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group follows several pathways (6, 7). Furthemore, there is a 
group of restricted facultative methylotrophs that grow in an 
environment deprived of multicarbon compounds (7).

Classifi cation
Most often, methanotrophs are divided in three types according 
to their intracytoplasmic membrane structure, carbon 
assimilation pathways (Figure 1) and homology between 16S 
rRNA sequences (8, 9). Therefore, there are methanotrophs type 
I, type II and type X. Table 1 presents the characteristics.

INTRODUCTION

Methanotrophs are a group of organisms of great interest for 
environmental applications due to their unique microbiological 
and metabolic features. It is estimated that a signifi cant 
amount of methane from the biosphere is removed through 
microbiological oxidation by methanotrophic bacteria (1). 
Applications in bioremediation fi eld for this group of bacteria 
are based on their ability to use hydrocarbons (mainly 
methane) as source of energy and carbon. Methanotrophic 
bacteria owe this metabolic ability to an enzyme called 
methane monooxygenase (MMO), especially to its soluble 
form (2). Its lack of specifi city allows methanotrophs to take 
several substrates, including organochloride and aromatic 
compounds as co-substrates in the process of obtaining energy 
and transforming them into less polluting compounds, and to 
a lesser extent also to other enzymes, which take part in the 
further oxidation of methanol to carbon dioxide (3). 

Methanotrophic bacteria
Methanotrophs form a ubiquitous subset of methylotrophic 
bacteria which belong to the proteobacteria phylum. Due to 
their ability of adaptation these bacteria can grow around 
methane sources even in extreme environments (4) such as 
lakes, oceans, wetlands, streams, landfi lls, sewage sludge or 
rice paddies, to name a few. One of the main characteristics 
of methanotrophs is the expression of two types of methane 
monooxygenase (MMO): particulate monooxygenase 
(pMMO) that is present in all methanotrophs and a soluble form 
(sMMO) found in only few of them (5). One or multiple carbon 
compounds are metabolized by obligate and facultative 
methanotrophs, respectively, with the difference that the latter 

Methane monooxygenase and their 
potential role in methane mitigation

Methane monooxygenase is the key role enzyme used by the 
ubiquitous group of methanotrophs to assimilate methane as a 
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Figure 1. Carbon assimilation in methanotrophs.

Table1. Main characteristics of each group of methanotrophs.
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MMOH protein in the presence of two equivalents of MMOB 
forming an O compound, and a ligand displacement of 
H2O bridged is carried out by O2 without electron transfer 
of the di-iron site forms the peroxo intermediates (P, P*), in 
which P* contains a di-iron (II) site similar to the reduced site 
in MMOH (37). Another method to hydroxylate methane is 
with high concentrations of H2O2 reacting with the oxidized 
MMOH as electrons and in presence of oxygen. Then, P* 
intermediate is converted to Q component (FeIV FeIV) in 
substrate absence and is a proton dependent step that 
cause an O-O bond cleavage. This Q component breaks 
the C-H methane bonds and oxidize this molecule (38). The 
general scheme of methane oxidation carried by sMMO is 
summarized in fi gure 2.

The enzyme sMMO has a regulator mechanism carried 
out by MMOB which forms P* responsible for methane 
oxidation. This protein can inhibit the MMOH-MMOR 
interaction when more than two equivalents of MMOB are 
formed, reducing the (Fe II-Fe II) formation on the active 
site and blocking the O2 coupling (39). 
Not only MMOB can be a problem in methane oxidation 
by MMO, other factors can also affect its optimal activity. 
For example, some metals have a competition with copper 
to form the active site, limiting the formation of MMO 
components (40) 

pMMO structure
The pMMO enzyme consists of three subunits: the pmoB 
(42 kDa), pmoA (24 kDa) and pmoC (22kDa), encoded 
by pmoCAB operon (41). These subunits have a size of 300 
kDa and contain copper in the active site with a content 
of 14.6 Cu atoms and 2.5 Fe atoms in each 99 kDa (42). 
Several metal centers have been observed in the pMMO 
structure. The most common ones are the mono-copper 
and the di-copper. The centers are coordinated by N 
terminal of histidines 48 and 72 for mono-copper center 
and histidines 33, 139, and 139 for di-copper center (42). 
This structure is held by the hydrogen bonds of some 
Glu and a carbonyl oxygen of Gly, being the di-copper 
structure the responsible for dioxygen activation and 
hydrocarbon oxidation (43). The active site of pMMO can 
be found in pmoB subunit in presence of copper, and some 
components like the copper-oxo species are needed for 
the methane hydroxylation. 

pMMO mechanism
Transformation of methane to methanol requires the 
formation of copper-oxo species on the mono-copper and 
the di-copper center. The mono-copper center forms a 
Cu III-O complex with two imidazoles and one acetate is 
liberated. On the other hand the di-copper center forms a 

Obligate methanotrophic microorganisms can be further 
subdivided into two groups: high affi nity bacteria than can 
take CH4 even at low concentrations (1.8 ppm) with a Km 
between 4-740 nM (27, 28) and a low affi nity group that 
takes at least 100 ppm, showing a Km of 1.1-66 µM (29, 28). 
These features are related to the amount of methane that 
can be supplied by the environment they live in (30; 31).

METHANE MONOOXYGENASE (MMO)

As we mentioned before, MMO is responsible for oxidizing 
methane to methanol.  Like other metalloenzymes, it 
uses copper as a transcription mediator and regulator 
of gene promoters (5). In the presence of low copper 
concentrations (2-3 Cu ions per 100 kDa) MMO can be 
expressed in a soluble form (sMMO) containing a dinuclear 
carboxylate bridged with a metal center. On the other 
hand, at high copper concentrations (12-15 Cu ions per 100 
kDa), it is expressed as a particulate form (pMMO) with a 
copper container bound to the membrane (32). Both forms 
of MMO have the ability to break the C-H (bond energy 
of 104 kcal per mol) and O2 bonds, releasing two oxygen 
atoms, one to form H2O and another one to form CH3OH, 
through the following reaction (33): 

NAD(P)H + O2 + CH4 +H  ->  NAD(P)+ H2O + CH3OH 
Because of differences in the enzyme structure, each 
MMO has their own mechanism. Due to its easy purifi cation 
and ability to oxidize C1 to C8 hydrocarbons, more 
studies aimed to explain sMMO mechanism of catalysis 
and characterization have been carried out so far. In 
contrast, pMMO is harder to purify and oxidizes only C1-C5 
hydrocarbons (20). According to the literature, the structure 
and mechanism of action of MMO, especially pMMO, still 
remain unknown. 

sMMO structure
The soluble form of MMO consists of three protein 
components. The hydroxylase component (MMOH) (245 
kDa) is a multi-subunit dimeric (α2β2γ2), encoded by the 
genes mmoX, mmoY and mmoZ, with a di-iron center in 
each subunit. The carboxylate bridged diiron center is 
the place where O2 activation, substrate hydroxylation 
and epoxidation take place. The reductase component 
(MMOR) (38.4 kDa), encoded by mmoC gene, is a 
NADH oxidoreductase that contains a [Fe2S2] cluster in 
the ferredoxin domain (Fd) and a FAD cofactor in the 
FAD domain (34). This component is responsible for the 
reduction of the hydroxylase di-iron center and the ultimate 
electron source is reduced NADH. Finally, component B (MMOB) 
(15.8kDa), encoded by mmoB gene, is a regulatory protein 
that channels NADH consumption to product formation 
(15). 
 
sMMO mechanism
Interactions between sMMO components are necessary 
for methane oxidation. MMOR has two αβ domains: an 
FAD+ domain and a [2Fe-2S] FD domain where NADH 
fi rst transfers electrons to [2Fe-2S] FD domain and then 
FAD+ channels them to the di-iron site of MMOH. This 
results in FADH- and [2Fe-2S]2+ as the fi nal products (35). 
Such changes make possible the union of hydrophobic 
compounds such as CH4 and O2 on the binding region. 
In the next step, with the electrons from resulting 
FADH- methane is oxidized by a dioxygen system at the 
carboxylate bridged di-irion center located in the MMOH 
protein (36). This oxidation occurs when O2 reacts with 

Figure 2. Mechanism of methane oxidation by sMMO.
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degraded to nontoxic products by methane-oxidizing 
microorganism in aerobic conditions (48).
 
Methane mitigation
Methane (CH4) is a greenhouse gas with a global warming 
potential 25 times greater than that of CO2 on a 100-year 
time horizon (50). It has been estimated that every year 
678 Tg yr−1 of methane are released into the atmosphere 
(51) and most of it is eliminated by photochemical and 
microbial oxidations (52). Methanotrophs are the principal 
sink for methane-releasing environments, reducing it until 
60-80%, (1). Nowadays a number of bio-based technologies 
are used to support methane mitigation by methanotrophic 
bacteria. Biocovers, for instance, consist of a layer of 
engineered soil designed to optimize the environmental 
conditions needed by methanotrophs to enhanced biotic 
methane oxidation (53). Bio-fi ltration, in contrast, is a 
fi lter media typically made of biological materials such 
as compost, peat, shredded bark, heather or sawdust 
that is intended to provide appropriate conditions for 
methanotrophs growth while still retaining its absorption 
properties. These technologies are cost-effective methods 
that promise to reduce methane emission. Nevertheless, 
their application is still limited to local “hot spots” of high 
methane release into environment, such as landfi lls and the 
methane present in exhaust gas after biogas upgrading 
process. Recently, active carbon immobilized methane-
oxidizing bacteria were reported to remove methane at 
a rate of 13 mol h−1 m−3 (54). One of the limitations of this 
technology is the extremely low average atmospheric 
concentration of methane and the low CH4 mass transfer 
rates from the gas phase to the microorganisms (55, 56). 
However, it is important to understand the natural methane 
fl uxes and the methanotrophs ecology to develop 
strategies to reduce this greenhouse gas. Although, genetic 
engineering is proposed to increase methane removal, the 
expression of the full active pMMO in a heterologous host 
has not been reported until now (57). On the other hand, it 
has been observed that the use of 3D printable technology 
facilitated the immobilization of pMMO in polyethylene 
glycol diacrylate, conserved pMMO’s gas-permeable 
capabilities and its reuse (58). These advances demonstrate 
the potential use of pMMO in fl ow-through bioreactors and 
bio-fi lters.
 
Biosynthesis of products
Due to its physical properties, liquefaction of methane for 
a long-term storage is not an economically feasible option. 
Instead, oxidizing methane to methanol is generating 
interest nowadays, which can be achieved through MMO. 
This implies that methanotrophs can produce methanol 
from methane, ethanol from ethane as well as conversion 
of propane to 2-propanol and other valuable products 
from biogas and natural gas. n-Butane, n-pentane, and 
n-hexane can also be converted into their secondary 
alcohols by this enzyme (59). However, unlike methanol, 
the oxidized products of such reactions more often cannot 
be used as a source of energy and in consequence high 
concentrations of co-substrates can inhibit methanotrophs 
(60) and the addition of methane, methanol, formate or 
other nutrients is required to enhance biodegradation and 
biotransformation of hydrocarbons.
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bis(µ-oxo) Cu II Cu III (derived from the µ-η1:η2-peroxoCu 
I Cu II) with three imidazoles and one acetate (44). Both 
copper centers are formed when dioxygen is incorporated 
into the copper, after this a H atom is transferred to 
form water and the copper center (37). The copper-oxo 
species are activated with H2O2 or O2, making possible 
the hydroxylation of methane (43). The fi rst step begins 
when methane is bounded to the mono-copper center, 
one of C-H methane bonds is broken with a 16.6 kcal/mol 
consumption, generating a reduction of Cu III to Cu I. This 
reaction can be possible due to the σ * orbital localized 
in the Cu-O bond that confers high reactivity between 
CuIII and methane. The reaction with the bis(µ-oxo) Cu II 
Cu III species is similar to the Cu III-oxo species. Methane 
is bounded to the di-copper center and a H atom is 
removed (17.6 kcal/mol energy for the reaction). Then 
a radical CH3 is trapped by a non-radical intermediate 
in the counter side of the dinuclear center. Finally, the 
recombination of the OH ligand in the copper center and 
the CH3 situated on the counter side of OH ligand is done 
with a 21.5 kcal/mol of energy. These different copper-oxo 
species have two orbitals, one vacant free and the other 
one with two H atoms making possible this reaction (45).

BIOREMEDIATION APPLICATIONS

Anthropogenic activity has not introduced hydrocarbons 
into the environment but rather has led to their 
accumulation hugely exceeding the level that can be 
handled by ecosystems. The most important classes 
of organic pollutants are halogenated and aromatic 
compounds which are well-known for their low 
biodegradability (46). 

Biodegradation is defi ned as a biological reduction 
in complexity of chemical compounds. It is based on 
growth and co-metabolism. The fi rst one leads to the 
mineralization of organic pollutants as they are assimilated 
by microorganisms. Co-metabolism, on the other hand, 
is defi ned as metabolism of a recalcitrant substrate in 
the presence of another growth substrate. Most often 
they are simple oxidation reactions analogous to that of 
transforming methane to methanol, such as oxidation 
of hydroxylated intermediates yielding aldehydes and 
carboxylic acids. Many of these biotransformations 
have been shown to occur in both the presence and 
absence of methane as the fi rst substrate. Degradation of 
chlorinated and aliphatic hydrocarbons by methanotrophs 
most likely results from a co-metabolic reaction catalyzed 
via MMO, especially sMMO which, due to its lack of 
specifi city, is able to degrade pollutants more effi ciently 
than pMMO.

Chlorinated compounds
Trichloroethylene (TCE) is a dangerous volatile chlorinated 
aliphatic compound that is extensively used as an organic 
solvent, therefore, it can pollute groundwater aquifers. 
This substance can be degraded in two ways: reductive 
dehalogenation by anaerobic bacteria consortia 
that tend to form vinyl chloride, a carcinogen, or by 
methanotrophic bacteria, which degrade low-molecular-
weight halogenated hydrocarbons through MMO (47) 
without the formation of any undesirable by-products (48). 
Wilson and Wilson (49) fi rst observed the degradation of 
TCE achieved by stimulation of soil bacteria with natural 
gas. Since then, several researchers have demonstrated 
that chlorinated organic compounds can be metabolically 
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