by or depen-
dent on a proton(s). k2 and k3 display sigmoidal dependencies on
pH, although the experimentally accessible pH range hindered
our ability to collect data points near the extrema of each curve
where the rate constants flatten out with pH.

The pH titration data for P* to Hperoxo conversion (k2) fit well
to eq 1 derived from Scheme 5i, which describes a single,
reversible ionization event followed by irreversible conversion
of the protonated species to Hperoxo (Figure 7a) as follows:

k ¼ kHA10
ðpKa -pHÞ

1þ 10ðpKa -pHÞ þ kA ð1Þ

where kHA and kA are the rate constants of conversion to Hperoxo

for the protonated and deprotonated species, respectively (32).
A fit of the data to this model afforded kHA = 1.35 s-1, kA =
0.08 s-1, and pKa = 7.2. The small magnitude of kA and the fact
that this number is probably overestimated by our inability to
obtain data points at higher pH values strongly suggest that the
system does not proceed to Hperoxo in the absence of this crucial
rate-determining proton transfer step.

The pH titration data for Hperoxo to Q conversion (k3)
fit poorly to eq 1 (Figure S12, Supporting Information), with
χ2red = 0.0021, and were much better approximated by eq 2
derived from Scheme 5ii, which describes a doubly ionizing
system (Figure 7b) as follows:

k ¼ kH2A½Hþ�2 þK1kHA½Hþ�þ kAK1K2

K1K2 þK1½Hþ�þ ½Hþ�2 ð2Þ

where kH2A, kHA, and kA are rate constants for conversion of the
doubly protonated, singly protonated, and unprotonated species,
respectively, K1 and K2 are acid dissociation constants for the
first and second protonation events, respectively, and pKa =
-log(Ka) and pH = -log([H]þ) (32). A fit of the data to this
model afforded kH2A = 0.41 s-1, kHA = 0.19 s-1, kA = 0.008
s-1, pK1=7.9, andpK2=7.0. χ2red for the fit was 0.00028, which
is an order of magnitude better than that of the fit to eq 1. These
data demonstrate that both the monoprotonated and the dipro-
tonated species are able to generate Q but that the unprotonated
formcannot. The rate of conversion of the diprotonated species is
approximately twice as fast as that of the monoprotonated
species.

FIGURE 6: Representative 420 nm absorbance profiles monitoring
the reactions of 50 μM MMOHred and 100 μM MMOB with excess
O2 at 4�C and pH 6.6 (black solid line), pH 7.2 (dark gray solid line),
pH 7.4 (light gray solid line), pH 7.8 (light gray dashed line), pH 8.2
(dark gray dashed line), and pH 8.6 (black dashed line).

4Data collected in the absence of CH4 at pH 8.2 fit well to a sum of
three exponentials instead of the four describing the P* f Hperoxo f
Q f Q* f Hox process required to fit data collected at the other pH
values studied. At pH 8.2, the value of k3 approaches that of k4 such that
Q does not accumulate to a significant amount, and the process does not
need to be accounted for. For these fits, the P*fHperoxo f Qf Q*f
Hox model was employed, but k4 was fixed at 0.0114 s-1, the average
value of this pH-independent rate constant across all pH values
employed. Acceptable fits were obtained by this method.
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Reactions ofMMOHred and 2 equiv ofMMOBwith O2 in the
absence and presence of CH4 were also conducted in buffer
prepared in D2O to discern the requirement of solvent-derived
protons during the processes monitored. Data fit well in the
manner described for reactions of MMOHred and 2 equiv of
MMOB with O2 and O2/CH4, delivering k1

0 = 6.5 ( 2.2 s-1,
k2 = 0.38 ( 0.04 s-1, k3 = 0.20 ( 0.03 s-1, k4 = 0.013 ( 0.005
s-1, and k5 = 0.0024 ( 0.0007 s-1 (Figure S13, Supporting
Information). The processes governed by k2 and k3 therefore
display normal kinetic solvent isotope effects (KSIEs), kH/kD, of
2.0( 0.2 and 1.8( 0.3, respectively, whereas those of k1

0, k4, and
k5 are not affected by isotopic substitution within the error limits
of the experiments. The KSIE magnitudes for k2 and k3 are
typical for proton transfer reactions (33).

A concern in devising KSIE experiments is that D2O is slightly
more viscous that H2O, which can lead to data misinterpretation
if not properly accounted for. However, the changes of k2 and k3
in response to solvent content monitored here are not likely to
arise from the increased viscosity effects. Glycerol affects the
single turnover kinetics of this enzyme, but concentrations of this
viscogen that mimic the viscosity change of D2O are insufficient
to reproduce the measured KSIE values (26, 34).

Previous kinetic experiments performed in our laboratory
suggest that none of the transient events initiated by reaction
of MMOHred and 2 equiv of MMOB with O2 are pH-
dependent, nor do they exhibit significant KSIEs (6). For
the pH-dependence studies, these experiments were performed
via pH jump methods in which reduced protein in 10 mM
MOPS at pH 7.0 was mixed rapidly with O2-saturated 100 mM
MOPS of the desired pH. However, if reaction with O2 and
subsequent steps are faster than exchange of relevant protons
on the protein with bulk solvent, then these effects would not
have been detected by using this method. For studies per-
formed in D2O, the values of the KSIEs are small (e2) and
were most likely overlooked.

The data presented here support those reported for the Mt
enzyme (26); however, there are some key differences between the
results of the two studies. Both investigations found that the pH
dependence of P* to Hperoxo conversion fit well to a model
consisting of reversible protonation followed by an irreversible
step (Scheme 5i). Studies from the Mt enzyme showed that the
pH dependence of the Hperoxo to Q conversion also fit nicely to
this model, but the results reported here demonstrate that the
model does not adequately represent the data. For the Mc
enzyme, a model that describes two reversible stepwise proton-
ation events fits the data much better. It seems unlikely that the
same intermediate from two closely related sMMO systems
requires separate mechanisms for proton transfer; however, the
origin of the differences is unknown.

DISCUSSION

The extraordinary ability of methane monooxygenases to
catalyze the oxidation of methane selectively to methanol using
atmospheric dioxygen has attracted much interest. Whereas
experiments probing the mechanism of this transformation have
led to the identification of several oxygenated iron intermediate
species that are capable of C-H bond abstraction, there are still
many questions that remain about events that occur leading up to
substrate oxidation and regeneration of the enzyme resting state.
In this study, we employed stopped-flow optical spectroscopy to
gain insight into the kinetics of the reactions of MMOHred with
O2 in the presence of regulatory protein MMOB.
Origin of Proton Requirement. The demonstration that P*

decay/Hperoxo formation (k2) andHperoxo decay/Q formation (k3)
are pH dependent and display normal KSIEs around 2 indicate
that proton transfer is involved in the rate-determining steps of
these processes. The dependence of these data on preincubation
of the protein solution at the pH of interest suggests that an
exchangeable proton(s) on the protein in equilibrium with bulk
solvent is associated with rate-limiting proton translocation
events that give rise to the observed pH and D2O effects.
Although these results verify the necessity of proton transfer
for these steps, they cannot definitively describe the location or
mechanism of the processes. Translocation of protons could
occur at or near the active site or as a result of redox-dependent
conformational changes and/or remodeling of protein-protein
interactions that alter hydrogen-bonding patterns and accom-
pany structural and electronic changes at the diiron center.

FIGURE 7: pH-dependence of rate contants for (a) P* decay/Hperoxo formation, k2, and (b) Hperoxo decay/Q formation, k3, at 4 �C. Data were
collected bymixing 50 μMMMOHred and 100 μMMMOBwith excess O2 and were analyzed as noted in the text. Each data point represents the
average of six ormore data sets collected in the presence (Scheme 2i) and absence (Scheme 3iii) of 540 μMCH4with aminimum of three different
batches of protein. P* decay/Hperoxo formation data, k2, (a) fit well to eq 1 describingScheme 5i, whereas those ofHperoxo decay/Q formation data,
k3, (b) were fit to eq 2 describing Scheme 5ii (black lines through points). Error bars depict one standard deviation at the 95% confidence level.

Scheme 5: Models for the pH Dependencies of P* to Hperoxo

and Hperoxo to Q Conversion
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We favor mechanisms for both P* decay/Hperoxo formation
and Hperoxo decay/Q formation in which proton transfer occurs
at or near the diiron active site or as a result of very minor
structural perturbations instead of large ones. It is likely that
large conformational changes or alterations in protein interac-
tions would result in the formation and breakage of many
hydrogen bonds rather than involve direct transfer of one or
two protons, as the data indicate. Indeed, structural studies on
the toluene 4-monooxygenase (T4mo) hydroxylase demonstrated
that>20newhydrogen bonds formas a result of conformational
changes initiated by the binding of its regulatory protein
T4moD (35). Additionally, the observed KSIEs of ∼2.0 are
suggestive of direct proton transfer reactions rather than the
formation of hydrogen bonds, which usually display small,
inverse KSIEs (36).

Given these observations, the pHdependencies of k2 and k3 are
likely to result from proton transfer that occurs at or near the
diiron center or from conformational changes restricted to single
amino acid side chains that result in proton translocation.
Because the MMOH active site cavity is mostly hydrophobic, a
large thermodynamic driving force would be necessary to screen
the charges that would be generated during the transfer of an
active site proton (15, 18, 37). Therefore, any proton transfer
event that occurs at or near the active site should maintain a
charge neutral environment and diiron core.
Implications for Proton Transfer Reactions. Inspection of

the MMOH active site cavity reveals very few noncoordinated
amino acids typically thought to participate in general acid-base
catalysis that are located within reasonable proton transfer
distance to the iron center (Figure 8). Of those that can
potentially participate in such reactions, the only candidates
are T213, C151, Q140, D143, and D242. However, none of these
amino acids are particularly attractive possibilities because they
are all too far from the diiron center to participate in direct
proton transfer involving this unit and/or do not display pKa

values near the values measured for k2 and k3. Additionally,
proton transfer to or from these residues would result in an
unlikely active site charge separation. Therefore, this type of
mechanism is not anticipated.

A favorable alternative for a proton donor or acceptor is an
active site water molecule. Although the pKa of water is 15.7, this
value is significantly reduced by coordination to iron (38, 39).
Indeed, terminal Fe(III)-aqua complexes are acidic; for exam-
ple, the pKa for deprotonation of [Fe(H2O)6]

3þ is 2.74, and the
species exists as [Fe(OH)(H2O)5]

2þ at neutral pH (40). Possible
candidates for iron-bound proton donors or acceptors with pKa

values in the range of those measured for k2 and k3 include
terminal aqua or hydroxo groups and/or bridging hydroxide
moieties. These possibilities are particularly attractive because
proton transfer to/from an iron-bound water-derived molecule
from/to another ligand coordinated to the diiron center would
maintain a charge-neutral diiron core. Additionally, the proximity
of a proton acceptor/donor pair in the case where both units are
located at the diiron center is ideal for direct proton transfer. Of
special interest to our system is the finding that Hþ addition to a
terminal hydroxo group drives the formation of a [FeIV2(μ-O)2]

4þ

Q-like species in a synthetic model system (46).
Protons could be transferred from a solvent-derived water

ligand to a flexible iron ligand. Such an event would maintain a
charge-neutral diiron core and might initiate electronic changes
at the oxygen-iron unit that promote catalytic events during O2

activation. Of particular interest is the redox-dependent shifting

carboxylate ligand E243, which coordinates in a bidentate
fashion, binding to Fe2 and bridging the two iron atoms in the
reduced form of the enzyme, but binds in a monodentate manner
and only to Fe2when the iron center is oxidized (41, 42). Departure
of E243 from its bridging position may open a coordination site
for O2 to bind and/or accommodate active site structural changes
associated with O-O bond cleavage and Q formation. Carboxy-
late shifts of this kind play an important role in controlling
the reactivity of diiron proteins and synthetic model sys-
tems (42-44). It is therefore possible that protonation of E243
provides the driving force that promotes dissociation of this
ligand from its bridging position and initiates structural and
electronic changes during O2 activation. Although carboxylate
residues are acidic, the hydrophobic nature of the active site
might raise the pKa of E243 to a neutral value. Other amino acid-
based possibilities are the coordinating histidines H147 and
H246, the protonation of which would most likely also cause
these ligands to dissociate. Recent crystallographic studies of the
diiron proteinHedera helix 18:0Δ9-desaturase demonstrated that
a histidine ligand undergoes redox-dependent decoordination of
exactly this kind (45). The pKa values of histidine residues are
within range of those measured for k2 and k3.

One last possibility is that protons are transferred directly to
the iron-bound peroxide moiety in these steps. This type of
mechanism could result in a hydroperoxo intermediate and
facilitate heterolytic O-O bond cleavage, as shown in
Scheme 1b. It is invoked in electronically similar cytochrome
P450 enzymes (24). Protonation of the peroxide could alterna-
tively promote O-O bond cleavage directly. Recent theoretical
studies investigating a similar peroxodiiron(III) species in RNR
and amutant formofRNR suggest thatHþ addition to theO-O
unit does not result in a stable hydroperoxo species and instead
causes O-O bond scission in this enzyme (47).
Identity of P*. Reactions of MMOHred and 2 equiv of

MMOB with O2 performed in the presence of high (g540 μM)
concentrations of CH4 have provided for the first time in the
Mc enzyme system direct kinetic evidence for two species that
precede Q formation, P* and Hperoxo. Comparisons of the data
reported here to previous M€ossbauer and optical spectroscopic

FIGURE 8: MMOHox active site showing the diiron center, its ligands
including the shifting carboxylate E243, and conserved active site
hydrophobic residuesC151 andT213. The thiol ofC151 is located 7.3
Å from Fe1 and the hydroxyl of T213 is positioned 6.8 Å from Fe2.
Hydrocarbons are expected to access the diiron site through hydro-
phobic cavity 1, which is shown as a surface rendering. Relevant
atoms or side chains are depicted in ball-and-stick format or as
spheres and are colored by atom type (carbon (gray), oxygen (red),
nitrogen (blue), sulfur (yellow), iron (orange)). This image was
generated in PyMOL (DeLano Scientific LLC) using PBD ID code
1MTY.
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studies are revealing. M€ossbauer spectroscopy identified a single
peroxodiiron(III) intermediate with kform ≈ 25 s-1, kdecay =
0.45 s-1, and tmax = 156 ms at 4 �C (6). Optical spectroscopic
experiments also provided evidence for a single peroxodiiron(III)
species, but this unit was characterized by quite different kinetic
parameters: kform ≈ 1.6 s-1, kdecay = 0.40 s-1, and tmax = 1-2 s
at 4 �C (9). To reconcile the dramatic difference in the formation
rate constants observed by these two methods, we proposed the
presence of two peroxodiiron(III) species characterized by similar
M€ossbauer parameters, the first of which was not observable by
optical spectroscopy (9). Data collected at high concentrations of
CH4 (g540 μM) presented here unveil the spectrum of P* and
provide the first optical evidence for this Hperoxo precursor in the
Mc enzyme. Speciation plots derived from our data lead
to the prediction that P* has tmax = 370 ms and that Hperoxo is
characterized by tmax = 2.1 s, which is reasonably consistent
with the results obtained previously (Figure S14, Supporting
Information). However, speciation plots derived from model
ii are not consistent with these data, bolstering the argument
that this model is not correct (Figure S15, Supporting In-
formation).

Although this work helps to reconcile the differences observed
between the two forms of spectroscopy, the rate constant for P*
formation measured here is still much lower than that obtained
by M€ossbauer spectroscopy. Because of the limitations of our
instrumentation, the value of k1

0 measured here is almost
certainly underestimated (and the tmax of P* overestimated) by
the fact P* accumulates considerably in the stopped-flow dead
time, as evidenced by the fact that the starting absorbances at 420
and 720 nm are much greater than those expected for Hred

(Figure 2). Therefore, P* might evolve directly from Hred, but
these data do not rule out the possibility that there is an
additional undetected intermediate that forms prior to P*.
Similar reasoning led to the proposal of intermediate O, a
possible O2-bound diiron(II) species, in Mt MMOH (3, 48).

Because M€ossbauer spectroscopy identified only one Q pre-
cursor, it is possible that P* and Hperoxo exhibit indistinguishable
M€ossbauer parameters. However, M€ossbauer data were not
reported in the 0.5-3 s time regime in which Hperoxo maximally
accumulates according to our optical data (6). Without further
analysis, we cannot rule out the possibility of distinct parameters
for this intermediate. One certainty based on data collected
before 0.5 s and the similar tmax values of the species characterized
by M€ossbauer spectroscopy and P* is that this intermediate is
characterized by δ= 0.66 mm/s and ΔEQ = 1.51 mm/s. Similar
M€ossbauer parameters have been assigned to a synthetic, struc-
turally characterized (μ-1,2-peroxo)diiron(III) model complex
supported by a tris(pyrazolyl)borate ligand scaffold (49) as well
as the peroxodiiron(III) intermediate generated in the W48A/
D84E variant of RNR-R2, both of which feature μ-peroxide
binding geometries (10, 50). The absorbance band of P* at 720
nm (ε=1250M-1 cm-1) is similar to those of well-characterized
peroxodiiron(III) species in enzymes (9, 13, 51-53) and model
systems (49, 54) assigned as peroxo-to-Fe(III) charge transfer
transitions. Because of its spectroscopic similarities to those of
known enzyme intermediates and model complexes, P* is likely
to contain a peroxodiiron(III) unit. Another possibility is a
mixed-valent Fe(II)Fe(III) superoxide complex, but this assign-
ment is less likely because the M€ossbauer spectrum of such a
species should exhibit two distinct quadrupole doublets due to
the expected valence localization of the unpaired electrons in this
type of system.

The presence of two detectable intermediates that precede Q
formation inMtMMOHwas previously reported (3). The first of
these species, P*, forms with a rate constant identical to that of O
decay (26) and proceeds to intermediate P. The second, P, was
reported to absorbminimally at 430 nm, the wavelength at which
the data were collected, on the basis of two observations. First, a
phase corresponding to P* to P conversion was not necessary to
fit data monitored in the absence of substrate, which were
modeled well by three phases attributed to O to P*, P to Q,
andQ toHox conversion. Second, the formation of P contributed
only a very small amount to the total amplitude of the absorbance
rise phase when experiments were performed in the presence of
high concentrations of furan to remove optical contributions
from Q. The authors argued that the absorbance attributed to
this intermediate (Hperoxo) at 420 nm in previous reports fromour
group on theMc systemwas an artifact from the absorption of Q
at this wavelength. However, the data presented here, collected in
the presence of methane in which there is no possibility of
interference fromQ, now provide definitive evidence that Hperoxo

does indeed absorb strongly at this wavelength and disagree with
the results from the Mt enzyme.
Nature of P* to Hperoxo Conversion. The similarities of the

P* optical extinction coefficients to those of Hperoxo suggests that
these intermediates are electronically and geometrically identical.
Analysis of the pH dependent data indicates that a single proton
is transferred during the rate-limiting step of P* to Hperoxo

conversion and that this protonation event, with a pKa of 7.2,
must occur for Hperoxo to form. As discussed above, this process
may involve direct protonation of the O-O moiety or of a
coordinating diiron ligand. Formation of a hydroperoxo by
protonation of the peroxide, however, would most likely alter
the energy of the peroxo-to-iron(III) charge transfer band of P*
and the M€ossbauer parameters of the species, and the spectro-
scopic properties of the protonated and unprotonated
peroxodiiron(III) species are expected to be different (55, 56).
Given this observation, it is most likely that P* to Hperoxo

conversion occurs via proton transfer to a coordinating amino
acid or water-based ligand and not the iron-bound peroxide
moiety. For the reasons stated above, we prefer E243 as the
proton acceptor. Of relevance to this argument are recent
theoretical studies of the peroxo intermediates of RNR and its
W48A/Y122F variant (57), which find that proton transfer from
an iron-bound water molecule or from a solvent-derived proton
to a bridging carboxylate ligand are both energetically feasible
and result in stable peroxodiiron(III) species (47). In the former
mechanism, proton transfer occurs with concomitant opening of
the bidentate carboxylate bridge. These findings, the necessity of
E243 to dissociate from its bridging position to accommodate
structural changes associated with Hperoxo to Q conversion, and
the potential of a hydrophobic active site to raise the pKa of this
carboxylate suggest the mechanism presented in Scheme 6.
Nature ofHperoxo toQConversion.The ability of sMMO to

provide a single oxygen atom from molecular oxygen for
incorporation into hydrocarbon substrates depends on its ability
to cleave the O-O bond and form a potent oxidant. O-O bond
scission occurs concomitant with Hperoxo to Q conversion;
however, the mechanistic details of this step are not well under-
stood. Scheme 1 depicts two simplified mechanisms for this event
in which O-O bond cleavage processes are either homolytic
(Scheme 1a) or heterolytic (Scheme 1b). In principle, the pro-
ducts of steady state reaction of the enzyme with substrate using
18O2 might discriminate between these mechanisms. Product is
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expected to be completely labeled if both oxygen atoms of Q
derive fromO2, butmight contain amixture of 16O and 18O labels
if a solvent-derived oxygen atom were incorporated into Q.
Such a study did reveal that 100% of label is incorporated
into methanol (58), in support of a homolytic mechanism.
However, this interpretation is not definitive because the
second labeled oxygen atom might be retained in the active
site. In this manner, 100% of the label could be incorporated
into the product, even when the O-O bond is cleaved hetero-
lytically.

Analysis of the pH dependence data suggests that two protons
can be transferred before the first irreversible step of Hperoxo to Q
conversion. Whereas one protonation event, with a pKa of 7.9, is
crucial for Q formation, the second, with a pKa of 7.0, accelerates
the rate of conversion of the monoprotonated species but is not
required. The absolute necessity of the first protonation step
suggests that it occurs directly at the iron center and facilitates
O-O bond cleavage. One possible mechanism of Hperoxo to Q
conversion is depicted in Scheme 7. In this mechanism, a first and
necessary proton transfer occurs from a terminal hydroxide,
forming a hydroperoxide and an oxo bridge. The O-O bond of
the hydroperoxide can then be cleaved heterolytically to form
a transient Fe2

IV species with a terminal hydroxide. Proton
transfer from E243 after irreversible O-O bond cleavage
could then generate Q. Whereas this single proton transfer
pathway is sufficient for Q formation, a second protonation at
the peroxide moiety, characterized by a pKa of 7.0, might lead to
more rapid O-O bond scission. The O-O bond breakage
process is depicted to occur via a concerted heterolytic mechan-
ism but might involve the generation of a transient FeIIIFeV

terminal oxo species (59).

Mechanism of Q Decay. The mechanism of Q decay in the
absence of substrates has remained an enigma for many years.
This reaction requires the acquisition of two protons and two
electrons at the diiron active site, but the source of these
substrates is unknown. Protons could derive from solvent;
however, because there are no exogenous electron donors in
the reaction mixture, the electrons must come from the protein
itself. Two possible protein-based reductants can be envisioned
in this system: amino acid side chains and/or a diiron(II) center in
the neighboring MMOH protomer (Scheme 8). For the former,
Q could abstract electrons and possibly protons from a nearby
amino acid residue. This process could be achieved either by
direct oxidative hydroxylation of a proximal amino acid residue
(Scheme 8a) or by two stepwise electron transfer events, most
likely proton-coupled (Scheme 8b). The latter option would
generate a protein-based radical and a mixed valent FeIIIFeIV

center and is reminiscent of chemistry occurring in theR2 subunit
of RNR, in which the nearby amino acids W48 and Y122 can
donate electrons to the iron site during formation of the FeIIIFeIV

intermediate X (Scheme 8c) (60, 61). For the second option, it is
possible that electrons from a neighboring diiron(II) center could
quench Q, as proposed to explain the formation of FeIIIFeIV and
FeIIFeIII species in the reaction of a synthetic tetracarboxylate
diiron(II) model system with O2 (62). If a diiron(II) center were
present in the active site of one hydroxylase protomer when Q
had formed in the other, intramolecular electron transfer between
the diiron centers could lead to the formation of two diiron(III)
Hox species. Indeed, a large population of Hred decays to Hox by
an unknownmechanism on a time scale that is much slower than
the O2 activation phase (6), and therefore, a significant portion
diiron(II) is available to donate electrons to Q. However, this

Scheme 6: One Possible Mechanism of P* to Hperoxo Conversion Depicting Only Key Iron Ligands

Scheme 7: One Possible Mechanism of Hperoxo to Q Conversion Depicting Only Key Iron Ligands and the Oxygen Atoms Derived
from O2 as Filled Circles
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possibility seems less likely considering that the distance between
the two iron centers is∼45 Å (63), an unprecedented distance for
protein electron transfer.

The data reported here suggest for the first time an inter-
mediate species, Q*, which forms as a result of Q decay in the
absence of hydrocarbon substrates. Two lines of evidence
indicate that Q* is an intermediate on the Q decay pathway
rather than a functionally significant species. First, Q* is not
capable of methane oxidation, and second, Q reacts with
methane and does so by a mechanism that does not proceed
throughQ*. This intermediate could be composed of anFeIIIFeIV

unit and a protein-based radical (Scheme 8b) or a combination of
FeIIIFeIV and FeIIFeIII species (Scheme 8c), both of which are
consistent with its optical spectrum. It is also possible that Q* is a
rearranged thermodynamically stable FeIV2 product of Q. Spec-
troscopic characterization of intermediate Q* is currently in
progress to investigate the nature of this species.

CONCLUDING REMARKS

The data presented here provide conclusive kinetic evidence
for the presence of multiple oxygenated diiron intermediates that
accumulate during MMOH O2 activation and demonstrate that
P* to Hperoxo and Hperoxo to Q conversion are both pH
dependent. These studies and recent investigations of other
BMMs and model complexes highlight the complexity of the
systems, particularly with respect to the coordination of O2

activation with proton translocation, electron transfer, and
hydrocarbon entry and egress. Taken together, the present study
and prior work on the Mt system have now begun to converge,
providing a framework for understanding MMOH catalysis and
a paradigm for interpreting kinetic data in this system. However,
questions raised by these studies indicate the need for further
kinetic and spectroscopic evaluation. For example, the nature of
the proton transfer events during P* to Hperoxo and Hperoxo to Q
conversion and the electronic and geometric identities of the four
intermediates are pressing, unsolved questions. Efforts are there-
fore under way to reinvestigate the spectroscopic properties and
protonation states of P*, Hperoxo, and Q, and to determine those
of Q*.
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