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Researchers had difficulty studying pure full-length pMMO due to the solubility problem and loss of
enzymatic activity after its elimination from the native membrane. To study pMMO, we performed sev-
eral bioinformatics tools to analyze the entire structure of it available in the PDB database. We also car-
ried out molecular docking studies to prove that quinone and duroquinone can bind to several sites of
eight pMMO proteins. However, some sites in the orientation are not required by the catalysis process.
Furthermore, molecular docking was done for predicting the binding affinity of P450 with target
enzymes. Interestingly, our analysis illustrated that pMMO can produce methanol in the presence of qui-
none and duroquinone and the absence of Cu. Moreover, pmoB1 can interact with P450. Consequently,
our findings highlight, for the first time, the significance of studying the membrane of pMMO to provide
valuable insights into its functions.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sustainable energy is arguably a very important challenge to
society. (Hanson and Hanson 1996, Park et al., 2002). Methanol
production is a standard outlet for natural gas. The production of
methanol from methane has been receiving much attention for a
long time and is still ongoing by various methods (Fig. 1). Effective
production of methanol from methanotrophs requires inhibition of
methanol dehydrogenase (MDH) (EC 1.1.1.244) to stop further
methanol oxidation. The oxidation of methanol is required to gen-
erate reduction equivalents. Thus, inhibiting MDH needs the addi-
tion of an external reducing counterpart to drive methane
oxidation. Generally, most studies focus on utilizing methane
monooxygenase (MMO) (EC 1.14.13.25), but other choices include
the use of ammonia-oxidizing bacteria (Ge et al., 2014). The toxic-
ity of methanol to methanotrophic bacteria is a likely challenge
that is often discussed for commercialization.

Methanotrophic bacteria use methane and convert it to metha-
nol in the first step of their metabolic pathway; Methane is known
as a considerable greenhouse gas (Hanson and Hanson 1996).
Methanotrophs are gram-negative bacteria belonging to the phyla
Proteobacteria and Verrucomicrobia, they are divided into three
groups, Type I (also known as Gammaproteobacteria), Type II
(Alphaproteobacteria) methanotrophs, and Verrucomicrobia. The
methanotrophs convert methane to methanol, which is present
in particulate or soluble form, and the MDHs catalyzed methanol
to formaldehyde. After two more oxidation steps, the final inter-
mediate products are used for carbon assimilation (Guerrero-
Cruz et al., 2021). As the most important methane sinks in nature,
these methanotroph bacteria are hopeful biological tools for bio-
fuel production as well as methane remediation (Fei et al., 2014,
Kalyuzhnaya et al., 2015, Lawton and Rosenzweig 2016). These
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Fig. 1. Production methods of methanol.
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bacteria activate a 105 kcal/mol C–H bond in methane utilizing
metalloenzymes recognized as MMO (Zhu et al., 2022). They are
categorized as membrane-bound (particulate, pMMO) (EC
1.14.18.3) or soluble (sMMO) (EC 1.14.13.25). MMO is the first
enzyme in the metabolic pathway of methanotrophs, which are
bacteria that utilize methane as their only source of carbon and
energy (Hanson and Hanson 1996, Park et al., 2002). However,
pMMO is involved in several biological processes (Supplementary
Table 1), such as preponderant methane oxidation catalysts in liv-
ing organisms. Unfortunately, pMMO is less characterized
(Sirajuddin and Rosenzweig 2015, Ross and Rosenzweig 2017).

The pMMO methane oxidation should be understood to facili-
tate methanotroph engineering and to guide synthetic catalyst
design (Balasubramanian et al., 2010, Sirajuddin et al., 2014,
Sirajuddin and Rosenzweig 2015). Crystal structures of pMMO
from eight different methanotrophs show approximately 300 kDa
a3b3c3 trimer, composed of three chains, namely, a (pmoA), b
(pmoB), and c (pmoC) (Lieberman and Rosenzweig 2005,
Hakemian et al., 2008, Smith et al., 2011, Sirajuddin et al., 2014).
a and c chains are membrane subunits, and the b-chain is com-
posed of two transmembrane helices and two periplasmic
domains.

The crystal structures of eight pMMO proteins have been solved
and are available in The Protein Data Bank (PDB). These structures
have a copper site assigned as the active site located at the N-
terminus of b chain, with two histidines from an HXH motif and
the N-terminal histidine of PmoB1 or/and PmoB2 as ligands
(Balasubramanian et al., 2010). The active site has been occupied
with either one or two copper ions according to structures. How-
ever, the structure of pMMO from Methylococcus (Mcc.) capsulatus
(Bath) has an additional pmoB monocopper site (Lieberman and
Rosenzweig 2005). The c chain subunit active site can be occupied
by either copper or zinc, according to the crystallization conditions.

At present, our knowledge of the importance of microbial
groups to undermine metabolic engineering strategies is limited.
For effective metabolic engineering, the necessary knowledge
about methanotrophy should be highlighted as well as how the
knowledge gaps should be addressed. For instance, the difference
in the structure between the pMMO and the binding of quinone
and duroquinone is unknown.
2

2. Material and method

2.1. Cloning, expression, and purification of pMMO

The coding region of pMMO without the signal peptide (only
pmoB 1&2) was PCR amplified fromMethylococcus capsulatus geno-
mic. Details about the cloning and expression method are shown
by (Abdalla et al., 2016, Abdalla et al., 2018).
2.2. Bioinformatics analysis software

Multiple sequence alignment of pMMO was performed by
employing the Clustal X version (1.83) with its default constraints
(Larkin et al., 2007) and ESPript web server (Robert and Gouet
2014) to determine the sequence similarity. The phylogenetic tree
was formed with MEGA version 7 by using the neighbor-joining
algorithm method (Kumar et al., 2016). Transmembrane protein
was predicted utilizing the TMHMM software (Krogh et al., 2001)
(https://www.cbs.dtu.dk/services/TMHMM-2.0/). Topology dia-
gram of pMMO, obtained from PDBsum (https://www.ebi.ac.uk/).
2.3. Protein modeling and molecular docking

The Protein Data Bank (PDB) (https://www.rcsb.org/) (Berman
et al., 2000, Westbrook et al., 2003) was used to obtain eight refer-
ence tertiary structures of pMMOwild-type (WT) pMMO (Methylo-
coccus. capsulatus (PDB ID: 1YEW) (Lieberman and Rosenzweig
2005), Methylosinus trichosporium (PDB ID: 3CHX) (Hakemian
et al., 2008), M. capsulatus (PDB ID: 3RGB) (Smith et al., 2011),
Methylomicrobium alcaliphilum (6CXH) (Ro et al., 2018), Methylo-
cystis sp. ATCC 49242(Rockwell) (PDB ID: 4PHZ, 4PI2, 4PI0)
(Sirajuddin et al., 2014), and Methylocystis sp. strain M (PDB ID:
3RFR) (Smith et al., 2011), which represents a monomer form of
pMMO b chain without Zn and Cu. To find possible binding sites
of duroquinone (PubChem ID: 68238) and quinone (PubChem ID:
4650) (Kim et al., 2018) from the pMMO-encoded protein, a molec-
ular docking and thermodynamic analysis were done using the
web-based Swissdock program (https://www.swissdock.ch/dock-
ing) (Bitencourt-Ferreira and de Azevedo 2019, da Silveira et al.,
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2019). Swissdock predicts the possible molecular interactions
between eight different methanotrophs and a small molecule by
using the docking algorithm EADock DSS (Grosdidier et al., 2007,
Alameen et al., 2022). A blind molecular docking was performed
with the ‘‘Accurate” parameter or default parameters when no
region of interest was defined. Binding energies were evaluated
using Swissdock software. After all, the results were scored and
ordered by full fitness (kcal mol�1), and the spontaneous binding
was revealed by the estimated Gibbs free energy DG (kcal mol�1).
The modeling and docking results were visualized using the PyMol
software.

The structure of P450 (PDB code: 2J1M) was docked onto the
pMMO b chain structure (PDB code: 4PI2) by using HADDOCK2.2
(Rodrigues et al., 2013). HADDOCK generated several structures
in three clusters. The best cluster represents the most reliable
model and had a HADDOCK score of � 95.2 and a Z score
of � 1.2.
3. Result and discussion

3.1. pMMO crystal package

All pMMO crystal packages contain nine chains (three sets of
abc); 6CXH contains three chains (one set of abc). Unexpectedly,
these chains contain different sequences and have different 3D
structures as well as binding atoms. For example, Zn ions are
found in 1YEW, 3RFR, 3RGB, and 4PI2 but not in 3CHX, 4PHZ,
4PI0, and 6CXH. In addition, the pMMO crystal package contains
different numbers of extra ligands (unknown peptide), such as
3CHX containing six extra ligand chains 4PHZ, 4PI0, 4PI2 contain-
ing three extra ligand chains, and 3RFR with only two extra
ligand chains. Cu–Cu cluster is found in 1YEW, 3CHX, 3RFR, and
3RGB, and Zn–Zn cluster is found in 1YEW only (Supplementary
Table 2).
3.2. Electrostatic surfaces of pmoB

The hydrophobicity of protein assists in reducing its surface
area and the unfavorable interactions with water to maintain bio-
logically active and stable protein. Here, we highlight the side
views of the electrostatic surfaces of the eight pMMO b chains with
completely modeled structures. Both positively and negatively
charged surfaces are colored blue and red, respectively. The struc-
tures of pMMO (PDB ID: 1YEW, 3CHX, 3RFR, 3RGB, 4PHZ, 4PI0,
4PI2, and 6CXH). Mechanistically, the Cu–Cu cluster and Zn can
be located in different positions for effective electron transfer by
the electrostatically steered interactions and geometric
complementation.

In all pMMO chains, strongly positively charged surfaces
were detected in the Zn-chelating regions in 3RGR, 4PHZ,
4PI0, and 4PI2, which were found in strongly negatively
charged surfaces in 1YEW and 3RGB. However, strongly nega-
tively charged surfaces plus were detected in the Cu-chelating
regions in 3RFR and neutrally charged surfaces in 3CHX. In
addition, 6CXH was found in negatively and neutrally charged
surfaces in 1YEW and 3RGB, respectively. Surprisingly, no Cu
ion was found in the positively charged surfaces, and clear sur-
faces between the Cu and Zn binding sites were observed. The
electrostatic potential on the b chain molecule shows the distri-
bution of positive and negative charges on the surface. We
hypothesize that Cu-Cu clusters surrounded by a negatively
charged surface exist in the pMMO b chains, making them
easily show high and broadband activities. Thus, this negative
charge appears to be approximately harmonic with the pMMO
flexibility of branch B (Fig. 2).
3

3.3. pMMO topology

pMMO proteins consist of three chains a, b, and c. According to
the PDBsum database, the pMMO topology has a different number
of a-helices and b-strands. In detail, the a chain of 1YEW and 3RGB
consists of two a-helices and nine b-strands, 3RFR consists of three
a-helices and nine b-strands, 3CHX consists of one a-helices and
nine b-strands, and 6CXH consists of two a-helices and 10 b-
strands (Fig. 3ac).

In the case of c chain, 1YEW consists of three alpha-helices and
10 beta-strands, 3RFR consists of two alpha-helices and nine beta-
strands, 3CHX consists of two alpha-helices and six beta-strands,
3RGB consists of two alpha-helices and 10 beta-strands, and
6CXH consists of 10 beta-strands only (Fig. 3cc). In b chain
1YEW, 3RFR and 3RGB consist of three alpha-helices and two
beta-strands, and 3CHX consists of four alpha-helices and two
beta-strands (Fig. 3bc). Unfortunately, the data for all structure
chains is not available in the PDB sum database. Our structural
topology result can explain the wide ranges of RMSD between
the pMMO structures. Long asymmetric loops in a and c chains
fold into alpha-helices, which may prevent [zn and cu] assembly
and may lead to a high oligomerization tendency.

3.4. pMMO transmembrane

It is known that signaling protein regions have different types
of functions. One of these functions results in the moving of the
polypeptide into the endoplasmic reticulum (Abdalla et al.,
2018), which is very important to identify. pMMO plays an
essential role in the cell wall due to its attachment to the
plasma membrane. The translocation of the protein is based on
the interaction interface of different regions with the phospho-
lipid membrane. Therefore, our analysis of pMMO transmem-
brane regions demonstrated that all pMMO protein contains
abc chains.

Signal peptide prediction of b chains in 3RFR, 4PHZ, and 6CXH
showed three signal peptides in each of them 1 localized at the N
and 2 localized at the C-terminus, while in the case of 1YEW and
3CHX, there are only 2 signal peptides localized at the C-
terminus (Fig. 3bb). In addition, methanotrophic bacteria pMMO
transmembrane are predicted to a and c chains, and results show
six signal peptide with different intracellular and extracellular
amino acid positions (Fig. 3 a and c b).

Protein functions are generally confined to specific locations.
Therefore, the prediction of protein localization allows knowing
more about the mechanistic pathways. Localization analysis using
the signal peptide server indicated that some parts of pMMO
include cytoplasmic proteins. pMMO transmembrane localization
has not been demonstrated previously, and this result can provide
important details about the methanotrophic bacteria cell wall
architecture.

3.5. Multiple sequence alignment and phylogenetic tree

In the present study, pMMO is analyzed by bioinformatics tools
to identify sequence similarity. FASTA sequences belonging to the
reference pMMO proteome are downloaded from the PDB database
to highlight the conserved regions.

A high degree of similarity is shared between the pMMO
sequences and the percentage sequence identity calculation
in the process. Some conserved motifs and amino acids that
are common to methanotroph species are highlighted. How-
ever, one or more differences may affect the entire protein
function.

The sequences of and around the catalytic ligands His33, 48, 72,
137, 139, and/or Glu35 of pMMO b chain from different methan-



Fig. 2. Comparison of the electrostatic potential on the molecular surface of pMMO b chains. Bound Cu and Zn are shown as a ball. CM5 is shown in 6CXH as a stick model. The
electrostatic surface is presented as a color gradient in red (electronegative, � �10 kT e-1) and blue (electropositive, � �10 kT e-1); analysis of the 3D protein electrostatic
surfaces derived from the Pymol software using vacuum electrostatic method.
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otrophs are shown in Fig. 4b. Although there is controversy in the
community as to the actual active site of pMMO.

As a structural variation, we calculate the sequence identity in
the phylogenetic tree (Fig. 3a). For example, in 1YEW and 6CXH,
a = 78.41%, b = 67.39%, and c = 63.79%. In 3RFR and 4PHZ,
a = 96%, b = 4%, and c = 96.8%. The average of sequence identity
between the hole pMMO protein (in 1YEW, 6CXH, 3RFR, 4PHZ,
and 3CHX) is a = 81.27%, b = 72%, and c = 70.93%.

PDBFlex tool (Hrabe et al., 2016) has been used to charac-
terize regions of structural flexibility present in the pMMO
structure. These results indicate that two to three regions
on the a and c chains containing the loop reflect important
structural flexibility. b chain has loops reflected at the C-
terminal but are unimportant and do not interact with dis-
tinct ligands.
4

3.6. Root mean square deviation (RMSD) and superimposed structures

The structure of pMMO appears identical, as shown in the
superposition of the structures (Fig. 4a). We calculated the super-
position RMSD to assess the structural differences in the pMMO.
These results revealed some structural dissimilarities.

RMSD measures the similarity between 3D structures of all
pMMO structures in the PDB database. After optimal superposition,
the values of all backbone atoms and the metal-binding site for
only one monomer were calculated and shown in Fig. 3d). The
average distance deviation between backbone equivalent atoms
is between 0.2 and 1.91 Å in b chains and 0.17 to 2.2 in a chains
and 0.8 to 7.1 Å in c chains. A comparison of the RMSD values
among the eight b structures shows that the 1YEW and 3RGB have
the lowest RMSD 0.2 Å, and 3CHX and 6CXH have the highest



Fig. 3. Phylogenetic tree. The tree was constructed from a complete alignment using the neighbor-joining method. B. Prediction of transmembrane regions of pMMOs.
Transmembrane regions are in red, and other regions are predicted to be either outside (pink) or inside (blue) the membrane. Data were obtained from the TMHMM Server v.
2.0. X-axis, which refers to the amino acid position; Y-axis refers to the probability of the transmembrane regions. The pink line refers to intracellular proteins, and the blue
line refers to extracellular proteins. C. Topology diagram of pMMO. Helices are represented by barrel, and strands of b-sheets are shown with arrow. D. RMSD diagram; the
RMSD was calculated using the PyMol software.
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RMSD 1.91 Å. The c chains of the 6CXH structure exhibited a rela-
tively larger RMSD value (�7.18 Å) than that of 4PI2, probably due
to the opposite residue sequence in the retro form of c chains.
Among the pMMO a chains, 4PHZ shows the smallest RMSD values
having � 0.171 Å compared with the 4PI0 tertiary structure.

Kim (Kim et al., 2019) suggested that all the designed pMMO
show a significant difference in RMSD values by comparing pmoB
with WT-pMMO for mono and di-copper models. Our results
showed a difference in RMSDs between mono and di-copper for
pmoB1 site A.

The influence of the configurational differences on the struc-
tural similarity between the structural motifs (pmoB1/pmoB2
5

domains) in the crystal structures of WT-pMMO can be found in
the ability to bind the decoy molecule. This finding suggests that
pMMO protein has differences in the binding pocket in the differ-
ent structures. Approximately, the RMSD is not identical in the
reduced and oxidized forms. This result suggests that the uneven
structure may influence the enzymatic function of native pMMO.

3.7. High-yield insoluble recombinant pMMO

The culture of recombinant E. coli BL21(DE3) is transformed into
PET28a and PET22b plasmid expression vectors. Notably, the
expressed pmoB (pmoB1/pmoB2) was very high but unfortunately



Fig. 4. Cartoon representation of the structural alignment, and superposition of the structures of the pMMO a, b, and c chains, where b chains pmoB1 and pmoB2 and the
membrane-embedded region interact directly and make a catalytically active conformation, demonstrating the high conformational adaptability. The models were created by
the Pymol. B. Sequence homology of and around the catalytic ligands of pmoB from different methanotroph species. Blue triangle. The sequence homology of and around the
catalytic conformation (His33, His137, His 139, and/or Glu35 at site A and His48 and His72 at site B) of pmoB1 from different methanotroph species (M. capsulatus (PDB ID:
1YEW), M. trichosporium (PDB ID: 3CHX), M. alcaliphilulm (6CXH), Methylocystis sp. ATCC 49242(Rockwell) (PDB ID: 4PHZ), and Methylocystis sp. M (PDB ID: 3RFR), M.
capsulatus (PDB ID: 3RGB), and Methylocystis sp. ATCC 49242(Rockwell) (PDB ID:4PI0 & 4PI2) are deleted because of the ambiguously aligned portions.
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insoluble, as previously reported (Balasubramanian et al., 2010)
(Supplementary Fig. 1). A recent report suggests that the interdo-
main interaction between pmoB1 and pmoB2 is necessary for the
expression of soluble pmoB (Kim et al., 2019).

3.8. Molecular docking of quinone and duroquinone to pMMO b chains

Quinones are oxidized derivatives of aromatic compounds and
are often readily prepared from reactive aromatic compounds
6

bearing electron-donating substituents such as phenols and cate-
chols. Duroquinol, which has low water solubility, acts as an elec-
tron donor either in dissolved form or as a dried powder. The
protein–ligand interaction studies play an important role in
enzyme engineering for industrial applications. pMMO is one of
the most promising proteins for methanol production and com-
mercial use.

A molecular docking was done to map the interactions between
quinone and duroquinone to identify a putative binding site for
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these compounds with b chains of pMMO. The molecular interac-
tion between b chains and two cofactor molecules (quinone and
duroquinone) was examined through a Swissdock (Grosdidier
et al., 2007, Bitencourt-Ferreira and de Azevedo 2019, da Silveira
et al., 2019) (Fig. 5) analysis along with the corresponding 3D
structure. Molecular docking identifies different sites of the
protein.

The highest-scoring cluster showed better full fitness; This
parameter is determined by averaging the 30% most favorable
Fig. 5. pMMO b chain proteins are shown in cartoon form by light green color; structure
68238) (5B). The predicted binding site for best energy conformations for quinone and du
structure); both molecules are localized in the surface of pMMO b chains. Allocation of
potential and blue ones represent the positive electrostatic potential (from � 70 kcal mol
the most positive residue) and hydrophobicity on the surfaces of the pMMO b chains. The
created by the Pymol.

7

effective energies of a cluster element, and the lower free energies
for the potential binding sites and the Gibbs free energy (DG) of
docking were evaluated. Thus, the thermodynamic parameters, full
fitness, and free energy (DG) provided by Swissdock clearly
showed that quinone and duroquinone can bind tightly to pMMO
b chains.

From the docking of the ligands into pMMO protein, quinone
shows the visualization of the most energetically favorable bind-
ing. Full fitness between � 1790.89 and � 2043.71 Kcal mol�1
of pmmo B with quinone (PubChem ID: 4650) (5A) and duroquinone (PubChem ID:
roquinone displayed is shown as a solid surface (at the top and bottom of the cartoon
the electrostatic potential, where red regions represent the negative electrostatic

�1e�1 for red, the most negative residue to white at 0.0, to + 70 kcal mol-1e-1 for blue,
estimated locations of the quinone and duroquinone are illustrated. The models are



Fig. 5 (continued)
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and estimated DG between � 5.65 and � 6.51 Kcal mol�1, whereas
duroquinone showed full fitness between � 1832.38 –and � 2106.
54 kcal/mol and DG between � 5.89 to � 6.96 Kcal mol�1 for the
most favorable interaction (Supplementary Table 3).

The interactions between quinone and duroquinone with
pMMO normally occur through the voids and/or protrusions pre-
sent on the pMMO surface. Swissdock’s computational tools enable
the identification of cavities and the characterization of their local
geometric and chemical properties, the duroquinone has a higher
free energy of a pMMO than quinone, which means duroquinone
is more stable or rapidly intrepidity pMMO.

Several studies reported that duroquinol molecules were
detected in the space between the pmoB1 and PmoB2 (Fig. 6). In
8

addition, the numbers of hydroquinone and duroquinone in the
region close to the copper sites were considerably reduced com-
pared with that of duroquinol (Kim et al., 2019), particularly in
some charged groove regions within roughly 1 nm. The hydropho-
bic residues were predominantly found at the same site and may
provide polar and nonpolar interactions to bind amphiphilic qui-
none and duroquinone. Unfortunately, previous reports did not
mention whether hydrogen bond occurs or how to bind to b chains.
We believe that due to the same grove, they can be located at the
surface of the protein. Molecular docking results indicate that
these enzymes can bind duroquinol partially. However, the binding
energy is smaller than that of the interactions with quinone and
duroquinone.



Fig. 6. Interactions of pmoB1 (set as a ligand) and P450 (set as a receptor) are studied by HADDOCK2.2. A. The surface structures pmoB1 and P540 are colored tv_green and
light pink, respectively. The top view of the same is visualized by rotating the molecule at 180� toward the reader. B. Stereo representation suggested binding mode. A
hydrogen bond is displayed by black arrows. Residues involved in the interaction are shown as sticks.
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We suggest that quinone and duroquinone binding to pMMO b
chains can be detected unless unusually high or less concentra-
tions were binding to the protein and depend on the 3D structure.
Thus, quinone and duroquinone probably did not affect the struc-
ture, contrary to the enzymatic function of pmoB. This finding sug-
gests that pmoB1 and membrane region are probably the best
candidates for preserving the binding to quinone and duroquinone
camper to pmoB2. For instance, the concentration of duroquinone
in that region near site A significantly decreases when compared
with the case of quinone. Furthermore, duroquinone can be
released after oxidizing electron shuttling to copper sites, after-
ward refilling the pool with fresh quinone and duroquinone from
the bulk solution. These results reveal that selecting the cofactor
has supreme importance for appropriately reloading and releasing
the cofactor in the pool essential for electron shuttling to copper
sites.

Hydroquinone is another reducing agent and water-soluble
with a similar reduction potential, but cannot stimulate methanol
production, according to previous reports. The catalytic sites of
pmoB probably bind directly to duroquinol (Lieberman and
Rosenzweig 2005). Based on previous reports, the copper sites in
the periplasmic domains of pmoB (1 and 2) but not pmoA or pmoC
are key players in pMMO activity (Chan et al., 2007). Compared
with the two copper sites in pmoB, site A is proposed to be more
suitable for methane oxidation than site B (Yoshizawa and Shiota
2006). In a similar study, sites A and B are mutant. No methanol
production is observed when site A is mutant, and methanol is
found when site B is mutant. The turnover number and methanol
production are decreased by the site-B mutant. Site B is not a cat-
alytically activated site, but plays a remarkable role in completely
activating site A (Kim et al., 2019). The analysis shows that quinone
and duroquinone molecules are enriched more in the region near
site A than site B.

The methanol production started after two to four hours from
adding duroquinol as the dried powder to the reaction system. This
finding is due to the dissolved duroquinol that binds quickly to
pMMO active sites compared with the undissolved form. The
methanol production was increased by more amount of dissolved
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duroquinol within the pMMO reaction system (Kim et al., 2019).
Hence, this can prove that our result (pMMO b chains) can bind a
high number of quinone and duroquinone through the surface
when available. In addition, these data suggest that the alcohol
group is not crucial for the interaction.

Quinone and duroquinone molecules can guide the pMMO to
select the reaction type by orientation needed by the catalysis pro-
cess the same as olefins, which can guide the p450 to select the
reaction type. Therefore, pMMO (PDB 4PI2) is perhaps the top can-
didate for maintaining the structure and enzymatic function of
native pMMO.

Therefore, RMSD is a measure of similarity between the exper-
imental macromolecule and the computed macromolecule with
docking ligand of the same crystal package, showing no different
structure either with quinone or duroquinone. All the ligands in
Fig. 5 and Supplementary Fig. 2 has almost the same binding
energy.

3.9. Docking pmoB1 to P450 heme domain

Cytochromes P450 (CYPs) are enzymes containing heme as a
cofactor that functions as monooxygenases (Gonzalez and
Gelboin 1992) the same as pMMO. P450 has industrial applications
and has been studied deeply. At present, a hundred mutation has
been created but cannot be further modified. We estimate that
the two oxygenase enzymes are combined with other oxygenase
enzymes, such as pMMO. Substantially, super protein can be
widely used and can catalyze more reactions and solve protein
problems. Practically, pMMO can increase p450 stability even in
high temperatures, and P450 can increase pMMO solubility. This
combination can be more efficient as monooxygenases. We believe
that it will be useful at the industrial level. For these reasons, we
dock pMMO/pmoB1 to P450.

To gain structural insights into the increased pmoB1 and P450
binding affinity without the help of a corepressor, we perform
docking experiments to assemble a complex model. Electrostatic
potential analysis revealed that the P450 subunit of the interaction
region has a strongly negative patch (Fig. 4C), in addition to the
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basic and neutral region in pmoB1. This finding strongly suggests
that P450 and pmoB1 form a complex interaction between the
complementary basic patch and acidic surface, as well as the
hydrogen bond. Simulation with HADDOCK2.2 enabled us to build
a stable complex of P450-pmoB1 with a buried interface area
of � 1219 Å. The distances between the heme and Cu in the most
possible docking modes range from 44 to 47 Å. And in parallel,
other complexes, especially those with the narrowest reactivity
spectra, may have longer corresponding distances (>47 Å).

This putative binding site is established by residues located in
the protein surface instead of the active site residues. In this
regard, pmoB1 and P450 might have strong interaction because
there is hydrogen, hydrophobic interactions, electrostatic energy,
helix dipole energy, and cis bond energy, and no van der Waals,
torsional, or backbone clash occurs. Therefore, the high free energy
required hydrogen bonds suggested a strong nonspontaneous
binding process for both proteins. The hydrogen bond in a distance
of less than 3.5 Å occurs among the amino acids (Gln46, Ser51, Asn
56, Glu60, Ser64, Lys66, Glu102, Arg124, Asp160, Asp169, Ser171,
Val173, Ile 180, Pro181, and Leu267) on PmoB1 and (Lys9, Phe11,
Pro18, Thr22, Lys31, Asp34, Gln168, Arg178, Gln188, Ala190,
Ala196, Glu199, Asn427, Gln429, Arg361) on P450. In addition,
the distance between the heme and the Cu is 47 Å, the heme is
inside the complex and the Cu is the surface. Moreover, residues
in pmoB1 involved in binding Zn or Cu did not participate in bind-
ing because this residue lies in the protein. Therefore, it is difficult
to the methanol production.

The structure of pMMO reveals that the enzymes have an open
active site with multiple subsites. These data imply that the cat-
alytic cavities of the studied pMMO have many properties. sMMO
and p450 have narrow active site cavities, while pMMO has shal-
low and more open active site cavities. In addition, our data
demonstrate that pMMO displays larger substrate specificity at
multiple positions.

Reports have shown that the activity of a P450 enzyme could be
enhanced by introducing a gene encoding a more efficient [2Fe-2S]
into the bacterial genome (Zhang et al., 2018). Therefore, we
assume that this state can also occur in Zn-Cu. Further experiments
are required to test this industrially important hypothesis, which is
currently being performed in our laboratory.

This knowledge can be used to design pmoB1-P450 complex for
biological applications. Engineering a novel pmoB1-P450 complex,
which has functions and regulatory mechanisms beneficial under
specific conditions or can be integrated with other methane-
oxidizing systems favorable for industrial applications, is an
intriguing idea.

Further studies illustrating interactions with the microenviron-
ment are proposed to confirm the pmoB1 and P450 interactions.
Finally, HADDOCK and Swissdock return docking information
based only on the thermodynamic spontaneity and favorable inter-
actions by which molecular structures bind to the peptide. There-
fore, no apparent binding affinity information is available, and
further studies on binding affinities are proposed to improve the
estimation interactions.

3.10. Future plan

Several future research directions emerge from this study. First,
laboratory experiments are necessary to prove our results. Further
analysis is also needed to uncover whether the quinone and duro-
quinone transporters are involved in the interaction with other
compounds and whether they act indirectly to provide tolerance
to the stress response to high environmental concentrations of
methanol.

Second, designing linkers (rigid or flexible) between the pmoB1
and P450 is important to increase the complex folding, expression,
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and biological activity and to avoid any further aggregation during
the absence of salt bridges or oligomerization.

Third, it is important to perform molecular dynamics simula-
tions for other types of intermolecular interactions to assess the
bulk effect of affinity and to thoroughly assess the influence of
side-chain geometry and variability in target and ligand flexibility
on the observed interactions.
4. Conclusions

This article is the first to present the comparison between the
sequence and structural properties of pMMO belonging to
methanotrophic bacteria. We found that the residues participat-
ing in the catalytic processes are highly conserved. In contrast,
a few differences are found between the physicochemical proper-
ties of the site of catalytic domains in b chains. Furthermore, the
distribution of charge is observed inside the catalytic cavities of
site B, and they are positively charged in their surrounding in
all pMMO b chains, except the 1YEW, 3RGR, and 6CXH, which
are negatively charged. Moreover, we observed the distinct sur-
faces between the Cu and Zn-binding sites inside pMMO b chains.
In addition, protein topology shows a diversity in the number of
alpha-helices and beta-strands of three pMMO chains, namely, a,
b, and c. Thus, the signal and cytoplasmic peptide have different
positions and numbers inside the pMMO protein sequence. Our
result suggested that the RMSD is different in the reduced and
oxidized forms. Thus, the uneven structure may influence the
enzymatic function of native pMMO, and the configurational dif-
ferences in the structure can affect the ability to bind the decoy
molecule.

Our results also indicate that these enzymes can bind and pro-
cess quinone and duroquinone, but with lower efficiency into
duroquinone. This finding confirms the unimportance of the car-
bon group for the interaction with the pMMO b chains for the
methanol process, and some quinones and duroquinones can bind
to the active sites and other sites on the surface without the need
for hydrogen bonds. Thus, the methanol process can bind more of
the quinone and duroquinone in one reaction time. Quinone is
likely more sufficient in methanol production than duroquinone
and duroquinol.

At the same time, the docking structure reveals that pmoB1 can
produce active complexes with P450. This complex is beneficial for
industrial applications. No structural rearrangement is observed in
the case of the complex with P450 or when binding to quinone and
duroquinone.
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