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Methane monooxygenase (MMO) catalyzes the energy-dependent
oxidation of methane to methanol in methanotrophic bacteria.1,2 In
these organisms, two different methane monooxygenases have been
identified, namely, a membrane-associated or particulate MMO
(pMMO) and a cytoplasmic or soluble MMO (sMMO). In metha-
notrophs that express both forms of the enzyme, the copper
concentration during growth dictates which MMO is expressed.2-5

In cells cultured under a low copper/biomass ratio, the sMMO is
predominately expressed, whereas cells cultured at higher copper/
biomass ratios exclusively express the pMMO (sMMO is not
transcribed).6-8 The sMMO is a well-characterized three-component
enzyme consisting of a hydroxylase, a reductase, and a regulatory
protein.9-12 Spectroscopic and X-ray crystallographic studies have
established that the hydroxylase contains an oxygen-bridged diiron
cluster.13-16 Here we provide evidence that pMMO contains a diiron
cluster as well.

Owing to the low specific activity and instability of most pMMO
preparations,6,17-20 comparatively little is known about the molecular
properties of this enzyme. As isolated, pMMO is composed of three
polypeptides with molecular masses of 45 000, 26 000, and 23 000
Da with a subunit structure of (Râγ)3.6,17,18,20-22 Most researchers
agree that eachRâγ contains 2-3 Cu atoms,2,6,17-20,23 although
one group has suggested that 15 Cu atoms are arranged into catalytic
and electron-transfer trinuclear copper clusters.22,24,25 The 2.8 Å
resolution crystal structure of pMMO suggested that eachRâγ
contained a dicopper site, a mononuclear copper site, and a third
site occupied by zinc.21,23 However, the preparation used for
growing the crystal was inactive and did not contain zinc (which
was added to the crystallization buffer).21,23

The involvement of non-heme iron in methane oxidation by the
pMMO has been proposed by some laboratories6,17,26-29 and
disputed by others.22,24,30In our laboratory at Iowa State University,
we have observed that preparations of pMMO showing highest
specific activity contain 1-2 iron atoms.6 We therefore decided to
employ Mössbauer spectroscopy to characterize the iron compo-
nents. This technique is particularly well-suited to explore iron
environments that are EPR-silent and optically uninformative in
the visible region, as is the spin-coupled diiron(III) center of the
hydroxylation component of sMMO. It seemed reasonable to us to
search for a similar diiron cluster because this is the only type of
center known to oxidize methane to methanol at room temperature.

The 4.2 K Mössbauer spectrum of the antiferromagnetically
coupled diiron(III) centers of sMMO consists of a doublet with
quadrupole splitting∆EQ ) 1.12 mm/s for theM. capsulatusBath

enzyme15,31 and ∆EQ ) 1.02 mm/s for that ofM. trichosporium
OB3b;13,16 both enzymes have an isomer shiftδ ) 0.50 mm/s at
4.2 K (the clusters of the two enzymes yield broad absorption lines,
and equivalent fits have been obtained by assuming different∆EQ

values for the two iron sites; see refs 13, 15, 16, and 31).
Table 1 lists analytical and activity data of our purified pMMO

sample and of whole cells grown at high copper (80µM) and iron
(40 µM); the entries are discussed in the Supporting Information.
Figure 1 shows 4.2 K Mo¨ssbauer spectra of purified pMMO. The
central portion of the 45 mT spectrum (Figure 1A) exhibits two
overlapping doublets with∆EQ(1) ) 1.05 mm/s,δ(1) ) 0.50 mm/s
(∼20% of total Fe), and∆EQ(2) ) 2.65 mm/s,δ(2) ) 1.25 mm/s
(∼18% of total Fe); theδ value of doublet 2 is characteristic of a
high-spin Fe2+ with octahedral N/O coordination. The majority of
the iron in the spectrum of Figure 1A, perhaps up to 60% of total
Fe, belongs to a heterogeneous population of Fe3+ species exhibiting
magnetic hyperfine structure with splittings up to 17 mm/s Doppler
velocity. This Fe3+ fraction is EPR-silent at X-band (Figure S3),
and its∆EQ andδ values (0.63 and 0.51 mm/s at 120 K) are the
same as those reported for mineralized nanoparticles (attributed to
ferric phosphate) in mitochondria of the yeast frataxin homologue
(∆yfh1) mutants.32 The∆EQ andδ values of doublet 1 match those
reported for the diiron(III) centers of sMMO. The solid line in
Figure 1A is a spectral simulation representing two doublets 1 and
2, drawn such that their sum represents 38% of the total iron; the
features of doublet 1 are indicated by the offset dashed line.

The spectrum of Figure 1B was recorded in an applied magnetic
field of 8.0 T. Most interestingly, the 8.0 T spectrum shows that
the iron of doublet 1 belongs to a diamagnetic (S ) 0) center, as
demonstrated by the spectral simulation outlined by the vertically
displaced solid line. The values of∆EQ(1) andδ(1), together with
the observed diamagnetism of this spectral component, strongly
suggest that doublet 1 represents an antiferromagnetically coupled
diiron(III) center similar to that found in sMMO.

Mössbauer spectroscopy is a very useful technique for the study
of iron-containing proteins in whole cells, provided the concentra-
tion of the targeted proteins can be increased by overexpression33

or by employing special growth conditions. SinceM. capsulatus
Bath produces large amounts of pMMO (∼20% of whole cell
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Table 1. Properties of Whole Cells and Purified pMMO
Mössbauer Samples

whole cells pMMO

Râγ (mM) 0.56 1.06
total Fe (mM) 5.2 1.2
Fe in doublet 1 (mM) 1.04 0.24
diiron(III)/Râγ 0.93 0.11
activity (nmol‚min-1‚mg pMMO protein-1) ∼1500 160
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protein) when grown at high copper and iron concentrations, we
were curious whether doublet 1 would be observed in whole cells.
We have found that maximal pMMO activity in cell free fractions
requires the addition of approximately 40µM iron in conjunction
with 80 µM copper in the culture media. We have recorded
Mössbauer spectra of wholeM. capsulatusBath cells grown on
media high in copper and iron between 1.5 and 120 K in applied
fields up to 8.0 T. Figure 2B,D shows two representative 4.2 K
spectra. The signal strength of the Mo¨ssbauer spectrum of Figure
2B indicates that the cells contain roughly 5 mM57Fe, in good
agreement with the chemical analysis (5.2 mM). Approximately
40% of the iron belongs to a magnetic component of high-spin
Fe3+ outlined by the solid line in (B); it yields a doublet with∆EQ

≈ 0.6 mm/s andδ ) 0.45 mm/s at 120 K (not shown). This
component exhibits spectra typical of superparamagnetic nanopar-
ticles,32,34 probably composed of mineralized excess iron ac-
cumulated during aerobic growth at high Fe concentrations.
Simulation of the 45 mT spectrum of the superparamagnetic
component of Figure 2B is quite straightforward (but not unique);
however, fitting the outer four lines fixes position and intensities
of the two innermost lines of the six-line pattern. Subtraction of
the simulated superparamagnetic component from the raw data
yields a spectrum (Figure 2C) which exhibits doublet 1 (∼20%,
solid line) with exactly the same parameters as observed in the
purified enzyme. Also observed is a high-spin Fe2+ species with
∆EQ ≈ 3.00 mm/s andδ ≈ 1.25 mm/s. The solid line in the 8.0 T
spectrum of Figure 2D is a spectral simulation showing that the
iron of doublet 1, as in the purified protein, belongs to a diamagnetic
center. The broad features, stretching from ca.-9 to +9 mm/s
Doppler velocity, belong to the superparamagnetic components35

and the Fe2+ species. Finally, Figure 2A shows a 4.2 K Mo¨ssbauer
spectrum of cells grown at low Cu and57Fe concentrations (each
5 µM; pMMO < 5% of total cell protein) where pMMO expression
is reduced 4-fold.6 Compared to the sample of Figure 2B, the signal
amplitudes have declined by at least a factor 15, showing that the
iron observed in the spectra of Figure 2B and D accumulates when
the cells are growing at high Cu and Fe concentrations.

The purified pMMO sample (1.06 mMRâγ) had an iron
concentration of 1.2 mM. If we associate the iron of doublet 1 with
a diiron(III) cluster, we obtain a site occupancy of ca. 11%,
assuming that pMMO can accommodate one diiron center/Râγ.
The cells of Figure 2B had 5.2 mM iron, yielding 0.2× 5.2/2 )
0.52 mM diiron centers. In previous experiments, we estimated that
ca. 20% of the protein in cells cultured in media containing 80µM
Cu and 40µM Fe belongs to pMMO.6 Using this estimate, the
sample of Figure 2B has 0.56 mM pMMO, suggesting that pMMO
in thus cultured cells has∼0.93 diiron(III) center/Râγ. The above
estimates agree quite well with the observation that we recover ca.
10% of activity after purification of the protein.

We have assigned doublet 1 to a diiron(III) center. The
Mössbauer properties of doublet 1 are also compatible with those
observed for some low-spin ferrous hemes, such as cytochromesc
andb, and [4Fe- 4S]2+ clusters. However, the UV/visible spectrum
of the Mössbauer sample (Figure S2) indicates less than 0.005
hemes/Râγ, and the cellular concentration of heme in cells cultured
in 5 µM Cu and 5µM Fe is essentially identical to cells cultured
in 80 µM Cu and 40µM Fe.20 [4Fe - 4S]2+ clusters can be
excluded by observing that pMMO has only one cysteine residue,
Cys 92 on theR subunit,21,36 and that the presence of sulfide has
not been reported by any laboratory.

The Fe2+ components observed in whole cells have a larger∆EQ

than the Fe2+ species observed in Figure 1A and thus represent a
different type of Fe2+, plausibly iron bound to transporters and
storage components. Perhaps as much as 60% of the iron observed
in the purified pMMO sample of Figure 1 belongs to high-spin
Fe3+. The EPR spectra of Figure S3 are almost devoid of iron-
associated signals; the resonances atg ≈ 6 and 4.3 account each
for at most 10µM Fe3+, that is, only 1% of the iron. We suspect
that the EPR-silent Fe3+ represents remnants of the mineralized
fraction observed in whole cells that copurify with the enzyme.
We have observed similar EPR-silent Fe3+ fractions in other
proteins studied in our laboratory; invariably, these fractions
disappeared as purification procedures improved. The reader may

Figure 1. 4.2 K Mössbauer spectra of anaerobically purified pMMO
recorded in parallel applied fields of 45 mT (A) and 8.0 T (B). The solid
line in (A) is a spectral simulation for doublet 1, assigned to a diamagnetic
diiron(III) center (20% of Fe), and a high-spin Fe2+ (18%) component. The
remainder of the absorption (magnetic components) belongs to various high-
spin Fe3+ species. The dashed line outlines doublet 1. The solid line in (B)
is a spectral simulation for the putative diiron(III) center, assumingS ) 0
and equivalent sites with∆EQ ) +1.05 mm/s,η ) 0.8, andδ ) 0.50 mm/
s; η is the asymmetry parameter of the electric field gradient tensor. The
arrow points at the high-energy feature of the high-spin ferrous component.
A second sample, exposed to oxygen after purification, gave identical
spectra.

Figure 2. 4.2 K Mössbauer spectra ofM. capsulatusBath cells grown at
5 µM Cu and 5µM 57Fe (A) and at 80µM Cu and 40µM 57Fe (B-D).
The spectra were recorded in parallel applied fields as indicated. The sample
of (B) and (D) consisted of cells grown at 80µM Cu and 40µM 57Fe, then
harvested, washed, and resuspended anaerobically. The solid line in (B),
representing 40% of the57Fe, is a simulation of the superparamagnetic
component, obtained by superimposing four high-spin ferric spectra; the
simulation was solely aimed at representing the major fraction of the spectral
area of this species at one particular applied field. (C) Difference spectrum
obtained by subtracting the simulated spectrum of (B) from the raw data of
(B). The solid line represents doublet 1 (20% of57Fe). (D) 8.0 T spectrum.
The solid line is a simulation assuming that the iron of doublet 1 is
diamagnetic.
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wonder whether doublet 1 could represent a dimer fraction of a
mineralized Fe3+. We have recently studied Mo¨ssbauer spectra of
yah1-depletedmitochondria from aerobically grownS. cereVisiae.
For this mutant (which lacks iron-sulfur proteins), all detectable
iron (2-3 mM) could be assigned to Fe3+ nanoparticles, with no
evidence for a diamagnetic dimer fraction (unpublished results).

Given the similarities of the Mo¨ssbauer parameters of doublet 1
with those observed in sMMO, it is reasonable to propose that
pMMO has an active site consisting of a diiron cluster, and that
this cluster is bound in the site occupied by Zn from the
crystallization buffer, a possibility indicated by Lieberman and
Rosenzweig.21 Interestingly, this site has two conserved His and
two conserved carboxylate residues (His160 and 173, Asp156, and
Glu195). Moreover, the site has four additional nearby residues
with carboxylates functions, Glu69, Glu176, Asp166, and Asp168,
which are conserved in all known pMMO sequences. Thus, as
shown in Figure 3A, the Zn site of pMMO has the requisite ligands
to accommodate a sMMO-type diiron center and has suggestive
similarities with the diiron site of sMMO, shown in Figure 3B.
Placing the active site of pMMO into the Zn site is supported by
the observation that exposure of the cells or purified pMMO to
14C-acetylene, a suicide substrate for pMMO, yields labeledâ
subunits (the copper sites of pMMO are located onR).20,37-39 With
a target spectral signature, the loss of iron during purification of
pMMO can now be studied by recording Mo¨ssbauer spectra through
the various steps of the purification procedure.
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Figure 3. (A) Replacement of the mononuclear Zn by a diiron center in
the X-ray structure of pMMO.21 (B) Environment of the diiron center in
the sMMO fromM. trichosporiumOB3b.14
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