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Methane-utilizing bacteria (methanotrophs), which inhabit various environments such as wetlands, rice
paddies and the surface of aquatic plants are known to convert methane to methanol using methane
monooxygenase enzymes (MMOs). There are two distinct types of MMOs: the copper-containing
membrane-bound enzyme (pMMO) and the iron-containing soluble enzyme (sMMO). Since MMOs catalyze
methane oxidation at ambient temperature and pressure, they are potential biocatalysts for industrial
methanol production from methane. Understanding the mechanism of the MMO-catalyzed reaction is
crucial to develop a new biocatalyst. The catalytic mechanism of MMO has been extensively studied in
aspects of enzyme kinetics, protein structure, spectroscopy, biomimetic chemistry and computation. Based
on these studies, the catalytic mechanism of sMMO s relatively well understood, and a rigid catalytic
Received 29th May 2023, mechanism is proposed. On the other hand, the studies of pMMO are still at their early stages and there
Accepted 28th September 2023 are debates as to which of several copper sites are the true active sites. In this review, we describe our
DOI: 10.1039/d3cy00737e current knowledge of MMOs including the metabolism, regulation of expression, their enzymatic
properties, and the structural and biochemical features. We summarize recent structural and biochemical

rsc.li/catalysis studies of pMMO and discuss the future directions to develop efficient and robust biocatalysts.
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fermentation) or CO, (methanation)."”> Along with the
progress in the technological and conceptional development
of “carbon neutral methane” production, there are great
expectations for methane as a carbon and energy source in a
decarbonized society.® In the production of useful
compounds from methane, it is desirable to convert it into
methanol, which is used as a raw material for various
chemical products.* However, there are no feasible industrial
processes for producing methanol by direct oxidation of
methane. At present, methanol is produced through an
indirect reaction using synthesis gas (syngas), which contains
mainly CO and H,, produced from natural gas or coal at high
temperatures, pressures and energy inputs.>® Therefore, the
development of novel catalysts for the direct oxidation of
methane to methanol under ambient conditions is highly
desirable especially for application in biotechnology.

In nature, there is a group of microorganisms (C;
microorganisms) that utilize C; compounds such as methane
and methanol as carbon and energy sources.”® C,
microorganisms are ubiquitously found in
environments and contribute to drive the global carbon cycle
(methane cycle) between the two major greenhouse gases
methane and CO,.”'° In the methane cycle, methane is
produced by methanogenic archaea in anaerobic
environments such as wetlands, paddy fields and the rumen
of cattle. The annual emission of methane is estimated to be
560 Tg,""'> however, this value may be underestimated
because it has recently been reported that methane is
produced from methyl radicals generated by the action of
reactive oxygen species in the cells of plants and other
organisms even in an aerobic environment.">'* More than
80% of the methane released into the atmosphere is oxidized
by hydroxyl radicals, and most of the rest is consumed by
methane-utilizing bacteria (methanotrophs) before being
released into the atmosphere.” Methane monooxygenases
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(MMOs) of methanotrophs are responsible for the oxidation
of methane to methanol under ambient temperature and
pressure.'”"® Besides MMOs, ammonia monooxygenase and
butane monooxygenase have been reported to be able to
oxidize methane.”®>" MMOs are the sole enzymes responsible
for the physiological oxidation of methane to methanol and
the use of methanotrophs or MMOs has been thought to be
promising for direct oxidation of methane to methanol and
the production of useful compounds from methane since the
1970s.>> However, due to problems with the large-scale
preparation of MMOs or cells of methanotrophs and the low
stability of MMOs, they have not been used in industrial
applications yet.

In this review, after overviewing the physiology of
methanotrophs and general properties of MMOs, we describe
the current understanding of the structural features and
reaction mechanisms of pMMO. Finally, attempts to develop
efficient and robust biocatalysts for methane oxidation and
future perspectives are described.

2. Methanotrophs and methane
metabolism
2.1 Physiology and classification of methanotrophs

Methanotrophs inhabit both aerobic and anaerobic
environments, but we focus on aerobic methanotrophs in
this review. Anaerobic methane oxidation has been described
elsewhere.'®**** Fig. 1 summarizes the general methane
metabolism in aerobic methanotrophs. The first reaction of
methane oxidation in aerobic methanotrophic bacteria is
catalyzed by two types of methane monooxygenases, namely a
membrane-bound copper-containing particulate methane
monooxygenase (pMMO) and a cytosolic soluble methane
monooxygenase (sMMO).>> pMMO is located in the
characteristic intracellular membrane structure in most
methanotrophic bacteria, but sSMMO is found only in the
cytosol of some methanotrophic bacteria.>® Methanol is
oxidized to formaldehyde by pyrroloquinoline quinone
(PQQ)-dependent methanol dehydrogenases (MDHs)."” In
addition to the conventional calcium-dependent MDH
(MxaFI), the lanthanide-dependent MDH (XoxF) has recently
emerged as an important enzyme for methanol metabolism
in natural environments.”’ *° Formaldehyde is further
metabolized by the oxidation pathway to obtain energy and
the assimilation pathway to become cellular components.
There are two major types of formaldehyde assimilation
pathways, the ribulose monophosphate (RuMP) pathway and
the serine pathway.”'> Some methanotrophs possess the
Calvin-Benson-Bassham (CBB) cycle for the fixation of
C02.30’31

Most  aerobic  methanotrophs  belong to the
a-Proteobacteria, y-Proteobacteria and Verrucomicrobia.*?
Classically, the proteobacterial methanotrophs are divided
into type I and type II based on their taxonomy at phylum
level, and physiological and morphological traits.”** Type I
methanotrophs  belong to y-Proteobacteria  (families
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Fig. 1 General methane metabolism in aerobic methanotrophs.

pMMO, particulate methane monooxygenase; sMMO, soluble methane
monooxygenase; MDH, methanol dehydrogenase; Ln**, lanthanide ion;
CH=H,F, methylenetetrahydrofolate, RuMP, ribulose
monophosphate; CBB, Calvin-Benson-Bassham.

Methylococcaceae and Methylotermaceae) and utilize the RuMP
pathway for formaldehyde fixation. Type II methanotrophs
belong to o-Proteobacteria (families Methylocystaceae and
Beijjerinckiaceae) and utilize the serine pathway. A
representative methanotroph Methylococcus capsulatus Bath is
classified as type X because it has both RuMP and serine
pathways.” Verrucomicrobia, which have been discovered
relatively recently, are not included in the conventional
classification. =~ Verrucomicrobial = methanotorphs  are
extremophiles living in acidic geothermal ecosystems and
they possess only pMMO.** Very recently, Candidatus
Mycobacterium methanotorophicum belonging to
Actinobacteria has been reported to have methanotrophic
traits.> Methane oxidation in this species is catalyzed by
sMMO and formaldehyde fixation by the RuMP pathway.

Almost all methanotrophs are obligate C; utilizers, ie.,
they utilize only methane or methanol, while some species in
the genera Methylocella, Methylocapsa, Methylooceanibacter
and Methylocystis were found to be facultative methanotrophs
that can utilize multi-carbon compounds, such as acetate,
ethanol and short-chain alkanes.*” All known Methylocella
strains and Methylooceanibacter methanicus R-67171 possess
only sMMO, whereas other facultative methanotrophs
possess only pMMO or both.*?
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2.2 Structure of MMO genes and their regulation

PMMO and sMMO have completely different properties with
respect to substrate specificity, metal ions involved, and
protein structure. pMMO has a trimer of heterotrimers
consisting of three subunits, PmoA, PmoB, and PmoC,
encoded by the pmoCAB gene operon (Fig. 2).*°3” The
structure of pMMO is described in the section 3.4.*” Some
methanotrophs of the Methylocystaceae family produce
methanobactin, a peptide with high affinity to Cu(i) ion
which contributes copper ion trafficking into the bacterial
cells.’®?*® Another example of the copper collection is a
surface-bound protein (MopE) and a secreted form of it
(MopE*) in M. capsulatus.*®

SMMO has a binuclear iron-active center, and recently, the
structure of important chemical species involved in the
reaction have also been elucidated."®*° sMMO consists of a
hydroxylase (MMOH) that catalyzes methane hydroxylation, a
regulatory protein MMOB, and a reductase MMOR. MMOH is
a dimer of heterotrimers encoded by the mmoXYZ genes
(Fig. 2)."®® The o subunit has a binuclear iron active center,
where the activation of molecular oxygen and the oxidation
of methane take place. MMOR, encoded by the mmoC gene,
contains FAD and an iron-sulfur cluster (2Fe-2S). It accepts
electrons from NADH, and reduces the active center of the a
subunit. MMOB, which is encoded by the mmoB gene,
regulates the transfer of electrons.'® Furthermore, the mmo
gene cluster contains the mmoG gene, which encodes a
chaperone-like protein that mediates protein folding, and the
mmoD and mmoR genes, which are thought to be involved in
the regulation of gene expression.**>

In methanotrophs, which have both pMMO and sMMO,
the production of pMMO is up-regulated and sSMMO is down-
regulated at the transcriptional level under copper-ion rich
conditions.>® sMMO is expressed when the copper/biomass
ratio is low and down-regulated in high copper conditions.
This type of regulation is known as the copper switch. The
copper switch has been well investigated at the molecular
level using a representative methanotroph, Methylosinus
tricosporium Ob3B. Several genes, rpoN, mmoR, mmoG and
mmoD, were found to play key roles in the regulation of
expression of the mmo operon.*> Methanobactin may also
contribute to the Cu sensing mechanism and the regulatory

A

pmoC  pmoA
B

pmoB

mmoR orf? mmoG mmoX mmoY mmoB mmoD
mmo.

Z ~mmoC

Fig. 2 Gene organization of pMMO- and sMMO-encoding operons of
M. trichosporium OB3b. (A) The pMMO operon. The pmoA, pmoB, and
pmoC encode three subunits of pMMO, PmoA (24 kDa), PmoB (47
kDa), and PmoC (22 kDa). (B) The sMMO operon. The mmoX, mmoY,
and mmoZ encode three subunits of MMOH, o (60 kDa), B (45 kDa),
and vy (19 kDa).

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cy00737e

Open Access Article. Published on 29 September 2023. Downloaded on 6/14/2026 4:31:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

genes associated with methanobactin, mbnl and mbnR, may
play a role in the copper switch."

SMMO belongs to a large enzyme family of soluble diiron
monooxygenases (SDIMOs), which catalyze the oxidation of a
wide range of hydrocarbons including short-chain alkanes,
alkenes, and aromatic compounds.**** SDIMOs consist of six
groups based on DNA sequence, gene organization, subunit
composition, and substrate specificity. SMMOs are part of
group 3. The facultative methanotrophs belonging to
Methylocella sp. have a group 5 SDIMO, propane
monooxygenase (PrMO), in addition to sMMO, and can
utilize propane as a carbon source.***® In Methylocella
silvestris, the sMMO genes but not the PrMO genes are
expressed during growth on methane, whereas both genes
are expressed during growth on propane.*’

3. Biochemistry of particulate
methane monooxygenase

The nature and the catalytic mechanism of SMMO have been
extensively studied using biochemistry, spectroscopy, X-ray
crystallography and cryo-electron microscopy (cryo-EM), and
a plausible catalytic mechanism has been proposed.*’ The
structure, function and catalytic mechanism of sMMO, has
been reviewed elsewhere.'®'??*%® On the contrary, despite
the fact that many active researches have been carried out,
the nature of the active site structure and the catalytic
mechanism of pMMO are still controversial, although pMMO
is a chemically and biotechnologically very important
enzyme.'®'” In this section, we shortly review some critical

Table 1 Character of purified pMMO
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experimental results about pMMO to understand the current
status of the study of this enzyme for further development.

3.1 Solubilization and purification of pMMO

PMMO is located in the inner cell membrane of
methanotrophic bacteria®” and is fractionated into the
particulate fraction of the cell extract (Table 1). The
occupancy of pMMO in the membrane protein fraction is
very high, accounting for ~80% of the membrane proteins
and ~20% of the total proteins in the cells.*”*® The presence
of such a large amount of pMMO in the cells implies a
relatively low specific activity of this enzyme compared to the
other metabolic enzymes. Comparison of the washed
membrane fractions obtained from M. capsulatus showed
that the copper-enriched cells contained significantly more
copper ions.*

The activity of pMMO is unstable, and upon when cells
are disrupted, much of the methane monooxygenase activity
found in the whole cells disappears (Table 1). Nevertheless, it
is possible to purify pMMO by tracking the residual
enzymatic activity. To purify the membrane protein from the
particulate fraction, the membrane protein is solubilized by
using detergents. Again, much activity is lost in the
solubilization step. The Dalton group reported solubilization
of pMMO by using dodecyl-B-p-maltoside as a detergent,
which abolished the enzyme activity, but the addition of egg
or soybean lipids reactivated the enzyme,’® which suggests
that lipids are required to maintain the active structure of

pPMMO. This finding is supported by reports on the effect of

Specific activity (mU mg™)

Whole Membrane Metal
cell fraction Solubilized  Purified ions/heterotrimer EPR signals References
Methylococcus capsulatus 60.5 10.4 9.86 11.1 14.6 £ 1.9 Cu Type 2 Cu Zahn et al. 1996
Bath” (273 000)? (28000)” (19.000)° (11000)” 2.5+ 0.7 Fe High-spin Fe  (ref. 55)
Broad low-field
Methylococcus capsulatus 9.66-12.5 2.6-5.1 12.4-15 Cu Type 2 Cu Nguyen et al.1998
Bath® Fe, not detected ~ Broad-isotropic (ref. 54)
Cu
Methylococcus capsulatus 21 (NADH) n.d. (NADH) n.d. (NADH) 4.8 +0.8 Cu® Type 2 Cu Lieberman et al. 2003
Bath? 16 3.9 17.7 1.5 + 0.7 Fe® (ref. 58)
(duroquinol) (duroquinol) (duroquinol)
Methylosinus trichosporium 2.3 (668)° 0.24 (35)° 0.47 (5.7  12.8Cu Type 2 Cu Takeguchi et al. 1998
OB3b (30 °C)’ 0.9 Fe High-spin Fe  (ref. 57)
Methylosinus trichosporium 2.2 (NADH) n.d. (NADH) 2 Cu Type 2 Cu Miyaji et al. 2002
OB3b® 3.8 3.3 High-spin Fe (ref. 56)
(duroquinol) (duroquinol)
Methylocystis sp. M" ~500 ~250 Not 0-10 1-3 Cu Not tested Gvozdev et al. 2006
(CHy) (methane)  reported (methane) (ref. 60)
~70 05 (propene) 0.08-1 Fe
(propene)

“ The enzyme assay was performed at 45 °C by measuring propylene epoxidation with duroquinol, in which the whole cell activity was
measured using formate as the reductant. b Total activity. © The enzyme assay was performed at 45 °C using propane, butane oxidation or
propene epoxidation. NADH was used as the reductant. ¢ The enzyme assay was performed at 45 °C by measuring epoxidation of propylene
with NADH. ¢ The metal was calculated per 200 kDa dimer of heterotrimer./ The enzyme assay was performed at 30 °C by measuring propene
epoxidation with duroquinol. ¢ The enzyme assay was performed by measuring propylene epoxidation with NADH or duroquinol. ” The enzyme
assay was performed by measuring methane oxidation or propene epoxidation with duroquinol.

This journal is © The Royal Society of Chemistry 2023
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lipid structures (bicelles and nanodiscs) on the pMMO
activity (see below).>'”>* However, in most of the reports,
active pMMO was purified from the detergent-solubilized
fraction by column chromatography using detergent-
containing buffer solutions.>>>*

Tonge et al first purified pMMO from M. trichosporium
0B3b.”® They followed the enzymatic activity by measuring the
conversion of methane to methanol using ascorbic acid as an
electron donor. However, the size of the proteins in the purified
fraction differed from the standard protein composition of the
subsequently purified pMMO. Zahn and DiSpirito purified
pPMMO, which has a typical pMMO subunit composition, from
M. capsulatus Bath, in which the total activity from the whole
cells was reduced to 10% by disruption of the cells, and
subsequent solubilization resulted in a 67% yield.>® In total,
4% of the pMMO activity from whole cells was obtained in the
purified fraction (Table 1). The specific activity of the purified
enzyme was 11 mU mg ", where one U of enzyme is defined as
the activity of catalyzing 1 umol propylene epoxidation per
minute with duroquinol as the reductant.”® Later, Nguyen et al.
also reported the purification of pMMO from the same
organism, where the specific activity of the purified enzyme
was 2.6-5.1 mU mg ™ ".>* In addition, Liebermann et al. reported
a slightly higher activity (17.7 mU mg™) of the purified enzyme
from the same organism.’® In the case of Methylocystis sp. M,
50% of the cellular activity was recovered in the membrane
fraction, but less than a few percent of the enzyme activity was
detected in the purified enzyme.®® In the case of M.
trichosporium OB3Db, less than 1% of the activity in the
membrane fraction was obtained in the purified fraction, in
which the final specific activity was 0.5 mU mg ".*” Thus, the
yield of isolating pMMO activity from cells is generally very low.

Purified pMMO contains copper ions. However, the
amount of copper ions in purified pMMO preparations varies
(Table 1). Partial removal of the copper ions by EDTA from
purified pMMO from M. trichosporium OB3b and M.
capsulatus Bath decreased the enzyme activity and addition
of external copper ions reactivated the enzyme.®"™® A
stimulating effect of addition of copper ions on the pMMO
activity of the membrane fraction of M. capsulatus Bath was
reported, in which the Cu(u) electron paramagnetic
resonance (EPR) signal increased with MMO activity.**®®
Thus, the copper ions are critical for the enzymatic activity of
pMMO but they are only loosely bound to the protein, and
addition of external copper ions can restore the copper site
by diffusing into the binding sites. This finding suggests that
the loosely bound copper ions in pMMO should be simple
copper ions complexed by amino-acid residues rather than
complicated metal complexes. In addition, these observations
suggest that the copper active site is likely exposed to the
solvent and not deeply embedded in the protein core.
Interestingly, copper ions are also inhibitory at higher
concentrations,” suggesting that external copper ions may
bind to the active site copper complex. The reversible binding
of copper ions to the pMMO provides some clues to the
character of the active site; however, this property makes it
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difficult to determine the number and character of copper
ions in purified pMMO.

3.2 pMMO activity assay

PMMO oxidizes a wide range of substrates including alkanes
and alkenes.®® Most of the purification work used propylene
epoxidation activity rather than methane oxidation because
of the difficulty of detecting the latter reaction. As
summarized by Koo et al., many of the purified pMMOs show
no enzymatic activity against methane unless reconstituted
with lipids.”® The use of the propylene epoxidation assay is
based on the hypothesis that methane oxidation and
propylene epoxidation are catalyzed by the same active site. If
the enzymatic activity of the purified pMMO preparations has
not been determined by the methane oxidation assay, the
data should be interpreted with caution.

The direct physiological reductant of the pMMO reaction
has been proposed to be the reduced form of quinone or
NADH. NADH is the physiological electron donor of sMMO
and this electron carrier should be involved in the reaction
sequence of metabolism involving the pMMO reaction. In
fact, membrane-fractions and some purified pMMO
preparations use NADH as an electron donor (Table 1).
Quinol is reproduced from quinone by membrane enzymes
involved in the respiratory chain. Choi et al. purified pMMO
from M. capsulatus Bath as a complex with type 2 NADH:
quinone oxidoreductase.®” This finding supports the
hypothesis that quinone is the direct electron carrier for
PMMO. However, it was recently shown by cryo-electron
tomography that pMMO molecules themselves form higher-
order hexagonal arrays in intact cells,”” suggesting that
PMMO and type 2 NADH:quinone oxidoreductase do not
always form a tight complex. Most enzyme assays use a
quinonol analog, duroquinol, but some purified pMMO show
activity when using NADH,'” which may be mediated by
minute amounts of contaminating type 2 NADH:quinone
oxidoreductase.®”

The use of duroquinol as a reductant in the pMMO
reaction was introduced by Shiemke et al.®® This compound
is an analogous to biological quinoles but with relatively
higher solubility in water-based solutions. The redox
potential at pH 7 of duroquinol is +7 mVv.*® Duroquinol is a
useful compound for detecting pMMO activity; however, great
care must be taken when measuring the enzyme preparation
with very low pMMO activity. This is because duroquinol
reduces O, to form H,0,,”® which becomes a hydroxy radical
and oxidizes methane.”* The pMMO preparation contains a
certain amount of copper ions, which accelerate the
formation of H,0, and the hydroxy radical.”>»”® Therefore,
the pMMO activity measured in the presence of duroquinol
and copper ions shows a certain background of the non-
specific methanol-producing activity. This background
activity can mislead the enzymatic activity of the pMMO.

To confirm non-enzymatic methane oxidation in the
presence of duroquinol or H,0,, we tested the methane

This journal is © The Royal Society of Chemistry 2023
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oxidation using [**C]-methane as a substrate. We added 5
mg of duroquinol or 500 mM of H,O0, in 250 upl of
phosphate-buffered saline pH 7.0 in a 7.7 ml sealed vial,
into which 5 mL of [**C]-methane was injected, and
incubated the vial at 28 °C or 35 °C for 4 h. We quantified
the amount of [**C]-methanol in the reaction mixture by
gas-chromatography coupled to mass-spectrometry (GC/MS)
analysis. The reaction rates at 35 °C were estimated to be
3.0 x 107> uM min~" (duroquinol) and 6.8 x 107> uM min™"
(H20,). These rates are comparable to the production of
methanol by the heterologously-produced soluble-domain of
the PmoB subunit (spmoB) reported by Ross et al
(approximately 10 uM methanol production for a 1 h
reaction at 45 °C).”' Thus, we confirmed that duroquinol
and H,O0, caused non-enzymatic oxidation of methane at
ambient temperature in the absence of a biological or
artificial catalyst.

3.3 Inhibitors of pMMO

The inhibitors of pMMO can be classified into three types; (i)
analogs of the substrate or product of pMMO:
acetylene,”>’*”>  duroquinol,”®  duroquinone,””  and
oxygen®>® and H,0,;’® (ii) chelating or metal-binding
reagents: azide,”” cyanide,”*®’® EDTA,*® and nitrite;”" and
(iii) metal ions: copper,” zinc.*® Acetylene and acetylenic
compounds react with O, and reducing equivalents and
irreversibly inhibit pMMO by binding the reaction product to
the protein.”” Isotope labeling with [**CJ-acetylene showed
that the reaction product localized to the 26-27 kDa band on
SDS-PAGE, the size of which corresponds to the PmoA
subunit of pMMO.>>”> On the other hand, Pham et al
reported that the acetylene-reaction product is bound to the
residue of PmoC.”* Because the reaction product of acetylene,
ketene, can move from the active site to another position in
the protein, exact localization of the active site is not easy to
determine.”

The inhibitory effect of chelating or metal-binding
inhibitors suggest that the active site of pMMO is composed
of metal ions. Treatment with cyanide or EDTA partially
removed copper ions from pMMO and decreased the enzyme
activity,’’®* indicating that the copper active site is located
in the hydrophilic region of pMMO. Zinc is found in the
crystal structure when zinc compounds are present in the
crystallization solution. The zinc ion is located at the
probable copper binding site; therefore, zinc could inhibit
the MMO activity by displacing the copper. The zinc-
substituted metal-binding site is identified in the Cuc site of
the PmoC subunit (see below), which suggests that the Cuc
site may be the active site of pMMO.”"*® Inhibition by copper
ions suggests that external copper ions may interact with the
endogenous copper site, which could form an artificial
multinuclear copper cluster. Oxygen affects the activity and
oxidation states of pMMO; therefore, most of purification
experiments were performed under anoxic
conditions.>*%>°H7¢
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3.4 Protein structure of pMMO

To discuss the structure and function of the metal centers of
PMMO, it is essential to have three-dimensional coordination
information. The first protein crystal structure was obtained
by the Rosenzweig group using pMMO purified from M.
capsulatus Bath.>’ The 2.8 A crystal structure showed a
conformation of a trimer of the heterotrimer composed of
the 24 kDa PmoA, 47 kDa PmoB, and 22 kDa PmoC (Fig. 3).
The PmoA and PmoC subunits are mainly composed of
transmembrane helices, which is typical for membrane
anchoring proteins. PmoB is mainly located in the cytosolic
region and is anchored to the membrane by a hydrophobic
domain. There are electron densities corresponding to a
mononuclear metal site (Cu,) and a dinuclear metal site
(Cug) in PmoB, and a mononuclear metal site in PmoC. X-ray
anomalous Fourier maps indicated that the metals at the
metal binding sites are copper in PmoB and zinc in PmoC.
The zinc-binding site in PmoC could be a site for the copper-
binding site in the native form of the enzyme; therefore, this
metal site is referred to as the Cug site.®” A zinc ion could be
incorporated from the crystallization solution and replaced
by the native copper ion.”*"®" Analysis of the purified pMMO
indicated the presence of 2 to 15 copper ions and 2 iron ions,
but no further binding sites for copper and iron ions were
detected in the X-ray crystal structure.®”

In addition to pMMO from M. capsulatus Bath,
PMMOs from M. trichosporium OB3b,** Methylocystis sp.
M,”® Methylocystis sp. Rockwell,*® and Methylomicrobium
alcaliphilum 20Z°" were analyzed by X-ray crystallography.
The metal-binding sites of the pMMO structures found
in pMMO from M. capsulatus Bath are not fully
conserved among the different pMMOs (Table 2). The
Cug site in PmoB of the pMMO structure in M.
alcaliphilum 20Z and Methylocystis sp. Rockwell was
modeled as a mononuclear copper site, and that of
Methylocystis sp. M was modeled as a mixture of
mononuclear and dinuclear copper sites (Fig. 3D and E).
The Cu, mononuclear copper site was not reproduced in
other crystal structures of pMMO (Table 2), although the
density was observed in the cryo-EM structures.”>®* At
the Cuc mononuclear metal site of PmoC, a copper ion
was identified in the structure of M. trichosporium OB3b
and Methylocystis sp. Rockwell, and zinc was observed in
the structure from Methylocystis sp. M. In the crystal
structure of pMMO from M. alcaliphilum 20Z, 60% of
the structure of PmoC was disordered and the Cug
metal site was not observed.”® The purified samples for
crystallization show no or very low activity, which is one
of the reason for the difficulty in studying the
structure-function relationship of the metal site.>

To overcome the instability of pMMO, the Rosenzweig
group reported the stabilization of the purified pMMO by
reconstitution of a solubilized membrane protein in a lipidic
environment using bicelles and nanodiscs, and successfully
increased the specific activity of the pMMO preparation.>*>*
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Fig. 3 Cartoon model of the structure of pMMO and the metal sites. (A) Overall structure of pMMO from M. capsulatus in heterotrimer (PDB code
1YEW). The cartoon models of the PmoA, PmoB, and PmoC are shown in orange, blue, and green, respectively. The modeled copper and zinc ions
are shown as brown and gray spheres, respectively. The ligand structure of Cua, Cuc and two types of Cug are shown in the panels B-E. The Cug
site was modeled only in one of the cryo-electron microscopy structure (Table 2) but not detected in the crystal structure; therefore, the CuE site
metals are not depicted in this panel. (B) Cu, site of pMMO from M. capsulatus (PDB code 1YEW). (C) Cuc site of pMMO from M. capsulatus
(IYEW). Glu195 is tentatively assigned to bind 2.9 A away from the Zn site. (D and E) Mononuclear (D) and dinuclear (E) models of the Cug site in

pPMMO from Methylocystis sp. M (PDB code 3RFR).

The active reconstituted pMMO in lipid nanodiscs was used
for the structural analysis by cryo-EM.>® As shown in Table 2,
the 2.14-2.46 A cryo-EM structure of the nanodisc-stabilized
PMMO from M. capsulatus Bath revealed the presence of a
new metal site in PmoC, which is proposed to be a
mononuclear copper site. We refer to this metal site as Cup;
to distinguish it from a copper D site in PmoA proposed by
the Chan group, which is referred to as Cup, in this review.
The protein region at the Cup, site in PmoC was stabilized by
embedding into lipid nanodiscs. The authors proposed that
the Cup; site is the actual methane oxidation active site,
which was not visible in the structural analysis of inactive
pMMO without stabilization by lipids. The Chan group also
reported a 2.5 A cryo-EM structure of pMMO from M.
capsulatus Bath, which was solubilized using the detergent
n-dodecyl-B-p-maltoside.*> In the cryo-EM density, they
modeled several copper ions at the Cup, site in PmoA and at
the Cug sites in PmoB (Table 2). In the detergent-solubilized
PMMO structure, the Cup, site was not observed. On the
contrary, the Cup, and Cug sites were not observed in the

6348 | Catal Sci. Technol., 2023,13, 6342-6354

nanodisc-stabilized structure. The quality of the cryo-EM
density maps appears to be too low to be used for the
discussion of the metal ligand. The presence of the metal
ions at the sites must be confirmed by anomalous scattering
of the crystal structure and/or careful X-ray absorption
spectroscopy (XAS) analysis combined with mutation
analysis.

3.5 Copper complex structures based on spectroscopy
analyses

3.5.1 Trinuclear copper center. The trinuclear copper
center of pMMO was proposed by the Chan group. The EPR
spectroscopic analysis of the membrane fraction and purified
PMMO revealed the presence of a type 2 copper and a broad
isotropic signal. The isotropic signal was interpreted as the
presence of the trinuclear copper cluster in pMMO.***
Nguyen et al. proposed that the pMMO preparation contains
15 copper ions as five trinuclear copper clusters.”® The Chan
group has also provided experimental results supporting the

This journal is © The Royal Society of Chemistry 2023
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Table 2 Character of the partially conserved active-site metals in the pMMO structures

Modeled metals in the structure of the pMMO subunits and the coordinating

residues

PmoB PmoB PmoC PmoC PmoA PmoB
Microorganism Resolution Cuy Cug Cug Cup, Cup, Cug Ref.
Crystal structure
Methylococcus capsulatus 2.8 A Cu Cu-Cu (2.57 A)* Zn No metal No metal = No metal Lieberman et al.
Bath (1YEW) ) HysHy, HaysHigsHize  DiseHigoHizsEaros 2005 (ref. 37)
Methylosinus trichosporium 3.9 A No Cu-Cu (2.52 A)* Cu No metal No metal  No metal Hakemian et al.
OB3b (3CHX) metal  H,oH,;,,H, 46 D120H133H146E 00 2008 (ref. 81)
Methylocystis sp. M (3RFR) 2.68 A No Cu-Cu or Cu” Zn No metal No metal = No metal Smith et al. 2011

metal HjoH133H135 Di20H133E146 (ref. 79)

(2.52-2.64 A)*
Methylocystis sp. Rockwell 2.59 A No Cu Cu No metal No metal  No metal Sirajuddin et al.
(4PHZ) metal  HyoH,;35H, 35 DisoH133H146 2014 (ref. 80)
(2.48 A)°
Methylomicrobium 2.7 A No Cu No metal? No metal No metal = No metal Ro et al. 2018
alcaliphilum 20Z (6CXH) metal  Hz3H;37H 30 (ref. 51)
Cryo-EM structure
Methylococcus capsulatus 2.6 A Cu Cu-Cu No metal No metal Cu-Cu’ Cu-Cu Chang et al. 2021
Bath (7EV9) HagH72 HasHizzHize H3sMusE100 T281Nz06D305 (ref. 82)
cw
. Ez16
Methylococcus capuslatus — 2.14 A Cu Cu No metal Cu No metal  No metal Koo et al. 2022
Bath (7S4H) HagHy HasHyzoHise NoprHasy (ref. 53)
Hjas

“ Distance between two Cu ions by EXAFS measurement. ° A Cu-Cu site is modeled in one of three pmoB subunits, in which the other two
PmoB subunits were modeled with a single copper ion. ¢ The crystal structure showed single a Cu ion but EXAFS showed a Cu-Cu cluster at a
distance of 2.48 A. ¢ Most of the PmoC structure is disordered. ¢ The methyl carbon of Met,, is modeled to coordinate to a Cu ion in the
distance of 1.9 A./ The modeled mononuclear Cu is coordinated only to a single E;;6, in which the other proposed coordination residues are
too distant to ligate; Tyr330 (3.2 A from the modeled Cu), Arg323 (3.6 A) and Arg400 (4.0 A).*>

presence of the trinuclear copper site, such as theoretical
calculation,*"** potentiometric titrations®> and the synthesis
of trinuclear copper complexes that catalyze H,O, or O,
activation and hydrocarbon oxidation.®*™%°

However, the majority of experimental results contradict
the hypothesis of the presence of a trinuclear copper site. All
structural analyses do not show the presence of the trinuclear
copper center (see Table 2). In addition to the data of
purified pMMO shown in Table 1, the EPR studies on the
samples of M. capsulatus,’*"°> M. trichosporium OB3b,*!
Methylocystis ~ sp.  M,*®° M. dalcaliphilum  20Z,>"
Methylomicrobium album BG8,°*** did not show the presence
of the trinuclear copper center. Takeguchi et al. discussed an
EPR signal attributable to the trinuclear clusters in the
purified pMMO from the M. trichosporium OB3b fraction,”’
but in a later study, the same group concluded the absence
of such an EPR signal using pMMO from the same organism
with an improved purification method.*®

3.5.2 Dinuclear copper center. Once a dinuclear copper
cluster was modeled in the crystal structure of pMMO,*’
extended X-ray absorption fine structure (EXAFS) analysis of
pPMMO from several organisms was performed extensively in
parallel with the crystal structure analysis and showed the
presence of the dinuclear copper site.’”*"7?"8" Exceptionally,
the EXAFS data of the bicelles-stabilized pMMO from M.
alcaliphilum 20Z showed the presence of only mononuclear
copper site according to its crystal structure.”’ Notably,

This journal is © The Royal Society of Chemistry 2023

PMMO from anaerobic methanotrophic bacteria belonging to
Verrucomicrobia does not contain the Cug-ligating amino
acids,** which suggests that the possible dinuclear Cuy site
of the PmoB subunit is not the universal active site of
pMMO.”*

3.5.3 Mononuclear copper center. Recent studies indicated
that pMMO contains only mononuclear sites.”">°® Ross
et al. reported the spectroscopic analysis of pMMO in whole
cells of M. capsulatus to avoid disturbance of the copper
content during the extraction and purification of the pMMO
samples.”" In the study, the copper ions and nitrogen atoms
were enriched with ®*Cu and "N isotopes, respectively. The
whole cell samples showed a type 2 Cu EPR signal with four
N equatorial ligands. Electron nuclear double resonance
(ENDOR) spectroscopy detected a copper ion ligated with four
>N and weakly coupled resonances from uncoordinated '°N
of histidyl imidazoles bound to Cu(u), in which an amino
group coordinated to Cu was also detected. The EPR and
ENDOR data indicated the Cug site as a mononuclear copper
site although it was previously modeled as a dinuclear copper
site. These data indicate that pMMO contains two
monocopper sites at the Cuc site identified in PmoC and at
the Cug site in PmoB. When pMMO was inhibited by nitrite,
the signal of the Cuc site changed, which suggested that the
Cuc mononuclear copper site was responsible for the
activity.”' These spectroscopic data were also confirmed using
the pMMO preparations from Methylocystis sp. Rockwell.”®
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The Holmes group reported that the Cuc site of an alkane
monooxygenase (a pMMO homolog) is absolutely essential
for the activity by mutational studies, although the Cug site
plays a role in supporting the pMMO activity.”” Thus, these
experiments indicated that the mononuclear Cuc site located
in the PmoC subunit is essential for methane oxidation.
However, the Rosenzweig group later reported the cryo-EM
structure of pMMO from M. capsulatus Bath stabilized by
embedding into nanodiscs, which revealed an additional
copper site ligated with two histidine residues.”® This novel
copper site was named as to Cup by Koo et al,>® which is
referred as Cup; in this review to distinguish it from the
above-mentioned trinuclear copper site predicted by the
Chan group.®” The Cup, site is located close to the Cug site.
Notably, the copper ion at the Cuc site was not observed in
the cryo-EM structure; therefore, the authors predicted that
the Cup; site might be the copper site spectroscopically
observed in the previous spectroscopic analysis.”*

3.6 Oxidation states of the copper sites

Most of the EPR analysis of the pMMO samples indicated the
presence of Cu(u) sites (Table 1). The Cu(u) signal decreased
upon reduction with dithionite, indicating that the copper
site is redox active and reduced to Cu(1).****®% X-ray
absorption near edge (XANE) analysis indicates that the
copper in purified pMMO is a mixture of Cu(i) and
Cu(n).*”*>7?81 However, recent work by the DeBeer group
pointed out that X-ray beam causes reduction of the copper
sites.”® To minimize the radiation effects, the analyses were
performed with lower intensity beam and the authors
concluded that most of the copper ion species in pMMO are
Cu(n) and the copper sites in pMMO are only mononuclear.
The effect of background copper ions is one reason for the
misinterpretation of the previous EXAFS data that led to
modeling dinuclear copper sites.’®

3.7 Characterization of the engineered PmoB subunit

The crystal structure of pMMO from M. capsulatus Bath
indicated that the cytosolic subunit PmoB contains a
mononuclear Cu, and dinuclear Cuy copper site.’” A
genetically engineered PmoB subunit (spmoB) was
heterologously produced in E. coli. The hydrophobic
membrane-anchoring domain of PmoB was genetically
removed in the artificial spmoB protein by conjugation of the
soluble regions with a peptide linker.”® Reconstitution of
soluble spmoB from the inclusion bodies in the presence of
copper ions produced an active form of psmoB, which
exhibited methane mooxygenase activity; epoxidation of
propylene to propylene oxide and oxidation of methane to
methanol. Mutation of possible copper-binding residues at
the Cug abolished the enzyme activity but mutation of the
residues at the Cu, site left some residual activity. The
authors concluded that the Cug site is crucial for the
methane monooxygenase activity of this protein.” In the
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same report, EXAFS revealed the coordination structure of
the copper site of spmoB, which is similar to that in pMMO.

O, or H,0, reacts with the reduced form of pMMO and
spomB to change the UV-visible spectrum of pMMO, but the
mutants lacking the CuB site did not show the reaction,
indicating that the PmoB subunit is responsible for the
reaction with the oxidants.'® In addition, the oxidation
states of the copper center of spmoB were studied using
quantitative EPR analysis.’®" Kim et al. constructed a fusion
protein of a PmoB soluble fragment conjugated to ferritin,
which increased the solubility of the PmoB fragment.'®> The
engineered PmoB fusion protein exhibited methane
monooxygenase activity, supporting the previous spmoB
studies."*>

Later, however, an improved form of spmoB was
constructed that had increased solubility by conjugating
soluble protein regions to spmoB.'®”' The new form of
spmoB does not catalyze the methane monooxygenase
activity. Based on these results, the authors discussed that
the observed methane monooxygenase activity of the original
spmoB in Balasubramanian et al.?® is a background reaction
dependent on duroquinol.”' However, if the observed
methane monooxygenase activity is due to a non-enzymatic
reaction, then the results of the mutation experiments at the
Cug ligation site in the previously reported spmoB are
contradictry.”® Even if the PmoB analogues cannot directly
catalyze the methane monooxygenase activity, it cannot be
excluded that under certain conditions, spomB catalyzes the
formation of the reactive oxygen species, that in turn mediate
the oxidation of methane to methanol.

Chan et al. reported the construction of an engineered
PmoB conjugated with a maltose-binding protein.'®® This
engineered protein did not show methane monooxigenase
activity but it catalyzed H,O, production. Miyaji et al. also
reported the H,0,-producing activity of pMMO from
Methylosinus trichosporium OB3b.”® These data suggest that
PmoB might be able to produce H,0,. The reactive oxygen
species produced can catalyze the formation of methanol
from methane. However, this interpretation should be
carefully considered due to the presence of the H,O,
formation reactions mediated by duroquinol as discussed in
the section 3.2 of this review.

3.8 Proposed catalytic mechanisms

According to the progress of the biochemical and biophysical
analyses of pMMO, the proposed catalytic-site structures are
changed from the trinuclear/dinuclear copper center to the
mononuclear copper one.”*”"%® Some catalytic mechanisms
are proposed based on the predicted mononuclear copper
site structures of pMMO, and the reactivity has been studied
using computational methods. Yoshizawa and Shiota
reported that the mononuclear copper Cu, site is reactive to
cleave the C-H bond of methane, in which Cu™-oxo species
is proposed as the active species for the reaction.'®* Morris
reported the mechanism at the Cuc site of pMMO, in which

This journal is © The Royal Society of Chemistry 2023
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the Cu™-oxo species is proposed as the active site species.'®
Peng et al. also reported a catalytic mechanism using the Cuc
site with duroquinol as a part of the catalytic cycle. In this
mechanism, the Cu-0 anion-radical reacts with methane.'®
Thus, theoretical study supported the catalytic function of
the mononuclear copper sites. Theoretical studies using the
coordination of the Cup, site in the cryo-EM structure are
expected.

Concluding remarks

The structure and function of the active sites of pMMO are
still controversial. The main reason for this uncertainty is the
unstable nature of pMMO. Despite extensive efforts to
stabilize the enzyme, the specific activity remains very low
and not highly reproducible. Although careful spectroscopic
and structural work has been done, it is still unclear whether
the data reflect the native enzyme, a damaged enzyme, or
due to impurities and/or background. To further advance
research in this field, it is essential to have access to highly
active and stable enzyme samples as purified enzymes.
Application of new methods like the one using bicelles and
nanodiscs can contribute to further our understanding. A
high-resolution structural model of the enzyme should be
constructed from the highly active and stable enzyme
samples using crystallography and/or cryo-EM methods.
Spectroscopic analysis should be carefully performed based
on the new structural models. It is also necessary to construct
a heterologous and/or homologous expression system for this
enzyme for mutational analysis of pMMO to identify the
active site. Recently, cell-free biosynthesis of pMMO was
reported, but it yielded an inactive enzyme.""”

It is not feasible to use cells of methanotrophs or MMOs
for the conversion of methane to methanol on an industrial
scale due to difficulties with large-scale and high-cell-density
cultivation of methanotrophs as well as with large-scale
production of MMO proteins. It is also difficult to express
MMOs in a fully or highly active form in heterologous hosts
such as E. coli.”>'°* If MMOs can be heterologously expressed
in methanol-utilizing bacteria and yeasts, such microbes
could be used as a methane-oxidizing cell catalyst to directly
produce useful compounds from methane. In these cells,
methanol generated from methane can be rapidly
metabolized and converted into useful compounds. The rapid
consumption of methanol can also avoid product inhibition
of MMOs by methanol.

Recently, we have succeeded in constructing methanol
sensor cells in the methanol-utilizing yeast and bacterium
in which the fluorescent proteins are expressed under the
control of methanol-induced gene promoters.'*'*® Using
the yeast methanol sensor, we have demonstrated that
high-throughput = screening  of = methanol-generating
enzymes, e.g. pectin methylesterase, could be conducted.'®®
Highly-functional novel methane-oxidizing biocatalysts will
be developed by using these methanol sensor cells as
expression hosts.

This journal is © The Royal Society of Chemistry 2023
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While the use of advanced technologies is expected, perhaps,
we may need to go back to more basic research to identify stable
enzymes by exploring new microorganisms. Considering the
industrial importance of this enzyme, it is hoped that more
researchers will enter this field and conduct active research.
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