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Abstract:  

The identification of enzymes responsible for oxidation of lignin in lignin-degrading bacteria 

is of interest for biotechnological valorization of lignin to renewable chemical products. The 

genome sequences of two lignin-degrading bacteria, Ochrobactrum sp., and Paenibacillus sp., 

contain no B-type DyP peroxidases implicated in lignin degradation in other bacteria, but 

contain putative multi-copper oxidase genes. Multi-copper oxidase CueO from Ochrobactrum 

sp. was expressed and reconstituted as a recombinant laccase-like enzyme, and kinetically 

characterized. Ochrobactrum CueO shows activity for oxidation of -aryl ether and biphenyl 

lignin dimer model compounds, generating oxidized dimeric products, and shows activity for 

oxidation of Ca-lignosulfonate, generating vanillic acid as a low molecular weight product. The 

crystal structure of Ochrobactrum CueO (OcCueO) has been determined at 1.1 Å resolution 

(PDB: 6EVG), showing a four-coordinate mononuclear type I copper centre with ligands 

His495, His434 and Cys490 with Met500 as an axial ligand, similar to that of E. coli CueO and 

bacterial azurin proteins, whereas fungal laccase enzymes contain a three-coordinate type I 

copper metal centre. A trinuclear type 2/3 copper cluster was modelled into the active site, 

showing similar structure to E. coli CueO and fungal laccases, and three solvent channels 

leading to the active site. Site-directed mutagenesis was carried out on amino acid residues 

found in the solvent channels, indicating the importance for residues Asp102, Gly103, Arg221, 

Arg223 and Asp462 for catalytic activity. The work identifies a new bacterial multi-copper 

enzyme with activity for lignin oxidation, and implicates a role for bacterial laccase-like multi-

copper oxidases in some lignin-degrading bacteria. 

 

Abbreviations: ABTS, 2,2’-azino-bis(3-ethylthiazoline-6-sulfonate; SGZ, syringaldazine; DCP, 

2,4-dichlorophenol; DMP, 2,6-dimethoxyphenol; GGE, guaiacylglycerol--guaiacyl; DDVA, 2,2’-

dihydroxy-3,3’-dimethoxy-5,5’-dicarboxybiphenyl 
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Introduction 

 

   The aromatic heteropolymer lignin constitutes 15-30% of the lignocellulose cell wall in 

plant biomass, and represents an abundant renewable raw material for conversion via either 

biocatalysis or chemocatalysis into aromatic chemicals. The microbial oxidation of lignin has 

been studied extensively in white-rot fungi, which produce extracellular lignin peroxidase and 

laccase enzymes for lignin oxidation [1, 2], but recently bacterial enzymes for lignin oxidation 

have also been discovered in some soil bacteria [3, 4]. Dye decolorizing peroxidases DypB in 

Rhodococcus jostii RHA1 [5], Dyp2 in Amycolatopsis sp. 75iv2 [6] and Dyp1B in Pseudomonas 

fluorescens [7] have been shown to be active for oxidation of polymeric lignin and lignin 

model compounds, and Lin et al have reported that a B-type dyp gene in P. putida A514 is 

overexpressed 68-fold in the presence of alkali Kraft lignin [8]. On the other hand, laccases are 

a group of enzymes that can oxidise a huge range of substrates without any additional 

cofactor, producing water as the only byproduct [9], making them a group of enzymes with a 

huge potential for scientific and industrial applications.  

   Although the precise role of laccase enzymes in lignin degradation is uncertain [10, 11], 

deletion of the Streptomyces laccase gene has been shown to lead to reduced amounts of acid-

precipitable lignin (APPL) formation from lignocellulose, implying a role for this laccase in 

lignin oxidation [12]. The biological function of bacterial laccases are thought to include 

morphogenesis [13], biosynthesis of a spore pigment for UV and hydrogen peroxide 

protection [14], and  copper homeostasis [15, 16]. Several factors suggest that their biological 

function is diverse and may vary from one organism to another, namely: the wide range of 

laccase substrates; low sequence homology in the laccase protein family; the presence of 

different types of laccases including 2- and 3-domain laccases, with and without signal 

peptides for protein exportation; and the existence of putative laccases in anaerobic bacteria 

[17]. Bacterial laccase-like multi-copper oxidases have been reported in Bacillus subtilis [18], 

Bacillus pumilus [19], Bacillus clausii [20], Bacillus licheniformis [21], Streptomyces coelicolor 

[22], Streptomyces sviceus [23], Meiothermus ruber [24], E. coli [25], and in Bacillus coagulans, 

Gramella forsetti, Streptomyces pristinaespiralis, Marivirga tractuosa, and Spirosoma linguale 

[26]. In general, bacterial laccases tend to be more thermostable and resistant to hard alkali 

pH or salinity conditions than their fungal counterparts [18-20, 24], and their expression on E. 

coli is easier and gives relatively high yields, although it usually requires oxygen-limited 

growth conditions to obtain fully copper loaded proteins [26, 27].   
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   Currently only a small number of bacteria with the ability to oxidise lignin have been studied 

in detail: lignin-oxidising enzymes have been characterized in Rhodococcus, Amycolatopsis, 

Pseudomonas and Streptomyces [5-7, 12]; and transcriptomic studies have been reported in 

Pseudomonas putida A514 [8]. We have reported the isolation of soil bacteria with lignin 

oxidation capability from woodland soil and from municipal waste soil [28, 29]. We have 

therefore investigated via genome sequencing and protein characterization whether these 

organisms use similar strategies for lignin oxidation. Here we report the identification of a 

novel bacterial laccase-like multi-copper oxidase from lignin-degrading Ochrobactrum sp.. 

 

Results 

Identification of genomic sequences encoding multicopper oxidase enzymes in Ochrobactrum sp. 

and Paenibacillus sp. 

    The genome sequences of Ochrobactrum sp. and Paenibacillus sp. were examined for the 

presence of genes encoding potential lignin oxidation enzymes, and aromatic degradation 

pathways that could metabolize the low molecular weight products of lignin breakdown. 

However, the Ochrobactrum sp. genome contained only one A-type dyp gene (gene ID 4966), 

and the genome of Paenibacillus sp. contained no dyp-type genes. Previous literature studies 

in Rhodococcus jostii [5] and Pseudomonas fluorescens [7] have indicated that activity for 

lignin oxidation is found in B-type DyP peroxidases, but not A-type DyP peroxidases. 

     The genome of Ochrobactrum sp. contains a multi-copper oxidase gene cueO (gene ID 4352, 

with 91.4% sequence identity to Uniprot E2GIP7_9RHIZ), immediately adjacent to a sodC gene 

encoding a Cu/Zn superoxide dismutase gene. The genome of Paenibacillus contains a 

putative polyphenol oxidase YlmD (gene ID 6155, with 41.4% sequence identity to Uniprot 

YLMD_BACSU), predicted by a BLAST analysis in Uniprot (http://www.uniprot.org/). These 

two genes were therefore selected for protein expression, as described above. Extracellular 

manganese superoxide dismutase SodA from Sphingobacterium sp. T2 has recently been 

shown to have activity for lignin oxidation [30]. The Ochrobactrum sp genome contains three 

superoxide dismutase genes, two sodF genes (ID 773, 4095) and the sodC gene (ID 4353) 

noted above, but none of these genes contained a signal sequence for protein export. The 

Paenibacillus genome contained two superoxide dismutase genes, a sodM gene (ID 6086) and 

a sodF gene (ID 6093), but neither gene contained a signal sequence for protein export. 

    The metabolism of lignin degradation products via bacterial aromatic degradation 

pathways is supported by several pieces of evidence: the accumulation of vanillic acid as a 

metabolite in lignin degradation, and the generation of vanillin as a bioproduct of 

http://www.uniprot.org/


 5 

lignocellulose breakdown in a vdh gene deletion mutant of Rhodococcus jostii RHA1 [31]; the 

generation of pyridine-dicarboxylic acids from re-routing of lignocellulose breakdown in R. 

jostii [32]; and the overexpression of genes on the -ketoadipate pathway of P. putida A514 in 

the presence of lignin [8]. The genome of Ochrobactrum sp. contains a gene cluster at 4452-

4463 encoding the -ketoadipate pathway, and also contains five of the genes on the 4-

hydroxyphenylacetate pathway (at 96, 97, 104, 105, 1962 and 1964), and mhqDE genes (at 

2570-71) for hydroquinone utilization. In contrast, the Paenibacillus sp. genome does not 

contain the central -ketoadipate gene cluster, although there are genes for hydroquinone 

utilization: a mhqDOPR cluster at 2217-2220, and mhqA genes at 3761 and 4617. 

 

Protein expression & purification 

    The genes encoding Ochrobactrum CueO and Paenibacillus polyphenol oxidase (P-PPO) 

were amplified from chromosomal DNA, and cloned into expression vector pET151. The 

recombinant proteins were then expressed as N-terminal His6 fusion proteins in E. coli, after 

induction with 1 mM IPTG, grown in Luria Bertani media supplemented with 80 µM CuSO4. 

The recombinant proteins were purified by immobilized metal ion chromatography (IMAC), 

which gave the expected protein bands at 55.1 kDa for OcCueO and 33.4 kDa for P-PPO (see 

Figure 1A). The His6 fusion tag was then removed by proteolytic digestion with TEV protease, 

followed by further purification by a second IMAC, to give recombinant proteins free of 

impurities. Yields of ≈20 mg OcCueO and ≈60 mg P-PPO per litre of culture were obtained. 

    Expression of recombinant CueO in E. coli BL21 was found to be dependent on the 

conditions used for protein expression. Under aerated incubation achieved by shaking, the 

purified protein was found to be dependent upon exogenous Cu2+ salts for activity and it was 

colorless in solution; but using the conditions reported by Durao [27] involving microaerobic 

conditions, achieved by switching off the shaking function during incubation after IPTG 

induction, the enzyme was active without exogeneous copper and was blue in colour, showing 

a typical UV/vis spectrum for laccase enzymes (max 612 nm , see Figure 1B), at a protein yield 

of 7 mg per liter of bacterial culture. The purified enzyme was analysed by inductively 

coupled plasma optical emission spectroscopy (ICP-OES), giving a stoichiometry of 4.8 ± 0.8 

mol Cu per mol protein. 

 

Kinetic characterization of OcCueO and P-PPO 

  Recombinant OcCueO and P-PPO were assayed for activity with 2,2’-azino-bis(3-

ethylthiazoline-6-sulfonate (ABTS); syringaldazine (SGZ); 2,4-dichlorophenol (DCP); 2,6-
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dimethoxyphenol (DMP) and guaiacol. P-PPO showed no activity using these substrates, but 

OcCueO was active with all substrates, and for the holoenzyme expressed and purified as 

described above, activity did not require addition of exogenous Cu2+ ions. Addition of 

hydrogen peroxide gave no effect on enzyme activity, hence OcCueO shows only oxidase 

activity, not peroxidase activity. Steady state kinetic parameters were measured for OcCueO 

using ABTS, SGZ, and DMP as substrates. The enzymes showed similar kcat values of 0.46-0.93 

s-1 for the three substrates, but a lower KM of 4 µM for SGZ, giving a kcat/KM value of 1.1 x 105 

M-1 s-1 for this substrate (see Table 1). The pH-rate profile of OcCueO was measured using 

ABTS and SGZ as substrates. As illustrated in Figure 2A, using ABTS the optimum pH range 

was 3.0-5.0, with maximum activity at 4.0; while using SGZ the optimum pH range was 6.5-9.0, 

with maximum activity at pH 7.6-8.6.   

   The activity of OcCueO was compared against commercially available fungal Trametes 

versicolor laccase (TvL). The specific activity of OcCueO towards ABTS was 30-fold less than 

TvL. However, the specific activity of OcCueO towards SGZ was 40-fold higher than TvL (see 

Figure 2B), implying that OcCueO may show a better activity and potential for certain 

applications. 

   Protein stability of bacterial laccase OcCueO vs fungal laccase TvL at 50 °C was assessed, 

using ABTS as substrate. Results showed that after an initial loss of 40% activity after 30 min, 

OcCueO retained the residual catalytic activity over a further 6 hours, whereas TvL showed 

only 20% residual activity after this time (see Figure 2C), indicating that OcCueO is more 

thermostable than the commercial laccase TvL. 

 

Activity of Ochrobactrum CueO against lignin model compounds and polymeric lignin substrates 

    In order to study whether OcCueO could oxidise lignin substrates, recombinant OcCueO was 

first assayed against two lignin model compounds: -aryl ether dimer guaiacylglycerol--

guaiacyl (GGE); and biphenyl dimer 2,2’-dihydroxy-3,3’-dimethoxy-5,5’-dicarboxybiphenyl 

(DDVA), with and without the addition of 1 mM ABTS as mediator, and products monitored by 

HPLC. OcCueO was active regardless the presence of a mediator, though the presence of a 

mediator resulted in variations in some chromatogram peaks. As shown in Figure 3A, 

incubation of OcCueO with GGE gave a visible colour change in solution, and led to the 

appearance of three new product peaks by HPLC analysis. Analysis of these peaks by 

electrospray mass spectrometry showed that major product peaks P1 and P2 contained 

higher molecular weight compounds at m/z 573.28 and 695.32 respectively (compared with 

343.28 Da for GGE), while the smaller peak P3 gave m/z 303.2. Peaks P1 and P2 therefore 
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appear to correspond to oxidative dimerization products of GGE. The peak P3 appeared only 

when the reaction was carried out in absence of the mediator.  

  Incubation of OcCueO with DDVA also gave a visible colour change in solution, and the 

appearance of four new product peaks by HPLC analysis. Analysis of these peaks by 

electrospray mass spectrometry gave m/z 687 for peak P1, which appeared only in presence 

of the mediator; while peaks m/z 621, 605 and 663 for P2, P3 and P4, respectively, were 

obtained only in absence of the mediator (see Figure 3B). All peaks showed higher molecular 

weight compounds (compared with 335 Da for DDVA), indicating that OcCueO also catalyzed 

an oxidative dimerization reaction upon DDVA, followed by further modification reactions. 

Assignment of structures for these peaks and possible mechanisms for their formation will be 

discussed in the Discussion section. 

  Recombinant OcCueO was then incubated with eight different lignin preparations, including 

organosolv lignins, alkali lignins, lignosulfonate, and industrial Kraft lignin, in presence and 

absence of mediators (ABTS and SGZ were used as mediators). Colour changes were observed 

in each case, indicating a reaction with polymeric lignin, however only in one case a low 

molecular weight product was detected by HPLC analysis. As shown in Figure 3C, in the case 

of Ca-lignosulfonate, a new peak was formed at 27 min retention time, whose retention time 

and mass spectrum matches with that of vanillic acid (m/z 169 MH+, 191 MNa+). The presence 

of ABTS as mediator slightly increased the size of this peak.  

 

Crystal Structure of OcCueO 

  The crystal structure of OcCueO has been determined at 1.1 Å resolution (PDB accession 

6EVG). The asymmetric unit of the crystal contained one molecule with the space group P21. 

The structure shows OcCueO to be a monomer organised into three separate domains (see 

Figure 4), as is typically observed for multicopper binding proteins [25, 33, 34]. The domains 

of OcCueO are divided as follows; domain one (residues 22-160), domain two (residues 161-

318) and domain three (residues 319-507). Each of the three domains shares similarities to 

the β-barrel type architecture observed in azurin and plastocyanin [35]. 

 

Structure of Mononuclear Copper Centre 

    The mononuclear (T1) copper centre within domain 3 of the OcCueO structure contains a 

four-coordinate trigonal pyramidal copper ion ligated by His495, His434 and Cys490 with 

Met500 as an axial ligand (see Figure 5A). This co-ordination is the same as that observed in 

azurin [36] and other bacterial laccases such as E. coli CueO [25] (see Figure 5B). Conversely, 
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the structure of T. versicolor laccase (PDB: 1GYC) also shown to have activity for lignin 

oxidation,  demonstrates a trigonal coplanar co-ordination of the T1 copper (see Figure 5C) 

which is more typically seen amongst fungal laccases [33, 34]. Within fungal laccases the 

methionine residue is replaced with either a phenylalanine [33] or leucine [34] residue which 

is unable to act as an axial ligand for the copper ion. 

    It was not possible to trace residues 350-391 in the OcCueO structure, but a similar 

observation was reported for the E. coli CueO crystal structure, in which residues 380-403 

could not be modelled [25]. In EcCueO, these residues pertain to an additional α-helix which 

lies near the T1 copper centre [25]. Within the OcCueO structure these residues also appear to 

be positioned in front of the T1 copper site. The presence of an additional α-helical loop 

covering the T1 copper centre reduces the size of the substrate binding pocket and has 

currently only been observed in bacterial laccases. This reduced substrate binding pocket 

could perhaps explain the preference for SGZ over ABTS. 

  

Structure of Trinuclear Copper Centre 

    Within the OcCueO trinuclear (T2/3) copper centre no clear electron density was observed 

for the three copper ions (see Figure 6A). The difficulty to model laccases with a full 

complement of copper ions has previously been noted in the literature [25, 37]. The 

possibility of X-ray induced radiation damage [38,39] was considered as a possible 

explanation for the lack of copper ion electron density, however, careful analysis of the 

OcCueO dataset using wedges of data showed no electron density for the T2 and T3 copper 

ions from the first wedge of data onwards, therefore it seems most likely that copper ions 

were missing from the crystals, which were grown aerobically. 

     The copper ions at this site are typically co-ordinated by a group of eight highly conserved 

histidine residues [33, 34]. All the conserved histidines can be clearly assigned in the OcCueO 

structure (see Figure 6A). Copper ions were modelled into the OcCueO structure using co-

ordinates from the structurally similar E. coli CueO structure (PDB: 3NSF) to confirm the 

positioning of the T2/3 site (see Figure 6B). The T2/3 copper site is embedded between 

domains one and three of OcCueO with both domains containing residues putatively involved 

in copper co-ordination. Superposition of the apo-OcCueO T2/3 site with that from the fully 

occupied E. coli CueO (PDB: 4E9Q [40]) shows that both His131 and His93 are in a 

significantly different conformation (see Figure 6C). This alteration is suggestive of these two 

histidines having a key role in the co-ordination of the type II copper. Minor alterations in 

conformation can also be seen for His133, His439 and His91. The positions of both His491 
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and His489 are, however, almost identical to their E. coli CueO counterparts. A ModBase [41] 

model calculated using the sequence for OcCueO generates a T2/3 site near identical in 

conformation to that observed for the fully occupied E. coli CueO (PDB: 4E9Q) site. 

 

Solvent channels 

    Three putative solvent channels leading to the T2/3 copper site within OcCueO structure 

were identified using CAVER 3.0 [42] (see Figure 7, residues listed in Table 2). Two of the 

channels originate from the modelled T3 copper ions and are situated between domains one 

and two (see Figure 7A). Each of these channels has only one mapped solvent access point but 

a shared entry at the T2/3 copper site. A further putative solvent channel originating from the 

modelled T2 copper ion was identified (see Figure 7B). This differs slightly from the solvent 

channels mapped in M. albomyces [43] and L. tigrinus [44] laccases where only two channels 

are described, one accessing the T2 copper side of the trinuclear centre and the other channel 

accesses the T3 copper side. Solvent channels originating from the T2/3 site are important in 

facilitating access of the site to oxygen and in the subsequent release of water molecules 

formed during the reaction [44].  

 

Site directed mutagenesis  

    The functional differences between bacterial and fungal laccases are not yet well 

understood, and few literature studies have been published on this topic. Laccase amino acid 

sequences typically contain well conserved amino acid motifs that are involved in copper 

binding: HXHG, HXH, HXXHXH and HCHXXXHXXXXM/L/F, and these sequence motifs are 

present in both fungal and bacterial laccases [17, 26, 45]. Bacterial laccases have been 

reported to show lower redox potentials than their fungal counterparts [46], hence they can 

oxidise a smaller range of substrates, but in contrast, they are usually easier to clone and 

express in E. coli with relatively high yields [26, 27], whereas fungal laccases with higher 

redox potential tend to be more difficult to clone and express [47-49]. 

   To gain some insights into structural differences and similarities between bacterial and 

fungal laccases, a multiple sequence alignment was performed with 32 fungal laccases and 33 

bacterial laccases or multicopper oxidases sequences. Two groups of amino acid residues 

were observed: Group 1 contained amino acid residues that are found in >90% of fungal and 

bacterial sequences, while group 2 contained amino acid residues near to copper centres that 

are conserved only in high redox potential laccases (HRPL) and apparently absent in bacterial 



 10 

laccases (see Table 3). A partial amino acid sequence alignment, containing each of the 

residues mentioned in Table 5, is shown in Figure 8.  

    Some of the conserved Group 1 residues form part of the previously described channels, as 

shown in Figure 7, so therefore they might play a role in oxygen or water transportation to 

the trinuclear copper center. Residue Gly145 was found to be present in the 100% of the 

analyzed sequences and it is overlapping the two channels from the T3 copper ions (see 

Figure 7A); while residues Asp102, Asp249, Arg269 and Asp462 are present in the channel 

from the T2 copper side (see Figure 7B). Arg221 and Arg223 appear to form part of a 

continuation of this tunnel in the fungal laccase TvL (PDB 1GYC). Site-directed mutants 1 

(K461A, D462A), 2 (R221A, R223A), and 3 (D102A, G103A) were generated in order to study 

the function of amino acids in these channels by replacement with alanine. Mutants 4 (S126G, 

F127T, N128F) and 8 (K461R) replaced amino acid residues in these solvent channels by 

residues commonly present in high redox potential laccases. 

    For Group 2, two regions were found with a high similarity among HRPL but with a no 

homology among bacterial laccases (see Table 5): residues Lys482, Ser483, His484 and 

Phe486 are found as NPGxW in fungal laccases; and residues Ile109, Ala110, Ala111 and 

Gly112 are found as QCPI in fungal laccases. Site-directed mutants 5 (I109Q, A110C, A111P), 6 

(F486W, M487L) and 7 (K482N, S483P, H248G) were constructed in order to explore 

whether these amino acid replacements would lead to higher catalytic activity.  

    After cloning and protein expression, all mutant proteins were successfully purified, and 

assayed for activity with ABTS and SGZ as substrates, and the results are shown in Figure 9. 

Mutants 1 and 2 showed no observable activity, although they were expressed at lower levels 

than the wild-type protein. The lack of activity indicates the importance of residues Lys461, 

Asp462, in the solvent channel from the T2 copper side, and a significant role for residues 

Arg221 and Arg223, though the lower expression suggests the possibility of a local structural 

change. Mutant 8 (K461R) lost >80% catalytic activity, indicating a specific preference for 

lysine at position 461, and mutant 3 also lost >80% catalytic activity, indicating a significant 

role for Asp102/Gly103 in the solvent channel from the T2 copper. We note that some of the 

new highly conserved residues (Asp102, Arg221, Arg223, Asp249, Arg269 and Asp462) are 

forming part of the channel from the T2 copper, and part of this channel is located in domain 

2, suggesting that this region may play an important role in laccase activity.  
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Discussion 

   In this paper we have identified and characterized a new bacterial multi-copper oxidase 

from Ochrobactrum sp. Although several bacterial multi-copper oxidases have been identified 

(see Introduction), the only other bacterial laccases shown to have activity for polymeric 

lignin or lignin model compounds are the Streptomyces small laccases [12]. The activity of 

Ochrobactrum sp. CueO towards polymeric lignin and lignin model compounds suggests a role 

in lignin oxidation, and hence that some bacteria may utilize multi-copper oxidases for lignin 

oxidation. 

   The oxidation products formed from oxidation of lignin model compounds are indicative of 

oxidative dimerization, which has been observed for oxidation of phenolic model compounds 

by fungal laccase enzymes [50]. The oxidation product P1 obtained from -aryl ether lignin 

dimer GGE is consistent with molecular formula C33H33O9 (observed m/z 573.28, calculated 

m/z 573.21), which could be formed by oxidative dimerization of GGE, followed by 

fragmentation of the -bond of one monomer, with loss of formaldehyde, followed by a 

dehydration reaction. The oxidation product P2 obtained from biphenyl lignin dimer DDVA is 

consistent with molecular formula C31H25O14 (observed m/z 621.12, calculated m/z 621.12), 

which could be formed by oxidative dimerization of DDVA, followed by decarboxylation of 

one subunit, and a subsequent two-electron oxidation. The formation of vanillic acid as a 

product from lignosulfonate oxidation implies cleavage of the -bond of lignin units, and 

oxidation of the -carbon centre. 

   The involvement of Ochrobactrum CueO in lignin oxidation differs from the role of E. coli 

CueO in copper resistance [15, 16], however we note that in the Ochrobactrum genome, the 

cueO gene was not clustered with any copper resistance genes, hence it appears to have a 

different function in this organism. Despite an apparent functional similarity to laccases from 

white-rot fungi, there are several structural features of OcCueO that link it more closely to 

that of E. coli CueO. Notably, the presence of an axial methionine ligand for the T1 copper site 

and the presence of an alpha-helical loop in front of the T1 copper site are both similar to the 

EcCueO structure. Previous work by Durao et al showed that mutation of the axial methionine 

residue to Phe or Leu, typically found in fungal laccases increased the redox potential of B. 

subtilis CotA by about 100 mV [51]. The additional alpha-helical loop at the T1 site is not 

found in fungal laccases, but does not prevent the oxidation of polymeric lignin or lignin 

model compounds by OcCueO. Furthermore, there appear to be differences between the 

solvent channels originating from the T2/3 site within CueO and those reported for fungal 



 12 

laccases [34,43] or EcCueO [25]. The structures of white rot fungal laccases have been 

recently reviewed by Orlikowska et al [52]. 

     The enzymology of bacterial lignin oxidation is still emerging, but there does appear to be 

diversity in the genes responsible for bacterial lignin oxidation [53]: some bacteria such as 

Rhodococcus jostii and Pseudomonas putida appear to utilize DyP-type peroxidases for lignin 

oxidation, whereas other bacteria such as Ochrobactrum sp. utilize multi-copper oxidases. 

Diversity of lignin-oxidising genes is also observed in basidiomycete fungi: the genome of 

Phanerochaete chrysosporium contain many lignin peroxidase genes [54], whereas the 

genome of Schizophyllum commune contains no lignin peroxidase genes but two laccase genes 

[55]. For oxidation of such a complex substrate, the use of multiple catalytic strategies is 

perhaps not surprising, and may offer advantages in different ecological niches. 

 

 

Materials and methods 

Genomic DNA sequencing of Ochrobactrum sp. and Paenibacillus sp. 

   Ochrobactrum sp. and Paenibacillus sp. were isolated previously as lignin-degrading strains 

from woodland soil [28] and municipal waste soil [29]. Genomic DNA from Ochrobactrum sp. 

and Paenibacillus sp. strains, was extracted using FastDNA SPIN Kit for soil (MP Biomedicals, 

Irvine, CA) according to the manufacturer’s instructions. DNA quality and integrity were 

assessed by electrophoresis in a 0.8 % agarose gel, and DNA concentration was measured by 

fluorimetry (Qubit® 2.0 Fluorometer-Life Technologies. Carlsbad, California, EUA). 30ng of 

total DNA for each strain was used for library construction using Nextera® DNA Library 

Preparation Kit (Illumina, San Diego, CA), according to the manufacturer’s instructions, except 

for the fragmentation step, that was performed at 58oC for 5 minutes. Nextera libraries were 

pooled in equimolar concentrations and sequenced on Illumina HiSeq 2500 system at CTBE 

NGS sequencing facility, generating 5,474,812 and 5,810,807 paired-end reads of 2x100 bp 

(insert size, 300 bp), for Ochrobactrum sp. and Paenibacillus sp. strains, respectively.  

    Paired-end reads were preprocessed with Trimmomatic [54], to remove adapter and low-

quality sequences, resulting in 4,335,623 and 5,169,654 high-quality reads, respectively. The 

genome size of Ochrobactrum sp. was estimated to be 5.3 Mb, while the genome of 

Paenibacillus sp. 7,2 Mb, based on k-mer count statistics accessed with Kmergenie, with an 

estimated coverage of approximately 150X. Genome assembly was carried out with SPAdes 

v3.6.2 [55] using an ensemble of k-mer values (21, 33, 47, 55, 77). The presence of typical 

bacterial marker genes was assessed using Phyla-Amphora [56]. The resulting assembly for 
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Ochrobactrum sp. has 87 scaffolds, with a total length of 5,310,057 bp and an N50 of 150,153 

bp. The average GC content of the genome is 56.2%.  Paenibacillus sp. genome assembly has 

40 scaffolds, with a total length of 7,187,707 bp and an N50 of 353,719 bp. The average GC 

content of the genome is 43.5%.  

    Gene prediction was carried out with GeneMark [57] and PROKKA Prokaryotic Genome 

Annotation Pipeline [58]. A total of 5,269 genes were identified in Ochrobactrum sp. genome, 

of these, there are 5,210 are protein-encoding genes, 3 rRNA genes, 54 tRNAs, and 1 tmRNA. 

Regarding 16S rRNA, Ochrobactrum sp. presents 98.99% sequence similarity with 

Ochrobactrum pecoris O8RB2639 (T) and 98.13% with Ochrobactrum rhizosphaerae PR17(T), 

analyzed through EZBioCloud webserver identity tool [59]. A total of 6475, genes were 

identified in Paenibacillus sp. genome, of these, there are 6,405 are protein-encoding genes, 1 

rRNA gene, 68 tRNAs, and 1 tmRNA. Regarding 16S rRNA, Paenibacillus sp. presents 99.45% 

sequence similarity with Paenibacillus etheri SH7 (T) and 98.66% with Paenibacillus odorifer 

DSM 15391(T). Genes of relevance to lignin oxidation and aromatic degradation are listed in 

Supporting Information Table S1 for Ochrobactrum sp. and Table S2 for Paenibacillus sp. 

 

 

Cloning of Ochrobactrum CueO (OcCueO) and Paenibacillus polyphenol oxidase domain (P-PPO) 

  Genomic DNA was isolated using a Wizard Genomic DNA Purification Kit (Promega). The 

designed primers were as follows: Forward (5' CACC CAG GAC GCT CAC CAG AAA ATG 3') and 

Reverse (5' CTA TAC TGT TAC GAA CTG AGC CAT C 3') for OcCueO, which allowed to exclude a 

predicted tat-signal peptide at the beginning of the nucleotide sequence, and Forward (5' 

CACC ATG GAA CCG TTT GTG CAG GGG AAG 3') and reverse (5' TCA ACT CTC CTT TAT TCC 

GAT CCA G 3') for p-ppo (no signal peptide was predicted for this gene). These genes were 

amplified from genomic DNA by polymerase chain reaction using Pfx Taq polymerase. The 

PCR products (1.5 kbp for OcCueO and 0.8 kbp for pae-lac) were excised from a 1% agarose 

gel, purified by GeneJET PCR Purification Kit (Thermo Scientific), cloned into a pET151/D-

TOPO vector (Invitrogen), following manufacturer's protocol, and transformed into One Shot 

TOP10 competent cells (Invitrogen). After correct DNA sequence confirmation by DNA 

sequencing, the plasmids were extracted and transformed into One Shot BL21 competent cells 

(Invitrogen) for protein expression. 

 

Expression and purification of recombinant enzymes 
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  The same procedure was followed for OcCueO and P-PPO expression. As starter culture, a 

Luria-Bertani broth (LB) supplemented with ampicillin was inoculated with BL21 cells 

harbouring the corresponding plasmid for expression of OcCueO or P-PPO. 10 mL of starter 

culture were used to inoculate 1 L of culture medium consisting of 25 g of LB media and 150 

µg of ampicillin. The culture was grown at 37 °C for 3 to 5 h until it reached A595 ≈ 0.6 and 

then IPTG (1 mM) and CuSO4 (80 µM) were added to the culture, which was then incubated in 

a shaker overnight at 15 °C and 200 rpm. Cell harvesting was carried out by centrifugation at 

6000 rpm, then the cells were re-suspended in 15 ml of lysis buffer (50 mM sodium 

phosphate, 300 mM NaCl, 10 mM imidazole, pH 8.0), lysed with a cell disruptor at 21 kpsi and 

then the cell lysate was centrifuged at 11,000 rpm for 30 min. The supernatant was loaded 

onto a nickel affinity column for immobilized metal affinity chromatography (IMAC), then the 

column was washed twice with wash buffer (50 mM sodium phosphate, 300 mM NaCl, 20 mM 

imidazole, pH 8.0), and the protein was eluted from the column with 5 ml of elution buffer (50 

mM sodium phosphate, 300 mM NaCl, 250 mM imidazole, pH 8.0). The purified protein 

solution was treated with Tev protease to cleavage the poly His-tag and then subjected to a 

second IMAC. The native protein was desalted using a PD10 column and transferred to a 50 

mM Tris, 150 NaCl buffer, pH 8.0. Protein quality was assayed by SDS-PAGE (see Figure 1A), 

using PageRuler Plus prestained protein ladder. 

 

Enzyme Activity 

    The following laccase substrates were used: 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS, λ 420 nm); syringaldazine (SGZ, λ 530 nm); guiacol (λ 436 nm); 2,6-

Dimethoxyphenol (2,6-DMP, λ 468 nm) and 2,4-Dichlorophenol (2,4-DCP, λ 510 nm) in 

presence of 4-amino antipyrine. Each substrate was used at 1 mM concentration, except SGZ, 

which was used at 0.05 mM concentration. Enzyme assays consisted of the substrate, a buffer 

(50 mM sodium acetate buffer pH 4.0 for ABTS and 2,6-DMP; or 50 mM sodium phosphate 

buffer pH 7.0 for SGZ, 2,4-DCP and guaiacol), enzyme (0.05 mg/mL) and CuSO4 (0.5 mM). 

Activity was determined by following the absorbance change in a UV-Vis spectrophotometer, 

at the corresponding substrate wavelength. Steady state kinetic parameters were obtained for 

ABTS, SGZ and 2,6-DMP. One activity unit was defined as that amount of enzyme that 

catalyzes the conversion of 1 μmol of substrate per minute.  

pH-activity profile was determined with ABTS and SGZ, under the same conditions as 

previously described in “enzyme activity” section, changing the buffer for a Britton and 

Robinson Universal buffer, in the range 2.3-10.4 [60]. Activity comparison and stability of 
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OcCueO was made with the commercial fungal Trametes versicolor laccase (TvL, ≥0.5 U/mg), 

purchased from Sigma-Aldrich, using ABTS and SGZ as substrates. For assessment of thermal 

stability at 50 oC, only ABTS (1 mM) was used as substrate in 50 mM sodium acetate buffer 

(pH 4.0) and in presence of CuSO4 (0.5 mM).  

    Enzyme activity was also assayed with the lignin model compounds: β-aryl ether dimer 

guaiacylglycerol-β-guaiacyl (GGE), dissolved in methanol; and 2,2'-dihydroxy-3,3'-dimethoxy-

5,5'-dicarboxybiphenyl (DDVA), dissolved in DMSO, as substrates. In this case, substrates 

were used at 2 mM concentration. Enzymatic reactions consisted of a substrate (GGE or 

DDVA), 20 mM ammonium bicarbonate buffer, enzyme (0.1 mg/mL) and CuSO4 (0.5 mM). 

Reactions were carried out in presence and absence of ABTS (1mM) as mediator, overnight. 

The products were analyzed by HPLC and LC-MS.  

    Finally, enzyme activity was also analyzed with polymeric lignin, using eight different lignin 

preparations, including organosolv lignins, alkali lignins, lignosulfonate, and industrial Kraft 

lignin. Enzymatic reactions consisted of a polymeric lignin as substrate (5 mg), diluted in 1.2 

mL of ammonium bicarbonate buffer (20 mM), enzyme (0.1 mg/mL) and CuSO4 (0.5 mM). 

Reactions were performed in presence and absence of ABTS (1mM) and SGZ (0.05 mM) as 

mediators, overnight. Product formation was analyzed by HPLC and LC-MS.  

 

HPLC and LC-MS assays 

  Products formed during reactions with lignin model compounds and polymeric lignin were 

analyzed by HPLC and LC-MS. Ethyl acetate (2 volumes) was added to the reaction mixture; 

then the sample was acidified with 100 µL of 1M HCl, gently mixed and the organic phase was 

collected and solvent removed in a rotary evaporator. Finally, the sample was re-suspended in 

200 µL of 50% methanol, centrifuged and filtered for HPLC or LC-MS injection. HPLC analysis 

was performed using a Phenomenex Luna C18 reverse phase column (250 x 4.6 mm, 5 µ, 100 

Å), on a Hewlett-Packard Series 1100 HPLC, and a Bruker Amazon X system for LC-MS. The set 

parameters were as follows: flow rate, 0.5 mL/min; wavelength, 270 nm; and gradient for 

which percentage is being referred to methanol (buffer B) in water (buffer A), 0-5% for 10 

minutes, 5-10% for 10 minutes, 10-30% for 15 minutes, 30-40% for 5 minutes, 40-70% for 5 

minutes, 70-100% for 15 minutes and 100-5% for 10 minutes, giving a total time of 70 

minutes per run.  

 

Crystallization, data collection, and structure  
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    Pure recombinant OcCueO (10 mg/mL) in 20 mM sodium phosphate buffer pH 8, 100 mM 

NaCl was subjected to crystallisation screening using a Mosquito liquid handling robot (TTP 

Labtech). 200 nL of protein was mixed with 200 nL of crystallisation solution from 

commercially available screens in MRC 96-well 2-drop crystallisation plates (Molecular 

Dimensions). Plates were sealed with sealing films (EXCEL Scientific) and incubated at 22°C. 

Crystals appeared in a number of different conditions after 6-8 weeks. Rod shaped crystals 

were grown in condition B5 of the PactPremier crystallisation screen (Molecular Dimensions) 

containing 0.1 M MIB buffer pH 8, 25% PEG 1500. Crystals were removed from drops using a 

mounted Litholoop (Molecular Dimensions), cryoprotected in crystallisation solution 

containing 20% ethylene glycol, and flash-frozen in liquid nitrogen. 

    X-ray diffraction data to a resolution of 1.1 Å were collected at 100K at the beam line I03 at 

the Diamond Light Source, U.K. using a Pilatus 6M detector. All data were indexed, integrated 

and scaled using the XDS package [61]. Further data handling was carried out using the CCP4 

software package [62]. The structure was solved by molecular replacement using the 

automated pipeline by BALBES [63]. Refinement of the structure was carried out by alternate 

cycles of manual refitting using Coot [64] and PHENIX [65]. Water molecules were added to 

the atomic model automatically using ARP [66], at the positions of large positive peaks in the 

difference electron density, only at places where the resulting water molecule fell into an 

appropriate hydrogen bonding environment. Restrained isotropic temperature factor 

refinements were carried out for each individual atom. The polypeptide chain was traced 

through electron density maps (2Fo – Fc and Fo – Fc), except for residues 350-391. The 

structure was submitted to PDB-REDO [67] and then final manual refinements were made to 

the structure using Coot [64]. Data collection and refinement statistics are given in Table 1. 

 

Site directed mutagenesis (SDM)  

    With the aim to identify and study similarities and differences between fungal and bacterial 

laccases, a protein search was carried out in Uniprot (http://www.uniprot.org/) and NCBI 

(https://www.ncbi.nlm.nih.gov/protein/) databases. A total of 32 fungal laccases and 33 

bacterial laccases or multicopper oxidases, putative and annotated, were selected. A multiple 

sequence alignment was performed using the CLC workbench software 

(https://www.qiagenbioinformatics.com/). Target amino acids for site directed mutagenesis 

(SDM) were selected and divided into two groups (see Table 5), group 1 was based on highly 

conserved amino acids among all fungal and bacterial laccases; while group 2 was based on 

conserved amino acids nearby copper atoms that appear only in high redox potential fungal 

http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/protein/
https://www.qiagenbioinformatics.com/
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laccases (HRPL). In both cases, the reported well-known copper binding amino acids in 

laccases: HXHG, HXH, HXXHXH and HCHXXXHXXXXM/L/F [45], were excluded. Site directed 

mutagenesis (SDM) was carried out using the QuikChange II XL Site-Directed Mutagenesis Kit 

(Agilent), following the instructions provided by the manufacturer.  A total of 8 mutants were 

evaluated. Mutants 1, 2, 3, 4 and 8 belonged to group 1, while mutants 5, 6, and 7 belonged to 

group 2. The oligonucleotide primers and a list of the mutated residues can be found in Table 

2.  
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Table 1. Steady-state kinetic constants for OcCueO 
Substrate Km  

[µM] 
Vmax  
[U/mg protein] 

kcat  
[s-1] 

Specificity constant  
kcat/Km [s-1 M-1] 

ABTS 1463 1.0 0.93 635.8 
SGZ 4 0.5 0.46 110594.8 

2,6-DMP 307 0.9 0.9 2929.9 
 

Table 2. Characteristics of solvent channels calculated for OcCueO. 
Putative 
Solvent 
Channel 

Throug
hput 

Cost Length/ 
Å 

Curvature Bottlene
ck 

radius 

Bottleneck residues 

1 0.44 0.82 25.00 1.34 1.35 H131, L493, H491, T138, 
P132, E496, H133, W129, 

H489, A142, H93 
2 0.27 1.31 30.82 1.5 0.93 V186, F198, R179, V180, 

H143, Y187, R178, E188 
3 0.68 0.38 12.6 1.2 1.4 H91, W92, H93, G94, L95, 

D102, H437, I438, H439, 
G440, D462, R478 

Throughput – denotes ease with which compounds could pass through the tunnel. 
Cost – the cost function denotes how likely a tunnel is with short direct paths ‘cheap’ and long complicated paths ‘expensive’.  
Curvature – is the length of the tunnel divided by the shortest distance of the origin to the tunnel end point. 
Bottleneck radius – the radius for the smallest part of the tunnel. 
 
 
 
Table 3. Well-conserved residues among bacterial and fungal laccases (Group 1) and well-
conserved residues in HRPL near to copper atoms and absent in bacterial laccases (Group 2).  

Group 1: Well-conserved residues among 
bacterial and fungal laccases  

Group 2: Well-conserved residues in 
HRPL near to copper atoms and absent 

in bacterial laccases 
OcCueO 
location 

Alignment hit percentage 
among fungal and bacterial 

laccases  

OcCueO location Well-conserved 
HRPL sequence 

D (102) 98 % 
K (482), S (483) 

H (484) and F 
(486) 

NPG - W 
G (103) 91%  
R (221) 91 % 
R (223) 97 % 
D (249) 94 % 

I (109), A (110), 
A (111) and G 

(112) 
QCPI 

R (269) 92% 

D (462) 95% 

G (145) 100% 

D (177) 94%  
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Table 1. Summary of crystallographic data collection and refinement statistics 
Data collection  
Wavelength (Å) 0.8 

Unit cell (a, b, c) (Å), () (°) 47.33, 48.31, 88.85, 93.78  
Space group P21 
Resolution (Å) 89-1.1 (1.16-1.1) 
Observations 602,426 
Unique reflections 161,992 
I/(I) 12.2 (2.1) 
Rsyma 0.056 (0.584) 
Completeness (%) 
CC1/2b 

99.9 (99.7) 
0.999 (0.748) 

Refinement  
Non-hydrogen atoms 3,918 (including Cu2+, 2 ethylene glycol 

& 477 water molecules) 
Rcrystc 

Reflections used 
0.125 (0.242) 
155,475 (11,395) 

Rfreed 
Reflections used 

0.149 (0.246) 
6,517 (493) 

Rcryst (all data)b 0.126 
Average temperature factors (Å2) 

All atoms 
Protein 
Water 
From Wilson plot 

 
14.1 
12.4 
23.5 
9.1 

Rmsds from ideal values  
Bonds (Å) 0.019 
Angles (o) 1.8 

DPI coordinate error (Å)e 

Ramachandran Plot (%) 
Most favoured 
Additional allowed 
Outliers 

wwPDB code 

0.02 
 
97 
3 
0 
 

Numbers in parentheses refer to values in the highest resolution shell. 
aRsym = jh|Ih,j - <Ih>|/jh<Ih> where Ih,j is the jth observation of reflection h, and <Ih> is the 
mean intensity of that reflection 

bCC1/2 is the correlation coefficient of the mean intensities between two random half-sets of 
data 
cRcryst = ||Fobs|-|Fcalc||/|Fobs| where Fobs and Fcalc are the observed and calculated structure 
factor  amplitudes, respectively 
dRfree is equivalent to Rcryst for a 4% subset of reflections not used in the refinement 
eDPI refers to the diffraction component precision index [Cruckshank] 
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Table 2. List of target mutations and primers used for Site Directed mutagenesis. 
Mutant Native 

residues  
Mutant 

residues 
Forward and reverse primers 5’ – 3’ 

1 K, D  
(461, 462) 

A, A Fw  cgcatcaatcgggatgggcggctaccgcattgatcgacg  
Rev cgtcgatcaatgcggtagccgcccatcccgattgatgcg 

2 R-R  
(221, 223) 

A-A Fw ccctgcatctatcgtcgctctggctatcttgaacggcgcc 
Rev ggcgccgttcaagatagccagagcgacgatagatgcaggg 

3 D, G  
(102, 103) 

A, A Fw gccgtcgatactcgctgccggaccccataatg 
Rev cattatggggtccggcagcgagtatcgacggc 

4 S, F, N 
(126-128) 

G, T, F Fw gaagtcaaaattcagcaaccggctgggaccttctggttccatccgcatttgcacgg 
Rev ccgtgcaaatgcggatggaaccagaaggtcccagccggttgctgaattttgacttc 

5 I, A, A 
(109-111) 

Q, C, P Fw gtcgatactcgatggcggaccccataatgttcagtgcccgggcgaggcttggaa 
Rev ttccaagcctcgcccgggcactgaacattatggggtccgccatcgagtatcgac 

6 F, M  
(486, 487) 

W, L Fw gtgaggcggtgaaaagccatccatggttgtttcattgccatgttctg 
Rev cagaacatggcaatgaaacaaccatggatggcttttcaccgcctcac 

7 K, S, H 
(482-484) 

N, P, G Fw ctggttcattttgaccgtgaggcggtgaatcccggtccatttatgtttcattgcca 
Rev tggcaatgaaacataaatggaccgggattcaccgcctcacggtcaaaatgaaccag 

8 K  
(461) 

R Fw gcgcatcaatcgggatggcgcgataccgcattgatcgac 
Rev gtcgatcaatgcggtatcgcgccatcccgattgatgcgc 
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Figure Legends. 

 

Figure 1. UV–Visible absorption spectra of purified recombinant OcCueO (0·5 mg/mL), in 50 

mM Tris buffer pH 7.5. 

 

Figure 2. Kinetic analysis of recombinant OcCueO and comparison with fungal laccase. (A) 

OcCueO pH-activity profile with ABTS and SGZ. (B) Relative comparison of kinetic efficiency 

between bacterial laccase OcCueO and fungal laccase TvL, with ABTS and SGZ as substrates. 

(C) Stability comparison between bacterial laccase OcCueO and fungal laccase TvL, with ABTS 

as substrate. 

 

Figure 3. Reaction products obtained from incubation of OcCueO with lignin model 

compounds GGE (Panel A), DDVA (Panel B), and Ca-lignosulfonate lignin (Panel C). For (A) 

and (B), m/z values for products and substrate are shown. In the mini-photo (from left to 

right), the final reaction mixture of: blank, OcCueO, blank with ABTS as mediator and OcCueO 

with ABTS as mediator.  

 

Figure 4. Structure of Ochrobactrum laccase (OcCueO), with protein surface shown. The three 

domains are coloured in dark blue (domain 1), light blue (domain 2) and grey (domain 3). 

Figure was constructed with PyMol [68] for Protein Data Bank (PDB) data, 6EVG. 

 

Figure 5. Comparison of T1 copper sites from Ochrobactrum CueO, E. coli CueO (PDB: 1KV7) 

and Trametes versicolor laccase (PDB: 1GYC). (A) Ochrobactrum CueO T1 site with trigonal 

pyramidal co-ordination of the copper ion. Residues involved in co-ordinating copper are 

depicted as green stick models. The 2Fo – FC electron density map (1.5 σ level) around each of 

these residues and the copper is represented by grey mesh. Dashed black lines represent the 

distances between co-ordinating residues and the copper (shown as a sphere). (B) E. coli 

CueO T1 site, with trigonal pyramidal co-ordination of the copper ion. Residues involved in 

co-ordinating copper are depicted as green stick models. Dashed black lines represent the 

distances between co-ordinating residues and the copper. (C) TvL laccase T1 site, with 

trigonal coplanar co-ordination of the copper ion. Residues involved in co-ordinating copper 

are depicted as green stick models. Dashed black lines represent the distances between co-

ordinating residues and the copper (shown as a sphere). 
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Figure 6. OcCueO T2/3 site. (A) OcCueO T2/3 site conserved histidines are depicted as green 

stick models. The 2Fo – Fc electron density map (1.5 σ level) around each of the conserved 

histidines is represented as grey mesh. (B) OcCueO T2/3 site with modelled copper ions 

(shown as spheres) based on co-ordinates from E. coli CueO (PDB: 3NSF) which shared 

highest sequence similarity. Conserved histidines are again depicted as green stick models 

and the 2Fo – FC electron density map (1.5 σ level) represented as grey mesh. (C) 

Superposition of the E. coli CueO (PDB: 1KV7) T2/3 site conserved histidines (dark grey) onto 

the apo OcCueO T2/3 site conserved histidines (green). Residue labels refer to the conserved 

histidines in OcCueO. 

 

Figure 7. Location of conserved residues amongst bacterial and fungal laccase in respect to 

accessible paths to copper atoms, identified by CAVER [55]. OcCueO is represented as a 

ribbon diagram with conserved residues depicted as green stick models and T1, T2 and T3 

copper ions are depicted as copper spheres.  (A) Paths from T3 side of the T2/3 copper site 

are shown as either blue or red mesh, with water molecules shown as grey spheres and start 

point for the tunnels shown as a white sphere. (B) Path from T2 side of the T2/3 copper site is 

shown as a blue mesh. Figure was constructed with PyMol [68] for Protein Data Bank (PDB) 

data, 6EVG. 

 
Figure 8.  

Partial amino acid sequence alignment, showing 10 bacterial laccase-like multicopper 

oxidases (in gray background) and 10 fungal laccases. Metal-binding residues are coloured in 

blue; other conserved residues are coloured in red (see Table 5), while mismatches are 

highlighted in yellow. Numbering is based on OcCueO sequence as reference. Uniprot or 

GenBank accession codes as follows: 2, P07788; 3, P36649; 4, A0A0E0XT94; 5, (GB) 

WP_011709064.1; 6, Q88C03; 7, B9W2C5; 8, (GB) WP_013012601.1; 9, P12374; 10, E1ACR6; 

11, Q12718; 12, D0VWU3; 13, Q12739; 14, Q12571; 15, Q12541; 16, Q9HDQ0; 17, Q12570; 

18, P06811; 19, Q70KY3; and 20, E9RBR0.   

 

Figure 9 

Kinetic activity of OcCueO mutants with ABTS and SGZ as substrates.  
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