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Abstract (200 words) 33 

 34 

Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes involved in the 35 

oxidative cleavage of polysaccharides. LPMOs belonging to the family AA15 are found widespread 36 

across the Tree of Life, including viruses, algae, oomycetes and animals. Recently, two AA15s 37 

from the insect Thermobia domestica were reported to have oxidative activity, the first against 38 

cellulose and chitin and the latter only on chitin. Herein, we report the identification and 39 

characterization of two novel family AA15 members from the termite Coptotermes gestroi. 40 

Structural models indicate that the LPMOs from C. gestroi (CgAA15a/CgAA15b) and T. domestica 41 

(TdAA15a) have a similar fold but with differences in the catalytic site residues, as well as the 42 

electrostatic potential of the binding surfaces. According to biochemical and biophysical studies, 43 

the copper ion had a thermostabilizing effect on both C. gestroi AA15 structures and ascorbate is 44 

an electron donor for H2O2 production. The CgAA15a and CgAA15b were able to only oxidize chitin 45 

from squid pen, with no activity on cellulose, xylan, xyloglucan and starch. To mimic the catalytic 46 

pocket of the cellulose and chitin-active TdAA15a, the Cu proximal axial and non-coordinating 47 

phenylalanine was substituted with tyrosine in the active site of CgAA15a, but the mutation did not 48 

change the enzymatic specificity. Our data indicated that these enzymes are not involved in 49 

lignocellulose digestion and might play a role in developmental processes. Furthermore, this study 50 

illuminates the role of the Cu proximal axial aromatic residue on catalytic specificity of AA15 family 51 

members. 52 

 53 

 54 
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  66 



1. Introduction. 67 

 68 

 Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes, which 69 

oxidize recalcitrant polysaccharides such as chitin (EC. 1.14.99.53), cellulose (EC. 1.14.99.54; 70 

EC. 1.14.99.56) and hemicelluloses, diverging from the classical hydrolytic mechanism applied 71 

by glycoside hydrolases (GHs) (1). The discovery of LPMOs a decade ago (2) has stimulated the 72 

use of the recalcitrant plant cell wall (PCW) as a sugar source for the production of second-73 

generation biofuels (3) and changed the classical view of cellulose degradation performed by the 74 

action of cellulases, exocellulases and -glucosidases (4). Nowadays, LPMOs are included in the 75 

carbohydrate-active enzyme (CAZy) database and are classified as Auxiliary Activity (AA) class 76 

(5). Currently, there are seven LPMOs families reported (AA9, AA10, AA11, AA13, AA14, AA15 77 

and AA16) according to their amino acid sequence, found mainly in lignocellulose-degrading 78 

microorganisms such as bacteria and fungi, which exhibit different substrate specificities and 79 

regioselectivity (6). 80 

  81 

 The oxidative mechanism that underlies the LPMOs activity is based on the copper active 82 

site, commonly referred to as the histidine-brace (His-brace) (7), in which two His residues, one 83 

being the N-terminus of the protein, coordinate a copper ion (Cu2+) in a T-shape arrangement (8). 84 

One of the axial positions of the Cu coordination sphere is occupied by an aromatic residue 85 

(tyrosine or phenylalanine), which plays a poorly understood role (9, 10). In some families, such 86 

as AA10, AA11 and AA15, an Alanine residue is also found highly conserved on the opposite 87 

side of the aromatic residue (1), however exceptions with Glycine and Isoleucine have been 88 

recently reported (11, 12). Using external electron donors and molecular oxygen as co-89 

substrates, LPMOs can perform the hydroxylation of C1 and/or C4 carbons from sugar 90 

molecules, cleaving the glycosidic bonds of the polysaccharide (13). This overall enzymatic 91 

mechanism is shared among all LPMO families; however, the occurrence of C6 hydroxylation has 92 

been recently described for some AA9s, suggesting a different mode of operation of LPMOs (14, 93 

15). 94 

 95 

 Among the LPMO families, the recently reported AA15s are widespread in the Tree of Life, 96 

including viruses, algae and oomycetes (16). Furthermore, it is in the Animal Kingdom, mainly in 97 

the Euarthropoda phylum, that the AA15s have a vast abundance of orthologous sequences, 98 

suggesting that these enzymes could play a pivotal role not only in catabolism but also in 99 

development (16). The first AA15s reported were identified in the cellulolytic firebrat Thermobia 100 

domestica. This insect has 23 LPMO coding sequences (CDS) in its genome, of which two 101 

(TdAA15a and TdAA15b) were biochemically and structurally characterized (16). TdAA15a was 102 

one of the most abundant LPMOs from T. domestica’s digestome and can oxidize both cellulose 103 



and chitin substrates. TdAA15b was only able to cleave chitin, suggesting a role in the 104 

development and cuticle/exoskeleton remodelling of this insect (16). Both TdAA15a and 105 

TdAA15b share the conserved immunoglobulin-like protein fold as well as the His-brace, which is 106 

ubiquitous for all LPMOs. However, TdAA15a and TdAA15b differ by the nature of the aromatic 107 

residue found in the axial position of the Cu ion, being a Tyr or a Phe residue for the two 108 

enzymes, respectively (16). Because T. domestica is a primitive cellulolytic insect, we decided to 109 

investigate whether termites, which are among the major lignocellulolytic organisms on Earth, 110 

have LPMOs in their genomes and what role these enzymes might play. 111 

 112 

 Termites are detritivore social insects that play a central role in the carbon and nitrogen 113 

cycles in forests and savannas worldwide (17, 18). For example, termites can decompose around 114 

58-64% (19) of deadwood in tropical rainforest, playing a crucial role in mitigating the effects of 115 

drought in the forest ecosystem (20). These insects digest lignocellulosic biomass with up to 90% 116 

efficiency (21), and this is achieved thanks to the termite’s dual digestive system (22), which 117 

combines endogenous and symbiotic CAZymes that acts independently inside the termite gut to 118 

breakdown the PCW (23, 24). The termite endogenous cellulolytic system consists of few 119 

cellulases (GH9) and β-glucosidases (GH1), secreted in the fore and midguts, which deconstruct 120 

the woody material previously chopped by the mandibles (25, 26). CDSs for cellobiohydrolases 121 

(GH7 or GH6) are not found in the genome of termites (27–29), being present only in symbiotic 122 

flagellates from the hindgut of lower termites (30). 123 

 124 

 In this context, the lack of endogenous GH7, alongside with reports from literature, 125 

suggest that host (25, 26) and symbiotic cellulases (30, 31) have low activity on crystalline 126 

celluloses, mainly when compared with fungal and microbial enzymes (32, 33), thus hinting to a 127 

possible “missing piece” in the termite cellulose breakdown mechanism. Furthermore, even when 128 

considering the arsenal of GHs from the host and symbiotic systems, it is difficult to rationalise 129 

the high efficiency of lignocellulose digestion by termites. Recently, reports from our group (34, 130 

35) and others (36, 37) reported that a collection of redox enzymes (related to Pro-oxidant, 131 

Antioxidant and Detoxification processes - PADs) may play an important role in the termite 132 

digestome, helping to overcome the lignocellulose recalcitrance and therefore explain the 133 

termite’s high efficiency of PCW degradation (38). 134 

 135 

Based on this information, the study of termite digestion biology has become of industrial 136 

interest since its digestome serves as a reservoir of lignocellulolytic enzymes useful for plant 137 

biomass-to-bioproduct applications (39). Additionally, because the termite is considered one of 138 

the major urban pests on Earth, causing damage to buildings and houses around the world with 139 

an estimated economic losses of $ 20 billion annually (40), the genes encoding for CAZy and 140 



PAD enzymes have recently become targets for pest control management via interference RNA 141 

techniques (41, 42). 142 

 143 

 In the present study we report, for the first time, the identification of LPMOs belonging to 144 

the family AA15 from the genome of the lower termite C. gestroi, the major and ruthless urban 145 

pest in Brazil (43–45), followed by the functional and structural characterization for two of these 146 

enzymes. We also investigate the role of the Cu proximal axial aromatic residue in the catalytic 147 

site of the AA15s and its implications on C. gestroi LPMO functions. 148 

 149 

150 



2. Results 151 

 152 

2.1. The genome of C. gestroi encodes four LPMOs belonging to the family AA15 with 153 

orthologous sequences in Termitoidea. 154 

 155 

 The analysis of the genome of C. gestroi identified four CDSs containing the Pfam domain 156 

PF03067, suggesting that functional LPMOs occur in this insect. This specific Pfam hosts entries 157 

for different LPMOs families from CAZy database such as AA10, AA13, AA15 and AA16. Two of 158 

the CDSs (CgLPMOa and CgLPMOb) could be mapped as complete open reading frames 159 

(ORFs), while the other sequences (CgLPMOc and CgLPMOd) were identified as partial ORFs. 160 

 161 

 A phylogenetic analysis was performed to classify the LPMOs from the C. gestroi genome 162 

into the AA families. First, a Blastp search using the CgLPMOs as a query was executed to 163 

identify orthologous sequences in other termite genomes, retrieving a total of thirteen CDSs from 164 

the termites Zootermopsis nevadensis, Cryptotermes secundus, Macrotermes natalensis and 165 

Cortaritermes sp.. Around 300 LPMO sequences from the Animal Kingdom and Euarthropoda 166 

phylum were retrieved from the EggNOG database, these sets of full-length amino acid 167 

sequences also included the TdAA15a and TdAA15b (16). These analyses permitted for 168 

classifying the C. gestroi LPMOs into the AA15 family. Thus, the C. gestroi full-length CDSs were 169 

named CgAA15a and CgAA15b, whereas the other CDSs are named CgAA15c_partial and 170 

CgAA15d_partial. 171 

 172 

The analysis of signal peptide prediction was performed for all the sequences containing 173 

the Pfam domain 03067, confirming that the first residue after the cleavage site was a His (data 174 

not shown). Thus, a sequence alignment was performed using Muscle software with the termite 175 

LPMOs amino acid sequences and the AA15s from T. domestica (Fig. S1). Alignment showed 176 

that the His-brace motif is conserved in all termite LPMOs, as well as the Phe and Ala residues in 177 

the Cu proximal and distal axial positions, respectively. Moreover, the -tongue-like protrusion 178 

region identified in the AA15s from T. domestica, which extends the surface surrounding the 179 

active site, is also conserved in CgAA15a and CgAA15b (Fig. S1) as well as for the other termite 180 

LPMOs. However, the protrusion is not conserved in all AA15 members as previously reported 181 

(16). 182 

 183 

 Finally, a maximum likelihood analysis was performed using the orthologous amino acid 184 

sequences from termites and also from Eurarthropoda. LPMO sequences from other families 185 

were used as outgroups. The LPMOs from C. gestroi, Z. nevadensis, C. secundus, M. natalensis 186 

and Cortaritermes sp. were clustered together along with the sequences of AA15s from T. 187 



domestica, forming a distinct group which was separated from the other LPMOs families with 188 

high bootstrap values (0.94), confirming that the C. gestroi enzymes belong to the AA15 family 189 

(Fig. 1A). These termite LPMOs were grouped in three separated subclades of the AA15 branch 190 

(Fig. 1B). Each subclade shared different protein architectures, as previously reported for AA15s 191 

(16). Subclade 1 has LPMOs bearing transmembrane and cytosolic domains downstream of the 192 

LPMO domain, subclade 2 displays sequences of unknown function downstream of the LMPO 193 

domain and subclade 3 has sequences containing only the LMPO domain (Fig. 1B). 194 

 195 

 196 

2.2. The C. gestroi AA15s are expressed in worker and soldier castes of C. gestroi. 197 

 198 

 Transcripts encoding for C. gestroi AA15s were identified in the transcriptomic database of 199 

C. gestroi castes (based on 454-pyrosequences) (34), indicating their expression in both workers 200 

and soldiers. CGAA15a was found expressed in both termite castes as well as CGAA15d_partial, 201 

while CGAA15b was expressed only in soldiers. CGAA15c_partial had its transcripts identified 202 

only in the worker caste (Fig. S2A). Moreover, recent genomic and RNA-Seq analyses using 203 

Illumina technology were able to identify transcripts of CGAA15a as well as CGAA15b in the 204 

worker caste of C. gestroi (in preparation), confirming the results from the pyrosequencing 205 

analysis. The full-length CDSs for CGAA15a and CGAA15b have 633 and 1020 bp, respectively, 206 

including the signal peptide sequences for both enzymes and the transmembrane and cytosolic 207 

domains for CGAA15b. Based on these results, oligonucleotides were designed and only the 208 

catalytic domains of CGAA15a and CGAA15b from C. gestroi worker caste were amplified. After 209 

RNA extraction from the whole C. gestroi bodies and its transcription to cDNA, the sequences 210 

were amplified without the sequence encoding for the signal peptide, producing two fragments 211 

with 573 bp for CGAA15A and 591 bp for CgAA15B_cat, which are in accord with our predictions 212 

(Fig. S2B). 213 

 214 

 215 

2.3. Comparative and structural insights of CgAA15a and CgAA15b_cat reveals conserved 216 

hallmarks of AA15 family. 217 

 218 

 To obtain structural information regarding CgAA15a and CgAA15b_cat, both enzymes 219 

were modelled by employing the I-TASSER server and using the TdAA15a structure (PDB code 220 

5MSZ) as a template. TdAA15a has 47% and 44% sequence identity with CgA115a and 221 

CgAA15b_cat, respectively. Thus, the three-dimensional homology models of CgAA15a and 222 

CgAA15b_cat were built with a high C-Scores (-5 to 2) of 0.77 and 0.91 with estimated RMSDs of 223 

3.8±2.6Å and 3.6±2.5Å, respectively. 224 



 225 

 The AA15 homology models of C. gestroi showed a typical central and antiparallel β-226 

sandwich fold of LPMOs, with several loops that are stabilized by five disulphide bonds (Fig. 2A I-227 

III), in agreement with the structure of TdAA15a (PDB code 5MSZ) (Fig. 2A III). CgAA15a and 228 

CgAA15b_cat active sites were predicted with the presence of a copper ion coordinated by the 229 

His-brace motif (7). For both enzymes, the conserved residues His1 and His91 are predicted to 230 

coordinate the copper ion with a T-shaped geometry (Fig. 2B I-III) as observed for all 231 

characterized LPMOs (8). The CgAA15a and CgAA15b_cat were predicted to have a Phe 232 

(Phe182 and Phe191, respectively) (Fig. 2B I and II), diverging from TdAA15a which presents a 233 

Tyr (Fig. 2B III) occupying the axial site of the Cu on the His Brace coordination plane. The apical 234 

position of the Cu ion is occupied by a non-coordinating Ala residue (Ala89), which is common to 235 

all three structures (Fig. 2A I-III). Moreover, the catalytic site of the AA15s from C. gestroi 236 

presents many similarities to the majority of chitin-active LPMOs from the AA10 family (46) and, 237 

looking in detail to the AA15 LPMOs alignment (Fig. S1), all termite LPMOs share the same 238 

active site. 239 

 240 

 The electrostatic potential molecular surface was generated for both C. gestroi AA15s 241 

(Fig. 2C I-II) and compared with that of TdAA15a (Fig. 2C III). Comparison shows that the overall 242 

surface charge for CgAA15a, CgAA15b_cat and TdAA15a are divergent, mainly regarding the 243 

negative potential (red) around the His-brace for CgAA15a and CgAA15b_cat (Fig 2C I-II – see 244 

the ellipses). However, similar potentials are found in the protrusion region (neutral) and around 245 

the His-brace (slightly positive potential) (blue). The putative docking site for a protein partner 246 

predicted for TdAA15a (PDB code 5MSZ) (16) is absent in both C. gestroi AA15s. 247 

 248 

 Aromatic and polar charged residues surrounding the active site are solvent-exposed 249 

residues on the flat catalytic surface and were previously suggested to be involved in substrate 250 

binding for other LPMO families (10, 46, 47). The AA15s from C. gestroi also have these solvent-251 

exposed residues at the surface (Fig. S3A I-II) and surrounding the His-brace as observed for 252 

TdAA15a (Fig. S3A III). Concerning aromatic residues, the protrusion region (not found in all 253 

AA15s) has the aromatic residues Trp164 (for CgAA15a) and Trp173 (for CgAA15b_cat) 254 

conserved at the same positions. On the opposite side of the protrusion, the residues Phe24 and 255 

Tyr24, for CgAA15a and CgAA15b_cat, respectively, are also exposed on the surface and these 256 

aromatics are present in all termite AA15s and highly positional conserved among AA15 257 

members (70%) (16). 258 

 259 

 Other aromatic residues are also present on the flat catalytic surface of the three 260 

structures analyzed, highlighting the Phe34 for all of them. Moreover, CgAA15a and 261 



CgAA15b_cat have Phe30 and Tyr30 exposed near the His-brace, respectively, as well as a 262 

Trp38 a little further from the catalytic pocket (Fig. S3 A I-II). The other aromatic residues 263 

exposed in CgAA15a are Tyr39 and Tyr166, contrasting with the positions of others aromatic 264 

residues in CgAA15b_cat and TdAA15a. The alignment of C. gestroi LPMOs with the LPMOs 265 

from Z. nevadensis and C. secundus also showed that the Tyr24 is conserved for all of them, 266 

with an exception for CgAA15a, whereas the Trp residue around the positions 164-173 267 

(protrusion) is fully conserved among all termite sequences (Fig. S1). 268 

 269 

 Polar residues exposed on the flat catalytic surface of LPMOs are also reported to bind the 270 

substrates, and among them the negatively charged Glu (around the positions 180 – 189) is 271 

exposed around the His-brace and conserved for CgAA15a, CgAA15b_cat and TdAA15a 272 

structures (Fig. S3B I-III), as well as for the other termite AA15s (Fig. S1). Moreover, the residues 273 

Glu25 and Glu28 are conserved in both C. gestroi LPMOs (Fig. S3B I-II) and the alignment 274 

analysis suggests that these residues are also conserved in all other termites CDSs as well as in 275 

the specific chitin-active TdAA15b (Fig. S1) from T. domestica. However, these residues are 276 

absent on the surface of the cellulose/chitin-active TdAA15a. In the order hand, the Asp residues 277 

exposed on the flat surface at positions Asp27 and Asp35 are only found in the TdAA15a 278 

structure (Fig. S3B III). 279 

 280 

 Together the phylogenetic and structural analyses described in this work indicate that an 281 

intriguing difference between the catalytic sites among the CgAA15a and CgAA15b with 282 

TdAA15a is the non-coordinating and Cu proximal axial aromatic residue. TdAA15a, with Tyr in 283 

the axial position, was reported to oxidize cellulose and chitin substrates. On the other hand, 284 

TdAA15b, which has a Phe residue in the same position, can oxidize only chitin. A similar pattern 285 

is also observed for AA10s, where enzymes with Tyr in the same position can oxidize at least 286 

cellulose and the majority of AA10 enzymes with Phe can oxidize only chitin (1). Therefore, it 287 

seems that the aromatic axial residue may play a role in substrate specificity in AA15s and also in 288 

other LPMO families. Thus, to investigate the role of the non-coordinating and Cu proximal axial 289 

aromatic residue in C. gestroi AA15s, we functionally characterized CgAA15a and CgAA15b_cat 290 

as well as a mutated version of CgAA15a, where the Phe182 was changed to a Tyr, herein 291 

named CgAA15aF182Y. 292 

 293 

 294 

2.4. Functional characterization of CgAA15a, CgAA15b_cat and CgAA15aF182Y. 295 

 296 

 The CDS regions coding for the LPMO domain in CgAA15a and CgAA15b_cat were 297 

cloned in pET-26b(+) without the signal peptide and with a C-terminal strep-tag. Next, the 298 



recombinant proteins were successfully produced in the periplasmic space of Escherichia coli 299 

(Fig. S4A). Protein identity was confirmed by LC-MS/MS analysis of the protein bands isolated 300 

from the SDS polyacrylamide denaturing gels (data not shown). The production of soluble 301 

recombinant proteins could only be achieved using M9 minimal medium without copper ion 302 

supplementation, followed by periplasmic extraction using osmotic shock and affinity 303 

chromatography (Fig. S4B and C). The mutant CgAA15aF182Y was generated using site direct 304 

mutagenesis, and protein production and purification were performed following the same 305 

methodology described above (Fig. S4D). The proteins were copper loaded to maintain their 306 

stability, and the unbound copper ions were washed out using size-exclusion chromatography. 307 

 308 

 After purification the LPMO activities were first evaluated using the 2,6-dimethoxyphenol 309 

(2,6-DMP) assay at pH 6.0 and 30 ºC (Fig. 3A) as described previously (48). The specific 310 

activities were 6.19  0.71 U/g and 7.55  0.36 U/g for CgAA15a and CgAA15b_cat, respectively. 311 

The specific activity for the mutant CgAA15aF182Y was lower than the native enzyme, resulting in 312 

a value of 4.75  0.39 U/g. To determine the melting temperature (Tm) for C. gestroi AA15 313 

LPMOs, a thermofluor analysis using SYPRO Orange dye was carried out. CgAA15a showed a 314 

Tm of 52.7 ºC and after treatment with 5 mM EDTA for copper ion removal, the Tm value 315 

decreased to 49.3 ºC (Tm of 3.4 ºC). CgAA15b_cat showed a Tm of 59.2 ºC, and similarly to 316 

CgAA15a, the Tm value decreased to 53.0 ºC (Tm of 6.2 ºC) after treatment with EDTA. For 317 

CgAA15aF182Y, the Tm determined was 60.3 ºC, and after Cu removal the Tm value decreased to 318 

46 ºC (Tm of 14.3 ºC). The mutant CgAA15aF182Y showed a Tm of 7.6 ºC compared to the wild 319 

type CgAA15a, suggesting that the mutation increases the thermal stability of the enzyme. 320 

However, the Tm after stripping the copper ion from the protein was similar between both 321 

enzymes. These results indicate that the copper ion has a thermostabilizing effect on the protein 322 

structures as reported previously for other LPMOs from different families (11, 49). 323 

 324 

 Previous studies have shown that LPMOs in the presence of molecular oxygen and an 325 

external electron donor (without the substrate) can generate hydrogen peroxide (H2O2) (50). 326 

Taking advantage of this feature, the termite LPMOs were tested with different electron donors 327 

using the Amplex®Red assay for H2O2 quantification at pH 7.0 and 30 ºC. The highest H2O2 328 

generation was achieved for CgAA15a, CgAA15b_cat and CgAA15aF182Y when ascorbic acid 329 

was used as the donor, generating more than 2 µM of H2O2 after 30 minutes of reaction for each 330 

enzyme (Fig. 4A-C). Interestingly, the mutant CgAA15aF182Y reached the same levels of H2O2 331 

production as CgAA15a, however at a lower velocity. The second highest production of H2O2 was 332 

achieved with L-cysteine, but after a few minutes of the assay it appeared that resofurin, the 333 

Amplex®Red reaction product, reacted with the electron donor, exhibiting a distorted curve. 334 



Generation of H2O2 in the presence of gallic acid and pyrogallol, two phenolic compounds, was 335 

detected, but in low amounts for all three LPMOs tested. 336 

 337 

2.5 CgAA15a, CgAA15b_cat and CgAA15aF162Y can oxidize and degrade chitin only. 338 

 339 

 To investigate the substrate specificities of the C. gestroi LPMOs, activity assays were 340 

carried out at pH 6 and 30 ºC, with a range of different polysaccharides as substrates and 341 

ascorbic acid as the external electron donor. After the reactions, the supernatants were analysed 342 

by MALDI-TOF Mass Spectrometry and the peak masses from the oligosaccharides were 343 

compared to data previously reported (11, 16). 344 

 345 

 CgAA15a and CgAA15b_cat were only able to oxidize chitin from Squid Pen in the 346 

presence of an external electron donor, with a C1-oxidation pattern and generation of C1-aldonic 347 

acids. Native peaks relative to the mono-sodiated unoxidized oligosaccharides as well as 348 

oxidized peaks corresponding to mono- or di-sodiated adducts of C1-aldonic acids, imparting +16 349 

or +38 m/z respectively, were identified in the spectra. Moreover, peaks for the mono-sodiated 350 

lactone (−2) were also identified. The peak profiles in the mass spectra consisted of even-351 

numbered oxidized oligosaccharides with different degrees of polymerization (DP), with the 352 

peaks corresponding to DP6 and DP8 at higher intensities than the odd-numbered DP5 and DP7. 353 

This pattern is in accordance with previous chitin-active LPMOs that exhibited the ability to 354 

breakdown crystalline structures (2), suggesting that CgAA15a and CgAA15b_cat are correlated 355 

with chitin remodelling or exoskeleton moulting in C. gestroi. 356 

 357 

 CgAA15aF182Y was also tested to oxidize a range of different polysaccharides; however, in 358 

its native form the mutant was only able to oxidize chitin from squid pen. The mutant showed the 359 

same peak masses as CgAA15a and CgAA15b_cat, presenting the C1-oxidation pattern and the 360 

even-numbered oxidized oligosaccharides. Finally, the negative control assays (substrate and 361 

ascorbic acid) did not generate any oxidized products (Fig. S5 A). Moreover, the three termite 362 

LPMOs were unable to produce oxidized peaks in the presence of 5 mM EDTA (Fig. S5 B-D), 363 

showing that the copper ion is essential for the oxidative reaction. 364 

 365 

 366 

3. Discussion. 367 

 In this study we report for the first time the identification and characterization of two 368 

LPMOs belonging to the family AA15 from a lower termite. The two AA15s from C. gestroi were 369 

expressed in worker and soldier castes and they were able to oxidize only chitin from squid pen, 370 

suggesting that both enzymes are related to chitin remodelling or exoskeleton moulting, and are 371 



not involved in lignocelluloses degradation. The presence of a Tyr instead of a Phe is the major 372 

divergence among the catalytic sites of TdAA15a (cellulose/chitin-active) and TdAA15b (chitin-373 

active) from the firebrat T. domestica (16), as well as for all termite AA15 LPMOs. According to 374 

our data, the mutant CgAA15aF182Y was unable to oxidize cellulose (PASC and Avicel). 375 

 376 

The role of Tyr in the catalytic site of AA9s, which was described recently, is related to 377 

protecting the protein from inactivation during uncoupled turnover (9) and it does not seem to be 378 

involved in substrate specificity. Among the AA10 family, LPMOs with Tyr at the same axial 379 

position are at least cellulose-active enzymes, with some members showing cellulose/chitin 380 

oxidation (1, 46, 51); moreover to the best of our knowledge no specific chitin-active AA10 are 381 

reported with a Tyr in the active site. On the other hand, most chitin-active AA10 enzymes 382 

contain Phe in the axial position (1, 52), with some enzyme exemplars exhibiting mixed activities 383 

towards cellulose/chitin or specific activity for cellulose (51). Moreover, change of the proximal 384 

axial and non-coordinating Phe to Tyr in the catalytic site of AA10s dramatically decreased 385 

enzyme activity or eliminated it, which corroborates with our data (10). 386 

 387 

For example, the change of Y213F in the axial position of the specific cellulose-active 388 

TfAA10a from Thermobifida fusca only decreased its oxidative activity against cellulose and 389 

increased substrate binding (53), however the potential for chitin oxidation by TfAA10aY213F was 390 

not tested. On the other hand, the change of F219Y in ScLPMO10c from Streptomyces coelicolor 391 

abolished the oxidative activity on cellulose while the change to F219A only reduced it (51), 392 

although the authors also did not test the mutants for chitin oxidation. Despite the efforts to 393 

understand the role of aromatic residues in the axial position, it is found that native AA10s with 394 

Tyr in axial position, as well as fungal AA9s, are naturally cellulose-active enzymes at the least, 395 

while fungal AA11s, with Tyr in the active-site, are specific chitin-active LPMOs.  396 

 397 

Protein engineering applied to specific cellulose-active ScLPMO10C (with Phe in axial 398 

position) has recently shown that a broader set of aromatic and polar residues, which are located 399 

on the flat catalytic surface of the enzyme, can modulate substrate binding and specificity (47). 400 

According to the study (47), the authors performed the substitution of aromatic residues from the 401 

catalytic surface (previously reported to interact with cellulose (54)) with polar residues, which 402 

gave ScLPMO10C the ability to oxidize chitin. Moreover, Zhou and co-authors presented an 403 

interesting analysis in the electrostatic potential binding surfaces of several AA10 enzymes, 404 

indicating that chitin-active AA10s have negatively charged binding surfaces whereas cellulose-405 

active AA10s have uncharged or positively charged surfaces (52). This finding corroborates our 406 

data, where binding surfaces of CgAA15a, CgAA15b and TdAA15b (Figure S6) are negatively 407 

charged although the cellulose/chitin-active TdAA15a has an uncharged binding surface. Thus, 408 



the role of the axial and non-coordinating aromatic residues in the catalytic pocket of LPMOs 409 

allied with the study of binding residues on the catalytic surface of the enzymes deserves to be 410 

continually investigated. 411 

 412 

Collectively, our biochemical data and structural insights indicate that CgAA15a and 413 

CgAA15b are not involved in lignocellulose digestion in C. gestroi and they might play other roles 414 

in termite biology. The recent transcriptome analysis in the gut epithelium of the higher termite 415 

Cortaritermes sp. also reported no differential expression of the gene encoding for LPMO 416 

CspAA15a, after changing the termite diet from wild (non-lignocellulosic) to lignocellulosic-based 417 

(raw Miscanthus sp.) (55). The same expression pattern was also reported in genes encoding for 418 

chitodextrinases and chitinases, suggesting that chitin utilisation by the host did not change 419 

significantly upon Miscanthus feeding. Interestingly, when considering the termite AA15s 420 

alignment (Figure S1), the Phe residue also occupies the proximal axial position in the catalytic 421 

site of CspAA15a. Another point worth mentioning is that these AA15s may also have a role in 422 

the digestion of chitin derived from termite corpses since cannibalism is a recurrent phenomenon  423 

among these insects, including C. gestroi (56, 57). 424 

 425 

Moreover, Sabbadin et al., (2018) (16) reported the presence of two AA15s, DmAA15a 426 

(CG42749) and DmAA15b (CG4362), in the tracheal system and peritrophic matrix (midgut), 427 

respectively, of the 3rd instar larvae of Drosophila melanogaster. Both organs are rich in chitin 428 

and chitin-binding proteins and these tissues are in constant chitin remodelling and deposition 429 

during moulting (larval stage) and metamorphosis (pupa). Considering the amino acid sequences 430 

of DmAA15a and DmAA15b, as well as the other three AA15 sequences from D. melanogaster 431 

(CG4367, CG42598 and CG41284), it is interesting to highlight that all the enzymes exhibit Phe 432 

as the proximal residue from the catalytic site. 433 

 434 

In conclusion, the present study provides functional and structural characteristics of 435 

CgAA15a and CgAA15b_cat, which can support future studies on the role of these enzymes in 436 

the developmental and digestive biology of termites. Because the specific chitin-active LPMOs 437 

CgAA15a and CgAA15b_cat from termites and TdAA15b from firebrat share the same catalytic 438 

site, as well as similarities in the electrostatic potential binding surfaces of the enzymes, we can 439 

hypothesize that AA15s from the termites Z. nevadensis, C. secundus, M. natalensis and 440 

Cortaritermes sp. are also specific chitin-active, and most probably they are not related to plant 441 

cell wall digestion. However, only the full functional characterization of these enzymes can 442 

confirm this hypothesis. Finally, the role of AA15s in termites deserves investigation regarding 443 

their potential biotechnological applications (e.g. pest control) since the deletion or silencing of 444 



AA15s in Drosophila melanogaster, as well as Tribolium castaneum, is lethal or partially lethal 445 

(16).  446 

 447 

 448 

4. Material and Methods 449 

4.1 Genome and transcriptome analyses. 450 

 451 

 The genome and transcriptome from worker and soldier castes of the lower termite C. 452 

gestroi were used as a database (34) to search for CDSs containing the Pfam domain 03067 453 

(LPMO_10 Superfamily) using default parameters (e-value 1). Afterwards, each CDS had their 454 

number of transcripts in worker and soldier libraries counted and normalized (57). 455 

 456 

4.2 Phylogenetic analyses. 457 

 458 

 For the identification of orthologous sequences in termites, the CDSs containing the Pfam 459 

domain 03067 were used as queries to execute a BLASTP (protein-protein BLAST) analysis 460 

using default parameters against Termitoidae (taxid:1912919). After retrieving only termite 461 

sequences, the CDSs were used as a query to search for orthologous sequences in the EggNOG 462 

database (58). Next, they were submitted to signal peptide sequence analysis in the SignalP 5.0 463 

(59) platform and sequences without a His residue after the cleavage site were discarded. 464 

 Maximum likelihood analyses were performed to classify the termite CDSs into an LPMO 465 

family. Thus, CDSs from other LPMOs families were retrieved from the CAZy database (60) and 466 

used as external groups. The analysis was executed at www.phylogeny.fr in the “a la carte” mode 467 

(61). The multiple alignments were performed using ProbCons (62) with default parameters and 468 

without curation, followed by construction of the phylogenetic tree using PhyML (63) also with 469 

default metrics, except for not removing the gaps from alignment. Statistical tests for branch 470 

support were performed using the Approximate Likelihood-Ratio Test (aLRT) in the SH-like mode 471 

(64). The tree was visualized using the iTOL web-platform (65). 472 

 473 

4.3 In silico molecular modelling. 474 

 475 

 The three-dimensional homology models of CgAA15a, CgAA15b_cat and TdAA15b 476 

(without the signal peptide and Strep-tag sequences) were built using the I-TASSER (66) 477 

software with the LPMO TdAA15a from Thermobia domestica (PDB id: 5MSZ_A) as a reference 478 

structure (template). The C-scores were calculated for all enzyme models. The PDB 479 

visualizations were performed using the PyMOLTM software (1.7.4.5 Edu) and the electrostatic 480 

surface potential was calculated using the APBS plug-in (67) for PyMOL. 481 



 482 

4.4 RNA extraction, cDNA transcription and PCR reactions. 483 

 484 

 The total RNA extraction from C. gestroi as well as the cDNA transcription was performed 485 

as described previously by Franco Cairo et. al., 2013 (26). PCR reactions for amplification of the 486 

full-length CDS of CGAA15A and the CDS for the LPMO domain of CGAA15B were performed in 487 

two rounds using the following oligonucleotides: 1st round PCRs - CgAA15a_F_cDNA 5’-488 

CATGCCCAG CTTATGGACCCTGTG3-’; CgAA15a_R_cDNA 5’-489 

GACGAGAGAAATGTCTGAGCAGCC-3’; CgAA15b-cat_F_cDNA 490 

5’CATGGACGTCTTATTGAACCTCCCTCC3’; CgAA15b-cat_R_cDNA 5’-491 

AACATCAGCACATGCTCGGAATTC-3’. For the 2nd round PCRs - CgAA15a_F_pET26b_S 5’-492 

GCCCAGCCGGCGATGGCGCATGCCCAGCTTATG-3’; CgAA15a_R_pET26b_S 5’-CGGGTG 493 

GCTCCACGCGCTGACGAGAGAAATGTC-3’; CgAA15b-cat_F_pET26b_S 5’-494 

GCCCAGCCGGCGATGGCGCATGGACGTCTTATTG; CgAA15b-cat_R_pET26b_S 5’-495 

CGGGTGGCTCCACGCGCTAACATCAGCACATGC-3’, where the bold letters are 496 

complementary to the pelB signal peptide from the pET-26b(+) vector and the underlined letters 497 

are complementary to the Strep-tag II sequence from previously modified pET-26b(+) (16). For 498 

linearization of the pET-26b-Strep-tag II vector, the following oligonucleotides were used: 499 

PF_Lin_26b_pelB 5’-AGCGCGTGGAGCCACCCGCAG-3 and PR_Lin_26b_Strep 5’- 500 

CGCCATCGCCGGCTGGGC-3’. For site-directed mutagenesis in CgAA15a-F182Y, the following 501 

primers were used: CgAA15a_mut1_F 5’-GCAAGAAACGtatCGTGGCTGTAGCGACATCTC-502 

3’and CgAA15a_mut1_R 5’-GGCCCACACCCTACGGCA-3’, with the mutation as lower-case 503 

letters in the former primer. The PCR reactions for amplification of target CDSs were set up as 504 

reported by Franco Cairo et al., (26). 505 

 506 

4.5 Cloning, recombinant protein production and purification. 507 

 508 

 For recombinant protein production and purification, the C. gestroi LPMOs were cloned in 509 

the pET-26b(+) vector, seeking periplasmic expression. Each CDS was inserted between the 510 

pelB leader signal peptide and the BamHI restriction site, with a strep-tag inserted in the LPMO 511 

C-terminal followed by a stop codon, thus removing the 6xHis-tag. Cloning of CgAA15a and 512 

CgAA15b_cat was performed using the Gibson Assembly Master Mix according to manufacture 513 

instructions. The mutant CgAA15a-F182Y was generated using the Q5 Mutagenesis kit from 514 

NEB according to manufacture instructions with one modification: the use of Phusion Taq DNA 515 

polymerase instead of Q5 DNA polymerase. Afterwards, the two constructions, as well as the 516 

mutated version of CgAA15a-F182Y, were transformed in DH5- for vector replication. Finally, 517 



the plasmids were extracted, sequenced and then transformed in BL21(DE3) Rosetta 2 pLys S 518 

for recombinant protein production. 519 

 Cells containing the targeted constructions were pre-inoculated in LB (Lysogenic Broth) 520 

overnight at 37 ºC and 200 rpm. Next, 20 mL of culture was inoculated in 1 L of 1X M9 minimal 521 

medium with glucose as the sole carbon source as reported in Fowler et al., 2019, and the cells 522 

were grown at 37 ºC and 210 rpm until the optical density reached 0.7 (8 to 10 h). The cells were 523 

then cooled to 18 ºC for 1 h and the protein expression was later induced by adding 1 mM IPTG 524 

to the final concentration. Recombinant protein production was performed for 16 h at 18 ºC and 525 

180 rpm. 526 

 After protein expression, the LPMOs were extracted from the periplasmic space using the 527 

Osmotic Shock protocol (68), followed by affinity chromatography using Streptacitin resin. Next, 528 

the enzymes were concentrated and copper ion (CuCl2) was loaded in excess of five-times, 529 

followed by size-exclusion chromatography in 25 mM MES buffer adjusted to pH 6 and containing 530 

150 mM NaCl (69). 531 

  532 

4.6 Functional characterizations of C. gestroi LPMOs. 533 

 534 

 The LPMO activity assays using 2,6-dimethoxyphenol (2,6-DMP) and hydrogen peroxide 535 

(H2O2) as co-substrates were performed as reported by Breslmayr et al. (2018) (48). The 536 

reactions were set up in total volumes of 200 µL, containing 100 μM H2O2, 10 mM 2,6-DMP and 1 537 

μM of C. gestroi LPMOs in 100 mM ammonium acetate buffer pH 6 at 30 ºC. The reaction was 538 

initiated by adding the LPMO after 15 min of pre-incubation of the reagents and absorbance was 539 

monitored at 469 nm every 15 s during 5 min in the Epoch 2 Microplate Reader (BioTek). The 540 

LPMOs had their melting temperature (Tm) determined according to the protein thermal shift 541 

assay (ThermoFisher Scientific) (70). The LPMOs at 0.5 mg/mL (20 mM MES pH 6, 150 mM 542 

NaCl) were mixed with 1X SYPRO Orange in 30 µL reaction volumes and the fluorescence 543 

emission was monitored using a CFX384 Touch Real-Time PCR machine (BioRad) in a 384-well 544 

clear plate from 20 °C to 99 °C, in triplicate, where the proteins were incubated at each 545 

temperature for 2 min before taking the reading. 546 

 The Amplex®Red assay for H2O2 quantification was performed to determine molecules 547 

with potential to donate electrons for C. gestroi LPMOs. The reactions were set up as reported by 548 

Kittl et al. (2012) (50) in a final volume of 100 µL in clear microplate and in triplicate. The assays 549 

contained 50 μM of each electron donor (ascorbic acid, pyrogallol, gallic acid and L-cysteine), 50 550 

μM Amplex®Red, 7 U/mL Horseradish peroxidase (HRP) and 1 µM LPMO as final 551 

concentrations. The assays started by adding the LPMOs and the resofurin absorbance was 552 

measured at 590 nm. The reactions were monitored in kinetic mode in the Epoch 2 Microplate 553 



Reader (BioTek) during 35 min at 30 ºC with 3 s shaking before the readings. A standard curve 554 

was constructed using H2O2 concentrations in the range of 0.1 – 5 μM for its quantification. 555 

 556 

4.7 Activity assays for substrate specificity determinations. 557 

 558 

 The activity assays aiming to determine the substrate specificities of C. gestroi LPMOs 559 

were performed on a range of different polysaccharides as follows: microcrystalline cellulose 560 

(Avicel), Phosphoric Acid Swollen Cellulose (PASC), squid pen chitin, xyloglucan (from tamarind, 561 

Megazyme), corn starch (Sigma) and xylan from oat spelt (Sigma). The reactions were carried 562 

out for 16 h, in 20 mM ammonium acetate (pH 6.0) with 25 mM NaCl, using 1 mM ascorbic acid 563 

as reductant and 1 µM of LPMO, in a final volume of 100 µL at 30 °C and 950 rpm using the 564 

Eppendorf thermomixer. All assays were performed in triplicate. After centrifugation, 2 μL of the 565 

reaction supernatants were applied to a MTP 384 ground steel target plate TF (Bruker Daltonics) 566 

and mixed with 2 μL of 10 mg/mL 2,5-dihydroxybenzoic acid (DHB) dissolved in 30% acetonitrile, 567 

0.1% trifluoroacetic acid (TFA), followed by air-drying. Data collection was carried out according 568 

to Abdul Rahman et al., (2014) (71), using a matrix-assisted laser desorption/ionization time-of-569 

flight (MALDI-ToF/TOF-MS) UltrafleXtreme® or Ultraflex III (Bruker Daltonics GmbH, Bremen, 570 

Germany). The data was collected using a 2-kHz smart beam-II laser and acquired in reflector 571 

mode (mass range 500–3500 Da) for MS analysis. Data analyses were performed in the Bruker 572 

FlexControl or FlexAnalysis software, using the peptide standard as a calibrant and supplied by 573 

Bruker Daltonics. The peak series was compared with previous reports (16, 69). 574 

 575 
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 812 

6. Figure legends 813 

 814 



Figure 1. Phylogenetic analysis with termites LPMOs. A) Radial phylogram of LPMO families 815 

for the classification of termite enzymes. All AA families were clustered with high bootstraps (> 816 

0.94). B) Detail of the AA15 branch from radial phylogram, showing all termite LPMOs. C. gestroi 817 

enzymes are highlighted with red circles and T. domestica with orange asterisks. The LPMOs 818 

AA15a from Z. nevadensis, C. secundus, M. natalensis and Cortaritermes sp. are highlighted with 819 

blue rhombus, squares, asterisks and circles, respectively. The termite AA15s are grouped in three 820 

different clades (light grey boxes), each with a different protein architecture: 1, 2 and 3 in blue 821 

boxes. SP= Signal peptide, TM=transmembrane. CT= cytosolic. The sequences from MnAA15b, 822 

CgAA15c, CgAA15d, TdAA15a and TdAA15b are partial sequences from mRNA sequencing. 823 

 824 

Figure 2. The structural hallmarks of CgAA15s LPMOs. A) Overall homology models for 825 

CgAA15a (I) and CgAA15b_cat (II) in comparison with TdAA15a (PDB code 5MSZ) (III). The 826 

copper ion is in gold. B) Detail of the catalytic site showing the coordinated copper-His-brace and 827 

the non-coordinated Ala and Phe residues for CgAA15a (I), CgAA15b_cat (II) and TdAA15a (III). 828 

C) The electrostatic surface potential of CgAA15a (I), CgAA15b_cat (II) and TdAA15a (III), the 829 

putative binding site in yellow ellipses and the copper in mocha circles. 830 

 831 

Figure 3. The specific activities and the apparent melting temperature of C. gestroi AA15s. 832 

A) Determination of specific activity of CgAA15a, CgAA15b_cat and CgAA15a F182Y using the 2,6-833 

DMP assay. Thermal shift curves of CgAA15a (B), CgAA15b_cat (C) and CgAA15aF182Y (D) and 834 

the melting temperature (Tm) of the copper ion loaded version of the enzymes (right curves) and 835 

the apo form after EDTA treatment (left curves). 836 

 837 

Figure 4. Determination in-vitro of the optimal electron donor for C. gestroi AA15s. The 838 

Amplex®Red assay was applied for the quantification of H2O2 and to determine the optimal 839 

electron donor for the LPMOs. Four molecules were used as donors: L-cysteine (blue rhombus), 840 

Ascorbic acid (yellow times), Pyrogallol (grey triangles) and Gallic Acid (orange boxes). Kinetic 841 

measurements for (A) CgAA15a, (B) CgAA15b_cat and (C) CgAA15aF182Y were performed for 35 842 

min. 843 

 844 

Figure 5. Substrate specificity of C. gestroi AA15s. MALDI-TOF MS spectrum of reaction 845 

products after the incubation of 1 µM CgAA15a (A), CgAA15b_cat and (C) CgAA15aF182Y (E) with 846 

1% chitin from squid pen in the presence of 2 mM ascorbic acid as the electron donor. Detailed 847 

view of the expanded spectrum for DP6, DP8 and DP6 of the reactions applying CgAA15a (B), 848 

CgAA15b_cat (D) and CgAA15aF182Y (F), respectively. Native species are marked in black and 849 

the oxidized species in red. 850 

 851 



Figure S1. Amino acid sequence alignment among termites and T domestica LPMOs from 852 

family AA15. The alignment was generated using T-COFFEE (Homology Extension PSI-coffee 853 

mode). Blue Navy empty boxes for the conserved amino acids composing the catalytic site (his-854 

brace and axial residues). Grey empty box for the conserved protrusion region. Red empty boxes 855 

for conserved aromatic residues and salmon for polar residues exposed in the flat catalytic 856 

surface of AA15s. 857 

 858 

Figure S2. AA15s transcript counts in castes of C. gestroi and CDS amplifications. A) 859 

Normalized number of transcripts of CGAA15s between worker (red) and soldier (light red) 860 

castes of the lower termite C. gestroi. B) 1% agarose gels showing the amplification products for 861 

AA15 CDSs from cDNA of the C. gestroi work caste. L = Ladder, 1-3 = CGAA15A, 4 and 5 = 862 

CGAA15b_cat and 6 = negative control. 863 

 864 

Figure S3. Models for the flat catalytic surface of C. gestroi AA15s. A) Aromatic residues 865 

(red) exposed on the flat catalytic surface of CgAA15a (I), for CgAA15b-cat (II) and TdAA15a 866 

PDB id 5MSZ (III). B) The negatively charged residues (orange) for the same LPMOs and C) 867 

Superposition of aromatic and negatively charged residues of the three LPMOs. 868 

 869 

Figure S4. Recombinant protein production and purification. A) Schematic view of the 870 

expression vector (pET-26b) and the protein construction. The protein was cloned in frame with 871 

the pelB (signal peptide) and also with a streptavidin tag (S-Tag) for protein purification. B) 12% 872 

SDS-PAGE gel of protein extraction and purification for CgAA15a: M = ladder, 1 = Osmotic shock 873 

fraction, 2 = column flowthrough, 3 = wash fraction, 4-7 = Elution fractions with 3 mM 874 

destiobiothin. C) 12% SDS-PAGE gel of protein extraction and purification for CgAA15b_cat: M = 875 

ladder, 1 = Osmotic shock fraction, 2 = column flowthrough, 3 = wash fraction, 4 and 5 = Elution 876 

fractions with 3 mM destiobiothin. D) 12% SDS-PAGE gel of protein extraction and purification for 877 

CgAA15aF182Y: M = ladder, 1 = Osmotic shock fraction, 2 = column flowthrough, 3 = wash 878 

fraction, 4-6 = Elution fractions with 3 mM d-Desthiobiotin. 879 

 880 

Figure S5. Substrate specificity of C. gestroi LPMOs. MALDI-TOF MS spectrum of control 881 

reaction products. A) Spectra for 1% chitin from squid pen and 2 mM ascorbic acid. B) Spectra 882 

for 1% chitin from squid pen, 2 mM ascorbic acid, 1 mM EDTA and 1 µM of CgAA15a. C) Spectra 883 

for 1% chitin from squid pen, 2 mM ascorbic acid, 1 mM EDTA and 1 µM of CgAA15b_cat. D) 884 

Spectra for 1% chitin from squid pen, 2 mM ascorbic acid, 1 mM EDTA and 1 µM of 885 

CgAA15aF182Y. A range of different polysaccharides were tested within the same conditions and 886 

controls (data not shown). 887 

 888 



Figure S6. Structural hallmarks of TdAA15b. A) Overall model for the structure based 889 

onTdAA15a PDB id 5MSZ (III). The calculated C-Score was 1.71 with estimated RMSD of 890 

2.0±1.6Å. The copper metal is in gold and the catalytic residues His1, His91 and Phe184 are in 891 

blue. B) The electrostatic surface potential of TdAA15b, showing the protrusion in black circles, 892 

the putative binding site in yellow ellipses and copper in moca circles. 893 
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