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ABSTRACT: The soluble methane monooxygenase system ofMethylococcus capsulatus(Bath) includes
three protein components: a 251-kDa non-heme dinuclear iron hydroxylase (MMOH), a 39-kDa iron-
sulfur- and FAD-containing reductase (MMOR), and a 16-kDa regulatory protein (MMOB). The
thermodynamic stability and kinetics of formation of complexes between oxidized MMOH and MMOB
or MMOR were measured by isothermal titration calorimetry and stopped-flow fluorescence spectroscopy
at temperatures ranging from 3.3 to 45°C. The results, in conjunction with data from equilibrium analytical
ultracentrifugation studies of MMOR and MMOB, indicate that free MMOR and MMOB exist as monomers
in solution and bind MMOH with 2:1 stoichiometry. The role of component interactions in the catalytic
mechanism of sMMO was investigated through simultaneous measurement of oxidase and hydroxylase
activities as a function of varied protein component concentrations during steady-state turnover. The
partitioning of oxidase and hydroxylase activities of sMMO is highly dependent on both the MMOR
concentration and the nature of the organic substrate. In particular, NADH oxidation is significantly
uncoupled from methane hydroxylation at MMOR concentrations exceeding 20% of the hydroxylase
concentration but remains tightly coupled to propylene epoxidation at MMOR concentrations ranging up
to the MMOH concentration. The steady-state kinetic data were fit to numerical simulations of models
that include both the oxidase activities of free MMOR and of MMOH/MMOR complexes and the
hydroxylase activity of MMOH/MMOB complexes. The data were well described by a model in which
MMOR and MMOB bind noncompetitively at distinct interacting sites on the hydroxylase. MMOB
manifests its regulatory effects by differentially accelerating intermolecular electron transfer from MMOR
to MMOH containing bound substrate and product in a manner consistent with its activating and inhibitory
effects on the hydroxylase.

The first step in the carbon assimilation pathway of
methanotrophs is the oxidation of methane to methanol by
soluble or membrane-bound methane monooxygenases
(1, 2). The sMMO1 systems from two such organisms,
Methylococcus capsulatus(Bath) (3, 4) and Methylosinus
trichosporiumOB3b (5, 6) have been purified and exten-
sively investigated. Both systems have three components, a
dimeric (Râγ)2 hydroxylase (MMOH) containing two car-
boxylate-bridged dinuclear iron centers, a NADH-dependent
[2Fe-2S] and FAD-containing reductase (MMOR), and a
small regulatory protein (MMOB). These enzyme systems
can hydroxylate a broad spectrum of organic compounds in
addition to methane, making them potentially useful for
aqueous-phase organic synthesis (7). They are of additional
value for decontaminating regions in the environment that

are polluted with toxic wastes such as chlorinated ethylenes
that accumulate in ground water as byproducts of industrial
processes (8). The ability of methane monooxygenases to
convert methane selectively to methanol under ambient
conditions, which has yet to be duplicated with synthetic
analogues (9, 10), has further stimulated interest in the details
of their catalytic mechanism.

The rate and catalytic efficiency of sMMO systems is
highly dependent on the relative concentrations of MMOH,
MMOR, and MMOB present in the reaction mixture
(11-14). Three substrates are involved in the reaction of
sMMO. Both O2 and CH4 react at the dinuclear iron centers
of MMOH, whereas the third, NADH, reacts at the FAD
center of MMOR. Steady-state kinetic data support a catalytic
cycle in which the sMMO system reacts sequentially with
CH4, NADH, and O2 (15). Initially, methane binds to the
oxidized hydroxylase. NADH subsequently transfers a hy-
dride to the FAD moiety of MMOR, and two electrons are
transmitted sequentially from the reduced FAD through the
[2Fe-2S] center of MMOR to a diiron(III) center of the
hydroxylase by means of intra- and intermolecular electron-
transfer reactions (11, 16). Molecular oxygen then binds to
the diiron(II) center of the hydroxylase where it is reductively
activated to hydroxylate methane, forming methanol and
water (17, 18).
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The regulatory protein MMOB directs the outcome of both
the oxidative and reductive half-reactions of MMOH. In the
presence or absence of MMOB, MMOR transfers electrons
to the diiron(III) center of MMOH; the resulting Hred binds
and reduces molecular oxygen. In the absence of MMOB,
the intermediates necessary for methane hydroxylation do
not accumulate and dioxygen bound at the active site is
reduced to water (11).

Despite the substantial body of evidence for interactions
among the sMMO component proteins, there is little
information about complex formation. Here we present new
thermodynamic and kinetic data for component interactions
in the sMMO system fromM. capsulatus(Bath) and compare
catalytic mechanisms that are most consistent with these
results.

EXPERIMENTAL PROCEDURES

Purification of MMOH. By using a protocol very similar
to one reported forM. trichosporiumOB3b (5), preparations
of the sMMO (Bath) hydroxylase with specific activities in
the range of 350-400 milliunits/mg were routinely obtained.
Typically, 100 g of cell paste resuspended in cell disruption
buffer (100 mL) was sonicated in five 3-min cycles at 40%
maximum power with a Branson model 450 sonicator fitted
with a 3/4-in horn. The temperature was maintained below
10 °C by cooling the cells in an ice/ethanol slush during
sonication. The cell disruption buffer contained 25 mM
MOPS (pH 7.0), 8 mM sodium thioglycolate, 2 mM cysteine,
200 µM ferrous ammonium sulfate, 5 mM MgCl2, DNase
(1.5 units/mL), and 1 mM each of Pefabloc SC (Boehringer
Mannheim) and phenylmethanesulfonyl fluoride (PMSF).
Cellular debris was pelleted by ultracentrifugation for 35 min
at 100000g in a Beckman model L-70 ultracentrifuge. The
supernatant was filtered through a 0.22-µm membrane and
loaded onto a 5× 50 cm DEAE-Sepharose fast-flow column
that was equilibrated in 25 mM MOPS (pH 7.0) containing
8 mM sodium thioglycolate, 2 mM cysteine, and 200µM
ferrous ammonium sulfate (buffer A). After the sample was
loaded, the column was washed with 1 L of buffer A
followed by a linear 4.3-L gradient of 0-400 mM NaCl in
the same buffer. The hydroxylase eluted from the column at
approximately 160 mM NaCl. Hydroxylase-containing frac-
tions were identified by absorbance at 280 nm, activity, and
SDS-PAGE assays. Pooled fractions were concentrated over
a 72 mm YM-100 Amicon membrane. Between 20 and 50
mg of the concentrated protein was loaded onto a 2.5 cm×
1 m S-300 size-exclusion column equilibrated in buffer A
containing 1 mM DTT, 5% glycerol, and 120 mM NaCl.
Fractions were assayed for activity by combining 100µL
aliquots with the other components and substrates to give
final concentrations of 200 nM MMOR, 1µM MMOB, 160
µM NADH, and 1 mM propylene in a final volume of 400
µL of 25 mM MOPS buffer (pH 7) at 25°C. Reaction rates
were calculated from the change in absorbance at 340 nm
as a function of time. Fractions having a ratio of activity to
absorbance at 280 nm>10% of the maximum value were
pooled.

Purification of MMOB. MMOB is quite susceptible to
proteolytic cleavage (19, 20); as a consequence, it is not
possible to recover homogeneous preparations of MMOB
from M. capsulatus(Bath). Intact MMOB can be purified

from a recombinantEscherichia coliexpression system,
however (21). Initially, the protein was purified following
published procedures for native MMOB (22). In this
preparation, MMOB in the cell extract was precipitated with
ammonium sulfate and subsequently purified by Sephadex
G-50 gel-filtration, Q-Sepharose anion-exchange, and hy-
droxyapatite chromotography. A significant amount of
MMOB was lost in the ammonium sulfate precipitation step,
however. Since contaminating proteins removed by this
procedure were equally well separated in the subsequent
chromatography steps, the ammonium sulfate precipitation
step was discontinued. It has been reported that proteolyti-
cally truncated MMOB could be resolved from intact MMOB
by hydroxyapatite chromatography (22). We could not
reproduce this separation, however, and this chromatographic
step could be eliminated with no significant loss of sample
purity. Good results were obtained with 25 mM MOPS (pH
6.5) containing 1 mM EDTA. The chromatographic resolu-
tion was further improved by substituting a 2.5× 25 cm
DEAE CL6B column for the Q-Sepharose column and a 2.5
cm × 1.2 m Bio-Gel P-60 column for the Sephadex G-50
column used in the original preparation.

Purification of Methane Monooxygenase Reductase. Al-
though it is possible to isolate routinely high-quality MMOR
from M. capsulatus(Bath), only relatively small quantities
are obtained from such preparations. Typically, 6-10 mg
of highly purified protein can be recovered from 100 g of
cell paste. By use of a recombinantE. coli system that
overexpresses MMOR, 100-150 mg of pure MMOR can
be isolated from a 10-L preparation following DEAE anion-
exchange and 5′-AMP affinity chromatography. The plasmid
construction and details of the purification will be described
elsewhere (23).

Amino Acid Analysis. Purified samples of each sMMO
component were submitted to the Harvard Biopolymer
Laboratory in triplicate for total amino acid analysis. Optical
spectra were recorded by using an HP8452 diode-array
spectrophotometer to determine accurate absorbance values.
Samples were hydrolyzed in 6 N HCl for 22 h, resolved by
anion-exchange HPLC, and detected after postcolumn de-
rivatization with ninhydrin. Peak areas corresponding to
sMMO hydrolysates were compared with those of amino acid
standards so that molar concentrations of the amino acids
could be calculated. In all cases, the relative amounts of
amino acids detected in hydrolysates were in excellent
agreement with the ratios predicted from the known primary
gene sequences of the sMMO components.

Equilibrium Binding Measurements. A Beckman Optima
series XL-A analytical ultracentrifuge was used to determine
the self-association state of MMOR and MMOB. Data from
these studies were recorded and processed with Origin v.
3.5 software (MicroCal Software Inc., North Hampton, MA).
An Omega model isothermal titration calorimeter (MicroCal,
Inc., Northampton, MA) was used to estimate binding
affinities and stoichiometries of protein-protein complexes.
Titration data were recorded over a range of temperatures
in 25 mM TRIS, pH 7.0 buffer containing 1 mM DTT. No
significant difference in binding enthalpy was detected when
Tris buffer was substituted for MOPS buffer. Samples
containing 5-15 µM MMOH were equilibrated for 20-30
min at the reaction temperature prior to introduction to the
instrument. Titrant (250-300 µM MMOB or MMOR) was
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delivered in aliquots from a 100-µL stirred titration syringe
into the 1.341-mL active cell volume of the calorimeter.
Samples were routinely stirred at 350 rpm during titrations.
Data were integrated and used to construct binding isotherms,
which were fit with the Origin software package (MicroCal,
Inc.) or simulated by using the program KaleidaGraph v 3.0
(Synergy Software).

Kinetic Measurements. Reactions were performed in 25
mM MOPS or phosphate buffer at pH 7.0. Steady-state
kinetic data were recorded at 10 Hz by using an HP8452
diode array spectrophotometer. Temperature was controlled
in the range 4-45 °C with a NesLab RTE-140 circulating
water bath. The consumption of NADH was monitored
spectrophotometrically at 340 nm and quantified by using
an extinction coefficient of 6.22 mM-1 cm-1.

A Hewlett-Packard 5890 gas chromatograph was used
to detect propylene and propylene oxide in MMO reaction
mixtures. Samples (200µL) were quenched and extracted
with 50 µL of chloroform and then centrifuged for 5 min to
separate the aqueous and organic phases. Aliquots (5µL) of
the chloroform phase were injected onto a Deactiglas Porapak
Q column maintained at 160°C. Peaks corresponding to
propylene and propylene oxide were integrated and quantified
by comparison to standard curves obtained with the pure
compounds.

Methanol production by the sMMO system was measured
discontinuously in a coupled enzymatic assay. Reaction
sample volumes of 600µL containing 25 mM pH 7.0
potassium phosphate buffer were acidified with 50µL of 1
M HCl. After 5 min, samples were neutralized with 50µL
of 1 M NaOH and brought to pH 7.5 by addition of 67µL
of 1 M potassium phosphate buffer. Denatured protein was
removed by centrifugation. A 600-µL aliquot of quenched
sample was combined with 20µL of a 1 mg/mL solution of
alcohol oxidase fromCandida boidinii (EC 1.1.3.13) and
50µL of a 1 mg/mL solution of formaldehyde dehydrogenase
from Pseudomonas putida(EC 1.2.1.46) obtained from
Sigma (St. Louis, MO). After NAD+ was added to a
concentration of 1 mM, the initial rate of NADH production
was measured spectrophotometrically at 340 nm. Both the
rate and total amount of NADH produced were directly
related to the amount of methanol in solution. Methanol
concentrations as low as 5µM could be measured accurately
by comparison to standards of known concentration.

Hydrogen peroxide was detected colorimetrically by
measuring the absorbance of the colored ferric thiocyanate
complex that developed after reacting acid-quenched samples
with ferrous ammonium sulfate and sodium thiocyanate (24).

Protein-protein complex formation was detected by
monitoring the quenching of intrinsic tryptophan fluorescence
in static titrations and stopped-flow experiments. In the
titration experiments, samples were excited with 280 nm light
and fluorescence emission was recorded at 360 nm. Fluo-
rescence was excited along the short axis, and emission was
monitored along the long axis, of a 4 mm× 10 mm fused
silica cuvette. A significant inner filter effect (25) was
observed when MMOH was titrated with MMOR concentra-
tions exceeding 3µM and MMOB concentrations greater
than 4µM. When enzyme concentrations were kept below
these values, significant quenching of tryptophan fluores-
cence was observed in titrations of MMOH with MMOB or
MMOR. There was no evidence for fluorescence quenching

in titrations of MMOR with MMOB in the sMMO (Bath)
system, although it has been reported for the corresponding
proteins in the sMMO (OB3b) system (26). Data recorded
in static titrations were deemed unreliable due to photo-
chemical reactions of the individual MMOB and MMOH
components, which occur upon exposure to 280 nm light.
These reactions were characterized by a slow, nonlinear
increase in the fluorescence of MMOH and a decrease in
MMOB fluorescence. Since these photochemical reactions
were slow on the time scale of the binding reaction, the
kinetics of complex formation could be monitored by
stopped-flow fluorescence spectroscopy. The data were
recorded by using a Hi-Tech DX-2 stopped-flow spectro-
photometer with a 2 msdead time. Samples were excited
with 280 nm light and a 320 nm cutoff filter was used to
prevent stray light from entering the emission photomulti-
plier.

Time-resolved absorbance measurements of intra- and
intermolecular electron-transfer reactions in the sMMO
system were recorded by using the Hi-Tech DX-2 stopped-
flow instrument configured for either single-wavelength
photomultiplier or multiwavelength diode-array data collec-
tion. Diode-array data were recorded with a 1.25 ms
integration time. All data were recorded with a logarithmic
time base.

Single-wavelength fluorescence and absorbance data from
stopped-flow studies were fit with the program KinetAssyst
v 2.0 (Hi-Tech Ltd.), and multiwavelength diode-array data
were fit with the program Specfit v 2.10M. Steady-state
kinetic data were simulated and fit by using the programs
KaleidaGraph v 3.0 (Synergy Software) and HopKINSIM,
version 1.7 for Macintosh adapted from the KINSIM program
(27, 28). Initially, the model-dependent equilibrium distribu-
tion of species was simulated as a function of varied
component concentrations. The resulting concentration tables
were then referenced in least-squares fits of the steady-state
data to obtain the best estimates of velocity parameters for
the tested models.

RESULTS

Extinction Coefficients of sMMO Component Proteins.
Extinction coefficients were previously calculated on the
basis of aromatic amino acid and cysteine content or protein
dry weight (29, 30). Subsequently, several errors were
identified in the reported primary gene sequences of all three
MMO components (23, 31). Extinction coefficients were
redetermined with increased accuracy by calculating the
protein concentration from the amino acid analysis of purified
samples. Based on this calculation,ε280(MMOH) ) 664 760
( 3 589 M-1 cm-1, ε458 (MMOR) ) 20 828( 2 233 M-1

cm-1, and ε280(MMOB) ) 19 256( 784 M-1 cm-1. The
extinction coefficient of the hydroxylase reported here is
bracketed by the previously accepted value of 567 200 M-1

cm-1, based on amino acid content (29, 30), and the value
of 788 400 M-1 cm-1, which was based on protein dry weight
(29). The MMOR extinction coefficient at 458 nm reported
here is consistent with its iron-sulfur and FAD content and
is in very good agreement with a previously reported value
of 21 200 M-1 cm-1 (32). The extinction coefficient calcu-
lated for MMOB of 19 180 M-1 cm-1 at 280 nm (29) is
also in excellent agreement with the value determined here
by amino acid analysis.
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Aggregation State of MMOR and MMOB. The possibility
that MMOB and related proteins may exist as a dimer in
solution has been suggested on the basis of covalent cross-
linking and gel-filtration studies (26, 33). Solution NMR
studies of MMOB fromM. trichosporiumOB3b suggest that,
at concentrations greater than 200µM MMOB, dimers may
form (34). No significant enthalpy of dissociation could be
detected, however, when MMOB fromM. capsulatus(Bath)
was diluted in the isothermal titration calorimeter. Moreover,
it has been shown through analysis of analytical gel-filtration
studies that MMOB fromM. capsulatus(Bath) migrates
anomalously as a dimer independent of protein concentration
(20). To resolve these apparently contradictory findings and
to confirm the proposed monomeric structure of MMOR,
each enzyme was subjected to equilibrium analytical ultra-
centrifugation. This measurement depends only on partial
specific volume of the investigated molecule and the applied
centripetal force (35). As a result, equilibrium ultracentrifu-
gation is insensitive to differences in molecular shape, which
may lead to anomalous behavior in gel-permeation studies.
Specific volumes of MMOB and MMOR were calculated
on the basis of their amino acid compositions to be 0.7355
g/mL for MMOB and 0.7313 g/mL for MMOR (36). Rotor
speed and sample concentrations were varied to find optimal
conditions. Excellent results were obtained with 2094 rad/s
with sample concentrations of 69.7µM MMOR and 9.7µM
MMOB. Sample equilibrium was reached after 16 h. The
protein concentration gradient that develops at equilibrium
is described by eq 1 (35, 37), where C is the protein

concentration,F is the solution density,ν is the specific
volume of the protein,Mr is the molecular weight,ω is the
angular velocity,r is the radius,R is the gas constant, andT
is the absolute temperature. From this relationship, we
calculated molecular mass values of 15.9 kDa for MMOB
and 39.9 kDa for MMOR from the slopes of the best-fit lines
through plots of lnC vs r2 (Figure 1). These values are
consistent with monomeric structures for these proteins.

Protein Complexes Formed by sMMO. It was previously
reported that MMOR and MMOB isolated fromM. tricho-
sporiumOB3b associate and form a stable complex (26).
We find no evidence to support this possibility in the sMMO

system fromM. capsulatus(Bath). No significant quenching
or enhancement of tryptophan fluorescence was observed in
titrations of MMOR with MMOB. In addition, no significant
change in enthalpy was detected by isothermal titration
calorimetry when MMOR was titrated with MMOB. Finally,
MMOB had no effect on the NADH oxidase or DCPIP
diaphorase activities of MMOR. On this basis, we conclude
that the MMOB/MMOR complex does not form in the
sMMO system fromM. capsulatus(Bath). On the other hand,
we have strong thermodynamic and kinetic evidence for
complexes formed by MMOH with MMOR or MMOB.

Data from isothermal titration calorimetry studies are
presented in Figure 2. Plots shown in Figure 2A,B record
the power required to compensate for the heat absorbed or
released in sequential additions of MMOB or MMOR to
MMOH in the calorimeter cell. Numerical integration of the
heat pulses in these plots over time gives the incremental
heat change,∆qi, for each step in the titration. Plots of these
data as a function of MMOB/MMOH and MMOR/MMOH
concentration ratios are given in Figure 2C,D.

For each injection of titrant, a volume,Vi, is displaced from
the fixed cell volume,V0, of the calorimeter. This volume
displacement is accounted for in eq 2, which is built into

the Origin program and allows the total heat released,qi, to
be calculated at any point in the titration. The relationship
between binding enthalpy andqi depends on the model used
to fit the binding data. Initial fits through these data suggested
that more than one binding site exists for both MMOR and
MMOB, and the 2-fold symmetry of the hydroxylase
structure is most consistent with a 2:1 binding stoichiometry
for each component. Possible arrangements of protein
components in these complexes are illustrated in Scheme 1,
where subunits of hydroxylase dimers are labeledR, â, and
γ and MMOR and MMOB are designated by solid ellipses
and open circles, respectively. The site occupancy calculated
from ITC data fitting typically ranged from 0.6 to 0.8 MMOB
or MMOR equiv. In order to evaluate the possibility that
the calculated substoichiometric site occupancies might result
from dilution error due to sample diffusion into and out of
the titrator syringe during the course of the experiment, the
syringe was filled with a concentrated DCPIP solution and
stirred at 350 rpm in the calorimeter cell for a period of 70
min. An absorbance reading of the cell solution indicated
that diffusion of titrant into the cell was insignificant in this
time frame.

From the ITC data and other evidence discussed below,
we conclude that on average only 60-80% of the hydroxyl-
ase participates in binding to the other protein components.
After correction of the hydroxylase concentration for the
nonbinding fraction, excellent fits through enthalpy data were
obtained by using a model with two interacting sites (Figure
2C,D). This model assumes that MMOB and MMOR binding
sites on the surface of the hydroxylase are initially equivalent
and that the binding of MMOB or MMOR at one site changes
the affinity for binding at the remaining MMOB or MMOR
binding site. The binding partition function (38) for this

FIGURE 1: Aggregation of protein components in the sMMO (Bath)
system. Analytical ultracentrifugation data recording the sedimenta-
tion equilibria of (]) 69.7 µM MMOB and (O) 9.7 µM MMOR
are shown. Data were recorded after 18.6 h of centrifugation at 25
°C. Plots of ln [protein] vs (radial distance)2 were used to calculate
protein component molecular weights according to eq 1.

d (ln C) ) [(1 - Fν)Mrω
2/RT] dr2 (1)

qi ) ∑
i)1

n

[∆qi/(1 + Vi/2V0) - qi-1] (2)
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model is given by eq 3, whereK1 and K2 represent the

binding constants at the two interacting sites andx is the
concentration of free MMOB or MMOR. The first, second,
and third terms in eq 3 represent the free, singly-bound, and
doubly-bound forms of the hydroxylase, respectively. The
fraction of hydroxylase in each state is then given byR0 )
1/P, R1 ) K1x/P, andR2 ) K1K2x2/P. The total heat of the
binding reaction is the sum of the heat changes associated
with the formation of each bound state of the hydroxylase,
as given in eq 4, whereMt is the protein concentration in

the cell at the start of the titration,V0 is the active cell
volume, and∆H1 and ∆H2 are the binding enthalpies for
the high- and low-affinity sites. Thermodynamic constants
calculated from interacting-site fits through the data in Figure
2C,D are given in Table 1, and plots of these data as a
function of temperature are presented in Figure 3. The sign
of the enthalpy change for MMOB/MMOH complex forma-
tion is negative at high temperature and positive at low
temperature, indicating that MMOB/MMOH binding reac-
tions are endothermic below 30°C and exothermic at higher
temperatures. The enthalpy change associated with MMOR
binding to MMOH is positive and essentially temperature-
independent. Equations 5-8 represent the best fits through
van’t Hoff plots of the equilibrium constants calculated from
ITC studies (Table 1) and can be used to estimateKd values

FIGURE 2: Isothermal titration calorimetry data recording complex formation between MMOH and (A) MMOB at (O) 16.6 °C, (0) 25.0
C, (]) 34.8°C, or (4) 45 °C and (B) MMOR at (O) 3.3 °C, (0) 10.0°C, (]) 18.7°C, and (4) 25 °C. Sample concentrations ranged from
8 to 15µM MMOH in the ITC cell and from 250 to 400µM for MMOB or MMOR in the injection syringe. Each heat pulse corresponds
to a 6µL sample injection into the 1.341-mL cell volume of the calorimeter. After baseline subtraction to correct for the heat of dilution,
data were incrementally offset for display purposes. Best fits through the integrated enthalpy in accord with the interacting sites model are
given for the titrations of (C) MMOH with MMOB and (D) MMOH with MMOR.

Table 1: Thermodynamic Parameters from Protein Component Binding Interactionsa

T
(°C)

Kd1

(µM)
∆G1

(kcal mol-1)
∆H1

(kcal mol-1)
T∆S1

(kcal mol-1)
Kd2

(µM)
∆G2

(kcal mol-1)
∆H2

(kcal mol-1)
T∆S2

(kcal mol-1)

MMOH/MMOB
10 1.6 (0.5) -7.5 56.0 63.5 33.8 (7.2) -5.8 12.9 18.7
17 0.1 (0.3) -9.1( 0.7 24( 4 33( 30 0.2 (2.6) -8.9( 0.6 57( 56 66( 55
25 0.3 (0.2) -8.8( 0.5 18( 15 30( 14 0.7 (0.8) -8.3( 0.4 19.5( 8.1 27.8( 8.0
35 0.04 (0.09) -10.2( 0.7 5.0( 7.0 15( 6 0.1 (0.2) -9.3( 1.0 3.5( 1.4 12.8( 2.4
45 0.10 (0.05) -10.0( 0.7 -12.5( 5.0 17( 24 0.1 (0.06) -9.8( 0.9 -19.3( 7.5 -9.5( 8.0

MMOH/MMOR
3 0.4 (0.5) -8.1 4.5 12.6 0.7 (1.0) -7.8 2.4 10.1

10 1.0 (0.6) -7.5( 0.1 3.6( 3.4 11.1( 3.5 1.7 (1.1) -7.5( 0.2 6.3( 1.6 13.8( 1.4
19 0.2 (0.6) -8.8( 0.5 4.0( 0.5 12.8( 0.1 0.4 (1.1) -8.4( 0.4 16( 17 24( 17
25 0.9 (0.6) -8.3 8.1 16.4 2.6 (1.1) -7.6 6.5 14.1
35 0.5 (0.6) -7.8( 0.3 6.4( 1.6 14.3( 1.2 0.6 (1.2) -8.6( 0.5 4.6( 4.2 13( 5
a Kd values enclosed in parentheses were calculated from fits through van’t Hoff plots of the data using eqs 1-4 given in the text.

P ) 1 + K1x + K1K2x
2 (3)

qi ) MtV0(R1∆H1 + R2∆H2) (4)

12772 Biochemistry, Vol. 38, No. 39, 1999 Gassner and Lippard



for the high- and low-affinity MMOB and MMOR binding
sites at any temperature.

Steady-State Kinetic Studies. The role of protein compo-
nent interactions during sMMO catalysis was investigated
with NADH, molecular dioxygen, and either methane or
propylene as substrates. Scheme 2 provides an overview of
the reaction. Hydroxylase activity (Scheme 2A) is character-
ized by the reaction of the MMOH/MMOB complex with
MMOR and substrates. The most efficient mode of catalysis
is termed “coupled”, since only one molecule each of NADH
and O2 is consumed for each molecule of methanol or
propylene oxide produced. Additional “uncoupled” modes
of sMMO catalysis shown in Scheme 2 are discussed below.

The rates of NADH oxidation and propylene oxide or
methanol production were simultaneously monitored during
sMMO catalysis. The steady-state oxidase activities of
MMOR and MMOH/MMOR complexes were investigated
in the presence or absence of MMOB. For MMOR alone,
consumption of NADH was coupled to the production of
hydrogen peroxide (Table 2 and Scheme 2B). In reactions

of MMOR with NADH and either MMOH or MMOH/
MMOB complexes, NADH was consumed catalytically, but
no hydrogen peroxide was formed (Table 2 and Scheme 2C).
Finally, in the presence of hydrogen peroxide, protein
component systems including MMOR and MMOH or
MMOR, MMOH, and MMOB function as NADH peroxi-
dases, consuming NADH and hydrogen peroxide in equal
proportions (Table 2).

The steady-state behavior of sMMO as a function of
protein component ratios and temperature is shown in Figure
4. As the MMOB to MMOH ratio increases, oxygenase
activity increases to a maximum at 2 and then diminishes at
higher ratios. The regulatory effects of MMOB are more
pronounced at 45°C, the optimum growth temperature for
M. capsulatus(Bath), than at lower temperatures. Hyperbolic
fits through these data give apparentKd values for MMOB
binding that decrease from 3.0 to 2.2µM in the activation
phase and from 4.3 to 2.7µM in the inhibition phase of the
reaction as temperature is increased from 4 to 45°C. The
apparentKd value for MMOR binding increases from 110
to 370 nM over the same temperature range (Figure 4B).
These steady-state kinetic trends are consistent with the
temperature dependence of component binding measured by
ITC (Table 1).

Scheme 1

Kd1(B) ) exp(6282.5/T - 36.6) (5)

Kd2(B) ) exp(12715.0/T - 56.7) (6)

Kd1(R) ) exp(-484.4/T - 12.7) (7)

Kd2(R) ) exp(-323.1/T - 12.6) (8)

FIGURE 3: Linear fits through thermodynamic constants obtained
from ITC titrations of MMOH with (A) MMOB and (B) MMOR.
Temperature dependence of (circles) free energy, (squares) enthalpy,
and (diamonds) entropy (plotted asT∆S) for the high-affinity (solid
symbols) and low affinity (open symbols) MMOB binding sites.
Error bars represent the standard deviation from the mean.
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Two relatively simple models of steady-state catalysis that
assume two MMOB and two MMOR binding sites per
hydroxylase were evaluated. In the first model, MMOR and
MMOB compete for binding sites. Protein complexes
involved in this model are shown in Scheme 1A. The second
model assumes that MMOR and MMOB bind noncompeti-
tively. In this case, a maximum of two MMOR and two
MMOB molecules can bind MMOH. Nine representative
complexes are shown in Scheme 1B. Seven additional,
symmetry-related complexes were included in the model used
for data fitting to account for the statistical probability of
binding all available sites on each hydroxylase molecule.
Reaction rate constants for coupled hydroxylase activity were
computed as being directly proportional to the fraction of

the enzyme involved in complexes with both MMOB and
MMOR. Rates of oxidase activity were computed as being
proportional to the concentration of free MMOR and
MMOH/MMORn complexes. Catalytic rate constants were
then calculated for the competitive and noncompetitive

Scheme 2

Table 2: Detection of Reduced Oxygen Species during Uncoupled
Turnover Reactions of the MMO System

reaction
componentsa

NADH
(µM)

H2O2

(µM)
rate (NADH)
(µM min-1)

rate (H2O2)
(µM min-1)

MMOR -9.4 +12.6 -0.9 +1.3
+NADH (1.1 (1.5 (0.1 (0.2
MMOR -66.2 < 1 -6.6 < 0.01
+MMOH (7.9 (0.8
+NADH
MMOR -77.5 < 1 -7.7 < 0.01
+MMOH (9.3 (0.9
+MMOB
+NADH
MMOR -72.5 <1 -14.2 < 0.01
+MMOH (8.7 (1.7
+MMOB
+CH4

+NADH
MMOR -77.4 -61.8 -7.6 -6.0
+MMOH (9.3 (7.4 (0.9 (0.7
+MMOB
+H2O2

+NADH
a Reactant concentrations were as follows: 200µM NADH, 200 nM

MMOR, 1 µM MMOB, 1 µM MMOH, 500 µM CH4, 260µM O2, and
100µM H2O2. NADH consumption was monitored continuously at 340
nm; H2O2 concentration was measured discontinuously after 300-600
s of reaction time.

FIGURE 4: Temperature dependence of the protein concentration
dependence of the steady-state methane oxidation reaction. Reacting
solutions were air-saturated and contained 160µM NADH and 100
µM methane at (O) 4 °C, (0) 25 °C, and (4) 45 °C. Fixed enzyme
concentrations were (A) 2µM MMOH and 0.4µM MMOR and
(B) 1 µM MMOH and 1 µM MMOB.
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models by fitting kinetic data with eqs 9 and 10, respectively.

In these equations the terms corresponding to concentrations
of free enzyme species and complexes are bracketed.
Hydroxylase molecules having one or more MMOR bound
include the subscriptn. Division in eqs 9 and 10 by Htot

results in reaction velocities that are turnover numbers with
respect to the hydroxylase concentration. Oxidase activities
are accounted for by the free reductase (R) term and by a
term representing complexes of the hydroxylase and reduc-
tase (HRn). Hydroxylase activities are represented by terms
for the complexes, which include the hydroxylase bound to
both the reductase and regulatory proteins. A related set of
equations, which excludes terms in eqs 9 and 10 containing
MMOB, was used to fit the oxidase activity of the sMMO
system. In the model where MMOR and MMOB compete
for sites on the hydroxylase, the observed inhibitory effect
of MMOB can be explained by assuming that it sterically

blocks the binding of MMOR and thus inhibits intermolecular
electron transfer to MMOH. In the noncompetitive model, a
more subtle effect must occur.

The effects of varied MMOB concentration on the hy-
droxylase and oxidase activities of the sMMO could not be

FIGURE 5: Comparison of fits of competitive and noncompetitive models to steady-state data from the reaction of the MMO system with
methane at 45°C (see Scheme 1 and text for details of models). Reactions including (A, B) 400 nM MMOR and 1.7µM MMOH or 1 µM
MMOH and (C) 1µM MMOR or (D) 4 µM MMOR and various concentrations of MMOB were run in 25 mM phosphate buffer, pH 7,
containing 0.1 mM DTT, 100µM methane, 175µLM O2, and 160µM NADH. Data corresponding to rates of NADH oxidation (O) and
methanol production (0) are fit to (A) competitive and (B-D) noncompetitive models. Fits were calculated by using the followingKd
values derived from ITC fits of MMOB and MMOR binding equilibria: (A) (‚‚‚) ITC Kd values for both MMOB and MMOR, (s) ITC
Kd values for MMOB, MMORKds with 10 times higher affinity. Noncompetitive fits were calculated based on the basis of (B) (‚‚‚) ITC
Kd values, (s) ITC Kds for MMOR, MMOB Kds with 10-fold lower affinity; (C, D) ITCKds for MMOR, largerKd values for MMOB as
described in the text.

V(oxidase+ hydroxylase)
c )

[R]kcat
R + [HRn]kcat

HRn + [HRB]kcat
HRB

[Htot]
(9)

V(oxidase+ hydroxylase)
nc ) ([R]kcat

R + [HRn]kcat
HRn +

[HRnB]kcat
HRnB + [HRnB2]kcat

HRnB2)/[Htot] (10)

FIGURE 6: Differential catalytic efficiency of sMMO with methane
and propylene as substrates. Solid lines depict fits through steady-
state kinetic data from the reaction of 1µM MMOH with 100 µM
methane or propylene and 160µM NADH at 45 °C in the presence
of 1 µM MMOB and a range of MMOR concentrations. Rates of
(4) methanol and (0) propylene oxide production are compared
with rates of NADH consumption in reactions of MMO with (])
methane and (O) propylene.
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fit with the competitive model, even when theKd values
associated with MMOR binding were decreased into the
nanomolar range (Figure 5A). The competitive sites model
(Scheme 1A) predicts an increase in MMOR-based oxidase
activity as increasing concentrations of MMOB displace
MMOR from binding sites on the hydroxylase, which does
not agree with the data. The noncompetitive sites model, on
the other hand, provides an excellent fit through the data

and correctly predicts the MMOB concentration-dependent
interconversion of MMOH oxidase and hydroxylase activities
(Figure 5B).

In fitting the steady-state kinetic data, calorimetrically
determined binding constants were used as initial estimates
for protein-protein dissociation constants (Figure 5B). These
values provided quite a good fit to steady-state data from
reactions that included reductase concentrations less than that
of the hydroxylase. As MMOR concentrations were increased
to match or exceed the concentration of MMOH, however,
the apparent concentrations of MMOB necessary to activate
and inhibit the hydroxylase also increased. In the fits shown
in Figure 5C,D,Kd values for MMOR binding were fixed at
calorimetric estimates of 0.6 and 1.1µM, respectively. The
Kd values for MMOB binding were increased from 1.3 and
1.5µM at 1 µM MMOR to 1.9 and 2.2µM at 4 µM MMOR
(see eqs 6 and 7). Least-squares fits through these data
resulted in a consistent set of rate parameters:kcat(Roxidase)
) 0.33 ( 0.12 s-1; kcat(HRoxidase) ) 0.55 ( 0.10 s-1;
kcat(HBRhydroxylase) ) 1.96( 0.45 s-1; andkcat(HB2Rhydroxylase)
) 0.32 ( 0.18 s-1.

The data given in Figure 6 show that propylene reacts more
efficiently with sMMO at high MMOR concentration than
does methane. Propylene oxidation and NADH consumption
remain tightly coupled over the entire range of MMOR
concentrations investigated. NADH and methane oxidation
are tightly coupled only when MMOR is present in an
amount less than or equal to about 20% of the hydroxylase
concentration. As the MMOR concentration is raised above
this limit, significantly more than one molecule of NADH
is consumed for each molecule of methane oxidized. Possible
implications of this finding are discussed below.

Kinetics of Complex Formation. Complex formation
between MMOH and MMOR or MMOB results in a decrease
in intrinsic tryptophan fluorescence. It was therefore possible
to monitor the kinetics of complex formation by stopped-
flow fluorescence spectroscopy. Under pseudo-first-order
conditions with MMOR or MMOB present in excess, the
MMOH binding kinetics are characterized by a single-
exponential decrease in sample fluorescence (Figure 7A).
Following this initial reaction, additional fluorescence changes
occur with half-times in the seconds to tens-of-seconds range
(data not shown). Some of these changes may contain
information about slower structural rearrangements that are
triggered by the initial binding step. They are complicated
by photochemical bleaching of intrinsic MMOB fluorescence,
however, and by increases in MMOH fluorescence, which
also occur on this time scale. Plots of the first observed rate
constant as a function of MMOB concentration are depicted
in Figure 7B. The linearity of these plots supports a kinetic
model in which the first observed rate corresponds to the
initial MMOH/MMOB association step. In the context of
the noncompeting, interacting sites model discussed above,
this result implies that the structural isomerization, which
communicates the binding of the first molecule of MMOB
to the second MMOB binding site, is slow compared with
the dissociation rate for MMOB from the precomplex
(Scheme 3). On this basis, we conclude that theKd value
calculated from the ratio of the association and dissociation
rate constants pertains to the MMOH/MMOB precomplex,
whereas that measured by isothermal titration calorimetry
is the product ofKd and the reciprocal of the subsequent

FIGURE 7: Kinetics of protein complex formation: (A) Single-
exponential fits through data recording the quenching of tryptophan
fluorescence associated with MMOH/MMOB (upper trace) and
MMOH/MMOR (lower trace) complex formation. (B) Best linear
fits through plots of observed rate constants of MMOH/MMOB
complex formation at (O) 4 °C, (]) 25 °C, and (4) 45 °C. (C)
Best linear fits through plots of observed rate constants of MMOH/
MMOR complex formation at (0) 25 °C and (O) 45 °C. MMOH
concentration was 50 nM in all reactions.
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isomerization equilibrium constant. Estimates of rate con-
stants for the isomerization reaction, consistent with the
observed kinetic resolution of the binding and isomerization
reactions, are given in Table 3. These calculations were based
on the assumption that a forward isomerization rate constant
2 orders of magnitude smaller than the MMOB dissociation
rate constant will render the isomerization kinetics transparent
in the binding phase of the reaction. The present data do not
provide information about the kinetics of binding at the
second MMOB and MMOR binding sites on the hydroxylase.

The fluorescence changes associated with complex forma-
tion between MMOH and MMOR are very small (Figure
7A), so the calculated estimates of association and dissocia-
tion rate contants are only approximate. Without further
evidence, we suggest that MMOR, like MMOB, may bind
to the hydroxylase in a two-step process characterized by
precomplex formation followed by site isomerization. By
using the thermodynamically and kinetically derived binding
equilibrium constants, approximate values for the isomer-
ization equilibrium and rate constants were calculated for
the MMOR binding reaction (Table 3).

Electron-Transfer Reactions Leading to MMOH Reduc-
tion. The pre-steady-state reactions of NADH and MMOR
were monitored by single- and multiple-wavelength stopped-
flow absorbance spectroscopy. Optical transitions occurring
in the reaction of MMOR with NADH at 458, 625, and 725
nm are shown in Figure 8A. Data at 725 nm report the
formation and decay of pyridine nucleotide-flavin charge-
transfer complexes (39). The initial absorbance increase (∆ε

) 1.5 mM-1 cm-1) at this wavelength (kapp ) 397 s-1)
corresponds to formation of a complex characterized by a
charge-transfer band between bound NADH and the oxidized
FAD moiety (Int-1 in Scheme 4). Subsequently, NADH
transfers hydride to the FAD (kapp ) 180 s-1), resulting in a
secondary charge-transfer band (ε725 ) 3.0 mM-1 cm-1)
between FADH- and NAD+. This complex decomposes with
kapp ) 106 s-1 as NAD+ is released from the two-electron-
reduced enzyme. At 625 nm, the development of the flavin
and pyridine nucleotide charge-transfer bands is followed
by a further increase in absorbance associated with the
formation of a neutral FAD semiquinone (ε625 ) 3.5 mM-1

cm-1). Semiquinone accumulates as a result of intramolecular
electron transfer from the FADH- to the [2Fe-2S] center of
MMOR. This reaction occurs at the NAD+ release rate and
may be coupled to pyridine nucleotide dissociation. At 458
nm, absorbance decreases are observed withkapp values of
180 and 106 s-1. These changes are primarily due to
reduction of FAD by hydride transfer (∆ε ) 7.6 mM-1 cm-1)
followed by partial [2Fe-2S] reduction by intramolecular
electron transfer (∆ε ) 3.8 mM-1 cm-1) (see Scheme 4 and
Table 4).

Table 3: Kinetics Rate Constants for Component Bindinga

MMOH + MMOB MMOH + MMORrate
constant 45°C 25°C 4 °C 45°C 25°C

k1 (M-1 s-1) (2.35( 0.35)× 107 (6.6( 0.1)× 106 (8.6( 1.3)× 104 (6.3( 1) × 107 (1.0( 0.15)× 107

k-1 (s-1) 25.6( 3.8 3.2( 0.5 0.56( 0.08 63( 9 38( 6
k2 (s-1) 0.256 0.032 0.0056 0.63 0.38
k-2 (s-1) 0.0116 0.0123 0.00079 0.40 0.057
a Rate constants correspond to the mechanism given in Scheme 3. Association and dissociation rate constants were calculated from the slope and

intercept of plots given in Figure 7.

Scheme 3

Scheme 4

Table 4: Millimolar Extinction Coefficients of Intermediate States

MMOH/MMOR complex
Eox Int-1 Int-2 Int-3 Int-4 Int-5 Ered

ε625 (mM-1 cm-1) 1.5 3.0 2.3 2.4 3.8 3.4 2.3
ε458 (mM-1 cm-1) 20.8 18.2 13.2 9.4 11.2 8.8 5.7

MMOR alone
Ox CT-1 CT* SQ

ε725 (mM-1 cm-1) 0.9 2.4 3.0 1.0
ε625 (mM-1 cm-1) 1.5 2.7 2.7 3.5
ε458 (mM-1 cm-1) 20.8 17.7 11.9 7.3
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Time-resolved single-wavelength optical data from the
reaction of a 1:1 complex of MMOR and MMOH with
NADH are superimposed on data from the reaction of
MMOR alone with NADH in Figure 8. The compositions
of intermediates proposed to accumulate during this reaction,
shown in Scheme 4, are supported by comparison of the
spectra calculated by global analysis of diode array data
recording the reaction (Figure 8B and Table 4) with
appropriate linear combinations of the component spectra
(Figure 8D).

The data at 625 and 725 nm corresponding to pyridine
nucleotide charge-transfer complexes of MMOR are not
influenced by bound hydroxylase. Less semiquinone
accumulates, however, in the reaction of the MMOH/MMOR
complex with NADH (compare traces at 625 nm in Figure
8 between 10 and 100 ms), and reduction of the ferredoxin
center of MMOR (detected as an absorbance decrease at 458
nm between 0.1 and 1 s) is significantly delayed in the
reaction of the complex with NADH. We conclude that after
the iron-sulfur center of MMOR is reduced by intramo-
lecular electron transfer, it is rapidly reoxidized by inter-
molecular electron transfer to the diiron center of MMOH
to form mixed-valent hydroxylase. This process is observed
in two reaction steps. In the first stage of the intermolecular
electron transfer reaction, MMOH is partly reduced as Int-2

converts to Int-3 (Scheme 4). The intermolecular electron
transfer goes to completion in a second, slower step, resulting
in an intermediate with the spectral characteristics of oxidized
ferredoxin and FAD semiquinone (transition from Int-3 to
Int-4 in Scheme 4). It is possible that the second phase of
this reaction may be delayed due to a coupled protein
conformational change. Subsequently, electron transfer from
the neutral FAD semiquinone through the ferredoxin center
of MMOR results in reduced hydroxylase (transition from
Int-4 to Ered in Scheme 4). The oxidized FAD moiety
generated in this step does not accumulate since it is reduced
rapidly by hydride transfer from bound NADH. The product
of these reduction steps is thus proposed to have four
electrons distributed between the FAD and iron-sulfur
centers of the reductase and one of the hydroxylase iron
centers, as represented by Ered in Scheme 4.

In the transition from Int-3 to Int-4 (Scheme 4), intra- and
intermolecular electron transfer reactions result in the ac-
cumulation of mixed-valent hydroxylase, oxidized ferredoxin,
and flavin semiquinone (see 625 nm data in Figure 8A
recorded between 20 and 100 ms). Diode-array analysis
reveals these transitions to take place with a net rate constant
of 23 s-1. This value is significantly larger than that
calculated for the same transition from single-wavelength
data (7.6 s-1). Subsequently, the mixed-valent hydroxylase

FIGURE 8: Intra- and intermolecular electron-transfer reactions in the sMMO system at 4°C. (A) Kinetic traces recording the reaction of
15 µM MMOR with 100 µM NADH at (]) 458 nm, (4) 625 nm, and (b) 725 nm. These data traces are compared with traces at ([) 458
nm and (0) 625 nm from corresponding reactions in which 15µM MMOH was present. Sequential exponential fits (‚‚‚) are superimposed
on the data. (B) Intermediate spectra from global analysis of multiwavelength diode array data recording the reaction of 15µM MMOR and
15 µM MMOH with 100 µM NADH: (O) Eox, (0) Int-1, (]) Int-2, (4) Int-3, (b) Int-4, (9) Ered. Intermediate structures corresponding to
these spectra are depicted in Scheme 4. (C) MMOR component spectra: FAD (O) oxidized, (b) CT-1, (9) CT*, (0) semiquinone, (])
hydroquinone, and ferredoxin (9) oxidized and ([) reduced spectra. (D) Summations of MMOR component spectra corresponding to the
compositions of the intermediate structures shown in Scheme 4. In these calculations, the mixed redox states of the FAD and iron-sulfur
centers of Int-3 and Ered were estimated by assuming equal populations of oxidized and reduced states of iron-sulfur and FAD components.
Symbols delineating these spectra are the same as those used in Figure 8B.
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is reduced by intermolecular electron-transfer, and MMOR
reacts further with NADH, resulting in partly reduced
MMOR and MMOH (Ered in Scheme 4). These last two
electron-transfer steps were best fit as a single kinetic phase
with a rate constant of 11 s-1 from the diode-array data. As
discussed below, two exponentials were required to provide
good fits to single-wavelength data recorded in this time
domain. The differences between the diode-array and single-
wavelength results probably arise from photochemistry
induced by the 75 W xenon lamp in the former study since,
as mentioned above, we observe photochemical reactions on
this time scale in stopped-flow fluorescence experiments with
the same light source.

Extinction coefficients for the intermediate species cal-
culated from single-wavelength fits (Table 4) are consistent
with the transitions described above. Since the reactions
monitored by diode-array detection are influenced by pho-
tochemistry, and reversibility was not considered in the data
analysis, the intermediate spectra presented in Figure 8B
should be treated only as approximations, and the main
information afforded by this analysis pertains to the reaction
sequence.

Effects of MMOB, Methane, and Methanol on the Rate of
Intermolecular Electron Transfer from MMOR to MMOH.

The dependence of the intermolecular electron-transfer
reactions from MMOR to MMOH on added MMOB,
substrate, and product was investigated by stopped-flow
spectroscopy. Data recorded at 625 nm reveal that the
intermolecular electron-transfer reaction depends on MMOB
concentration (Figure 9A). These data were fit after fixing
rate constants for NADH binding and hydride transfer to
values calculated for the corresponding reactions in the
reductive half-reaction involving only MMOR (Scheme 4).
Four rate constants were then allowed to vary in the fitting
procedure. A plot of the best-fit observed rate constants as
a function of MMOB concentration is given in Figure 9B.
The first rate constant is independent of MMOB concentra-
tion and corresponds to the first intermolecular electron-
transfer step from MMOR to MMOH (106( 13 s-1). The
reaction appears to occur as rapidly as the ferredoxin center
of MMOR is reduced by intramolecular electron transfer.
This rate constant is independent of MMOB concentration
since the electron delivery rate to the hydroxylase cannot
exceed the rate of intramolecular electron transfer from the
FAD to the ferredoxin center of the reductase. The remaining
three rate constants corresponding to intermolecular electron
transfers from MMOR to MMOH all increase with MMOB
concentration.

FIGURE 9: Dependence of electron-transfer kinetics on MMOB, CH4, and CH3OH concentration. (A) Reaction of 10µM MMOR with 200
µM NADH and 10µM MMOH in the presence of various concentrations of MMOB. Data records are shown for reactions that included
(O) MMOR alone, (0) the MMOH/MMOR complex, and the MMOH/MMOR complex reacting with (]) 10 µM MMOB, (4) 20 µM
MMOB, and (3) 40 µM MMOB. (B) Linear and hyperbolic fits through observed rate constants. At saturating MMOB concentrations, the
observed rate constants approach values of (O) k3 ) 106 s-1, (0) k4 ) 27.5 s-1, ([) k5 ) 17.8 s-1, and (4) k6 ) 6.5 s-1. (C) Kinetic trace
recording the reaction of (O) 12 µM MMOR with 200 µM NADH, is compared with traces from reactions that also included (4) 12 µM
MMOH and 5 equiv of MMOB in the (‚‚‚) presence or (s) absence of saturating methane. (D) Reaction of (O) 12 µM MMOR with 200
µM NADH compared with traces from reactions that included equimolar MMOH and 5 equiv of MMOB in the (0) presence or (4)
absence of 1 M methanol.
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Figure 9C illustrates the effect of including saturating
amounts of methane in the reaction of the MMOH/MMOR
complex with NADH. The superimposability of the traces
makes it clear that, even at saturating concentrations, methane
has no significant effect on the electron transfer kinetics.
The effect of including 1 M methanol in the reaction is
illustrated in Figure 9D. At this concentration, a significant
fraction of methanol should be bound at the diiron(III) active
site of MMOH (40). These data suggest that the first, MMOB
concentration-independent, electron-transfer rate is not af-
fected by methanol; however, the subsequent MMOB
concentration-dependent steps are significantly retarded. Rate
constants from exponential fits of these data are given in
Table 5.

DISCUSSION

The soluble methane monooxygenase system orchestrates
a series of electron-transfer and substrate-activation reactions
that enable the catalytic conversion of methane and dioxygen
gases to methanol and water. The success of this chemistry
depends on the ability of sMMO to generate a highly reactive
intermediate capable of inserting an oxygen atom into a C-H
bond of methane without damaging the active site of the
hydroxylase. Dynamic interactions between the reductase,
hydroxylase, and regulatory proteins ensure both efficiency
and sustainability of the hydroxylation reaction.

Regulation and Switching of sMMO Hydroxylase, Oxidase,
and Peroxidase ActiVities. The sMMO system has the diverse
catalytic ability to function as a hydroxylase, oxidase, or
peroxidase. The interchangeability of these activities depends
on both the availability of appropriate substrates and the
relative concentrations of MMOH, MMOR, and MMOB
present in reaction mixtures.

We find that the sMMO system operates most efficiently
as a hydroxylase when the concentration of MMOR is about
1/5 that of MMOH and when the MMOB concentration is
greater than or equal to that of the hydroxylase. Under these
conditions, methane hydroxylation and NADH consumption
occur with approximately 1:1 stoichiometry. The rate of
substrate hydroxylation further increases at higher MMOR
concentrations, but with decreased catalytic efficiency, such
that more than one mole of NADH is consumed for each
mole of methane oxidized. Increasing the MMOB concentra-
tion at fixed MMOR concentration decreases the rate of the
hydroxylation reaction without uncoupling methane and
NADH consumption. The sensitivity of the hydroxylation
reaction to MMOB and MMOR concentrations is apparent
at temperatures from 4 to 45°C, suggesting that the
regulatory mechanism of the hydroxylation is conserved over
this temperature range.

In the absence of hydrocarbon substrates, the sMMO
system continues to consume NADH and dioxygen in an
oxidase reaction, which is catalytic for hundreds of turnovers
and does not release hydrogen peroxide or other reactive
oxygen species into solution. Our data support the previous
conclusion that the oxidase activity involves the four-electron
reduction of dioxygen to water (11). This idling mode of
the hydroxylase may serve to protect the potentially suscep-
tible amino acids in the active site from oxidative damage
that otherwise might occur when substrate is unavailable.
When substrate is added, the hydroxylase activity of the
sMMO system is immediately restored. It therefore appears
that binding of hydrocarbon substrate serves as a molecular
switch that converts sMMO from an oxidase to a hydroxy-
lase. When MMOB is excluded from the reaction, MMOH
and MMOR form a complex that catalyzes a second type of
oxidase reaction. This reaction is distinguished from the
idling state described above because it continues independent
of the availability of hydrocarbon substrate. The oxidase
activity of the MMOH/MMOR complex can be diverted to
hydroxylase activity by addition of MMOB. Thus, oxidase
activity resulting in the reduction of molecular oxygen to
water at the active site of MMOH can be diverted to
hydroxylase activity through the introduction of either
MMOB or a small organic substrate. Our findings are in
disagreement with a previous report, which suggested that,
in the absence of substrate, oxidase activity was inhibited
by the addition of MMOB (11).

As MMOR concentrations are increased to match and
exceed that of the hydroxylase in reactions with methane,
the system becomes uncoupled, consuming more NADH than
required for efficient substrate hydroxylation. We show that
MMOR can deliver electrons to the hydroxylase with a rate
constant that is 1-2 orders of magnitude greater than the
conversion rate of Hperoxoto Q (41). Moreover, the reductase
can rapidly bind and dissociate from the hydroxylase,
enabling a small population of MMOR molecules to service
a much greater population of MMOH molecules. We
therefore propose that this third kind of oxidase activity is
due to the reduction of peroxo and Q intermediates of the
MMOH reaction cycle at a rate that competes with the
substrate hydroxylation reaction. The oxidase reaction occurs
to a much lesser extent when propylene is substituted for
methane because propylene can react directly with Hperoxo,
whereas methane hydroxylation requires formation of inter-
mediate Q (41). Studies of the steroyl-acyl carrier protein
∆9-desaturase, which indicate that the peroxydiiron(III)
intermediate of this enzyme can be induced to release water
if provided with a source of electrons (42), provide additional
support for this hypothesis. It was proposed on the basis of
the results of single-turnover reactions of the sMMO (OB3b)
system that MMOB may prevent the reduction of oxygen
intermediates in this system (14). Our data, on the other hand,
indicate that saturating MMOH with MMOB actually
increase the rate of electron transfer from MMOR to the
diiron active sites of the hydroxylase. Moreover, when
MMOR concentrations are elevated, the rate at which active
oxygen intermediates are reduced to water competes with
the rate of substrate hydroxylation.

Free MMOR reacts slowly with NADH and dioxygen in
a hydrogen peroxide-generating oxidase reaction. Since the
sMMO (Bath) system as isolated contains a relatively low

Table 5: Intermolecular Electron-Transfer Ratesa

ET complex k4 (s-1) k5 (s-1) k6 (s-1)

MMOH + 1 equiv of MMOR 7.6( 0.01 6.8( 0.5 4.9( 0.01
MMOH + 1 equiv of MMOR+

5 equiv MMOB
24.5( 0.6 15.8( 1.5 6.4( 0.1

MMOH + 1 equiv of MMOR+
5 equiv MMOB+ 0.5 mM CH4

24.5( 1.5 21.7( 2.2 6.0( 1.7

MMOH + 1 equiv of MMOR+
5 equiv MMOB+ 1 MCH3OH

11.2( 0.1 11.0( 0.1 1.2( 0.4

a Rate constants correspond to kinetic transitions involved in the
conversion of Int-3 to Ered through Int-5 as shown in the last three
steps in Scheme 4.
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concentrations of MMOR and significant concentrations of
MMOB (5), we conclude that the most physiologically
relevant oxidase activity is that switched on and off in
response to changes in methane concentration.

We show here that the complete sMMO system reacts
rapidly as an NADH peroxidase at micromolar concentrations
of hydrogen peroxide. This reaction, which occurs in the
presence or absence of MMOB and substrate, consumes
equimolar amounts of hydrogen peroxide and NADH. It is
possible that the added hydrogen peroxide binds directly to
the diiron(III) active site of the hydroxylase where it is
reduced by two NADH-derived electrons to water. Alterna-
tively (Scheme 2A), hydrogen peroxide may compete with
dioxygen and react with the diiron(II) center of the hydroxy-
lase. Finally, the added hydrogen peroxide may donate two
electrons to a reactive oxygen intermediate such as Hperoxo.
These possibilities are difficult to distinguish from each other
since all three reactions consume hydrogen peroxide and
result in no net change in oxygen concentration. The first
mechanism is disfavored since it was previously shown that
hydrogen peroxide binds too weakly and reacts too slowly
with Hox to account for the peroxidase activity (12, 43). The
second mechanism requires that hydrogen peroxide can
effectively compete with molecular oxygen for diiron(II) sites
of MMOH. The third mechanism requires only that hydrogen
peroxide enter the sMMO active site and react with a
preexisting oxygen intermediate, Hperoxo. The NADH per-
oxidase activity of sMMO may be a physiologically relevant
means of depleting the cytosol of potentially toxic levels of
hydrogen peroxide during the growth ofM. capsulatus
(Bath). The mechanisms of the peroxidase and oxidase
reactions are areas of present investigation as will be reported
in detail at a later time.

Stoichiometry and Stability of Complexes Formed by the
sMMO System. The X-ray crystal structure reveals that
MMOH is a dimer of equivalent protomers. The equilibrium
analytical ultracentrifugation data presented here indicate that
MMOB and MMOR exist as monomers in solution. Ad-
ditional support for the monomeric nature of MMOB comes
from studies of a series of truncated MMOB mutants (20).
This work suggests that MMOB is a monomer but that it
migrates anomalously in gel-filtration chromatographic sepa-
rations due to the structural properties of its N-terminus (20).
Moreover, we observe no changes in fluorescence intensity
or binding enthalpy to signal the formation of complexes of
MMOB with MMOR. This observation is in contrast with
data from the sMMO (OB3b) system, where it has been
reported that MMOB and MMOR form a high-affinity
complex (26). Given the known similarities of the sMMO
proteins from these systems, it is surprising that such a
difference could exist.

After submission of this paper, low-angle X-ray scattering
studies were reported that address the nature of complexes
formed between MMOH and the other protein components
of sMMO (Bath) (44). In agreement with our ITC data, these
X-ray studies are most consistent with protein complex
stoichiometries of 2:1 for each MMOB and MMOR binding
to MMOH (44). In addition, this work proposed a major
change in the structure of MMOH in complexes with
(MMOB ) MMOR):MMOH ratios g 10, far above the

values that we find here can account for the equilibrium
binding and other data. Fits through our calorimetric data
from titrations of the MMOH/MMOR complex with MMOB
indicate no significant decrease in MMOB binding affinity
or stoichiometry. On this basis we conclude that MMOB
and MMOR bind at distinct sites on the hydroxylase and do
not exclude each other from binding. Given these results,
we propose that ternary complexes of hydroxylase, regulatory
protein, and reductase may form during catalysis with a
maximum complex stoichiometry of 2 MMOB, 2 MMOR,
and 1 MMOH.

EVidence for Regulation through NoncompetitiVe Binding.
The conversion of sMMO (Bath) from an oxidase to a
hydroxylase, and the activation and inhibition of the substrate
hydroxylation reaction, are regulated by changing the
concentration of MMOB. We have explored competitive and
noncompetitive binding mechanisms that account for these
functions of the regulatory protein. The competitive mech-
anism is similar to that used to model steady-state data from
the sMMO (OB3b) system (26). Our analysis differs
principally from that previously reported for the sMMO
(OB3b) system in that we simultaneously fit data sets
corresponding to both the oxidase and hydroxylase activities
of sMMO (Bath) and judge these fits on the basis of their
agreement with data corresponding to each type of activity.
Only the hydroxylase activity was reported and considered
in the previous fits (26), so it is not possible to judge how
well the oxidase component of the sMMO (OB3b) activity
agrees with predictions of the competitive model. Our fitting
results for the sMMO (Bath) system lead us to favor a
noncompetitive model of component interactions.

A major feature distinguishing the competitive and non-
competitive models is their ability to fit simultaneously the
oxidase and hydroxylase activities of the sMMO system in
the presence of saturating amounts of MMOB. The non-
competitive model correctly predicts both that the sMMO
system remains coupled with respect to NADH consumption
and substrate hydroxylation in the presence of saturating
MMOB and that a nonzero rate of inhibited catalysis is
asymptotically approached under these conditions. In con-
trast, the competitive model predicts that the hydroxylase
activity will drop to near zero as MMOB displaces MMOR
and that free MMOR will catalyze oxidase activity, resulting
in an uncoupled state.

Additional support for the existence of distinct noncom-
petitive MMOR and MMOB binding sites comes from the
intermolecular electron-transfer studies presented here. The
data from these studies reveal that MMOB has an important
role in accelerating intermolecular electron transfer from
MMOR to MMOH such that the rate increases to a limiting
value as the hydroxylase becomes saturated with MMOB.
From our fluorescence measurements we estimate the rate
constant for dissociation of MMOB from the hydroxylase
at 4 °C to be 0.56 s-1. This value is much smaller than the
largest observed rate constant (106 s-1) for intermolecular
electron transfer from MMOR to MMOH. Thus, MMOB and
MMOR cannot be competing for binding sites, since it would
not be possible for MMOB to dissociate from the hydroxy-
lase fast enough for MMOR to bind and deliver electrons to
MMOH at the observed rate constant of intermolecular
electron transfer.
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Location of MMOR and MMOB Binding Sites on the
Hydroxylase. Both interacting and noninteracting site models
are possible in systems that bind multiple ligands. In the case
of sMMO, however, the investigated complexes are macro-
molecular and involve large surface areas. It is therefore
improbable that binding at one site on the hydroxylase
surface would not have at least a subtle effect on the
remaining unoccupied binding site. TheC2 axis relating the
hydroxylase protomers (31) implies that MMOR and MMOB
must each have two symmetry-related binding sites (Scheme
1B) unless these sites are located at the poles of MMOH, as
illustrated in Scheme 1C. The diiron centers of the hydroxy-
lase are located just beneath the floor of canyons formed by
the protomers of MMOH and thus quite far from distal
binding sites at the poles of the enzyme (31). Binding in the
canyon region would position the ferredoxin domain of the
reductase near the dinuclear iron center in the hydroxylase
R-subunit, poising the system for efficient intermolecular
electron transfer. Binding of MMOB in the canyon region
would similarly position it in close proximity to the diiron
center of the hydroxylase. We conclude solely on the basis
of these structural arguments that MMOB and MMOR are
both likely to bind at interacting sites in the canyon regions
that are related by the symmetry axis of the hydroxylase.

Our data that reveal tryptophan fluorescence quenching
when either MMOB or MMOR binds to the hydroxylase are
consistent with the proposed location of MMOB and MMOR
binding sites, since multiple tryptophan residues are present
in the canyon (45). Tryptophan fluorescence quenching
similarly was reported in titrations of MMOH (OB3b) with
MMOR from that system (26). Finally, chemical cross-
linking data from the sMMO (OB3b) system imply that
MMOB interacts closely with theR-subunit and MMOR with
theâ-subunit of MMOH (OB3b) (26). Additional interactions
of the reductase with theR-subunits of the hydroxylase have
been suggested on the basis of modeling studies (46).

Interpretation of Thermodynamic and Kinetic Binding
Data. The binding of MMOB to each of its two sites on
MMOH is endothermic and entropy-driven at temperatures
below 30°C. At higher temperatures, these reactions become
exothermic, and at 45°C enthalpy and entropy make similar
contributions to the free energy of binding. The temperature
dependence of the enthalpy of binding implies that a
conformational change may occur as a function of temper-
ature that affects the MMOH/MMOB binding interface (47).
Interestingly, the temperature-dependent enthalpy change is
paralleled by a compensatory change in entropy that serves
to dampen the increase in binding free energy with temper-
ature. Our studies of the temperature dependence of the
MMOB-dependent activation and inhibition of hydroxylase
activity and interconversion of oxidase and hydroxylase
activities disfavor a global change of mechanism linked to
the conformational change. Details of the high- and low-
temperature conformations of the MMOH/MMOB com-
plexes are presently unknown and await elucidation by
advanced structural analysis.

The MMOR binding reactions are also entropy-driven, but
the enthalpy of MMOR binding to the hydroxylase is
essentially temperature-independent. This result distinguishes
the MMOB and MMOR binding sites and suggests that the
observed temperature-dependent conformational change is
not global and may be limited to specific contacts at the

MMOH/MMOB binding interface. The entropy changes that
drive the MMOR and MMOB binding reactions probably
derive in part from the increase in disorder associated with
the displacement of water molecules from the MMOR and
MMOB binding interfaces of the hydroxylase (48).

In our initial fits of the calorimetry data, we found that
the number of binding sites was typically 60-80% of the
value predicted from the hydroxylase concentration calcu-
lated from its extinction coefficient at 280 nm. To correct
for this apparent noninteger site occupancy, the hydroxylase
concentration value used in the final data fitting was
decreased by 20-40% from the value calculated by using
the extinction coefficient of MMOH at 280 nm. The apparent
values of the dissociation constants changed by 10-20% as
a result of this correction. The uncertainty in hydroxylase
extinction coefficient, calculated from the results of total
amino acid analysis, is not large enough to account for this
result, and it appears that about 30% of the hydroxylase is
incapable of binding to reductase and regulatory protein. At
present we cannot state whether these MMOB and MMOR
sites are damaged or just temporarily unavailable. MMOH
preparations typically contain less than a stoichiometric
amount of iron, which may in part account for the nonbinding
population detected in the ITC studies. The 2:1 MMOB and
MMOR binding stoichiometries of the hydroxylase, calcu-
lated by fitting the ITC data, agree with those calculated from
fits through the X-ray scattering data (44) and EPR titrations
(26).

The temperature dependence of the enthalpy of the binding
of MMOB to MMOH implies that the structure of the
interface through which the hydroxylase and regulatory
protein interact changes as a function of temperature. The
enthalpy of the binding of MMOR to MMOH, however, is
independent of temperature, which implies that structure of
the binding interface of MMOR and MMOH is not greatly
affected by temperature. We no evidence to support a binding
interaction of the reductase and MMOB protein by ITC. We
recently confirmed this result by solution NMR studies in
which it was demonstrated that MMOB and MMOR do not
interact significantly when free in solution or when bound
at their respective sites on the surface of the hydroxylase
(49). On this basis our results do not entirely support the
interpretation of the X-ray scattering data, which suggests
that a large conformational change of MMOH occurs upon
binding MMOB and MMOR (44).

Binding Kinetics and Steady-State Catalysis. We propose
a two-step kinetic model to explain protein component
binding to the hydroxylase. The first stage of binding, which
we have monitored by stopped-flow fluorescence spectros-
copy, is characterized by MMOB or MMOR associating with
the hydroxylase to form a rapidly equilibrating precomplex.
These precomplexes more slowly isomerize to afford the
thermodynamically stabilized equilibrium complexes that we
detect by ITC. Thus, the equilibrium constants calculated
from ITC data are the product of a binding constant and an
isomerization equilibrium constant. The isomerization com-
ponent of the thermodynamic equilibrium corresponds to a
structural change, which transmits information about com-
ponent binding to unoccupied sites and is responsible for
the observed negative cooperativity between sites. Our best
estimates for isomerization rate constants suggest that
MMOB and MMOR can bind and dissociate rapidly from
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precomplexes with MMOH and that the precomplexes
isomerize to form equilibrium complexes much more slowly.
Thus, MMOR can bind and dissociate rapidly from a large
population of oxidized MMOH. This observation and the
rapid (100 s-1) electron-transfer rate constant are consistent
with our steady-state kinetic data, which show that a small
population of MMOR is able to react with a significantly
larger population of MMOH during turnover. During
catalysis MMOB and MMOR interact not only with oxidized
but also with reduced and substrate- and product-bound states
of the hydroxylase. The significance of these interactions is
considered below.

Oxidation-reduction and protein component binding
equilibria of the hydroxylase are linked such that MMOB
binding decreases (50, 51) and MMOR binding increases
(14, 52) the hydroxylase diiron center midpoint potential.
The MMOB-induced decrease in equilibrium midpoint
potential is canceled in ternary complexes of MMOH,
MMOB, and MMOR (14). Considering this linkage of ligand
binding and redox equilibria, it can be concluded that
reduction of MMOH/MMOB complexes by MMOR will
result in the formation of tightly assembled ternary com-
plexes, composed of MMOB, MMOR, and reduced hy-
droxylase. We propose that such complexes bind and react
with molecular oxygen during catalysis.

Our steady-state data indicate that MMOR can transfer
electrons to several hydroxylase molecules in the time it takes
for MMOH to complete a single turnover. Since the reductase
is tightly bound in the complex formed with reduced
hydroxylase and MMOB (14), its binding affinity must
dramatically decrease during the reaction of MMOH with
dioxygen so that it can dissociate and react with other
hydroxylase molecules. The exact point in the oxygen
reaction at which this change in affinity occurs remains to
be established, however. It was proposed on the basis of the
results of modeling studies of the reaction of dioxygen with
the MMOH/MMOB complex from sMMO (OB3b) that the
binding of molecular oxygen at the diiron center results in a
significant decrease in MMOB binding affinity (13). Ad-
ditional fluctuations in the binding affinity of MMOB are
proposed to occur as the peroxo and Q intermediates evolve
(13).

Redox and protein binding equilibria of the sMMO system
may be linked to changes in hydroxylase structure that
regulate substrate binding and product dissociation reactions.
Comparison of the high-resolution structure of oxidized
MMOH with structures solved by use of data from either
chemically reduced crystals or crystals grown in the presence
of MMOB revealed that leucine-110 moves to assume
conformations that alternately block or augment the acces-
sibility of the diiron center (46). Mechanistic studies of the
analogous side chain of leucine-103 in myohemerytherin
identified it as having an important role in regulating the
accessibility of the active site to dioxygen (53, 54). Similarly,
reduction of MMOH may be coupled to a movement of
leucine-110, which opens a channel for the entry of molecular
oxygen to access the diiron center (46).

DeliVery of Electrons to the ActiVe Site of MMOH.
Methane monoxygenase employs a sophisticated electron
delivery system that is closely related to those found in a
variety of related enzymes ranging from bacterial monooxy-
genases (55), dioxygenases (39), and photosynthetic (56) and
respiratory (57) electron-transport chains.

The sMMO reductase functions by converting hydride
from NADH into single-electron equivalents and then
injecting them sequentially into the diiron active centers of
the hydroxylase. Detailed kinetic studies of two iron-sulfur
flavoenzymes that are close relatives of MMOR were
recently reported (39, 58). We use a combination of single-
and multiple-wavelength stopped-flow data here to identify
intermediate species involved in the reduction of MMOR
and in the intermolecular electron transfer from MMOR to
MMOH.

In the reduction reaction, NADH initially binds and forms
a charge-transfer complex with the oxidized FAD moiety.
Subsequently, it transfers a hydride and forms a reduced FAD
and NAD+ charge-transfer complex. Absorbance due to the
charge-transfer band is then lost as NAD+ is released from
the enzyme. In the same kinetic phase, intramolecular
electron transfer occurs, resulting in the formation of a FAD
semiquinone and reduced [2Fe-2S] state of the reductase.
The [2Fe-2S] center serves as the interface for electron
transfer from MMOR to acceptor molecules, and its reduction
poises MMOR for reaction with MMOH. MMOR can
provide MMOH with four electrons through sequential
intermolecular electron transfers from its ferredoxin domain
to the oxidized dinuclear iron centers of the hydroxylase.
Oxidized and fully reduced forms of the hydroxylase are
optically silent in the visible region of the absorbance
spectrum. Preliminary studies of single electron transfer from
the ferredoxin domain of MMOR to the oxidized hydroxylase
suggest that the optical changes associated with the formation
of Hmv are small compared with those associated with redox
reactions of MMOR in the visible region (59). Thus, to a
first approximation, monitoring intermolecular electron
transfer from the reductase to the hydroxylase is as simple
as monitoring time-dependent optical changes associated with
the oxidation of reduced MMOR.

Previous studies of electron transfer in sMMO (Bath)
helped to identify optical changes associated with FAD
reduction and intermolecular electron transfer from MMOR
to MMOH (11, 16); however, our data are inconsistent with
the conclusions drawn in these papers. It was previously
suggested that intramolecular electron transfer from the FAD
to the [2Fe-2S] center of MMOR occurs prior to the release
of NAD+ (16). In our studies, however, we find that NAD+

dissociates in the same kinetic phase in which intermolecular
electron transfer from the FAD to the [2Fe-2S] occurs. It
was reported that the binding of MMOB blocks intermo-
lecular electron transfer from MMOR to MMOH and that
inclusion of organic substrate in these reactions overcomes
this inhibition (16). We find in contrast with these results
that intermolecular electron transfer from MMOR to the
diiron center of the hydroxylase is accelerated when MMOB
is bound to MMOH and that inclusion of saturating methane
has no significant effect on the electron-transfer rate.

Hydroxylation of nitrobenzene by sMMO results in the
formation of a product-bound intermediate T that can be
detected by itsp-nitrophenol chromophore (17). The inter-
mediate T resulting from methane hydroxylation on the other
hand is colorless and cannot be detected by optical absorption
spectroscopy. Single-turnover studies indicated that release
of p-nitrophenol from the active site is rate-limiting compared
with other steps in the reaction mechanism (17). A product-
bound form of MMOH thought to be representative of

Component Interactions in sMMO (Bath) Biochemistry, Vol. 38, No. 39, 199912783



intermediate T can be prepared by titrating the oxidized
hydroxylase with excess methanol, and EPR studies revealed
that the electronic properties of this complex are altered upon
binding of MMOB (40). We demonstrate here that this
methanol complex of the hydroxylase can be rapidly reduced
by MMOR and that the inclusion of MMOB accelerates this
reaction. We propose that reduction of the diiron center may
decrease its affinity for coordinated methanol, serving both
to facilitate product release and to prepare the diiron center
for reaction with molecular oxygen.

CONCLUSIONS

The kinetics and thermodynamics of binding interactions
between the oxidized components of the sMMO system were
investigated by isothermal titration calorimetry and stopped-
flow fluorescence spectroscopy. These studies and the results
of analytical ultracentrifugation experiments indicate that at
physiological concentrations MMOR and MMOB exist in
solution as monomers that bind MMOH with 2:1 stoichi-
ometry and weak negative cooperativity. Component binding
occurs in a two-step process. A Michaelis complex forms
initially between MMOH and MMOB or MMOH and
MMOR. This step is followed by a slower isomerization
reaction, which communicates the binding event to a second
symmetry-related site and accounts for the negative coopera-
tive relationship between the two sites. The temperature
dependence of the thermodynamic parameters associated with
complex formation suggests that the structure of the MMOH/
MMOB binding interface changes as a function of temper-
ature. Thus, MMOH and/or MMOB appear to undergo
temperature-dependent conformational changes. There is no
evidence that a similar temperature-dependent change occurs
at the MMOR binding interfaces of the hydroxylase. It is
possible that this isomerization corresponds to a structural
change that is related to the greatly increased rate of catalysis
by the hydroxylase at 45°C compared with the rate at 25
°C.

Steady-state kinetic investigations of the sMMO reveal
several modes of catalysis in addition to the well-studied
hydroxylase activity. In the absence of MMOH, MMOR
reacts with NADH and molecular oxygen to generate
hydrogen peroxide. Addition of hydroxylase in the presence
or absence of MMOB accelerates the rate of NADH
oxidation, but the product of these reactions is water rather
than hydrogen peroxide. Introduction of methane or propy-
lene switches the oxidase activity to hydroxylase activity,
but only when MMOB is present. Thus, substrate and
MMOB each appear to have important roles in modulating
the active-site chemistry of MMOH. Finally, the hydroxylase
functions as an NADH peroxidase when supplied with
electrons by MMOR in the presence or absence of MMOB
and substrate. This previously overlooked activity may
represent a mechanism wherebyM. capsulatus (Bath)
protects itself from the potential toxicity of hydrogen
peroxide.

We have studied the catalytic efficiency of the sMMO
system as defined by the extent to which NADH oxidation
is coupled to substrate hydroxylation. The efficiency of the
hydroxylation reaction is very sensitive to the relative
component concentrations and the reactivity of the hydro-
carbon substrate. The observed changes in catalytic efficiency

as a function of varied MMOR and MMOB concentration
allow us to rule out a mechanism in which MMOB and
MMOR compete for binding sites in favor of noncompetitive
binding during catalysis.

The reaction of MMOR with pyridine nucleotides affords
charge-transfer and semiquinone-containing intermediates
that closely resemble those observed in related iron-sulfur
and flavin-containing reductases. Intermolecular electron
transfer from the ferredoxin domain of MMOR to the
dinuclear iron center of MMOH occurs as rapidly as electrons
are delivered to the ferredoxin center by intramolecular
electron transfer from FAD. Subsequent intermolecular
electron-transfer reactions occur more slowly. These steps
are accelerated in the presence of MMOB. Methane has no
significant effect on the electron-transfer reaction. Reduction
of intermediate T by intermolecular electron transfer may
be an important aspect of the product release mechanism,
and the reduction of the peroxo and Q intermediates may
account for the uncoupled oxidase activity detected when
MMOR concentrations are present in excess.
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