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Ammonia monooxygenase (AMO) is a multimeric, multidomain integral membrane protein belonging to the
copper membrane monooxygenase (CuMMO) family. It is responsible for the initiation of nitrification, the
process by which certain bacteria and archaea oxidize ammonia (NH3) to nitrite (NO,™) as their primary
metabolism. AMO is responsible for the selective conversion of NH3z to hydroxylamine (NH,OH) using
the green oxidant dioxygen (O,). While the archaeal AMO and bacterial AMO both produce NH,OH, the
structure and genetic underpinnings of this chemical behavior vary significantly. Further, there are many
Cu-binding sites in AMO, and consequently there has been substantial discussion regarding the nature of
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Accepted 25th March 2026 the Cu site or sites responsible for substrate activation. Overall, AMO has largely eluded direct study
because active protein has only recently been purified due to difficulties in cultivation of the native
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The nitrogen cycle, nitrification, and
ammonia monooxygenase

In every environment on Earth, there exist a multitude of
organisms that are capable of fueling metabolism entirely upon
inorganic nitrogen-based fuel.* These microbes are responsible
for the aerobic oxidation of ammonia (NH3) to nitrite (NO, )
and nitrate (NO; ), via primary metabolic reactions collectively
termed nitrification (Fig. 1).>* Both ammonia oxidizing bacteria
(AOB) and archaea (AOA) are capable of the oxidation of NH; to
NO,™ (eqn (1)).

NH; + O, —» NO,™ + 3H" + 2¢™ (1)

The final 2-electron oxidation to form NO;™ is completed
either by NO,™~ oxidizing bacteria (NOB)** (eqn (2)), or by
‘comammox’ bacteria that can effect the complete 8-electron
oxidation of NH; to NO; .5°

NO,™ + H,O — NO;™ + 2H" + 2¢~ (2)

Given the precise enzymatic control required to form,
transport, and use reactive nitrogen compounds such as
hydroxylamine (NH,OH) and nitroxyl (HNO), an understanding
of the fundamental enzymology and the associated mecha-
nisms can inform our ability to selectively transform nitroge-
nous species. Yet, despite its importance, the enzymology of
nitrification is understudied due to challenges associated with
the growth of nitrifying organisms and the recalcitrance of
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a primer to AMO, yielding the necessary context to understand its importance.

several key nitrification enzymes to recombinant expression.
Furthermore, there are also challenges with genetic systems and
tools that lag far behind other microbial model systems.
Perfectly embodying these challenges is the poorly under-
stood enzyme ammonia monooxygenase (AMO), which AOA,
AOB, and comammox bacteria all use to hydroxylate NH; to
NH,OH as their common first primary metabolic step (eqn

(3)).7
NH; + 0, + 2H" + 2¢~ — NH,OH + H,0 (3)

AMO belongs to the Cu membrane monooxygenase
(CuMMO) family. This family includes the better-studied
enzyme particulate membrane monooxygenase (pMMO),
which carries out a similar oxidation reaction that is essential to
the metabolism of methanotrophic bacteria: the conversion of
methane (CH,) to methanol (CH3;0H).’ Due to their similarity,
much of what is known about AMO at the molecular level is
drawn from inference to pMMO. Both AMO and pMMO catalyze
product formation using as-yet unidentified oxidizing inter-
mediates derived from diatomic oxygen (O,) and Cu.'*'* At
present, it is not certain whether said intermediates are
common to the two enzymes (vide infra). Both reactions
formally require activation of particularly strong bonds: the
C-H bond of CH, with a bond-dissociation free energy (BDFE)
of 105 kecal mol ! and the N-H bond of NH;, with a BDFE of
107 kcal mol "> While AMO and pMMO are highly homolo-
gous enzymes with overlapping substrate scopes, the precise
structure and mechanism by which these enzymes react with
their respective substrates may not be the same.

Selective and controlled functionalization of strong C-H and
N-H bonds, such as those found in CH, and NH;, would
tremendously advance understanding and functionality of
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Fig. 1 Schematic depiction of nitrification pathways where obligate intermediate nitrogen species are depicted as red circles and known/
predicted enzymes are depicted as blue boxes. Note that the substrate for archaeal AMO may be either NHs or NH4*. AMO = ammonia
monooxygenase, HAO = hydroxylamine oxidoreductase, NXR = nitrite oxidoreductase, NOB = nitrite oxidizing bacteria, AOA = ammonia

oxidizing archaea, AOB = ammonia oxidizing bacteria.

synthetic oxidation reactions. AMO and pMMO are both
capable of CH, oxidation, overcoming the significant C-H bond
strength of CH, to yield CH;OH."” Such C-H functionalization is
of interest, as CH3;OH is of significant industrial value as
a feedstock for synthesis of chemicals such as olefins, acetic
acid, formaldehyde, and in fuel additives such as methyl tert-
butyl ester or biodiesel.”® Many industrial systems exist for the
synthesis of CH;O0H, although most require high heat or pres-
sure and frequently face overoxidation to undesired products.*
CuMMOs have demonstrated little potential for overoxidation,
with pMMO specifically demonstrating stereoselective hydrox-
ylation of substrate." Thus, these systems have inspired efforts
to synthesize catalysts capable of hydroxylating C-H bonds
using an environmentally friendly oxidant, O,. Discussion of
such biomimetic synthetic Cu catalysts that attempt to replicate
benign C-H activation chemistry of CuMMOs are beyond the
scope of this review and documented elsewhere.*

An understanding of the active site architecture and mech-
anism of AMO would yield valuable insight into this challenging
reactivity, but this information remains elusive. Significant
challenge exists in purification of active AMO, which to date,
has only been purified from large volumes of Nitrosomonas
halophila.*® This can be attributed to the slow growth and low
cell density of the native organism, a lack of success in
recombinant expression platforms, and the inherent difficulty
of membrane protein manipulation. Due to these confounding
factors, the current understanding of AMO activity is based
almost entirely on experiments using whole-cell or cell lysate
experiments.

This review is purposed as a primer to the biochemistry of
AMO. We have sought to offer sufficient biogeochemical context
to underscore AMO's importance, and we have attempted to
aggregate available reactivity data.

Nitrification: the basics

Bacteria were definitively identified as drivers of environmental
NH; oxidation upon the isolation of Nitrosomonas europaea in
1890 by Sergei Winogradsky.”” In subsequent years, it was
determined by isotopic labeling studies that NH; consumption
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in N. europaea accumulated NH,OH, implicating NH,OH as
a key intermediate and the initial product of bacterial ammonia
oxidation.™ By Arrhenius analysis of NO,  production by whole
cell suspensions of N. europaea, it was determined that the
apparent activation energy for the oxidation of ammonia is
1.1 keal mol %" Studies of ethylene oxidation by N. europaea
also suggest that in substrate-saturated conditions, the ability
to reduce AMO, as opposed to substrate oxidation, is rate-
limiting.**

NH3 + 1.5 02 - N027 + Hzo + H+ (4)

The catabolism of NH; to NO, ™ is exergonic, with a AG® of
—73.45 kcal per mol NH; (eqn (4)), which is significantly less
than the energy released by the oxidation of glucose (AG® =
—685.94 keal per mol glucose), even when normalizing for the
number of oxidized C atoms (AG® = —114.24 kcal per mol
glucose/C atom).>*** Further restricting the energetic economy
of ammonia oxidizing organisms is the fact that only
a maximum of 32.7 kcal per mol NH; are productively recovered
from the electron transport chain, an approximately 53% yield,
alongside recovery of less than 2 net electrons per oxidized NH;
molecule.”

NH,OH — NO + 3H* + 3¢~ (5)

The NH,OH produced by AMO is oxidized by hydroxylamine
oxidoreductase (HAO), yielding the second obligatory AOB
intermediate, nitric oxide (NO) (eqn (5)).>* This step is proposed
to have an activation energy of 0.89 kcal mol *, which is less
than that of the oxidation of NH;.* Oxidation of NH,OH to NO
yields 3 electrons, which is a net 1 electron gain after budgeting
for AMO catalysis.* The chemical trajectory of the NO generated
by AOB remains a matter of investigation. While the terminal
product of NH; oxidation by AOB is NO, (and this is an
intermediate formed by comammox bacteria), no enzyme has
yet been identified for the oxidation of NO to NO, . An enzyme
is likely operative rather than abiotic aerobic oxidation of NO
because only one of the two O atoms in the NO, ™ formed by AOB
originates from O, (via AMO). The second comes from H,0.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In 2005, David Stahl and coworkers®® reported their discovery
of the first AOA, Nitrosopumilus maritimus. Since then, AOA have
been shown to comprise nearly 40% of the cells in the ocean
and account for approximately 34% of oceanic N,O emis-
sion.””*® Thus, despite their until-recent obscurity, these
organisms constitute major participants in the biogeochemical
nitrogen cycle. Moreover, AOA carry out highly efficient CO,
fixation and organic compound biosynthesis.>***>* Similar to
AOB, AOA are also found in soil and are implicated in land-
based N,O emissions. Within soil, it has been suggested that
AOA may outnumber AOB by up to 3 orders of magnitude,
although some soils show a more even distribution between
these types of nitrifiers.***® Despite their higher abundance, the
soil-based N,O emissions of AOA are lower than those of AOB.*®
Generally, it is understood that the interplay between AOA and
AOB in the soil is dynamic, and their relative contributions to
nitrification depend on a variety of factors such as pH,
temperature, and nitrogen availability.*>**

The AOA primary metabolism remains largely speculative,
although it appears that both AOA and AOB initiate nitrification
in the same manner. AOA encode an AMO (aAMO) that is
a CuMMO, although it exhibits several distinct features from
bacterial AMO (bAMO) (vide infra). This implies that NH,OH is
a common intermediate to both AOA and AOB, which has been
experimentally validated by Arp and co-workers.? However, it is
at this point that AOA and AOB diverge. AOA lack genes
encoding HAO homologs as well as for the AOB c-heme electron
transfer proteins.® This has led to the suggestion that either
aAMO produces a novel, non-NH,OH intermediate (although
the Arp results dispute this), or that a unique, non-heme AOA
enzyme serves a similar function to HAO.>® Studies demon-
strate that in the absence of ammonium (NH,"), N. maritimus is
capable of converting NH,OH to NO, , and that this reaction is
directly correlated with both the stoichiometric consumption of
O, and the biosynthesis of ATP.? It was shown that the marine
AOA N. maritimus possesses numerous blue-Cu proteins and
multicopper oxidases in its genome; this has since been
generalized to numerous other AOA.*” Thus, it is possible that
post-AMO primary metabolism of AOA is Cu-dependent, as
opposed to the Fe-dependent metabolism used by AOB.* In
recent work, it has been demonstrated that one of these mul-
ticopper oxidase proteins, Nmar_1354, is capable of oxygen-
coupled consumption of NH,OH to produce HNO.* This reac-
tivity may be irrelevant to primary metabolism, however, as it
shunts reducing equivalents from NH,OH directly to O, and in
doing so, bypasses the respiratory electron transport chain.

Bioenergetic studies predict that isolated AOA and AOB
should grow with a theoretical maximum of 0.16 g biomass per
g N, and a realistic maximum of 0.13 g biomass per g N after the
demands of cellular maintenance are accounted for.”® This is
complicated by the experimentally observed yields of biomass
in pure and mixed cultures, which range from 0.04 to 0.45 g
biomass per g N.** Such variation implies that our under-
standing of how energy is harvested from NH; in AOA and AOB
is incomplete, and there is potential for symbiosis between
AOA, AOB, and other microorganisms. Interdependence
between multiple species would also explain why growth of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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isolated AOA/AOB is traditionally difficult, slow, and yields
minimal biomass, yet wastewater treatment plants grow diverse
species at relatively high density.**°

Foundational studies of AMO

Early studies carried out by Hooper and Terry*® of biological
NH; oxidation by the AOB N. europaea led to the conclusion that
intact membranes and metal ions are required. Certain short-
chain alcohols were determined to act as specific inhibitors
for the enzyme responsible for NH; oxidation while allowing
NH,OH oxidation to proceed, implicating NH,OH as an obli-
gate nitrification intermediate.” To assist in assignment of
product stoichiometry, Hollocher and coworkers* established
a H'/O ratio for NH," oxidation by N. europaea of ca. 4, indi-
cating that NH; oxidation is initiated by a monooxygenase-type
enzyme. Later on, Ensign and Arp"* demonstrated that inactive
metal-free N. europaea extracts show restored NH; oxidation
activity (quantified via observation of NO,~ production and O,
consumption) upon addition of Cu, further supporting the
identity of the required metal ion as Cu. In subsequent years,
NH; oxidation was directly assigned to AMO by suicide inhibi-
tion with radiolabeled '“C acetylene, which inhibits NH,OH
production and yields radiolabeled AMO.** Moreover, treatment
of N. europaea with *>NH,Cl led to the observation of *>NH,OH,
showing that the nitrogen atom of NH,OH is derived from
NH;.'**® Similarly, exposure of N. europaea to **0, leads to the
observation of NH,'®0H, clearly demonstrating that a mono-
oxygenase enzyme is responsible for the incorporation of an O
atom from O, into NH,OH, with the other oxygen atom being
lost as H,O.' Further tying the oxidation of NH; to the
consumption of O, is the correlated increase in O, consumption
of N. europaea cell suspensions upon introduction of NH;.>>

Comparative AMO genetics

Both aAMO and bAMO are CuMMOs, albeit with kingdom-
specific differences in structure and function. These are multi-
subunit integral membrane proteins. NH,OH is observed as an
intermediate common to both AOA and AOB, suggesting their
AMOs share this product.®** It is particularly interesting that,
despite similar reactivity, bAMOs are more closely related to
PMMOs than aAMOs. The bAMOs share ~70% amino acid
sequence similarity to pMMOs, while aAMOs share ~40%
sequence similarity to pMMOs (Fig. 2).°*** The operons respon-
sible for encoding AMO in bacteria and archaea are shown in
Fig. 3.°¢ The bAMO genes include, in order on their AMO-
associated gene clusters, amoC, amoA, and amoB, which encode
the respective amoC, amoA, and amoB subunits of the bAMO
complex. At the end of betaproteobacterial amoCAB, two open
reading frames, orf4 and orf5 (also referred to as amoE and amoD)
are present. These are associated with the putative protein amoD,
which bears high similarity to methanotrophic pmoD.*”*® PmoD
has been characterized as a cupredoxin homodimer that houses
an interfacial Cu, site. PmoD has been implicated as essential to
the Cu-dependent metabolism of methanotrophic bacteria.*®
Betaproteobacteria such as N. europaea contain both amoD and
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Fig. 2 Sequence comparison of the individual subunits of aAMO from
N. maritimus, bAMO from N. europaea, and pMMO from M. capsulatus
str. Bath. Fully conserved regions are shown in yellow, identity
between aAMO and bAMO is shown in cyan, identity between bAMO
and pMMO is shown in grey, and identity between aAMO and pMMO is
shown in magenta. The initial portion of the subunit A sequences are
a signal sequence. Copyright 2018, Cell Press, reprinted with
permission.®®

the homologous amoE, plausibly due to a duplication event, and
thus have an amoCABED gene cluster. Gammaproteobacteria
such as Nitrosococcus oceani only possess amoD, thus presenting
an amoCABD gene cluster.*

In the gammaproteobacterium N. oceani, an amoR gene was
discovered and determined to be transcriptionally linked with
amoC.>”% Attempts to search for peptide sequence homology to
amoR have yielded little success, although some authors believe
it to encode a small cytoplasmic protein (71 residues)
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containing 3 small helices (9, 4, and 9 residues at the N
terminus) and one larger helix (19 residues at the C-terminus).
This region of the gene is preceded by a Shine-Dalgarno
sequence to promote transcription.®” Structurally, it has been
proposed that amoR is similar to the N-terminal domain of
frizzled related protein 3, which has been implicated in protein-
protein interactions.””** Given the presence of 3 Cys residues in
amoR and analogy to frizzled related protein 3, it may be
possible that changes in the reduction potential of the envi-
ronment (e.g. the cytoplasm) can enable formation of a disulfide
bond between Cys37 and Cys71, locking the protein to
a particular conformation to promote reactivity or protein-
protein interaction.”” However, due to this gene only being
present in N. oceani, it is unlikely that this gene is part of the
conserved bAMO complex.”®*” Little further study has occurred.

Early studies of N. europaea bAMO revealed a 27 kDa protein
expressed by the amoA gene and a 42 kDa peptide expressed
from amoB, both of which are highly homologous with the
corresponding pmoA and pmoB components of methanotrophic
PMMO.®*%* Notably, amoA binds acetylene, which has been
used as an irreversible inhibitor of AMO, as demonstrated by
exposure to **C acetylene yielding radiolabeled peptide with an
apparent mass of 28 kDa (vide supra).** In recent years, the
primary interest in amoA has been as a biomarker of AOB and
AOA. Detection of amoA transcripts in water and soil have led to
developments in the phylogeny of AOA and AOB, discovery of
new species, and an understanding of how these populations
respond to environmental stimuli.**”>

In AOB, an upstream gene encoding a highly hydrophobic 27
kDa protein was found ahead of the previous known amoAB
operons, which came to be called amoC.”® In N. europaea, there
exist 2 copies of amoA and amoB, while in another AOB,
Nitrosospira sp., 3 copies are present, with minimal mutation
between the copies.””” The gene clusters amoCAB; and amoCAB,
appear to be differentially regulated, and this has been invoked
as a means for the cell to rapidly adjust to external stimuli.” The
amoC gene is unique, in that it is the only constituent of bAMO to
exist as both part of the gene cluster and duplicated as an isolated
gene, identified as amoC;.”® This divergent copy of amoC is
primarily expressed when the cell is recovering from NH; star-
vation, with the duration of starvation directly correlating to the
magnitude of amoC; expression.’®”® The amoC; gene is also
upregulated upon heat shock or oxidative damage, further
implicating it as part of a stress response.*® While the divergent
amoC; unit bears significant deviation in sequence identity
(67.5%) from the nearly identical amoC; and amoC, (99.6%
sequence identity), it maintains 81.4% sequence similarity, sug-
gesting relatively high homology (Fig. 4). As the product-forming
active site of AMO may exist in the amoC subunit (vide infra), it is
plausible to assume frequent oxidative damage may occur to the
protomer, damaging it to an extent that requires replacement.
This also suggests that in vitro, the subunits in the AMO complex
are exchangeable, which has yet to be validated. The aAMO is the
most distinct of the CuMMOs.** Within the AOA genome,
homologs of amoA, amoB, and amoC were found to be conserved
across a variety of archaeal species.®* Closely associated with
amoA is orf38, also known as amoX, initially identified in the soil

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparative genomics of the AMO operons of AOA, B-AOB, and y-AOB. The genes relating to amoA, amoB, and amoC are shown in
blue. The genes responsible for encoding the unique archaeal subunits, amoX, amoY, and amoZ are shown in red. Genes involving proteins not
canonically included in the AMO heterotrimer/heterohexamer are shown in purple (amoD and amoE).

AOA Nitrososphaera viennensis.*”***# Gene cluster analysis of N.
viennensis by Schleper and co-workers® has demonstrated the co-
regulation of not just amoX, but also two additional genes amoY
and amoZ with amoA, amoB, and amoC, leading to a more
complicated archaeal AMO complex that is predicted to be
a trimer of hexamers. These additional subunits (X, Y, Z) are
relatively small, offering an explanation for their prior omis-
sion.*® These 3 small subunits are conserved across all AOA, are
highly transcribed, and upon addition to amoA, amoB, and
amoC, increase the number of transmembrane (TM) helixes per
protomer from 10 to 14, increasing similarity to bAMO and
PMMO (vide infra).*® Archaeal amoC is also abundant in the
genome of viruses that infect Thaumarchaeota like AOA, although
the precise interplay between AOA, amoC, and the associated
viruses remains yet to be elucidated.®

AMO structure

The bAMO is a trimer of heterotrimers, in the form of an a;B57v;
arrangement of the amoA, amoB, and amoC subunits (Fig. 5).**

© 2026 The Author(s). Published by the Royal Society of Chemistry

The structure of AMO in native N. europaea membranes has
recently been solved by use of cryogenic electron microscopy
(cryo-EM) to 2.8 A resolution.®* Furthermore, a similar cryo-EM
structure in native membranes has been reported from
Nitrosospira briensis, to a resolution of 2.6 A.%> Cryo-EM of the
bAMO complex has also been reported to 2.36 A from N. halo-
philia.*® This has allowed for comparison with pMMO, of which
numerous examples have been structurally characterized by
both X-ray crystallography and cryo-EM techniques under
several conditions.?*#¢?* Within the native membrane, both
bAMO and pMMO form hexagonal arrays, and these arrays have
been implicated as necessary for maximal pMMO activity
(Fig. 6).**** Therefore, it can be inferred that the arrangement of
the bAMO heterotrimers within the membrane likely impacts
protein structure and function, potentially impacting the ability
of endogenous electron donors or substrate to bind correctly.
Mechanical pressure imposed by packing of bAMO/pMMO in
these arrays may also be important to active site formation, e.g.,
through imposing structural proximity of multiple Cu binding
sites (vide infra). To date, aAMO has not been structurally

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01048b

Open Access Article. Published on 08 April 2026. Downloaded on 4/9/2026 12:06:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

amoCl
amoC2
amoC3

amoC1l
amoC?2
amoC3

amoC1l
amoC?2
amoC3

amoC1l
amoC?2
amoC3

amoCl
amoC?2
amoC3

View Article Online

MATT-LGTSSASSVSSR-GYDMSLWYDSKEYKEGMITMLLVATFWVWYQRYFAYSHGMDS
MATT-LGTSSASSVSSR-GYDMSLWYDSKEYKEGMITMLLVATIFWVWYQRYFAYSHGMDS
MATSTLKDKTAQQVTDKPAYDKSEWEFDAKYYKYGLLPILGIAVEWVWYQRTFAYSHGMDS

MEPEFDRVWMGLWRVHMATIMPLEALVTWGWILKTRDTKEQLDNLDPKLETKRYFEFYYMMWL
MEPEFDRVWMGLWRVHMAIMPLEALVTWGWILKTRDTKEQLDNLDPKLETKRYFEFYYMMWL
MEPDEDRIWMGLWRVOMVVIALAAFSTIWGWLLKTRNTAEQLASTLTPKOQETKRYFYFMMWL

GVYIFGVYWGGSFFTEQDASWHQVITRDTSFTPSHVVVEYGSEFPMY IVCGVATYLYAMTR
GVYIFGVYWGGSFFTEQDASWHQVITIRDTSFTPSHVVMFYGSEPMY IVCGVATYLYAMTR
GVYIFAVYWGSSFFTEQDASWHQVITIRDTSFTPSHIPLFYGSEFPVYITIMGIAMITIYAKTR

LPLESRGISFPLVMATAGPLMILPNVGLNEWGHAFWFMEELEFSAPLHWGFVVLGWAGLEQ
LPLESRGISFPLVMATIAGPLMILPNVGLNEWGHAFWFMEELEFSAPLHWGFVVLGWAGLEQ
LPLYNKGWSFPLIMVVAGPLMSLPNVGLNEWGHAFWFMEELESAPLHWGFVILAWAALEQ

GGVAAQITTRYSNLTDVVWNNQSKE I LNNRIVA——
GGVAAQITTRYSNLTDVVWNNOSKEILNNRIVA——
GGLAIQLITRYSNLVDVEWNKQDRAILDD-VVTTP

Review

Fig. 4 Multiple sequence alignment of the variant proteins of amoC1, amoC2, and amoC3 found in the N. europaea genome. Fully conserved
residues are marked in yellow, and residues conserved between only amoC1 and amoC2 are shown in cyan. Residues not assigned a color are not

conserved.

characterized, nor have hexagonal arrays of the protein in its
native environment been observed.

The amoA and amoC subunits of bAMO are largely
composed of TM helices (Fig. 7). AmoA and amoC are both
composed of 6 TM helices, and measure 32 kDa and 30 kDa
respectively.® The archaeal amoB subunit has only 2 T™M
helices, with the rest of the protein comprising a soluble
cupredoxin-like domain, contrasting with the bacterial amoB
(43 kDa) and pmoB, which consists of a pair of cupredoxin-like
domains connected by the 2 TM domains.** Many early struc-
tures of the pmoC subunit contained an unmodeled region on
the interior pore of the protein, made of highly conserved
residues. This region was later resolved in high resolution cryo-
EM, demonstrating that this region of pmoC/amoC requires
significant stabilization from native lipids in the interior pore of
the protein to avoid disorder.®**°

Within the native structures of pMMOs from type-II
alphaproteobacterial strains and bAMO, an additional helix of
unknown origin is consistently observed in a groove along the
external face of amoC (Fig. 8).**** In bAMO, the enigmatic extra
helix is significantly longer than is observed in pMMO, and is
oriented in the opposite direction.** It has been associated with
a previously unannotated 46 residue orf in the genome of the
AOB N. europaea.** Attempts to identify this helix from pMMO
by mass spectrometry have failed, although it has been observed
that lipids wedged between this helix and amoC interact
strongly with a pair of conserved arginine residues.****** In the
recent native-membrane structure of pMMO from M. sp.
Rockwell, this helix has been associated with a 23 residue orfin

Chem. Sci.

the genome of this organism.* It has been suggested that the
Cu-containing protein, pmoD/amoD, may bind in this site due
to the highly conserved nature of those proteins and their
genetic proximity to the pMMO/AMO subunits.”” However,
attempts to model or observe pmoD in this position have yiel-
ded no strong evidence of association. The most recent high-
resolution cryo-EM structure of bAMO, from N. halophilia,
contains this helix and identifies strong interactions with a lipid
identified as phosphatidylmethanol.’® Note that this study
refers to the enigmatic helix as amoD, and this is distinct from
the pmoD/amoD protein which contains a binuclear Cu, site
and is proposed to be an electron-transfer partner protein.®
Furthermore, the gene responsible for the encoding of this
small helical protein are only present in the lineage of AOB
containing N. europaea and Nitrosomonas mobilis.*®

The structure of bAMO from N. halophilia also shows an
additional density: a small soluble protein comprised of 2 small
helixes and 2 small loops.*® This protein has been termed amoE,
conflicting with the previously proposed Cu,-containing amoE
protein.*®

Other studies of pMMO have assigned electron density in
this cleft to duroquinol, a synthetic mimic of native quinones,
potentially implicating this position as the binding site for
a biological reductant.”® Ultimately, this helix remains of
unknown significance in both pMMO and bAMO, though it has
been speculated that this helix could promote array formation
or binding with partner proteins.

AOA are uniquely adapted to leverage the membrane-bound
nature of AMO. Most archaea and some bacteria have a porous,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) The AMO heterotrimer in native membranes of N. europaea ATCC 19718, as resolved to 2.77 A by cryo-EM. asBzys arrangement of the
amoA (red), amoB (blue), and amoC (green) subunits shown from the side (left) and the top (right). PDB: 9CL6. (B) The pMMO heterotrimer in
native membranes of Methylocystis sp. Rockwell ATCC 49242, as resolved to 2.48 A by cryo-EM. asBsys arrangement of the pmoA (red), pmoB
(blue), and pmoC (green) subunits shown from the side (left) and the top (right). PDB: 9CL5.

proteinaceous layer around the outermost cell membrane,
called the S-layer, creating a pseudoperiplasmic space between
the cell membrane and the environment at large (vide infra). N.
maritimus has an S-layer with hexameric pores lined with
negatively charged residues, potentially creating a locally high
concentration of NH, between the S-layer and the cell
membrane, where AMO is found, allowing these organisms to
sustain themselves in nutrient poor environments.*®

The aAMO, while bearing low sequence homology to bAMO,
comes to bear high structural similarity with bAMO upon the
inclusion of the amoXYZ subunits, as determined by AlphaFold
modeling studies (vide infra).>® To date, the only structurally
characterized component of aAMO is the cupredoxin domain of
the B subunit, from thermophilic Nitrosocaldus yellowstonensis
(Fig. 9).”” This soluble amoB unit and pmoB yield low sequence

© 2026 The Author(s). Published by the Royal Society of Chemistry

similarity (~20%), yet structurally, the cupredoxin domains are
highly structurally homologous and nearly superimposable (Cajpha
RMSD = 1.5-1.6 A).”” While structurally similar to pmoB, the
isolated amoB subunit does not appear to oxidize CH,.”” This is
remarkable, as in a previous study, using a similar soluble pmoB
subunit from Methylococcus capsulatus (Bath), demonstrated
a specific activity for the oxidation of CH, of 203.1 £ 20.2 nmol
CH,;O0H per umoles per min which was confirmed to be depen-
dent on Cu rather than Fe.”® It is possible that the oxidation of
CH, observed does not represent the biological mechanism of
PMMO, and that the Cu site in the B subunit generates a reactive
oxygen species that can then proceed to engage in chemistry with
aqueous CHj. Studies have shown that oxidation of CH, can occur
by a reaction that is dependent on exogenous reductant duro-
quinol and O, and this reaction is most likely not enzymatic.****
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130 A

260 A

Fig. 6 Cryo-EM of AMO from N. europaea, as 2-D class averages
demonstrating hexagonal packing in the native membranes. Box size
are 320 pixels (top) and 640 pixels (bottom). Copyright 2025, National
Academy of Sciences. Portion of original figure published under a CC
BY-NC-ND license.®*

The reactivity of CH, and duroquinol suggest that the absence of
this reactivity in amoB is not entirely unexpected, although it is
possible that the functionality of the archaeal amoB subunit is
reliant on stabilization of the cupredoxin domain by another
protein such as amoZ, as amoZ likely contains a small, soluble
domain.**”” Without a high resolution structure displaying the
precise position and role of amoX, amoY, and amoZ in the aAMO
complex, any proposal as to their role is highly speculative and
future work regarding these additional subunits remains
necessary.

A general overview of the potential
metal centers in AMO

Within pMMO and AMO, current evidence suggests at least two
primary metal binding sites, one located within the B subunit
(Cug), and the other(s) located within amoC (Cuc or Cup),
totaling approximately 2 to 3 Cu per protomer.”> Some groups
have adopted interpretations assigning significantly more Cu to
each protomer, such as trinuclear Cu clusters in amoA or Cu
“sponges” within amoC that contains ca. 10 metal ions.*>***-1%
Over the years, a variety of metal ions have been associated with
the active sites of pMMO and AMO, not limited to but including
Cu, Zn, and Fe. It is known that some methanotrophic bacteria
can use soluble methane monooxygenase (SMMO), a diiron
enzyme, to grow under Cu-depleted conditions.*® In parallel
with the sSMMO/pMMO pair, previous work has suggested the
purification and isolation of a soluble form of AMO to be
possible, containing approximately 9.5 mol of Cu, 4.0 mol of Fe,
and 0.5 to 2.6 mol Zn per mol of N. europaea AMO complex.'***%7
These 4 iron are proposed to be divided into 3 heme iron, in the
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form of a cytochrome ¢;, and 1 nonheme iron.'® An alternative
explanation, however, is that Gilch had isolated partially func-
tional amoA and amoB. Thus, the observed Cu would be
attributable to amoB. Yet, the third subunit purified for this
soluble form of AMO contained one heme per protomer, with
distinct heme Q bands at 552 nm. One heme per trimer would
yield 3 heme-bound iron, with a 4th Fe somewhere else in the
protein. Thus, another constituent of this preparation could be
cytochrome css, Or €554, both of which have shown potential to
act as a biological reductant for AMO in accordance with NH;
oxidation activity.'®® No further studies of “soluble AMO” have
been reported.

Other studies have also proposed an intermediate-spin (S =
3/2) Fe ion, capable of forming a ferrous nitrosyl, to be required
for oxygen activation in AMO/pMMO.'*"*** However, all of these
proposals are at odds with the recent structural data supplied by
Rosenzweig and co-workers, which does not show Fe or heme
cofactors in AMO.**

Studies of membranes containing pMMO show that activity
is abolished upon treatment with cyanide, but can be restored
with addition of Cu ions, pinpointing the enzymatic active site
to a membrane-affiliated protein.”® In the high resolution
structures of both AMO and pMMO, there has not yet been
a heme cofactor detected, and the electron density of the bound
metal ions is consistently best modeled with Cu and/or Zn.
Therefore, more recent work regarding CuMMOs has focused
on the potentially catalytic Cu sites in amoB and amoC.

The non-conserved bis-His site

Within pmoB of pMMO, there exists a mononuclear Cu center
ligated by 2 histidines, denoted as the bis-His site (Fig. 10). This
site has been observed in both crystallographic and cryo-EM
structures of M. capsulatus (Bath), yet it is not strictly
conserved, as one of the His ligands is replaced by asparagine in
some methanotrophs.®****** This lack of conservation, along-
side the absence of this site in AOA or AOB, suggests that this
site plays little catalytic role, and Cu may be adventitious. In
methanotrophs containing the bis-His site, it is proposed that
in vivo, this site binds Cu', due to the nearly identical EPR
spectra of pMMO in methanotrophs lacking this Cu ion.'*****
While some attempt to observe or characterize a potential bis-
His site in AMO may be warranted, it is unlikely to be impor-
tant to the catalytic mechanism.

The conserved Cug site

Within amoB and pmoB, there exists a generally conserved Cu
site, Cug, coordinated by 3 His residues (Fig. 11).***** This motif
resembles the ‘His-brace’ structure found within lytic poly-
saccharide monooxygenases (LPMOs), which catalyze the
cleavage of glycosidic bonds in polysaccharides."**'** In resting
LPMOs, a Cu' ion is coordinated by the amino group and
sidechain of an N-terminal histidine and the sidechain of an
additional histidine residue. X-ray absorption near edge spec-
troscopy (XANES) has been used to assign the oxidation state of
the Cu ion in CBM33, a polysaccharide oxidase.''®* Comparison

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The bAMO heterotrimer, shown as individual subunits, amoA (A), amoB (B), and amoC (C), in native membranes of N. europaea ATCC
19718, as resolved to 2.77 A by cryo-EM (PDB: 9CL6). The pMMO heterotrimer is shown as the individual subunits pmoA (D), pmoB (E), and pmoC
(F), from Methylococcus capsulatus str. Bath, as resolved to 2.14 A by cryo-EM (PDB: 7S4H). Note the significant number of transmembrane
helices in amoA and amoC, and the high structural homology between the corresponding subunits of AMO and pMMO.

of a sample treated with sodium ascorbate and an as-isolate
sample demonstrate that both samples show the rising Cu K-
edge to be at 8982-8983 eV, indicating that the resting active
site binds Cu'.'** In CuMMOs, this motif is distinct, with the
resting Cug site binding Cu™ and coordination by an additional
His residue. While there has been previous discussion of a bi-
nuclear Cug site, recent studies using high-energy resolution
fluorescence detected (HERFD) extended X-ray absorption fine
structure (EXAFS) has determined this site to be mononuclear
Cu".'” This determination was made by observation of a pre-
edge feature at 8978 eV, which is assigned as the 1s to 3d
transition of Cu™."” Given the similarity to the active site of
LPMOs, it has been suggested that the Cug site may be the active
site of CuMMOs. However, this conjecture suffers from the fact
that some novel LPMO-like fungal proteins contain a His-brace
motif, yet do not demonstrate oxidative enzymatic activity."*****

Attribution of activity to the Cug site has been challenging.
Studies of a soluble form of pmoB have demonstrated that the
Cug site is capable of oxidizing both CH, and propylene, while
a soluble archaeal amoB was not (vide supra).””*® Furthermore,
the His-brace motif B-site is not rigorously conserved, as
methanotrophic Verrucomicrobial pMMOs contain residues

© 2026 The Author(s). Published by the Royal Society of Chemistry

such as glycine, proline, and methionine in place of histidine in
their B-subunits.”***** It is also important to note that in
a recombinantly expressed CuMMO, mycobacterial hydro-
carbon monooxygenase (HMO), mutation of the Cug site did not
completely abolish enzymatic activity, ultimately supporting the
conclusion that the active site resides in amoC."*>'*

A tale of 2 Cu sites (Cuc and Cup) in the
amoC subunit

Mounting evidence suggests that the AMO active site is in the
amoC subunit. More precisely, activity could occur at either the
Cuc or the recently proposed Cuy, site (Fig. 12). Reactivity may
also involve both Cu ions, as recent work has demonstrated the
simultaneous occupancy of the Cuc and Cup, sites in functional
bAMO (Fig. 13).***> Meanwhile, pMMO structures are available
whether either Cuc or Cup, are individually metalated. Both the
Cuc and Cup, site are highly conserved, even in the aforemen-
tioned methanotrophic Verrucomicrobia that lack the ligands
constituting the Cug site.”***** Both potential Cu sites in the
amoC subunit comprise 2 His residues along with Asp or Asn
within Cuc or Cup, respectively.®** In computational modeling
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Fig.8 The AMO (A) and pMMO (B) trimer, with the exogenous helix of unknown function along the face of the amoC/pmoC subunit, shown in
pink. AMO from PDB: 9CL6, from N. europaea ATCC 19718, as resolved to 2.77 A by cryo-EM. pMMO from PDB: 9CL5, from Methylocystis sp.

ATCC 49242, as resolved to 2.48 A by cryo-EM.

Fig. 9 The soluble domain of archaeal amoB, from N. yellowstonii, as
characterized to 1.80 A by X-ray diffraction. PDB: 4065.

studies by Ciurli and coworkers,"* it is proposed that an a-helix

is formed by residues 211-251 in N. europaea amoC. Three of
these helices, one from each component amoC, interact with
one another inside the central barrel of the multimeric unit of
AMO, helping to stabilize the Cuc site in a solvent accessible
cave. While these residues do form an «-helix, these residues
were observed in the recent native membrane cryo-EM struc-
tures of pMMO and bAMO to have a structure more similar to
the other TM helices, with no protrusion toward the central
cavity of the multimer.?*

NO, has been previously established as an inhibitor of AMO
activity.”® In the presence of isotopically labeled >N NO, ", the

Chem. Sci.

Fig. 10 The bis-His site from M. capsulatus (Bath) pMMO (PDB: 7S4H),
showing the 2 coordinated His residues, as resolved to 2.14 A by cryo-
EM.

EPR and electron nuclear double resonance (ENDOR) spectro-
scopic signatures of the Cu' at the Cuc site of pMMO is per-
turbed (Fig. 14).°® This suggests NO, ™ inhibits NH; oxidation by
binding to an active site Cu. Studies of HMO have demonstrated
that mutations at the Cug site do not abolish enzymatic activity,
while mutation of any one of the three residues at the Cuc
center lead to a complete loss of function.*”>'** Historically, it is
clear that the C subunit is essential for oxidative activity,
although the exact nature of the bound Cu has recently come
into question.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) The His-brace motif from a lytic polysaccharide monooxygenase (LPMO) originating in species Phytophthora infestans T30-4, as

characterized by X-ray diffraction to 1.01 A. (PDB: 6Z5Y). (B) The Cug site in pMMO from Methylocystis sp. ATCC 49242, as resolved to 2.48 A by
cryo-EM. (PDB: 9CL5). (C) The Cug site in AMO from N. europaea ATCC 19718, as resolved to 2.77 A by cryo-EM. (PDB: 9CL6).

It is known that short chain primary alcohols, such as
CH;0H, ethanol, and tert-butanol are capable of acting as
inhibitors of pMMO and AMO." This information has enabled
a study using ENDOR spectroscopy in tandem with cryo-EM to
identify the spectroscopic signature of trifluoroethanol (TFE)
alongside its physical binding location, which was revealed to
be the Cuy, site.”* In the ENDOR spectrum of TFE bound pMMO
in native lipid bilayer nanodiscs, a "°F doublet is observed that
is not present in uninhibited sample.®* TFE binds to the Cup
metal ion through its hydroxyl group, leading to a 2.2 A Cu-O
distance and an average Cu-F distance of ~5 A, after accounting
for the fact that the trifluoromethyl group demonstrates free
rotation.®* As pMMO is also capable of butane oxidation, these
experiments were repeated with 4,4,4-trifluorobutanol (TFB), in
which a larger, yet less ordered density, attributed to TFB, was
reported attached to the Cup, site.™

To further strengthen the requirement of Cup, at the catalytic
site responsible for hydroxylation of NHj3, it has been observed
by cryo-EM of pMMO that the Cuyp, site is occupied in active
PMMO, while a disordered Cup, site and occupied Cuc site are
observed in inactive pMMO (Fig. 16).>° These studies directly
correlate Cup occupancy to the activity of pMMO. Initial Cryo-
EM data of bAMO demonstrates significantly lower density in
the region surrounding the Cup site than the Cuc site, sug-
gesting that this site is particularly labile.** More recent
evidence has been gathered in support of co-occupancy,
creating cooperative active site requiring both Cug and Cup
may also be worth consideration, due to their close prox-
imity.**®* Such a site could be formed dynamically, with driving

© 2026 The Author(s). Published by the Royal Society of Chemistry

force supplied by pressure from the membrane. This offers
a plausible explanation for the wildly different activities
encountered between pMMO preparations in, e.g., detergent,
native membranes, and lipid bilayer nanodiscs. Finally, it is
important to note that a site amenable to NH; substrate binding
would likely require a coordinatively unsaturated Cu ion in
a hydrophobic pocket, and the cryo-EM structures of pMMO,
both with and without TFE, demonstrate a small hydrophobic
cavity lined by phenylalanine residues.®***

The most recent work regarding bAMO has demonstrated
occupancy of both the Cuc and Cup sites. In the structure of
bAMO, in native membranes from N. briensis, the Cuc/Cup, site is
observed to be in a diamagnetic resting state, most likely Cu(i)/
Cu(1).® The two Cu ions are separated by ~8.0 A, as a non-
coordinating phospholipid (identified as 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) rests between them.* Other authors
have reported an interatomic Cu distance of 7.9 A, with an
unidentified density residing between the Cu ions.*® Addition of
this lipid and binuclear occupation of the site bends the helix
containing the residues coordinating Cup, towards the central
pore.’*® This transformation is assisted by the highly conserved
Pro200 residue and yields a previously unobserved conformation
of the potential active site.’** This kinked conformation, in
which the helix from amoC bends towards the central pore, also
enforces changes in helixes of amoA, creating a hydrophobic
channel from the central pore to the binuclear Cuc/Cup site.'®
With these considerations, significant development has been
made in demonstrating the fluid and dynamic nature of the
amoC subunit and the associated proposed active site(s).
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Fig.12 (A) The Cuc (left) and Cup (right) sites of AMO from N. europaea ATCC 19718 are shown as resolved to 2.77 A by cryo-EM. (PDB: 9CL6). (B)
The Cuc (left) and Cup (right) sites of pMMO from M. capsulatus (Bath) are shown, as resolved to 2.14 A by cryo-EM. (PDB: 7S4H).

[{ec

Fig. 13 The Cuc (right) and Cup (left) sites of AMO from N. briensis are shown as resolved to 2.6 A by cryo-EM, with associated distances and
coordinating residues. (PDB: 9PXF). The lipid wedged between the 2 Cu sites is of unknown identity but was successfully modeled as 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC).
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(A) X-band CW EPR of purified pMMO, before and after introduction of NaNO,. Perturbations to Cuc are most apparent ~3300 G. (B) Q-

band Mims ENDOR of purified pMMO, before and after introduction of NaNO,. The full spectrum is displayed above, whereas the lower spectrum
highlights the precise **N frequency and associated hyperfine at improved signal to noise ratio. Copyright 2019, American Association for the

Advancement of Sciences, reprinted with permission.1®

AlphaFold modeling of AMO

Given the limited structural data of AMO, computational
methods of sequence analysis and protein folding become
potential sources of insight. To investigate conservation at and
near the Cuc and Cup site, we have run sequence similarity
networks (SSN) using EFI-EST, comparing amoC to 679 known
unique sequences of other xmoC sequences.'>*'*” Analysis of
the SSN shows high conservation of the ligands directly coor-
dinating both Cu¢ and Cup, yet the loop between the His resi-
dues of the Cuy, site is poorly conserved (Fig. 15). This has been
presumed to be a region of protein with little-to-no secondary
structure, and it is possible that variation in this structural
region is responsible for the substrate specificity of various
CuMMOs. Reiterating the potential for structural differences in
this region between various CuMMO's, overlap of the cryo-EM
structures of amoC and pmoC demonstrate that pmoC
contains an arginine at the Cup site where amoC has an
aspartate residue in this position (Fig. 16). To expand beyond
the available structural data, AlphaFold 3 was used to create
renditions of the folded bAMO trimer (a.py) using the sequence
from N. europaea ATCC 19718, in the presence of 2 Cu atoms."*®
This computational structure is generally in good agreement

© 2026 The Author(s). Published by the Royal Society of Chemistry

535
Fig. 15 Sequence logo comparing the loop between the His residues
of the Cuc site (upper) and Cup site (lower). The low quantity of

conserved residues in the loop between the His-residues of the Cup
site is noteworthy.
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Fig. 16 Overlay of the cryo-EM structures containing Cup site from
pmoC (Methylocystis sp. ATCC 49242, 2.48 A cryo-EM) (PDB: 9CL5)
and a metal-free Cup site from amoC (N. europaea ATCC 19718, 2.77 A
cryo-EM) (PDB: 9CL6). pmoC is shown in green, while amoC is shown
in cyan. Residues from pmoC are shown in parentheses, while those
from amoC are not.

with the cryo-EM data recently published. The model templated
onto the cryo-EM structure (ipTM = 0.83, pTM = 0.85)
demonstrates metalation of the Cuy site and the Cuy site,
whereas the untemplated model (ipTM = 0.85, pTM = 0.87)
shows metalation of the Cug and Cug site. In observation of the
AlphaFold amoC subunit, a small dangling region of residues is
observed at the N-terminus, which has not been observed in the
recent cryo-EM structure. It is possible that this may be a mis-
annotation or a previously unknown signal sequence, as it is 19

Fig. 17 (A) aAMO heterohexamer from N. viennensis (B) aAMO
heterohexamer from N. cavascurensis. These models were originally
produced by AlphaFold 2.1, then visualized in PYMOL. Colors are as
follows: amoA is red, amoB is blue, amoC is green, amoX is tv_orange,
amoY is light_magenta, and amoZ is slate.
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residues from start to the next Met residue. In preparation of
these models, SignalP analysis of the amoB subunit also
revealed a signal sequence that is cleaved in vivo. This portion of
the sequence was omitted from the AlphaFold3 models. Given
these results, it is apparent that the Cup site is becoming of
increasing interest, and the forces that dictate substrate
differentiation between CuMMO's may lie in the region
surrounding the Cup, site.

AlphaFold 2.1 has also been used in previous work to
demonstrate the effective homology between bAMO from
Nitrosocaldus cavascurensis and the more distantly related
aAMO from N viennensis upon inclusion of the additional amoX,
amoY, and amoZ subunits (Fig. 17).°*'*® AmoX, amoY, and
amoZ all appear to play a role in anchoring aAMO into the
membrane, alongside amoA, amoB, and amoC. AmoZ was also
determined to contain a disulfide bond assisting in structural
stability and a flexible loop that allows for positioning of a pair
of helices in a soluble domain that interacts with the cupre-
doxin domain of amoB, potentially acting as a replacement for
the cupredoxin domain ‘missing’ from aAMO.

AmoD: a unique Cu, site

Unique to AOB and methanotrophs is the closely associated
pmoD/amoD gene, which has yet to have an identified homolog
in AOA.*® Betaproteobacteria contain amoE and amoD directly
after the amoB/pmoB gene, while gammaproteobacteria only
contain amoD, also located directly after the amoB/pmoB
gene.* Studies by Fisher®® and colleagues have demonstrated
that disruption of pmoD results in a Cu-dependent growth
defect. In methanotrophs lacking pmoD, growth was stunted in
conditions that rely on pMMO for primary metabolism,
although the cells grew as expected under conditions that take
advantage of sMMO.*® This implicated the pmoD protein as
particularly relevant to Cu-dependent metabolism in meth-
anotrophic bacteria. Given the high similarity between pMMO
and bAMO, it is possible that the role of amoD is similar to that
of pmoD, although little work has been done regarding amoD to
date.

Sequence analysis of pmoD/amoD provide evidence for an N-
terminal signal sequence, followed by a soluble domain and a C-
terminal TM helix.*® The soluble domain of PmoD can be
recombinantly expressed in E. coli, allowing for purification of
a purple homodimeric protein containing a unique Cu, site
(Fig. 18).°® Cu, sites are characterized by a delocalization of
a single electron across a binuclear Cu site; similar sites con-
taining a mixed valent Cu**-*-Cu**** ligated by 2 p,-S(Cys) and
2 planar N(His), alongside axial methionine and carbonyl
backbone ligands, are found in cytochrome ¢ oxidase (CcO) and
nitrous oxide reductase (N,OR).****** The Cu, site exists at the
interface of the homodimer, with each monomer contributing 1
1o-S(Cys) ligand to the catalytic core.™® In monomeric form, no
spectroscopic signatures for the Cu, site are observed, sug-
gesting that amoD/pmoD must exist as a dimer in vivo. The Cu-
Cu distance is particularly short, at 2.41 A by EXAFS data, and
this conclusion is supported by the observation that the near-IR
transition associated with the Cu-Cu bond strength is blue

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 The structure of monomeric pmoD from Methylocystis sp. ATCC 49242, as observed by X-ray diffraction to 1.90 A resolution (PDB:
6CPD). On the left is the structure of the homodimer, as purified. On the right, the ligands binding to the Cu ion are shown with corresponding
distances. Note that this is the monomeric form of the protein, which does not contain the Cu, site formed by the homodimeric species.

shifted relative to those observed in N,OR and CcO, indicating
a stronger bonding interaction in amoD/pmoD than other
known Cu, sites.”®”** The Cu, site of pmoD is significantly
more unstable in the presence of oxygen than other reported
Cu, sites, decomposing to a 2 [Cu'?] site on the scale of a few
hours.

Sequence comparison by Musiani, Ciurli and coworkers'* of
pmoD from Methylocystis sp. ATCC 49242 (Rockwell) and amoD/E
from N. europaea demonstrate 38% and 28% sequence identity,
respectively. These authors also note that the methionine residue
responsible for axial ligation in pmoD is not conserved in amoD
or amoE. Computational modeling of the Cu, site in amoE yields
a long Cu-Cu distance of 2.55, alongside a conformational
change at the N-terminus that reduces the protein-protein
interaction surface.” While intuition may suggest that these
amoD/pmoD proteins play a stabilizing role, act as a biological
electron transport partner or a source of Cu ions, or some other
role in relation to AMO, significantly more work is required in
this area, as these proteins have only recently been purified.

Substrate scope of AMO

Beyond NH;, AMO is known to have a wide scope of substrates
and inhibitors. Contained in the supplementary information is
a compilation of all currently known substrates, inhibitors, and
associated kinetic parameters, alongside relevant experimental
information. Due to high homology between AMO and pMMO,
one may intuit AMO is capable of CH, oxidation. This was proven
by early studies by Hyman and Wood'** demonstrated that N.
europaea cell suspensions incubated under O, are capable of
oxidizing CH, to CH;OH. These authors reported a K, for NH,"
of 1.2 mM and K; for CH, of 2 mM, suggesting that these may
function more as alternative substrates for CuMMOs than
inhibitors.™° It is worth noting that later studies by Jones and
Morita'** demonstrated that both N. oceanus and N. europaea are
capable of CH, oxidation, with whole cell assays in the presence
of "*CH, showing both production of **CO, and incorporation of
carbon from CH, into cellular components. These whole cell

© 2026 The Author(s). Published by the Royal Society of Chemistry

assays also exhibit robust pH stability, with CH, oxidation
observed in significant quantity between pH of 5 and 9.'*

N. europaea has been shown to oxidize CH;OH to formal-
dehyde and formate following incubation with *CH;OH.'*
Addition of known NH;-oxidation inhibitors such as acetylene,
or allylthiourea both prevent the oxidation of CH;OH, sug-
gesting that AMO is the source of CH;0OH oxidation."* While
such promiscuity may suggest AMO to be a rather nonspecific
enzyme, ratios of k.,./Ky, for CH;OH and CH, relative to NH; are
determined to be 0.008 and 0.004, respectively.****** Further, the
enzyme is also capable of reaction with a wide variety of
hydrocarbons.'** C1-C8 alkanes can be hydroxylated selectively
at the 1 and 2 positions, with the ratio of 1-ol/2-ol products
varying with increasing chain length.**®* Work by Chan and
coworkers' has shown that, in pMMO, these hydroxylation
events occur is a stereospecific manner, leading them to
propose a side-on oxene insertion mechanism at a binuclear
active site, suggesting that AMO may also be capable of
stereospecific reactivity.

Whole cell N. europaea have also demonstrated the ability to
hydroxylate benzene to phenol, phenol to hydroquinone, and
cyclohexane to cyclohexanol. These reactions have not been
demonstrated using methanotrophic pMMO.'** Further reac-
tivity studies of AMO and benzene, ethylbenzene, and toluene
show the formation of associated phenolic compounds along-
side hydroxylation of the alkyl groups, leading to formation of
benzyl alcohol, phenylethyl alcohol, and sec-phenylethyl
alcohol.'* Aniline was converted to nitrobenzene, which is
further oxidized to 3-nitrophenol, although it is worth noting
that this transformation may actually be occurring through
reactions mediated by HAO.*** Halobenzenes can also be
oxidized in the para position, producing low yields of halo-
phenols.** The tolerance of N. europaea to halogenated organic
compounds is rather diverse, with chloromethane, chloro-
ethane, and 1,2-dichloroethane showing substantial conversion
to formaldehyde, acetaldehyde, and chloroacetaldehyde
respectively, with minimal inactivation of the AMO complex.**
Other substrates undergo biodegradation but form strong
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inhibitors as products, such as dichloromethane, which
becomes CO, and 1,1,1-trichloroethane, which becomes 2,2,2-
trichloroethanol.™® A common, seemingly essential feature of
these substrates required for AMO reactivity is an abstractable
H-atom. Compounds such as carbon tetrachloride or tetra-
chloroethylene do not show any reaction with or inhibition of
AMO.*** Whole-cell activity has also demonstrated consumption
of methyl bromide, suggesting that brominated and/or iodin-
ated species may also function as alternative substrates for
AMO.™ AMO is also capable of epoxide formation upon intro-
duction to alkenes, showing activity with ethylene, propylene, 1-
butene, and both cis and ¢rans 2-butene, alongside styrene.***
Further extending the substrate scope of AMO are thioethers,
which act as inhibitors of the enzyme but can also be converted
to their corresponding sulfoxide.™® Examples include the
oxidation of dimethylsulfide to dimethylsulfoxide (DMSO) and
tetrahydrothiophene to its corresponding sulfoxide, alongside
various other substrates and their associate products.**® Given
the unclear nature of the mechanism of AMO and the lack of
abstractable protons on the S atom, a different mechanism may
be operative for thioether substrates.

Ammonia, ammonium, and the
substrate specificity of CuMMOs

In the environment, AOA and AOB occupy ecosystems not
limited to but including oceans, fresh water, soil, and
geothermal geysers. This has led to unique adaptations in NH;
scavenging and the fundamental reactivity of AMO. Given the
wide range of pH experienced in such environments and the
ecologically accessible pK, of NH; allowing for both it and the
NH," ion (pK, = 9.25) to exist in solution, one must consider
whether the substrate of AMO is NH; or NH,"."*° Initial studies
by Suzuki, Dular, and Kwok'* investigated the effect of pH on
the Ky of NH; by tracking the rate of oxygen consumption by
whole cell and cell-free extracts of N. europaea. Both pH and the
concentration of NH; impacted the rate of O, consumption,
with an increase in pH being associated with a decrease in Ky
(increased affinity) and no change in maximal velocity being
observed.'* This has prompted the proposal that NH; is the
true biological substrate of AMO, although it is possible that
both the substrate and mechanism may vary between AOA and
AOB, due to the differences in structure indicated by the pres-
ence of amoX, amoY, and amoZ in aAMO. Early studies of N.
europaea suggest a Ky, between 1.2 mM and 1.5 mM for NH,",
and after accounting for dissolution of the NH," ion, a Ky of 50
uM was determined for NH; alongside a Vi, of 1.68 £ 0.15
umol N per min per mg protein *.14015

A persistent assumption has been that AOA possess a higher
substrate affinity than AOB or comammox bacteria, although
recent work by Wagner and colleagues** has called this into
question. The NH; and NH," affinity of a given species of AOA
often vary widely, with examples including those of the acido-
philic genus ‘Ca. nitrosotaleales’ demonstrating a particularly
low affinity for NH," (Kuapp)=3.41-11.23 uM) and a very strong
affinity for NH; (Kyapp) Of 0.6-2.8 nM), which is likely to assist
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in NH; acquisition in acidic conditions."” Generally, the
substrate affinity for AOA is on the order of uM, although the
complete range spans orders of magnitude, as evidenced by the
particularly strong affinity observed in ‘Ca. nitrosotaleales’.***
While all AOA, aside from some Nitrosocosmicus species,
alongside the comammox bacteria, Nitrospira inopinata, have
a higher affinity than AOB, the tail end of the affinity range does
overlap with those characteristic of AOB, such as N. europaea.*>
In contrast to the high variability in affinity between various
ammonia oxidizing species, the maximum substrate oxidation
rate (Vinax) of all AOA span a narrow range of approximately 1
order of magnitude (Viax = ~4.27-54.68 pnmol N per mg protein
per h).*** This is similar to that observed for N. inopinata (Vimax
ca. 12 pmol N per mg protein per h) and N. oceani ATCC 19707
(Vinax = ~38 pmol N per mg protein per h), a marine AOB.** The
only species, to date, with a Vi« outside of this range is N.
europaea, with a Vy,x = 84 pmol N per mg protein per h.'**
Whether this unusually fast rate is unique to N. europaea,
shared with other closely related AOB, or due to adaptation to
a lab environment over prolonged study is presently unknown.

As evidence suggests NH; to be the biological substrate of
AMO, it becomes particularly interesting to note that AOA have
specialized adaptations to attract and transport NH,', which
may be related to niche separation between AOA and AOB.'**
This has led to ambiguity in the identity of the native substrate
of aAMO, as previously displayed in differences between
bacterial and archaeal nitrification (Fig. 1) Archaeal cells
possess a proteinaceous S-layer outside of the cell membrane
where aAMO resides (Fig. 19).°%'**'* In the AOA N. maritimus,
the S-layer is predicted to consist largely of repeating subunits
of the proteins Nmar_1547 and Nmar_1201, which modeling
studies have suggested may assist in creating a high local NH,"
concentration in the pseudoperiplasmic space between the S-
layer and the cell membrane.””***’ It is known that the
disruption of the archaeal S-layer leads to inhibition of NH,"
binding, and cryo-EM of the isolated S-layer exhibits unassigned
density bound near negatively charged sites within pores.®® This
evidence suggests that the lattice itself binds NH," for release
into the pseudoperiplasmic space and subsequent consump-
tion by AMO, although the S-layer has also been implicated in
transport of Na'.*® While a negatively charged S-layer may
explain how AOA are capable of acquiring NH," in nutrient-
deficient environments, this may be incompatible with NH; as
the active substrate of aAMO.

An aside to the substrate scope of
pMMO

As with AMO, significant challenges exist in the isolation and
purification of pMMO, yet some progress has been made. This
has allowed for the determination that pMMO has a narrower
substrate scope than AMO and is primarily capable of oxidizing
C1-C5 straight-chain alkanes, terminal alkenes to stereo-
selective secondary alcohols or epoxides, respectively.***° It
appears that pMMO, in contrast to AMO, is entirely incapable of
oxidizing benzene, ethylbenzene, styrene, or cyclohexane.'*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.19 2.7 A global resolution cryo-EM structure of isolated S-layer sheets, in vitro from N. maritimus (Left). Sharpened, annotated images of the
cryo-EM map show the individual domains of the protein, alongside peripheral glycans shown in grey. The colors of each domain are
demonstrated in the ribbon map above. Copyright 2024, Springer Nature, reprinted with permission.®®

The kinetic parameters for various pMMOs are on the same
order of magnitude as those observed for AMO, with a Kyiapp) =
9.2-63 uM for CH, and a Ky(app) = 0.1 uM for 0,.'°"'*> The Viyay Of
whole cell methanotrophs have also been reported to range from
~82-300 nmol per mg total protein per min, which is again
approximately what is observed for AMO.'> AMO and pMMO
have a similar substrate scope and enzymatic parameters, yet it is
probable that the active site of pMMO is more constrained than
AMO, given the inability to react with larger species such as
aromatics and cyclohexane. This difference in reactivity may also
be due to differences in mechanism between the homologs.

Inhibitors of AMO

Acetylene and allylthiourea (a common Cu chelate) are two of the
first discovered specific inhibitors for NH; oxidation activity in N.
europaea.” While the precise mechanism of action is unknown, it
is speculated that allylthiourea acts as a chelating agent, strip-
ping Cu from the active site of the enzyme. The mechanism by
which acetylene inactivates AMO is also not yet understood, but it
is presumed to bind to amoA.** Inhibition by acetylene follows
irreversible first order kinetics, most likely with inactivation upon
the first enzymatic turnover.® While acetylene is the primary
inhibitor used in many studies of whole-cell N. europaea, it has
been observed that n-alkynes, (n = 2 to 10) are also capable of
inhibition, with larger alkynes (n = 6) being related to faster
inhibition of NH; oxidation.'*® While AOB are quite easily
inhibited by alkynes such as 1-octyne, AOA such as N. viennensis
and Nitrososphaera gargensis do not demonstrate inhibition by
long chain alkyls (n = 5).** This difference between AOA and
AOB has allowed for selective inhibition of AOB and growth of
monoculture AOA, while also suggesting structural or chemical
differences in the enzymatic region where alkynes bind to inhibit
NH; oxidation activity.’®® While resistant to long chain alkynes,
aAMO is significantly more susceptible to inhibition by short
chain alkynes (n =< 5). Inhibition studies using phenylacetylene

© 2026 The Author(s). Published by the Royal Society of Chemistry

have demonstrated alkynes to be a noncompetitive inhibitor in
both AOA and AOB, but the kinetic characteristics between these
two kingdoms are incongruent, suggesting that there may be
differences in the binding site and substrate tolerance between
aAMO and bAMO. Given that aAMO and bAMO appear to have
distinct inhibition profiles, it is important to note that 1,5-hexa-
diyne can act as an inhibitor of ammonia oxidation in both AOA
and AOB while also acting as a fluorescent probe upon in vivo
reaction.” This bifunctional fluorescent probe-inhibitor has
demonstrated applicability across a variety of AOA, AOB, and
comammox bacteria.

Mechanism of AMO

Due to the challenges of obtaining pure AMO, alongside
potential differences from the mechanisms proposed for
PMMO, the mechanism by which AMO forms NH,OH remains
highly speculative. However, two plausible mechanisms serve as
starting points for inquiry. One possibility is H-atom abstrac-
tion directly from NHj;, followed by a radical rebound mecha-
nism involving hydroxyl, in a mechanism resembling that of
cytochrome P450.'” Such a mechanism would require
elevated basicity of the oxygen atom that eventually is incor-
porated into NH,OH.'**'®® Three potential rebound mecha-
nisms are detailed in the scheme below (Scheme 1). The other
mechanistic possibility is oxygen atom transfer directly to NHj3,
to form ammonia N-oxide, which spontaneously rearranges to
form NH,OH. This rearrangement has been proposed to be
thermodynamically favorable, with AG°® = —3.0 kcal mol ™"
determined by computation.'”® Regardless of which mechanism
is operational in vivo, both are heavily influenced by the nature
of the Cu-O interaction and the electrophilicity of the oxygen-
containing species.

Given the multitude of Cu containing sites contained in
AMO, their interplay may be complex. As the Cug site of AMO
and pMMO is highly similar to the His-brace motif observed in
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Scheme 1 Hypothetical AMO mechanisms.

LPMOs, a class of enzyme that demonstrates O, activation at
a mononuclear Cu site, it has been proposed that the Cug site
may be capable of generation of reactive oxygen species.'*>'7*
Computational studies of Cug from pMMO, using QM/MM
methods by Lundgren and coworkers,'”* propose that the Cug
site can form a [CuO]" species (best described as triplet Cu"~
O"7) capable of H-atom abstraction from CH,. This would form
a Cu-bound hydroxyl which may be capable of rebounding to
H,C’, yielding CH;0H. Such a process would begin in a Cu"
resting state and overcome 14.1 kcal mol™* and 12.4 kecal mol "
activation barriers for H-atom abstraction and hydroxyl
rebound, respectively.””* In total, the proposed activation energy
would be less than 17.2 keal mol~".*”* While this gives credence
to the possibility of H-atom abstraction and radical rebound at
the true active site, this study also found that a competing
pathway, in which Cug assists in the formation of hydrogen
peroxide (H,0,) and perhydroxyl radical (HO, ), may be favored
instead."”* Given the previous observation that soluble pmoB
has demonstrated the ability to hydroxylate CH,, it is possible
that the CH;OH observed was from the reaction of ROS gener-
ated by the Cug site and CH,.*® If only pMMO requires the
generation of ROS followed by transfer to the catalytic Cuc (or
Cup) site, and AMO does not, this may also further implicate
differences in the mechanisms of these homologs. Further
evidence for cooperation between the Cug and Cuc/Cuy, site has
been proposed, in the form of a hydrogen bonding network
spanning between Cug and Cuc.*

Parallel ENDOR/cryo-EM studies by Rosenzweig and Hoff-
man®* implicate the Cug, Cup, or a potential binuclear Cuc/Cup,
site as the site of CH;OH formation in pMMO. Given that both
Cuc and Cup, exist in close proximity, containing 2 N-ligands
and 1 O-ligand each, it is possible to infer that O, (or a ROS
from Cug) may bind at one (or both) of these Cu, which can
subsequently engage in substrate hydroxylation.

Outside of the CUMMO family, a variety of other Cu mono-
oxygenase enzymes capable of C-H hydroxylation exist, which
may serve as potential inspiration for future mechanistic
deductions in AMO.">"”* Two primary examples of enzymes
that use Cu and O, for C-H functionalization are the peptidyl-
glycine a-amidating monooxygenase (PHM) subunit of
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Fig. 20 Putative Cu-oxygen reactive

ammonia oxidation.

intermediates capable of

peptidylglycine a-amidating monooxygenase (PAM) and dopa-
mine p-monooxygenase (DBM)."7**7® These species are
proposed to hydroxylate secondary C-H bonds with a BDFE in
excess of 90 kcal mol™" via use of a [Cu-0,""]" intermediate as
part of a radical rebound reaction.'? Given the recently
demonstrated flexibility of PHM, which can change conforma-
tion to shorten the ~14 A Cu-Cu distance to 4-5 A, a highly
dynamic binuclear core may also be operational within
AMO."7**° 1t is possible that pressure from the membrane
pushes the lipid separating Cuc and Cup apart, allowing
formation of the catalytically competent active site. Therefore,
the possibility of a dynamic configuration and the precise role
of this lipid require further investigation. Beyond these enzy-
matic examples, a bent [Cu,0]*" core has been observed within
Cu-ZSM-5, a zeolite capable of methane hydroxylation.'® While
these intermediates (Fig. 20) have been proposed and largely
accepted within other systems, there is still a significant
amount of ongoing work in this area.

Recombinant expression of AMO

While AMO has been purified in active form, consistent and
reliable recombinant access, and therefore mutagenesis,
remains incomplete. One of the compounding barriers is the
low proteomic abundance of AMO in native organisms such as
N. europaea (~5%, total between amoA, amoB, and amoC).**> In
membrane fractions of N. viennensis, amoA, amoB, and amoC
make up approximately 22% of total membrane protein
content.”® Therefore, in a dense culture of a membrane-rich

© 2026 The Author(s). Published by the Royal Society of Chemistry
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organism, large quantities of AMO may be achievable. This is
diminished by difficulty in growing large quantities of AOB,
helping native bAMO to remain elusive. Making aAMO even
further inaccessible are the particularly slow growth rates and
low cell densities of AOA."™® Even if these bottlenecks could be
overcome, developing a complete mechanistic understanding of
AMO would remain difficult without site-directed mutagenesis,
which is unlikely to be achieved with native nitrifiers given the
primary metabolic role of the target enzyme. Heterologous
expression is complicated by the NH,OH produced by AMO,
which is expected to be cytotoxic to any host organisms lacking
means to process NH,OH.

Thus, recombinant expression and access to site-directed
mutations of AMO (and pMMO) have remained a challenge,
despite the high value such an endeavor could yield. To date,
the heterologous expression of complete CuMMO complexes
has largely been restricted to the cloning of a fosmid bearing
HMO into Mycobacterium smegmatis."*>*** These studies did not
include the purification and isolation of recombinant HMO;
focusing instead on observation of substrate oxidation by
whole-cell suspensions.***'** Cells containing the hmoCAB gene
demonstrated the Cu-dependent ability to subsist on short-
chain alkanes (C2-C4), alongside loss of this characteristic in
media lacking Cu or upon addition of allylthiourea."” A
subsequent study of this system demonstrated mutagenesis at
the residues coordinating Cup and Cuc. In mutants where the
proposed Cug site ligands had been individually removed (C-
D139V, C-H143V, and C-D149A), no ethane or butane oxida-
tion activity was observed, suggesting that the Cuc site is
essential for CUMMO activity. This is contrasted with a mutant
at Cug, (B-H155V), which demonstrated significant hydro-
carbon oxidase activity, albeit highly reduced activity relative to
unmutated HMO. Mutations of nearby, noncoordinating resi-
dues, such as C-A151D, showed a decrease in activity that was
markedly larger for butane than ethane, suggesting mutations
in the secondary sphere may allow various CuMMOs to differ-
entiate between their preferred substrate despite high sequence
identity. Soluble fragments of pmoB from M. capsulatus (Bath)
and amoB from N. yellowstonii have also been recombinantly
expressed (vide supra).”*® While a subunit-focused approach
may yield valuable insight into the individual Cu centers of
AMO, it also neglects the potential for dynamic interplay
between the Cug, Cuc, and Cuyp, sites, alongside the potentially
critical possibility of protein-protein or protein-membrane
interactions.

To date, the only reported purification of active AMO was
from expression of affinity-tagged AMO in N. halophilia, an
ammonia oxidizing bacteria.'® To achieve this, a fusion protein
was created, adding (3 x FLAG) tag to the C-terminus of amoaA,
enabling affinity purification of the complete protein complex.*®
This purified AMO can be stabilized by the presence of deter-
gent, although it is worth noting that the cryo-EM structures of
isolated AMO do still show native lipids bound within the
protein complex, suggesting their requirement for activity.'®
The Cu-coordinating residues were identified as D136, H140,
D146, H153 at Cug, and N207, H211, E218, and H225 for Cup,
and preliminary mutagenesis studies have proceeded from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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this.*® To generate mutants, constructs of point-mutated amoC
and FLAG-tagged amoA were generated and electroporated into
N. halophilia.*® All attempts to generate D136A and H225A
mutants did not yield viable cells, likely due to severe impacts
on the ammonia-oxidation activity of the AMO protein and
therefore, the central metabolism of the host.'* Mutations
H140A, H153A, D146A, N207A, H211A, and E218A did yield both
live cells and functional protein, after affinity purification.
These mutants showed ~30% lower ammonia oxidation activity
than the wild type AMO and establishing these residues as
a requirement for catalytic efficiency.'® Preliminary mutagen-
esis has taken place establishing the critical role of the D136
and H225 residues, potentially as targets for future mutagenesis
work.

Another of the fundamental challenges regarding isolation
of AMO is the hydrophobic nature of membrane proteins, which
promotes aggregation and dissolution when removed from the
lipid bilayer environment. Historically, this has been overcome
by use of detergents, however, a variety of novel techniques,
such as lipid bilayer nanodiscs, lipid bicelles, amphipols, and
fluorinated surfactants have been employed in recent years,
demonstrating wide-ranging success.'**'**> As a final potential
method of overcoming these challenges, it may be worthwhile
to investigate the cell-free protein expression (CFPE) of AMO.
Cell-free protein expression has been documented for a variety
of membrane proteins to date.'®**'®” Notably, pMMO has been
expressed and reconstituted into lipid nanodiscs using CFPE
techniques."®® While this preparation did not yield pMMO
capable of CH, oxidation, possibly due to subtle misfoldings or
a lack of hexagonal packing arrays, 2D class averages of negative
stain micrographs demonstrate the formation of the hetero-
trimeric structure, demonstrating the potential for access to
functional CuMMOs via CFPE in the future.'®®

Conclusion

While AMO has proved to be particularly challenging to study
given the difficulties in native protein purification and
recombinant expression, rigorous study has allowed for
continuous improvement in our understanding. Advances in
techniques in membrane protein crystallography and cryo-EM
have allowed for the recent structure of AMO in native
membranes, alongside a variety of structural data for compar-
ison with pMMO. To date, the vast majority of studies of AMO
have required whole-cell assays, given that AMO is particularly
fragile outside of the native organism. Despite this, it has been
observed that AMO has a broad substrate scope not observed in
PMMO, and the differences between the elusive active site of
these two homologs may yield great insight into nature's
fundamental ability to selectively hydroxylate a given substrate.
The differences between bAMO and aAMO are likely affiliated
with the recently discovered amoX, amoY, and amoZ subunits,
which are unique to archaea. These differences may also be
cause for the difference in kinetic parameters regarding the
oxidation of NH; between AOA and AOB, giving insight into
niche partition in nature. Given the poor energetic yields of NH;
as fuel for primary metabolism, understanding how obligatory
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chemolithoautotrophs survive on uncommon fuel can inform
understanding of metabolism and global nutrient cycles. Given
the significant challenges remaining in the field, collaboration
across microbiologists, ecologists, biochemists, and other
specialists involved in the study of nitrification processes will be
essential to uncovering the mechanistic and biological impor-
tance of AMO.

Many avenues exist to progress understanding of AMO. In
the absence of significant quantities of protein acquired from
native biomass, an approach based on the expression and
subsequent combination of individual subunits is desirable.
One possibility is individual expression, purification, and
characterization of amoA, amoB, and amoC, followed by the
subsequent combination of these units. Said combination
could proceed via sequential addition of subunits to either
detergent micelles or lipid nanodiscs. To assist in the solubility
of these constructs, development of fusion proteins containing
the subunit and a solubility tag may be required. A major
advantage of this approach is that the functional protein would
be amenable to site directed mutagenesis, enabling examina-
tion of the role of individual Cu sites.

If only the C subunit can be isolated, this may still provide
viable information. The amoC subunit, assuming it contains
Cu, can be exposed to O, and NH; or CH,. Rapid freeze quench
techniques paired with spectroscopic methods such as reso-
nance Raman, EXAFS, and EPR, may allow observation of some
on-target intermediates, providing fundamental insight into the
electronic structure of the active site and mechanism of AMO.

Beyond this, the structure of aAMO has yet to be experi-
mentally revealed. A cryo-EM structure, preferably in native
membranes and from an archetypical AOA such as N. maritimus,
would be a significant breakthrough, allowing for direct
comparison of the aAMO and bAMO quaternary structure.
Currently, many questions exist surrounding aAMO. Does
aAMO form hexagonal packing arrays like bAMO and pMMO?
How do amoX, amoY, and amoZ interact with the canonical
subunits? Is AMO metalated at Cuc (like bAMO) or Cup (like
PMMO)? These investigations may also begin to pave the way
for understanding of the unique ammonia consumption
kinetics observed across AOA. Furthermore, an understanding
of the relation between various AMOs may paint a clearer
picture of common intermediates and metabolic processes
across a variety of niches in the nitrogen cycle.

Computational methods

AlphaFold 3 was used to generate templated and untemplated
models of the AMO, using sequences from AMO found in N.
europaea ATCC 19718. In the case of the templated model, cryo-
EM data from AMO in native membranes was used.** These
structures excluded the predicted signal sequence on the amoB
subunit. Additionally, two Cu" ions were added to the model.
The templated model yielded scores of ipTM = 0.83 and pTM =
0.85, while the untemplated model scored ipTM = 0.85 and
pPTM = 0.87. Files generated by AlphaFold, and the associated
PYMOL structures, can be found in the supplementary
information.
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Abbreviations

aAMO Archaeal ammonia monooxygenase

AMO Ammonia monooxygenase

AOA Ammonia oxidizing archaea

AOB Ammonia oxidizing bacteria

ATP Adenosine triphosphate

bAMO Bacterial ammonia monooxygenase

BDFE Bond dissociation free energy

CcO Cytochrome ¢ oxidase

CFPE Cell-free protein expression

CuMMO Copper membrane monooxygenase
Cryo-EM  Cryogenic electron microscopy

DM Dopamine f-monooxygenase

DMSO Dimethylsulfoxide

EDTA Ethylenediamine tetraacetic acid

ENDOR Electron-nuclear double resonance

EPR Electron paramagnetic resonance

EXAFS Extended X-ray absorption fine structure
LPMO Lytic polysaccharide monooxygenase

HMO Hydrocarbon monooxygenase

HERFD High-energy resolution fluorescence detected
HNO Nitroxyl

N,OR Nitrous oxide reductase

HAO Hydroxylamine oxidoreductase

NCBI National center for biotechnology information
NH; Ammonia

NH," Ammonium

NO Nitric oxide

NOB Nitrite oxidizing bacteria

PAM Peptidylglycine a-amidating monooxygenase
PHM Peptidylglycine a-hydroxylating monooxygenase
pMMO Particulate methane monooxygenase

ROS Reactive oxygen species

sMMO Soluble methane monooxygenase

SSN Sequence similarity networks

TFB 4,4,4-Trifluorobutanol

TFE Trifluoroethanol

™ Transmembrane

XANES X-ray absorption near edge spectroscopy

Data availability

The AlphaFold 3 model of the N. europaea AMO trimer is
available from the corresponding author upon request.
Supplementary information: tables of AMO substrates and
inhibitors including reaction conditions under which these
substances were tested as well as the ammonia and ammonium
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