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Abstract
Metalloenzyme lytic polysaccharide monooxygenase (LPMO) is a breakthrough enzyme, acting as a catalyst in the process of plant biomass conversion to biofuels. LPMOs oxidize polysaccharide in crystalline area, providing accessibility to other polysaccharide hydrolases for enhancing the saccharification process. In this review an in-silico analysis explores the active copper center and evolutionary relationship of LPMO. A radial phylogram of 168 LPMO genes from archaea to terrestrial plant infers their evolution as a paralogous enzyme catalyzing the same function in different domains.

The review also emphasizes on the mechanism, electron flow, and diversity of electron-donating system for LPMO. The 3-D modeling of unexplored bacterial LPMO derived from extreme environment and its structural comparison by super positioning with well-defined TfAA10A (LPMO) of Thermobifida fusca was investigated. Result indicates the conservation in active copper center and flat surface for substrate binding from halophilic archaea to deep marine bacteria. Furthermore, annotation of different CAZymes in bacterial species with characterized LPMO and full range of glycoside hydrolase overcomes the need for consortia. The vast diversity and substrate flexibility of LPMOs along with its crucial role in pre-treatment steps of plant biomass, nano-cellulose formation, and insecticidal activity opens a wide array of biotechnological applications.
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1. Introduction
The energy consumption rate, geopolitical instability in oil-producing nations, depletion of fossil fuel, and environmental concerns has spurred intense interest in alternative renewable biofuels. Since biofuels are carbon neutral (Repo et al. 2015) and do not accumulate in the atmosphere; therefore, a shifting of dependency from fossil fuel to biofuels is an absolute requirement. Lignocellulosic biomass is mainly composed of cellulose therefore it is a promising raw material for “second generation” biofuels. 
Microorganisms develop the complex network of enzyme and chemical reaction, which efficiently deconstructs the structural intricacy of plant biomass (Purohit et al. 2016). Fungi and bacteria secrete group of enzymes like cellulase, hemicellulase, ligninase, and pectinase, to deconstruct the structural intricacy of plant biomass (Gulhane et al. 2017). Although Glycoside Hydrolase (GH) is well documented for hydrolysing plant biomass, their inaccessibility to the crystalline area of polysaccharides restricts the efficient deconstruction process. Recently explored metalloenzyme LPMO provides a breakthrough step in catalysis for plant biomass conversion to biofuels. LPMOs oxidatively cleave the glycosidic bond in crystalline (Fig. 1) as well as the amorphous region of polysaccharide and thus create a site for the accessibility of other GHs. LPMOs act in synergy with cellulase and hemicellulase for hydrolyzing the plant biomass more efficiently. The hydrolyzing pattern of GH and LPMO varies as classical GH act with acid/base and nucleophilic assistance hydrolyzing the glycosidic bond while LPMO oxidatively cleaves the bond in the presence of oxygen, a hydrogen atom and externally donated electrons. 

LPMOs catalyze the oxidation of very strong fully saturated C-H bond by an active copper site chelated by two histidine residues known as “Histidine brace.” All the LPMOs characterized so far possess the common histidine brace and a flat substrate-binding surface, which catalyze the oxidation of C1 and C4 position in the substrate. LPMOs have been reported to act on a wide range of polysaccharides such as cellulose, hemicelluloses, chitin, and starch. They are ubiquitously reported in nature and have been annotated in bacteria, fungi, metazoan, oomycote, multicellular algae, ichthyosporae, archaea, and ferns. The existence of   LPMO in different environmental condition increases the thrust to explore the structure and active site of LPMOs derived from various niches.
2. LPMOs deconstructing polysaccharide 
2.1. A brief history of LPMO

A new class of enzyme accelerating the rate of cellulose hydrolysis was highlighted by Reese et al. in 1950. They studied the cellulose degradation by incubating cellulose with fungal spore and reported a two-component system. The first unidentified component (C1) helps to overcome the polysaccharide crystallinity and a second component (CX) corresponds to the cleavage of glycosidic bonds. The C1 component disrupted the structure of cellulose, which becomes easily accessible for various cellulases. Further, in 1974, Eriksson and colleagues reported the cellulose deconstruction by culture filtrates of white-rot fungi to be more efficient in the presence of O2, leading to the postulate that oxidative processes contribute to cellulose conversions. Suzuki et al. in 1998 reported a chitin-binding protein (CBP21) from Serratia marcescens’s culture supernatant grown in the presence of chitin. The 21 kDa CBP21 remarkably improved the efficiency of chitin hydrolase as reported by Vaaje-Kolstad in 2005. In 2010 Vaaje-Kolstad made a breakthrough by deciphering the crystal structure and mode of action of a bacterial metalloenzyme carbohydrate-binding module 33 (CBM33) which oxidatively enhanced the degradation of chitin by chitinase. They concluded that the enzyme is enhancing the chitin deconstruction by recruiting atmospheric oxygen and an exogenous electron from reducing agents. The overall monooxygenase reaction involved the oxidation of C-H bond to C-OH at C-1 carbon atom of chitin followed by the elimination of H atom and chain cleavage of chitin. Similarly, Hariss et al. 2010 described, a fungal polysaccharide oxygenase as glycoside hydrolase (GH61), which could lower the catalytic load required to hydrolyze lignocellulosic biomass in the presence of various divalent metal ions.

Oxidases causing hydroxylation at C-1 or C-4 carbons of glycosidic bonds converge from different origin under a common acronym Lytic polysaccharide monooxygenase (LPMO).  Levasseur et al. (2013) reclassified these prominent enzymes formerly known as GH61 and CBM33 as Auxiliary Activity (AA) 9 and 10 (AA9 and AA10), respectively. Currently, the existing classification of LPMO has seven classes in carbohydrate-active enzyme database (CAZy) and grouped under families AA9, AA 10, AA 11, AA 13, AA 14, AA 15 and AA 16.
2.2 LPMOs in the deconstruction of polysaccharides
LPMOs oxidatively cleave the glycoside bonds (Quinlan et al. 2011) and produce an oxidized polysaccharide chain. The action of LPMO on crystalline regions generates accession points for other hydrolytic enzymes, such as endoglucanase and processive cellobiohydrolase. Liu et al. in 2018 studied the effects of HiLPMO9B and cellobiohydrolase activity on microcrystalline cellulose. The results indicated the pretreatment of microcrystalline cellulose by LPMO increased 25% total released soluble sugar after digestion with cellobiohydrolase. Molecular simulation studies of LPMO have shown the variation in behavior of crystalline cellulose caused by oxidized species. The oxidized species cause the steric interference that disrupts the local crystallinity and reduces the enzyme load needed for polysaccharide decrystallization (Vermaas et al. 2015).
The deconstruction of crystalline polysaccharide is contributed by the mobile loop region surrounding the active site of LPMOs (Frommhagen et al. 2015). These loops bring the structural changes in an enzyme binding to a flat crystalline area of polysaccharide (Arora et al. 2019). Moreover, the presence of CBM and associated linker in LPMO promotes the localized binding efficiency of LPMO to the crystalline region of cellulose (Courtade et al. 2018).
2.3. Abundance of LPMO in a different domain
LPMOs are widespread in the environment and have been reported in the different organism (Table 1). Vaaje-Kolstad in 2010 firstly characterized the functional bacterial LPMOs using mass spectroscopy. They reported the action of an enzyme, producing oxidized chain ends, which further promotes chitin degradation. Meanwhile, metal dependent fungal enzyme GH61 was reported for hydrolytic action on cellulosic biomass polysaccharide, which lowered the total protein load required to hydrolyze the biomass (Harris et al. 2010). Interestingly, a LPMO has been reported in an ancient group of insect Thermobia domestica (Sabbadin et al. 2018). The possible role of LPMO in an insect can be remodeling of endogenous chitin scaffolds during development and metamorphosis. Another interesting finding of Yadav et al. (2019) described an insecticidal protein Tma 12, expressed by a fern Tectaria macrodonta with 45% amino acid sequence similarity with cellulose active LPMO of Streptomyces coelicolor. A crystal structure of Tma12 supports the conserved major structural characteristics of bacterial LPMO. In recent years, about 60 LPMOs derived from different organisms like bacteria, virus, and fungus have been characterized. It has been annotated in sea slug, ant, brown alga, mosquito, and coral. The functional diversity of LPMO belonging to the different organism is still under exploration. The abundance of these enigmatic enzymes in various life forms increases the thrust to explore the evolutionary relationship, structure, and active site of LPMOs belonging to different domains. 
2.4. Evolutionary relationship of LPMOs 

Existence of LPMO spreads across several clades of life (Sabbadin et al. 2018). This finding led us to mine the evolutionary relationship among the LPMOs annotated in different domain. Total 168 Amino acid sequence annotated in the different organism were retrieved from LPMO family that comes under AA9, AA10, AA11, AA13, AA14, AA15, and AA16 in Cazy database. The phylogenetic analysis of theses sequences using minimum evolution algorithm of MEGAX software revealed the formation of seven clusters representing different families of LPMO (Fig. 2). The bacterial family represents red clades forming the AA10 family that shows a complete divergence from other families. Fern LPMO Tma12 has also clustered with AA10 family indicating the similarity with bacterial LPMO as reported by Verma et al. 2019.  AA15 family (blue clades) comprises of insect LPMO which has sequence similarity with fungal LPMOs. One AA15 member cluster together with cellulose active AA16 fungi LPMO which sheds light on cellulose active LPMO in insects may be evolved because of its metabolism needs. The distinct group may have arisen from consecutive speciation and gene duplication. Since sequences even diverge within the same species, it can be concluded that LPMOs could be a paralogous enzyme. LPMOs span across the various domain but perform similar oxidative biochemical processes. This evidence also suggests that LPMOs can be used as a molecular marker for organism evolutionary studies. 
3. Histidine brace: signature of LPMO 

3.1. Structure of histidine braces
Vaaje-Kolstad first determined the crystal structure of LPMO (CBM33) derived from Serratia marscenes AA10 (SmAA10_A) (Vaaje-Kolstad et al. 2005) and later demonstrated the oxidative action on chitin (Vaaje-Kolstad et al. 2010). The structure revealed the immunoglobulin-like β sandwich core, defined as a ‘budded’ fibronectin type III fold along with the patch of conserved hydrophilic residues. Mutagenesis confirmed the involvement of residues like Tyr45 and Glu60 in substrate binding. At this stage, no metal ion binding site was reported in LPMO structure; and hence, it was not considered as a metalloenzyme. The similar structure of SmAA10_A was observed in fungal LPMO, TrCel61B (GH61), (Karkehabadi et al. 2008; Harris et al. 2010) and it revealed about the structural relationship between GH61 and CBM33 (now AA9 and AA10). The exciting feature of both LPMOs was the lack of canonical active site groove with acid/base residues found mainly in glycoside hydrolase (Beeson et al. 2015). The finding made clear that LPMO is a distinct group of enigmatic enzymes with a flat surface and could have a putative metal-binding site. Quinlan et al. (2011) studied and identified divalent copper metal ion in the active site of Thermoascus aurantiacus GH61A (TaGH61A) and named it as “Histidine brace.” Later on, Phillips et al. 2011 confirmed the copper ion as the only metal ion that enables catalysis of Neurospora crassa GH61.
The structural diversity of LPMOs are mostly found in loops and helices. Longer loops contain three short helices (Vaaje-Kolstad 2005), forming the plane of the active site. The series of shorter helices between strands lead to a conical tip at the opposite end to the active site (Beeson et al. 2015). The variability in LPMO’s substrate specificity is mainly found in loop region located between the β strand 1 & 3. The surface located aromatic amino acids are involved in topologies of substrate binding surface (Vaaje-Kolstad et al. 2017). The high sequence variability in the substrate-binding site suggests the variation in substrate specificities and glycosidic bond. 
The active site of LPMO comprises divalent copper center chelated by N-terminal histidine through its NH2 group and δ-N of its imidazole side chain. Second histidine residue completes the coordination by ε-N of the side chain and thus forms the T-shaped N3 coordination geometry. This coordination geometry catalyzes the oxidation of saturated strong C-H bond (Ciano et al. 2018; Muthuramalingam et al. 2019).  The primary coordination sphere of copper histidine brace remains conserved across all the LPMOs characterized so far. Enzymes such as peptidylglycine mono-oxygenase (Bauman et al. 2011; Kline et al. 2013) and methane mono-oxygenase (Kline et al. 2013; Balasubramanian et al. 2007) have similar histidine brace with copper in an active site. Hence, these enzymes can oxidize substrates, which are highly resistant to oxidation such as methane, and that proves the unusual coordination chemistry of the copper histidine brace.
3.2. Copper ion in activated LPMOs
The catalytic mechanism of LPMO requires Cu(I) to bind with molecular oxygen while reports stated another oxidation state of Cu at active sites. Gudmundsson et al. 2014 solved the crystal structure of LPMO from Enterococcus faecalis (EfaCBM33A) active on chitin. The structure revealed the transition of Cu(II) to reduced Cu(I) state. Studies also stated the two Histidine residue in the catalytic center binds to Cu(II) with a higher preference for Cu(I). In support to previous studies, structural changes were reported with the conversion of oxidized Cu(II) to a reduced Cu(I) form with no water molecule in coordination (Kracher et al. 2017). It has already been established that reducing agent donates their electron and reduce Cu(II) to Cu (I) oxidation state before the binding of molecular oxygen. Binding of oxygen initiates the catalytic cycle, which hydroxylates the substrate to cleave the glycosidic linkage (Kjaergaard et al. 2014). In this catalysis, the single oxygen atom incorporates into the products from molecular oxygen, and the eliminated product undergoes a hydrolysis reaction (Westereng et al. 2018).
3.3. Flexible linker arms in LPMO
LPMO’s catalytic domain is found to be tethered with CBMs by a flexible linker. The association of AA10 has been reported with CBM2 & CBM3 capable of binding cellulose and CBM5 & CBM12 for chitin binding (Book et al. 2014). Starch active AA13 enzymes are associated with CBM20, a classical starch-binding CBM (Leggio et al. 2015; Phillips et al. 2014). Crouch et al. 2016 underlined the importance of CBM by reporting the reduced activity upon the deletion or substitution of CBMs in LPMOs. 
Courtade et al. (2018) employed NMR spectroscopy to reveal the structural and dynamic features of full-length modular ScLPMO10C from Streptomyces coelicolor. It was observed that the disordered and extended linker forms the distance between the catalytic domain of LPMO and CBM, which allows these domains to move independently. On comparison of catalytic activity of full-length ScLPMO10C and truncated ScLPMO10C, it was inferred that the CBM promotes localized and repeated oxidation of the substrate, which is crucial for LPMO activity at lower substrate concentrations.
4. Oxidative steps of LPMOs 
LPMOs use a complex mechanism for oxidizing their substrates, which involves the complex networking (Jha et al. 2018) between LPMO, substrate, active copper site, the electron donor, and the molecular oxygen. The exact idea of the mechanism is challenging to infer due to insoluble and partially crystalline nature of polysaccharide, which complicates most experimental approaches. The LPMOs acting on soluble polysaccharides helped in understanding the interaction and mechanism of an enzyme by titrating the substrates with protein and calculating the changes in the chemical shifts observed by nuclear magnetic resonance (NMR) (Courtade et al. 2016). Moreover, isothermal titration calorimetry (ITC) studies have helped to understand the thermodynamics and broad specificity of LPMOs with various substrates. Quantum mechanics and molecular mechanics (QM/MM) are employed for extracting the exact mechanism of oxygen activation. Binding of a copper ion with oxygen has been confirmed by using O2 analog cyanide, which is the first step of LPMO catalysis (Bacik et al. 2015). Together all these techniques have helped to deduce the enzyme activation, its action in the crystalline area of polysaccharide, and the final oxidation step.
4.1. General mechanism of LPMO
The proposed mechanism for LPMO catalyzing the oxidation of polysaccharides involves the reduction of Cu(II) to Cu(I). Further binding of oxygen molecule initiates the catalysis process. Copper ion in resting LPMO exists in Cu(II) state which upon acceptance of an electron reduces to Cu(I) state. Kjaergaard et al. 2014 observed the changes in coordination of Cu ion through X-ray absoption and spectroscopy. Cu(II) ion in LPMO is coordinated by four atoms including three nitrogen ligand and one hydroxide ligand derived from the water molecule. Upon reduction with an electron, hydroxide ligand is lost, and Cu(II) acquires Cu(I) state. The later state of copper ion binds to molecular oxygen (O2) forming a superoxide complex, (CuO2)+ and regenerating the resting Cu(II) state. However, the superoxide is less reactive to abstract hydrogen from the C-H bond of polysaccharide (Kim et al. 2014).​ 
Hedegard and Ryde in 2018 applied quantum mechanics and molecular mechanics (QM/MM) approach to identify the reactive species causing oxidation of C-H bond. The study stated that histidine residue in catalytic center protonates superoxo [CuO2]+ complex forming an oxyl-complex resulted from the  O-O bond cleavage and dissociation of water in the presence of electron donor. This oxyl complex reacts with the substrate or is protonated to a hydroxyl complex. Cu-hydroxy and Cu-oxyl complex are reactive enough for abstracting hydrogen from the bound substrate (Fig. 3).  Summing up all the mechanistic studies it can be inferred that Cu–oxyl and Cu–hydroxyl intermediates can set a new route for LPMO activity. However the carbohydrate intermediates in the catalysis are underexplored since hydrogen abstraction, and hydroxylated product formation from the substrate radical has not been experimentally observed.
4.2. Substrate interactions
NMR studies have confirmed the binding of substrate to LPMO surface region involves both hydrophobic interaction and hydrogen bonding (Liu et al. 2018). Bissaro et al. (2018) studied SmAA10A interaction with chitin through molecular dynamics simulation. The study reveals a constrained geometry at the active site along with a tunnel gated by glutamate, connecting the bulk solvent to the copper site allowing the diffusion of small molecules like H2O2, H2O, and O2. Glutamate or glutamine role at the active site and in catalysis is confirmed by the mutational studies (Li et al. 2012; Loose et al. 2018). The possible role of glutamate or glutamine residue in active site could be the positioning of substrate and activation of oxygen residues. Moreover, QM/MM and electron paramagnetic resonance spectroscopy demonstrated the rearrangement of water molecules coordinating the copper ion for efficient binding of substrate. Several binding studies have shown that the reduction of copper ion and binding of potential superoxide analog-like CN- (Courtade et al. 2016) and Cl-  (Frandsen et al. 2016) promotes the substrate binding (Forsberg et al. 2019).
The effect of LPMO action on the surface chemistry of cellulose was first measured by Eibinger et al. in 2014 using fluorescence dye adsorption. The surface chemistry of LPMO stated the introduction of carboxyl groups in surface-exposed crystalline areas of the cellulose by LPMO. Studies have also proven the synergy of LPMO and CBH I by generating a free chain end in the highly recalcitrant cellulosic substrate. Cellulosic nanofibrils aggregate from the colloidal suspension, which is reduced by the incorporation of additional surface carboxylate groups by LPMO activity. It is well established in the literature that colloidal suspensions of nanocrystalline cellulose stabilize by the charged surface groups (Ubbink 2009). The same study has also proven the synergy between LPMO and endoglucanase by stating the clear benefit to cellulose from the pretreatment of the substrate with LPMO (Warren et al. 2012). 
4.3. H2O2  in  hydroxylation
Early studies of LPMO have indicated towards the oxidative cleavage by showing the released aldonic acid from chitin. Later studies have shown that apart from O2 as a co-substrate for LPMO, H2O2 can also catalyse the deconstruction of complex polysacchrides. H2O2 has been referred to as a preferred cosubstrate, which raises the question on the established paradigm of O2-LPMO activity. Since H2O2 is also a reaction product in other enzyme catalyzing the lignolytic reaction, therefore, it may play a central role in biomass conversion. LPMOs can act as oxidases reducing the O2 leading to the formation of H2O2 in the absences of a substrate and the presence of reductant (Wang et al. 2018). These findings imply that non-substrate bound LPMO may be reduced and generate H2O2, which can boost the H2O2 driven reaction catalyzed by substrate bound LPMOs. Bissaro et al. 2017 observed the inhibition of LPMO catalysis by an H2O2 scavenging enzyme horseradish peroxidase in the presence of excess O2 and reductant, thus suggesting that O2 is a precursor molecule for the true co-substrate H2O2 (Hangasky et al. 2018).
4.4. Oxidation at C1 & C4 position 

LPMOs are reported to catalyze the oxidation of polysaccharide at both C1 and C4 position. Based on sequence alignments, three regioselective groups of AA9 LPMOs named as type 1, 2 & 3 are established (Granier et al. 2015).  The type 1 group oxidizes the polysaccharide at the C1 position, type 2 oxidizes at the C4 and type 3 oxidizes both the C1 and C4 positions. Oxidation at the C1 position of the substrate forms 1, 5-δ-lactones as a product which is further converted to stable aldonic acid (Westereng et al. 2013). C4 oxidizing LPMOs produce 4-ketoaldoses, which hydrate spontaneously to its gem-diol form (Isaksen et al. 2014). 
Apart from acting on cellulose LPMO has been reported to hydrolyze hemicelluloses. The enzyme cleaves any Glc-Glc bond in xyloglucan, regardless of substitutions, thus expanding the functionality of hemicellulolytic LPMO.  GtLPMO9A-2 is a reported C1/C4-oxidizing LPMO with high activity xyloglucan (Kojima et al. 2016). Deconstruction of xyloglucan by GtLPMO9A-2 may introduce the kinks between the cellulose bundles, thus providing access to GH enzymes. These studies led to the finding that hemicellulosic LPMO cut XG chain that attaches the two or more cellulose fiber rather than acting on XG chains that adhere to cellulose surface. 
5. Electron transfer system in LPMO
Cu (I) can store the initially required electron but the second electron has to be supplied from the other sources. Transient residue derived radicals could provide the required electron, and such radicals are observed for modifying tyrosine in galactose oxidase (Solomon et al. 2014). The incorporation of the second electron driven by tyrosine is located in the axial direction and is found to be conserved across fungal LPMO while in bacterial LPMO this is replaced by phenylalanine found at the equivalent position. Theory of electron transport chain or channel for the delivery of electron has also been proposed by some researcher (Walton et al. 2016), but any conserved pathway is not established yet.
5.1. Interaction of CDH with LPMO
Cellobiose Dehydrogenase (CDH) plays an important role in deconstructing polysaccharide (Horn et al. 2012). CDH contain CYT domain (Bollella et al. 2017) with prosthetic heme group, which receives electron by dehydrogenase domain and in turn reduces the LPMO by intermolecular electron transfer. Tan et al. (2015) studied the crystal structure of full-length CDH, and with docking experiment, concluded that there is a direct interaction between CDH and copper atom.
Moreover, CDH has a capacity of providing both electrons to LPMO needed in each catalytic cycle, and the fact that CDH cannot bind LPMO in the presence of a substrate would indicate the presences of electrons in LPMO before the substrate binding. However, this is a baffling conclusion as reduced copper transfers only one electron, and it can store up to two electrons. Instead, copper-superoxo formation is initiated by the first electron transfer pointing towards the consecutive oxidation of a tyrosine or tryptophan residues. The cycle completes when CDH donates two electrons, one to reduce Cu(II) to Cu(I) and second for the tyrosine or tryptophan radical to standard form (Warren et al. 2012). Loose et al. in 2016 demonstrated that the fungal CDH kinetically controls the supply of electrons to the LPMO and can also act as a universal electron donor for bacterial LPMO. Involvement of two electrons in the catalytic mechanism of LPMO was supported by studying the chitin oxidation rate by CBP21 (Loose et al. 2018) which was equivalent to the rate of co-substrate oxidation by MtCDH. The detrimental effect of too high electron supply has also been reported, which indicates that the electron availability is a rate-limiting factor for LPMO catalysis (Bissaro et al. 2017). 
5.2. Different electron donors for LPMOs
A reductant is needed for the catalysis of LPMO. CDH’s role as a reductant has been proven in so many reports, but studies have reported the other reductants (Fig. 3) that can donate an electron to initiate the catalysis. Vaaje-Kolstad in their initial study identified an organic compound Ascorbic acid as reductant while other studies have indicated cysteine, glutathione as an electron donor for LPMO catalysis (Frommhagen et al. 2016; Loose et al. 2016). Moreover, plant-derived phenols (Brenneli et al. 2018) and sunlight have also been reported for initiating the catalysis. Cannella et al. 2016 demonstrated that the chlorophyllin or thylakoids in combination with reductant could increase the catalysis rate 10 to 100 fold. This indicates the commercial potential of the system, but the mechanistic approach of this light-driven system still need clarification (Bissaro et al.2018). Frommhagen et al. in 2016 studied the effect of many reducing agents, including mainly the flavonoids derived from plant and lignin building units. They reported the highest release of non-oxidized and oxidized oligosaccharides from cellulose by the reductants harboring a 1,2-benzenediol or 1,2,3-benzenetriol moiety, while monophenols and sulfur-containing compounds show less activity toward cellulose. 
A study conducted by Kuusk et al. 2019 investigated the effect of reductant on H2O2 directed deconstruction of 14C-labelled chitin by SmLPMO10A. In detailed kinetic characterization, they reported that LPMO catalyzes 18 oxidative cleavages per one molecule of ascorbic acid in the presence of H2O2, suggesting a “priming reduction” reaction.  Further, it concluded that LPMO priming efficiency depends on reductant reactivity, LPMO’s monooxygenase/peroxygenase, reductant oxidase/peroxidase activities, the presence of O2, H2O2, and polysaccharide concentrations. The activity of the fungal LPMO derived from Gloeophyllum trabeum, GtLPMO9B, was evaluated in the presence of three reductants 2,3-dihydroxybenzoic acid (2,3-DHBA), gallic acid and ascorbic acid (Hegnar et al. 2018). Under the aerobic condition, LPMO had shown the activity with former two reductants, whereas 2,3-DHBA could not drive the catalysis. Upon gradual addition of external H2O2 DHBA has shown some activity which supports the fact that H2O2 act as co-substrate for LPMOs. 
The diverse reductant with different sizes and topologies activate LPMO catalysis, which indicates the fact that the highly surface-exposed active sites of LPMOs are unusual and lack the reductant specificity. Operational stability of any enzyme is essential for its application in industrial, biological, and chemical contexts. Oxidative pathway process leading to the inactivation of LPMO has been reported in the literature. In a study conducted by Loose et al. 2018 for understanding the role of conserved amino acids situated in flat substrate binding surface of CBP21, it was shown that mutation does not affect the catalytic site of copper, but they play an important role in substrate binding. Enzyme stability was also affected by the mutation because, in the lack of substrate, enzyme undergoes self-oxidation of critical residue and thus causing the loss of activity. This oxidative damage is confined to the copper coordinating histidines at the active site. Self-inactivation of the enzyme can be prevented by productive substrate binding. This inactivation process needs a more detailed study to understand the full mechanism of LPMO for its applicability in different fields.
6. Substrate specific regioselectivity 

First, LPMO characterized was reported to act on chitin, which is abundant in insect covering and marine organism (Vaaje-Kolstad et al. 2010). Meanwhile, Harris et al. 2010 reported LPMO from fungus to carry the cellulose oxidation. Jung et al. 2015 stated that LPMO from Gloeophyllum trabeum exhibited the activity to depolymerize the cellulose as well as synergistically acting with xylanase. Bacterial LPMO HcAA10-2 isolated from Hahella chejuensis disrupted the cellulose microfibril and resulted in reduced crystallinity index (Ghatge et al. 2015). AA9 family comprises of fungal LPMO active mainly on cellulose. Hemsworth et al. 2014 reported a new family (AA11) of fungal LPMO active on chitin. Although the signature histidine brace was conserved in chitin active fungal LPMO, a change was observed in the active site where substrate bind to the enzyme. While LPMOs action on chitin and cellulose are still under exploration, another LPMO from AA13 family was found to boost the amylolytic effect on starch (Nekiunaite et al. 2016). LPMOs have been reported to act on xylan as well. Couturier et al. 2018 reported a xylan active LPMO from wood decay fungi Pycnoporus cinnabarinus. The same study stated that a new family of xylan active LPMOs is prevalent in brown-rot and white-rot basidiomycetes and increase the wood saccharification efficiency through oxidative cleavage of highly refractory Xylan-coated cellulose fibers. Moreover, a bifunctional LPMO active on cellulose and chitin derived from insect Thermobia domestica (Sabbadin et al. 2018) has drawn the attention of many researchers. The presence of LPMO in insects is postulated to be involved in chitin remodeling of the gut.
7. Over-expression of LPMOs
LPMO is synthesized with an N-terminal signal sequence, and upon translocation, to periplasmic these signal sequences are cleaved off, resulting in native LPMO domain with an N-terminal histidine residue (Courtade et al. 2017).  The expression of LPMO in a heterologous system and its recovery for industrial application is still being explored. Kojima et al. 2016 overexpressed GtLPMO9A-2 with unpredicted 55 residues long C- terminal domain in Pichia pastoris to investigate its properties. Overexpressed LPMO was reported to be active on cellulose, carboxymethylcellulose, and xyloglucan. Moreover, the same LPMO was active in any position in xyloglucan regardless of any substitution. For bacterial LPMO sequences, the most utilized vector is pET ( Loose et al. 2014; Gregory et al. 2016; Hemsworth et al. 2018; Wang et al. 2018) and pRSET (Forsberg et al. 2016; Mutahir et al. 2018) with T7 lac promoter. Lac promoter is induced by isopropyl β-D-1-thiogalactopyranoside (IPTG) resulting in premature and processed LPMO mixture. These two vectors carry T7 or lacUV5 promoter (Ghatge et al. 2015), but high glucose concentration causes catabolite repression, which in turn down-regulates the LPMO gene expression.
Additionally, Courtade et al. (2017) constructed a carbohydrate-free XylS/Pm system for expressing the LPMO coding gene which produced the mature LPMOs under controlled induction by m-toluic acid at low cultivation temperature. Although, this system efficiently produced correctly folded and processed recombinant LPMO but the proper functioning of cassette requires low temperature, which is uneconomical for its applicability at industrial scale. Apart from a bacterial expression system, the fungal expression has also been exploited since LPMO is expressed in eukaryotic as well as prokaryotic organism. 
Fungal LPMO carries methylated histidine residue at N-terminal. Granier et al. (2015) expressed AA9 LPMOs from Podospora anserine in Pichia pastoris expression system. They reported the absence of methylation at N-terminal histidine heterologously expressed PaLPMO9. Further activity analysis revealed that the lack of methylation does not affect the activity and is not detrimental. Pichia pastoris expression is widely reported in the literature (Tanghe et al. 2015; Kittl et al. 2012; Agger et al. 2014; Jagadeeswaran et al. 2018; Sanhueza et al. 2018) since proper folding and glycosylation of eukaryotic LPMOs are highly achievable in this eukaryotic expression system. Du et al. 2018 reported the expression of AnLPMO15g from Aspergillus niger in Pichia pastoris system. The recombinant LPMO product was fully functional with higher molecular weight than the theoretical due to N-terminal glycosylation of the heterologous expression system in Pichia Pastoris. 
Moreover, glycoengineered Pichia Pastoris has been employed to facilitate crystallographic studies of LPMO by improving the diffraction resolution and crystal morphology. For expression in eukaryotic system, secretion signal alpha-mating factor from Saccharomyces cerevisiae is exploited, but Tanghe et al. 2015 reported that native secretion signal is more effective for obtaining high protein yields and correct processing of N-terminus. The expression system for recombinant LPMO still needs a fine tuning since heterogeneity at N terminal of protein can alter the desired activity of the protein. Moreover, proper protein folding and correct glycosylation of LPMO are also crucial factors that need to be focused for high LPMO yield. 
8. Copper active center in prokaryotic LPMOs 
LPMOs are well characterized in Cazy database that describes the families of structurally-related catalytic enzymes. Extensive studies have been performed on fungal LPMOs, but bacterial LPMOs are still under exploration. Bacteria can inhabit a very harsh environment, have shorter lifecycle than fungi and could be easily optimized for withstanding the operational conditions at large scale. These factors of bacteria make them suitable to be applied at an industrial scale in a biorefinery. 
Until now the signature “Histidine braces” have been conserved in all LPMO characterized so far. Kruer-Zerhusen et al. 2017 characterized crystal structure of TfAA10A by comparing it with Streptomyces coelicolor LPMO. In result, found the His37 & His144 forms the primary coordination sphere comprising of active copper center in histidine braces. Secondary coordination sphere comprises the important amino acids involved in the binding of substrates. Mutagenic studies performed in wild type Thermobifida fusca LPMO revealed the function of Tyr213, Trp82, and Asn83 in the secondary coordination sphere. Trp82 is critical in the binding of the enzyme to crystalline cellulose while Asn83 represents the high mobility of the side chains and providing a binding surface for the different substrate. Tyr213 at the axial position in the copper coordination sphere of plays a crucial role in substrate binding and replacing tyr213 with phenylalanine increased the binding capacity of the enzyme. In most of AA10 LPMOs, the axial position is occupied by phenylalanine. 
Similarly, in the present study, an in-silico analysis was performed to study the impact of various environmental conditions on structural and catalytical heterogeneity in the active site of bacterial LPMO. For comparison, ten bacterial and two archaeal amino acid sequences (Table 2) of LPMO were retrieved from the KEGG database based on C4 de-hydrogenating enzyme (K22033) [EC:1.14.99.56]). The amino acid sequence of different bacterial species was employed to Clustal omega for multiple sequence analysis with cellulose active LPMO, TfAA10A derived from Thermobifida fusca (Fig. 4). Further, the retrieved sequences were uploaded on the Swiss model to obtain the predicted protein structure based on homology with available structure. The protein models for each organism-specific amino acid sequences were downloaded in PDB format, and superpositioning for active site analysis was performed using UCSF Chimera software. Subsequently, the percent identity was calculated with TfAA10A.
The N-terminal histidine residue along with another histidine residue from side chain forming the active catalytic center was found to be conserved in bacterial sequences and Halomicrobium archaea. However, an aspartic residue replaces asparagine in Natrialbaceae archaea restricting the side chain mobility for substrate binding. The trp82 residue was conserved in bacterial sequences, but tyrosine replaces tryptophan residue in archaea. Trp82 has been suggested to perform a substrate binding, thus affecting the activity of the enzyme. Another residue tyr213 occupies the axial position of the copper coordination sphere in TfAA10A. This residue is also conserved in bacterial amino acid sequences, but in archaea, phenylalanine replaces tyrosine residue. Phenylalanine has already been reported in the active catalytic site in well-characterized LPMO ScLPMO10B.
Computer-assisted 3D structure modeling of selected LPMO amino acid sequences and its superimposition with the characterized chain A of TfAA10A revealed the changes in secondary structure and active catalytic site (Fig. 5). The superpositioning of the structure indicates that although the backbone of all the LPMO differs in loop and beta secondary structural conformation, the active catalytic site is always surface exposed and contains the signature “histidine brace.” The copper in the catalytic center is crucial for the oxidation of crystalline polysaccharide. Tyrosine residue in the catalytic site is replaced by phenylalanine in archaea derived sequences. It has already been established that the change of TfAA10A Tyr213 to phenylalanine increased binding and probably changed the coordination sphere of the copper (Kruer-Zerhusen et al. 2017). It can be inferred from the previous finding that archaea can provide an efficient binding site for the substrate. 
The active catalytic center with copper ion as a ligand is conserved in other modeled structure, providing an opportunity to explore and characterize the LPMO form different ecological niche. Bacterial AA10 LPMO in this field needs more focus since bacterial cells have shorter lifecycle than those of fungi, which is an advantageous feature (Gomez Del Pulgar and Saadeddin 2014). Wide range of application of LPMO needs a special focus on its optimization, amino acid residue modification, genetic engineering, the effect of reducing agents, and its thermostability. Moreover, high substrate specificity and mode of action of these enzymes reflect its biotechnological potential at industrial level. 
9. Biotechnological applications
9.1. Valorising plant biomass 

Auxiliary activity group of enzymes (LPMOs) efficiently increases the performance of the cellulolytic, chitinolytic, and hemicellulolytic enzymes. LPMO depolymerize the crystalline substrate areas and creates chain ends providing access to other hydrolases, like endoglucanases and cellobiohydrolases (Eibinger et al. 2014; Karnaouri et al. 2017). Most thermophilic LPMOs have more impact on biotechnological aspects, making the recalcitrant biomass more susceptible to efficient enzymatic degradation. LPMOs synergistic action with cellulolytic and hemicellulolytic enzymes for increased yield of reducing sugars from plant biomass is well documented in the literature (Bissaro et al. 2018). 
Synergy of LPMO with xylanase (Hu et al. 2018); Sanhueza et al. 2018); Couturier et al. 2018), cellobiohydrolases, (Sabbadin et al. 2018; Selig et al. 2015; Eibinger et al. 2014), β-glucosidases (Sweeney and Wogulis 2012); Sabbadin et al. 2018) and endoglucanases (Karnaouri et al. 2017; Sabbadin et al. 2018) is reported in the literature. Brenelli et al. 2018 reported that laccases degrade lignin into the low-molecular-weight units, which provide electrons to LPMOs and enhancing their catalytic activity.
9.2. Designing commercial preparations
LPMOs action with commercial enzyme preparations ‘Celluclast’ has been reported for efficient biomass degradation, increasing the activity of GH by 10-times as reported by Johansen et al. 2016.  Ghatge et al. in 2015 reported the activity Hahella chejuensis LPMO HcAA10-2, when supplemented to cellulase increased 89% reducing sugar from pretreated wheat straw. The same mixture was applied to avicel, and the conversion reached 566%. 
LPMOs are reported to possess mobility in different directions of cellulose fibrils, thus creating grooves and edges which roughen the surface and provide accessibility to other hydrolytic enzymes (Song et al. 2018). Moreover, Hu et al. 2015 reported that the application of LPMO to substrate leads to a compelling reduction of the non-specific binding to cellulose. Igarashi et al. 2011 stated that LPMOs could lower down the competition among the enzymes for the same binding sites.
Many factors like structure, crystallinity, lignin composition, and degree of polymerization in plant biomass affect the electron availability of LPMOs (Muraleedharan et al. 2018). Other reaction condition such as availability of H2O2 and O2 supply may also affect the performance of LPMO (Bissaro et al. 2018).  Availability of oxygen is crucial for LPMO activity, which becomes limited in process with high solids concentration. In solid-state fermentation, LPMOs compete with microorganisms of the fermentation process for free oxygen, therefore, indicating the separate hydrolysis fermentation may be a preferred (Müller et al. 2017). 

Inactivation of LPMOs by H2O2 is well documented in the literature. The presence of an excess of H2O2 can lead to the requirement for other enzymes such as peroxidases which can mitigate its effect. Catalase in Podospora anserina has also been reported to protect the cell environment against damaging oxidative side-reactions of LPMOs (Scott et al. 2016). These studies, therefore, indicate that a balance between both O2 and H2O2 is crucial for maximizing the oxidative activity of LPMOs. However, methylation at N-terminal His1 residues protects LPMOs from reactive oxygen species formed in their own active sites (Petrovic et al. 2018). Hence the condition, as well as modification in LPMO, must be taken into account to employ it in the future for commercialization and application in the different biotechnological field.
LPMOs produce oxidized sugars which could be converted to other value-added products. Müller et al. (2017) evaluated lactic acid production upon addition of LPMO. Moreover, Hu et al. 2016 reported that LPMOs could add the carboxylic group to the hemicellulosic substrate, which promotes the formation of nano-cellulose by fibrillation process, either in the form of nanofibres or nanocrystals. Besides this, in another study, a stabilized nanofibril was formed by employing the synergistic action of AA9 LPMO with xylanase and endoglucanase. The formed nanofibril was thermostable and had increased physicochemical properties with high zeta potential and light transmittance. Wang et al. (2018) reported that AA11 LPMO from Fusarium fujikuroi in an aqueous solution introduces carboxylate moieties on the substrate without altering the crystallinity of the fiber indicating towards the potential of LPMOs in the production of functionalized nanomaterials. Apart from this, the recent finding of bacterial LPMO similar sequence in plant possessing the insecticidal activity widens the application of LPMO.
10. Conclusion
LPMOs oxidize and deconstruct different polysaccharide, including cellulose. Bio-refinery concept for biofuel production relies on efficient saccharification of plant biomass by the synergistic action of different hydrolytic enzymes. LPMOs act as a catalyst for bioconversion but the mode of action and complex reaction mechanism of the enzyme still needs much exploration.

Abundance of LPMOs in different forms of life and its radial phylogram analysis infers that LPMOs may be categorized as paralogous enzyme evolved as a result of gene duplication. They are associated with different biological forms and perform the oxidation of various polysaccharides, as a functional demand of an ecological niche. LPMOs benefit marine organisms by acting on chitin, and aerobic bacteria benefit terrestrial organisms by acting on cellulose, xylan as well as starch. However, in the majority of cases, LPMOs play a crucial role in overcoming the crystallinity of complex polysaccharide, thus providing access to sugar hydrolyzing enzymes.  The analysis carried out using TfAA10A (LPMO) of Thermobifida fusca as a reference showed active copper center and flat surface for substrate binding, and the active site remained conserved across the different microbes.
An extreme environmental condition, such as high temperature, extreme pressure, salty condition, etc., can provide an excellent opportunity to explore these enzymes and optimize them for their application at a commercial level. The bacterial strains with LPMO can overcome the need for multi-enzyme system contributed by consortia that become difficult to maintain in operation and upscaling of technology.
In concluding remarks, the gap in this area demands the efficient expression system for fully active LPMO supported by suitable redox options. Discovery of new LPMOs with flexible hydrolytic properties will be a step further towards the application in the field of biofuel production and other biotechnological aspects.
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