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ABSTRACT: Component interactions play important roles in the regulation of catalysis by methane
monooxygenase (MMO). The binding of component B (MMOB) to the hydroxylase component (MMOH)
has been shown in previous studies to cause structural changes in MMOH that result in altered
thermodynamic and kinetic properties during the reduction and oxygen binding steps of the catalytic
cycle. Here, specific amino acid residues of MMOB that play important roles in the interconversion of
several intermediates of the MMO cycle have been identified. Both of the histidine residues inMethylosinus
trichosporiumOB3b MMOB (H5 and H33) were chemically modified by diethylpyrocarbonate (DEPC).
Although the DEPC-MMOB species exhibited only minor changes relative to unmodified MMOB in
steady-state MMO turnover, large decreases in the formation rate constants of the reaction cycle
intermediates, compoundP and compoundQ, were observed. The site specific mutants H5A, H33A, and
H5A/H33A were made and characterized. H5A and wild type MMOB elicited similar steady-state and
transient kinetics, although the mutant caused a slightly lower rate constant forQ formation. Conversely,
H33A exhibited a>50-fold decrease in theP formation rate constant, which resulted in slower formation
of Q. The kinetics of the double mutant (H5A/H33A) were similar to those of H33A, suggesting that the
highly conserved residue, H33, has the most significant effect on the efficient progress of the cycle.
Ongoing NMR investigations of residues perturbed by formation of the MMOH-MMOB complex
suggested construction of the MMOB N107G/S109A/S110A/T111A quadruple mutant. This mutant was
found to elicit a nearly 2-fold increase in specific activity for steady-state MMO turnover of large substrates
such as furan and nitrobenzene but caused no similar increase for the physiological substrate, methane.
While the quadruple mutant did not have a significant effect onP andQ formation, it caused an almost
3-fold increase in the decay rate constant ofQ for furan oxidation and a 2-fold faster product release rate
constant forp-nitrophenol resulting from nitrobenzene oxidation. Conversely, this mutant caused theQ
decay rate constant to decrease 7-fold for methane oxidation but left the product release step unaffected.
These results show for the first time that MMOB exerts influence at late as well as early steps in the
catalytic cycle. They also suggest that MMOB plays a critical role in determining the ability of MMO to
distinguish between methane and larger substrates.

Soluble and particulate methane monooxygenases (MMOs)1

expressed in methanotrophic bacteria are the only enzymes
that can efficiently catalyze the oxidative cleavage of the
extremely stable C-H bond of methane (1-9). The soluble
form of the enzyme exhibits the following stoichiometry: As isolated fromMethylosinus trichosporiumOB3b, the

soluble form of MMO consists of three independent protein
components: a 245 kDa hydroxylase component (MMOH)
having an (Râγ)2 subunit structure with each protomer
containing an active site, a 38 kDa reductase component
containing FAD and a [Fe2S2] cluster that serves to transfer
electrons to MMOH, and a small 15 kDa protein termed
component B that has no known cofactors (1-3, 10). MMOH
contains a non-heme bis-µ-hydroxo-bridged binuclear iron
cluster in the active site that has been shown by kinetic and
spectroscopic studies to be responsible for catalysis (10-
17).

Single-turnover transient kinetic and spectroscopic studies
have led to the proposed mechanism for MMO shown in
Scheme 1 (1, 10, 18-20). Molecular oxygen can react with
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CH4 + NAD(P)H + O2 + H+ f

CH3OH + NAD(P)+ + H2O (1)
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the reduced form of MMOH [Fe(II)Fe(II)] (Hr) to form
intermediate compoundO. BecauseO has spectroscopic
properties similar to those ofHr, it is postulated that the
associated O2 is not bound to the binuclear cluster in this
intermediate.O then decays to compoundP* with the
associated loss of an integer spin EPR signal atg ) 16 that
is characteristic ofHr (18, 21), suggesting that O2 is bound
to the cluster in this species, resulting in a shift in electron
density to yield a diferric [Fe(III)Fe(III)] peroxy or a mixed-
valent [Fe(II)Fe(III)] oxy complex.P* decays to a different
diferric peroxy species, compoundP, characterized by a weak
absorbance at 700 nm (19, 22-24). P then spontaneously
converts to compoundQ. Q is a unique yellow intermediate
that has been shown to contain a diferryl-oxo cluster [Fe-
(IV)Fe(IV)] by Mössbauer studies (24, 25). Additionally,
EXAFS experiments have revealed that the O-O bond is
broken inQ and at least two single-atom oxygen bridges
link the irons of the cluster, forming a “diamond core”
structure (24). Q is the form of MMOH that reacts with
substrates, and it is the first monooxygenase intermediate to
have been trapped and characterized that is capable of
reacting directly with unactivated hydrocarbons to yield
hydroxylated products. It should be noted that it appears that
one proton is necessary in both theP*-to-P andP-to-Q steps
(19). After the reaction ofQ with the substrate, product-
bound compoundT is formed, and with the release of the
product, the resting diferric state of MMOH (Hox) is
regenerated in the rate-limiting step of catalysis (18).

Although MMOH in the absence of MMOB is capable of
high yields of product formation from both single-turnover
and NADH/MMOR-coupled multiple-turnover reactions (10,
20), the rates of these reactions are very low, suggesting that
MMOB has a very significant impact on catalysis. Accord-
ingly, transient kinetic studies have revealed two major
effects of MMOB on the turnover rate (20). First, it causes
a 1000-fold increase in the rate of formation of an intermedi-
ate P* (18, 26). Second, it accelerates the formation ofQ
from P, thereby maximizing its formation and preventing
uncoupling due to nonproductive breakdown ofP. These
effects on catalysis are very dramatic such that essentially
no Q accumulates in the absence of MMOB. The detailed
mechanism by which MMOB regulates the conversion rates

of the reaction cycle intermediates is unknown, but the effect
is clearly mediated through the formation of a specific
complex with theR-subunit of MMOH (27). Spectroscopic
studies have shown that this complex alters the environment
of the binuclear iron site (27-30). The conformational
changes at the active site of MMOH induced by MMOB
binding have other effects on catalysis as well. For example,
it has been observed that the regiospecificity of hydroxylation
for alternative MMO substrates that are more complex than
methane is dramatically altered when MMOB is added (31),
suggesting that their binding orientation in the active site is
changed. Also, the redox potential of the binuclear iron site
is changed dramatically when MMOB binds, causing a
coupled change in the MMOH-MMOB affinity of ap-
proximately 5 orders of magnitude (27, 30).

The high-resolution X-ray crystal structure of MMOH and
the NMR solution structure of MMOB have been reported
for the components isolated from bothM. trichosporium
OB3b (12, 32) and Methylococcus capsulatus(Bath) (13,
14, 33, 34). Unfortunately, the MMOH-MMOB complex
has never been crystallized, and thus, no structural data for
the most active form of the enzyme are currently available.
The X-ray crystal structures of MMOH reveal a “canyon”
that exists between the twoRâγ protomers that exposes the
protein surface over the buried binuclear iron site. The
dimensions of MMOB match those of the canyon, suggesting
that it may exert its effects on the binuclear iron cluster by
binding in this part of the MMOH structure, but no details
of the surface interaction are known.

The NMR structure of MMOB shows that it has a well-
ordered core (residues 36-126) flanked by N- and C-terminal
regions that possess no significant structure in solution
(residues 1-35 and 127-138). The N-terminus is known to
contain residues essential for the overall MMOB function.
In the case ofMe. capsulatus(Bath) MMOB, N-terminal
proteolysis and site-directed and deletion mutagenesis have
been shown to reduce or eliminate the effects of the protein
on catalysis (35, 36). Similarly, we have observed that
deletion of residues 2-29 ofM. trichosporiumOB3b MMOB
does not affect the structure of the core region but does
eliminate its ability to accelerate steady-state activity and
the formation ofP andQ.2

The structural fold of the core of MMOB does not suggest
any obvious areas of MMOH-MMOB interaction, but the
availability of the solution structure has made it possible to
monitor changes in the environment of specific MMOB
residues upon addition of MMOH. Perturbation of specific
NMR resonances has been used to map interaction sites
between MMOH and MMOB for both theMe. capsulatus
(Bath) (34) andM. trichosporiumOB3b systems.2 In both
cases, preliminary docking models have been constructed
for the sites of interaction; however, there has been no direct
study of the proposed contact sites.

In this study, through the combination of chemical
modification, site-directed mutagenesis, and kinetics, we have
located specific MMOB residues in both the N-terminal and
core structural regions that play important roles in the MMO
catalytic cycle. It is shown for the first time that MMOB

2 More detailed structural studies are now in progress. S.-L. Chang,
B. J. Wallar, J. D. Lipscomb, and K. H. Mayo, manuscript in
preparation.

Scheme 1: Proposed Catalytic Cycle of MMOHa

a The filled oxygen atoms represent our current understanding of
the fate of the atoms derived from O2. The structures of the intermedi-
atesO throughT are based on spectroscopic and model studies.
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exerts regulatory influence throughout the catalytic cycle,
and a potential new role for MMOB in substrate selection is
revealed.

EXPERIMENTAL PROCEDURES

Reagents and Routine Procedures.Common reagents were
the highest grade available and were obtained from either
Sigma (St. Louis, MO) or Aldrich Chemicals (Milwaukee,
WI). Molecular biological reagents were purchased from
Qiagen, Inc. (Valencia, CA), Stratagene (La Jolla, CA), or
Life Technologies, Inc. (Rockville, MD). DEAE-Sepharose
and Sephadex resins were products of Pharmacia (Piscat-
away, NJ). Water was deionized and then further purified
using a Millipore reverse osmosis system. Concentrations
of the protein components and their respective activities were
determined as previously described (10, 37).

Bacterial Growth. For MMOH, the bacterial growth of
M. trichosporiumOB3b was as reported previously (10). For
the isolation of MMOB, a recombinant MMOB system was
used. The construction of the T7-based expression plasmid
that contains the MMOB gene (mmob) has been reported
previously (32). The plasmid yielded a high level of
expression ofmmobwhen subcloned into the BL21(SI) strain
of Escherichia coli(Life Technologies, Inc.). BL21(SI) cells
containing the mutant MMOB plasmids were cultured in LB
broth (without NaCl) containing ampicillin (100µg/mL) and
grown at 32°C in 2 L flasks with constant stirring and
aeration. After reaching an OD of 0.8, cells were induced
by the addition of NaCl to a final concentration of 300 mM.
After growing for an additional 5 h at 30 °C, cells were
harvested and centrifuged at 9000g for 20 min at 4°C. The
cell paste was subsequently stored at-80 °C. Typically, 3
g of cell paste/L of culture medium was obtained.

Site-Directed Mutagenesis of MMOB.Sequence analysis
of MMOB was performed using the Wisconsin Package
(version 8.1) by Genetics Computer Group (Madison, WI).
The QuikChange system from Stratagene was used to
construct the plasmids for all mutants of MMOB. All mutant
mmobgenes were sequenced by the University of Minnesota
Microchemical Facility to confirm the constructs. The
oligonucleotides used to introduce the mutations were H5A
(5′-CATATGTCCAGCGCTGCGAACGCTTACAACGCC-
3′ and 5′-GGCGTTGTAAGCGTTCGCAGCGCTGGACA-
TATG-3′), H33A (5′-GGAGAACCAGGTCGTCGCCGAG-
TCCAACGCCG-3′ and 5′-CGGCGTTGGACTCGGCGACG-
ACCTGGTTCTCC-3′), and N107G/S109A/S110A/T111A
(5′-CGACCTTCTCATCGGTGTGGCGGCGGCGGTCGG-
CCGCGCC-3′ and 5′-GGCGCGGCCGACCGCCGCCGC-
CACACCGATGAGAAGGTCG-3′).

Purification of Recombinant MMOB.All steps of the
purification procedure were carried out at 4°C. The cell paste
(30-75 g) was suspended in 100 mL of 25 mM MOPS (pH
7.0). Cells were sonicated for 2 min with a total of three
repetitions while maintaining the temperature at 4°C with
an ice bath, then diluted with an additional 350 mL of cold
25 mM MOPS (pH 7.0), and finally centrifuged at 25000g
for 90 min. The supernatant was decanted and diluted with
an additional 300 mL of 25 mM MOPS (pH 7.0). This cell
free extract was loaded immediately onto a fast-flow DEAE
Sepharose column (40 mm× 330 mm) equilibrated with 25
mM MOPS (pH 7.0) at a linear flow rate of 20 cm/h. The

column was then washed with 1 L of 25 mM MOPS (pH
7.0) containing 0.08 M NaCl at a linear flow rate of 10 cm/
h. The MMOB was eluted with a 1.6 L (800× 800 mL)
gradient from 0.08 to 0.25 M NaCl in the same buffer at a
linear flow rate of 2 cm/h. Fractions were assayed for MMOB
as previously described (10) and then pooled together. Solid
(NH4)2SO4 was added to the pooled MMOB fractions (50%
of saturation) over the course of 30 min; the mixture was
centrifuged at 9000g for 30 min, and then the precipitant
was resuspended in a minimal amount of 25 mM MOPS
(pH 7.0). This was loaded onto a Sephadex G-75 column
(44 mm× 1000 mm) equilibrated in the same buffer, and
the material was eluted at a linear flow rate of 1 cm/h. The
pooled fractions containing MMOB activity were concen-
trated via ultrafiltration, frozen in liquid nitrogen, and stored
at -80 °C.

Purification of MMOH. The purification of MMOH from
M. trichosporiumOB3b has been reported previously (10);
however, a few modifications to this protocol have been
made. The enzyme preparation was scaled up in cell weight
by 3-5-fold (600-1000 g of cells). The size of the first
DEAE-Sepharose Fast Flow column was increased to utilize
600 mL of resin, and the flow rate of the buffer used in ion
exchange chromatography was increased by 5-fold. In this
larger preparation of MMO, the pH of the hydroxylase
fractions increased significantly to>8.0. Therefore,1/10 of
the fraction volume of 500 mM MOPS (pH 7.0) was
immediately added to each higher-pH fraction to neutralize
MMOH. Purified MMOH exhibited specific activity in the
range of 600-1200 nmol min-1 mg-1 for the turnover of
furan.

Chemical Modification. Stock DEPC was first made by
diluting 6.9 M DEPC (Sigma, St. Louis, MO) in cold ethanol
to a concentration of 200 mM. The final modification
reaction of MMOB by DEPC was as follows: 500µΜ
MMOB and 3.1 mM DEPC in 2.5 mL of 100 mM MOPS
(pH 7.0). The reaction was allowed to proceed at room
temperature with stirring and continuously followed spec-
trophotometrically at 244 nm. The reaction was finished in
10 min, after which imidazole was added to a final concen-
tration of 50 mM to quench any potential nonspecific DEPC
labeling. To a portion of this reaction mixture was added
hydroxylamine to a final concentration of 100 mM and the
mixture allowed to incubate at room temperature for 2 h.
For the control (unlabeled) MMOB, all of the same condi-
tions were used as in the labeling procedures; however, there
was no DEPC present. For all reactions, after the appropriate
reaction was complete, the entire sample was loaded onto a
10 mL Sephadex G-25 column and quickly eluted with 50
mM MOPS (pH 7.0). The fractions were assayed spectro-
photometrically and pooled together. For the quantitation of
modified histidines in the DEPC-treated MMOB, a difference
spectrum centered at 244 nm was constructed by subtracting
the control MMOB spectrum from the DEPC-labeled MMOB.
Using an extinction coefficient of 3.2 mM-1 cm-1 for the
modified histidine (38, 39), a stoichiometry of 2.0 modified
histidines/MMOB was calculated.

Steady-State Kinetic Measurements.For the multiple-
turnover reactions with furan and methane, the reaction rates
were monitored by measuring the rates of oxygen consump-
tion using a Clark-type oxygen electrode fitted to a reaction
chamber sealed with a very small bore (<0.5 mm) glass
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stopcock to minimize the diffusion of air in and out of the
reaction chamber. In all cases, the concentrations of the
reaction components were as follows: 300 nM MMOHact,
300 nM MMOR, and 0.4 mM NADH in 50 mM MOPS (pH
7.6). For furan turnover, 1.6 mM furan was present, and for
methane reactions, 190µM methane was used. The small
amount of oxygen consumption that occurred in the absence
of MMOB was always subtracted from the steady-state
activity in the presence of MMOB. The amount of oxygen
that was consumed was calibrated by quantitating the O2

utilized during the turnover of 0.1µmol of catechol by
catechol 1,2-dioxygenase. Units of activity for furan and
methane turnover are in turnover numbers per diiron site,
and all experiments were performed at 25°C.

For the multiple-turnover reactions with nitrobenzene, the
reaction rates were monitored by the release of the product
p-nitrophenol at 404 nm using an Agilent Technologies 8453
UV-vis spectrophotometer. In all cases, the concentrations
of the reaction components were as follows: 1.0µM
MMOHact, 1.0 µM MMOR, 1.2 mM nitrobenzene, and 0.4
mM NADH in 50 mM MOPS (pH 7.6). Using an extinction
coefficient of 15 mM-1 cm-1 at pH 7.6 forp-nitrophenol,
activity was then calculated in turnover numbers per diiron
site. All of the nitrobenzene assays were performed at
25 °C.

Stopped-Flow Absorption Spectroscopy. The transient
absorption measurements were all performed using an
Applied Photophysics Ltd. SX.18MV stopped-flow spec-
trometer with the SK.1E extended spectrakinetic accessory
(Surrey, United Kingdom). For single-turnover reactions,
anaerobically reduced MMOH was made using the technique
described by Fox et al. (10). In brief, MMOH and methyl
viologen (0.1 mol/mol of MMOH) were made anaerobic in
50 mM MOPS (pH 7.0) in a 3 mLconical bottom reaction
vial that was Teflon-sealed. The method of making the
enzyme anaerobic was to simply flush the reaction vial with
oxygen free argon gas for 30 min at 4°C. Anaerobic sodium
dithionite was then added stoichiometrically (1 mol of
reducing equivalents/Fe or 2 mol of reducing equivalents/
active site) to reduce the MMOH. The reaction was allowed
to proceed on ice for about 30 min to ensure that the MMOH
was fully reduced. For use in the stopped-flow spectrometer,
the reduced MMOH was transferred to an anaerobic glass
luer-lock syringe which was quickly attached to the stopped-
flow sample delivery apparatus. The sample was then inserted
into the drive syringe and allowed to incubate at the desired
temperature for at least 10 min before data were collected.

For all experiments, O2 was added in large excess over
MMOH. IntermediatesP andQ were monitored by following
the 700 and 430 nm absorbance change, respectively, and
all reactions took place at 4°C. One syringe contained
anaerobically reduced MMOH, and the other syringe con-
tained the variable MMOB and substrate in O2-saturated 50
mM MOPS (pH 7.0).

For the product release experiments, a high concentration
of nitrobenzene was used (1.5 mM), and the reaction
proceeded at 25°C to allow the reaction of compoundQ
with nitrobenzene to occur very quickly. This facilitated
observation of the product release step and comparison with
the multiple-turnover reaction, which is rate-limited by this
step. All product release experiments were monitored at
400 nm.

Transient Kinetic Data Analysis. Pseudo-first-order kinet-
ics were generally observed because O2 adds in an effectively
irreversible step in the dead time of the stopped-flow
instrument for all experiments, and the substrate concentra-
tions are in excess over that of MMOH for most experiments.
The reactions that were monitored usually consisted of at
least two steps, each of which contributed a kinetic phase.
The phases sum together to produce the overall time course.
The number of relaxations that were 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 have shown thatP forms prior toQ (18, 24,
25). 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 has been used to
identify which relaxation time was associated with the
formation of Q (18). The reciprocal relaxation times and
amplitudes of the phases were determined by nonlinear
regression fitting using the program KFIT developed by N.
C. Millar of Kings College (London, England) as previously
described (18). Rate constants listed in this paper were
determined from analysis of at least 10 repetitions of each
experiment.

Simulations of reaction time courses were completed using
the numerical integration program KSIM version 2.0, also
developed by N. C. Millar. This program allows a sequence
of reactions to be entered along with reactant concentrations,
rate constants for specific steps, and relative absorbance
values of intermediates. The simulated time course can then
be directly compared with the experimental data.

RESULTS

Kinetics of DEPC-Modified MMOB.The importance of
the disordered N-terminal region of MMOB to efficient
catalysis is apparent from the lack of activity of naturally
truncated variants and deletion mutants (35, 36).2 The only
histidine residues of the protein are found in this N-terminal
region at positions 5 and 33 of MMOB isolated fromM.
trichosporiumOB3b (40), Methylocystissp. strain M (41,
42), andMethylocystissp. strain WI 14 (43) (see Figure 1).
His33 is also conserved in the equivalent position of MMOB
from Me. capsulatus(Bath) (44), although the equivalent of
His5 is a Ser. Due to the lack of apparent secondary structure
in this region, it seemed likely that the two His residues of
MMOB could be easily and specifically modified by DEPC.
DEPC was reacted withM. trichosporiumOB3b MMOB as
described in Experimental Procedures, resulting in the
formation of 2.0 ethoxyformylhistidyl groups as shown by
the characteristic absorbance at 244 nm. There was no
evidence of additional incorporation at residues other than
His.3 Thus, it seems likely that the two His residues were
specifically modified.

3 Even though much less efficient, DEPC can also modify the
nucleophilic side chains of other amino acids, including tyrosine, lysine,
and cysteine. Upon addition of hydroxylamine at pH 7.0, the effect of
DEPC was nearly completely reversed, indicating that cysteine or lysine
was not modified to an appreciable extent. In the case of tyrosine, a
significant modification would result in a change in the absorbance
spectrum near 278 nm; however, no change was observed in the UV
spectrum except near 244 nm which is expected for ethoxyformylation
of histidine.
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As shown in Figure 2A, the DEPC-MMOB complex was
found to be 66% as active as control MMOB at an MMOB:
MMOH stoichiometry of 2 using furan as the substrate.4 The
modified MMOB also appeared to have less of the charac-
teristic inhibitory effect at high MMOB:MMOH ratios [due
to the formation of additional component complexes which
are unreactive in the case of unmodified MMOB (27)]. Upon
addition of hydroxylamine, which specifically reverses the
DEPC histidine modification, the steady-state activity in-

4 MMOB alone does not actually possess an enzymatic activity;
rather, it acts to enhance the catalytic turnover of substrates by the
hydroxylase component of MMO. By maintaining the concentration
of MMOH, MMOR, NADH, and substrate in steady-state assays, we
found that measuring the degree of the MMOH activity enhancement
as an indicator of MMOB function was valid. Therefore, even though
MMOB does not catalyze the chemistry on the substrate, this paper
refers to MMOB “activity” as the magnitude of the augmentation of
MMOH activity.

FIGURE 1: Protein sequence comparisons of MMOB with other
non-heme oxygenase effector proteins. The protein sequences
labeled are as follows: MMOB fromM. trichosporiumOB3b (B-
OB3b), MMOB fromMe. capsulatus(Bath) (B-Bath), MMOB from
Methylocystissp. strain M (B-strM), MMOB fromMethylocystis
sp. strain WI 14 (B-strWI), component D of toluene 4-monooxy-
genase fromPseudomonas mendocina(T4MOD), the effector
protein of toluene 3-monooxygenase fromPseudomonas picketti
(T3MO), the effector protein of toluene 2-monooxygenase from
Pseudomonassp. CF600 (Tbmc), the effector protein of phenol
hydroxylase fromAcinetobacter calcoaceticus(PH3), and the P2
effector protein of phenol hydroxylase fromPseudomonas putida
(P2). The sequences in bold are identical residues in the four
MMOB genes. Sequences were aligned using the Wisconsin
Package (version 8.1) by Genetics Computer Group. The N-
terminus of the MMOB structure that is shown has been truncated
for the sake of clarity. Consequently, the position of H5 shown
only indicates the general region of the structure in which it is
located.

FIGURE 2: Steady-state kinetics of MMO turnover (A) and transient
kinetics of MMOH single turnover (B) in the presence of DEPC-
labeled MMOB or wild type MMOB. (A) Multiple turnovers of
MMO using furan as the substrate. The assays were performed as
described in Experimental Procedures. Units of activity are
expressed in turnover numbers per diiron site. The different
reactions are denoted as follows: wild type MMOB (9), DEPC-
MMOB (2), wild type MMOB + hydroxylamine (0), and DEPC-
MMOB + hydroxylamine (4). (B) The time course of compound
Q was followed at 430 nm via single-wavelength stopped-flow
spectroscopy at 4°C. The final reaction mixture included 25µM
MMOHact, DEPC-MMOB, or wild type MMOB in 50 mM MOPS
(pH 7.0). The appropriate fits are overlaid on the data. When the
reaction was repeated a concentration that was 4 or 8 times the
concentration of the DEPC-MMOB complex, a time course that
can be superimposed with that shown was observed, suggesting
that the complex between the DEPC-MMOB complex and MMOH
is fully formed even when the components are present in a 1:1
ratio.
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creased to the equivalent of hydroxylamine-treated control
MMOB.

The ability of the DEPC-MMOB complex to promote
the formation of critical intermediate compoundQ was also
found to be altered as shown in Figure 2B. In accord with
previous studies, the control MMOB time course monitored
at 430 nm was fit to a summed two-exponential equation,5

giving a Q formation rate constant of 2.70 s-1 and a decay
rate constant of 0.039 s-1. The DEPC-MMOB time course
was markedly different, requiring three summed exponentials
to achieve a good fit withQ formation rate constants of 0.77
s-1 (∼15% of the total amplitude) and 0.066 s-1 (∼85% of
the total amplitude) and aQ decay rate constant of 0.039
s-1. Thus, the modification of these two His residues
specifically affects the formation but not the decay rate
constant ofQ in the absence of substrate.

Steady-State ActiVity of MMOB Histidine Mutants. To
further explore the role of the MMOB histidines in multiple
turnovers and the production ofQ, three site-directed mutants
were constructed: H5A, H33A, and H5A/H33A. Each
mutant protein was overexpressed and purified in high yield
as described in Experimental Procedures. One-dimensional
NMR spectra of the mutant MMOBs were indistinguishable
from those of the wild type and recombinant protein except
for the position of modification, suggesting that no major
structural changes occurred.2 Steady-state kinetic analysis of
the mutant MMOBs with furan (Figure 3A) or nitrobenzene
(Figure 3B) as the substrate showed rather small changes in
activity due to the modifications. The maximum activity of
the H5A mutant was not significantly different than that of
the wild type for both furan and nitrobenzene turnover. When
furan was used as a substrate, H5A/H33A and H33A both
had slightly lower activities at an MMOB:MMOH ratio of
2 compared to wild type (76 and 84%, respectively). No
similar decrease in activity was observed when nitrobenzene
was used as the substrate, although H5A/H33A did shift the
point of optimal activity to a higher MMOB:MMOH ratio.
The H5A/H33A double mutant also showed essentially no
inhibitory effect for furan turnover at high MMOB:MMOH
ratios, reminiscent of the effect of the DEPC-MMOB
complex (Figure 2A). However, the inhibitory effect at higher
MMOB:MMOH ratios was present in the H5A/H33A reac-
tions with nitrobenzene. The apparent discrepancy between
these observations can be explained by the method of
detection of activity in the assays. For the furan assays, the
reaction is monitored by the consumption of oxygen;
therefore, it is possible that high relative concentrations of
the mutated form of MMOB cause the enzyme to become
partially uncoupled, resulting in a higher rate of utilization
of O2 than product formation. Indeed, adding a small aliquot
of catalase to the completed H5A/H33A reaction mixture
resulted in O2 evolution, showing that a small amount of
peroxide had been formed during the assay, which is not
normally the case (data not shown). On the other hand, the

nitrobenzene reaction is assayed by observing the release of
product, so any uncoupling would not appear as an increase
in activity as in the furan assay.

Steady-State ActiVity of N107G/S109A/S110A/T111A
MMOB. Using the recently determined solution structures
of MMOB from M. trichosporium OB3b (32) and Me.
capsulatus(Bath) (34) and NMR techniques that detect
MMOB residues that interact with MMOH, likely contact
sites have been mapped (34).2 The possible interaction area
between MMOB residues 107 and 111 has substantial
sequence homology between the two methanotrophs, as
shown in Figure 1. As a result, the N107G/S109A/S110A/
T111A MMOB mutant was constructed and shown by one-
dimensional NMR studies to be structurally similar to wild
type MMOB.2 In steady-state activity studies of this qua-
druple mutant (Figure 4A), it was observed that for both furan
and nitrobenzene, N107G/S109A/S110A/T111A MMOB had
almost double the activity of wild type MMOB (1.8-fold for
both substrates at peak MMOB:MMOH ratios). Nevertheless,
the activity of N107G/S109A/S110A/T111A MMOB for
methane turnover was not different from that of wild type
MMOB as shown in Figure 4B.

CompoundQ Time Course with MMOB Mutants. The fact
that all of the mutant MMOBs yield active MMO systems
and maximize the steady-state rate at approximately equimo-
lar concentrations with MMOH suggests that they bind
tightly to MMOH (see below) and promote the formation
of the critical intermediateQ. The effect of each of the

5 The fit to the time course of formation and decay ofQ monitored
at 430 nm actually requires at least three exponential phases (45).
However, by far the greatest amplitude changes occur in the final two
phases of the process which are slow relative to the kinetically isolated
rapid phase that has a reciprocal relaxation time correlated with the
O-to-P* step in the reaction cycle. Consequently, a two-exponential
fit simplifies the data analysis and gives a reasonably good representa-
tion of theP-to-Q andQ-to-T steps of the reaction cycle.

FIGURE 3: Steady-state activity of wild type MMOB and histidine
mutants using furan (A) and nitrobenzene (B) as substrates. Both
enzyme assays are described in Experimental Procedures. In both
assays (A and B), the MMOB present was wild type (9), H5A
(0), H33A (2), and H5A/H33A (4). The data points for each
MMOB are connected by line segments for clarity, but the presence
of these lines does not indicate that they are fit to a specific model.
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mutant MMOBs on the time course ofQ formation and
decay in the absence of substrate is shown in Figure 5. For
each of the histidine mutants, theQ time course was fit well
by a summed two-exponential equation.5 This indicates that
the reaction consists of at least two steps as we have
described in detail in previous studies (18, 20). To the extent
that the steps are irreversible, the reciprocal relaxation times
of the exponential phases give the rate constants for the steps.
The most significant effect on theQ time course was seen
with the H33A and H5A/H33A mutants. While neither
altered the decay rate constant ofQ, they decreased the
apparent (see below) formation rate constant significantly
from 2.7 to 0.35 and 0.28 s-1, respectively (see Table 1).
The fact that the H5A/H33A mutant elicited only a slightly
lower Q formation rate constant than H33A demonstrates
that the major decrease in rate constant stems primarily from
the histidine that is conserved in all methanotrophs studied
in detail thus far, His33. The H5A mutation had a compara-
tively minor effect on theQ time course; however, it did
consistently decrease theQ formation rate constant from 2.7
to 1.7 s-1, again without changing theQ decay rate constant.
We have observed in previous chemical modification studies
of MMOB that some changes result in loss of activity due

to the inability to form an MMOH-MMOB complex (27).
Thus, it was conceivable that the change in rate constants
observed here was due to incomplete complex formation,

FIGURE 4: Steady-state MMO turnover in the presence of wild type
MMOB or the N107G/S109A/S110A/T111A mutant using furan
or nitrobenzene (A) or methane (B) as the substrate. The assays
are described in Experimental Procedures. In the furan and
nitrobenzene assays (A), the reaction mixture included wild type
MMOB and furan (9), wild type MMOB and nitrobenzene (2),
N107G/S109A/S110A/T111A MMOB and furan (0), and N107G/
S109A/S110A/T111A MMOB and nitrobenzene (4). The data
points for each MMOB are connected by line segments for clarity,
but the presence of these lines does not indicate that they are fit to
a specific model. (B) For the methane assays, the reaction mixtures
included wild type MMOB (9) or N107G/S109A/S110A/T111A
MMOB (0).

FIGURE 5: Single-turnover time course ofQ formation and decay
with wild type vs mutant MMOBs.Q was monitored at 430 nm
over 102 s by using stopped-flow absorption spectroscopy (single-
wavelength detector) and plotted over the course of 20 s. All time
courses reached an equivalent final OD after the 102 s reaction. In
each case, the final reaction mixture included 15µM MMOHact
and 15µM MMOB in 50 mM MOPS (pH 7.0) at 4°C. The data
were fit to a summed two-exponential process with the rates given
in Table 1. An example of a summed three-exponential fit of the
Q time course with N107G/S109A/S110A/T111A MMOB is shown
as a solid line superimposed on the data with the corresponding
residual errors (RE) for two- and three-exponential fits displayed
above. Fit parameters at 430 nm:k1 ) 2.45 s-1, Amp1 ) 0.020;
k2 ) 0.12 s-1, Amp2 ) -0.010;k3 ) 0.045 s-1, Amp3 ) -0.0084.

Table 1: Rate Constants for Intermediates in a Single Turnover of
Hr and O2 at 4 °Ca

compoundPb compoundQc

MMOB kform (s-1) kform (s-1) kdecay(s-1)

wild type 10.1( 1.1 2.70( 0.25 0.039( 0.003
H5A 9.4( 1.8 1.71( 0.20 0.036( 0.003
H33A <0.35( 0.04d ∼2.70d 0.036( 0.002
H5A/H33A <0.28( 0.05d ∼2.70d 0.034( 0.004
N107G/S109A/ 9.6( 1.0 2.45( 0.30 0.12( 0.001,e

S110A/T111A 0.045( 0.005
a General reaction conditions are given in Experimental Procedures.

The temperature for all measurements was 4°C. A single-wavelength
detector was used for all measurements. The values that are shown are
for fits to the data recorded at 430 nm except where noted. The values
from fits to data recorded at 700 nm were the same within experimental
error except where noted. Rate constants were determined from analysis
of at least 10 repetitions of each experiment.b Since theP decay rate
is the same as theQ formation rate, only the formation ofP has been
listed for clarity. This rate could not be directly determined from data
monitored at 430 nm. The values shown are from fits to data recorded
at 700 nm. TheP formation rate was insensitive to substrate concentra-
tion. c The rate constants given forQ decay were measured in the
absence of substrate. ForQ decay rates in the presence of methane or
furan, see Figure 6 and Table 2. In all cases, theQ formation rate was
insensitive to substrate concentration.d Determination of these rate
constants is discussed in further detail in the Results.e For the case of
Q decay in the absence of substrate with N107G/S109A/S110A/T111A
MMOB present, two decay rates were necessary to fit the data. The
rate constant of 0.12 s-1 was responsible for about 60% of the decay,
whereas 40% of the decay occurred at 0.045 s-1. The reason for the
split in the decay process is unclear. The presence of substrates
eliminates the split decay.
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resulting in non-first-order conditions and, consequently,
irrelevant fits. However, superimposable time courses were
observed for 4- and 8-fold excesses of the mutated MMOBs
over MMOH active sites (data not shown). This demonstrates
that a stoichiometric protein-protein complex forms in the
dead time of the stopped-flow instrument and validates the
initial proposal described above that the mutant MMOBs
retain high affinity for MMOH.

The time course ofQ formation and decay for the N107G/
S109A/S110A/T111A quadruple mutant was quite different
from the time courses of those forms of MMOB examined
thus far in that Q reached a much lower maximum
concentration. Fits to the time course (Figure 5) showed that
three summed exponentials were required.Q was formed
with a rate constant of 2.45 s-1; however, the decay process
apparently occurred in two steps. One step occurred with a
rate constant of 0.12 s-1 (60% of the decay amplitude), while
the second step exhibited a rate constant of 0.045 s-1. The
first step is 3-fold faster than observed using wild type
MMOB, accounting in part6 for the slower accumulation of
Q (and also the decrease in the time at which the maximum
accumulation ofQ occurs as shown in Figure 5).

Effect of Substrates on the CompoundQ Time Course with
MMOB Mutants.The effects of the MMOB mutants onQ
formation and decay in the presence of the substrates methane
and furan were also examined (see Figure 6). In each case,
the Q formation and decay time course could be fit by a
summed two-exponential equation. TheQ formation rate
constant elicited by each mutant MMOB was unaffected by
the presence of substrate. For both substrates with each of
the mutants, theQ decay rate constant appeared to increase
in a linear fashion with substrate concentration; thus, an
apparent second-order rate constant for the process could
be calculated from the slope of each plot (see Table 2).7 In
the case of methane, H5A and H33A elicited slightly smaller
rate constants forQ decay, 7.2( 1.5 and 7.5( 1.0 mM-1

s-1, respectively, compared to that of wild type MMOB
(10.0 ( 1.1 mM-1 s-1). In contrast, the N107G/S109A/
S110A/T111A mutant caused a large decrease in theQ decay
second-order rate constant, 1.4( 0.1 mM-1 s-1.

When the larger substrate furan was used, wild type
MMOB produced a second-order rate constant of 16( 2
mM-1 s-1 for Q decay. H5A and H33A again elicited slightly
lowerQ decay rate constants of 14( 1.5 and 12( 1.5 mM-1

s-1, respectively. In contrast to the case described above for

methane turnover, the quadruple mutant caused a large
increase in the rate constant of theQ decay reaction with
furan, 46( 5 mM-1 s-1. This value is almost 3-fold higher
than the second-order rate constant elicited by wild type
MMOB. Thus, the interaction between the N107G/S109A/
S110A/T111A quadruple mutant and MMOH causes large
changes in both steady-state turnover andQ decay rate
constants that are dramatically different for methane and a
larger MMO substrate.

Effects on CompoundP by MMOB Mutants. BecauseQ
formation and decay occurs at the end of an obligatory series
of reactions beginning atHr, it is possible that the true effects
of the mutated MMOBs may occur upstream ofQ formation.
Accordingly, the effects of these mutants on the kinetics of

6 It is interesting to note that the maximum amplitude of the time
course elicited by this mutant is consistently lower than would be
expected on the basis of the rate constants relative to those observed
for wild type MMOB. This is unlikely to be due to less formation of
Q because observation of the time course at 700 nm shows that the
same amount ofP is formed, and the studies shown below in Figure 8
indicate that the same amount of product is formed when nitrobenzene
is oxidized to nitrophenol. It is possible thatQ formed in the presence
of the quadruple mutant has a lower extinction coefficient than normal,
potentially due to an effect such as greater solvent accessibility of the
active site (see the Discussion).

7 Our recent study suggests that theQ decay reaction is actually
more complex than a one-step collisional process (45). The observation
that temperature dependence studies ofQ decay with methane yielded
nonlinear Arrhenius plots, combined with the lack of an isotope effect
for all MMO substrates other than methane, led to the proposal of a
two-step process forQ decay. Nevertheless, the method in which the
second-order rate constants were calculated in this study is a convenient
technique for comparingQ decay reactions between mutants, as well
as relating our findings to previous work.

FIGURE 6: Dependence of the decay rate ofQ on the concentration
of the substrate methane (A) or furan (B) in the presence of wild
type or mutant MMOBs.Q was monitored at 430 nm by using
single-wavelength stopped-flow absorption spectroscopy. In each
case, the final reaction mixture included 15µM MMOHact, 30 µM
MMOB, and variable amounts of substrate in 50 mM MOPS (pH
7.0) at 4°C: wild type MMOB (9), H5A (2), H33A (0), and
N107G/S109A/S110A/T111A (4).

Table 2: Second-Order Rate Constants forQ Decay in the Presence
of Substrates and Wild Type MMOB or MMOB Mutantsa

k (mM-1 s-1)

substrate
wild type
MMOB H5A H33A

N107G/S109A/
S110A/T111A

methane 10.0( 1.1 7.2( 1.5 7.5( 1.0 1.4( 0.1
furan 16.0( 2.0 14.0( 1.5 12.0( 1.5 46.1( 5.0

a Reaction conditions are given in Experimental Procedures. These
values were obtained from experiments such as those shown in Figure
6. The pseudo-first-order rate constants that were used to calculate the
second-order rate constants listed in this table were determined from
analysis of at least 10 repetitions of each experiment.
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compoundP formation were investigated.P was monitored
by stopped-flow spectroscopy at 700 nm where it has a large
extinction coefficient compared with the other intermediates
in the catalytic cycle (19, 23, 46). For the cases of wild type
MMOB, H5A, and the N107G/S109A/S110A/T111A qua-
druple mutant, the time course at 700 nm was fit to three
summed exponential phases (an example is shown in Figure
7A). The reciprocal relaxation times of the first two phases
give the rate constants of the formation and decay reactions
of P, while the last phase yields the rate constant of the decay
of Q, which also absorbs at 700 nm, albeit much more
weakly than at 430 nm. The rate constants forP formation
are listed in Table 1. The decay rate constant ofP and the
decay rate constant ofQ were found to be the same within
the uncertainty of the measurements as the formation and
decay rate constants ofQ, respectively, determined using
the 430 nm data that are listed in Table 1. The wild type
MMOB yielded aP formation rate constant of 10.1( 1.1
s-1, while the H5A and N107G/S109A/S110A/T111A mu-
tants gave similarP formation rate constants of 9.4( 1.8
and 9.6( 1.0 s-1, respectively. Therefore, the slower rate
constant ofQ formation elicited by H5A (1.7 vs 2.7 s-1 for
the wild type) cannot be due to a slower process prior to the
step in whichQ is formed.

Unexpectedly, the 700 nm time courses ofQ formation
and decay elicited by the other two His mutants, H33A and
H5A/H33A, required only two summed exponentials to fit

the data (see an example in Figure 7B). This analysis yielded
the same rate constants as were derived from 430 nm data
(Table 1) of the same reactions whereP cannot be observed
due to the large absorbance ofQ. Thus, it appears thatQ
formation and decay were being monitored at 700 nm and
P formation is not observed for these mutants.

To illustrate the effects of the mutant MMOBs, Figure 7
also shows a comparison of theHr single-turnover reactions
monitored at 430 or 700 nm. In both panels, the trace of the
reaction monitored at 430 nm has been scaled down
appropriately so that it visually overlays with the 700 nm
trace. For H5A (Figure 7A), the fit to the 700 nm data
required a fast exponential phase to accommodate the initial
rapid P formation reaction. However, when using H33A
(Figure 7B), both the 430 and 700 nm time courses lack the
initial fast phase and are fit with the same summed two
exponentials differing only in amplitudes. The ratio of the
amplitudes at the two wavelengths is the same as the known
ratio of the extinction coefficients ofQ at these two
wavelengths, supporting the proposal that onlyQ is observed
in each case. Failure to observeP at 700 nm suggests that
its rate of formation is greatly decreased so that none builds
up during the reaction. This is confirmed by numerical
integration simulations of the reactions showing that an at
least 50-fold decrease in theP formation rate is required to
account for the data (simulation not shown). Thus, the
probable cause of the great decrease in the observed rate
constant forQ formation when using H33A MMOB is the
decreased concentration of the precursorP.

Effects on Product Release by Mutant MMOBs. The
product of the MMO-catalyzed oxidation of nitrobenzene,
p-nitrophenol, absorbs strongly at 404 nm, but only after it
is released from the MMOH active site. Consequently, the
decay rate constant of compoundT, the product complex,
can be easily determined (18). Shown in Figure 8 are the
time courses of the formation and release ofp-nitrophenol
for the reactions employing wild type MMOB and three of
the mutants. The reactions were allowed to proceed at 25
°C with a high substrate concentration so that the decay of
Q would be much faster than the product release, and so
that the results could be compared with the results of the

FIGURE 7: Time course ofQ formation and decay monitored at
430 and 700 nm using H5A MMOB (A) or H33A MMOB (B). In
each case, the final reaction mixture included 25µM MMOHact
and 25µM MMOB in 50 mM MOPS (pH 7.0) at 4°C. In both
panels, the 430 nm data have been scaled down to clearly compare
the trace to the 700 nm data. Panel A illustrates the initial 10 s of
the reaction so that the relatively fast rate of formation ofP can be
clearly observed; however, the associated overlaid fit utilized all
100 s of data. Fits are shown as solid lines overlaying the data.

FIGURE 8: Time course of the single-turnover reaction of nitroben-
zene withHr in the presence of wild type and mutant MMOBs.
The reaction was followed by stopped-flow spectroscopy at 400
nm to optimize detection of the productp-nitrophenol. The final
reaction mixture contained 25µM MMOHact, 25 µM MMOB, and
1.5 mM nitrobenzene in 50 mM MOPS (pH 7.6) at 25°C.
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multiple-turnover experiments described above. The time
courses were difficult to fit directly because it was found
that at least four summed exponentials were required, and
this is too many for a reliable fit by nonlinear regression
procedures. Consequently, a fit was obtained by first estimat-
ing theQ formation and decay rates using data recorded at
550 nm where there is little contribution fromT or
p-nitrophenol. These values were then used as constants in
nonlinear regression fitting procedures to estimate the rate
constants for theT decay rate constants from data recorded
at 400 nm. Finally, all of these values were used to begin
trial and error fitting using numerical integration of the rate
equations describing the completeQ formation and decay
process, so the entire time course at 400 nm could be fit.
Little change from the estimated values was required. This
analysis suggests that the four observed steps areQ forma-
tion, Q decay, product release fromT, and slow further
increase in the absorbance of the product. The rate constants
for the first three of these processes are shown in Table 3.
The OD change for the final process was small, and the rate
constant was at least 1 order of magnitude smaller than the
turnover number for nitrobenzene; thus, this step is not
kinetically competent and cannot be part of the reaction cycle.
It may represent a change thatp-nitrophenol undergoes in
solution after its release.

At early times in the reaction elicited by wild type MMOB
and H5A, the rapid formation and decay ofQ to form T
can be easily observed as a sharp rise and then a slight
decrease in the time course. The decay ofQ is seen as only
a small decrease becauseT, which hasp-nitrophenol bound,
has a slightly lower extinction coefficient thanQ at 400 nm.
The absorbance then increases at longer times because the
highly chromophoric product is released. TheQ decay rate
constants for wild type MMOB and the histidine mutants
are all 4-5 s-1. In the case of the H33A and H33A/H5A
mutants, the formation ofQ is slower as observed for the
substrate free reaction at 4°C described above, leading to a
delay in the product release reaction, and thus, a slightly
larger absorbance decrease is observed before product release
dominates the absorbance change. The rate constant of
product release is similar using the wild type MMOB or the
histidine mutants, although the rates with the latter are
slightly lower. Because product release is rate-limiting in

the catalytic cycle, these values are consistent with the
steady-state activity data (Figure 3) that showed similar rates
of turnover for reactions with the histidine mutants and wild
type MMOB at an MMOB:MMOH ratio of 2.

The absolute values for the turnover number shown in
Figures 3 and 4 are slightly lower than the decay rate
constants forT shown in Table 3. We have previously shown
that this is due to the need to form a stoichiometric MMOH-
MMOB-MMOR complex to optimize turnover (27). At the
concentrations used for steady-state assays, this requires a
several-fold excess of MMOR to make electron transfer non-
rate-limiting. Such an excess was not used in the experiments
shown in Figures 3 and 4. However, addition of excess
MMOR resulted in approximately 3-fold increases in the
maximum rate (data not shown), in accord with our previous
studies (27).

The early portion of the reaction using the N107G/S109A/
S110A/T111A quadruple mutant appears quite different
because very little of theQ formation is observed and the
plateau from formation ofT is almost absent. This is
consistent with the observation at 4°C that the quadruple
mutant greatly accelerates theQ decay reaction for large
substrates (Figure 6). A good fit was obtained if theQ decay
rate was assumed to be accelerated about 6-fold over that
elicited by wild type MMOB, in reasonable agreement with
the data depicted in Figure 6 (furan turnover at 4°C). The
release of product was also found to be accelerated by the
quadruple mutant to about 2 times the rate elicited by wild
type MMOB, probably accounting for the increased turnover
number for nitrobenzene oxidation in the reaction mixture
containing the quadruple mutant (Figure 4).

Kinetics ofQ Formation and Decay in the Presence of a
Mixture of MMOB Mutants. The results presented thus far
show that the H33A mutant dramatically slows theQ
formation process (probably at theP formation step), while
the N107G/S109A/S110A/T111A quadruple mutant signifi-
cantly slows theQ decay step during methane oxidation.
There are many possible outcomes if both of these mutants
are present simultaneously depending upon the rate of
exchange of the MMOH-MMOB complex. For example,
if the MMOBs exchange rapidly relative to the reactions of
the cycle, it is possible that the mutant that induces the faster
rate will dominate in each part of the reaction, so fastQ
formation and decay will be seen. Alternatively, no exchange
may occur, in which case the slow and fast reactions induced
by each mutant will occur independently and some average
of the fast and slow rates will be observed in theQ time
course. Finally, MMOB exchange might occur rapidly in one
part of theQ time course and slowly in the other to give yet
another observed time course. Figure 9 shows theQ
formation and decay time course in the presence of methane
and a 1:1:1 mixture of H33A, quadruple mutant, and
MMOHact along with simulations of the predicted time
courses based on the rate constants reported above for the
reactions elicited by the isolated mutants. The only simulation
that matches the observed time course is that made under
the assumption that MMOB does not exchange rapidly
between the formation ofP and the formation ofT. The
simulation was made under the assumption that the mutant
forms bind to MMOH with equal affinity. The excellent fits
that were obtained validate this assumption and support the

Table 3: Rate Constants for a Single Turnover ofHr in the
Presence of 1.5 mM Nitrobenzene at 25°Ca

compoundQ compoundT

MMOB kform (s-1) kdecay(s-1) kdecay(s-1)b

wild type 56( 5 4.4( 1 0.63( 0.05
H5A 41 ( 5 4.0( 1 0.35( 0.05
H33A 14( 2 3.8( 1 0.42( 0.05
H5A/H33A 12( 2 4.0( 1 0.40( 0.05
N107G/S109A/

S110A/T111A
59 ( 5 30( 2 1.30( 0.05

a The experiments were conducted as described in Experimental
Procedures. The rate constants were determined by a combination of
nonlinear regression fitting and numerical integration simulations as
described in the text.b In addition to this decay process, a nonspecific
process occurs at the end of the reaction that results in a small increase
in the final OD of the product. The rate constant for this process was
found to be quite variable, but was typically 0.005 s-1. This means
that it does not occur at a kinetically competent rate as part of the
reaction cycle.
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proposal made above that the mutations do not greatly affect
the affinity of MMOB for MMOH.

DISCUSSION

MMOB is a member of a large group of “effector” proteins
that are part of multicomponent oxygenase systems (10, 42,
47-57). These proteins are necessary for efficient catalysis
and generally prevent competing processes that might lead
to uncoupling, generation of diffusable reactive oxygen
species, or the oxidation of adventitious substrates that cannot
be further metabolized. Although the specific function of the
effector protein differs from system to system, the mechanism
of implementation always involves the formation of a
complex with the active site-containing oxygenase compo-
nent with attendant changes in its physical and/or kinetic
properties. In no case to date has the structural interaction
between the effector and the oxygenase been determined in
sufficient detail to state how the observed changes in the
catalytic properties of the oxygenase are brought about. Also,
it has proven to be difficult to ascertain whether the effector
continues to exert its influence on the oxygenase in steps of
the catalytic cycle beyond the last relatively stable species
which is amenable to spectroscopic and thermodynamic
studies in each enzyme system.

In this study, we have begun to address these problems
by using chemical modification and site specific mutagenesis
to identify specific residues in both the disordered N-terminal
region and the well-ordered core region of MMOB that
perturb the kinetics of interconversion of the intermediates
in the MMOH catalytic cycle. Through this and previous
studies, modified MMOBs are now available that demon-
strate for the first time that this effector exerts its influence
throughout the MMO catalytic cycle. Knowledge of the
MMOB residues that affect specific steps in MMOH catalysis
gives insight into the mechanisms by which this effector

protein functions which are discussed in the following
sections.

N-Terminal Mutations. Previous studies of the N-terminal
region of MMOB have focused on the fact that it can be
cleaved by either endogenous proteases during preparation
or by deletion mutagenesis (35, 36).2 It has been shown that
the modification of specific residues in the N-terminal region
can prevent or retard proteolysis, and that controlled N-
terminal truncation can reduce and eventually eliminate the
MMOB effects on catalysis. The focus of the current study
is different in that the goal was to begin to determine the
function of the N-terminus through modification or mutation
of conserved residues. The histidine at position 33 is
conserved in MMOB from all four methanotrophs listed in
Figure 1, as well as component D of toluene 4-monooxy-
genase (T4MOD). In the MMOB structure, this residue is
near the point where the flexible, ill-defined N-terminus joins
the well-structured core of the protein. In the MMOBs from
three of the methanotrophs, H33 is the sixth residue in a
string of eight identical amino acids (ENQVVHES). His5 is
conserved in three of the four MMOB sequences that are
known, but this section of the protein is not present in other
similar oxygenase effectors (Figure 1). Nevertheless, its
presence near the N-terminus and the inhibitory effects of
its chemical modification made it a good target for mutagen-
esis.

Neither mutant significantly affected the steady-state
turnover number, but both conserved histidine residues were
found to affect the rate of interconversion of reaction cycle
intermediates. This is possible because product release is
significantly rate-limiting, and thus, substantial rate changes
can occur in earlier steps in the catalytic cycle without
changing the turnover number. Interestingly, the two histidine
mutants affect different steps in the catalytic cycle. His5 is
apparently necessary for the maximum rate of O-O bond
breaking to be realized during the conversion of intermediate
P to Q. On the other hand, His33 appears to be required to
efficiently form eitherP or an intermediate beforeP, i.e.,
eitherO or P*. We know this is the case because there is no
observed buildup ofP when the reaction is monitored at 700
nm whereP is readily observed. Our past studies have shown
that if the MMOB-MMOH complex does not form, the rate
of the Hr single turnover is decreased by 1000-fold by
directly or indirectly preventing O2 binding to the cluster to
form P* (20). As a result, there is no observable buildup of
P or Q, although it is likely the reaction still passes through
these intermediates because methane is oxidized at a slow
rate. In the case of H33A, it appears that a strong complex
with MMOH is still formed based on the facts that (i) a
normal MMOB concentration dependence is observed for
steady-state turnover, (ii) the single-turnover reaction time
course is affected up to, but not beyond, a 1:1 MMOB:
MMOH stoichiometry, (iii) nearly normal amounts ofQ
build up during single-turnover reactions, and (iv) the
affected reaction cycle step is only slowed by about 50- rather
than 1000-fold. If it is assumed that this complex is formed,
it seems likely that O2 binding will occur and intermediates
O andP* will be formed rapidly so that the decreased rate
of Q formation elicited by H33A would be due to a slowing
of theP* to P reaction. This hypothesis can best be examined
by freeze-quench EPR and Mo¨ssbauer studies, which are in
progress. However, some insight can be gained from careful

FIGURE 9: Time course and simulations of the single-turnover
reaction of methane withHr in the presence of a mixture of H33A
and N107G/S109A/S110A/T111A mutant MMOBs. The reaction
mixture contained 25µM MMOHact, 25 µM H33A, and 25µM
quadruple mutant in 50 mM MOPS (pH 7.0) at 4°C containing
0.1 mM methane. The observed reaction time course (s) was
simulated (- - -) using the following rate constants: H33A,
apparentQ formationk ) 0.3 s-1 andQ decayk ) 1 s-1; quadruple
mutant,Q formation k ) 2.4 s-1 and Q decayk ) 0.2 s-1. The
simulation are for (A) formation of MMOH mutant MMOB
complexes that do not exchange, (B) exchange up to the point of
Q formation, but no exchange during product formation, (C) free
exchange in all steps, and (D) no exchange up toQ formation but
free exchange during product formation. All reaction steps in the
simulations are assumed to be irreversible as appears to be the case
for the actual reactions.
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examination of the first 100 ms of the time course of the
reaction monitored at 430 nm, which reveals a lag phase
(marked in Figure 5) that we have previously shown to be
due to the formation of weakly absorbing intermediatesO,
P*, andP prior to Q (45). The duration and shape of this
lag are dependent on the rate constants for intermediate
conversion. Simulations of the H33A-elicited reaction time
course by numerical integration show that the observed lag
phase is matched most precisely when the slow step is
introduced in theP* to P step.

The basis for the decrease in rate constant for formation
of theP andQ intermediates by the H33A and H5A MMOB
mutants, respectively, is unknown, but the fact that histidine
residues are involved suggests an intriguing possibility. Our
past work has shown that the rate constants for formation of
bothP andQ are pH-dependent. Moreover, solvent isotope
effect studies have suggested that one proton is supplied in
each step through a “one-hop” process from a group with a
fractionation factor near 1 and a pKa near neutral (19). One
possibility for the source of these protons is solvent in the
active site or bound to the cluster. The fact that mutations
of the histidine residues specifically affect the two steps in
which the protons are transferred suggests that they may play
some role in this process. For example, they may facilitate
the movement of protons from solution to the species in the
active site that directly donates the protons for catalysis.

The effects of the histidine mutants on the rate constants
of P and Q formation may also be purely structural. Past
studies have shown that the iron-iron distance in the cluster
must change dramatically at each step of the catalytic cycle
to accommodate the new form of oxygen present in each
(12, 13, 24, 58). Any interaction with MMOB that facilitates
the implied conformational change in the protein structure
supporting the cluster will promote interconversion of the
intermediates. Thus, disruption of the interaction could alter
the interconversion rate.

The presence of alanine mutations at both positions 5 and
33 causes effects similar to those observed for the H33A
mutation alone. This is expected because the effect on the
rate constants is at least 30-fold greater for the H33A mutant
than for the H5A mutant. Nevertheless, there is still a 20%
decrease in the rate constant ofQ formation in the double
mutant over H33A alone, suggesting that there are additive
effects. The uncoupling observed exclusively for the double
mutant in multiple-turnover experiments using furan as a
substrate cannot be definitively accounted for at present. Past
studies have shown that in the absence of MMOB the overall
product yield from a single-turnover reaction is∼40%, which
increases to 80% in the presence of MMOB and 100% when
MMOB and MMOR are present (20). We postulated that
the “leak” occurs at the step ofP to Q conversion in the
absence of MMOB. In the case of the H5A/H33A mutant
MMOB, however, the yield ofp-nitrophenol from nitroben-
zene turnover is the same as when wild type MMOB is used
in the reaction (based on data similar to those shown in
Figure 8), so the single-turnover reaction remains highly
coupled. It is possible that the double mutant perturbs the
MMOR-MMOH complex so that autoxidation of MMOR
occurs more readily during turnover.

MMOB Core Mutations. Although the core structure of
MMOB alone is clearly not sufficient to allow MMOB to
act as an effector2 (35, 36), the results of this study show

that it can have a large effect on catalysis. Current work on
the M. trichosporium OB3b Hox-MMOB interactions8

suggests that electrostatic interactions play an important role
in stabilizing the component complex. As a result, a loop of
four polar residues (N107, S109, S110, and T111) that
showed evidence for interaction with MMOH in NMR
studies, and which are conserved in three of the four
methanotroph MMOB sequences (Figure 1), was selected
for mutagenesis. It should also be noted that N107 and S110
are homologous among all of the oxygenase effector proteins
listed in Figure 1. All four polar residues were replaced with
smaller nonpolar side chains to generate the quadruple
mutant.

Although our expectation was that this mutation would
inhibit catalysis, the opposite result was observed. No change
was found for steady-state methane turnover, while the
turnover number for large substrates was nearly doubled. It
is significant that the absolute values for the turnover
numbers for furan and nitrobenzene differ by about 10-fold,
so the fact that both double in the presence of the quadruple
mutant suggests that it is their bulk rather than their reactivity
that is important. Examination of the kinetics of intercon-
version of reaction cycle intermediates showed that the steps
in Q formation were not affected by this mutation, but all
the steps followingQ formation were altered. The rate
constant forQ in the absence of substrates was increased
3-fold, as was the second-order rate constant for the reaction
with furan. Remarkably, the second-order rate constant for
the reaction with methane decreased substantially, clearly
differentiating methane from larger substrates in the reaction
with Q. Even at the slower rate, theQ decay in the presence
of methane does not become rate-limiting overall, so it would
not be expected to affect the turnover number, as observed.
Accordingly, this observation supports the proposal that
product release is rate-limiting for methanol, just as it is for
p-nitrophenol.

The effects of the quadruple mutant cannot be rationalized
in detail without further structural studies. However, the fact
that its effects seem to depend on the size of the substrate
allows some speculation. Recently, we have shown that the
Q decay reaction occurs in at least two steps which are
nominally described as substrate binding and C-H bond
breaking (45). It is possible that a substrate also binds in the
second step. Kinetic studies showed that CH4 exhibits a
deuterium isotope effect of 50-100 in theQ decay reaction,
while C2H6 exhibits no isotope effect. One explanation for
both of these observations, suggested by the completely
enclosed active site of MMOH (12-14), is that the enzyme
structure makes methane C-H bond breaking rate-limiting
while larger substrates encounter a rate-limiting binding
process. In effect, the enzyme acts as a molecular sieve sized
for methane to enhance its turnover rate. On the basis of its
effects in increasing the rate of the O2 reaction withHr and
its effects on substrate reaction withQ demonstrated here,
MMOB may be an important component in allowing
molecules the size of O2 and CH4 preferred access to the
diiron cluster. When the residues of the quadruple mutation
are altered to smaller, less polar residues, larger substrate
molecules may be admitted more easily by MMOB, increas-
ing the rate of the reaction withQ as illustrated in Scheme

8 B. J. Wallar and J. D. Lipscomb, manuscript in preparation.
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2. Similarly, the larger substrates may depart from the active
site more rapidly, increasing the turnover number. The
departure of the small product methanol would not be
expected to be affected by the quadruple mutant, in accord
with our results; however, the large decrease in the reaction
rate with methane withQ is difficult to understand. It is
possible that the nearly completely hydrophobic active site
of MMO effectively concentrates methane from solution, and
this is compromised if greater access to solvent is permitted
by the binding of the quadruple mutant.

Conclusion. The mutations examined here have relatively
small effects on turnover number determined using steady-
state kinetics, but they yield a great deal of information about
the effects of MMOB on the intermediates of the catalytic
cycle of MMOH. This underscores the value of using the
single-turnover approach to critically examine the effects of
mutagenesis on catalysis. Using this approach in this and
previous studies, we have been able to show that (i) binding
of MMOB is required for efficient reaction ofHr with O2 to
form P* and perhaps alsoO, (ii) MMOB plays a role in the
rapid formation ofP, probably by strongly accelerating the
step in which it is formed, (iii) MMOB also acceleratesQ
formation, (iv) both the autodecay and the substrate-induced
decay ofQ are affected strongly by MMOB in a manner
that depends on the size of the substrate when present, and
(v) the release of large substrates fromT is accelerated by
MMOB. Thus, we must now think about MMOB in the
context of a regulator of each step in the catalytic cycle.
This represents a large expansion in the role of MMOB and
underscores its importance to catalysis. It also presents new
opportunities to isolate and characterize the intermediates
of this archetypal cycle of oxygen activation through fine
control of the rates of progression from step to step. Finally,
MMOB can now be considered to be a modular protein with
at least two functional domains, namely, a well-folded core
domain and a disordered N-terminal domain. The domains
must both be present to observe function from either, but
once this criterion is satisfied, the N-terminal domain seems
to be directed toward regulation of the formation ofQ while
the core domain regulates its decay. Finally, by taking
advantage of the fact that the H33A and quadruple mutants
affect the rate constants of different steps in the cycle, it has
been shown the MMOB does not exchange during the portion
of the cycle when the reactive intermediates are made and

utilized. This is the first insight into the dynamics of protein-
protein interaction in MMO regulation and provides a
framework for future studies of the remarkable ability of
MMOB to control monooxygenase catalysis.
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