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An active preparation of the membrane-associated methane monooxygenase (pMMO) from Methylococcus
capsulatus Bath was isolated by ion-exchange and hydrophobic interaction chromatography using dodecyl
b-D-maltoside as the detergent. The active preparation consisted of three major polypeptides with molecular
masses of 47,000, 27,000, and 25,000 Da. Two of the three polypeptides (those with molecular masses of 47,000
and 27,000 Da) were identified as the polypeptides induced when cells expressing the soluble MMO are
switched to culture medium in which the pMMO is expressed. The 27,000-Da polypeptide was identified as the
acetylene-binding protein. The active enzyme complex contained 2.5 iron atoms and 14.5 copper atoms per
99,000 Da. The electron paramagnetic resonance spectrum of the enzyme showed evidence for a type 2 copper
center (g> 5 2.057, g| 5 2.24, and zA|z 5 172 G), a weak high-spin iron signal (g 5 6.0), and a broad low-field
(g 5 12.5) signal. Treatment of the pMMO with nitric oxide produced the ferrous-nitric oxide derivative
observed in the membrane fraction of cells expressing the pMMO. When duroquinol was used as a reductant,
the specific activity of the purified enzyme was 11.1 nmol of propylene oxidized z min21 z mg of protein21, which
accounted for approximately 30% of the cell-free propylene oxidation activity. The activity was stimulated by
ferric and cupric metal ions in addition to the cytochrome b-specific inhibitors myxothiazol and 2-heptyl-4-
hydroxyquinoline-N-oxide.

In methanotrophs, the oxidation of methane to methanol is
catalyzed by the methane monooxygenase (MMO) (31). In
some genera, either a soluble or a membrane-associated MMO
is present depending on the copper concentration during
growth (13, 43, 50, 54). At low copper-to-biomass ratios, the
enzyme activity occurs in the soluble fraction and is referred to
as the soluble MMO (sMMO). At higher copper-to-biomass
ratios, methane oxidation activity is catalyzed in the membrane
fraction by the membrane-associated or particulate MMO
(pMMO). The polypeptides and genes for the sMMO in sev-
eral different methanotrophs have been characterized (10, 18,
19, 22–24, 34, 41, 42, 54). The pMMO has proven more elusive.
There is indirect evidence that the enzyme contains copper,
and inhibitor studies indicate that the enzyme is coupled to the
electron transport chain (13, 40, 52, 54). In addition, three
polypeptides with molecular masses of 46,000, 35,000, and
26,000 Da are induced when cells expressing the sMMO con-
vert to expression of pMMO under altered growth conditions
(13, 54). Tonge et al. (55) reported the solubilization of meth-
ane-oxidizing activity from Methylosinus trichosporium OB3b
with phospholipase C or by sonification. A three-subunit en-
zyme with subunit molecular masses of 47,000, 13,000, and
9,400 Da was isolated from this solubilized fraction. The
13,000-Da polypeptide was a CO-binding c-type cytochrome.
The 47,000-Da polypeptide contained approximately one cop-
per atom per molecule, and the 9,400-Da polypeptide was
reported to be a regulatory protein. The purified enzyme could
use ascorbate but not NADH as a reductant. Akent’eva and
Govozdev (1) also reported the isolation of a membrane-asso-

ciated, methane-oxidizing enzyme which utilized NADH as a
reductant from Methylococcus capsulatus. This enzyme was
composed of two subunits, with molecular masses 45,000 and
35,000 Da, in an a4b4 subunit structure, with 4 mol of nonheme
iron and 1 mol of copper per mol of enzyme complex. How-
ever, attempts to reproduce these results in this and other
laboratories have not been successful.
The present report describes a reproducible procedure for

the solubilization and isolation of the pMMO from M. capsu-
latus Bath. The paper focuses initially on the optimization of
culture conditions for the isolation of this enzyme and then on
the isolation and initial characterization of the pMMO. Four
observations aided in the stabilization and isolation of the
pMMO from M. capsulatus Bath. First, increased copper and
iron concentrations in the culture medium resulted in in-
creased pMMO activity in the washed membrane fraction.
Second, the pMMO contains at least one iron atom center.
Third, the addition of high concentrations of iron as well as
copper to the growth medium were required for optimal cell-
free pMMO activity. Fourth, maintaining anaerobic conditions
during solubilization from the membrane fraction stabilized
cell-free pMMO activity.

MATERIALS AND METHODS

Organism and cultivation. M. capsulatus Bath was grown in nitrate mineral
salts (NMS) media (57) plus 0, 0.2, 0.5, 1.0, 2.5, 5.0, 10.0, or 20.0 mM CuSO4 and
a vitamin mixture (30) at 378C under an atmosphere of 40% methane, 20%
oxygen, and 40% air (vol/vol/vol). Cells grown under low (i.e., no copper addi-
tion)-copper conditions were cultured by a semicontinuous method using NMS
medium plus a vitamin mixture under copper limitation at 378C in a 12-liter
fermentor sparged at flow rates between 80 and 150 ml of methane per min and
2,000 to 2,500 ml of air per min. Cell batches exhibiting less than 100% sMMO
activity (typically the first and second batches) were discarded.
Cells cultured for the isolation of the pMMO were grown in NMS medium

plus 5 mM CuSO4. The copper concentration in the growth medium was in-
creased as the cell density increased. When the cells reached an optical density
at 600 nm of 0.3 to 0.4, the copper and iron concentrations were increased
incrementally by the addition of 10 mM CuSO4, 5 mM ferric EDTA, and 5 mM
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ferrous sulfate every 6 to 8 h to final concentrations of 60 mM copper and 60 mM
iron at late log phase (optical density at 600 nm 5 1.4 to 1.7). Cells were
harvested by centrifugation at 13,000 3 g for 15 min at 48C and resuspended (1:5
[wt/vol]) in 30 mM 3-[N-morpholino]propanesulfonic acid (MOPS), pH 7.3
(buffer A).
Isolation of washed bacterial membranes. All purification procedures were

performed at 48C under anaerobic conditions unless otherwise stated. Cells were
lysed in a French pressure cell at 18,000 lb/in2. The homogenate was centrifuged
at 12,0003 g for 20 min to remove unlysed cells and debris. The supernatant was
then centrifuged at 140,0003 g for 2 h to sediment membranes. The supernatant
was discarded, and the membranes were resuspended by using a Dounce ho-
mogenizer in buffer A containing 1 M KCl and centrifuged for 2 h at 140,000 3
g. The supernatant was discarded, and the salt-washed membrane pellet was
resuspended in 50 ml of buffer A by using a Dounce homogenizer and stored
under deoxygenated argon.
Isolation of the pMMO. The membrane suspension was transferred into a

125-ml serum vial sealed with a Teflon-silicone septum and deoxygenated for
several cycles of vacuum followed by reduced (i.e., deoxygenated through a
heated copper column) argon. The anaerobic membrane fraction was transferred
into an anaerobic chamber at room temperature, and the solution was stirred for
15 min under an atmosphere of 5% hydrogen and 95% nitrogen. Following
equilibration of the sample, a 10% (wt/vol) solution of dodecyl b-D-maltoside
was added to a final concentration of 1.4 mg of detergent per mg of protein with
stirring. The solution was stirred for 45 min at room temperature and then
centrifuged at 140,000 3 g for 2 h at 48C. The detergent-solubilized membrane
fraction was diluted to a detergent/solvent ratio of 6 mg of dodecyl b-D-maltoside
per ml of deoxygenated buffer A and loaded onto a DEAE-cellulose (2.5 by 28
cm) column fitted with flow adapters and equilibrated with deoxygenated buffer
A. The pMMO did not bind to the column, and it eluted in the flowthrough
fractions when deoxygenated buffer A was used. The flowthrough fractions were
combined and loaded on a Phenyl-Sepharose column (2.5 by 24 cm) equilibrated
with deoxygenated buffer A. The column was washed at a flow rate of 4 cm/h with
1 column volume of buffer A plus 0.01% dodecyl b-D-maltoside (buffer B). The
pMMO fraction remained bound to the column and appeared as a diffuse, light
gray band which migrated slowly through the column during the washing step
with buffer B. The pMMO fraction was eluted from the column with 300 ml of
a buffer containing 30 mM MOPS (pH 7.3) and 0.9% dodecyl maltoside (buffer
C). The sample was concentrated under deoxygenated nitrogen at 48C on a
stirred cell (PM-30 filter) to a final protein concentration of 85.5 mg/ml. The
preparations of isolated pMMO could be stored for more than 1 week under
reduced argon or nitrogen at 0 to 48C with no appreciable loss of enzyme activity.
Labeling of the pMMO with [U-14C]acetylene. [U-14C]acetylene was synthe-

sized from Ba14CO3 (specific activity of 50 mCi/mmol) (Amersham Corp., Ar-
lington Heights, Ill.) and barium metal as described by Hyman and Arp (27).
Exactly 200 ml of isolated enzyme (12.1 mg of protein) was transferred to a 6-ml
serum vial. Reduced duroquinone or ascorbate-phenazine methosulfate (PMS)
were added to the vial to final concentrations of 35 mM or 10 mg/ml and 6 mM,
respectively. The vial was sealed with a Teflon-silicone septum, and 12 ml of
[U-14C]acetylene (9.0 3 105 dpm/ml) and 1 ml of oxygen were added to the vial
with a syringe. The vials were incubated on a reciprocal shaker (200 rpm) at 378C
for 1 h. Propylene oxidation activity was not detected following this treatment.
The reaction was terminated by freezing the samples at 2208C for 1 h.
Whole-cell samples of M. capsulatus Bath were labeled with [U-14C]acetylene

as described by DiSpirito et al. (15). A 2-ml suspension of cells (0.1 g [wet weight]
per ml of buffer A) was placed in a 6-ml vial with 2.5 mM formate. The vial was
sealed, and 40 ml of [U-14C]acetylene (9.0 3 105 dpm/ml) and 1 ml of oxygen
were added through the septum with a syringe. Labeled cells were lysed in a
French pressure cell at 18,000 lb/in2. The homogenate was centrifuged at 12,000
3 g for 20 min to remove unlysed cells and debris. Purified pMMO, cell free, or
washed membrane polypeptides ofM. capsulatus Bath were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and the dried gels
were incubated in a phosphor storage cassette for 3 to 4 days and analyzed on a
Molecular Dynamics model 400A PhosphorImager for [U-14C]acetylene-labeled
polypeptides.
Isolation of the 47,000- to 27,000-Da switchover polypeptides. The term

‘‘47,000- to 27,000-Da switchover polypeptides’’ is used to describe the polypep-
tides induced when cells expressing the sMMO convert to expression of pMMO
under altered growth conditions (54). The salt-washed membrane pellet was
resuspended in 10 mM Tris-HCl, pH 8.0 (buffer D), plus 1.5% (wt/vol) Triton
X-100 (Surfact Amps; Perice Chemical Co., Rockford, Ill.) to a final protein
concentration of 16 mg/ml with a Dounce homogenizer. The suspension was
incubated for 1 h with stirring and centrifuged at 140,000 3 g for 2 h. The
supernatant was dialyzed against six changes of buffer D plus 0.01% Triton X-100
(buffer E) and loaded on a DEAE-cellulose column (2.5 by 15 cm) equilibrated
with buffer E. The flowthrough fractions were collected and loaded on a DEAE-
Sepharose CL-6B column (2.5 by 28 cm) equilibrated with buffer E. The column
was developed with a linear gradient of 0 to 1 M KCl in buffer D followed by a
linear gradient of 0.01 to 1.4% Triton X-100 plus 1 M KCl in buffer D. Fractions
which eluted at approximately 0.8% (wt/vol) Triton X-100 were collected and
dialyzed against three changes of buffer D. Following dialysis, the sample was
loaded on a DEAE-Sepharose CL-6B column (1.25 by 10 cm) equilibrated with
buffer D. The column was washed with 200 ml of 1 mM 3-[(3-cholamidopropyl)-

dimethyl-ammonio]-1-propanesulfonate (CHAPS) in buffer D and eluted with
buffer D plus 1% CHAPS, 1% octyl-glycoside, and 1 M KCl. The samples were
dialyzed against three changes of buffer B plus 1 mM CHAPS and concentrated
with a stirred cell (PM-30 filter). The sample was loaded onto a 5 to 20% sucrose
density gradient containing 500 mM potassium phosphate (pH 7.0) with 2 mM
CHAPS and centrifuged for 12 h at 130,000 3 g. The major, gray or tan band at
the bottom of the tube (47,000- to 27,000-Da switchover polypeptides) and a
brown-red band at the top of the tube (cytochrome b-559/569) were collected and
dialyzed for 12 h against three changes of buffer D plus 1 mM CHAPS.
Isolation of the copper-binding cofactor (cbc) from washed membranes. Salt-

washed membranes were resuspended in 5 mM CHAPS with a Dounce homog-
enizer (final concentration of 30 mg of protein per ml). The solution was cen-
trifuged at 140,0003 g for 2 h, and the supernatant was discarded. The pellet was
resuspended in 20 to 30 times the pellet volume of 50% N,N-dimethyl formamide
and centrifuged at 13,000 3 g for 25 min. The supernatant was saved, and the
pellet was resuspended in 20 to 30 times the pellet volume of 100% N,N-dimethyl
formamide and centrifuged at 13,000 3 g for 25 min. The supernatant was
combined with the 50% N,N-dimethyl formamide fraction and dried under
vacuum on a rotary evaporator at 608C. The sample was resuspended in a
minimal volume of 50 mM phosphate buffer, pH 7.0, and loaded on a silica gel
(40 to 140 mesh) column (2.5 by 20 cm). The column was washed with 1 column
volume of H2O and 1 column volume of 50% methanol and eluted with 50%
methanol plus 20 mM HCl. The sample was freeze-dried and resuspended in
buffer A.
Isolation of the cbc from spent media. The cbc could also be isolated from

spent media. Samples (2 g) of lyophilized spent media were resuspended in
ethanol-water (65:45) solution and acidified to pH 3.6 with HCl. The solution
was centrifuged at 13,000 3 g for 10 min to remove precipitated protein. The
supernatant was concentrated to approximately 5 ml by rotary evaporation at
558C. The concentrated sample was then loaded on a Kwik desalting column (1
by 10 cm; Pierce Chemical Co., Rockford, Ill.), lyophilized, and resuspended in
buffer A.
Protein, metal, and heme determinations. The concentrations of heme a,

heme b, and heme c were measured by the pyridine hemochromogen method
(14) using the Dε at 587 nm Dε587 of 21.7 cm21 mM21 for heme a (58), the Dε557
of 34.4 cm21 mM21 for heme b (58), and the Dε550 of 29.1 cm21 mM21 for heme
c (20). The simultaneous determination of heme a, heme b, and heme c con-
centrations in washed membrane fractions was also performed by the method of
Berry and Trumpower (7).
The separation of extractable hemes was performed by reverse-phase high-

performance liquid chromatography (HPLC). Salt-washed membrane fractions
(43.4 mg of protein) were extracted twice with an acetone-HCl (99:1 [vol/vol])
solution at 2208C. The combined extracts were partitioned into diethyl ether,
washed twice with H2O, and dried in a stream of nitrogen. The hemes were
solubilized with 2 ml of an acetonitrile-water-trifluoroacetic acid (50:49.92:0.08)
solution and filtered through a 0.45-mm-pore-size filter. The filtered heme-
containing solutions were separated by gradient reverse-phase HPLC using a
VyDac semipreparative C18 column (10 by 250 mm) at a flow rate of 4.0 ml/min
with water-trifluoroacetic acid (99.9:0.1) (buffer F) and acetonitrile-trifluoroace-
tic acid (99.92:0.08) (buffer G) as the mobile phase. The linear gradient pro-
ceeded from 40% buffer G at 10 min following injection to 100% buffer G at 40
min. Heme standards were composed of bovine hemoglobin (protoheme) andM.
capsulatus (Bath) cytochrome aa3 (16). Fractions exhibiting an A400 were col-
lected and lyophilized to dryness for analysis of molecular mass by matrix-
assisted laser desorption ionization time-of-flight mass spectroscopy on a Finni-
gan LASERMAT 2000 mass spectrometer using synapinic acid as a matrix (4).
The inorganic sulfide content of samples was determined by the method of

Beinert (5). Solutions of sodium sulfide were used as reference standards.
For metal analysis, samples were dialyzed for 18 h against five changes of 5

mM PIPES [piperazine-N,N9-bis(2-ethanesulfonic acid)]–5 mM Na EDTA (pH
7.0) buffer. Following dialysis, samples were diluted (50:50 [vol/vol]) in concen-
trated nitric acid and digested for 24 h at 1108C. After cooling, samples were
brought to a volume of 25 ml with H2O and were analyzed for sulfur, copper,
iron, molybdenum, manganese, and zinc by inductively coupled plasma atomic
emission spectroscopy with a model 3410 inductively coupled plasma atomic
emissions spectrophotometer (Applied Research Laboratories).
Protein was assayed by the method of Lowry et al. (33) using bovine serum

albumin as a standard.
Enzyme activity. MMO activity was determined by the epoxidation of pro-

pylene as previously described (15). The reductants used were duroquinol (35
mM) for pMMO-containing extracts, NADH (7 mM) for sMMO-containing
extracts, and formate (2.5 mM) for whole-cell samples. The reaction was initiated
by the injection of propylene (2 ml) or methane (10 to 1,000 ml) and oxygen (1
ml) through the septum of a sealed vial. Reaction mixtures were incubated at
378C on a rotary shaker at 250 rpm.
Trichloroethylene oxidation was monitored as described by DiSpirito et al.

(15).
sMMO activity was monitored by the epoxidation of propylene in the soluble

fraction and by the formation of napthol from naphthalene by the method of
Brusseau et al. (9).
The method for reduction of duroquinone to duroquinol was performed by a

modification of the method described by Shiemke et al. (53) except that the
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quinol was added as a solid and was present at higher concentrations (25 to 35
mM). Duroquinone (Sigma Chemical, St. Louis, Mo.) (0.2 g) was dissolved in
approximately 20 ml of HCl-acidified (3 mM HCl in solvent) ethanol. Sodium
hydrosulfite (0.28 g) was added to the solution with continuous stirring. After 3
min, sodium borohydride (0.07 g) was added, and the solution became colorless
within 1 min. Stirring was discontinued, and the solution was allowed to stand for
15 min to promote full reduction of the quinone. After 15 min, the solution was
diluted with 150 ml of distilled H2O and suction filtered through Whatman no.
1 filter paper. The water-insoluble quinol remained colorless and did not pass
through the filter. Finally, the quinol was washed with approximately 200 ml of
H2O to remove excess sodium hydrosulfite and sodium borohydride and dried by
suction filtration. The quinol was placed in empty serum vials and stored at
2208C for no longer than 2 days before use.
The absence of sMMO activity was confirmed by a lack of methane oxidation

activity in the soluble fraction, by monitoring for the formation of napthol from
naphthalene (9), and by the SDS-polyacrylamide gel profile of polypeptides.
In inhibitor studies, the enzyme was preincubated for 5 min at 378C with the

inhibitor before the reaction was started by the addition of propylene. Stock
solutions of 2-heptyl-4-hydroxyquinoline-N-oxide (HOQNO) were prepared in
dimethyl sulfoxide. At the concentrations used (1 ml/ml), dimethyl sulfoxide
showed no effect on the rate of propylene oxidation by the purified enzyme.
Myxothiazol stock solutions were prepared in ethanol and added to empty
reaction vials, and the ethanol was evaporated under a stream of reduced nitro-
gen. Reaction mixtures consisted of the enzyme, 35 mM duroquinol, and inhib-
itor in a 7-ml serum vial. Protein concentrations were 1.0 mg/ml in whole-cell
assays and 3 mg/ml in pMMO assays. The reactions were initiated by injection of
propylene (2 ml) and oxygen (1 ml). Reaction mixtures were incubated at 378C
on a rotary shaker at 250 rpm.
Cytochrome oxidase activity was assayed by recording oxygen uptake at 378C

in the presence of ascorbate–tetramethyl-p-phenylenediamine dihydrochloride
as described by Ferguson-Miller et al. (17). The oxygen electrode was calibrated
as previously described (46).
Spectroscopy. Optical absorption spectroscopy and X-band electron paramag-

netic resonance (EPR) spectra were obtained as previously described (60). Op-
erating parameters are outlined in the figure legends.
Anaerobic reduction and formation of nitrosyl derivatives of the washed

membrane fraction. Anaerobic reduction of samples was performed in a Coy
anaerobic chamber at 208C in an atmosphere of 5% hydrogen and 95% nitrogen.
Oxygen concentrations were maintained at levels below 1 ppm during all anaer-
obic procedures. Samples were deoxygenated on a vacuum line with repeated
cycling with argon and vacuum and then transferred into the anaerobic chamber
and stirred for 30 min in 3-ml reaction vials (Pierce) which were fitted with
magnetic stirring bars. Following displacement of the oxygen, samples were
reduced by the addition of sodium ascorbate to a final concentration of 10 mg/ml
and PMS to a final concentration of 6 mM and incubated with stirring for 45 min
(11). For ascorbate-PMS-reduced EPR spectra, samples were transferred from
the vial to quartz EPR tubes. The tubes were capped within the anaerobic
chamber and immediately frozen under liquid nitrogen following transfer from
the chamber.
The nitric oxide derivatives of ascorbate-PMS-reduced samples were prepared

by using the in situ reduction of the nitrite ion as the source of the nitric oxide
(11). The protein-NO complex was formed anaerobically with reduced samples
by adding solid H14NO2 or H15NO2 (ICL, Andover, Mass.) to a final concen-
tration of 5 mg/ml. The samples were incubated with stirring for 30 to 60 s
following the addition of nitrite and then transferred into quartz EPR tubes. The
tubes were capped within the anaerobic chamber and immediately frozen under
liquid nitrogen.
Preparation of antibodies against the pMMO and cytochrome caa3–cyto-

chrome c-557 complex. Cytochrome caa3–cytochrome c-557 complex and the
pMMO were purified as described by DiSpirito et al. (16) and as described
above, respectively. Antisera against these polypeptides were raised in two 10-
week-old female New Zealand White rabbits. Each enzyme (0.6 mg per rabbit)
was diluted in Ribi adjuvant according to the manufacturer’s recommendations
and injected intradermally. Immunoglobulin G was purified from serum by using
immobilized protein A (Pierce) and concentrated with a Centriprep 30 concen-
trator (Amicon, Inc., Beverly, Mass.).
Electrophoresis and immunoblot analysis. SDS-polyacrylamide slab gel elec-

trophoresis was carried out by the method of Laemmli (29) on 12 to 15% gels.
Unless otherwise indicated, reductants were not added to the buffers and the
samples were incubated at room temperature for 10 to 30 min prior to loading.
Gels were stained with Coomassie brilliant blue R for total protein or by the
diaminobenzidine method (37) for c-type cytochromes or were blotted for im-
munoassays. Densitometry was performed on dried gels stained with Coomassie
R-250 by using a Bioimaging Technologies Biovideo MP1000 gel documentation
system.
Proteins were blotted onto nitrocellulose by using a Mini Trans-Blot electro-

phoretic transfer cell (Bio-Rad Laboratories, Richmond, Calif.) according to the
manufacturer’s directions. Following treatment with serum raised against puri-
fied protein, filter-bound antibodies were detected by the alkaline phosphatase
assay according to the manufacturer’s directions (Bio-Rad Laboratories).
Amino acid analysis and sequence. Amino acid analyses were performed with

an Applied Biosystems 420A Derivitizer coupled to an Applied Biosystems 130A

separation system. Samples were hydrolyzed under vacuum in 6 M HCl plus
1.5% phenol at 1508C for 1 h. Quantitation of cysteine was performed by
conversion of cysteine residues to pyridylethyl cysteine by reaction of free protein
sulfhydryls with 4-vinyl pyridine (35).
Amino acid sequence analyses were performed by Edman degradation with an

Applied Biosystems 477A protein sequencer coupled to a 120A analyzer. Se-
quence analyses of the 47,000-, 27,000-, and 25,000-Da pMMO polypeptides
were performed on overloaded samples electroblotted to polyvinylidene difluo-
ride membranes by using a transfer buffer composed of 10 mM 3-(cyclohexy-
lamino)-1-propanesulfonic acid (pH 11) and 10% methanol.
Mass spectrometry. The molecular mass of the cbc was determined by time-of

flight mass spectrometry on a Lasermat 2000 matrix-assisted laser desorption
ionization mass spectrometer (Finnigan Corporation, San Jose, Calif.). Samples
of the cbc were cocrystallized with the UV-absorbing matrix, super dihydroxyl
benzoic acid. The super dihydroxyl benzoic acid matrix consisted of 9 parts
2,5-dihydroxy benzoic acid and 1 part 2-hydroxy-5-methoxybenzoic acid solubi-
lized in a solution of 70% acetonitrile, 0.1% trifluoroacetic acid, and 29.9% H2O.
An excess of analyte (15 to 30 mg/ml) was mixed with the matrix solution in a
one-to-one ratio and dried on a laser target grid before the target grid was placed
into the vacuum chamber.

RESULTS

Optimization of membrane-associated methane oxidation
activity. For M. capsulatus Bath, pMMO activity in the washed
membrane and detergent-solubilized fractions was dependent
on the concentrations of copper and iron in the culture media.
Consistent with previous studies (40), the concentration of
copper in the growth medium stabilized methane oxidation
activity in the membrane fraction (Fig. 1A). Whole-cell pro-
pylene oxidation rates for cells cultured in copper concentra-
tions ranging from 0.5 to 20 mM remained essentially constant
(85 to 125 nmol z min21 z mg of protein21). However, the ac-
tivity in the washed membrane fraction increased proportion-
ally with the copper concentration in the growth medium.
For M. capsulatus Bath, copper toxicity limited the initial

copper concentration of the culture media. With a 10% inoc-
ulum (optical density at 600 nm of 1 to 1.5) copper concentra-
tions above 10 mM were toxic, and no growth was observed at
initial copper concentrations greater than 20 mM. However,
the copper concentration in the growth medium could be in-
creased to greater than 20 mM when copper was added as the
cell density increased (see Materials and Methods). Although
the rate of whole-cell propylene oxidation activity in cells in
media containing a final concentration of 60 mM CuSO4 was
lower (55 to 70 nmol z min21 z mg of protein21) than the rate
observed for cells cultured in 20 mM copper, the rate of activity
in the detergent-solubilized fraction was 1.5- to 2.0-fold higher.
Propylene oxidation activity in the 10% dodecyl b-D-maltoside

FIG. 1. Effects of copper ion concentration in the culture media on mem-
brane-associated copper and propylene oxidation activity (A) and on membrane-
associated iron and propylene oxidation activity (B). Points represent cells grown
in media containing 1.0 (point 1), 2.5 (point 2), 5.0 (point 3), 10.0 (point 4), and
20.0 (point 5) mM CuSO4.
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detergent extract was also stimulated 1.5-fold with the addition
of equimolar concentrations of iron and copper to the culture
media.
Copper-induced iron uptake. Figure 1A shows the relation-

ship between the copper concentration in the culture media,
the propylene oxidation activity, and the copper concentration
in the washed membrane fraction. The results, which are sim-
ilar to those obtained by Nguyen et al. (40), show an increase
in both the copper concentration and the propylene oxidation
rates in the membrane fraction with increased copper in the
culture medium. However, in contrast to the study by Nguyen
et al. (40) the results from this study showed a proportional
increase in iron uptake by the membrane fraction with in-
creased copper in the growth medium (Fig. 1B). The increased
iron uptake in the washed membrane fraction from cells cul-
tured in 0.5 to 20 mM Cu21 occurred in culture media con-
taining a constant (0.9 mM) iron concentration. The stoichio-
metry of iron to copper in the washed membrane fraction was
3.5 to 4.9 copper atoms per iron atom for cells expressing the
pMMO. Because the increased iron uptake in the washed
membrane fraction occurred in the absence of additional iron
in the culture media, we refer to this phenomenon as copper-
induced iron uptake. Individual datum points shown in Fig. 1
were the calculated means for 14 separate experiments.
Localization of copper-induced iron uptake. To identify the

polypeptide(s) responsible for iron uptake, the total soluble
and membrane-associated hemes, the extractable hemes, the
concentrations of the major membrane-associated respiratory
polypeptides, and the spectral properties (absorption and EPR
spectroscopy) of the soluble and membrane fractions from
cells expressing the pMMO were compared with those of the
fractions from cells expressing the sMMO. As determined by
the pyridine ferrohemochromogen assay (14), there was a dif-
ference of approximately 45% in the concentrations of heme C
in the soluble fractions and a difference of less than 5% in total
heme A, heme B, or heme C concentrations in the membrane
fractions of cells expressing the different MMOs (Table 1).
Heme extraction, HPLC purification, and characterization

by mass spectrometry were found to be efficient means by
which to remove spectral interferences of cytochrome c in the
analysis of membrane samples. The elution profiles for the
extracted heme were compared with standards composed of
protoheme extracted from bovine hemoglobin and M. capsu-
latus (Bath) cytochrome aa3. Peaks eluting at 20.9 min have
been assigned to protoheme because of similarities in elution

profile and molecular mass of extracted protoheme from bo-
vine hemoglobin. Comparisons of the mass spectra of the col-
lected peaks eluting at 20.9 min showed that both samples had
a molecular mass of 620 Da. This molecular mass is in good
agreement with the molecular mass of protoheme, 617 Da.
Peaks that elute at 29.6 min have been assigned to heme A on
the basis of the elution time of heme A extracted from M.
capsulatus (Bath) cytochrome aa3, their molecular mass (856
Da), and the ferrohemochromogen spectral similarities to
heme A extracted from M. capsulatus (Bath) cytochrome aa3.
Concentrations of hemes a and b in membrane fractions of
cells expressing sMMO and pMMO were similar (Table 1).
Nguyen et al. (40) suggested that the increased iron in the

membrane fraction was associated with cytochrome c-557. To
determine if this cytochrome was the source of the copper-
induced iron uptake, immunoblot analyses of membrane frac-
tions isolated from cells expressing the sMMO and from cells
expressing the pMMO with antibodies against cytochrome
aa3–cytochrome c-557 were performed. The results demon-
strated that the expression levels of the polypeptides of cyto-
chrome aa3 and cytochrome c-557 were unchanged with re-
spect to copper availability in the growth medium (data not
shown). Ascorbate-tetramethyl-p-phenylenediamine dihydro-
chloride oxidase activities per milligram of protein in the mem-
brane fractions of cells expressing the sMMO and in the mem-
brane fractions of cells expressing the pMMO were similar.
Identification of copper-induced iron uptake: assignment of

the iron environment. The EPR spectra for membrane samples
show a minor increase in signals for cytochrome bb3 (g 5 4.05
and g 5 4.61) from the membranes of cells expressing the
sMMO. An increase in the level of type 2 copper associated
with the pMMO (40) and a g 5 6.00 signal were observed for
the membranes expressing the pMMO (results not shown).
Quantitation of the iron concentration by EPR integration of
the g 5 6.0 signal showed that this signal accounted for less
than 15% of the increased iron associated with the membrane
fraction of cells expressing the membrane-associated MMO.
Nitric oxide has been commonly used to form EPR-active

nitrosyl-iron complexes in some spectroscopically indistin-
guishable non-heme iron enzymes (3, 39). Exposure of non-
heme ferrous iron to nitric oxide can yield a species with an
electronic spin of S 5 3/2. The nitric oxide derivative EPR
spectrum of the membrane fraction from cells expressing the
pMMO was used to identify the source of the additional iron
in the membrane fraction from cells expressing the pMMO

TABLE 1. Heme composition in M. capsulatus Bath expressing the pMMO or the sMMOa

Metal or heme

Concn (nmol/mg of protein) in cells expressing:
pMMO vs sMMOb

sMMO pMMO

Soluble fraction Membrane fraction Soluble fraction Membrane fraction Increase Decrease

Copper 0.7 17 0.4 189 1,012
Iron 2.4 3.1 1.8 42 1,255
Heme A 0 0.07 0 0.09 29
Heme B 0 0.39 0 0.36 7.7
Heme C 1.63 0.38 1.12 0.35 8.9

Total heme 1.63 0.84 1.12 0.8

Percent hemec 68 26 62 1.9

a Cells expressing the pMMO were grown in NMS media supplemented with 5 mM copper sulfate.
b Percent difference between the metal or heme content in the membrane fractions of cells expressing the membrane-associated MMO and that in the membrane

fractions of cells expressing the sMMO.
c Percentage of total iron in the heme fraction.
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(Fig. 2, trace C). The spectrum illustrates the fact that the
majority of the iron is EPR silent (2, 3, 24–26). Comparison of
the integrated S 5 3/2 signals for Fig. 2, traces A and B, shows
an increase of approximately 26-fold in the level of ferrous iron
in the membrane fraction from cells expressing the pMMO.
We have identified this ferrous iron atom as the iron center
associated with the pMMO (see Fig. 6 and 8).
Purification of the pMMO. Table 2 summarizes the isolation

of pMMO from M. capsulatus Bath. Several features of the
purification procedure described above must be stringently
followed to avoid enzyme inactivation. First, supplementation
of the growth media with copper and iron increased the spe-
cific activity in the detergent-solubilized fraction by fourfold
over that in membrane preparations grown in NMS media
containing 5 mM CuSO4. Second, the loss of methane oxida-
tion activity was minimized by maintaining anaerobic condi-
tions during solubilization. When in the membrane fraction,
the pMMO did not appear to be oxygen sensitive. However,
attempts to purify the pMMO under aerobic conditions were

not successful. Third, once solubilized, the enzyme was stabi-
lized by maintaining protein concentrations above 15 mg/ml,
with maximum activities at 85 mg/ml.
pMMO subunit structure. On SDS-polyacrylamide gels the

membrane-associated methane oxidation complex consisted of
polypeptides with molecular masses of 47,000, 27,000, and
25,000 Da, as well as trace contaminating polypeptides with
molecular masses of 37,000, 32,000, and 20,000 Da (Fig. 3, lane
C). The 37,000- and 20,000-Da polypeptides were identified as
cytochrome b-559/569 and copurified with the pMMO. All
attempts to remove these polypeptides resulted in enzyme
inactivation.
Identification of pMMO polypeptides. Two of the three

polypeptides (those with molecular masses of 47,000 and
27,000 Da) were similar to the polypeptides induced when cells
expressing the sMMO convert to expression of pMMO under
altered growth conditions (13, 15, 43). The identity of the
pMMO polypeptides as copper inducible was confirmed by
Western blots (immunoblots), labeling with [14C]acetylene,
and sequence comparison with pmo structural genes.
Acetylene has been shown to be an irreversible inhibitor of

both MMOs (44). When different methanotrophs expressing
the pMMO were exposed to [14C]acetylene, a major labeled
polypeptide was located in the membrane and, with one ex-
ception, had a molecular mass of 25,500 to 26,000 Da (15, 44).
Figure 3 shows the phosphoimage of the washed membrane
fraction (lane D) and purified pMMO (lane E) treated with
[14C]acetylene. The increased sensitivity of the phosphores-
cence image over fluorograms showed the labeling of the
47,000-Da polypeptide as well as the 27,000-Da polypeptide.
The labeling of the 47,000-Da polypeptide was reproducible,
although the level of labeling was always lower than that ob-
served for the 27,000-Da polypeptide. The labeling of the
47,000-Da polypeptide may result from an activated acetylene
intermediate such as ketene which diffuses from the active site
and forms a covalent attachment to amino acid residues in the
active site or with neighboring polypeptides (44). A similar

FIG. 2. EPR spectra for NO-treated, KCl-washed cell membrane fractions of
M. capsulatus (Bath) expressing the pMMO (trace A) and the sMMO (trace B).
Trace C represents spectrum A minus spectrum B. The protein concentration
was 55 mg/ml in 10 mM Tris, pH 8.0, at 7.7 K. Operating parameters were as
follows: modulation frequency, 100 kHz; modulation amplitude, 12.5 G; and time
constant, 100 ms. The microwave frequency was 9.421 GHz, and the microwave
power was 2.2 mW.

FIG. 3. SDS-polyacrylamide gel electrophoresis of the cell-free fraction iso-
lated from M. capsulatus Bath whole cells treated with [U-14C]acetylene using
formate as a reductant (lanes B and D) and of purified pMMO treated with
[U-14C]acetylene using duroquinol as a reductant (lanes C and E). Lanes A
through C were stained for total protein with Coomassie brilliant blue R-250, and
lanes D and E are a phosphorescence image of [U-14C]acetylene-labeled
polypeptides exposed for 3.5 days on a storage phosphorescence imaging screen.
Bio-Rad low-range molecular mass standards are shown in lane A.

TABLE 2. Purification of pMMO from M. capsulatus Bath using
35 mM duroquinol as the in vitro pMMO reductant

Fraction
Amt of
protein
(mg)

Total activity
(nmol z min21 z
mg of protein21)

Sp act
(nmol z min21 z
mg of protein21)

Yield
(%)

Whole cella 4,520 60.50
Cell free 4,382 36,896 8.42 100
Membrane 2,705 28,132 10.40 76
1 M KCl salt-washed
membrane

2,312 21,663 9.37 59

Dodecyl b-D-malto-
side extract

1,920 18,931 9.86 51

DEAE-cellulose 1,296 13,297 10.26 36
Phenyl-Sepharose
CL4B

983 10,892 11.08 30

a Formate (20 mM) was used as the pMMO reductant.
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phenomenon has been observed with the ammonia monooxy-
genase (28).
Immunoblot analysis of M. capsulatus (Bath) cell extracts

grown to express either the sMMO or the pMMO with anti-
bodies against the pMMO has confirmed that the 47,000-Da
polypeptide was induced by copper in the culture medium (Fig.
4, lane F). Unless the samples were heat treated (1008C for 30
s), a 40,000-Da polypeptide was observed on these immunob-
lots (Fig. 4F). A 618-Da cofactor has been isolated from the
membrane fraction (see below) and shown to be a copper-
binding molecule with the ability to form self-aggregating
40,000- and 34,000-Da complexes (59a). The cbc was detected
in the extracellular fraction, and not in the membrane fraction,
from cells expressing the sMMO.
The identity of the 27,000-Da polypeptide as a copper-in-

ducible polypeptide could not be determined by immunoblot
analysis. Staining of the gel with Coomassie brilliant blue
R-250 following electrotransfer indicated that only a small
percentage of the 27,000-Da polypeptide was transferred to the
membrane by using Tris-glycine transfer buffers. Increasing
electrotransfer time, removing methanol from the electro-
transfer buffers, or altering the pH or ionic strength of the
electrotransfer buffers had no effect on the transfer efficiency
of the 27,000-Da polypeptide.
The identity of the pMMO polypeptides as switchover

polypeptides was also shown by sequence comparisons with the
putative pMMO structural genes. Figure 5 shows the N-termi-
nal amino acid sequences of the 47,000-, 27,000-, and 25,000-
Da polypeptides, which were similar to the translated amino
acid sequences ofM. capsulatus Bath pmoA, pmoB, and pmoC,
respectively (12, 51).
Metal composition. The active enzyme complex contained

2.5 iron and 14.5 copper atoms on the basis of the molecular
mass as determined by SDS-polyacrylamide gel electrophore-
sis, assuming a 1:1:1 subunit ratio and a molecular mass of
99,000 Da. The enzyme preparation contained less than 11
mol% Mo, Mn, and Zn.
Spectral properties. Under low microwave powers, the EPR

spectra of the pMMO were similar to those of the washed
membrane fraction from cells expressing the pMMO (40, 52)
with a type 2 copper center (g> 5 2.057, g\ 5 2.24, and uA\u 5

172 G) and a weak high-spin iron signal (Fig. 6, trace A).
Under higher microwave powers, there was a proportional
increase in the intensities of a high-spin ferric signal (g 5 6.0)
and a broad low-field (g 5 12.5) signal (Fig. 6, traces B and C).
This low-field signal has been observed in several mononuclear
and binuclear oxygen-binding metal centers, such as those
found in cytochrome c oxidases, m-oxo-bridged enzymes, and
oxygen-transporting proteins (2, 3, 21, 24–26, 31, 40). In the
sMMO, the g 5 15 signal is observed only with the fully re-
duced Fe(II)-Fe(II) hydroxylase component (26, 31). In the
pMMO from M. capsulatus Bath, this signal was observed in
the resting sample, suggesting that it does not originate from a
m-oxo-bridged iron center. Reduction of the pMMO with
ascorbate and PMS resulted in the loss of the g 5 12.7 signal
in all preparations. The presence of an integer spin signal in
pMMO has not been confirmed by parallel-mode EPR exper-
iments.
In contrast to the results of previous studies of membrane

samples (40, 52), the ‘‘broad isotropic’’ signal believed to be
associated with a novel trinuclear copper cluster and observed
under high microwave powers was not detected in the isolated
enzyme.
Treatment of reduced pMMO with nitric oxide produced a

ferrous-nitric oxide derivative with an electronic spin of S 5
3/2 (Fig. 6, trace D). The ferrous-nitric oxide derivative EPR
spectrum for the pMMO was similar to those for other mono-
nuclear nonheme proteins with g values near 4 and 2 (2, 3, 39).
Enzyme activity. Identification by Shiemke et al. (53) of a

reductant that directly reduces the pMMO made the isolation
of the enzyme possible. When duroquinol was used as a re-
ductant, the purified enzyme oxidized propylene to propylene
oxide at rates of 7.8 6 4.2 nmol z min21 z mg of protein21 at
428C (the temperature optimum of the enzyme). The rate of
propylene oxidation in these samples may have been much
higher, since duroquinol became insoluble before saturation
levels (above 35 mM) were reached. The pMMO showed a pH
optimum of 7.5 with duroquinol as the reductant (Fig. 7).
In preparations of pMMO isolated from cells containing

suboptimal concentrations of iron, propylene oxidation activity
was stimulated by the addition of ferric iron (Table 3). The
stimulation of propylene oxidation by iron was not observed in
preparations of pMMO isolated from cells grown in media
containing final concentrations of 60 mM Cu and 60 mM iron.
Propylene oxidation activity of the enzyme isolated from cells
cultured in high-copper and -iron media was more stable and
did not require the addition of iron or copper to the reaction
mixture for optimal expression.

FIG. 4. Immunoblot analysis of M. capsulatus (Bath) cell fractions exhibiting
soluble or particulate MMO activity with antibodies against pMMO. Results for
KCl-washed membrane fractions from cells expressing the sMMO (lanes A [12
mg of protein] and E [36 mg of protein]) and the pMMO (lanes B [12 mg of
protein] and F [36 mg of protein]) and for soluble fractions from cells expressing
the sMMO (lanes C [16 mg of protein] and G [48 mg of protein]) and the pMMO
(lanes D [16 mg of protein] and H [48 mg of protein]) are shown. Lanes A
through D were stained with Coomassie brilliant blue R-250. Lanes E through H
were probed with antibodies to pMMO.

FIG. 5. Sequence alignments showing sequence homology of the individual
subunits of the pMMO translated amino acid sequence from the pMMO gene
sequence. (A) Sequence alignment of the 47,000-Da (a) polypeptide; (B) se-
quence alignment of the 27,000-Da acetylene-binding (b) polypeptide; (C) se-
quence alignment of the 25,000-Da (g) polypeptide. Dots indicate identical
amino acid matches; N indicates the N terminus of the polypeptide. Question
marks indicate unidentified amino acids.
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When an enzyme preparation with a propylene oxidation
rate of 6.2 nmol z min21 z mg of protein21 was used, the rates
of methane and trichloroethylene oxidation were 4.8 nmol z
min21 z mg of protein21 and 1.3 nmol z min21 z mg of pro-
tein21, respectively. In contrast to the sMMO (9), the isolated
enzyme did not oxidize naphthalene.
The activity of the purified enzyme from M. capsulatus Bath

was destroyed by a single freeze-thaw treatment; heat (1008C
for 1 min); proteases; and treatment with acetylene, carbon
monoxide, cyanide, and azide (Table 4). Propylene oxidation
activity of the purified enzyme was stimulated 1.4-fold by
HOQNO and 1.5-fold by myxothiazol (Table 4).
Nature of the pMMO prosthetic groups and isolation of the

47,000- to 27,000-Da switchover polypeptides. Solubilization of
pMMO polypeptides in Triton X-100 or CHAPS followed by
separation on a sucrose gradient resulted in the loss of enzyme
activity. However, this treatment also allowed for the selective
isolation of the 47,000- to 27,000-Da pMMO polypeptides.
These polypeptides are referred to as the 47,000- to 27,000-Da

switchover polypeptides, since they are induced when cells ex-
pressing the sMMO convert to expression of the pMMO under
different culture conditions (54). The isolation of the switcho-
ver polypeptides has provided increased insight into the nature
of the prosthetic groups associated with the pMMO (Table 5).
The treatment removed the loosely associated copper (i.e.,
copper associated with the 618-Da cbc) and cytochrome b-559/
569. Because propylene oxidation activity was absent in Triton
X-100 and CHAPS, the identities of these polypeptides as
pMMO components were confirmed by N-terminal sequence
analysis and purification of 14C2H2-labeled polypeptides from
active membrane fractions.
The 47,000- to 27,000-Da switchover fraction contained ap-

proximately one nonheme iron atom, one copper atom, and

FIG. 6. EPR spectra for pMMO from M. capsulatus (Bath) at microwave
powers of 0.2 mW (A), 2 mW (B), and 20 mW (C) and that for the nitric oxide
derivative of the fully reduced enzyme at a microwave power of 2 mW (D). The
protein concentration was 37 mg/ml in 10 mM PIPES (pH 7.0)–0.3% dodecyl
maltoside at 8 K. The specific activity for the preparation was 4.8 nmol of
propylene oxide z min21 z mg of protein21. Operating parameters were as fol-
lows: modulation frequency, 100 kHz; modulation amplitude, 10 G; and time
constant, 100 ms. The microwave frequency was 9.429 GHz.

FIG. 7. Effect of pH on propylene oxidation by the isolated membrane-
associated MMO fromM. capsulatus Bath. Reaction mixtures consisted of 600 ml
of pMMO extract (39.8 mg of protein) and 35 mM duroquinol in a 7-ml serum
vial. Buffer (50-mL additions) was added to a final concentration of 50 mM to
samples purified in a buffer containing 10 mM PIPES, pH 7.0 (specific activity 5
5.9 nmol z min21 z mg of protein21). MES, 2-(N-morpholino)ethanesulfonic acid.

TABLE 3. Effect of added metal ions on propylene oxidation
by the purified pMMO from M. capsulatus Bath

Effector Concn
(mM)

Sp act (nmol z min21 z
mg of protein21)

Relative activity
(% of control)

Control 4.44 100

Cu(I)Cl 1.0 3.00 68
5.0 2.78 63

Cu(II)Cl2 0.3 5.52 124
1.0 4.88 110
5.0 1.08 24

Fe(II)SO4 1.0 3.54 80
5.0 2.82 64

Fe(II)SO4 1 Cys 2.0 ,0.60 14

Fe(III)Cl3 0.3 6.72 151
1.0 7.74 174
5.0 6.20 140
10.0 ,0.60 14
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one acid-labile sulfur atom on the basis of a molecular mass of
74,000 Da. The 47,000- to 27,000-Da switchover complex
showed no optical spectra. EPR spectra contained a weak
high-spin signal (g5 6.0) and the type 2 copper signal observed
in the membrane fraction (Fig. 8). The intensity of the type 2
copper signal was highly dependent on the preparation and on
the detergent utilized for solubilization of the complex (Fig. 8).
In preparations lacking the broad g 5 12.7 signal, the signal
could be generated by the addition of duroquinol and acety-
lene to the resting sample. As with active pMMO preparations,
treatment of the reduced 47,000- to 27,000-Da switchover
polypeptides with nitric oxide produced a ferrous-nitric oxide
derivative with an electronic spin of S 5 3/2 (Fig. 8, trace E).

Two different techniques have commonly been employed to
produce the iron-NO complex for cytochrome c oxidase. The
first technique is the addition of nitric oxide gas to the reduced
enzyme (2, 38). The second technique is the formation of the
nitrosyl derivative by the in situ reduction of the nitrite ion (38,
39). Figure 8, trace E, shows the spectrum of the 15N-nitrosyl
derivative for the 47,000- to 27,000-Da switchover polypep-
tides, which was similar to spectra shown by Fig. 2, trace C, and

FIG. 8. EPR spectra for the 47,000- to 27,000-Da switchover polypeptides
from M. capsulatus (Bath). (Trace A) The 47,000- to 27,000-Da switchover
polypeptides in 10 mM Tris-HCl–0.1% CHAPS (pH 8.0) (protein concentration,
31 mg/ml); (trace B) 47,000- to 27,000-Da switchover polypeptides in 10 mM
Tris-HCl–0.1% Triton X-100 (pH 8.0) (protein concentration, 48 mg/ml); (trace
C) acetylene derivative of the 47,000- to 27,000-Da switchover polypeptides
purified from 14C2H2-labeled membranes in 10 mM Tris-HCl–0.1% CHAPS (pH
8.0) (protein concentration 34 mg/ml); (trace D) the fully ascorbate-reduced
enzyme (protein concentration, 31 mg/ml); (trace E) the nitric oxide derivative of
the fully reduced enzyme in 10 mM Tris-HCl–0.1% CHAPS (pH 8.0) (protein
concentration, 31 mg/ml). Operating parameters were as follows: modulation
frequency, 100 kHz; modulation amplitude, 20 G; microwave power, 2.02 mW;
time constant, 100 ms. The microwave frequency was 9.421 GHz.

TABLE 4. Effect of inhibitors on propylene oxidation by whole
cells and by the purified pMMO from M. capsulatus Batha

Inhibitor Concn
(mM)

% Inhibition or stimulation of
propylene oxidationb

Whole cells pMMO

KCN 10 96 NDc

50 19 71
100 0 59
250 0 27
500 0 19
750 0 0

NaN3 10 69 ND
50 0 44
250 0 8
500 0 0

HOQNOd 20 178 136
50 0 0

Myxothiazole 4 ND 78
33 ND 85
164 ND 152
328 ND 138

a Reaction mixtures consisted of purified pMMO (3.0 mg/ml) and 35 mM
duroquinol or of whole cells (1 mg/ml) and 20 mM formate as the reductant.
b The 100% propylene oxidation rate for whole cells was 78 nmol z min21 z mg

of protein21; that for pMMO was 6.2 nmol z min21 z mg of protein21.
c ND, not determined.
d Solubilized in dimethyl sulfoxide.
e Solvent (methanol) removed by evaporation under vacuum.

TABLE 5. Properties of pMMO from M. capsulatus Bath

Property
Value(s) for:

pMMO 47,000- to 26,000-Da switchover complex

Sp act 7.8 6 4.2 nmol of propylene z min21 z mg21 0
Subunit molecular masses (Da) 47,000, 27,000, 25,000 47,000, 27,000
Metal concn (nmol/nmol of
enzyme)
Fea 2.5 6 0.7b 0.9 6 0.3c

Cua 14.6 6 1.9b 0.6 6 0.1c

Cu/Fe 5.8 0.7
EPR signals
Resting 12.5, 6.0, 4.3, uA\u 5 180 G, g\ 5 2.26, g> 5 2.057 12.7,d 6.0, 4.3, uA\u 5 172 G, g\ 5 2.24, g> 5 2.057
Nitric oxide derivative 4.03 4.10, 4.00, 3.95

a Values are means 6 standard deviations.
bMolar enzyme calculations were based on the molecular weight of 99,000 Da determined on SDS-denaturing gels and assumed a 1:1:1 subunit ratio. Protein

concentrations were determined by the method of Lowry (33).
c The holoenzyme molecular mass was estimated to be 74,000 Da on the basis of a 1:1 stoichiometry of pMMO subunits.
d Observation was preparation dependent.
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Fig. 6, trace D. Although the spectrum of the S 5 3/2 species
of the 47,000- to 27,000-Da switchover polypeptides showed a
striking resemblance to the EPR spectrum for the nitrosyl
derivative of protocatechuate 4,5-dioxygenase from Pseudomo-
nas testosteroni (32), the S 5 2 feature at g 5 12.7 has previ-
ously not been observed for dioxygenase enzymes. The lack of
nuclear hyperfine structure associated with the S 5 3/2 center
was confirmed by comparison of the 15N-nitrosyl derivative
spectra with EPR spectra generated for the 14N-nitrosyl deriv-
ative. No detectable changes were observed for subtracted
EPR spectra of the 14N-minus 15N-nitrosyl derivatives.
Properties of cbc. The cbc is a small molecule (Mr 5 1,200)

composed of two identical subunits (618 Da) (Fig. 9). Quan-
tification of the amount of copper per subunit by inductively
coupled plasma atomic emission spectroscopy showed that
each subunit binds two to three copper atoms. The EPR of the
purified sample was complex, having both type 1 (g> 5 2.02,
g\ 5 2.415, and uA\u 5 83 [G]) and type 2 (g> 5 2.035, g\ 5
2.373, and uA\u 5 123 [G]) copper signals (Fig. 10). EPR spec-
tra from subsaturating levels of copper were shown to empha-
size the copper signals. Although we use the terms type 1 and
type 2 to describe the two copper centers in the cbc, neither
falls directly into this classification (8, 36). The type 1 center
showed EPR spectral properties similar to those of other type
1 copper centers, but the absorption spectra were quite differ-
ent from those of classical type I copper-containing enzymes
(Fig. 10 and 11). The type 1 center showed absorption maxima
at 245 and 340 nm and no A600 (Fig. 11). The absorption
spectrum of the cbc was similar to those of metallothioneins
(47, 48). The EPR splitting constant of the type 2 center fell
between those for type 1 and type 2 centers (36, 47).
Copper titration experiments indicated that the type 1 site is

loaded preferentially over the type 2 site (Fig. 10). Figure 11
shows the relationship of changes in A245 to copper addition.
Optical saturation of the type 1 copper-binding site was
achieved at equimolar concentrations of copper.
The addition of p-hydroxymercuribenzoate (47) caused the

release of copper from the cbc and revealed that less than 30%
of the copper was EPR detectable (results not shown). In the
study by Nguyen et al. (40) only 30 to 35% of the membrane-
associated copper in M. capsulatus Bath was detectable by
EPR. This difference may reflect the percentage of the cbc that
was diamagnetic.
The cellular location of the cbc varied, depending on the

copper concentration in the growth medium. In cells cultured

in copper-free medium, the cbc was predominately observed in
the extracellular fraction. The cbc isolated from the spent
media did not contain copper. The concentration of the cbc in
the spent media varied between 0 and 55 mg/liter depending
on the copper concentration in the culture media. The de-
creased concentration of cbc in the spent culture media was
associated with an increased concentration of cbc associated
with the membrane fraction. Unlike the cbc isolated from the
spent media, cbc isolated from the membrane fraction con-
tained two to three copper atoms per mole of cbc. In cells
cultured in media containing 5 mM Cu21, more than 75% of
the membrane-associated copper was associated with the cbc.

FIG. 9. Matrix-assisted laser desorption ionization mass spectrum of cbc
from M. capsulatus Bath.

FIG. 10. EPR spectra for the cbc (42.4 mmol) containing 0 mmol of copper
(trace A), 1.75 mmol of copper (trace B), 4.24 mmol of copper (trace C), and 5.0
mmol of copper (trace D). Operating parameters were as follows: modulation
frequency, 100 kHz; modulation amplitude, 0.25 G; and time constant, 100 ms.
The microwave frequency was 9.42 GHz, the gain was 3.3, and the microwave
power was 20 dB.

FIG. 11. Absorption spectra of 54 mM copper-free cbc from M. capsulatus
Bath titrated with CuCl2. The inset shows the relationship of the change in A245
to copper addition. For absorbance, the full scale equals 1.2.
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DISCUSSION

In contrast to the case with the sMMO, little is known
concerning the bioenergetics of methane oxidation by the
pMMO. This report describes the initial isolation and charac-
terization of the pMMO as well as some of the biochemical
changes related to the expression of the pMMO in M. capsu-
latus (Bath). Nguyen et al. (40) reported that the induction of
the pMMO in M. capsulatus (Bath) was accompanied by an
increase in the concentrations of membrane-associated copper
and iron. Although copper resonances were detected and pre-
sumed to be associated with the pMMO, no EPR signals to
support the observed increase in iron were detected. The re-
sults reported in this article show that the majority of the iron
associated with the membrane fraction is EPR silent. The EPR
spectra of the membrane fraction show a slight increase in the
intensity of a high-spin (g5 6) signal in the membrane fraction
of cells expressing the membrane-associated MMO. However,
the majority of the copper-inducible iron in the membrane
fraction was EPR detectable only after the formation of a
ferrous iron-nitric oxide derivative. The EPR experiments in-
volving the Fe21-NO derivative in conjunction with elemental
analysis of the purified pMMO indicated that the nonheme
iron in the pMMO is either a single ferrous iron center, an
iron-iron center, or an iron-copper center (2, 3, 24–26). Nitric
oxide has been shown to bind to the Fe21-containing enzymes
to yield an EPR spectrum with a characteristic S 5 3/2 spin
system due to the formation of a ferrous-nitrosyl complex (3,
45, 49). The 47,000- to 27,000-Da switchover complex contains
a nitric oxide-binding ferrous iron center and was the only
membrane-associated NO-binding ferrous iron center present
at a high concentration in the membrane fraction from M.
capsulatus Bath. The observation of copper-induced iron up-
take into the membrane fraction lends additional support for
the presence of iron in the pMMO.
The pMMO consists of three polypeptides with molecular

masses of 47,000, 27,000, and 25,000 Da. The active enzyme
contains 2.5 iron atoms and 14.6 copper atoms per 99,000 Da.
The majority of the copper associated with the enzyme appears
to be associated with a small (618 Da) cofactor that can be
separated from the pMMO polypeptides by detergent replace-
ment with CHAPS followed by separation on a sucrose gradi-
ent. Once separated, the 47,000- to 27,000-Da switchover
polypeptides contain approximately one nonheme iron atom,
one copper atom, and one acid-labile sulfur atom. Using the
N-terminal amino acid sequence of the 47,000-Da polypeptide
purified on SDS-denaturing gels, as well as the ammonia
monooxygenase structural genes (6), Semrau et al. (51) and
Costello et al. (12) have recently isolated the structural genes
for the pMMO. The results reported in this paper verify the
identities of pmoA, pmoB, and pmoC as structural genes for
the pMMO.
Although it was not apparent on SDS-denaturing gels

stained with Coomassie brilliant blue, active preparations of
the pMMO contained nonstoichiometric concentrations of cy-
tochrome b-559/569. The ratio was estimated from the concen-
tration of protoheme to be approximately 3 to 7 mol% cyto-
chrome b-559/569, depending on the preparation. The role, if
any, for cytochrome b-559/569 in methane oxidation has not
been determined. Duroquinol reduction of cytochrome b-559/
569, as well as methane-dependent reoxidation of ferrous cy-
tochrome b-559/569 by pMMO, provides some evidence for a
role for this cytochrome as the initial electron donor to the
pMMO. However, the majority of the available evidence in-
dicates that cytochrome b-559/569 is not directly involved
in methane catalysis. First, the concentration of cytochrome

b-559/569 was unaffected by the expression of pMMO. Second,
traditional inhibitors of b-type cytochromes (56), HOQNO and
myxothiazol, stimulated propylene oxidation at molar ratios
commonly observed to completely inhibit b-type cytochromes.
Third, there was no relation between the level of contaminat-
ing cytochrome b-559/569 and rates of propylene oxidation in
the purified samples. Lastly, the kinetic parameters for quinol
oxidation suggested that cytochrome b was not the electron
acceptor of duroquinol. Duroquinol rapidly reduced cyto-
chrome b-559/569 at equimolar concentrations. However, rates
of propylene oxidation by isolated enzyme increased propor-
tionally with the duroquinol concentration up to 35 mM, above
which duroquinol precipitated out of solution. This observa-
tion suggests that a direct electron transfer from duroquinol to
pMMO occurred and that the Km for this reaction is above 35
mM.
The results presented in this paper have led to the develop-

ment of a working model for the pMMO (Fig. 12). All avail-
able evidence indicates that the catalytic site involves both iron
and copper, although we have not excluded the possibility of a
single ferrous iron center or an iron-iron center. The majority
of the copper associated with the pMMO appears to be loosely
associated with the enzyme and may provide a secondary func-
tion, such as stabilizing the enzyme, maintaining a particular
redox state, or sequestering copper. This model is based on the
following observations. First, the stoichiometry of copper to
iron is one to one in the 47,000- to 27,000-Da switchover
polypeptides. Second, the addition of acetylene, an irreversible
inhibitor of the pMMO, to the 47,000- to 27,000-Da switchover
complex results in the generation of a broad low-field integer
spin-like (g 5 12.5) signal. This integer spin signal has been
observed for all known m-oxo-bridged enzymes, as well as for
the copper/heme enzyme cytochrome c oxidase (24, 25, 48).
Although these two groups of enzymes demonstrate great di-
versity in structure and function, all enzymes which exhibit this

FIG. 12. Proposed mechanisms of methane oxidation by the pMMO using
duroquinol (DQ) as a reductant. Models of methane oxidation with cytochrome
b-559/569 as the initial electron donor (A) and with duroquinol oxidized directly
by the pMMO (B) are shown.
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S 5 2 signal possess either a mononuclear or a binuclear metal
center composed of iron or iron and copper atoms. As with
cytochrome oxidase, all enzymes exhibiting an integer spin
signal share the ability to bind or interact with oxygen (45).
Nitric oxide derivative EPR spectra of the membrane frac-

tions from cells expressing the pMMO or of purified pMMO
also indicate that the enzyme site contains a ferrous iron cen-
ter. The identity of a ferrous iron center as a switchover cop-
per-induced center was shown by nitric oxide treatment of the
membrane fraction from cells expressing the pMMO. The
presence of iron in the enzyme was also supported by the
observation that Fe31 could serve to activate pMMO activity in
purified preparations of M. capsulatus Bath pMMO.
The model proposed in this paper differs from the trinuclear

copper cluster proposed by Nguyen et al. (40). The trinuclear
copper cluster model was based on the correlation of spectral
(EPR) changes in the membrane fraction with membrane-
associated methane oxidation activity and changes in the ele-
mental (copper and iron) composition of the membrane frac-
tion. The broad isotropic copper signal previously observed by
Nguyen et al. (40) was not detected in purified preparations of
pMMO. This signal may originate from the cbc, which exhibits
a complex EPR spectrum associated with the pMMO. Future
studies will address the role, if any, of this cbc, as well as that
of cytochrome b-559/569, in methane oxidation.
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