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Methane- and ammonia-oxidizing bacteria play key roles in the global carbon and
nitrogen cycles, respectively. These bacteria use homologous copper membrane monoox-
ygenases to accomplish the defining chemical transformations of their metabolisms: the
oxidations of methane to methanol by particulate methane monooxygenase (pMMO)
and ammonia to hydroxylamine by ammonia monooxygenase (AMO), enzymes of prime
interest for applications in mitigating climate change. However, investigations of these
enzymes have been hindered by the need for disruptive detergent solubilization prior
to structure determination, confounding studies of pMMO and precluding studies of
AMO. Here, we overcome these challenges by using cryoEM to visualize pMMO and
AMO directly in their native membrane arrays at 2.4 to 2.8 A resolution. These structures
reveal details of the copper centers, numerous bound lipids, and previously unobserved
components, including identifiable and distinct supernumerary helices interacting with
pMMO and AMO, suggesting a widespread role for these helices in copper membrane
monooxygenases. Comparisons between these structures, their metallocofactors, and
their unexpected protein—protein interactions highlight features that may govern activ-
ity or the formation of higher-order arrays in native membranes. The ability to obtain
molecular insights within the native membrane will enable further understanding of
these environmentally important enzymes.
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Limiting global warming to 1.5 to 2 °C by the end of the century requires not only
decreasing carbon dioxide emissions, but also diminishing contributions from methane
and nitrous oxide, the second- and third-most impactful greenhouse gases, respectively
(1, 2). Aerobic microbial processes are important sources and sinks for these gases, with
methane-oxidizing bacteria (methanotrophs) consuming methane and ammonia-oxidizing
bacteria (nitrifiers) releasing nitrous oxide (3-5). Methanotrophs and nitrifiers use
copper-dependent membrane monooxygenases (6) to carry out the first and most chem-
ically difficult transformations in their metabolisms: the conversions of methane to meth-
anol by particulate methane monooxygenase (pMMO) and ammonia to hydroxylamine
by ammonia monooxygenase (AMO) (5, 7). Due to the loss of enzymatic activity upon
removal from their native intracytoplasmic membranes (ICMs), understanding the struc-
tures and mechanisms of pMMO and AMO has posed significant challenges.

Inidial crystal structures of pMMO revealed the o;B5y; trimeric arrangement of its three
subunits, PmoB, PmoA, and PmoC, as well as the presence of three copper sites: the bis-His
and the Cuy sites in PmoB, and the Cug site in PmoC, each of which was ultimately shown
to bind one copper ion (8-14). The crystal structures, derived from inactive purified
pMMO solubilized in detergent, lacked a highly conserved ~30 residue region of the
transmembrane PmoC subunit (15). This region was finally resolved by cryoelectron
microscopy (cryoEM) single particle analysis (SPA) of pMMO reconstituted into nanodiscs
prepared with native methanotroph lipids, which also enabled a partial recovery of activity
(16). These cryoEM structures of active pMMO unveiled a fourth copper center, denoted
Cup and located approximately 5.7 A away from Cug. Simultaneous occupancy of Cu,-
and Cup, has not been observed, but subsequent studies using parallel electron paramagnetic
resonance (EPR) spectroscopy and cryoEM unambiguously identified Cup, as a Cu(II) ion
and associated its loading with pMMO activity (17). Furthermore, combined electron
double nuclear resonance (ENDOR) spectroscopic and cryoEM data showed that the
active site probe and product inhibitor 1,1,1-trifluoroethanol binds in the pocket housing
the Cu and Cuy, sites, identifying it as the active site of pMMO (17). Despite its sequence
similarity to pMMO, ability to oxidize methane (18, 19), and apparent dependence on
copper for activity (20, 21), attempts to study AMO using similar approaches have been
unsuccessful thus far, a challenge further compounded by the slow growth rate of nitrifiers.

PNAS 2025 Vol.122 No.1 e2417993121

https://doi.org/10.1073/pnas.2417993121

Significance

Methane- and ammonia-oxidizing
bacteria regulate the
atmospheric levels of the potent
greenhouse gases methane and
nitrous oxide. These bacteria use
the enzymes particulate methane
monooxygenase (pPMMO) and
ammonia monooxygenase (AMO)
to oxidize methane and
ammonia, respectively, difficult
reactions of biotechnological
interest. Destabilization of these
enzymes upon isolation from the
bacterial membranes has
complicated investigations of
pMMO and precluded structural
studies of AMO. We circumvented
this challenge by visualizing
pMMO and AMO directly in their
native membranes to high
resolution using cryoEM. This
work provides the most
biologically relevant view of
pMMO to date and the structure
of AMO, setting the stage for
detailed structural investigation
of these and other challenging
membrane proteins.
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Thus, details of the AMO molecular architecture and copper active
site remain unknown.

The characterization of pMMO in native lipid nanodiscs pro-
vided critical insight into the active site, but questions remain
regarding the biological relevance of these studies. The methane
oxidation activity recovered in nanodiscs is less than that of pMMO
in native membranes, which in turn is less than that in whole cells
(5). As with many complex membrane protein systems (22), puri-
fication of pMMO from the membrane may distort its structure
or remove cofactors important for function. Indeed, pMMO forms
densely packed hexagonal arrays in the ICMs, recently observed in
cryo-focused ion beam (cryoFIB) milled lamellae of Methylococcus
capsulatus (Bath) cells (23). While an ideal study of pMMO would
involve visualization directly in whole cells at high resolution,
recent cryoelectron tomography (cryoET) subtomogram averaging
(STA) of M. capsulatus (Bath) lamellae only yielded a low-resolution
(15 A) map. The resolution was improved to 4.8 A by using isolated
ICMs, which preserve the pMMO arrays, but side chains, copper
sites, endogenous molecules such as lipids, and interactions between
neighboring pMMO trimers in the arrays were not resolved (23).
Here, we have instead used cryoEM SPA to determine structures
of pMMOs from M. capsulatus (Bath) and Methylocystis species

(sp.) Rockwell and of AMO from Nitrosomonas europaea directly
in native membranes at high resolution (2.4 to 2.8 A).

Results

Structures of pMMO in Native Membranes. We began structure
determination by isolating highly active, pMMO-containing
membranes from M. capsulatus (Bath) cells (5] Appendix, Fig. S1).
The membranes were applied to cryoEM grids for data collection
and SPA. As observed previously (16, 23, 24), the pMMO
trimers in isolated membranes are organized in hexagonal arrays
(Fig. 14 and SI Appendix, Figs. S2 and S3), consistent with those
observed in whole cells (23). As described in the Materials and
Methods, pMMO particles were picked, classified, and aligned
in an iterative manner to yield 2.4 to 2.6 A resolution 3D
reconstructions of p MMO in the native membrane arrays (Fig. 1
B-F and SI Appendix, Figs. S2-S5 and Table S1). In contrast to
the cryoET map (23), the single particle cryoEM map reveals
well-defined side chains, copper centers, lipids, and previously
unobserved densities interacting with the pMMO subunits (Fig. 1
B-Fand SI Appendix, Figs. S4 and S5). While the adjacent trimers
in the array are clearly visible (Fig. 1B), high resolution could not
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Fig. 1. Single particle cryoEM of M. capsulatus (Bath) pMMO in native membranes. (A) Representative 2D class averages of pMMO in native membranes showing
the hexagonal arrays of pMMO trimers. Top-down (Left) and side-on (Right) views are shown with box sizes of 400 (Top) and 800 (Bottom) pixels. The 2D class
averages at a box size of 400 pixels show secondary structure features including alpha helices. (B) 3D reconstruction of pMMO in the unwashed native membrane
array at 2.6 A global resolution showing the C3 symmetrical protomers of pMMO in blue, light blue, and gray. Lipid densities and densities not corresponding to
the pMMO subunits are colored pink, and the low-resolution densities corresponding to the surrounding pMMOs in the hexagonal array are shown in transparent
gray. (C) bis-His site with copper ion shown in cyan and cryoEM density superimposed (transparent blue, 8c). (D) Cug site with proximal unidentified density in
pink, copper ion shown in cyan, and cryoEM density superimposed (8c). Water molecules are shown as red spheres. (E), Model of one protomer with cryoEM
map superimposed in transparent blue with unidentified membrane-associated density in pink (8c). (F) Cuc and Cuy, sites with cryoEM density superimposed
(4.56) showing a copper ion occupying Cup and an empty Cuc site. The cryoEM maps in (C-F) are of the washed membranes at 2.4 A resolution.
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be obtained upon processing with either C1 or C3 symmetry.
It may be that the neighboring pMMOs do not form stable
protein—protein interactions, or that these interactions lack clear
symmetrical arrangements in the context of hexagonal arrays.

Having established the feasibility of high-resolution SPA of
pMMO in native membranes, we compared the effects of different
sample preparation methods, including reconstitution into native
lipid nanodiscs (16) and detergent solubilization, on the cryoEM
maps (Fig. 2 A-Dand ST Appendix, Figs. S5-S9). pMMO-containing
membranes are typically isolated by cell sonication, low-speed cen-
trifugation to remove cellular debris, and three rounds of ultracen-
trifugation and Dounce homogenization in fresh buffer. The
resulting “washed” membranes yielded the highest resolution (2.4
A) structure (Figs. 1 C—F and 2B and SI Appendix, Figs. S5C and
S6). While these steps eliminate contaminants and concentrate
pMMO-containing membranes, we hypothesized that extensive
washing might remove essential membrane components or disrupt
the pMMO arrays. We therefore tested two alternative workflows.
First, M. capsulatus (Bath) cells were lysed, followed by gentle cen-
trifugation and direct SPA on pMMO in the clarified lysate
(“unwashed” membranes). Remarkably, simply breaking open the
cells yielded a 2.6 A resolution cryoEM structure (Figs. 1Band 2C
and SI Appendix;, Figs. S5D and S7). The lipid densities are stronger
than those observed in the cryoEM maps of pMMO in washed
membranes. In addition, clear low-resolution densities for neigh-
boring pMMOs in the hexagonal arrays surround a central pMMO
visualized at high resolution (Fig. 1B). In the second workflow, we
performed in vivo crosslinking of M. capsulatus (Bath) cells using
paraformaldehyde (25), followed by membrane isolation with a
single wash cycle of ultracentrifugation and homogenization. The
resultant 2.6 A resolution cryoEM map showed the strongest density
for the membrane bilayer (Fig. 2D and ST Appendix, Figs. S5E and
S8). In all cases, the lipid densities are more numerous and
well-defined than those in maps of pMMO in native lipid nanodiscs
(Fig. 24 and SI Appendix, Fig. S5B).

We were able to model these densities with 57 phosphatidyl-
ethanolamine (PE) lipids interacting with the pMMO trimer,
showing good agreement with the cryoEM map (Fig. 2E). We
selected PE(16:0_17:1) as the model lipid as it is the most abun-
dant in our prior lipidomics analysis of M. capsulatus (Bath) cells
(16). PE lipids overall were most highly represented, comprising
46% of the total lipids. Lipids with one degree of unsaturation
comprised 61% of the total composition and lipids with a
16-carbon acyl tail comprised 55% of the total (S/ Appendix,
Fig. S104). PE(16:0_17:1) satisfies each of these requirements,
and is therefore a suitable proxy for modeling membrane phos-
pholipids in these cryoEM maps. These lipids engage in numerous
hydrogen bonding or salt bridge interactions between their head
groups and lysine and arginine residues that flank the transmem-
brane region of pMMO (87 Appendix, Fig. S10 B—F).

We then extended the workflow for studying pMMO in native
membranes from M. capsulatus (Bath), a type X (a subset of type
I) gammaproteobacterial methanotroph, to pMMO from another
species, M. sp. Rockwell, a type II alphaproteobacterial methano-
troph. Type II methanotrophs have a different ICM morphology
than type I methanotrophs (26), raising the question of whether
their ICMs contain hexagonal pMMO arrays like those in M.
capsulatus (Bath). The 2D class averages of pMMO-containing
M. sp. Rockwell membranes clearly show hexagonal array pattern-
ing, and yielded a 2.5 A resolution structure of M. sp. Rockwell
pMMO (Fig. 3 A-C and SI Appendix, Fig. S11). As in the crystal
structure (10) and cryoEM structure in lipid nanodiscs (16), addi-
tional density corresponding to a transmembrane helix adjacent
to PmoC and extending from the periplasm to the cytoplasm is
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observed (Fig. 3 B—D). Prior efforts to identify this helix via mass
spectrometry or inspection of side chain densities were not suc-
cessful (10), but this cryoEM map allowed for automatic building
with ModelAngelo (27), yielding a 23 residue sequence that cor-
responds to a 23 residue protein of unknown function encoded
in the M. sp. Rockwell genome (87 Appendix, Table S2). As such,
it represents a previously unknown supernumerary subunit asso-
ciated with a pMMO. Notably, extra density between protomers
in the M. capsulatus (Bath) maps, though of insufficient quality
for reliable visual sequencing, can be modeled with a small trans-
membrane helix, suggesting a widespread role for supernumerary

helices in pMMOs (87 Appendix, Fig. S12).

pMMO Copper Centers in Native Membranes. An important
motivation for studying pMMO in native membranes is to
determine the structures and occupancies of the copper centers
in samples that have not been subjected to extensive biochemical
manipulation. A number of questions remain unresolved regarding
each of the copper centers. First, the biological relevance of the
bis-His site is unclear. One of its two histidine ligands, His48,
is not highly conserved, and the site is only occupied in the M.
capsulatus (Bath) pMMO structures (5). Thus, the bis-His site
could derive from adventitious copper binding during pMMO
isolation, purification, reconstitution into nanodiscs, and/or
crystallization. However, there is strong density corresponding to
a copper ion in the bis-His site in all the structures of M. capsulatus
(Bath) pMMO in native membranes (Fig. 1C), indicating that the
site is not an artifact.

Once thought to be the active site, Cuy is coordinated by three
histidine residues, along with the amino group of the PmoB
N-terminal histidine. These three histidines are not conserved in
a subset of pMMOs from Verrucomicrobia, an observation that,
along with its presence as Cu(II) and saturated coordination, indi-
cates that Cuy is not the pMMO active site. Nonetheless, replace-
ment of one Cuy histidine ligand in a related hydrocarbon
monooxygenase decreased activity significantly (28), suggesting a
functional role for this site. Consistent with all the prior structural
and spectroscopic studies, the structures of pMMO from both M.
capsulatus (Bath) and M. sp. Rockwell in native membranes show
that Cug is a monocopper site in the native membranes, with all
three histidine side chain nitrogens and the amino group of His33
(M. capsularus Bath numbering) as ligands (Figs. 1D and 3E).
Axial water ligands are also present, as shown by ENDOR spec-
troscopic analysis (12, 14) and prior crystal and cryoEM structures
(5, 10, 16, 17).

Notably, the cryoEM map of M. capsulatus (Bath) pMMO in
native membranes reveals an unidentified density extending from
the membrane into the Cuy site (Fig. 1 D and £ and SI Appendix,
Fig. $13). The periplasmic part of this density appears to engage in
a parallel B-sheet interaction with the edge B-strand of the N-terminal
PmoB cupredoxin-like domain, and connects to the head group
of a multitailed lipid, perhaps a cardiolipin, density interacting
with the PmoC transmembrane region (Fig. 1E and SI Appendix,
Fig. $13). This density has not been observed in any prior pMMO
structures, including the low-resolution cryoET STA structure of
membrane-bound pMMO (87 Appendix, Fig. S4).

The PmoC active site region housing the Cu¢ and Cuy, sites is
susceptible to distortions upon removal from the native mem-
branes, as evidenced by its disorder in crystal structures (5, 15).
To differentiate the effects of crystallization from those of deter-
gent solubilization, we determined the 2.9 A resolution cryoEM
structure of pMMO solubilized in 0.02% n-dodecyl-p-D-maltoside
(DDM) (SI Appendix, Fig. S9 and Table S1) as such samples have

been used extensively for spectroscopy and are the starting point
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Fig. 2. Effects of biochemical manipulation on pMMO cryoEM maps. (A) pMMO in native lipid nanodiscs showing associated lipid densities (pink). (B-D) pMMO
in washed membranes, unwashed membranes, and crosslinked, washed membranes showing strong lipid densities and unidentified membrane components
(pink). (E) Model of pMMO in unwashed membranes with helices shown as cylinders and modeled lipids as sticks. Representative lipids [modeled as PE(16:0_17:1)]

are shown with the corresponding cryoEM density superimposed (pink, 3c).

for nanodisc reconstitution (13, 16). In contrast to the previously
reported 0.05% DDM pMMO cryoEM structure by Chan et al.
(29), density for all of PmoC is present, with weaker density for
the Cuy, ligands and occupancy of the Cug site (S Appendix,
Fig. S14). Thus, detergent affects the differential occupancy of the
two sites. While Chan et al. reported additional copper ions in
the PmoB and PmoA subunits in the 0.05% DDM structure (29),
the 0.02% DDM structure contains only mononuclear bis-His
and Cuy sites (SI Appendix, Fig. S15).

Given the effects of detergent on the PmoC active site region,
the Cuc and Cup, sites might be expected to differ in native mem-
branes that have never been in contact with detergent. However,
the structures of M. capsulatus (Bath) pMMO in native mem-
branes show an empty Cuc site and an occupied Cup, site, as
observed in the native lipid nanodisc structures (16, 17) (Fig. 1F).
Importantly, this result establishes that the unoccupied Cuc site
in the nanodisc samples is not responsible for the decreased meth-
ane oxidation activity of native lipid nanodiscs compared to
pMMO-containing membranes. Instead, the membrane bilayer
itself, the hexagonal pMMO arrays, and/or some cofactor(s) pres-
ent in the membranes must contribute to optimal pMMO activity.
The biological relevance of Cup is further supported by the

https://doi.org/10.1073/pnas.2417993121

structure of M. sp. Rockwell pMMO in native membranes, which
shows occupancy of the Cuy, site, but not the Cug site (Fig. 35),
agreeing with the structures of M. capsulatus (Bath) pMMO in
nanodiscs (16) and in native membranes (Fig. 1F). By contrast,
the cryoEM map of M. sp. Rockwell pMMO in synthetic lipid
nanodiscs showed density for a copper ion occupying the Cug but
not the Cuy, site (16).

Structure of AMO in Native Membranes. The ammonia oxidizer
N. europaea produces ICMs (3, 30) similar to those in many
methanotrophs, and cryoEM of isolated membranes revealed
hexagonal arrays of particles (Fig. 44 and SI Appendix, Fig. S16)
resembling the pMMO arrays in M. capsulatus (Bath) and M.
sp. Rockwell membranes. With minimal sample (~0.5 g cell
mass), we were able to obtain a 2.8 A cryoEM structure of
AMO in its native membranes (Fig. 4 B and Cand S/ Appendix,
Fig. §16). Like pMMO, AMO comprises an o5f;y3 trimeric
architecture of the AmoB, AmoA, and AmoC subunits. The
AMO structure also reveals an unexpected transmembrane helix
closely associated with the AmoC subunit in an interaction
mediated by a transmembrane phospholipid (Fig. 4 B-D). This
helix is much longer than that in M. sp. Rockwell pMMO (Fig. 3

pnas.org
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Fig. 3. Structure of pMMO from M. sp. Rockwell in its native membrane. (4) 2D class averages of pMMO in native membranes showing secondary structure
features and hexagonal pMMO arrays in native membranes, shown from top-down (Left) and side-on (Right) views with box sizes of 320 (Top) and 640 (Bottom)
pixels. (B) CryoEM map of pMMO from M. sp. Rockwell at 2.5 A resolution with one protomer highlighted, including PmoB (dark green), PmoA (light green), PmoC
(teal), the extra helix (gold), and membrane-associated densities (pink). (C) CryoEM model of M. sp. Rockwell pMMO with one protomer highlighted, including PmoB
(dark green), PmoA (light green), PmoC (teal), and the extra helix (gold). The transparent gray density corresponds to the membrane bilayer. (D) CryoEM map in
teal with density overlaid on the helix model (gold) and membrane-associated densities shown in pink (4c). (E) Cug site shown with cryoEM map superimposed
(8c). Water molecules are shown as red spheres. (F) Cuc and Cuj, sites with cryoEM density superimposed (5¢) showing an occupied Cup and empty Cuc site,

along with a water molecule coordinated to Cup,.

B-D) and adopts the opposite orientation, with its N terminus
on the cytoplasmic side and its C-terminus on the periplasmic
side of the membrane (SI Appendix, Fig. S17). The sequence
obtained with ModelAngelo (27) corresponds to an unannotated
46 residue open reading frame in the . europaea genome, of
which 39 residues were readily modeled in the cryoEM map
(Fig. 4D and SI Appendix, Table S2). Adjacent to this helix is a
periplasmic stretch of density that is well modeled as a 14-residue
peptide, but its identity and whether it is associated with the
helix remain unclear (87 Appendix, Fig. S18).

The residues coordinating the pMMO Cug, Cug, and Cuy, sites
are conserved in V. europaea AMO, and these sites are present in
the AMO structure. Similar to pMMO, Cuy is ligated by three
histidine residues, including the N-terminal histidine, as well as two
axial water molecules (Fig. 4E). In contrast with the structures of
pMMOs in native membranes, the Cug site is occupied while the
neighboring Cup, site is empty (Fig. 47). Although the density for
the AmoC subunit is sufficient for model building, the density in
the region that houses the Cuy, site is diminished as compared to
the rest of the AmoC subunit. These observations are consistent with
pMMO structures showing that Cug is occupied when the ligands
to the Cuy, site are disordered. It is striking that the density for this
region is weak despite the omission of biochemical manipulations
and detergent solubilization in the preparation of AMO membranes.
This relative fragilicy of AMO outside of the cellular environment
may explain the absence of activity in isolated preparations and the
lack of success in prior efforts to determine the structure.

PNAS 2025 Vol.122 No.1 e2417993121

Discussion

These structures of pMMO and AMO in native membranes pro-
vide views of these enzymes at high resolution in biologically rel-
evant environments. The results demonstrate how biochemical
manipulations disrupt the native membrane components associ-
ated with the enzymes in vivo, likely contributing to the loss of
enzymatic activity upon purification (3, 5, 16, 31). The structures
of pMMOs from M. capsulatus (Bath) and M. sp. Rockwell in
native membranes show the Cup, site at high resolution, identifying
this site in a species other than M. capsulatus (Bath) and supporting
its importance in methane oxidation. The structure of N. europaea
AMO in native membranes reveals its molecular architecture and
copper sites, along with a supernumerary transmembrane helix
that associates with AmoC. The identification of the M. sp.
Rockwell pMMO and N. europaea AMO supernumerary helices
provides candidates for functional partners. Although these helices
differ in size and orientation, they interact with pMMO and AMO
at similar locations, and could mediate array formation or other
aspects of activity within the ICM ultrastructure. Observation of
a similar supernumerary helix in M. capsulatus (Bath) pMMO
supports the widespread importance of these helices in copper
membrane monooxygenases. Additional yet-to-be-identified den-
sities interacting with the PmoB Cuy site and the AmoB subunit
warrant further investigation as well. Comparisons between these
structures of pMMO and AMO in native membranes underscore
the potential importance of these features for biological methane
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Fig. 4. Structure of AMO in native membranes from N. europaea. (A) 2D class averages of AMO in native membranes from N. europaea showing secondary
structure features, the native membrane, and hexagonal AMO arrays in native membranes, shown from top-down (Left) and side-on (Right) views at box sizes
of 320 (Top) and 640 (Bottom) pixels. (B) 2.8 A resolution cryoEM map of AMO with one protomer highlighted showing AmoB (dark purple), AmoA (light purple),
AmoC (purple), the extra helix (pink), and membrane-associated densities (green). (C) CryoEM model of AMO highlighting one protomer of AmoB (dark purple),
AmoA (light purple), AmoC (purple), and the extra helix (pink), along with transparent density indicating the native membrane bilayer and squares indicating
the copper sites. (D) CryoEM map with transparent density overlaid for the extra helix (pink, 56) and membrane-associated lipid densities (green, 4c). (E) Cug site
coordinated by histidines with transparent cryoEM density superimposed (8c). Water molecules are shown as red spheres. (F) Cuc and Cup, sites with cryoEM

map superimposed (5¢) showing an occupied Cuc and empty Cup site.

and ammonia oxidation. Our cryoEM SPA of native membranes,
which enables high-resolution structure determination from min-
imal biomass while circumventing the need for detergent solubi-
lization and protein purification, provides a roadmap for future
studies of p MMO and AMO. Moreover, visualization of the AMO
structure after years of efforts highlights the power of this approach
and its potential generalizability to other difficult membrane pro-
tein targets.

Materials and Methods

Growth of Methanotrophic Bacteria. M. capsulatus (Bath) was cultivated at
45 °Cin a 12 L fermentor (BioFlo 4500, New Brunswick Scientific). The liquid
growth medium was composed of 1x nitrate mineral salts, 3.9 uM phosphate
buffer (adjusted to pH 6.8), 40 uM NaFe(lII)EDTA, trace elements, and 50 uM
CuS0,. Cells were agitated at 200 rpm with a 1:3 methane:air ratio at a flow of 1
L/min. Upon reaching an optical density at 600 nm (ODq,) of 8 to 10, cells were
harvested by centrifugation at 5,000xg for 25 min, frozen in liquid nitrogen,
and stored at —80° C.

Isolation of pMMO-Containing Membranes. M. capsulatus (Bath) cells were
suspended in buffer containing 25 mM PIPES (pH 7.3) and 250 mM NaCl sup-
plemented with DNase (Sigma-Aldrich) and EDTA-free complete protease inhib-
itor cocktail (Sigma-Aldrich). Following resuspension, the cells were disrupted
by sonication at 80% power (45 amplitude, 1sonand 1s off) for 10 min using
aQSonica Q700 instrument. The resulting lysate was clarified by centrifugation
first at 10,000xg for 45 min. At this point, unwashed membrane samples
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were applied to cryoEM grids for vitrification and data collection. For washed
membrane samples, the clarified lysate was centrifuged again at 10,000xg
for 25 min. Subsequently, membranes were isolated by ultracentrifuging the
supernatantat 150,000xg for 1 h.The pelleted membranes were washed in a
40 mL Dounce homogenizer with fresh PIPES buffer, followed by ultracentrif-
ugation at 150,000 g for 30 min. This washing process was repeated twice
followed by resuspension of the washed membrane pelletin a 7 mL Dounce
homogenizer.

Crosslinked washed membranes were prepared by in vivo crosslinking whole
cells using 4% paraformaldehyde, which were then lysed as described above.
The lysate was clarified by centrifugation at 10,000 g for 45 min, and then the
crosslinked membranes were isolated by ultracentrifugation at 150,000 g for
1 h.The pellet containing crosslinked membranes was then resuspended in the
lysis buffer using a 7 mL Dounce homogenizer and applied to cryoEM grids for
vitrification and data collection. For all samples, the protein concentration was
determined by the DC Lowry Assay (Bio-Rad) before application to cryoEM grids
for vitrification and data collection.

Detergent Solubilization of pMMO from Native Membranes. pMMO was
extracted from the membranes with n-dodecyl-B-D-maltopyranoside (DDM).
DDM was added to membranes at a ratio of 1.2 mg DDM per 1 mg pMMO,
followed by gentle end-over-end mixing at 15 rpm for 1 h at 4 °C. To eliminate
residual membranes and aggregated protein, the solution was clarified by cen-
trifugation for 1 h at 150,000 g, and the resulting pellet was discarded. The
solubilized pMMO was then transitioned into a buffer solution comprising 25
mM PIPES (pH 7.3),250 mM NaCl, and 0.02% DDM using Amicon concentrators
(MilliporeSigma) with a molecular weight cutoff of 100 kDa. The concentration
was determined using the DC Lowry (Bio-Rad) assay with BSA as a standard.
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Methane Oxidation Activity Assay. Samples of 100 uL pMMO were diluted to
a concentration of 0.5 to 2 mg mL™" and mixed with an excess of duroquinol, or
with 4 mg mL™" NADH for native membranes, in 2 mL screw-top vials (Agilent). 1
mL of the headspace gas was removed from the vials and replaced with 1.5 mL of
"*C methane (Sigma-Aldrich). For each independent sample, 3 technical replicates
were prepared. Control vials without methane and duroquinol were also prepared.
The reaction mixture was then shaken at 200 rpm in a water bath at 45 °Cfor 5 min
and subsequently frozen at —20 °C. For GC/MS measurement of "*C methanol prod-
uct, 500 pL of chloroform containing 1 mM dichloromethane was added to each
sample.The vials were shaken at 200 rpm for 10 min, followed by centrifugation at
2,000 g for 10 min. Avolume of 2.5 uL of each sample was then injected onto a
PoraBOND Q column (25 m x 250 um x 3 um)in an Agilent 7890B/5977AMSD
GC/MS instrument with a split ratio of 10:1. Helium was used as the carrier gas at
aconstantflow rate of 1.2 mLmin™". The oven temperature program was as follows:
starting at 80 °C for 3.5 min, ramping up at 50 °C min™" to 150 °C, and holding
for 1.5 min, followed by a second ramp at 15 °C min™" to a final temperature of
300 °C, which was held for T min.The mass spectrometer was operated ata source
temperature of 230 °C, quadrupole temperature of 150 °C, electron ionization at
70 eV, and a detector voltage of 2,999 V. The ions with m/z values of 31, 33, and
49 were monitored to detect '>C methanol, *C methanol, and dichloromethane,
respectively. The "*C methanol peak was integrated, quantified against a standard
curve, and normalized to the concentration of dichloromethane.

Growth of N. europaea. Nitrosomonas europaea ATCC 19718 was grown in a
mineral medium containing per liter: 10 mM (NH,),SO,, 0.4 mM KH,PQ,, 0.2
mM MgS0,-7H,0, 1.0 mM CaCl,-2H,0, 1.0 mM KCl, 0.02% phenol red, 1 mLTrace
solution (which contains per liter Milli-Q water: 11.5 mM Na,-EDTA, 10.0 mM
FeCl,-4H,0, 0.50 mM MnCl,-2H,0, 0.10 mM NiCl,-6H,0, 0.10 mM CoCl,-6H,0,
0.10 mM CuCl,-2H,0, 0.50 mM ZnCl,, 0.10 mM Na,Mo0,-2H,0, and 1.0 mM
H,B0,), 15 mM HEPES buffer all dissolved in 1,000 mL total Milli-Q water. The
pH of the media was adjusted using 1M or 10 M NaOH to ca. pH 7.6 t0 7.8. 100
mL of media was poured aseptically into 250 mL Wheaton bottles with septum
caps. Bottles were then inoculated with 1 mL of late log phase culture. Cultures
were incubated at 30 °C with shaking (100 rpm). During growth, the pH was
maintained at approximately 7.7 using 5% sodium bicarbonate that was added
daily after the first 48 h of growth using sterile syringes. Growth was assessed by
nitrite accumulation, and cells were harvested at 12 to 15 mM nitrite by filtration.
Filters were washed with HEPES buffer, and cells were collected into 15 mL Falcon
tubes and stored at —80 °C prior to shipping.

Isolation of AMO-Containing Membranes from N. europaea. Approximately
0.5 g of frozen N. europaea cells were resuspended at 4 °Ciin ~100 mL of buffer
containing 25 mM PIPES (pH 7.3) and 250 mM NaCl supplemented with DNase
(Sigma-Aldrich) and cOmplete EDTA-free protease inhibitor cocktail (Sigma-
Aldrich). Resuspended cells were lysed by sonication at 80% power (45 amplitude,
1sonand 1s off) for 10 min using a QSonica Q700 instrument. The resulting
lysate was first clarified by centrifugation at 10,000 x g for 45 min, and then AMO-
containing membranes were pelleted by ultracentrifugation at 150,000 g for
1 h.The resulting pellet was then resuspended in fresh buffer by homogenization
using a 7 mL Dounce homogenizer.

CryoEM Sample Preparation and Data Collection. The isolated membrane
samples were diluted to approximately 4 to 5 mg mL™" as measured by the DC
Lowry (Bio-Rad) assay and applied to C-Flat holey carbon copper grids with 1.2
um holes, 1.3 um spacing, and 400 mesh (Electron Microscopy Sciences) with an
FEIVitrobot. Prior to sample application, plasma cleaning of grids was performed
using a Solarus plasma cleaner (Gatan) for 10 s at a voltage of 10 W. Within the
Vitrobot chamber, 3 uL of the sample were applied to the grids under conditions
of 100% humidity and 4 °C. Samples were then blotted using a waittime of 30's,
a blottime of 4 s, and a blot force of 5, followed by vitrification in liquid ethane
and storage in liquid nitrogen. CryoEM data were acquired at the National Center
for CryoEM Access and Training (NCCAT) and at the Pacific Northwest Center for
Cryo-EM using aTitan Krios microscope (Thermo-Fisher) operating at 300 kV and
controlled by Leginon (NCCAT) or SerialEM (PNCC) software. Detailed information
regarding the frames, dosages, magnifications, pixel sizes, and defocus values
for each dataset is provided in S/ Appendix, Table S1.

CryoEM Data Processing. CryoEM data were processed using cryoSPARC v4
(32). Following alignment of movie frames by Patch Motion Correction, contrast

PNAS 2025 Vol.122 No.1 e2417993121

transfer function (CTF) parameters were estimated using Patch CTF Estimation
(33). Extensive particle picking was performed to obtain particle stacks enriched
for side-on, top-down, and even oblique views of pMMO or AMO embedded
in membranes. Templates generated from a single particle cryoEM structure of
pMMO in nanodiscs (EMD-24826) were used to guide initial template picking,
and extensive 2D classification, heterogeneous refinement, and 3D classification
were used to prune the particle stack and obtain a preliminary 3D reconstruction.
The optimized particle stack was used to train a Topaz picking model (34, 35),
which yielded a particle stack processed as above, this time with further homo-
geneous, nonuniform, and CTF refinements.

These extracted particles were used for 2D classification, from which good
classes were selected to serve as templates for further refinement. Particles cho-
sen using these templates were refined through heterogeneous refinement with
C1 symmetry, using a previously published pMMO volume (EMD-24826) as a
reference against the same volume lowpass filtered as a decoy reference.

This process was repeated with a box size of 128 pixels until the estimated
resolution approached the Nyquist limit. The refined particles were then subjected
to homogeneous refinement with C1 symmetry, nonuniform refinement at C1
symmetry, and nonuniform refinement at C3 symmetry, all with dynamic mask-
ing (36). Iterative global CTF refinements were then performed, alternating with
masked nonuniform refinements at C3 symmetry to improve resolution and map
quality. The resulting volume was considered final when the resolution stopped
improving. Additionally, the effectiveness of DeepEMhancer postprocessing was
assessed for enhancing reconstruction clarity (37), butits application did not yield
significantimprovements to specific features of interest. Finally, local resolution
estimation and filtering techniques were applied to sharpen the final volume.
Resolution values were reported based on gold-standard Fourier shell correlation
with a cutoff of 0.143 (38).

Structure Building and Visualization. Initial structural models were built
automatically using ModelAngelo (27), with manual addition and refinement
of copper centers and lipid molecules. Examination and adjustment of copper
ligands, copper centers, and membrane-associated molecules were performed
manually in Coot[version 0.9.8.93 EL(ccp4)](39). Further refinement of the mod-
els involved iterative rounds of real-space refinement using the Phenix (version
1.21-5207) cryoEM suite along with automatic addition of waters (40), followed
by manual inspection and refinementwithin Coot. Fitting of refined models into
the cryoEM maps, visualization of structures, resampling of maps to uniform grid
spacing, and thresholding of maps based on their sigma () values, as well as
figure generation, were performed using ChimeraX-1.7.1 (41).

Data, Materials, and Software Availability. The models of pMMO from M.
capsulatus (Bath) and from M. sp. Rockwell along with the model for AMO from N.
europaea have been deposited in the Protein Data Bank and Electron Microscopy
Data Bank with accession codes PDB 9CL2/EMD-45659 (washed membranes) (42,
43),PDB9CL3/EMD-45660 (unwashed membranes)(44,45), PDB9CL4/EMD-45661
(crosslinked washed membranes) (46, 47), PDB 9CL1/EMD-45658(0.02% DDM) (48,
49), PDB 9CL5/EMD-45662 (M. sp. Rockwell) (50, 51), and PDB 9CL6/EMD-45663
(N. europaea AMO) (52, 53). The corresponding cryoEM maps are available at the
Electron Microscopy Data Bank (https://www.ebi.ac.uk/emdb/). All other data are
available in the main text or supplementary materials.
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