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Background: Particulate methane monooxygenase (pMMO) is a membrane-bound metalloenzyme that oxidizes methane
to methanol.
Results: Metal binding data and crystal structures reveal that zinc inhibits pMMO at two sites.
Conclusion: Zinc does not inhibit pMMO by binding at the active site but may hinder another function such as proton transfer.
Significance: New insight into the function of an environmentally and industrially important enzyme has been obtained.

Particulate methane monooxygenase (pMMO) is a mem-
brane-bound metalloenzyme that oxidizes methane to metha-
nol in methanotrophic bacteria. Zinc is a known inhibitor of
pMMO, but the details of zinc binding and the mechanism of
inhibition are not understood. Metal binding and activity assays
on membrane-bound pMMO from Methylococcus capsulatus
(Bath) reveal that zinc inhibits pMMO at two sites that are dis-
tinct from the copper active site. The 2.6 Å resolution crystal
structure of Methylocystis species strain Rockwell pMMO
reveals two previously undetected bound lipids, and metal soak-
ing experiments identify likely locations for the two zinc inhibi-
tion sites. The first is the crystallographic zinc site in the pmoC
subunit, and zinc binding here leads to the ordering of 10 previ-
ously unobserved residues. A second zinc site is present on the
cytoplasmic side of the pmoC subunit. Parallels between these
results and zinc inhibition studies of several respiratory com-
plexes suggest that zinc might inhibit proton transfer in pMMO.

Methanotrophic bacteria, organisms that oxidize methane to
methanol in the first step of their metabolism (1), have become
increasingly important in the quest for efficient conversion
of abundant natural gas to useable fuels and chemicals (2).
Methane oxidation is catalyzed by methane monooxygenase
enzymes (MMOs).3 The majority of methanotrophs produces a
membrane-bound or particulate MMO (pMMO) (3), and a few
strains can also express a soluble MMO (sMMO) (4) under

conditions of copper limitation (5). Whereas sMMO has a sin-
gle well characterized diiron catalytic center (6), pMMO con-
tains several distinct metal-binding sites (7). pMMO is com-
posed of three subunits, pmoB, pmoA, and pmoC, arranged
in an �3�3�3 trimer (8). The pmoB subunit comprises two
periplasmic domains connected by two transmembrane heli-
ces. In Methylococcus capsulatus (Bath) pMMO, these soluble
domains house two copper sites, modeled as monocopper and
dicopper (8). The monocopper site is not conserved in other
pMMOs (9, 10). Biochemical and mutagenesis data from our
laboratory indicate that the active site is located at the dicopper
site (11, 12). The pmoA and pmoC subunits are composed
entirely of transmembrane helices. An additional metal-bind-
ing site is present in the pmoC subunit, exposed to the center of
the pMMO trimer.

In the structures of pMMO from M. capsulatus (Bath) and
Methylocystis species strain M, this pmoC metal-binding site is
occupied by zinc (10). The zinc ion is coordinated by two histi-
dines, an aspartic acid, and a fourth ligand assigned as a solvent
molecule (10). Because pMMO does not contain any zinc upon
isolation, this zinc ion is derived from the millimolar zinc con-
centrations required for crystallization. By contrast, this site is
partially occupied by copper in Methylosinus trichosporium
OB3b pMMO, which can be crystallized in the absence of zinc
(9). In this case, the copper might originate from excess copper
added during cell lysis. The pmoC metal-binding site has
attracted much attention due to a proposal that it houses a
diiron active site similar to that in sMMO (13). However, we
have clearly demonstrated that pMMO activity requires copper
and not iron. We have also shown that the activity derives from
the pmoB subunit (11, 12).

Several observations suggest that the pmoC zinc/copper site
may still be functionally relevant. First, all the ligands are
strictly conserved (see below and Ref. 14). Second, the best
enzymatic activity is obtained from intact pMMO containing
all three subunits, suggesting that the transmembrane regions
have an important function (11). Third, previous studies have
shown that zinc inhibits pMMO activity in M. capsulatus
(Bath) and M. trichosporium OB3b membrane extracts (15–
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17). Up to seven zinc ions have been suggested to bind to
M. capsulatus (Bath) pMMO and have been proposed to inhibit
by either replacing active site copper ions or another copper site
that is involved in reducing the active site (15–17). Based on the
crystal structures, which were determined after these studies, it
is also possible that inhibition is due to zinc occupation of the
pmoC intramembrane metal-binding site.

Understanding the molecular basis for zinc inhibition re-
quires a systematic analysis. Previous studies used membrane
extracts with undefined metal concentrations or EDTA-treated
samples in which pMMO is already partially inhibited (16 –18).
Here, we have used pMMOs from M. capsulatus (Bath) and
Methylocystis species strain Rockwell to rigorously address the
unresolved questions of how many zinc ions are required to
inhibit pMMO, where zinc binds to inhibit pMMO, and
whether zinc replaces copper in pMMO.

EXPERIMENTAL PROCEDURES

Cell Growth—M. capsulatus (Bath) cells were grown as
described previously (19) in 12–15-liter fermentations using
nitrate mineral salts medium (0.2% w/v KNO3, 0.1% w/v
MgSO4�7H2O, and 0.001% w/v CaCl2�2H2O) and 3.9 mM phos-
phate buffer, pH 6.8, supplemented with 50 �M CuSO4�5H2O,
80 �M NaFe(III)EDTA, 1 �M Na2MoO4�2H2O, and trace metals
solution. Cells were cultivated with a 4:1 air/methane ratio at
45 °C and 300 rpm agitation. Methylocystis sp. str. Rockwell was
grown in 12–15-liter fermentations using salts solution (0.08%
w/v KNO3, 0.02% w/v K2SO4, 0.003% w/v MgSO4�7H2O, and
0.0007% w/v CaCl2�2H2O) and 3.9 mM phosphate buffer,
pH 7.0, supplemented with 50 �M CuSO4�5H2O, 40 �M

FeSO4�7H2O, and trace elements solution. Methylocystis sp. str.
Rockwell was grown with a 3:1 air/methane ratio at 30 °C and
300 rpm. Cells were harvested when they reached an A600 of
5.0 – 8.0 by centrifugation at 5000 –7000 � g for 10 min. Cells
were washed 1–3 times with 25 mM PIPES, pH 6.8 –7.0, before
freezing in liquid nitrogen and storing at �80 °C.

Membrane Isolation and Metal Removal—Frozen M. capsu-
latus (Bath) cells were thawed in 25 mM PIPES, pH 7.0 –7.2, 250
mM NaCl and lysed by sonicator or microfluidizer. Methylocystis
sp. str. Rockwell cells were lysed similarly but with the addition of
500 �M CuSO4�5H2O and using degassed buffers. Cell debris was
removed by centrifugation at 20,000–24,000 � g for 1–2 h. Mem-
branes were pelleted by centrifugation at 125,000 � g and washed
2–3 times in 25 mM PIPES, pH 7.0–7.2, 250 mM NaCl before freez-
ing in liquid nitrogen and storing at �80 °C. Preparation of apo
membranes (membrane-bound pMMO with all metal ions
removed) was carried out as described previously (11, 18) using 50
mM ascorbate and 50 mM potassium cyanide. Metal removal effi-
ciency was assessed by ICP-AES (Varian Vista MPX) at the Inte-
grated Molecular Structure Education and Research Center of
Northwestern University. Protein concentrations were measured
using the Bio-Rad DC assay.

Metal Reconstitution and Activity Assays—For copper recon-
stitutions, apo membranes were diluted to 2.5 mg/ml and incu-
bated with various equivalents of CuSO4�5H2O at room tem-
perature for 30 min. Reconstituted samples were either assayed
for activity immediately or the excess copper was removed by
washing membranes 3– 4 times by repeated ultracentrifugation

(125,000 � g for 10 min) and resuspension with Dounce
homogenizers in metal-free lysis buffer. For some experiments,
zinc was added directly to these copper-reconstituted mem-
branes and incubated for 30 min at room temperature prior to
activity analysis. For other experiments, membranes were only
washed once after copper loading and then incubated with dif-
ferent stoichiometric amounts of ZnSO4�7H2O for 30 min at
room temperature. Excess metals were then washed out three
times using ultracentrifugation and resuspension. For all metal
reconstitutions, the concentrations of metal stock solutions
were routinely measured by ICP-AES. The stoichiometries of
copper, iron, and zinc binding were measured by ICP-AES and
the Bio-Rad DC assay for protein concentrations. Activity
assays were carried out as described previously (11). In brief,
membranes (3– 4 mg/ml) were reduced with either duroquinol
or 5.4 mM NADH in a 2-ml vial, and 1 ml of headspace gas was
replaced with methane gas. Samples were incubated at 45 °C for
3 min at 200 rpm and then heat inactivated at 80 °C for 10 min.
Samples were then cooled on ice and centrifuged to remove
insoluble membranes and reductants. The supernatant (3 �l)
was injected onto an HP-PLOT Q column (Agilent). Calibra-
tion curves were generated from methanol standards (Sigma,
spectrophotometric grade �99%). For calculation of IC50 val-
ues from inhibition curves, a modified dose-response curve was
fit to the form y � a � (b/(1 � (x/IC50)∧d)).

Protein Purification of pMMO from Methylocystis sp. str.
Rockwell—Methylocystis sp. str. Rockwell membranes were sol-
ubilized with 1.5 mg of n-dodecyl �-D-maltopyranoside/mg of
crude protein. Solubilized membranes were diluted with col-
umn equilibration buffer (50 mM Tris, pH 8.5, 0.05% n-dodecyl
�-D-maltopyranoside) before loading onto a Source 15Q col-
umn (GE Healthcare). pMMO was eluted using a 0 – 0.8 M NaCl
gradient, concentrated using a 50-kDa molecular mass cutoff
Amicon concentrator, and then frozen in liquid nitrogen. All
purification buffers were degassed and kept under argon bal-
loons throughout purification. The identity of all three pMMO
subunits was confirmed by mass spectrometry. Purified protein
was run on a 4 –16% blue native-polyacrylamide gel (Invitro-
gen), and a band at �450 kDa was cut out for mass spectrome-
try. Some blue native-polyacrylamide gel slices were alkylated
with iodoacetamide and run on a 15% SDS-polyacrylamide gel,
and all bands were cut out for mass spectrometry.

Nano-LC-ESI-MS/MS Analysis for Protein Identification of
Purified Methylocystis sp. str. Rockwell pMMO—Prior to mass
spectrometry, Coomassie Blue was removed from the gel
bands, and for optimal identification of proteins, membrane
proteins were cleaved by CNBr and trypsin as described previ-
ously (20). For nano-LC-ESI-MS/MS experiments, 200 ng of
peptides were separated on a reverse-phase LC system (Ulti-
Mate 3000; Dionex, Idstein, Germany) on-line coupled to an
ESI-mass spectrometer (LTQ Velos ETD or Orbitrap Elite,
both from Thermo Fisher Scientific). Peptide ions were ana-
lyzed in a data-dependent mode using abundant ions for addi-
tional tandem-MS experiments by collision-induced dissocia-
tion to obtain amino acid sequence information.

Protein identification was performed with ProteomDiscov-
erer Version 1.4 software (Thermo Fisher Scientific) using the
Mascot Version 2.3 search algorithm (Matrixscience, London,
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UK) with tolerances for peptide masses and fragment masses of
0.4 Da for the LTQ Velos ETD mass spectrometer or 10 ppm
and 0.4 Da for the Orbitrap Elite system. Searches were per-
formed allowing two missed cleavage sites after CNBr and tryp-
tic cleavage. Homoserine lactone modification of methionine
was considered as variable modification. All data were searched
against a database created by DecoyDatabaseBuilder (21) con-
taining UniProt/Tremble entries (released October, 2013) with
one additional shuffled decoy of each protein for false discovery
rate calculations. Additionally, a taxonomy filter for proteobac-
teria (35,857,698 sequences) was used.

Crystallization and Structure Determination of pMMO from
Methylocystis sp. str. Rockwell—For crystallization, purified
Methylocystis sp. str. Rockwell pMMO protein was thawed and
exchanged into degassed 50 mM Tris, pH 8.5, 0.03% n-undecyl
�-D-maltopyranoside. Crystals grew in the sitting drop geome-
try at room temperature within 1– 4 weeks. Drops contained
2.5 �l of 20 mg/ml pMMO protein, 0.5 �l of 85 mM n-octyl
�-D-thiomaltoside, and 2 �l of crystallization solution (10%
PEG 3000, 200 mM magnesium formate dihydrate, 100 mM

sodium cacodylate trihydrate, pH 6.5). Crystals were flash-
frozen using 30% PEG 3000, 200 mM magnesium formate dihy-
drate, 100 mM sodium cacodylate trihydrate, pH 6.5, as a cryo-
protectant. For soaking experiments, crystals were soaked in
mother liquor containing either 2 mM CuSO4�5H2O or 2 mM

ZnSO4�7H2O for 10 –24 h prior to flash freezing. Iron soaks
were carried out as described previously (22).

Data sets were collected at the GM/CA-CAT and LS-CAT
beamlines at the Advanced Photon Source at Argonne National
Laboratory. Data were integrated and scaled using HKL2000
(23) and further processed anisotropically using the UCLA an-
isotropy server, which performs ellipsoidal truncation of the
data including only reflections with I/�I �3.0 (24). The aniso-
tropic resolution cutoff resulted in a lower completeness. Rmeas
and CC1/2 were calculated using XDS. The structure was solved
by molecular replacement with PHASER (25) using the coordi-
nates of Methylocystis species strain M pMMO (PDB code
3RFR) as a starting model. Methylocystis sp. str. Rockwell
pMMO has 94:97.4, 96:97.6, and 96.9:97.7% identity/similarity
to the Methylocystis sp. str. M pmoB, pmoA, and pmoC sub-
units, respectively. Modeling and refinement were performed
using Coot (26) and Refmac5 (27). Tight noncrystallographic
symmetry was used during refinement for each structure. In the
purified as-isolated structure, the restraints included residues
29 – 416 (pmoB), 11–252 (pmoA), 16 –196 (pmoC), and 226 –
256 (pmoC). For the copper-soaked structure, the restrained
residues were 29 – 416 (pmoB), 11–252 (pmoA), 16 –195
(pmoC), and 226 –256 (pmoC). For the zinc-soaked structure,
the restrained residues were 29 – 417 (pmoB), 11–252 (pmoA),
16 –210 (pmoC), and 224 –256 (pmoC). The final model for the
purified as-isolated pMMO structure included the following:
pmoB residues 29 – 418, pmoA residues 9 –252, pmoC residues
16 –198 and 226 –256, and three polyalanine helices consisting
of up to 25 residues, six copper ions, four lipid molecules, and
117 water molecules. The final model for the copper-soaked
structure included pmoB residues 29 – 418, pmoA residues
9 –252, and pmoC residues 16 –199 and 224 –256, three poly-
alanine helices consisting of up to 24 residues, and six copper

ions. The final model for the zinc-soaked structure included
pmoB residues 29 – 418, pmoA residues 9 –252, and pmoC res-
idues 16 –210 and 224 –256, three polyalanine helices consist-
ing of up to 25 residues, five zinc ions, three copper ions, and
one cacodylate molecule. Simulated annealing composite omit
maps were calculated for each structure using Phenix (28).

X-ray Absorption Spectroscopy—As-isolated and zinc-loaded
M. capsulatus (Bath) crude membranes were resuspended in
30% glycerol, loaded into Lucite cells wrapped with Kapton
tape, flash-frozen in liquid nitrogen, and stored at �80 °C until
data collection. Copper XAS data were collected at the Stanford
Synchrotron Radiation Light Source (SSRL) on beamline 9-3,
and zinc XAS data were collected at the National Synchrotron
Light Source (NSLS) on beamline X3A. Both beamlines were
equipped with Si(220) double crystal monochromators and in-
line harmonic rejection mirrors. During data collection, sam-
ples were maintained at 10 K using an Oxford Instruments con-
tinuous-flow liquid helium cryostat at SSRL and at 25 K using a
liquid helium Displex cryostat at NSLS. Protein fluorescence
excitation spectra at SSRL were collected using a 100-element
Canberra germanium solid-state detector. At NSLS, spectra
were collected on a 13-element Canberra germanium solid-
state detector. For copper data collection at SSRL, a 6-�m
nickel filter and solar slits were placed between the cryostat and
detector for background noise filtration; x-ray energies were
internally calibrated by collecting copper foil absorption spec-
tra simultaneously with protein data, and the monochromator
was calibrated for each spectrum based on the first inflection
point of the copper foil spectrum (assigned to 8980.3 eV). XAS
spectra were measured in 5-eV steps in the pre-edge region
(8750 – 8960 eV), 0.25 eV steps in the edge region (8986 –9050
eV), and 0.05 Å�1 increments in the EXAFS region (to k � 13
Å�1 for copper), integrating from 1 to 20 s in a k3 weighted
manner for a total scan length of �40 min. For zinc data collec-
tion at NSLS, a 3-�m copper filter was placed between the cry-
ostat and detector for background noise filtration; x-ray ener-
gies were internally calibrated by collecting zinc foil absorption
spectra simultaneously with protein data, and the monochro-
mator was calibrated for each spectrum based on the first
inflection point of the zinc foil spectrum (assigned to 9659 eV).
XAS spectra were measured in 5-eV steps in the pre-edge
region (9350 –9640 eV), 0.25 eV steps in the edge region (9640 –
9690 eV), and 0.05 Å�1 increments in the EXAFS region (to k �
13 Å�1 for zinc), integrating from 1 to 14 s in a k3 weighted
manner for a total scan length of �45 min. For all samples, 4 –5
(SSRL) and 10 –12 (NSLS) spectra were collected on multiple
independent versions of each sample to ensure spectral
reproducibility.

During data processing, each fluorescence channel of each
scan was examined for spectral anomalies prior to averaging,
and for copper spectra, each fluorescence channel was closely
monitored for photoreduction. XAS data were processed using
the Macintosh OS X version of the EXAFSPAK program suite
(29) integrated with the Feff Version 8 software (30) for theo-
retical model generation. Data reduction utilized a polynomial
function in the pre-edge region and a three-region cubic spline
throughout the EXAFS region. Data were converted to k-space
using E0 values of 9000 eV for copper and 9680 eV for zinc. The
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k-cubed weighted EXAFS was truncated at 1.0 and 12.85 Å�1

for copper and at 1.0 and 12.87 Å�1 for zinc, for filtering pur-
poses. These k ranges correspond to a spectral resolution of
�0.13 Å for all metal-ligand interactions under consideration;
therefore, only independent scattering environments outside
0.13 Å were considered resolvable in the EXAFS fitting analysis
(31). EXAFS fitting analysis was performed on raw/unfiltered
data using single scattering Feff theoretical models calculated
for oxygen, sulfur, carbon, and metal coordination to simulate
the nearest neighbor ligand environments. During copper data
simulation, a scale factor of 1.0 and threshold energies of �12.0,
�14.0, and �16.0 eV were utilized for Cu-O/N/C, Cu-S, and
Cu-Cu scattering, respectively. During zinc data simulation, a
scale factor of 1.0 and a threshold energy of �15.25 eV were
utilized for Zn-O/N/C and S scattering. Scale factors and E0
values used during the simulations were calibrated by fitting
crystallographically characterized models at different metal
oxidation states, as described previously (32, 33). Criteria for
judging the best fit simulation utilized both the lowest mean
square deviation between data and fit corrected for the number
of degrees of freedom (F�) (34) and a reasonable Debye-Waller
factor (�2 	0.006 Å2).

RESULTS

Zinc Inhibition of M. capsulatus (Bath) pMMO—To study
the effects of zinc binding on pMMO, membrane extracts were
used instead of purified protein because of the low activity of
purified preparations (35). As-isolated membranes typically
have activities of 25– 40 nmol of methanol/min�mg (duroquinol
reductant) or 80 –130 nmol of methanol/min�mg (NADH
reductant) and contain 5–9 copper ions per 100-kDa ���
protomer (Table 1). To allow for the possibility that zinc inhi-
bition might be affected by adventitiously bound copper,
copper-reconstituted membranes were also prepared for zinc titra-
tion experiments. After loading apo membranes (membrane-
bound pMMO with all metal ions removed) (Table 1) with cop-
per, both duroquinol and NADH-driven methane oxidation
activities were recovered. The highest activity was observed
after adding 2 eq of copper per 100-kDa protomer (Fig. 1A),
consistent with previous results (11). In a similar experiment,
apo membranes were loaded with copper, and the excess cop-
per ions were removed by ultracentrifugation and resuspension
in metal-free buffer three times before activity analysis. Under
these conditions, the highest activity for both duroquinol and
NADH reductants was also observed with 2 eq of copper bound
per 100-kDa protomer (Fig. 1B), which resulted from loading 3
eq of copper before washing. Although both reductants yield
activity in copper-reconstituted membranes, the NADH activ-
ity recovered was usually �25% of the as-isolated activity,
whereas duroquinol usually resulted in �50% of the as-isolated

activity (Fig. 1). Previous EXAFS data indicate that the dicopper
center is reassembled using this reconstitution procedure (11).
Because only two copper ions are tightly bound after removal of
excess metals, the dicopper site is probably not fully loaded,
with some copper occupying the mononuclear site resulting in
a lower percentage of activity recovered.

As observed previously, addition of excess copper inhibits
pMMO activity (Fig. 1, A and B). This excess copper does not
wash out readily as 4 – 6 copper ions per 100-kDa protomer
remain bound after incubating apo membranes with 10 eq of
copper and then removing excess copper by washing (Fig. 1B).
Inhibition by excess copper has been attributed to peroxide
formation (11), and these extra copper ions may be binding to
lipids (36). Desalting columns were tested as a second method
of metal removal, and 2 eq of copper per 100-kDa protomer
remained bound after adding 10 eq. The desalting method
clearly removes more adventitiously bound metal, but this
proved impractical because the membranes adhere to the col-
umn. Thus, the washing method was used to remove excess
metal ions for all subsequent experiments. Adventitious metal
binding only occurs when 4 or more equivalents of copper
are loaded before washing and can be avoided by adding less
copper (1–3 eq). Unless noted otherwise, for all experiments
reported here involving copper-reconstituted, membrane-

TABLE 1
Metal content of M. capsulatus (Bath) crude membranes before (as-
isolated) and after (apo) cyanide treatment (average of 3–5 samples)

Copper/100-kDa
protomer

Iron/100-kDa
protomer

Zinc/100-kDa
protomer

As-isolated membranes 7 
 2 0.29 
 0.07 0.1 
 0.3

Apo membranes 0.04 
 0.03 0.06 
 0.02 0.01 
 0.02

FIGURE 1. Methane oxidation activity of apo membrane-bound M. capsu-
latus (Bath) pMMO after metal loading using two copper reconstitution
methods. A, apo M. capsulatus (Bath) membranes were incubated with 1–5 eq
of CuSO4 per 100-kDa protomer. As-isolated crude membranes had an activity of
28 
 2 nmol of methanol/min�mg (duroquinol) or 94 
 7 nmol of methanol/
min�mg (NADH). The maximum activity for both reductants occurred after addi-
tion of 2 eq of copper, and the activity recovered was 51% for duroquinol and
24% for NADH. B, apo membranes were incubated with 1, 2, 3, 4, 5 or 10 eq of
copper per 100-kDa protomer as in A, but then was washed three times to
remove excess copper prior to activity measurements. Copper ions bound per
100-kDa pMMO protomer after excess metal removal are reported on the x axis.
As-isolated crude membranes had an activity of 27 
 1 nmol of methanol/
min�mg (duroquinol) and 139 
 5 nmol of methanol/min�mg (NADH). The max-
imum activity recovered was 50% for duroquinol and 25% for NADH.
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bound pMMO, 3 eq of copper are loaded initially, which
results in �2 eq of copper after washing.

Both as-isolated and copper-reconstituted membrane-
bound pMMO were then treated with increasing amounts of
zinc. Complete inhibition is observed after 10 eq of zinc per
protomer are added, with a dramatic decrease occurring after
the addition of 2 eq of zinc (Fig. 2, A and B). With both duro-
quinol and NADH reductants, the as-isolated membranes have
slightly higher IC50 values for zinc inhibition (59 and 36 �M,
respectively) than those measured for copper-reconstituted
membranes (36 and 22 �M, respectively). Dixon plots reveal a
parabolic pattern, consistent with multisite inhibition (Fig. 2C)
(37). Hill plots yield slopes ranging from �1.5 to �2.0, indica-
tive of two zinc-binding sites (Fig. 2D). To probe the nature of
these zinc-binding sites, copper-reconstituted membranes
treated with up to 30 eq of zinc were repeatedly ultracentri-
fuged and resuspended in metal-free buffer to remove excess
zinc. After this procedure, 0.5– 0.8 zinc ions per protomer
remain, indicating that zinc can only bind tightly to one inhib-
itory site under these conditions (Fig. 3A). Importantly, the
copper stoichiometry remains unchanged upon zinc binding.
Thus, the more tightly bound zinc does not displace copper
ions in the active site, and the zinc-binding site is not occupied
by copper in copper-reconstituted pMMO. This result suggests
that pMMO activity does not require copper binding at this site

and that this site is likely apo in vivo. Binding of zinc at this site
reduces both duroquinol and NADH-driven membrane-bound
pMMO activity by 40 – 60% (Fig. 3B).

We then used the same procedure to load apo membrane-
bound pMMO with zinc. Up to 1.6 zinc ions are measured (Fig.
4A), which is twice as much zinc as in the copper- and zinc-
loaded protein (Fig. 3A). Therefore, two binding sites may be
present and could be the active site in pmoB as well as the pmoC
site. Addition of copper to these zinc-loaded membranes
results in loss of half the zinc ions (Fig. 4B). From these data, it
appears that when zinc is loaded first, copper can replace one
zinc site, which is likely the more accessible pmoC site. The
activity of the zinc- and copper-loaded membrane-bound
pMMO is 11–18% of the copper-reconstituted membrane-
bound pMMO activity (Table 2). This activity is lower than the
40 – 60% observed for copper- and zinc-loaded pMMO (Fig.
3B), even though the metal stoichiometries are similar (Fig. 3A
and 4B), which would be consistent with zinc occupying the
active site when loaded first.

EXAFS Analysis of Zinc-loaded M. capsulatus (Bath) pMMO—
Analysis of the copper K-edge EXAFS for as-isolated mem-
brane-bound M. capsulatus (Bath) pMMO indicates that cop-
per coordination is structurally unperturbed by zinc binding.
The copper EXAFS in the absence and presence of zinc (Fig. 5,
A and C, respectively) appear nearly identical and are consistent

FIGURE 2. Zinc inhibition of methane oxidation activity of as-isolated and copper-reconstituted membrane-bound M. capsulatus (Bath) pMMO. A,
duroquinol was used as the reductant. The as-isolated activity was 28 
 2 nmol of methanol/min�mg, and the copper-reconstituted activity was 27 
 2 nmol
of methanol/min�mg. The IC50 values for as-isolated and copper-reconstituted membranes were 59 and 36 �M, respectively. B, NADH was used as the reductant.
The as-isolated activity was 130 
 4 nmol of methanol/min�mg, and the copper reconstituted activity was 37 
 8 nmol of methanol/min�mg. The IC50 values
for the as-isolated and copper-reconstituted membranes were 36 and 22 �M, respectively. C, Dixon plots (1/� versus [I]) for the inhibition data in A and B reveal
a parabolic shape indicative of multisite inhibition. D, Hill plots (log (�i/� � �i) versus log [I]) were used to determine the number of zinc-binding sites. Linear
regression lines fit to data for as-isolated membranes were y � 0.46812 � 1.7731x (duroquinol, R � 0.99383) and y � 0.15082 � 1.8165x (NADH, R � 0.99214).
For copper-reconstituted membranes, fits were y � 0.043844 � 1.524x (duroquinol, R � 0.99611) and y � �0.22384 � 1.9747x (NADH, R � 0.97396).

Zinc and Particulate Methane Monooxygenase

21786 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 31 • AUGUST 1, 2014



with spectra previously reported for as-isolated and oxidized
M. capsulatus (Bath) pMMO (32). Fourier transforms of the
copper EXAFS in the absence and presence of zinc (Fig. 5, B and
D, respectively) both show broad first coordination shell fea-
tures at a phase-shifted bond length (R � �) of 	2.0 Å, a well
resolved feature at R � � 	2.5 Å, and long range scattering
signals at R � � �2.5 Å. Again, these spectra match data pre-
viously reported for M. capsulatus (Bath) pMMO. The close
agreement of the copper EXAFS among samples suggests a
common coordination geometry and copper redox state, and
the current spectra are in close agreement with XANES spectra
previously reported for M. capsulatus (Bath) pMMO (data not
shown). Metrical parameters obtained from simulations of the
copper EXAFS for pMMO in the absence and presence of zinc
are virtually identical, with the copper-first shell ligand coordi-
nation environment constructed of �1 Cu-(O/N) ligand at 1.92
Å, a second set of �2.5 Cu-(O/N) ligands centered at 2.10 Å,
and a well defined Cu-Cu vector at 2.48 Å (Table 3). Long range
Cu���C scattering, in the range of 2.7 to 4.0 Å, is also observed in
both samples. The copper-first shell ligand bond lengths are
within technique error limits of 
0.02 Å of values we reported
previously (32), but there are subtle differences in coordination
numbers. The vector at 2.48 Å in the current data is best fit by
metal-metal coordination as opposed to metal-carbon at a similar

distance, with a significant improvement (15%) in the quality of fit
for a Cu-Cu vector as opposed to a Cu���C vector (Table 3).

Analysis of the zinc K-edge EXAFS for as-isolated mem-
brane-bound M. capsulatus (Bath) pMMO in the presence of
zinc indicates a four coordinate ligand environment with no
observable long range zinc-metal interaction. The zinc EXAFS
and Fourier transforms for pMMO (Fig. 5, E and F) are consis-
tent with a zinc first shell ligand coordination geometry that is
tetrahedral and relatively symmetric. The camelback beat pat-
tern observed in the zinc EXAFS between k of 3– 4 is consistent
with spectral anomalies observed from metal-imidazole scat-
tering from metal coordinated to histidine residues (38). Long
range (R � � � 2.5 Å) metal-ligand scattering is observed in the
Fourier transform of the zinc EXAFS (Fig. 5F). Simulations of
the zinc EXAFS indicate a zinc first shell coordination environ-
ment constructed of two independent Zn-(O/N) environments

FIGURE 3. Metal content and methane oxidation activity after zinc-load-
ing copper-reconstituted and as-isolated membrane-bound M. capsula-
tus (Bath) pMMO. A, metal content of copper-reconstituted membranes
after addition of 0 –30 M eq of ZnSO4 followed by removal of excess metals. B,
activity of copper-reconstituted and as-isolated membranes after addition of
zinc and removal of excess metals.

FIGURE 4. Metal content of apo M. capsulatus (Bath) membranes after
zinc and zinc/copper loading. A, apo membranes loaded with 0 –30 M eq of
zinc followed by removal of excess metal. B, apo membranes loaded with 10
M eq of zinc followed by 0 –5 M eq of copper and then removal of excess
metals.

TABLE 2
Specific methane oxidation activities of apo M. capsulatus (Bath)
pMMO when loaded with zinc first and then copper

Equivalent of
zinc/copper

added Reductant Activity
Percent of copper

reconstituteda

nmol methanol/min�mg
10 zinc/3 copper Duroquinol 5.1 
 0.9 17 
 3

NADH 7.7 
 0.9 18 
 2
10 zinc/5 copper duroquinol 4.1 
 0.2 14 
 1

NADH 4.8 
 0.6 11 
 2
a The activities of the copper-reconstituted membrane-bound pMMO were 30 


2 (duroquinol) and 43 
 3 (NADH).
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consisting of �4 total ligands, divided equally, and centered at
1.94 and 2.08 Å (Table 3). Zinc-oxygen and zinc-nitrogen bond
lengths in the range of 1.94 –2.08 Å most closely match tetra-
hedral Zn-(O/N) model compounds published in the Cam-
bridge Structural database (39). Long range scattering can be fit
for only Zn���C interactions at 2.53, 3.06, 3.25, and 3.98 Å.
Attempts to fit the 2.53 Å feature with a metal were unsuccess-
ful as were attempts to fit the 3.06-, 3.25-, and 3.98-Å features as
a multiple scattering imidazole unit (40).

Activity and Crystal Structure of Methylocystis sp. str. Rock-
well pMMO—To investigate the effects of zinc addition on the
pMMO structure, we used pMMO from Methylocystis sp. str.
Rockwell because it crystallizes more reproducibly than M. cap-
sulatus (Bath) pMMO and is amenable to in crystallo metal
binding studies. Methylocystis sp. str. Rockwell pMMO is 46.5:
62.4, 57.9:76.2, and 57.8:70% identical/similar to the M. capsu-
latus (Bath) pmoB, pmoA, and pmoC subunits, respectively.
The ligands to the pmoB dicopper site and the pmoC metal-
binding site are conserved in Methylocystis sp. str. Rockwell
pMMO, but the pmoB monocopper site is only present in M.
capsulatus (Bath) pMMO. Membrane-bound Methylocystis sp.
str. Rockwell pMMO contains 4.2 
 2 copper ions per 100-kDa

protomer, which decreases to 2.2 
 0.4 upon purification. After
protein concentration, only 0.9 
 0.1 copper per 100-kDa
protomer remains bound (Table 4). The activity of membrane-
bound Methylocystis sp. str. Rockwell pMMO at 30 °C is 20 
 3
nmol of methanol/min�mg using NADH as a reductant and
4.5 
 0.9 nmol of methanol/min�mg using duroquinol as a
reductant. After solubilization with n-dodecyl �-D-maltopyran-
oside, activities of 0.5 
 0.1 nmol of methanol/min�mg (NADH
reductant) and 0.54 
 0.09 nmol of methanol/min�mg (duro-
quinol reductant) were measured. The purified protein does
not exhibit measurable activity, likely due to the low copper
stoichiometry.

The crystal structure of Methylocystis sp. str. Rockwell
pMMO was solved to 2.6 Å resolution using anisotropic data
(Table 5). The anisotropy resulted in a low completeness in the
higher resolution shells, as typically observed for ellipsoidally
truncated data (9, 41– 44). It has the same architecture as the
three previous pMMO structures (8 –10) and contains one
pMMO trimer in the asymmetric unit. The Methylocystis sp.
str. Rockwell pMMO crystals are particularly useful for metal
binding experiments because the crystallization condition does
not contain zinc, and the protein loses most of the metal upon
concentration. The Methylocystis sp. str. Rockwell pMMO
structure is very similar to those from M. trichosporium OB3b
and Methylocystis sp. str. M (9, 10) and also contains a trans-
membrane helix of unknown identity closely associated with
the pmoC subunit of each protomer (Fig. 6A). Extensive efforts
to identify this mystery helix via mass spectrometry were not
successful. Additional transmembrane helices are also present
in the structures of Pseudomonas stutzeri cbb3 cytochrome oxi-
dase (45) and Escherichia coli AcrB (46). The cbb3 cytochrome
oxidase helix could not be identified by mass spectrometry, and
the AcrB helix was assigned as YajC (46). Interestingly, we also
detected YajC in our samples by mass spectrometry.

The three mystery helices are associated with hairpin-shaped
electron densities that were modeled as phospholipids (Fig. 6, B
and C). The identity of the lipids could not be determined from
the electron density, but they were modeled as a 1-palmitoyl-2-
oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)). This lipid was
chosen because type II methanotrophs predominantly contain
C18 lipids with either a phosphatidylglycerol or phosphatidyl-
ethanolamine headgroup (47, 48). The phosphate group of the
lipid interacts with Arg-102 and Arg-171 from the pmoC sub-
unit (Fig. 6D), which are both highly conserved residues. A sec-
ond lipid-binding site located at the inter-protomer pmoC/
pmoA interface is only present in one protomer. The phosphate
group of this second lipid interacts with the peptide backbone
via a water molecule. These are the first lipid-binding sites
observed in a pMMO structure.

Metal-binding sites in Methylocystis sp. str. Rockwell pMMO—
In the structure of purified as-isolated Methylocystis sp. str.
Rockwell pMMO, copper anomalous difference Fourier maps
reveal two copper-binding sites. One copper ion was modeled
at the pmoB metal-binding site coordinated by His-29, His-133,
His-135, and a solvent molecule (Fig. 7). This solvent molecule
was observed for the first time in a pMMO structure, likely due
to the improved resolution of 2.6 Å and is within hydrogen
bonding distance of conserved residue Glu-31. Although a

FIGURE 5. Copper and zinc EXAFS data and simulations for as-isolated
membrane-bound M. capsulatus (Bath) pMMO. Raw k3-weighted copper
EXAFS data and phase-shifted Fourier transforms of EXAFS are shown, respec-
tively, for as-isolated membrane-bound M. capsulatus (Bath) pMMO without
zinc (A and B) and with zinc (C and D). Raw k3-weighted zinc EXAFS data and
phase-shifted Fourier transforms are shown for as-isolated membrane-
bound M. capsulatus (Bath) pMMO with zinc (E and F). Raw unfiltered data are
shown in black, and best-fit simulations are shown in green.
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dicopper center is modeled at this site in the M. capsulatus
(Bath) pMMO structure (8), only one copper ion could be mod-
eled in the Methylocystis sp. str. Rockwell site, consistent with
the low copper stoichiometry in the purified protein (Table 4).
Similarly, only one protomer in the asymmetric unit of the

Methylocystis sp. strain M pMMO structure could be modeled
as a dicopper center, with the other two protomer sites modeled
as monocopper, also due to low copper stoichiometry (10). This
loss of copper could not be prevented by performing concen-
tration steps anaerobically or by using nonchelating buffers.

TABLE 3
Summary of M. capsulatus (Bath) pMMO copper and zinc EXAFS simulation coordination parameters for progressive inclusion of scattering environments
Values obtained are from fitting spectra averaged from the 2–3 independent data sets for each sample. Copper spectra labeled under number .6 fits compare simulations in
which the copper-copper vector is substituted by a Cu � � � C fit. Best fit parameters for all samples are in boldface.

a Independent metal-ligand scattering environment is shown.
b Initial number corresponds to sample type, and the extension number corresponds to number of shells included in the fit.
c Scattering atoms are as follows: O is oxygen; N is nitrogen; Cu is copper, and C is carbon.
d Average metal-ligand bond length from two independent samples.
e Average metal-ligand coordination number is from two independent samples.
f Average Debye-Waller factor in Å2 � 103 is from two independent samples.
g Number of degrees of freedom weighted mean square deviation between data and fit is shown.
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The second site, at the pmoC metal-binding site, had weaker
anomalous difference density but could be modeled as a mono-
copper center with 0.7– 0.8 occupancy. This copper ion is coor-
dinated by Asp-129, His-133, His-146, and a solvent molecule
(Fig. 7). Copper also weakly occupies this site in the M. tricho-
sporium OB3b pMMO structure (9).

After soaking Methylocystis sp. str. Rockwell pMMO crystals
in 2 mM CuSO4, the occupancy of the pmoC metal site increases
as shown by a significant increase in the intensity of the copper
anomalous peak from 4 –5 to 9 –10�. The solvent molecule is
not observed in the copper-soaked structure due to the lower
resolution. The anomalous density at the pmoB site remains
unchanged, however (10 –14� in both data sets, Fig. 7). Soaking
pMMO crystals in 2 mM ZnSO4 yields zinc anomalous density
in the pmoC metal-binding site (8 –10�) (Fig. 7). No signal is
observed at this site in copper anomalous maps (Fig. 7), sug-
gesting that zinc replaces any copper that is initially present.
Notably, a second zinc anomalous peak (�6�) is observed on
the cytoplasmic side of two of the three protomers. This zinc
ion is coordinated by pmoC residues His-177 and Asp-93 (Fig.
7). Residue Asp-330 from a symmetry related pmoB subunit
and a cacodylate molecule from the crystallization buffer are
adjacent to one of these sites but not the other. The same two
residues coordinate a zinc site in the Methylocystis sp. str. M
pMMO structure cocrystallized with zinc (10). These two resi-
dues are not conserved in M. capsulatus (Bath) pMMO, but a
cytoplasmic zinc site was also present in that structure, coordi-
nated by pmoA His-11 and pmoC Glu-284. Zinc anomalous

density was also observed at the pmoB copper site, but this
signal was likely due to copper absorption because the peak
intensities were very similar for both metals at this site, and the
absorption edge of zinc is only slightly higher than that of cop-
per. The low resolution of the copper- and zinc-soaked data sets
(3.15–3.6 Å) preclude more detailed comparisons and conclu-
sions regarding relative occupancies.

Thus, copper can occupy the pmoB metal site, and both copper
and zinc can occupy the pmoC metal site. These findings agree
with the M. capsulatus (Bath) metal loading data (Figs. 4B, 3A) and
support the hypothesis that the pmoC subunit can be loaded with
either copper or zinc and that the copper in the active site is not
readily displaced by zinc. Iron(II) was also soaked into pMMO
crystals using an in crystallo method for metal loading ribonucle-
otide reductase (22), but no iron was detected in the crystals either
by fluorescence scans or analysis of anomalous data.

Interestingly, zinc binding at the pmoC site in the zinc-soaked
structure stabilizes pmoC residues 200–210, which are not visible
in any other pMMO structures, including the current as-isolated
and copper-soaked structures. As a result, residue Glu-201
replaces the previously modeled water molecule as the fourth
ligand to the zinc ion (Fig. 7). These 10 residues interact with the
pmoA subunit from the neighboring protomer. It remains unclear
whether they connect to pmoC residue 224 of the same or the
neighboring protomer, opening the possibility of a domain swap
within the pMMO trimer (Fig. 8).

DISCUSSION

The effects of zinc on activity of membrane-bound pMMO
from M. capsulatus (Bath) were assessed using both as-isolated
and copper-reconstituted samples with NADH and duroquinol
as reductants. Under these conditions, complete inhibition is
observed upon addition of 10 eq of zinc per 100-kDa protomer
(Fig. 2, A and B), and the data are consistent with two zinc-
binding sites (Fig. 2, C and D). If excess zinc is removed,

TABLE 4
Metal content of Methylocystis sp. str. Rockwell pMMO (average of 3– 4
samples)

Copper/100-Da
protomer

Iron/100-Da
protomer

Zinc/100-Da
protomer

Membranes 4.2 
 2 0.4 
 0.2 0.1 
 0.1
Purified pMMO (dilute) 2.2 
 0.4 0.06 
 0.03 0.1 
 0.1
Purified pMMO (concentrated) 0.9 
 0.1 0.06 
 0.04 0.13 
 0.08

TABLE 5
Data collection and refinement statistics for Methylocystis sp. str. Rockwell pMMO
Values in parentheses refer to the highest resolution shell.

As isolated
(copper anomalous)

Copper soaked
(copper anomalous)

Zinc soaked
(zinc anomalous)

Zinc soaked
(copper anomalous)

Data collection
Space group P212121 P212121 P212121 P212121
Cell dimensions

a, b, and c 117.5, 118.5, 189.4 Å 116.4, 184.7, and 188.6 Å 120.9, 185.5, and 192.7 Å 121.1, 185.7, and 193.2 Å
Resolution 50–2.59 Å (2.62–2.59 Å) 50–3.15 Å (3.2–3.15 Å) 50–3.33 Å (3.39–3.33 Å) 50–3.59 Å (3.65–3.59 Å)
Anisotropic truncation limit 3.1, 2.6, 3.0 Å 3.7, 3.1, 3.4 Å 3.7, 3.3, 3.7 Å 3.9, 3.6, 3.8 Å
Wavelength 1.37765 Å 1.37765 Å 1.27816 Å 1.37765 Å
Rsym or Rmerge 0.145 0.174 (0.619) 0.164 (0.394) 0.166 (0.468)
Rmeas 0.176 (1.16) 0.153 (0.591) 0.144 (0.481) 0.152 (0.879)
CC1/2 0.998 (0.684) 0.998 (0.840) 0.999 (0.925) 0.999 (0.841)
I/�I 18.9 (2.9) 21.5 (4.4) 23.6 (8.9) 23.7 (8.0)
Completeness 72.6% (2.4%) 77.8% (4.9%) 80.4% (4.6%) 87.7% (6.7%)
Redundancy 14.4 (9.2) 13.7 (11.5) 14.9 (14.5) 14.8 (14.0)

Refinement
No. of reflections 94,045 55,888 51,695
Rwork/Rfree 0.237/0.289 0.221/0.280 0.224/0.281
Average B-factor 42.2 Å2 57.5 Å2 54.7 Å2

Root mean square deviations
Bond lengths 0.0119 Å 0.0125 Å 0.0134 Å
Bond angles 1.666° 1.6825° 1.7454°

Residues in favored region of
Ramachandran plot

89.3% 84.6% 82.6%

Residues in allowed region of
Ramachandran plot

8.6% 11.5% 13.5%
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40 – 60% inhibition is observed, and the amount of bound zinc
is consistent with a single zinc-binding site (Fig. 3). Addition of
zinc does not affect the copper stoichiometry, and EXAFS data
show that zinc binding does not disrupt the dicopper center of
pMMO (Fig. 3A and Table 3). By contrast, treatment of apo
membranes with zinc prior to copper loading reduces activity
by �80 –90% (Table 2). These findings suggest that zinc inhi-
bition of copper-loaded pMMO occurs at a site distinct from
the copper-active site, but that preloading with zinc leads to
some occupancy of the active site and thus a higher level of
inhibition.

The crystal structures of Methylocystis sp. str. Rockwell sup-
port this model and strongly suggest that the higher affinity zinc
site is the pmoC metal-binding site. This site is partially occu-
pied by copper upon isolation, and it can be loaded with copper
or zinc by soaking (Fig. 7). Zinc is coordinated tetrahedrally by
conserved pmoC residues Asp-129, His-133, His-146, and Glu-
201 (Fig. 7), consistent with the 4.5 (
 0.5) first shell coordina-
tion environment determined by EXAFS (Table 3). Because
copper inhibition of pMMO does not occur in the presence of
catalase, copper binding to the periplasmic pmoC metal site
does not appear to inhibit pMMO (11). This may be due to the
absence of the Glu-201 ligand when copper is bound. The
apparent lability of this site combined with the effects of zinc
addition on activity are consistent with this site being unoccu-
pied by metal ions under physiological conditions. The identity
of the second zinc-binding site is less clear, but it could corre-

spond to the solvent-exposed site on the cytoplasmic side of
pmoC (Fig. 7). Consistent with a lower affinity and a less spe-
cific site, the exact location and ligation of this site differs
between the Methylocystis pMMO structures and the M. cap-
sulatus (Bath) structure.

These findings indicate that the molecular basis for zinc inhi-
bition is more complex than simply disrupting the active site.
One possibility is that zinc inhibits proton transfer steps. Zinc is
a well known inhibitor of proton translocation and has been
used to trace proton pathways in many membrane-bound
enzymes, including the cytochrome bc1 complex, cytochrome c
oxidase, and bacterial photosynthetic reaction centers. In these
systems, zinc can inhibit proton uptake from the cytoplasm (N
side) or proton release to the periplasm/matrix (P side). The
cytochrome bc1 complex and reaction center each have one
inhibitory zinc-binding site, whereas zinc inhibition in cyto-
chrome c oxidase involves multiple sites. On the P side of the
bc1 complex, zinc prevents proton release from a bound quinol
(49), and on the P side of cytochrome c oxidase, a proton pumping
exit pathway is blocked (50–53). In cytochrome c oxidase, zinc also
prevents proton pumping by binding at the entrance of the D and
K proton translocation pathways on the N side (50, 54, 55). In the
reaction center, zinc binds to the N side, blocking proton transfer
from the cytoplasm to a bound quinone (56–58).

There are several parallels between these studies and what is
observed for pMMO. The coordination of the pmoC zinc site is
similar to the sites observed in the other systems. In all these

FIGURE 6. Crystal structure of Methylocystis sp. str. Rockwell pMMO. A, one protomer shown with the pmoB, pmoA, pmoC, and mystery helix polypeptides in
purple, blue, gray, and orange, respectively. Copper is depicted as cyan spheres, and lipids are shown as green sticks. B, zoomed-in view of the lipid-binding site located
between the pmoC subunit and the mystery helix. The mystery helix and a pmoC helix consisting of amino acids 66–92 are omitted for clarity. C, zoomed-in view of
the lipid-binding site located at the pmoC/pmoA interprotomer interface. The 2mFo � DFc composite omit map calculated with simulated annealing is superimposed
over the lipids in both B and C in gray (1�). D, hydrogen bonding interactions between the pmoC subunit and the lipid located at the site between pmoC and the
mystery helix. The mystery helix is not shown in this panel. Nitrogen, phosphorus, and oxygen are colored blue, orange, and red, respectively.
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enzymes, zinc is coordinated by histidine and carboxylate resi-
dues, usually in a tetrahedral geometry (55, 56, 59, 60). The
pmoC zinc site is quite similar to a site in the Rhodobacter
sphaeroides reaction center that is ligated by two histidines, an
aspartate, and a water molecule (56). The pmoC zinc site is
solvent-accessible and is located 20 Å from the dicopper-active
site in the pmoB subunit. Similarly, the zinc-binding sites in
cytochrome c oxidase and the reaction center are at least 20 Å
from the proton start or destination site and are housed in sol-
vent-accessible regions of the membrane domains. In cyto-
chrome c oxidase, zinc only binds tightly to the P side in the
presence of membrane potential or enzyme turnover (51–53,
55). It is possible that the second zinc-binding site in pMMO is
also low affinity in the absence of turnover, and this site may be
the cytoplasmic zinc-binding site. The zinc inhibitory sites on
the N sides of both cytochrome c oxidase (55) and the reaction
center (56) are situated similarly to the second zinc-binding site
in the pMMO structures. Finally, zinc only partially inhibits
pMMO activity, similar to the 50 –90% inhibition observed for
cytochrome c oxidase (51) and the 80 –90% inhibition in the
cytochrome bc1 complex (49).

By analogy to these systems, it may be that zinc binding to pmoC
on the P side of pMMO (pmoC site 1, Fig. 7) prevents an important
proton release step from a bound reductant such as a quinol. Quin-

FIGURE 7. Metal centers of purified Methylocystis sp. str. Rockwell pMMO. The pmoC metal sites for purified as-isolated, copper-soaked, and zinc-soaked
crystals (left and center) and the pmoB metal sites for as-isolated, copper-soaked, and zinc-soaked crystals (right) are shown. Ligands from the pmoC and pmoB
subunits are shown in gray and purple, respectively. Copper and zinc ions are shown as cyan and dark gray spheres. Simulated annealing composite omit maps
are shown in gray and contoured at 1�. Anomalous difference Fourier maps calculated using data collected at the copper and zinc absorption edges are
superimposed in blue and magenta, respectively, and are contoured at 3�. The Fo � Fc map for the solvent ligand in the upper right panel is superimposed in
green and contoured at 3�.

FIGURE 8. Previously unobserved residues modeled in the Methylocystis
sp. str. Rockwell pMMO pmoC subunit. Residues 200 –210 (magenta) are
ordered in the zinc-soaked structure and provide a fourth amino acid ligand,
Glu-201, to the zinc site. The simulated annealing composite omit map is
superimposed in gray (1�). The C-terminal residue of this stretch, Glu-210,
may connect to either the C terminus of pmoC within the same protomer
(chain G, intervening disordered residues denoted with a dotted line) or to the
C terminus of pmoC within the neighboring protomer (chain K).
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ols have long been proposed to be the physiological reductant of
pMMO. Only quinols yield activity for solubilized pMMO (61),
and improved activity has been reported for pMMO in the pres-
ence of a type 2 NADH:quinone oxidoreductase (62–64), which
may provide reduced quinones directly to pMMO. In one possible
model, a quinol could bind near the zinc site and supply electrons
to the active site. Of potential relevance to this idea is the observa-
tion that pmoC residues 200–210 become ordered in the zinc-
soaked Methylocystis sp. str. Rockwell pMMO structure (Fig. 8).
Zinc binding could preclude conformational changes in these res-
idues required for quinol binding and subsequent fast release of
protons. Because zinc binding does not completely abolish
pMMO activity, this scenario would require the existence of sev-
eral proton transfer pathways. It is also significant that lipids are
found associated with the pmoC subunit (Fig. 6, B and C); lipids
exert stabilizing lateral pressure on membrane proteins and can
affect proton transport (65). Efforts to test these hypotheses in a
proteoliposome system are underway.
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