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Abstract Transcription of soluble methane mono-
oxygenase (sMMO) of methanotrophs is tightly regu-
lated by low concentrations of copper ions [Cu(II); e.g.,
transcription is completely repressed at copper concen-
trations higher than 0.86 lmol/g dry cell weight]. In
addition to this genetic-level regulation, copper ions
have been shown to inhibit the in vitro activity of
sMMO from the type X methanotroph Methylococcus
capsulatus (Bath) by inactivating only the reductase
component of this enzyme (Green et al. 1985). In this
study, in vitro sMMO inhibition by 12 metal ions and
10 medium ingredients was investigated for the first
time using sMMO purified from the type II methano-
troph Methylosinus trichosporium OB3b. Cu(I) and
Cu(II) decreased sMMO activity of Methylosinus
trichosporium OB3b by inhibiting not only the reduc-
tase but the hydroxylase component as well. Ni(II) also
inhibited both enzyme components, but the inhibition
was weaker than with copper ions. Zn(II) inhibited
sMMO by lowering the activity of the hydroxylase
only. Other transition metals such as Co(II), Mn(II),
Fe(II) and Fe(III) did not show considerable im-
pact on sMMO activity. The inhibition mechanisms
were not determined, but Ni(II) and Zn(II) aggregated
the reductase component of sMMO, and Zn(II) also
precipitated the hydroxylase component. Cu(II) caused
the reductase to precipitate, but Cu(I) did not ag-
gregate either sMMO component. The aggregated
proteins could not be dissolved in the solution of
ethylenediaminetetraacetic acid disodium salt. Little
or no sMMO inhibition was observed with various
medium components examined including glucose, meth-
anol, ethanol, dimethyl sulfone, ammonium chloride,
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methylamine (at a 500 molar ratio of medium compon-
ent to the hydroxylase), kanamycin, and isopropyl-
thiogalactopyranoside (at a molar ratio of 50); however,
chloramphenicol inhibited sMMO at a molar ratio of 50.

Introduction

Soluble methane monooxygenase (sMMO) is a multi-
component enzyme produced from type I [Methylo-
monas methanica 68—1 (Koh et al. 1993)], type II
[Methylosinus trichosporium OB3b (Cardy et al. 1991)
and Methylocystis strain M. (Nakajima et al. 1992)],
and type X [Methylococcus capsulatus (Bath) (Pilking-
ton and Dalton 1990)] methanotrophs. sMMO oxi-
dizes methane to methanol, which is the first step of
both the carbon-assimilation and respiration pathways
in methanotrophs (Anthony 1982). This enzyme and
methanotrophic microorganisms have received much
attention for ecological (global-carbon cycle), commer-
cial (e.g., single-cell-protein production from methane),
and environmental (hazardous-waste treatment) rea-
sons (Lidstrom 1990). Trichloroethylene degradation
has been extensively studied (Brusseau et al. 1990;
Oldenhuis et al. 1989, 1991; Tsien et al. 1989) because of
the high rate of trichloroethylene oxidation and wide
substrate range of sMMO (Fox et al. 1990a).

Soluble methane monooxygenase from M. tricho-
sporium OB3b is composed of three catalytic proteins:
the hydroxylase (which oxidizes methane or tri-
chloroethylene), the reductase (which takes electrons
from NADH), and component B (which is believed to
regulate electron transfer from the reductase to the
hydroxylase) (Fox et al. 1989). The hydroxylase (mole-
cular mass 245 kDa) is a dimer of three different
subunits, (abc)

2
(Fox et al. 1989) and contains two

dinuclear-iron centers per molecule at each active
site (Fox et al. 1993). The reductase is a single pro-
tein (molecular mass 39.7 kDa) and contains one mole
of flavin-adenine dinucleotide (FAD) and one mole of



[2Fe-2S] center per mole of the reductase (Fox et al.
1993). Component B is a monomeric protein with mo-
lecular mass 15.8 kDa and does not contain a pros-
thetic group or cofactor (Fox et al. 1993). Component
B is not absolutely essential for sMMO activity but
affects the efficiency of the reaction (Fox et al. 1989).

It is well known that sMMO expression in methano-
trophs is repressed by copper ions [sMMO is expressed
for concentrations lower than 0.86 lmol/g dry cell
weight (Barta and Hanson 1993) or, generally, when the
copper concentration is lower than 1 lM (Burrows et
al. 1984)]. Above this concentration, the particulate
(membrane-bound) form of methane monooxygenase
(pMMO) is produced (Nguyen et al. 1994). To over-
come this natural regulation, a M. trichosporium OB3b
mutant has been obtained that expresses sMMO in the
presence of copper probably because of a deficiency in
copper transport (Phelps et al. 1992).

However, in vitro activity of sMMO in the presence
of metals has not been studied extensively, and some
results are controversial. Green et al. (1985) examined
the effect of various metal ions on in vitro activity of
purified sMMO from M. capsulatus (Bath) and found
that the reductase component is inactivated irreversibly
by copper ions (but the hydroxylase was not affected).
In contrast, the sMMO from the soluble fraction of cell
lysates of M. trichosporium OB3b is not as sensitive to
copper ions as purified sMMO from M. capsulatus
(Bath) (Fitch et al. 1993). Only a 23% decrease in
activity of sMMO is observed in the presence of 15 lM
Cu(II). In vitro studies using purified sMMO from
M. trichosporium OB3b have not been conducted pre-
viously; therefore, this study on metal inhibition of
whole sMMO and its components from M. tricho-
sporium OB3b was performed.

In addition to metal ions, effects of commonly used
medium components including glucose, ammonium ions
(NH`

4
), isopropyl-b-D-1-thiogalactopyranoside (IPTG),

and antibiotics (chloramphenicol and kanamycin) were
also examined. These results can be utilized for optimiz-
ing the growth medium for maximum sMMO activity
since glucose and ammonium ions are likely choices for
a carbon and a nitrogen source in formulating cultiva-
tion media for recombinant strains expressing sMMO.
Either the tac or lac promoter may also be adopted for
transcriptional control of the mmo locus in which case
IPTG is a common inducer (Jahng and Wood 1994).
Antibiotics are also used to select cells harboring mmo-
containing plasmids in the laboratory, so the effects of
antibiotics on sMMO activity were discerned.

Materials and methods

Soluble methane monooxygenase assay

Purified soluble methane monooxygenase (sMMO) from M. tricho-
sporium OB3b (ATCC 35070) was a generous gift from Professor

John D. Lipscomb (University of Minnesota, Minneapolis, Minn.)
and stored at !85°C. Purification procedures of sMMO from M.
trichosporium OB3b are listed elsewhere (Fox et al. 1989). The
hydroxylase, component B, and the reductase of sMMO were ob-
tained in separate tubes, and their concentrations were measured in
25 mM MOPS (3-[N-morpholino]propanesulfonic acid, '99.5%);
Sigma, St. Louis, Mo., pH 7.5, from extinction coefficients of 504
mM~1cm~1 at 280 nm, 20.8 mM~1cm~1 at 282 nm, and 18.6
mM~1cm~1 at 458 nm respectively (Lipscomb personal commu-
nication).

The sMMO whole-enzyme assay (oxidation of propene to
propene oxide) was performed using slight modifications of Fox et
al. (1990b). The hydroxylase, component B, and the reductase were
added at a 1:2:1 molar ratio (5—10 nmol:10—20 nmol:5—10 nmol)
throughout this study. The concentration of NADH (USB, Cleve-
land, Ohio) in the assay solutions was 2 mM, and 6 ml gas-phase
propene (at least 99%; Aldrich, Milwaukee, Wis.) was supplied as
a substrate of sMMO. Propene oxide was assayed by using a gas
chromatograph (GC) equipped with a flame-ionization detector
(Hewlett Packard GC 5890 Series II, Wilmington, Del.) and a glass
Porapak Q column (183 cm]6.3 mm outer diameter, Hewlett
Packard). Nitrogen was used as a carrier gas (60 ml/min). Temper-
atures of the injector, the column, and the detector were 225°C,
215°C, and 250°C respectively.

Hydroxylase assay

Hydroxylase activity was assayed using hydrogen peroxide as both
an oxygen and an electron source so that NADH, oxygen, compo-
nent B, and the reductase of sMMO were not required for the
oxidation of propene. For this assay, saturation kinetics hold for
hydrogen peroxide concentrations at least up to 300 mM for sMMO
from M. capsulatus (Bath) (Jiang et al. 1993) and 350 mM for sMMO
from M. trichosporium OB3b (Andersson et al. 1991). Hydrogen
peroxide (100 mM, Fisher Scientific, Tustin, CA) was used through-
out these experiments. All other conditions (including the amount of
the hydroxylase) were identical to those used for the whole sMMO
enzyme assay.

Reductase assay

Reductase activity was assayed by measuring the rate of decrease in
absorbance at 600 nm resulting from the reduction of 2,6-dichloro-
indophenol (DCIP) (Fox et al. 1990b). Reductase (0.1—1.0 nmol) was
added to a 1-ml spectrophotometer cuvette containing 150 lM
DCIP (Sigma) in 50 mM MOPS, pH 7.0. The reaction was initiated
by adding NADH (the final concentration in the solution was
0.5 mM) to the cuvette, and the temperature was maintained at
23°C. The rate of decrease in the absorbance at 600 nm (activity of
the reductase) was measured for the first 10 s of the reaction. The
specific activity of the reductase (lmol DCIP reduced min~1 mg
reductase~1) was calculated using the extinction coefficient of DCIP
(e
600

"13 mM~1cm~1) (Fox et al. 1990a).

Metal ions and medium components

Metal ions (CsCl, LiCl, CaCl
2
· 2H

2
O, MgSO

4
· 7H

2
O,

MnSO
4
· H

2
O, FeSO

4
· 7H2O, FeCl

3
, CoCl

2
· 6H

2
O, NiCl

2
· 6H

2
O,

ZnSO
4
· 7H

2
O, CuCl, CuCl

2
· 2H

2
O, and CuSO

4
· 5H

2
O at a molar

ratio of 0—100mol ions/mol hydroxylase) and various medium com-
ponents (glucose, methanol, ethanol, ammonium chloride, methyl-
amine, and dimethylsulfone at a molar ratio of 500; IPTG,
kanamycin, and chloramphenicol at a molar ratio of 50) were added
to the enzyme assay solutions. All chemicals added to the enzyme
assay solution were purchased from Fisher, except ethanol (Quan-
tum, Tuscola, Ill.), methylamine (Aldrich), and cuprous chloride
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(Sigma). IPTG was a dioxane-free grade. Chloramphenicol was
dissolved in dimethylsulfone (Fisher; 400 mg/ml), and other com-
pounds were dissolved in distilled water. All of the stock solutions
prepared were immediately used to avoid possible oxidation of
materials (e.g., oxidation of ferrous ions to ferric ions).

Determination of amount of aggregated reductase in the presence of
copper ions

To determine the amount of aggregated reductase in the presence of
Cu(II) ions, the concentration of unaggregated reductase in the
soluble fraction was determined. After 5 min incubation at room
temperature, 1.15 ml reductase solution (5 nmol reductase in
50 mM MOPS, pH 7.0) in the presence of various concentrations of
cupric sulfate was microcentrifuged for 1 min at room temperature,
and the absorbance at 458 nm of 1 ml supernatant (e

458
"18.6

mM~1cm~1) (Lipscomb 1995) was measured to quantify the re-
maining amount of reductase in soluble form.

Results

Inhibition of whole soluble methane monooxygenase
(sMMO) by metal ions

Among the 12 metal ions examined, Cu(I), Cu(II),
Ni(II), and Zn(II) ions were found to inhibit whole
sMMO enzyme activity (Table 1). Alkaline metals such
as Mg(II) and Ca(II) did not show any inhibition, and
some transition metals, including iron species (ferrous
and ferric ions), Co(II), and Mn(II), were not inhibitory
either at the same concentration (molar ratio of 25)
as that of inhibitory metals. In fact, ferrous ions in
a buffer for the purification of sMMO from M. tricho-
sporium OB3b are known to reduce the loss of sMMO
activity during a long purification procedure (Fox et al.
1989).

Table 1 In vitro inhibition of whole soluble methane mono-
oxygenase by various metal ions. The molar ratio of metal ions to
the hydroxylase was 25, and 5 nmol hydroxylase, 10 nmol compo-
nent B, and 5 nmol reductase were used. The specific activity, mea-
sured after 20 min of incubation, was 424 nmol propene oxide
min~1 mg hydroxylase~1

Metal ions Relative activity Protein aggregation

No metals 1.00 No
CsCl [Cs(I)] 0.98 No
LiCl [Li(I)] 0.90 No
CaCl

2
· 2H

2
O [Ca(II] 1.00 No

MgSO
4
· 7H

2
O [Mg(II)] 0.97 No

MnSO
4
·H

2
O [Mn(II)] 1.00 No

FeSO
4
· 7H

2
O [Fe(II)] 1.00 No

FeCl
3

[Fe(III)] 0.86 No
CoCl

2
· 6H

2
O [Co(II)] 0.82 No

NiCl
2
· 6H

2
O [(Ni(II)] 0.62 Yes

ZnSO
4
·7H

2
O [Zn(II)] 0.39 Yes

CuCl [Cu(I)] 0.39 No
CuCl

2
· 2H

2
O [Cu(II)] 0.37 Yes

CuSO
4
· 5H

2
O [Cu(II)] 0.34 Yes

sMMO inhibition was not due to sulfate or chloride
ions since calcium chloride and ferrous sulfate did not
inhibit sMMO activity (Table 1). For all of the sMMO-
inhibiting metal ions except Cu(I), sMMO aggregation
was observed (sMMO-containing solutions turned tur-
bid). This protein aggregation seemed to be irreversible
since the turbidity of the solution with Cu(II), Ni(II), or
Zn(II) did not disappear after addition of 250 lM
EDTA · 2Na (ethylenediaminetetraacetic acid disodium
salt).

Although these results were similar to metal-ion inhi-
bition of sMMO from M. capsulatus (Bath) (Green et
al. 1985), there are some notable differences in that
Ni(II) inhibited sMMO from M. trichosporium OB3b
but not sMMO from M. capsulatus (Bath), and the
degree of inhibition by copper ions is more severe for
sMMO from M. capsulatus (Bath) (complete loss of
sMMO activity at a molar ratio, copper/reductase,
of 40).

Inhibition of the hydroxylase by Cu(I), Cu(II), Ni(II),
and Zn(II)

To discern which sMMO component (the hydroxylase
or the reductase) was inhibited by Cu(I), Cu(II), Ni(II),
and Zn(II), these four metal species were added
individually to separate hydroxylase- and reductase-
containing solutions. Hydrogen peroxide served both
as electron and oxygen donor in the hydroxylase
assay (without component B and the reductase of
sMMO).

Except for weak reductase inhibition by Ni(II), all of
the metal ions that inhibited whole sMMO enzyme
decreased the activity of the hydroxylase (Fig. 1). The

Fig. 1 Inhibition of the hydroxylase purified from M. tricho-
sporium OB3b by Cu(I), Cu(II), Zn(II), and Ni(II) ions. Concentra-
tions of the hydroxylase and hydrogen peroxide were 20 lM and
100 mM respectively. The specific activity of the hydroxylase with-
out metal ions was 217 nmol propene oxide min~1 mg hy-
droxylase~1
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hydroxylase was aggregated by Zn(II), which resulted
in a turbid solution. Addition of Ni(II) also gave rise to
hydroxylase aggregation, but the turbidity of the solu-
tion was weaker than that with Zn(II). Hydroxylase
aggregation by these two metal ions seemed to be
irreversible since addition of EDTA · 2Na (2 mM) to
the solution containing 1 mM metal ions (a metal/hy-
droxylase molar ratio of 50) did not re-solubilize the
aggregated hydroxylase. Both Cu(I)- and Cu(II)-con-
taining hydroxylase solutions did not show any sign of
protein aggregation.

Inhibition of the reductase by Cu(I) and Cu(II)

Among the four metal ions inhibiting whole sMMO
enzyme and the hydroxylase, Cu(I) and Cu(II) drasti-
cally lowered the reductase activity (22% and 20% of
the activities respectively remained at a molar ratio of
10), but Ni(II) and Zn(II) did not show significant
inhibition (only 16% of the activity was lost at a molar
ratio of 50 for both metal ions) (Fig. 2). The degree of
inhibition of the reductase by Cu(I) and Cu(II) was
apparently similar; however, addition of Cu(II) to the
reductase solution caused protein aggregation. Ni(II)
also gave rise to very weak precipitation. Inhibition of
reductase activity by Cu(II) seemed to be due to the
aggregation of reductase since the soluble portions of
the reductase decreased as Cu(II) was increased [at
molar ratios Cu(II)/reductase of 0, 10, 25, and 50, the
soluble fractions of the reductase were 0.99, 0.42, 0.39,
and 0.28 respectively]. However, the soluble fractions
were about twice as high as the remaining reductase
activity at the same molar ratio of Cu(II) to the reduc-
tase [e.g., 20% of the reductase activity remained and
42% of the reductase was soluble with Cu(II) at a molar
ratio of 10].

According to Green et al. (1985), the reductase of M.
capsulatus (Bath) is also inhibited by Cu(I) and Cu(II).

Fig. 2 Inhibition of the reductase by Cu(I) and Cu(II). The specific
activity of the reductase without metal ions was 131 lmol dichloro-
indophenol min~1 mg reductase~1

They found that four atoms of Cu(II) irreversibly bind
to the reductase, disrupt its protein structure, and
inhibit the [2Fe-2S] center and FAD; the reductase
activity is not restored by adding excess FAD to the
copper-treated reductase. This disruption of the reduc-
tase structure results in its solution changing color: the
original dark-brown color turns to pale green upon the
addition of Cu(II). The same color change was ob-
served in this study for the Cu(II)-treated reductase
solution of M. trichosporium OB3b. On the basis of
these observations, it is suspected that Cu(II) disrupts
the tertiary structure of the reductase from both meth-
anotrophs, which results in the loss of the iron-sulfur
center and FAD and aggregation of the insoluble, un-
folded reductase.

Inhibition of sMMO by chloramphenicol

To investigate the effects of various common medium
components (particularly, components used in recom-
binant-cell cultivation for sMMO expression), glucose,
kanamycin, chloramphenicol, IPTG, dimethylsulfone
and sMMO substrates (e.g., methanol, methylamine,
ethanol, ammonium ions) were added to the sMMO
assay solutions. Most of the additives did not cause
significant loss of sMMO activity in the tested ranges of
concentrations; however, ammonium chloride and
methylamine inhibited whole sMMO activity by 10%
(at a molar ratio of 500), and chloramphenicol was
found to inhibit the sMMO enzyme by 35% (at a molar
ratio of 50). Chloramphenicol is also known to inhibit
the phenol hydroxylase (Shingler 1995a) of Pseudo-
monas strain CF600, which is similar to the hy-
droxylase component of sMMO in terms of the func-
tion (hydroxylation of substrates) (Powlowski and
Shingler 1990) and contains the dinuclear-iron center
as a prosthetic group (Shingler 1995b).

Discussion

The soluble methane monooxygenases from two differ-
ent methanotrophs [M. trichosporium OB3b and M.
capsulatus (Bath)] are closely related enzymes in terms
of function (methane oxidation) and protein primary
structures (Murrell 1992). The amino-acid sequences of
both sMMO show more than 78% homology for all
components (the a subunits of the two hydroxylases
have 94% similarity). Even so, each sMMO behaved
differently in the presence of metal ions. The in vitro
activity of whole sMMO from M. capsulatus (Bath) is
inhibited by Cu(I), Cu(II), Zn(II), Cd(II), and Ag(I), and
these inhibitions are almost all due to loss of the reduc-
tase activity [copper does not inhibit the hydroxylase
of M. capsulatus (Bath); Green et al. 1985]. However,
for sMMO from M. trichosporium OB3b, Cu(I) and
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Cu(II) inhibit both the reductase and the hydroxylase,
and Zn(II) has a negative impact on the hydroxylase
only. Ni(II) also slightly decreases the activities of the
hydroxylase and reductase components from M. tricho-
sporium OB3b, whereas sMMO from M. capsulatus
(Bath) is not inhibited by Ni(II).

These differences in metal-ion inhibition are less sur-
prising if the optimal temperatures of these two sMMO
are taken into account. The optimal temperature for
the sMMO from M. trichosporium OB3b is 30°C (Fox
et al. 1990b) whereas that for sMMO from M. cap-
sulatus (Bath) is 45°C (Pilkington et al. 1990); hence, the
enzymes are not identical and operate at significantly
different temperatures even though they have very sim-
ilar protein sequences.

The degree of copper inhibition of sMMO in vitro
(Table 1) is stronger than that seen in M. trichosporium
OB3b cell lysates (Fitch et al. 1993). Assuming that 10%
total cell protein is sMMO in methane-grown M.
trichosporium OB3b, a similar loss of sMMO activity
occurs at molar ratio of 2 for purified sMMO com-
pared to molar ratio of 18 in cell lysates. This difference
is likely due to the nonspecific binding of copper ions to
cell proteins of the cell lysates, which results in fewer
copper ions acting on sMMO. Interestingly, however,
complete loss of activities either of the hydroxylase or
of the reductase with metal ions is not observed with
purified sMMO as seen with cell lysates at a molar
ratio of 90.

It is well known that Cu(II) plays a key role in the
regulation of sMMO expression for both methano-
trophs, M. trichosporium OB3b (Burrows et al. 1984)
and M. capsulatus (Bath) (Stanley et al. 1983). In the
presence of high concentrations of copper ions, the
transcription of the mmo locus is suppressed so that
sMMO cannot be synthesized (Murrell 1992). This
study shows that copper ions not only repress sMMO
expression at the level of transcription but also inhibit
sMMO enzyme activity. With copper inhibition of
both transcription and enzyme activity, sMMO expres-
sion is tightly regulated by copper ions.

Since copper ions inhibited the hydroxylase of
sMMO without protein aggregation, copper inhibition
may be the result of removal of iron from the dinu-
clear-iron center by copper [loss of hydroxylase activ-
ity by Zn(II) or Ni(II) is likely due to the interruption of
hydroxylase structures (quaternary or tertiary), which
results in protein aggregation as observed]. According
to Atta et al. (1992, 1993), the apo-enzymes of the
hydroxylase from M. capsulatus (Bath) and the ribo-
nucleotide reductase from Escherichia coli (which con-
tains a dinuclear-iron center) are reconstituted with
iron and manganese, so exchange of iron with copper
may also be chemically possible in the hydroxylase of
sMMO.

Although intracellular concentrations of medium in-
gredients will be much lower than the concentrations
whole cells see in the growth medium, the inhibition

results obtained in this study should be considered for
recombinant sMMO expression since the in vitro inhi-
bition of sMMO components is significant at a molar
ratio as low as 2 [e.g., 45% of the reductase activity is
lost with Cu(II) at this molar ratio]. Therefore, even in
recombinants that lack the wild-type promoter, metal
ions such as Cu(I), Cu(II), Ni(II), and Zn(II) need to be
eliminated from the growth medium if possible (e.g.,
unless cell growth is retarded significantly), to avoid
sMMO inhibition by these metal ions. In addition,
chloramphenicol should be avoided for plasmid-selec-
tion pressure because this antibiotic was also inhibitory
to sMMO.
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