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ABSTRACT: The effects of solvent pH and deuteration on the transient kinetics of the key intermediates of
the dioxygen activation process catalyzed by the soluble form of methane monooxygenase (MMO) isolated
from Methylosinus trichosporiumOB3b have been studied. MMO consists of hydroxylase (MMOH),
reductase, and “B” (MMOB) components. MMOH contains a carboxylate- and oxygen-bridged binuclear
iron cluster that catalyzes O2 activation and insertion chemistry. The diferrous MMOH-MMOB complex
reacts with O2 to form a diferrous intermediate compound O (O) and subsequently a diferric intermediate
compound P (P), presumed to be a peroxy adduct. TheO decay reaction was found to be pH-independent
within error at 4°C (kobs ) 22 ( 2 s-1 at pH 7.7;kobs ) 26 ( 2 s-1 at pH 7.0). In contrast, theP
formation rate was found to decrease sharply with increasing pH to near zero at pH 8.6; the observed rate
constants fit to a single deprotonation event with a pKa ) 7.6 and a maximal formation rate at 4°C of kP

) 9.1 ( 0.9 s-1 achieved near pH 6.5. The formation ofP was slower than the disappearance ofO,
indicating that at least one other undetected intermediate (P*) must form in between.P decays spontaneously
to the highly chromophoric intermediate, compound Q (Q). The decay rate ofP matched the formation
rate ofQ, and both rates decreased sharply with increasing pH to near zero at pH 8.6; the observed rate
constants fit to a single deprotonation event with a pKa ) 7.6 and a maximal formation rate at 4°C of kQ

) 2.6( 0.1 s-1 achieved near pH 6.5. No pH dependence was observed for the decay ofQ. The formation
and decay rates ofP and the formation rate ofQ decreased linearly with mole fraction of D2O in the
reaction mixture. Kinetic solvent isotope effect values ofkH/kD ) 1.3 ( 0.1 (P formation) andkH/kD )
1.4 ( 0.1 (P decay andQ formation) were observed at 5°C. The linearity of the proton inventory plots
suggests that only a single proton is transferred in the transition state of the formation reaction for each
intermediate. If these protons are transferred to the bound oxygen molecule, as formally required by the
reaction stoichiometry, the data are consistent with a model in which water is formed concurrently with
the formation of the reactive bisµ-oxo-binuclear Fe(IV) species,Q.

The activation of O2 for reaction with unactivated C-H
bonds of hydrocarbons has been widely studied in the
cytochrome P450 (P450)1 family of monooxygenases (1-
5). Recently, another type of oxygenase with this capability
has been discovered which utilizes a non-heme iron cofactor
(6-10). Typified by the soluble form of methane monooxy-
genase (MMO), this enzyme class binds two iron atoms in
a carboxylate- and oxygen-bridged binuclear cluster in the
active site. Despite the fact that P450 and MMO type
monooxygenases utilize different cofactors, they still exhibit

many similarities (7, 11) including their reaction stoichiom-
etry:

Both enzymes utilize the redox properties of iron for
catalysis and initiate oxygen activation by reduction of the
iron center. In the case of P450 (2), O2 binds to the one-
electron-reduced state of the heme in the enzyme, while in
the case of MMO, the two-electron-reduced state of the
hydroxylase component (MMOH) diiron cluster is the
reactive form (12). As illustrated in Scheme 1, it is widely
believed that P450 then accepts a second electron to yield a
peroxy intermediate which undergoes heterolytic O-O bond
cleavage to release water and generate an oxo-Fe(IV)
porphyrinπ cation radical intermediate which is capable of
attacking unactivated C-H bonds by hydrogen atom abstrac-
tion (2). We have speculated that because the oxy-MMOH
already has been reduced by two electrons, it can undergo
O-O bond cleavage directly to yield an activated oxo species
(12-17). Formally, as shown in Scheme 1, this might be
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4423Biochemistry1999,38, 4423-4432

10.1021/bi982712w CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/17/1999



considered an oxo-Fe(IV)‚Fe(IV) species where the second
Fe(IV) is derived from Fe(III) which has given up an electron
to stabilize the oxo moiety in much the same way that the
heme porphyrin macrocycle is oxidized to the radical to
stabilize the reactive species in P450.

A key aspect of the reaction mechanism of monooxyge-
nases is the delivery of the protons required by the reaction
stoichiometry to generate water as a product. Heterolytic
O-O bond cleavage would be facilitated if the bound O2

were to be asymmetrically protonated as the bond breaks.
Based on its X-ray crystal structure, P450cam was proposed
to utilize one or more amino acid side chains and active site
solvents to shuttle protons from the bulk solvent to the
terminal oxygen of bound O2 to promote bond cleavage (18-
20). Studies of site directed mutants of P450cam targeted to
the putative proton transport residues have generally sup-
ported this proposal (18, 20-22). Also, solvent deuteration
was observed to decrease the rate of disappearance of the
initial oxy intermediate for P450cam due to a kinetic solvent
isotope effect (KSIE) (23). Evaluation of the effect of
progressive increase in solvent deuteration on this rate, the
so-called “proton inventory” (24, 25), indicated that a
minimum of two protons are in flight in the transition state
of the reaction. Moreover, both the magnitude of the observed
KSIE and the shape of the proton inventory curve were found
to be consistent with the proposed proton donors in the
multistep proton-transfer process.

The reaction stoichiometry of monooxygenases requires
that two protons ultimately be delivered to form a molecule
of water from one of the atoms of O2. However, because
the intermediates in the P450 cycle following the oxy
intermediate are not directly observable in transient kinetic
experiments, it has not been possible to associate the proton
delivery with a specific step (or steps) in the oxygen bond
cleavage and activation process itself.

In contrast to P450, the mechanism of proton delivery in
MMO catalysis has not been previously addressed, although
structural studies show that the active site of the hydroxylase
does contain Thr, Cys, and solvent which could potentially
serve as proton donors during catalysis (26-29). The kinetics
of the MMO catalytic cycle are unique among monooxyge-
nases in that successive intermediates in the catalytic cycle
form with progressively decreasing rates (17, 30). Conse-
quently, several intermediates accumulate to high levels and

can be trapped for further study of phenomena such as proton
transfer as illustrated in Scheme 2. In the oxygen activation
segment of the cycle, O2 appears to first bind in the active
site (but not to the diiron cluster) to form an Fe(II)‚Fe(II)-
containing intermediate termed compound O (O) (31).
Although O has only been indirectly identified, the two
intermediates which form spontaneously in the following
steps, compounds P and Q (P and Q), have been trapped
for characterization (16, 31). P forms as O2 binds directly
to the Fe(II)‚Fe(II) cluster with redistribution of electron
density onto the oxygens to yield a putative Fe(III)‚Fe(III)-
peroxy complex (30). Q appears from spectroscopic studies
to contain an unprecedented Fe(IV)‚Fe(IV) cluster in which
the irons are linked by two single atom oxygen bridges to
form a “diamond core” structure (17, 32). The spectroscopic
studies suggest that the O-O bond of O2 breaks during the
P to Q conversion. Transient kinetic studies indicate thatQ
reacts directly with hydrocarbons to yield compound T (T),
a species with hydroxylated product in the active site (16,
31, 33). The decay ofT to release the products is the rate-
limiting step in catalysis.

In light of the experiments described above for P450cam,
it is reasonable that protons enter the catalytic cycle of
MMOH prior to O-O bond cleavage and formation ofQ.
However, it is also possible thatQ is formed by a mechanism
which differs from that proposed for oxygen activation by
P450, and the role of the protons is to facilitate the release
of both water and product at the end of the reaction. Indeed,
protons might enter the reaction at any of several steps as
illustrated in Scheme 2.

In the current study, we exploit the ability to resolve
individual steps in the MMOH catalytic cycle to investigate
the effects of solvent pH and deuteration on the rates of
formation and decay of intermediatesP andQ. It is found
that proton delivery is likely to play a very significant role
in the formation of each intermediate and thus in the oxygen
activation phase of the catalytic cycle. However, the studies
also suggest that the process of proton delivery differs from
that described for P450cam. These results hold significance
for the understanding of both the origin of the critical
activated species of the MMOH reaction cycle and the
general mechanism of O-O bond cleavage by non-heme
iron-containing oxygenases.

EXPERIMENTAL PROCEDURES

Chemicals and Standard Procedures. All reagents were
the highest grade available and were obtained from either

Scheme 1: Comparison of Oxygen Activation Steps in the
Catalytic Cycles of Cytochrome P450 (Top) and MMO
(Bottom)a

a This scheme is drawn to emphasize the similarity in reactant
stoichiometries, oxidation state, and stabilization strategies of the
respective reactive species. The actual reactive species for MMO is
known to have a second single atom oxygen bridge linking the Fe(IV)s,
but its origin is unknown.

Scheme 2: Intermediates Detected in the Reaction Cycle of
MMO in the Presence of Substrates (RH)a

a The point or points of proton addition and water release are
unknown and are investigated in the current study. The diferric
[Fe(III)Fe(III)] and diferrous [Fe(II)Fe(II)] states of the binuclear iron
cluster of MMOH are stable. The lettered intermediates have been
detected, and in some cases characterized, using transient techniques.
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Sigma, Aldrich Chemicals, or EM Scientific. They were used
without further purification. Water was deionized and glass-
distilled or purified from deionized water using a Millipore
reverse osmosis system. D2O (99.99%) was purchased from
Cambridge Isotope Laboratory (Andover, MA).

Bacterial Growth and Enzyme Preparation.Bacterial
growth ofMethylosinus trichosporiumOB3b was as reported
previously (12). Purification of MMO was as reported
previously (12) with minor modifications to accommodate
a scaled-up process.

Assays and Analytical Techniques.NADH-coupled reac-
tions were assayed either optically using nitrobenzene as a
substrate or polarographically using furan as a substrate as
previously described (12, 14). Nitrophenol concentration was
determined from the absorbance at 404 nm,ε ) 15 mM-1

cm-1 at pH 7.7. MMOH exhibited a specific activity in the
range of 800-1200 nmol min-1 mg-1 for furan turnover.
Diiron cluster concentrations were determined by inductively
coupled plasma emission spectroscopy (12) or colorimetric
techniques. Concentrations of the protein components were
determined by the method of Bradford calibrated by quan-
titative amino acid analysis or estimated using an extinction
coefficient of 539 mM-1 cm-1 at 280 nm as previously
described (12). UV-visible spectrophotometric measure-
ments were performed using a Hewlett-Packard 8451A diode
array spectrophotometer.

Stopped-Flow Absorption Spectroscopy Experiments.Single-
turnover reactions by MMOH were monitored using a single-
wavelength stopped-flow apparatus (Update Instruments or
Applied Photophysics Model SX.18MV). Optical density
changes were digitized and recorded using computers
interfaced directly to the stopped-flow instruments. All
stopped-flow experiments were performed at 4°C except in
series of experiments that included a deuterated solvent, in
which case the temperature was set at 5°C. In general,
MMOH (60 µM ≈ 120 µM diiron cluster) and methyl
viologen (10µM) were made anaerobic in 100 mM buffer
(MOPS, pH 6.5-7.9, or TAPS, pH 8-8.6) in a 3 mL
conical-bottom reaction vial as previously described (12).
A small volume of sodium dithionite in 500 mM MOPS
buffer, pH 7.0, was added to stoichiometrically (2 mol of
reducing equiv/mol of MMOH active sites) reduce MMOH.
Then 120µM MMOB was added anaerobically. The enzyme
solution was then transferred to one stopped-flow syringe
without introducing O2. The second stopped-flow syringe
contained air-saturated, 100 mM MOPS or TAPS buffer.
After rapid mixing (1:1), absorbance changes were monitored
at a fixed wavelength.

Analysis of Transient Kinetic Data.For all experiments,
O2 was added in large excess over MMOH, and MMOB was
present in 2-fold excess over the MMOH concentration.
Under these experimental conditions, first-order or pseudo-
first-order reaction kinetics were observed. In most cases,
the reactions consisted of several steps resulting in more than
one exponential kinetic phase in the data. The reciprocal
relaxation times and phase amplitudes of the phases were
determined by nonlinear regression fitting using the program
KFIT developed by Dr. Neil C. Millar (nmillar@thenet.co.uk).

pH Profile. Buffers used for the pH titration of theP and
Q formation and decay rates were 100 mM MOPS for pH
range 6.5-7.9 and 100 mM TAPS for the pH range 8.0-
8.6. After rate constants were obtained by the procedures

described above, the pH profiles were fitted as described
under Results by a nonlinear least-squares curve-fitting
program inherent in the plotting program Origin (Microcal).
As a control, the experiment was also conducted using
buffers in which the conductivity was normalized to that at
pH 8 by adding NaCl. It was found that a maximum of 29
mM NaCl was required to adjust the conductivity of the
buffers over the range specified. No differences in rates were
detected as a result of this small conductivity change.

KSIE and Proton InVentory Measurements.The rates of
P andQ formation and decay were compared in D2O and
H2O and mixtures of the two solvents. Reaction progress
was measured using a stopped-flow apparatus at 700 nm for
P and at 430 nm forQ. Fully reduced MMOH (60µM) was
mixed with 120 µM MMOB saturated with air. The
concentration of MOPS buffer used was 100 mM for both
D2O and H2O stock solutions at pH(D)) 7.0, 5°C. The pD
of the buffer in D2O was adjusted using NaOD with the pH
meter reading corrected by adding 0.4. Volume per volume
mixtures of the stock solutions were made as appropriate
for the mole fraction of D2O to be used in each experiment.
The concentrated MMOH stock was directly diluted into the
buffered water mixture to be used in the experiment. For
experiments in which high D2O concentrations were to be
used, the enzyme stock was first exchanged with D2O by
three cycles of dilution/concentration using a Centricon YM-
30 ultrafiltration cell followed by overnight incubation for
the total exchange time of 24 h. However, it was found
experimentally that MMOH equilibrated in H2O gave the
same results as MMOH equilibrated in D2O when each was
diluted directly into the H2O/D2O mixture for each experi-
ment. Rate constants for the reactions were determined as
described above. The proton inventory plot was fitted as
described under Results by a linear least-squares curve-fitting
using Origin (Microcal). Theoretical aspects of the data
analysis are treated under Discussion.

Effects of SolVent Viscosity on Transient Kinetics.The
effects of solvent viscosity on the kinetics ofP and Q
formation and decay rates were examined by adding up to
25% (w/v) glycerol or 10% (w/v) sucrose to the solutions in
both syringes of the stopped flow. In other respects the
experiment was conducted and analyzed as described above
for the case in which no viscosogen was present.

Freeze-Quench EPR.Reaction solutions were prepared
as described for the stopped flow experiments except that
higher MMOH (0.3 mM) and MMOB (0.6 mM) and O2 (0
to 1.4 mM) concentrations were used. After mixing, the
solution was passed continuously through calibrated aging
hoses at 4°C. The aged solutions were sprayed through a
nozzle directly into an EPR tube fitted with a funnel
containing isopentane at-140°C. The sample powder was
then packed tightly into the tube, and the isopentane above
the sample removed while maintaining the tube at-140°C.
EPR spectra were recorded using a Varian E-109 X-band
instrument equipped with an Oxford ESR-910 liquid helium
cryostat. Spectra were digitally recorded and analyzed as
previously described (12).

Analysis of EPR Spectra.For the analysis of EPR spectra
of the ferromagnetically coupled diferrous cluster (a pair of
S ) 2 spins), the spin Hamiltonian is
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whereDi andEi are the axial and rhombic zero-field splitting
(ZFS) parameters andgi are theg tensors of the uncoupled
sites (i ) 1, 2). The value forE/D is limited theoretically to
values between 0 and1/3. Typically, the EPR spectra from
integer spin systems of this type occur at highg-values in
the range of 8-20. Simulation of theg ) 16 signal observed
from the diferrous cluster of MMOH can be used to
accurately determine the absolute integer spin concentration
(34). However, we have found that concentrations of
diferrous cluster during the freeze-quench kinetic experi-
ments can be reliably estimated by measuring the relative
peak to trough intensity and normalizing to that of the fully
reduced MMOH (15).

RESULTS

Effect of pH on the Decay of Diferrous MMOH after
Reaction with O2. Diferrous MMOH (150 µM) in the
presence of an equimolar (versus active sites) concentration
of MMOB was rapidly mixed with 1.4 mM O2 and frozen
in isopentane at-140 °C after timed intervals using a
freeze-quench apparatus. A decay rate constant for the
diferrous state was determined by monitoring theg ) 16
EPR signal characteristic of this state (35, 36). The pseudo-
first-order rate constants were found to be 22( 2 s-1 at pH
7.7, as we reported previously (16, 31), and 26( 2 s-1 at
pH 7.0, showing that this reaction has very little, if any,
dependence on pH (data not shown).

Kinetics of the Formation and Decay ofP and Q at pH
7.0. In our previous stopped-flow studies of the reaction of
diferrous MMOH with O2 at pH 7.7 (16, 31), the existence
of P was predicted from kinetic evidence, but no direct
optical evidence for this species was found. However, careful
examination of the long-wavelength visible region in the
current study showed that a weakly chromophoric species
with a λmax at∼700 nm (see Figure 1) forms after the decay
of the g ) 16 EPR signal from diferrous MMOH. The
intermediate was then observed to convert on an even longer
time scale to the strongly chromophoric intermediateQ (λmax

at 430 nm).P was originally defined as the direct precursor
to Q (16). The current study shows that an isosbestic point
forms at 525 nm as the 700 nm species converts toQ (data
not shown), and that the rate of decay of the 700 nm species
matches the formation rate ofQ (see below). Thus, it is
reasonable to assign the 700 nm species as intermediateP.
The characteristics of this species are similar to those ofP
(termed Hperoxo) detected during kinetic studies ofMethylo-
coccus capsulatus(Bath) MMOH which was reported to have
a λmax ) 625 nm and an extinction coefficient of 1500 M-1

cm-1 (30). Fitting of the 700 nm trace of the reaction at pH
7.0 shown in Figure 1 to a three-exponential time course
revealed a formation rate constant2 of 8.0( 0.1 s-1 and decay
rate constants of 2.4( 0.2 s-1 and 0.05( 0.02 s-1. Q
contributes somewhat to the absorbance in the 700 nm region
due to the tail of its absorbance spectrum. Consequently, the
rate of∼8 s-1 at 700 nm represents the formation rate ofP
and the rate of 2.4 s-1 the decay rate ofP.3 The third and
the slowest decay rate of 0.05 s-1 probably arises from the
decay ofQ which is known to have this value at pH 7.7
(16). The kinetic trace of the same reaction monitored at
430 nm (where onlyQ absorbs) was fit well by summing
two predominant3 exponentials and a minor component as
previously reported for the reaction monitored at pH 7.7 (16).
From this fit, rate constants of 2.4( 0.1 and 0.05( 0.01
s-1 were determined for the formation and decay ofQ,
respectively.

The extinction coefficient ofP can be estimated using the
measured kinetic rates ofP formation and decay. The rate
constants show that at the time of maximum accumulation,
P accounts for about 40% of the total active site concentra-
tion present and thus the estimated molar extinction coef-
ficient of P determined from the total amount of MMOH
present is about 2500 M-1 cm-1 at pH 7. This extinction
coefficient value is reasonable for an iron-bound peroxo
species (38-41). Compared with the extinction coefficient
of P reported for MMOH fromM. capsulatus, that found in
this study is slightly higher. However, the similar Mo¨ssbauer
and absorption spectra and kinetic placement in the reaction
cycle suggest that thePs from M. capsulatusand M.
trichosporiumMMOHs are very similar in structure and
chemical nature.

pH Effects on the Formation and Decay Rates ofP and
Q. The formation reactions ofP and Q are the only steps

2 The data are fit well to a series of summed exponentials with
specific relaxation times. The number of relaxations observed defines
the minimum number of steps in the reaction, but it does not define a
specific mechanism or order for the steps. In the current case, rapid
scan optical and time-resolved Mo¨ssbauer spectroscopies (16, 17) show
thatP forms prior toQ. If it is assumed that the steps are irreversible,
then the relaxation times are equal to the reciprocal rate constants for
the steps. Finally, amplitude analysis (16) has been used to identify
which relaxation time is associated with the formation ofQ.

3 The time course for the formation and decay ofQ requires a three-
exponential fit as we previously reported (16). Two of these are
apparently related to the formation ofQ and are postulated to be due
to the presence of several distinct MMOH-MMOB complexes (15,
37), all of which can formQ, but at different rates. In this study, we
deal only with the faster of these exponential phases because it exhibits
approximately 10-fold greater amplitude and thus appears to be the
dominant process. The second phase of theP time course is correlated
with the decay ofP and the formation ofQ, and consequently, must
also contain a minor additional exponential component. However, in
this case, we were unable to resolve it from the data.

Ĥ )

JS1‚S2 + ∑
i)1

2

[Di(Szi
2 - 2) + Ei(Sxi

2 - Syi
2 ) + âeSi‚gi‚H]

FIGURE 1: Formation and decay ofP andQ. Shown are the time
courses of the formation and decay reactions ofP (λmax at 700 nm,
left scale) andQ (λmax at 430 nm, right scale) at pH 7.0, 4°C. A
time base change for data collection was introduced at 2 s ineach
kinetic run. In the run shown for theQ time course, the integration
time was increased at 1 s, causing less apparent noise in the data.
The reaction conditions are described under Experimental Proce-
dures.
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during the dioxygen activation process to show a dependency
on the buffer pH. As shown in Figure 2, pH affects both the
formation and decay rates ofP in the range of pH 6.5-8.6.
The pH titration data for theP formation rate followed at
700 nm (Figure 2A) were fitted to eqs 1 and 2 in which the
formation of P is assumed to be irreversible and proceed
from a precursor ofP, termedP* (see below). The data are
fit well by this procedure, indicating either that a single
ionizable group is responsible for the effect or that all of
the groups involved have the same pKa. Also, the sigmoidal
fits shown in the log plot of Figure 2 indicate that the
processes follow normal (hyperbolic) saturation curves with
respect to hydrogen ion concentration. This is consistent with
a two-step kinetic process involving initial rapid, reversible
protonation of a saturable intermediate (eq 1) as opposed to
a single-step process which would not saturate. The fact that
the plot extrapolates to zero velocity at high pH indicates
that the second reaction in eq 1 is effectively irreversible,
justifying the assumption described in footnote 2. It appears
that only the protonated form of the enzyme is capable of
efficiently forming P. The apparent pKa for P formation is
7.6 with an estimated maximal formation ratekP ) 9.1 (
0.9 s-1 and an optimal pH near 6.5.

The reaction could not be conducted in solutions below
pH 6.5 due to precipitation of the enzyme. However, the
activity of MMO remained stable for at least 30 min at room
temperature in various pH buffers ranging from 6.5 to 9.
Above pH 8, the rates forP formation and decay became
very similar such that detection ofP was difficult.

Analysis of the 430 nm data showed that only the
formation rate ofQ is sensitive to pH in the range from pH
6.5 to 8 (Figure 2B). The response of the formation rate to
pH mirrored that of theP decay rate. The extrapolated
maximalQ formation rate ofkQ ) 2.6( 0.1 s-1 is achieved
below pH 6.5, and a pKa value for the rate change was 7.6.
Again, the assumption of a single ionization or a single pKa

value for a set of ionizations allowed a satisfactory fit of
the data, and a mechanistic scheme equivalent to that shown
in eq 1 would be reasonable. The correlation between the
decay rate curve forP and the formation rate curve ofQ

supports the proposed sequential formation of these species.
At pH 8.0, the formation (0.2 s-1) and decay rates (0.05 s-1)
of Q become comparable, leading to minimal accumulation
of the intermediate.

A New Intermediate: Compound P*.The formation rates
of P between pH 6.5 and 8.5 are all slower than the decay
rate for diferrous MMOH-MMOB. Moreover, only the
former reaction exhibits a pH dependence in this pH range.
This indicates that at least one more intermediate forms
between these species. Previously, we have designatedO to
describe such a species (31). However,O was proposed on
the basis that the decay rate of theg ) 16 signal characteristic
of the diferrous MMOH is independent of O2 concentration.
Hence,O must form as O2 binds to the enzyme, but prior to
the loss of theg ) 16 signal, thereby decoupling the oxygen
binding step from the observed kinetics. In the current study,
we show that when theg ) 16 signal is lost, the observed
rate does not match the formation rate ofP. Consequently,
there must be one or more species betweenO and P. We
will term this species (or set of species) compound P* (P*),
because it seems likely that it is either a diferric peroxo
adduct likeP or a mixed valent superoxo adduct based on
the loss of theg ) 16 signal characteristic of the diferrous
state. While it is possible that the loss of this signal during
formation ofP* is due to a change in the coupling of ferrous
ions, it seems more likely that it is caused by oxidation of
one or both of the irons following association of O2 with
the cluster as observed forP.

Kinetic SolVent Isotope Effect on Rates ofP andQ. KSIE
values were measured using the proton inventory technique
in which the rates ofP andQ formation (kn) are measured
as a function of the mole fraction of deuterium in the medium
(n) (24, 25).4 Reactions were carried out at pH(D)) 7.0
where the observed rates show little change with pH. Figure
3A,B shows linear fits to thekn/kH values for theP andQ
formation rates, respectively, as a function of the mole
fraction of D2O. For a linear inventory plot, the KSIE can
be calculated by first extrapolating to find the rate expected
for 100% D2O and then forming the ratio between the rates
at n ) 0 (100% H2O) and atn ) 1 (100% D2O). The
observed KSIEs forP andQ formations arekH/kD ) 1.3 (
0.1 andkH/kD ) 1.4 ( 0.1, respectively.

Previously, we have shown that exchange of protons
associated with the bridging oxygen atoms of the cluster and
the terminal solvent bound to the cluster of the diferric
MMOH occurs very slowly, requiring over 24 h (35, 42).
To evaluate the effects of protein deuteration or slow
exchange of protons on the observed rates, MMOH was
incubated in D2O for a 24 h period prior to carrying out
proton inventory studies. No significant changes in the kinetic
solvent isotope effects or the shape of the proton inventory
plot were observed.

The ratio of the viscosities of D2O and H2O at 25°C is
1.24 (43) and increases slightly to about 1.3 at 5°C (44).
This poses a potential source of error if the kinetics of
intermediate formation are sensitive to this parameter. This
possibility was examined by adding the viscosogens glycerol

4 The KSIE studies were carried out at 5°C since the freezing point
for 100% D2O is about 3.8°C. In previous studies, we have used a
standard temperature of 4°C. Rate differences in this temperature range
were less than the error in the data and could not be distinguished.

FIGURE 2: pH dependencies of the rates ofP (A) and Q (B)
formation and decay reactions. All reaction solutions were at 4°C.
Other conditions are given under Experimental Procedures. The
data shown represent an average of three data sets with 3-5
determinations of each point within each set which gave a combined
error of (5% for each data point.

P* + [H+] y\z
Ka

[P*-H] 98
kp

P (1)

kobs) kp‚10(pKa-pH)/(1 + 10(pKa-pH)) (2)
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or sucrose to the reaction mixtures in sufficient concentration
to mimic the viscosity of D2O at 5 °C (glycerol, ∼12%,
sucrose∼10%). As shown in Table 1, it was observed that
both viscosogens caused similar small increases in the rates
of P andQ formation. Glycerol also caused a small increase
in the rate ofQ decay which may indicate that it is a poor
substrate or that it causes a minor change in MMOH
structure. The increase in rates ofP andQ formation is not
understood, but the fact that it is consistent for two different
viscosogens suggests that it may be a general effect. If so,
then the true KSIE values are slightly larger than those
reported here.

DISCUSSION

The activation of dioxygen by MMO ultimately involves
formation of the diamond core bisµ-oxo (or equivalent)
binuclear Fe(IV) species termedQ that is oxidized by 2 equiv
relative to the putative diferric peroxy intermediate,P (16,
17, 32). Formation ofQ could be accomplished in a single
step fromP by cleaving the O-O bond. If this bond is
broken homolytically, then the diamond core ofQ could be
formed by one electron transfer to each resulting oxygen

atom (formally oxygen radicals) from the Fe(III)s to yield
the diferryl species. Alternatively, if the O-O bond breaks
heterolytically, water and an oxygen atom would be the
formal products. Release of water from the cluster and one-
electron donation from each iron to the second oxygen would
yield an oxo-Fe(IV)‚Fe(IV) state. In this case, the formation
of the diamond core would require a process such as
recruitment of a solvent molecule or movement of a
glutamate iron ligand to a monodentate bridging position.
A key difference in these O-O bond cleavage strategies is
the requirement for protons. Heterolytic cleavage with water
release would be facilitated by single or double protonation
of one of the oxygen atoms of the peroxy species, whereas
homolytic cleavage would be favored by either no protona-
tion or symmetrical protonation. Experimentally, the bridging
oxygens ofQ do not appear to be protonated (32), so if
protonation occurs as part of the O-O bond breaking
process, the protons either leave with the water product or
leave due to deprotonation of the oxygen atoms of the
diamond core in a separate, non-rate-limiting step. In this
study, we show that the formation rates of the key reaction
cycle intermediates,P and Q, are both pH dependent and
sensitive to the solvent isotope composition.5 This is the first
direct demonstration that protons are required for the
dioxygen activation phase of the catalytic cycle of MMOH.
The nature of the protonation reactions and their bearing on
the possible O-O bond cleavage mechanisms can be
characterized in more detail through analysis of the proton
inventory curve, the pH dependence, and the magnitude of
the observed KSIEs. These aspects of the reaction are
discussed in the following sections.

Proton InVentory: Linear Model.The proton inventory
is described by eq 3 (24, 25) whereφi

T andφj
R designate

fractionation factors forith andjth exchangeable proton in
the transition state and the reactant state, respectively. The
individual fractionation factors measure the deuterium pref-
erence of a particular site in the reactant or transition state
relative to the deuterium preference for the bulk water (24).
The termn is the atom fraction of deuterium in the solvent,
andkn is the rate measured at thatn value. The termkH is
the rate measured in nondeuterated solvent.

WhenφR ) 1 for all sites involved in the reactant state,
eq 3 becomes much simpler because the denominator is
unity. In the reactant state, bonds formed between hydrogen
and neutral oxygen or nitrogen are essentially equivalent to
those between hydrogen and oxygen in bulk water. Thus,
the fractionation factors for common proton donors such as

5 Lippard and co-workers (45) reported the observation of a similar
intermediate for the MMO isolated fromM. capsulatus(Bath). Q
formation from the latter system, however, shows no pH- or D2O-
dependent changes in either formation or decay rates (30). Because of
the remarkable structural similarities of MMOs from these two sources,
these differences in kinetics were unexpected.

FIGURE 3: Proton inventory ofP andQ formation reactions. First-
order rate constants were extracted by multiexponential fitting of
the reaction time course as described under Experimental Proce-
dures. The reaction rates were followed as a function of the mole
fraction of D2O in the aqueous solvent (n) at 5°C. (A) P formation
measured at 700 nm. (B)Q formation measured at 430 nm. The
data shown are from one of three sets measured using different
preparations of enzymes over a period of several months. Each set
gave the same KSIE values for theP andQ reactions within error.
In each data set, the kinetics at individualn values were measured
3-4 times forQ and 6-10 times forP. The kinetic runs were
then individually fit and averaged. The standard deviation of the
Q data was approximately the size of the symbol used. That forP
was larger and is shown on the figure for the data points where it
exceeded the size of the symbol.

Table 1: Effect of Viscosogens on the Formation Rates ofP and
Qa,b,c

relative rates of formation

viscosogen % (w/v) P ((5%) Q ((3%)

glycerol 0 1 1
6.3 1.17 1.15

12.6 1.63 1.27
25.2 1.98 1.57

sucrose 10 1.42 1.14
a T ) 5 °C, pH(D) ) 7.0. Other conditions are given under

Experimental Procedures.b The decay rate ofP mirrors the response
of the formation ofQ to viscosogens.c The decay rate ofQ increases
slightly over the range of glycerol used, but is unaffected by inclusion
of 10% sucrose.

kn

kH

)

∏
i)1

V

(1 - n + nφi
T)

∏
j)1

w

(1 - n + nφj
R)

(3)
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hydroxyl,6 carboxyl, and primary and secondary amine
functions are effectively 1. In cases where there is an
observable isotope effect, the products of the fractionation
factors for the transition state and the reactant state cannot
be equal. If the overall fractionation factor (i.e., the product
of the individual values according to the denominator of eq
3) for the reactant state is known, then that for the transition
state can be determined experimentally by fitting the proton
inventory plot. Alternatively, if the fractionation factors for
the reactant (φR) and product (φP) states as well as the extent
to which the transition state has progressed toward the
product (R) are known, then the fractionation factor for the
transition state can be calculated. When only a single proton
is transferred,φT is given by eq 4.

In cases where the observed KSIE arises from the
contribution of a single proton in the transition state, i.e.,
φR ) 1 but φT * 1, the proton inventory plot (kn/kH vs n)
will be linear as described by eq 5, and the inverse of the
observed isotope effect (kD/kH) gives the value ofφi

T.

A simple model to account for a linear response invokes
a single proton transfer during the reaction under consider-
ation. If two or more protons are being transferred in the
transition state, then the proton inventory plot is nonlinear
because the numerator of eq 3 becomes a quadratic or higher
function. When the value forφR * 1, then both single proton-
transfer and multiple proton-transfer processes give nonlinear
proton inventory plots. For example, in the case of a proton
transfer involving an SH group (φ ) 0.40-0.46) as a proton
donor, the KSIE arising from the reactant state contribution
would yield a nonlinear plot.

In the case of P450cam, a nonlinear proton inventory has
been observed for the second electron-transfer reaction that
leads to O-O bond cleavage (22, 23). This is the only step
in the reaction cycle that displays a significant solvent isotope
effect, suggesting that this is the step in which the protonation
of oxygen, required by the reaction stoichiometry, actually
occurs. The authors proposed that a proton relay system
delivers a proton to the distal atom of O2 bound to the heme
iron at the oxidation state of peroxide as part of the bond
breaking process (20, 23). Given the shape of the proton
inventory curve, it was concluded that the delivery of the
proton involves two steps. Moreover, given the magnitude
of the observed isotope effect (1.8) and the likely participants
in proton transfer from the known structure (21, 46, 47), it
was shown that a mechanism involving transfer of a proton
from an Asp through water or Thr to the peroxy intermediate
was consistent with the data. Other possibilities such as three-
step transfers or simultaneous transfer of two protons to the
peroxy intermediate were deemed unlikely because these

processes predicted the incorrect KSIE and/or shape of the
proton inventory curve.

As in the case of P450cam, the only isotope-sensitive steps
in the MMOH catalytic cycle detected thus far are the
formation and decay ofP and the formation ofQ, suggesting
that these are the steps where the protons required by the
reaction stoichiometry enter the cycle. However, in contrast
to P450cam, MMOH gives linear proton inventory plots for
both of these oxygen activation steps. This observation
significantly limits the possibilities for the participants and
the chemical events in the proton-transfer process. For
example, as indicated by eq 5, the linear plots rule out
mechanisms similar to that of P450camin which multiple steps
are required to deliver a proton during the formation ofP
andQ. Thus, it appears that in each step a single proton is
delivered by a single proton donor with a near-unity
fractionation factor (φR ≈ 1).

Potential Proton Donors.It is possible that the proton
donor reactions may occur in a part of the protein remote
from the active site and transmit their effects by a confor-
mational change. However, it seems likely that a conforma-
tional change would involve many proton-transfer events
with small but finite isotope effects as hydrogen bonds are
broken and formed and, therefore, result in a nonlinear proton
inventory (24). Consequently, we favor the proposal that the
proton-transfer events involve protonation of the bound
oxygen, or perhaps, of nearby active site residues so that
the O-O bond breaking event is directly influenced in some
way.

If it is assumed that the proton-transfer reactions do occur
in the active site, then there are only a few candidates for
proton donor groups with fractionation factors near unity as
revealed by the crystal structures of the enzyme and
summarized in Scheme 3 (27-29).7 Furthermore, only some

6 When positive charge appears on the oxygen of the CO-H group,
the fractionation factor decreases to less than unity due to weakening
of the CO-H bond. For example, when the O atom of Thr is hydrogen
bonded to a second proton from a solvent water, the fractionation factor
for Thr-(δ+)O-H is expected to be 0.69 (24).

7 Scheme 3 depicts the crystal structure of the oxidized state of the
enzyme. Two changes occur as the enzyme is activated. First, a complex
forms with MMOB and MMOR, and second, the diiron site is reduced
to the diferrous state (8). Either or both of these changes could cause
alterations in the positions of potential proton donors.

φ
T ) (φR)1-R(φP)R (4)

kn

kH
) (1 - n + nφ

T) (5)

Scheme 3: Summary of the Potential Proton Donor Groups
in the Active Site of MMOH Based on the Crystal Structure
of the Diferric State (28)
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of these residues are likely to participate in the reaction based
on the characteristics reported here. Amino acid residues with
near-unity fractionation factors that are within about 7 Å and
show appreciable conservation among MMOs and related
O2-activating enzymes are limited to Asp242, Gln140, and
Thr213. Of these, Gln140 is only conserved in MMOs.
Typical proton donor residues such as His are not present
except as iron ligands, and in this case, the residues exist in
the deprotonated state. Another possible proton donor,
Cys151, is located about 8 Å from the diiron cluster, but it
is neither highly conserved nor does it have a fractionation
factor near 1, so it can readily be discounted. Thr213 is
particularly attractive because it is closest to the diiron
cluster, is highly conserved among the oxygen-activating
enzymes in both the P450 (20, 23) and binuclear iron cluster
(26) monooxygenase families, and would have the appropri-
ate fractionation factor under the assumption that it is not
hydrogen bonded to another proton donor. In addition to the
side chain amino acid residues, the crystal structure of
reduced MMOH shows that one, or possibly two, water
molecule occupies a metal binding site and could potentially
serve as a proton donor if it is retained inP* (29). Also,
solvent molecules seen in the active site near the cluster in
the crystal structure of the resting enzyme could serve as
the proton donor if they are not displaced when the enzyme
is reduced.

One way to select among possible donors is to use the
information from the observed pH dependence forP andQ
formation shown in Figure 2. These data are fit well under
the assumption that the rate of the reaction for each step is
controlled by the protonation state of a single group (or
groups with the same pKa) of about 7.6. This is consistent
with this group acting as the proton donor in each step. The
usual pKa values for water, Asp, Gln, or Thr are significantly
different than 7.6 in the absence of hydrogen bonding.
Although the solvent in the active site appears to be in a
hydrogen-bonded ensemble (28), no such interactions are
apparent for the Asp, Thr, and Gln residues found near the
diiron cluster of MMOH. More importantly, if the proton
donor is hydrogen bonded, then the proton-transfer reaction
would probably involve more than one step, and thus it would
be inconsistent with the linear proton inventory plots. In
contrast, the pKa values of the metal-bound active site
solvent(s) are expected to be in the appropriate range. The
pKa for the water bound to mononuclear ferric ion (the redox
state of the irons inP and possiblyP*) would be expected
to be significantly lower than that for free water due to
transfer of positive charge from the metal. Indeed, it has been
reported to vary over a wide range (pKa ) 3.7-7.6) (48-
50). On the other hand, if the donor is ferric ion-bound
hydroxide rather than water, the pKa will be 4-5 units higher
(pKa ) 7-12) (51). If the donor is water-associated with a
ferrous ion (another possibility forP*), a pKa in the range
of 8-11 is expected (50). In each of these cases, the
increased positive charge on the solvent oxygen would be
expected to decrease the fractionation factor slightly to about
0.9 (24). This would, in principle, cause a slight nonlinearity
in the proton inventory plot; however, it is unlikely that the
small deviation would be detectable by the methods used
here.

Regardless of the specific identity of the proton donors,
the fractionation factors for the protons in the transition states

of P andQ formation can be calculated using eq 5 as 0.76
and 0.70, respectively. Given that the proton donor must have
a fractionation factor near unity (φR ) 1), eq 4 indicates
that the proton acceptors (the product state) must have
fractionation factors the same or less than the experimentally
determined transition state fractionation factors. If the proton
is transferred directly to a metal-bound oxygen moiety in
compoundsP* or P, the immediate products would be
protonated, metal-bound peroxides. While the fractionation
factor for peroxide in solution is close to 1, the fractionation
factor for the metal-bound peroxide is not known. However,
it can be substantially reduced, approaching 0.69 if positive
charge is transferred from the metal to the oxygen as
observed for hydrogen bond acceptor hydroxyl functions (24,
25). This is in accord with the observed values for 1/φT. Also,
transfer of a second proton to an already protonated
intermediate (i.e., an intermediate with increased positive
charge) would be expected to have a smaller fractionation
factor in the transition state as observed for theP to Q
reaction. It is interesting to note that studies of proton-transfer
reactions to form the proposed metal-bound protonated
peroxide intermediates in cytochromec oxidase exhibit
deuterium isotope effects of 1.4, similar to the values reported
here (52).

Mechanistic Implications. From this work, we have shown
that oxygen activation reactions of MMO are very sensitive
to pH changes, and data have been provided that are
consistent with a mechanism invoking the transfer of one
proton to MMOH as each of the last two intermediates forms
during the oxygen activation process. Scheme 4 summarizes
one hypothesis for this mechanism. In this scheme, the
diferrous MMOH reacts with O2 to yield an intermediate
enzyme-dioxygen complex (O, step not shown), and then
spontaneously converts to the metal-bound superoxo (or

Scheme 4: Hypothesis To Account for the Observed Proton
Inventory Plots and pH Dependencies of the P and Q
Formation Reactions Which Occur during the Dioxygen
Activation Phase of the MMO Catalytic Cyclea

a The active site diiron cluster is viewed from the active site side in
this scheme (opposite view from that used in Scheme 3). Filled circles
represent oxygen derived from O2. In this scheme, the protons are
derived from metal-bound H2O which preserves the charge of the
cluster, and provides a source of the second bridging oxygen for the
diamond core structure of Q. However, water from the active site or
the protein matrix could potentially serve as the proton donor if its
pKa is decreased by other interactions. In this case, simple non-rate-
limiting deprotonation of the metal-bound solvent could maintain the
charge of the cluster.
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peroxo) species (P*). A superoxo species is preferred for
this state because we have not observed a long-wavelength
chromophore shown to be characteristic of aµ-peroxo moiety
in studies of model compounds (38-41). The first proton
transfer occurs as the formally hydroperoxo species (P) is
formed. Subsequent transfer of a second proton then yields
a transient dihydroperoxo species which rapidly leads to
O-O bond cleavage and generation of the bis-µ-oxo
activated species (Q). In the mechanism shown, water
resulting from O-O bond scission would dissociate from
the core cluster, and the secondµ-oxo bridge ofQ would
be formed by a solvent associated with one of the irons.
However, several other mechanistic scenarios are possible
at this stage.

Although this study limits the possible proton donors to
species with O-H bond fractionation factors similar to those
of water, proton inventory data cannot definitively identify
the donor. However, a mechanism in which metal-bound
solvent, or possibly active site water if its pKa is decreased
by some mechanism, serves as the donor of the protons fits
all aspects of the experimental data. Proton transfer from a
metal-bound solvent is attractive from the standpoint that
the overall charge of the cluster would remain unchanged
during the oxygen activation process. Structural studies of
MMOH and several states of other iron-containing enzymes
(53, 54) suggest that the maintenance of the resting state
charge is an important determinant of the structure of
intermediates that can form during a reaction cycle. In the
case of MMOH, each of the structurally characterized
intermediates contains a neutral binuclear metal cluster. On
the other hand, it is unclear why both proton-transfer
reactions would involve a group with the same pKa if a single
metal-bound solvent serves as the donor in each case. One
possibility is that the redox state of the metal to which the
proton donor is bound changes after the first proton transfer
occurs, so that the pKa of the second transfer is maintained
near to that of the first transfer. It is also possible that a
metal-bound proton donor is itself reprotonated by active
site solvent in a non-rate-limiting step after the first proton
transfer occurs.

The results presented here make it much less likely that
the O-O bond breaking reaction of MMO involves ho-
molytic bond fissure without prior protonation. However,
both homolytic cleavage occurring from a symmetrically
protonated hydroperoxy intermediate and heterolytic cleavage
from an asymmetrical hydroperoxy intermediate can be
supported. One argument for the latter scenario derives from
both EXAFS preedge studies ofQ (32) and calculations of
the structure ofQ (55, 56) which show that coordination
numbers of the Fe(IV)s are 5 or less in the reactive species.
If the proton transfer occurs from metal-bound solvent(s)
followed by water release, the second single atom bridge of
the diamond core could then be formed by this molecule
which would effectively reduce the iron coordination number
as illustrated in Scheme 4. A recent spectroscopic and
electronic structural study of a cisµ-1,2-peroxy diferric
model complex supports this mechanistic scheme (57). It also
seems likely that a symmetrically protonated peroxide would
have a substantially reduced affinity for the metal cluster
and would simply dissociate as H2O2.

In the case of P450cam, active site Thr252 has been shown
to be involved in maintaining tight coupling between NADH

oxidation and substrate hydroxylation (18-21, 23). Although
site-directed mutagenesis studies using unnatural amino acids
have shown that this Thr is unlikely to be the source of the
proton transferred, it may act by facilitating transfer from
solvent (20). Thr213 is located in an analogous position in
the active site of MMOH (26). Although the current study
suggests that it is also not the proton donor in the catalytic
cycle, it may still play an important role by, for example,
acting as a hydrogen bond acceptor for the putative hydro-
peroxy proton ofP to stabilize the charge buildup during
the protonation process.

This is the first study of the proton uptake events in the
reaction cycle of MMO. The results show that these events
are an essential part of the reaction cycle that regulates the
formation rates of the key intermediates in the oxygen
activation phase. As in the case of other monooxygenases,
control of proton transfer appears to be important in the
overall regulation of the catalytic cycle. Recently, several
other binuclear iron cluster-containing enzymes have been
shown to form intermediates similar toP, ultimately leading
to O-O bond cleavage reactions (58-61). The work
presented here suggests that the specific mechanisms by
which these reactions occur will be strongly influenced by
the proton delivery systems employed in each case. MMO
seems to present an excellent system for further study of
this fundamental process in oxygen activation chemistry.
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60. Moënne-Loccoz, P., Baldwin, J., Ley, B. A., Loehr, T. M.,
and Bollinger, J. M., Jr. (1998)Biochemistry 37, 14659-
14663.

61. Broadwater, J. A., Jingyuan, A., Loehr, T. M., Sanders-Loehr,
J., and Fox, B. G. (1998)Biochemistry 37, 14664-14671.

BI982712W

4432 Biochemistry, Vol. 38, No. 14, 1999 Lee and Lipscomb


