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Particulate methane monooxygenase (pMMO), a copper-containing membrane protein, catalyzes
methane hydroxylation under aerobic conditions. We found that the activity of pMMO was increased
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by catalase, implying that hydrogen peroxide (H2O2) is generated by pMMO with duroquinol, an electron
donor for pMMO, and that the generated H2O2 inhibits pMMO activity. In addition, reversible inhibition
of pMMO with H2O2 was observed upon treatment of pMMO with H2O2 followed by the addition of cata-
lase, and H2O2 formation by pMMO with duroquinol was detected using a fluorescence probe. The redox
behavior of type 2 copper in pMMO measured by the electron paramagnetic resonance revealed that H2O2

re-oxidizes the type 2 copper in pMMO reduced with duroquinol.
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. Introduction

Methane monooxygenase (MMO) catalyzes selective methane
xidation at ambient conditions. The enzyme is expressed
n methanotrophic bacteria, which can grow aerobically with

ethane as the sole source of carbon and energy. All known
ethanotrophic bacteria with the exception of Methylocella express
embrane-embedded particulate MMO (pMMO) in growth
edium with a high copper concentration, and some but not all
ethanotrophic bacteria express soluble MMO (sMMO) in the cyto-

lasm under copper-limited conditions [1–3].
Selective catalytic oxidation of methane to methanol under mild

onditions is one of the most attractive chemical reactions of nat-
ral gas exploitation. Several attempts have been made to use
ethanotrophic bacteria or isolated MMO as the biological cat-

lyst for selective methanol synthesis from methane. Success of
ethanol biosynthesis from methane using the cells of methan-

trophic bacteria was reported by some groups [4–9]. Briefly, the
ethanol biosynthesis is established by the inhibition of further
ethanol oxidation in the metabolic pathway (Scheme 1) using
hosphate [4], cyclopropanol [5–7], or NaCl [8], along with the sup-
lement of formate to regenerate NADH in the cells. Also, Xin et
l. reported the methanol biosynthesis from methane and carbon
ioxide [9]. On the other hand, success using isolated MMO has

∗ Corresponding author. Tel.: +81 52 789 3198; fax: +81 52 789 3198.
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een elusive. One of the reasons for the difficulty of the enzymatic
pplication is the instability of MMO isolated from the bacte-
ia. In particular, pMMO activity is much less stable than sMMO,
hich hinders progress of the structural and functional analysis of
MMO.

The reason for the instability of pMMO activity has not been
larified. One of the reasons is believed to be related to structural
isruption of pMMO during purification. pMMO is embedded in the
acterial lipid bilayer membrane and thus contains a hydrophobic
art [10]. Therefore, purification of pMMO requires solubilization
f pMMO from membrane fractions using detergent [11]; however
his solubilization step is most likely to result in structural disrup-
ion of pMMO to some extent.

Another reason for the instability of pMMO may be a reactive
xygen species (ROS) generated during the isolation or activity
ssay of pMMO that inhibits pMMO activity. Inhibition of pMMO
y ROS has not been directly examined but has been speculated
rom the results of sMMO research. Astier et al. established an elec-
rochemical sMMO system, in which sMMOH was immobilized on
gold electrode [12]. In this system, catalase stimulates the hydrox-
lation activity of sMMOH, implying the generation of H2O2 from
MMOH by donation of electrons and the inhibition of sMMOH by
he generated H2O2 activity. H2O2 may also be formed by pMMO

ecause these two enzymes catalyze the same reaction. In fact,
ome researchers have suggested the importance of anaerobic con-
itions for purifying highly active pMMO [13,14], which may be due
o the formation of H2O2 under aerobic conditions. Elucidation of
he inhibitory effect of H2O2 on pMMO activity and the formation

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:tkamachi@apchem.nagoya-u.ac.jp
dx.doi.org/10.1016/j.molcatb.2008.09.005


212 A. Miyaji et al. / Journal of Molecular Cataly

S
t
f

o
o

t
t
o
d
H
e
t
a
i
a
p

a
p
H
i
s

2

2

w
9
f
1
w
(

2
O

r
b
I
p
c
f
N
p
(
N
C
b
w
N
a
c
r
a
w

l
u

2

f
a
1
N
(
s
b
(
5
0
K
a
t
p
p

2

a
t
w
c
(
t
r
d
e
p

2

o
c
T
d
a
i
b
0
t
w
a
t
p

2

7
p
o
l

cheme 1. Methane oxidation in the metabolic pathway of methanotrophic bac-
eria. MMO, methane monooxygenase; MDH, methanol dehydrogenase; FalDH,
ormaldehyde dehydrogenase; FDH, formate dehydrogenase.

f H2O2 by pMMO would clarify the mechanism of the instability
f pMMO activity.

Of the ROS, H2O2 has relatively lower reactivity, but is never-
heless capable of damaging proteins. For instance, H2O2 oxidizes
he sulfide group in cysteine of the proteins [15]. H2O2 also
xidizes metal center of enzyme such as ferrous ion in catecol-2,3-
ioxygenase [16]. In addition, in the case of some copper enzymes,
2O2 modifies a tyrosine residue located near the copper site of the
nzyme via a reaction with the copper [17,18]. This modification of
he proteins causes inactivation of the enzymes, and thus may also
ffect pMMO activity. H2O2 also damages unsaturated fatty acids
n a process of lipid peroxidation, which alters membrane structure
nd fluidity [19]. According to these observations, H2O2 may affect
MMO structure and its activity.

In the present study, the inhibitory effect of H2O2 on pMMO
ctivity and H2O2 formation by pMMO with an electron donor for
MMO are investigated. The inhibition mechanism of pMMO with
2O2 is discussed on the basis of the redox behavior of type 2 copper

n pMMO as measured by electron paramagnetic resonance (EPR)
pectroscopy.

. Materials and methods

.1. Materials

All the chemicals were of the highest grade available and used
ithout purification. 2-6[(4′-hydroxy) phenoxy-3H-xanthen-3-on-

-yl] benzoic acid (hydroxyphenyl fluorescein: HPF) was obtained
rom Daiichi Pure Chemicals Co. Ltd. (Tokyo, Japan). Catalase (EC
.11.1.6) and horseradish peroxidase (HRP, EC 1.11.1.7, 100 units/mg)
ere purchased from Wako Pure Chemical Industries Co., Ltd.

Osaka, Japan).

.2. Preparation of membrane fractions from M. trichosporium
B3b

Culture of the methanotrophic bacteria Methylosinus trichospo-
ium OB3b was performed as described previously [20]. The
acteria were grown in NMS medium containing 10 �M CuSO4.
solation of the bacterial membranes was performed as reported
reviously [21] and described here briefly. All isolation steps were
arried out at 4 ◦C unless otherwise mentioned. The buffer used
or the isolation was deoxygenated by purging with nitrogen gas.
ext, 30 g-wet cells of frozen bacteria were thawed at room tem-
erature, and suspended in 15 ml of 25 mM MOPS buffer, pH 7.0
Buffer A). The bacteria were broken on ice by sonication under
2 stream. Just prior to breakage of the bacterial cells, 300 �M of
uSO4, 10 �g ml−1 of DNase I, and 4 mM of MgCl2 were added to the
acterial suspension. Then 1 mM of benzamidine in distilled water
as added to the suspension while the cells were sonicated under
2 flow. Debris and unbroken cells were removed by centrifugation

t 27,720 × g for 10 min. The membranes in the supernatant were
ollected by centrifugation at 143,000 × g for 90 min. The pellet was
esuspended in Buffer A containing 1 M KCl using a homogenizer,
nd the suspension was centrifuged under the same conditions to
ash the collected membranes. The salt-washed membrane pel-
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et was then suspended in Buffer A. The membrane fractions were
sed immediately for the activity assay, or stored at –80 ◦C.

.3. Purification of pMMO

Purification of pMMO from the membrane fractions was per-
ormed as reported previously [21]. All steps were carried out
t 4 ◦C unless otherwise indicated. The membrane fractions (ca.
0 mg ml−1) suspended in Buffer A were degassed by bubbling with
2 gas gently for 20 min, followed by incubation for 45 min with 2%

w/v) n-dodecyl-�, d-maltoside under N2. After the incubation, the
uspension was centrifuged for 90 min at 203,000 × g. The solu-
ilized supernatant was then applied to a POROS 20 HQ column
1 × 10 cm) equilibrated with Buffer A containing 0.1% (w/v) Brij
8. The adsorbed protein was washed with Buffer A containing
.1% (w/v) Brij 58, then eluted using a concentration gradient of
Cl from 0 to 1 M. pMMO was eluted around 0.15 M. SDS-PAGE
nalysis of purified enzyme showed only three bands attributed to
hree subunits of pMMO [21]. The metal analysis by inductively cou-
led plasma atomic emission spectroscopy indicated that purified
MMO contains 2–3 coppers and no iron per pMMO protomer.

.4. Methane monooxygenase assay

MMO activity was measured as described previously [20]. MMO
ctivity was assayed using propene epoxidation in Buffer A con-
aining duroquinol as the reductant. A reaction vial (3 ml) sealed
ith a Teflon-sealed septum contained 300 �l of reaction mixture

ontaining pMMO sample (membrane fractions or purified pMMO)
2 mg-protein ml−1) and duroquinol (5 mM) in Buffer A. The reac-
ion was initiated by the injection of 0.3 ml of propene into the
eaction vial using a gas-tight syringe at 30 ◦C. The amount of pro-
uced propylene epoxide was measured using a gas chromatograph
quipped with a flame ionized detector. All the measurements were
erformed at least three times using the same sample.

.5. Detection of H2O2 generation

H2O2 production during the pMMO assay was measured based
n oxidation of the fluorogenic indicator hydroxyphenyl fluores-
ein (HPF) in the presence of horseradish peroxidase (HRP) [22].
he reaction mixture containing purified pMMO (2 mg ml−1) and
uroquinol (5 mM) in Buffer A was incubated for 1 min at 30 ◦C,
nd an aliquot was sampled from the reaction vial. The sample was
mmediately diluted 5% with Buffer A followed by the addition of
oth HPF and HRP. The final concentrations of HPF and HRP were
.1 unit ml−1 and 10 �M, respectively. Fluorescence emission spec-
ra (excited at 490 nm) were recorded at 515 nm. Standard curves
ere obtained by the addition of known amounts of H2O2 to the

ssay medium in the presence of both HPF and HRP. As the control,
he generation of H2O2 was also measured in the absence of the
MMO samples.

.6. EPR measurement

EPR spectra of type 2 copper in pMMO were recorded at
7 K on a JEOL RE1X ESR spectrometer. EPR samples were pre-
ared as follows. Reduction of pMMO with duroquinol was carried
ut anaerobically at room temperature. H2O2 (200 �M) or cata-
ase (1 mg ml−1) was added to purified pMMO (1 mg ml−1) in a

ml reaction vial sealed with a rubber septum and then the vial
egassed under vacuum followed by flushing of Ar into the vial
everal times. The sample was transferred to a vial containing
uroquinol (final concentration 60 �M) under Ar and the reac-
ion continued for 30 min at room temperature with stirring under
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Fig. 3. Effect of catalase on duroquinol-driven pMMO activity in H2O2-treated mem-
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ig. 1. Effect of catalase on pMMO activity in the membrane fractions (�) and
urified enzyme (�). 100% of each activity is 3.4 and 2.4 nmol-propene oxide
in−1 mg-protein−1 respectively.

r. Next, 500 �l of the mixture was transferred anaerobically to
quartz EPR tube, followed by rapid freezing in liquid nitrogen.

he concentration of EPR-detectable copper was obtained by dou-
le integration of the copper signal measured, and comparison to
u(II)-EDTA as the standard.

. Results

.1. Inhibitory effect of H2O2 on purified pMMO

The effect of catalase, which catalyzes decomposition of H2O2,
n pMMO activity is shown in Fig. 1. pMMO activity increased when

atalase was added, implying the presence of H2O2 in our pMMO
ample and that H2O2inhibits pMMO activity.

The inhibitory effect of H2O2 on pMMO activity was measured
y the addition of H2O2 to pMMO. Fig. 2 shows the dependence

ig. 2. Inhibitory effect of H2O2 on pMMO activity in the membrane fractions (�)
nd purified enzyme (�). 100% of the activity is 3.4 and 2.6 nmol-propene oxide
in−1 mg-protein−1 respectively.
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rane fractions and purified enzyme. The activity was measured prior to the H2O2

reatment of pMMO (1), after the treatment with H2O2 (1 mM) (2), and after the
ddition of catalase (final concentration: 1 mg ml−1) to the H2O2-treated pMMO (3).

f pMMO activity on H2O2 concentration. The pMMO activity
ecreased as H2O2 concentration increased, indicating that H2O2

nhibits pMMO activity. The pMMO activity inhibited by H2O2 was
estored by the addition of catalase (Fig. 3).

In some copper-containing enzymes, such as dopamine �-
onooxygenase and amine oxidase, the inhibitory effect of H2O2 on

nzyme activity is time dependent. This is caused by modification
f the tyrosine residue near the copper site of the enzymes via the
eaction of H2O2 with the copper site, which prevents the catalytic
ycle of these enzymes [17,18]. Structural analysis has revealed that
MMO does not have tyrosine residues near the copper binding
ites [10], suggesting that the mechanism of H2O2 inhibition of
MMO differed from these enzymes. In fact, in the present study
ime dependence of pMMO inhibition by H2O2 was not observed;
ven after a 30 min incubation of pMMO with H2O2, pMMO activ-
ty was recovered completely by the addition of catalase (data not
hown). The inhibition of pMMO by H2O2 is reversible and clearly
istinct from the case of dopamine �-monooxygenase and amine
xidase.

pMMO contains copper ions that are involved in the activity of
MMO, and therefore the coordination and/or electron state of the
opper ions may be affected by H2O2. The effect of H2O2 on the
opper ions in pMMO was measured by EPR spectroscopy. A type
copper signal (g// = 2.23, |A//| = 18.8 mT, g⊥ = 2.06) with a super-

yperfine structure at g⊥ was observed in purified pMMO (Fig. 4a)
21] EPR spectrum quantitation and metal content analysis revealed
hat about 80% of copper in the purified pMMO is EPR-detectable.
o change in the type 2 copper signal was observed when H2O2
as added to pMMO anaerobically (data not shown).

Although duroquinol is an electron donor for pMMO, the type
copper (24 �mol g-protein−1) in pMMO inhibited by H2O2 was

ot markedly reduced with duroquinol (Fig. 4b). In contrast, in the
resence of catalase, about 50% of the type 2 copper (13 �mol g-
rotein−1) was reduced with duroquinol (Fig. 4c). These results

ndicate that H2O2 prevents the reduction of type 2 copper with
uroquinol, most likely by re-oxidation by H2O2 of the cop-
er that had once been reduced by duroquinol. The correlation

etween the inhibition of pMMO activity and the prevention of
ype 2 copper reduction suggests that the prevention of reduc-
ion of type 2 copper in pMMO causes the inhibition of pMMO by
2O2.
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Fig. 4. Effect of catalase on the redox behavior of type 2 copper in the purified
pMMO measured by X-band EPR. (a) pMMO inhibited by H2O2 (0.2 mM); (b) addition
of duroquinol (60 �M) to sample (a) anaerobically; and (c) addition of duroquinol
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60 �M) anaerobically in the presence of catalase (1 mg ml−1) (c). The spectra were
ecorded under the following conditions: temperature, 77 K; modulation width,
.5 mT; gain, 400; power, 1 mW; frequency, 9.007 GHz.

.2. H2O2 formation by pMMO with an electron donor

The increase in pMMO activity by catalase (Fig. 1) suggests the
nhibition of pMMO by H2O2, which was confirmed by the results
hown above, and also suggests that our pMMO sample contained
2O2. One possibility of the source of H2O2 in our sample is the
MMO itself. As suggested previously, in the case of sMMO [12]
ver-reduction of the enzyme causes H2O2 formation by the reac-
ion as shown in reaction 1, which is the reaction without MMO
ubstrate, methane (reaction 2).

2 + 2H+ + 2e− → H2O2 (1)

H4 + O2 + 2H+ + 2e− → CH3OH + H2O (2)

The mixture for the pMMO assay contains duroquinol, an elec-
ron donor for pMMO, which may induce the formation of H2O2
y pMMO under aerobic conditions. Duroquinol-induced H2O2
ormation by pMMO under aerobic conditions was measured flu-
rometrically (Table 1). In this experiment H2O2 was detected in
he reaction mixture of the pMMO assay, whereas H2O2 was not
etected in the mixture without duroquinol or pMMO. These results

ndicate that duroquinol induces H2O2 formation by pMMO. In the
resence of pMMO substrate, methane, the H O formation was
2 2
iminished, which is likely to be caused by the consumption of
lectrons by methane oxidation (reaction 2), not by H2O2 formation
reaction 1).

able 1
2O2 generation by pMMO in the presence of duroquinol under aerobic conditions.

ample H2O2 (�M)

urified pMMO + duroquinol 3.7 ± 0.1
urified pMMO + duroquinol + CH4 2.1 ± 0.2
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. Discussion

We have demonstrated for the first time the inhibitory effect
f H2O2 on pMMO activity and on reduction of type 2 copper in
MMO with duroquinol. The formation of H2O2 by pMMO with
uroquinol was also observed. These results strongly suggest that
eversible H2O2 inhibition of pMMO activity is generated during the
ssay of pMMO activity. Addition of catalase to the reaction mixture
s effective to measure the pMMO activity without the inhibitory
ffect of H2O2.

In addition, we found that pMMO activity increased upon addi-
ion of catalase despite H2O2 not being added to the pMMO sample
Fig. 1), indicating that H2O2 is also generated during the isola-
ion steps of pMMO. The pMMO sample during the isolation steps,
articularly at the beginning steps, still contained some reductant
rom the bacteria, and the reaction mixture of the pMMO assay also
ontained duroquinol. Via these reductants H2O2 was generated by
MMO under aerobic conditions and thus accumulated in the iso-

ated pMMO. The H2O2 accumulation in pMMO preparation is one
f the reasons for the importance of anaerobic conditions for the
solation of pMMO with high activity. In fact, we purified pMMO in
he presence of catalase, resulting that the purified pMMO had quite
igher activity (8–9 nmol min−1 mg−1) than aerobically purified
MMO (<0.4 nmol min−1 mg−1). This result indicates that prevent-

ng H2O2 accumulation during isolation is effective for obtaining
MMO with high activity.

Having said that, many researchers have succeeded in the isola-
ion of pMMO with high activity without the addition of catalase.
urthermore, pMMO from Methylococcus capsulatus (Bath) appears
ot to be oxygen sensitive [23]. This may be due to the expres-
ion of proteins that decompose H2O2 or inhibit H2O2 generation
n methanotrophic bacteria. For instance, cytochrome c peroxidase
nd glutathione peroxidase, which have the ability to decompose
2O2, have been detected in Mc. capsulatus (Bath) [24,25]. In those

tudies cytochrome c peroxidase and glutathione peroxidase were
robably present in the pMMO sample at the beginning of the iso-

ation procedure, and may have protected pMMO during isolation
y decomposing H2O2. Thus, optimization of culture conditions
uch that cytochrome c peroxidase and glutathione peroxidase are
xpressed efficiently in methanotrophic bacteria may yield high
uality purified pMMO.

The finding that H2O2 is formed by pMMO in the presence of
uroquinol raises the question of how H2O2 is formed from oxy-
en and duroquinol by pMMO. One possible site forming H2O2
s di-nuclear metal site in pMMO. According to X-ray crystallo-
raphic analysis and EXAFS studies, there is the site modeled as
i-nuclear copper in pMMO [10,23,26]. Also, Mössbauer studies

mplied a di-nuclear iron cluster at the site occupied by zinc ion
n the pMMO crystal [27]. Reduced form of these di-nuclear metal
ites such as Cu+–Cu+ and Fe2+–Fe2+ can donate two electrons to
educe molecular oxygen to form H2O2, thus might be H2O2 gen-
ration site. Alternatively, to interpret our results in this study,
he heterogeneity should be considered. Our pMMO preparation
eems to be heterogeneous regarding the number of copper ion per
MMO protein molecule. Our pMMO sample contains 2–3 copper

ons per pMMO protomer (about 100 kDa), whereas pMMO crys-
al from M. trichosporium OB3b has 3 copper ions per protomer.
his discrepancy is indicative that some pMMO proteins in our
MMO preparation are likely to lack some of the copper ions. These
ubpopulations may cause the H2O2 formation and the inhibitory

ffect on pMMO activity. Only the pMMO proteins lacking some
opper ions may be associated with the production of H2O2 with
uroquinol, though the pMMO that all copper sites are fully occu-
ied with copper ions is not. For instance, the protein having only
i-nuclear copper center produces hydrogen peroxide. Also, if the
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ono-nuclear site occupied by one copper and the di-nuclear site
ccupied only one copper, hydrogen peroxide may be produced
etween these two sites. Close to both the two copper sites, there

s a nonprotein patch of strong electron density that could accom-
odate at duroquinol. Therefore, both of the copper sites can be

ccept electrons from duroquinol, then produce H2O2.
The decrease in type 2 copper EPR signal of pMMO by the addi-

ion of duroquinol indicates that type 2 copper in pMMO undergoes
edox chemistry. Based on the results of crystallographic, EPR and
XAFS analysis of pMMO reported by Resenzweig and coworkers
26,28], the decrease in the type 2 Cu2+ EPR signal of pMMO by
he reduction with duroquinol can be explained as follows: First
f all, there should be two Cu2+ exhibiting type 2 Cu2+ EPR sig-
al in pMMO, which accept electrons from duroquinol. Probably
ne of the copper ions exhibiting type 2 copper signal is originated
orm the mono-nuclear site. If there is the companion redox partner
ccepting an electron from duroquinol in pMMO, it should be one
f the copper ions at the di-nuclear site. From the EPR measure-
ent of our pMMO sample, there was no signal originated from

he delocalized copper center, Cu+1.5–Cu+1.5, in our pMMO sam-
le. Therefore, in our as-isolated pMMO sample, there should be a
ompletely localized or trapped valence copper center, Cu+–Cu2+

t the di-nuclear site, which shows the type 2 copper signal. We
o not have any evidences of this interpretation that there is the
ompletely delocalized, or trapped valence copper center in pMMO.
or making this point more clear, highly homogeneous pMMO with
ully complement of copper ions should be required.

. Conclusion

In conclusion, H2O2 is formed by pMMO in the presence of its
lectron donor, duroquinol, and inhibits pMMO via oxidation of the
educed form of type 2 copper in pMMO, which is involved in the
nzyme activity. Anaerobic conditions are important for retaining
he activity of isolated pMMO as these conditions suppress H2O2
ormation by pMMO. Another way to protect pMMO from H2O2
uring the isolation step and activity assay is the coexistence of
roteins that decompose H2O2.
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