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Abstract

The current study is the first to describe the temporal and differential transcriptional expression of two lytic polysaccharide
monooxygenase (LPMO) genes of Rasamsonia emersonii in response to various carbon sources. The mass spectrometry
based secretome analysis of carbohydrate active enzymes (CAZymes) expression in response to different carbon sources
showed varying levels of LPMOs (AA9), AA3, AA7, catalase, and superoxide dismutase enzymes pointing toward the
redox-interplay between the LPMOs and auxiliary enzymes. Moreover, it was observed that cello-oligosaccharides have a
negative impact on the expression of LPMOs, which has not been highlighted in previous reports. The LPMO1 (30 kDa) and
LPMO2 (47 kDa), cloned and expressed in Pichia pastoris, were catalytically active with (k_,/K,,) of 6.6x10? mg™! ml min™!
and 1.8x102 mg™! ml min™! against Avicel, respectively. The mass spectrometry of hydrolysis products of Avicel/carboxy
methyl cellulose (CMC) showed presence of C,/C, oxidized oligosaccharides indicating them to be Type 3 LPMOs. The
3D structural analysis of LPMO1 and LPMO?2 revealed distinct arrangements of conserved catalytic residues at their active
site. The developed enzyme cocktails consisting of cellulase from R. emersonii mutant M36 supplemented with recombinant
LPMO1/LPMO?2 resulted in significantly enhanced saccharification of steam/acid pretreated unwashed rice straw slurry
from PRAJ industries (Pune, India). The current work indicates that LPMO1 and LPMO?2 are catalytically efficient and
have a high degree of thermostability, emphasizing their usefulness in improving benchmark enzyme cocktail performance.

Key points

e Mass spectrometry depicts subtle interactions between LPMOs and auxiliary enzymes.
e Cello-oligosaccharides strongly downregulated the LPMO1 expression.

e Developed LPMO cocktails showed superior hydrolysis in comparison to CellicCTec3.
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Introduction

Lignocellulosic biomass (LCB) is a copious carbon neutral
resource comprising of cellulose and hemicellulose fibers
that are convolved and embedded in a dense polymer matrix
of lignin, conferring it a recalcitrant attribute (Zhang et al.
2021a). Due to structural intricacy of LCB, it requires pre-
treatment to bring about disintegration and fractionation of its
complex structure into cellulose, hemicellulose, and lignin for
its efficient valorisation. The pretreated LCB is subsequently
subjected to hydrolysis where a spectrum of lignocellulolytic
enzymes synergistically act on the cellulose fibers to convert
them into monomeric glucose moieties (Vaaje-Kolstad et al.
2010; Sharma et al. 2022). The extent of hydrolysis that can
be achieved depends on structural complexity of the substrate
as well as the catalytic efficacy of enzymes. However, the
catalytic efficiency of enzymes is compromised due to the
presence of inhibitors (hydroxy methyl furfurals (HMF),
acetic acid, formic acid, levulinic, ferulic acid, etc.) in the
acid/steam pretreated unwashed slurry, negatively impact-
ing enzyme action and resulting in lower glucan hydrolysis
(~ 60%) at enzyme loading rates of 10 mg/g substrate and
solid concentrations of 15-17% (Dessie et al. 2019; Cavala-
glio et al. 2021; Hoppert et al. 2022). Therefore, in order to
achieve desired hydrolysis levels (>90%), higher amounts of
enzyme (30 mg/g substrate) are required, making the process
commercially uneconomical (Reis et al. 2023).

The deconstruction of lignocellulosic biomass, which
was solely attributed to the hydrolytic action of glyco-
syl hydrolases previously, has seen a paradigm shift with
discovery of oxidative lytic polysaccharide monooxyge-
nases (LPMOs) (Horn et al. 2012). These LPMOs display
a redox-potential-mediated catalysis to initiate the rapid
disintegration of the crystalline lattice surface of cellu-
lose, which is otherwise not easily accessible to canoni-
cal glycosyl hydrolases (Chylenski et al. 2019). The cata-
lytic cycle of LPMO action is initiated by the reduction
of Cu(Il) from its resting state to Cu(I) in the presence
of co-substrate (H,0,) which results in the generation of
super-oxo species. The released super-oxo species then
is converted to copper(Il)-hydro-per-oxo, followed by the
homolytic cleavage of the O-O bond. This oxygen-oxygen
bond breakage releases Cu—oxyl reactive species and oxi-
dizes the polysaccharide at different positions based on
their regioselectivity (either C,, C,, or both). The LPMOs
are categorized in three different classes, where Type 1
LPMGOs carry out oxidative cleavage at C, of glycosidic
unit, Type 2 LPMOs oxidatively cleave at C, and Type 3
LPMOs oxidatively cleave both at the C, and C, positions
(Bertini et al. 2018; Ma et al. 2021). Although the first
reduction reaction involved in LPMO-mediated catalysis
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is substrate dependent, however, LPMOs acting on lignin
rich biomass do not require the external addition of elec-
tron donors. The presence of low molecular weight lignin
compounds itself act as electron carrier between the poly-
mer and the enzyme (Kont et al. 2019) to carry out the
oxidative cleavage. The secretome of several biomass
degrading fungi had previously revealed the presence of
auxiliary enzymes cellobiose dehydrogenase (CDH; AAS),
AA3, AA7 (oligosaccharide oxidase) that are involved in
direct electron transfer and supports the potential inter-
play between these enzymes (Manavalan et al. 2021).
However, the external source of electron donors under
the lab conditions mostly consists of ascorbic acid, gallic
acid and methyl hydroquinone that supports H,O, driven
oxidation of biomass by LPMOs (Garajova et al. 2016;
Momeni et al. 2021). The addition of H,0, exogenously or
its in situ generation during pretreatment of lignocellulos-
ics has been reported to aid in LPMO-mediated catalysis
(Miiller et al. 2018).

Despite the recent progress in structural analysis, sub-
strate specificity, and regioselectivity of LPMOs; not much
is known about functional determinants which governs the
induction of LPMO expression in the presence of complex
polysaccharides. Indeed, the incorporation of LPMOs in
a cellulase mixture increases hydrolysis, but its activation
requires artificial/enzyme donors such as ascorbate, gal-
lic acid, auxiliary enzymes such as CDH (AA8), AA3_2,
AA7, and other class of oxidoreductases, which pose a
major challenge for its endorsement by future biorefineries
(Garajova et al. 2016; Johansen 2016; @stby et al. 2020).
Yet, the insight into the redox interplay between the LPMOs
and other class of oxidative enzymes remains shrouded.
Genome wide sequence analysis in recent times has shown
that LPMO coding genes are very well represented com-
ponents of CAZymes, and their synergism with other
glycosyl hydrolases forms an important step in designing
optimal cellulase enzyme mixture with better performance
in comparison to the present commercial lignocellulolytic
blends. The genome wide databases suggest that the organ-
isms host a diverse number of LPMO genes. However, the
paucity of knowledge about how many and to what extent
these LPMOs are induced and expressed under the process
parameters employed during fermentation by the producer
strains is an intriguing aspect. As all the LPMOs are not
expressed during production of CAZymes, therefore, bio-
prospecting the catalytic potential of LPMOs that remain
silenced during culturing can be addressed using heterolo-
gous gene expression platforms, followed by their purifica-
tion and characterization so as to identify potentially use-
ful LPMOs for the formulation of potent custom-designed
enzyme cocktails.
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In the present work, cloning, expression, and characteri-
zation of two LPMO (AA9) genes from Rasamsonia emer-
sonii using Pichia pastoris as a host was carried out to iden-
tify and compare their catalytic efficacy. The present study
also provides the first report on transcriptional profiling of
both the LPMO genes that are present in the genome of R.
emersonii and aims at portraying the interplay between the
LPMOs (AA9) and other auxiliary enzymes with specific
emphasis on fine-tuned induction in presence of different
polysaccharides. Furthermore, the hydrolytic performance
of in-house custom-made cocktails consisting of R. emer-
sonii secretome and heterologously expressed recombinant
LPMOs was evaluated for the hydrolysis of biorefinery rel-
evant inhibitors laden unwashed steam/acid pretreated rice
straw slurry procured from 2G ethanol demonstration plant
(PRAJ, Pune, India) and compared with the commercial
enzyme CellicCtec3 (Novozymes, Bagsverd, Denmark).

Materials and methodology
Microbial strains and growth media

The thermophilic fungus R. emersonii (collection number
MTCC-387) was employed as a source of LPMO in this
study (Raheja et al. 2022). R. emersonii was regularly main-
tained and grown on Talaromyces agar medium compris-
ing of cellulose 3%, wheat grain flour 1.5%, bactopeptone
0.75%, potassium dihydrogen phosphate (KH,PO,) 0.5%,
calcium chloride dihydrate (CaCl,.2H,0) 0.05%, and salt
fraction 1.5% at 44°C (Raheja et al. 2020). Bacterial culture
of Escherichia coli (ToplOF strain, Invitrogen, Waltham,
MA, USA) and P. pastoris (X-33 strain, Invitrogen,
Waltham, MA, USA) was used for cloning and overexpres-
sion. Low-salt LB media (tryptone 1%, yeast extract 0.5%,
and NaCl 0.5%) supplemented with antibiotic zeocin (25 ug
mL™") was used for the selection of E. coli transformants.
Yeast strain P. pastoris was maintained on YPD medium
(yeast extract 1%, peptone 2%, and dextrose 2%).

Cloning and overexpression of LPMO1 and LPMO2
genes in P. pastoris

The gene sequences for both the LPMOs Talem1p7_017256
(LPMO]I) and Talem1p7_002983 (LPMO2) were down-
loaded from a fungal genome portal (https://genome.jgi.
doe.gov/portal/). The lignocellulolytic enzyme induction
was carried out by growing R. emersonii on an optimized
medium (Raheja et al. 2020). The total RNA was extracted
using a HiPurA™ RNA purification kit (Himedia, Mum-
bai, India) followed by mRNA enrichment (mRNA isolation
kit, Invitrogen, Waltham, MA, USA) and cDNA synthesis

(Agrawal et al. 2020b). Based on the gene sequences, open
reading frame (ORF) specific primers with EcoRI and Xbal
restriction sites were designed for LPMOI and LPMO2
(Supplemental Table S1). The amplification of the desired
genes using cDNA as a template was carried out using high
fidelity Q5® DNA Polymerase (New England Biolabs,
Ipswich, MA, USA) with initial denaturation at 98°C for
40 s, 35 cycles of denaturation at 98°C for 15 s, annealing
at 54°C for 45 s, extension at 72°C for 1 min 30 s followed
by final extension at 72°C for 5 min. The size for resultant
amplified products was verified by agarose gel electropho-
resis (1% w/v) followed by purification using Gel Extraction
Kit (Sigma, St. Louis, MO, USA). The purified amplicons
were digested with EcoRI and Xbal enzymes followed by
ligation into EcoRI and Xbal digested pPICZaA (Invitro-
gen, Waltham, MA, USA) plasmid (Hong et al. 2007). The
plasmids containing AA9 genes were then transformed into
chemically competent cells of Topl10F E. coli (Invitrogen,
Waltham, MA, USA) by heat shock at 42°C for 1 min fol-
lowed by plating on low-salt LB agar plates containing
selectable marker zeocin. Transformants were screened for
cloning using colony PCR and double digestion by EcoRI
and Xbal restriction enzymes. Positive transformants were
further used for isolating the plasmid followed by lineari-
zation using Pmel (New England Biolabs, Ipswich, MA,
USA). The linearized plasmids were then transformed
via electroporation (Invitrogen, Carlsbad, CA, USA) into
freshly prepared competent cells of P. pastoris X-33 and
subsequently plated onto YPDS medium (1% yeast extract;
2% peptone; 2% dextrose and 1 M sorbitol) containing 100
pg/mL zeocin (Mellitzer et al. 2012). The obtained trans-
formants were screened for expression of the desired gene
using the protocol mentioned in the EasySelect™ Pichia
Expression Kit manual (Invitrogen, Waltham, MA, USA)
that involved feeding of the culture flasks with 1% (v/v)
methanol, for the induction of AOX promoter, at 24 h inter-
vals with the first feed starting after 48 h upto 120 h (Basotra
et al. 2019). The resultant culture supernatants were sub-
jected to centrifugation (3000 Xg, 5 min) and subsequently
assayed for LPMO activity using 2% (w/v) carboxymethyl
cellulose (CMC) as substrate (Karlsson et al. 2001; Agrawal
et al. 2020b). The reaction mixture containing 500 uL of
diluted enzyme was incubated with the 500 pL of substrate
(2% CMC) prepared in sodium citrate buffer (50 mM; pH
6.0) for 20 min thereafter the reaction was terminated by the
addition of 3 mL 3,5 dinitrosalicylic acid (DNS) followed
by boiling at 100°C for 10 min (Miller 1959). The resultant
developed color was quantified by measuring the absorb-
ance at 540 nm (Novaspec II, Pharmacia, Delhi, India).
Furthermore, the gene cloning was validated by sequenc-
ing of PCR amplified products (BioServe, Hyderabad,
India). The recombinant strains of LPMO1 (accession
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number MTCC13352) and LPMO?2 (accession number
MTCC13353) used in the present study have been deposited
at the Microbial Type Culture Collection and Gene Bank,
Chandigarh (India).

Bioinformatics studies and structural analysis
of LPMO1 and LPMO2

The protein sequence in FASTA format was obtained from
a fungal protein database (https://genome.jgi.doe.gov/por-
tal/) and used for generating 3D structure of the protein by
SWISS MODEL (Swiss Institute of Bioinformatics, Basel,
Switzerland; Waterhouse et al. 2018). On the basis of the
GMQE score (global model quality estimate score) and
QMEAN (Quality Model Energy Analysis), the most appro-
priate model was selected (Pramanik et al. 2021). Homol-
ogy modeling and multiple sequence alignment for LPMOs
was carried out using Schrodinger suite (2018-4, New York,
USA; Jacobson et al. 2004) and the crystal structures of
Thermoascus aurantiacus (2YET) and Neurospora crassa
(4EIR) were used as templates for LPMO1 and the LPMO?2,
respectively. The structural superimposition was carried out
and Root Mean Square Deviation (RMSD) between the tem-
plate and models were computed on the basis of homology
model scores. Based on the sequence alignment, a phyloge-
netic tree (neighbor joining) was constructed using Mega
X (https://www.megasoftware.net/) (Hoda et al. 2021).
Furthermore, molecular docking was performed by protein
preparation wizard by capping the termini, assignment of
the hydrogen bonds, bond orders, addition of hydrogens,
and protein optimization, minimization using the protein
prep wizard. Ligand (Avicel) preparation was carried out
using LigPrep (Schrodinger 2018-4, New York, USA) and
the stereoisomers of each ligand were generated. The ligands
with low energy 3D conformations were selected. Using the
sitemap tool, the most prominent active sites for substrate
binding were predicted in the LPMO protein. The recep-
tor grid was generated (20 x 20 x 20 A) using the glide
grid generation tool and all the ligands were docked using
docking module in the glide (grid based ligand docking
with energetics) (Dadheech et al. 2019). The best pose of a
docked ligand was visualized by the extra-precision module
(XP-visualizer) and was selected on the basis of G score and
molecular mechanics generalized born surface area (MMG-
BSA) generated binding energies (Basotra et al. 2019).

Purification of LPMOs and estimation of LPMO
activity

Purification of both the LPMOs was performed using an

anion exchange chromatographic column UNOsphere™
Q (Bio-Rad, Haryana, India). Before loading the samples
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onto the column, the crude enzymes (500 mL) from both
the LPMOs were concentrated and desalted using an ultra-
filtration system (AMICON, Miami, FL, USA) fitted with
a 10 kDa cutoff PES membrane (Permionics India Ltd.,
Gujarat, India). The concentrated enzymes LPMO1 and
LPMO2 were in 50 mM Tris buffer (pH 8.0). Five mL of
the concentrated protein samples (LPMO1, 52.30 mg/mL;
LPMO2, 44.65 mg/mL) were loaded onto a column followed
by fractionation through AKTA prime fast protein liquid
chromatography (FPLC; GE Healthcare, Chicago, IL, USA).
The bound LPMOs were eluted with 50 mM Tris buffer (pH
8.0) using gradient of NaCl (0-100%) with flow rate of 1.0
mL/min. Thereafter, the eluted fractions were assayed for
enzymatic activity and further confirmed for purity by 12%
SDS-PAGE (Mini-Protein II system, BioRad, Hercules,
CA, USA), and the reference molecular marker dual Preci-
sion Plus Protein™ (BioRad, Hercules, CA, USA) was used
as standard to determine the molecular weight of purified
LPMOs. The eluted fractions were profiled by estimating
the enzyme activity using CMC as substrate in presence
of reductant (1 mM ascorbic acid) (Agrawal et al. 2020a).
The protein content in the purified fractions was determined
by Lowry’s method (Lowry et al. 1951). Furthermore, the
LPMO activity in the purified fractions was also deter-
mined using a reaction mixture consisting of 860 uL of 116
mM sodium phosphate buffer (pH 7.0), 100 pL. of 10 mM
2,6-dimethoxyphenol (2,6-DMP) and 20 pL of 5 mM H,0,,
which was gently mixed and incubated at 30°C for 15 min.
Afterwards, 20 pL of purified enzyme fraction with LPMO1
(0.88 U/mg) and LPMO?2 (0.47 U/mg) was added, and the
increase in absorption was measured at 469 nm for 5 min
using a spectrophotometer (Novaspec II, Pharmacia, Delhi,
India) (Breslmayr et al. 2018). All the reactions were per-
formed in triplicates.

Characterization of purified LPMO1 and LPMO2
proteins

The purified proteins were characterized using different
parameters including pH, temperature, metal ions, and
substrates. Effect of pH on purified enzymes LPMO1 and
LPMO?2 was studied using a broad range of buffer sys-
tems (pH 3.0-12.0), including 50 mM sodium acetate (pH
3.0-5.0), sodium citrate (pH 6.0), sodium phosphate (pH
7.0), Tris chloride (pH 8.0-9.0), and glycine NaOH (pH
10.0-12.0). Enzyme activity was carried out using 2% CMC
with 1 mM ascorbic acid as a reducing agent. Similarly,
the temperature profiling was studied for both the LPMOs
between 20 and 80°C (Agrawal et al. 2020b). Enzyme ther-
mostability was checked using two different parameters, for
LPMOL, pH 7.0 and 9.0 and temperatures 50°C and 60°C up
to 96 h and for LPMO2, pH 7.0 and 8.0; temperatures 50°C
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and 60°C up to 168 h. Furthermore, the different metal ions
effects were also evaluated by incubating both the purified
LPMOs with different metal ions (5 mM) for 30 min at room
temperature and the residual enzymatic activity was assayed
using 2% w/v CMC as a substrate in the presence of ImM
ascorbic acid. The substrate specificities of both purified
LPMO proteins were studied using a broad range of sub-
strates: Avicel, phosphoric acid swollen cellulose (PASC),
CMC, g glucan (barley), starch, laminarin, lichenan, birch-
wood xylan, beechwood xylan, wheat arabinoxylan, oat spelt
xylan, xyloglucan, debranched arabinan, larchwood xylan,
and rye arabinoxylan. The concentration of each substrate
used was 2% (w/v) prepared in 50 mM Tris chloride buffer
with pH 9.0 for LPMO1 and pH 8.0 for LPMO2 applied at
60°C for 2 h. Furthermore, the role of H,O, as a co-substrate
for LPMOs was evaluated using a previously published pro-
tocol (Bissaro et al. 2017) adopted with some modifications.
Estimation was done using Avicel (2% w/v) with addition of
different H,0O, concentrations (10-100 uM) and 1 mM ascor-
bic acid prepared in 50 mM Tris chloride buffer pH 9.0 for
LPMOI1 and pH 8.0 for LPMO2. The reactions were incu-
bated for 2 h at 60°C after which the reactions were filtered
(0.45 pm) followed by determination of released reducing
sugars using 3,5-dinitrosalicylic acid (DNS) (Agrawal et al.
2020a). The enzyme kinetics (kinetic parameters: K, V..
k., and k., /K.,) was studied against Avicel in the presence
of 1 mM ascorbic acid as reducing agent and 20 uM of H,0,
co-substrate and assayed under standard conditions. All the
reactions were performed in triplicates.

Transcriptional profiling and proteomic analysis
of LPMO1 and LPMO2

For temporal expression profiling of LPMOs, R. emersonii
was grown in 250 mL Erlenmeyer flasks containing 50 mL
of optimized medium (Raheja et al. 2020) consisting of 4%
cellulose, 2% gram flour, 0.75% bactopeptone, 1% KH,PO,,
0.05% CaCl,.2H,0, 1.5% salt fraction, and 0.1% Tween 80
was incubated at 44°C under shaking conditions (250 rpm).
Salt fraction used in the study consisted of 0.2% ammo-
nium sulfate, 0.18% potassium chloride (KCl), 0.045% citric
acid, 0.1% CaCl,.2H,0, and 0.01% trace element solution
{copper sulfate (CuSO,), zinc sulfate (ZnSO,), manganese
sulfate (MnSQO,), ferrous sulfate (FeSO,)}. Total RNA was
isolated from the mycelium of actively growing culture har-
vested at different time intervals (days) 1, 3, 5, 7, and 9 using
Fungal RNA isolation kit (Himedia, Mumbai, India). The
isolated RNA was subjected to DNase treatment (Sigma-
Aldrich, St. Louis, MO, USA) and cDNA synthesis was
carried out using an iScript cDNA synthesis kit (Bio-Rad,
St. Louis, MO, USA). The sequences for both the LPMO
genes Talem1p7_017256 (LPMO1) and Talem1p7_002983
(LPMO2) were used for designing qRT-PCR primers

(Supplemental Table S1). The detailed protocol used for
real-time PCR have been reported previously (Raheja et al.
2022). The elongation factor gene (EF-1, Talem1p7_017962)
was used as the reference gene. Furthermore, the differential
expression of LPMOs was also studied in media types that
contained different carbon sources: A (cellulose; cell) con-
taining 4% cellulose, B (cellulose+glucose; cell+glu); 4%
cellulose and 1.5 % glucose, C (acid pretreated rice straw
slurry; AcRsPRAJ); 4% acid pretreated rice straw slurry (pH
5.0) procured from PRAJ Industries Ltd, D (endoglucanase
hydrolysed acid pretreated rice straw slurry; oligoEG); 4%
liquefied rice straw slurry that had been hydrolysed using
200 U/g of mono-component R. emersonii endoglucanase
(GHS5) cloned and expressed in P. pastoris, E (untreated rice
straw; UnRs) 4% untreated rice straw biomass and F (Avi-
cel; Avi) 4% Avicel (PH-101). The culture extracts obtained
after 5 days on different media types were prepared for the
exoproteome analysis by protein precipitation with chilled
acetone (80%; two volumes). The pellet was suspended in
ammonium bicarbonate (0.2 M) with added anionic acid
labile surfactant II (0.1% w/v). The obtained protein sam-
ples were then resolved on a 12% SDS-PAGE gel and were
sliced into pieces. Followed by slicing, in-gel digestion was
carried out with trypsin (6 ng/pl). The resultant peptides
were extracted by incubating gel pieces multiple times in a
1% formic acid (FA) solution and increasing concentrations
of acetonitrile (ACN). In a speedvac, the extracted peptides
were dried followed by resuspension in a 5% ACN: 0.1% FA
mixture (100 pl). Five microliters of the obtained peptide
extract was injected onto a C18 resin (Phenomenex, Tor-
rance, CA) column (12 cm X 75 pm) connected in-line to an
LTQ-Velos Orbitrap mass spectrometer (Thermo-Fisher, San
Jose, CA). The peptide mixture was separated by generating
a linear gradient with a flow rate of 300 nL/min using an
Easy-LC II Nano-HPLC system (Thermo-Fisher) containing
a mixture of solvent A (3% ACN: 0.1% FA) and solvent B
(99.9% ACN: 0.1% FA). Peptide quantification and analysis
were carried out using Proteome Discoverer 2.2 (Thermo-
Fisher), where the precursor ion tolerance used for peptide
sequence matching was 10 ppm and 0.6 Da for fragment
tolerance (Raheja et al. 2020).

Oxidative regioselectivity by high-resolution mass
spectroscopy (HRMS) studies

For the HRMS studies, oxidative products released after the
hydrolysis were analyzed using a Bruker micro TOF Q II
Mass spectrometer (Bruker, Billerica, MA, USA) with 4500
V of capillary voltage, temperature of 180°C and working in
ESI mode (+ve). Hydrolysis of substrates Avicel and CMC
(2% wiv) was carried out by purified enzymes LPMO1 and
LPMO?2 for 96 h at 60°C in the presence of 1 mM ascor-
bate and 20 uM H,0, (Agrawal et al. 2020a). For analysis,
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the samples were prepared in acetonitrile with ratio of 3:7,
respectively, and filtered using a 0.2 pM filter (PALL, New
York, NY, USA) before being directly injected into the col-
umn. The mass/charge (m/z) ratio of the active peaks in the
chromatogram was identified using the Bruker data analy-
sis v 5.0 software (Bruker GmbH, Germany) and compared
with the previously reported literature as reference (Isaksen
et al. 2014).

Enzymatic hydrolysis and cocktail designing

The hydrolytic potential of both recombinant LPMOs was
evaluated using acid/steam pretreated unwashed rice straw
slurry procured from PRAJ Industries (Pune, India), a glob-
ally leading company involved in establishing of 2G ethanol
demonstration plants in India and providing technical know-
how internationally. For hydrolysis, a custom-designed cock-
tail was constituted by replacing the one part of cellulase
preparations from bench mark enzyme (obtained from an
in-house developed R. emersonii mutant M36 strain) with
an enzyme loading rate of 5 mg/g dry substrate equivalent to
~100 pL with the auxiliary enzymes (LPMO1 and LPMO2)
in 9:1 ratio, where the constituted cocktails contained
benchmark cellulase (4.5 mg/gram dry substrate) produced
by mutant M36 and 0.5 mg/gram dry substrate of either
LPMO1/LPMO?2. The performance of designed cocktail was
compared with the cellulase blend CellicCtec3 (Novozymes,
Bagsverd, Denmark; procured from PRAJ) at enzyme load-
ing rate of 5 mg/gram dry substrate. A control cocktail,
where the LPMO was replaced with a non-enzyme protein
component, i.e., bovine serum albumin (BSA, 0.5 mg/gram
dry substrate), was also included. The hydrolytic reaction
setup in a total volume of 1 mL (carried out in a 15 mL glass
vials) that contained 0.17 g (on dry weight basis) of the pre-
treated substrate slurry (pH 5.0) and the constituted enzyme
cocktails (as mentioned above) were incubated for 72 h at
50°C, 200 rpm. The hydrolysis reactions were stopped by
boiling for 10 min. After cooling, the reactions were suitably
diluted using autoclaved distilled water, released glucose,
and total reducing sugars were estimated. 3,5-dinitrosalicylic
acid (DNS) based method was used for the determination
of total reducing sugars, where 1 mL of the suitably diluted
samples was mixed with 3 mL of DNS, followed by boiling
for 10 min. The developed color was quantified at 540 nm
(Miller 1959). The estimation of glucose was carried out
using a GOD-POD kit (AUTOSPAN, Arkay Inc., Kanpur,
India), with the reaction mixture comprising 1 mL of GOD-
POD reagent and 50 pL of diluted sample. All reactions
were incubated at 37°C for 10 min, and the developed color
was read at 505 nm (Lin et al. 1999). Similar reactions were
also carried out by the addition of 1 mM ascorbic acid and
20 uM H,0, concentration The detailed analysis of the end
products formed in hydrolysate was carried out using Dionex
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3000 ultimate HPLC fitted with an Aminex HPX 87H col-
umn (BioRad, Hercules, CA, USA) attached to Shodex RI
101 refractive index detector. For mobile phase, deionized
water was used with adjusted flow rate of 0.6 mL/min and
the column temperature maintained at 60°C. The resultant
peaks were quantified based on the area and retention time
of respective standards (Kaur et al. 2014).

Results

Cloning and expression of LPMO1 and LPMO2 in P.
pastoris

The genes LPMOI (Talemlp7_017256) and LPMO2
(Talem1p7_002983) possess open reading frames (ORF) of
765 bp and 1242 bp, respectively. The molecular weight of
recombinant LPMO1 and LPMO?2 was confirmed to be ~30
kDa and ~47 kDa, respectively (Fig. 1), which were higher
than the masses computed using the Expasy tool (27.17 kDa
for LPMO1 and 44.17 kDa for LPMO2 without signal pep-
tide). The high molecular mass may be ascribed to the pres-
ence of N-glycosylation in both the LPMO1 and LPMO?2 as
predicted by online server NetNGlyc1.0 (http://www.cbs.dtu.
dk/services/NetNGlyc/).

The colonies obtained after transformation were screened
for the recombinant protein expression on the BMMY
medium with 1% feeding rate of methanol at regular inter-
vals of 24 h (Supplemental Fig. S1). The maximum expres-
sion of 670 and 500 units/L of activity was obtained for
LPMO1 and LPMO2, respectively, using CMC as the sub-
strate (Basotra et al. 2019). Furthermore, the specific activity
of selected LPMO clones against 2,6-DMP substrate was
found to be 32.46 and 14.32 units/g of enzyme for LPMO1
and LPMO?2, respectively (Table 1).

Genome profiling of auxiliary activity enzymes
in different thermophilic fungi, molecular modeling,
and phylogenetic analysis of LPMO1 and LPMO2

The functional annotation of the R. emersonii genome
(available at: https://genome.jgi.doe.gov/portal/) showed
the presence of 58 genes that code for auxiliary activity
(AA) enzymes. Among these, only 2 genes encode AA9
enzymes with lytic polysaccharide monooxygenase activity
(LPMO1 and LPMO?2). In contrast, the profiling of other
thermophilic fungal genomes such as Mycothermus thermo-
philus, Myceliophthora thermophila, Chaetomium thermo-
philum, and Malbranchea cinnamomea showed a large sub-
set of AA9s encoding 27, 23, 19, and 8 genes, respectively
(Supplemental Fig. S2). The genome of R. emersonii was
found to code for just one unidentified GMC oxidoreductase,
while it did not contain any genes responsible for cellobiose
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Fig. 1 SDS-PAGE analysis of L1 L2

purified LPMO1 and LPMO2.
Lane L1: standard protein
marker in kDa. Lane 2: purified
LPMOI1 (30 kDa) and LPMO2
(47 kDa), respectively

250 kDa
150 kDa

100 kDa

75 kDa

50 kDa

37 kDa

25 kDa

20 kDa

15 kDa

Table 1 Estimated activities of LPMO1 and LPMO2 assayed against
different substrates

P. pastoris positive ~ Substrate used Enzyme activity

clones
LPMO1 CMC 670 units/L

2,6 DMP 32.46 units/g of enzyme
LPMO2 CMC 500 units/L

2,6 DMP 14.32 units/g of enzyme

CMC: carboxymethyl cellulose; 2,6 DMP: 2,6-dimethoxyphenol

dehydrogenase (CDH), which is known for its role as a
reducing agent in LPMO-mediated catalytic process (From-
mhagen et al. 2018). Furthermore, based on the multiple
sequence alignment, LPMO1 showed high sequence similar-
ity with Penicillium verruculosum PvLPMOO9A (75%) and T.
aurantiacus TaLPMO9A (78%) and LPMO2 showed 70.74,
41.86% similarity with C,/C, specific LPMOs of Aspergillus
fumigatus and N. crassa. The phylogenetic analysis clus-
tered the LPMO1 with Type 3 LPMOs from P. verruculosum
and T. aurantiacus as indicated by high bootstrap values,
whereas, LPMO2 shared the same branch with the LPMOs
of Aspergillus ruber and A. fumigatus (characterized as Type
3) (Fig. 2a). The phylogenetic analysis placed both LPMO1

L1 L2

250 kDa
150 kDa

100 kDa
75 kDa

50 kD
A LPMO2

47 kDa

37 kDa
LPMO1
30 kDa

25 kDa

20 kDa

15 kDa

and LPMO2 as Type 3 enzymes (Isaksen et al. 2014). These
predictions were later validated by the mass spectrometry
analysis. In silico studies were carried out by predicting
the homology models and were checked for their quality
by Ramachandran plot showing the presence of 97.5 and
95.52% residues in the allowed and favored regions, respec-
tively, which suggests that the models are of good quality
and reliable for structural analysis (Supplemental Fig. S3).

The 3D structures of LPMO1 and LPMO?2 reveal a dif-
ferential arrangement of the conserved catalytic residues
present in the Cu-histidine brace. In LPMOI1, the copper
(Cu*) is coordinated by the two histidine residues, His1
and His86, at distances of 2.03 and 2.11 A, respectively, and
the axial position of the protein is occupied by the phenolic
oxygen of the tyrosine (Tyr175) residue at a distance of 2.2
A from Cu?* (Fig. 2b). However, the conserved amino acids
Hisl, His84, and Tyr168 constituted the histidine brace of
LPMO2. To evaluate the structural basis of LPMO attack
on crystalline cellulose (Avicel), molecular docking was
carried out. As illustrated in Fig. 2¢ and d, glucosyl unit
of the +1 subsite of Avicel (Os ring) is directly regulated
by hydrogen bonding with the His1 centroid at 2.05 A .02
and O11 (subsite —1) of the substrate is directly arched over
the N2 of Asn46 and the O atom of GIn31, respectively.
Other residues held in the binding cavity of LPMOI1 are
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— Myceliophthora thermophila 79765
100 —— Neurospora crassa NCU7760

'— Lentinus similis
30 ia emersonii LPMO2
100 Aspergillus ruber 135680
99 Aspergillus fumigatus 000704

Neurospora crassa NCU03000
Neurospora crassa NCU07898
Trichoderma reesei LPMO9B
Thermoascus aurantiacus LPMO9A
Penicillium verruculosum

62 Rasamsonia emersonii LPMO1

W C4 oxidation (Type 2)

W C1/C4 oxidation (Type 3)
l C1 oxidation (Type 1)

B Uncharacterized

a)

R
Gln31

Fig. 2 In silico analysis of LPMOs. Representation of a phylogenetic
tree of LPMOs from R. emersonii categorized on the basis of regiose-
lectivity: Type 1 (C, oxidizing), Type 2 (C, oxidizing), and Type 3

Pro83, Pro107, Trp105, and Thr 106 (Fig. 2¢). Upon bind-
ing of Avicel on the surface of LPMO2, CH,OH group of
the +1 glucosyl subunit is bound to the O atom of Gln166
(1.98A) and the —1 subunit is bound to Tyr25 (2.06A) and
GIn30 (2.24/0%) via hydrogen bonding (Fig. 2d). Other amino
acid residues formulating the binding site are Pro81, Pro43,
His84, 11e29, His157, His1, and Gly27. The MMGBSA cal-
culations for the ligand-binding affinities for LPMOI1 and
LPMO2 were —34.20 and —26.58 kcal/mol, respectively,
indicating a higher binding affinity of LPMOI to the crys-
talline cellulose.

Characteristics of purified LPMO1 and LPMO2

The expressed proteins of the selected recombinant LPMO
clones were purified using single step anion exchange chro-
matography, using UNOSPHERE Q (Bio-Rad, Hercules,
CA, USA). The purified LPMO1 and LPMO2 were found to
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Neurospora crassa NCU02240
| E Myceliophthora thermophila MYCTH100518
100 Neurospora crassa NCU01050

Myceliophthora thermophila MYCTH092668

His86

Glnl66

d)

& Gindo

(C,/C, oxidizing); b conserved catalytic core of Cu histidine brace; ¢
docking of LPMO1 with Avicel substrate, and d docking of LPMO2
with Avicel substrate

be optimally active under alkaline conditions, with LPMO1
exhibiting maximal relative activity (119%) at pH 9.0 and
LPMO2 showing 121% relative activity at pH 8.0 (Fig. 3a).
Interestingly, these LPMOs also registered a relative activ-
ity of 80% at pH 5.0. Both LPMOs were optimally active
at 60°C, beyond of which a marked decline in enzymatic
activity was observed (Fig. 3b).

Furthermore, it was observed that the purified LPMO1
showed high stability of #,,, = ~71 h at pH 7.0; ¢,,, = ~80
h at pH 9.0 at 50°C in comparison to ¢, = ~24 h at pH
7.0, and t,,, = ~48 h at pH 9.0 at 60°C (Fig. 3c). Simi-
larly, purified LPMO2 exhibited #,,, of ~96 h at pH 7.0
and ¢, of ~120 h at pH 8.0 in comparison to t;,, = ~72
h at pH 8.0, and ¢,,, = ~24 h at pH 7.0 at 60°C (Fig. 3d).
The catalytic efficiency (k,/K,,) of purified LPMO1 and
LPMO?2 studied using Avicel as substrate was observed
to be 6.6x102 mg! ml min™' and 1.8x102 mg™! ml min™,
respectively. The purified LPMO1 and LPMO2 showed 1.18
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Fig.3 Graphs showing a effect of pH (3.0-12.0) on the relative activ-
ity of LPMO1 and LPMO?2 profiled against 2% CMC in the pres-
ence of 1 mM ascorbic acid (reducing agent) at 50°C, b the effect of
temperature (between 20 and 80°C) on the activity of LPMO1 and
LPMO?2, ¢ and d thermostability studies for LPMO1 (pH 7.0 and 9.0
and temperatures 50°C and 60°C) and LPMO?2 (pH 7.0 and 8.0; tem-

and 1.16-fold enhancement in activity when pre-incubated
with Cu?*, respectively (Fig. 3e). In addition, Mn* has
been found to positively modulate the relative activity of
LPMO1 and LPMO2 by 110 and 123%, respectively. Pre-
viously, PMO9A_MALCI (M. cinnamomea) also showed
enhanced activity when pre-incubated with Cu®** (127 %)
and Mn?* (117 %) metal ions; similarly, the activity of
PMO9D_SCYTH (Scytalidium thermophilum) was found

peratures 50°C and 60°C), e the effect of metal ions (5 mM) by incu-
bating LPMO1 and LPMO?2 for 30 min at room temperature on the
activity of LPMO1 and LPMO?2 using 2% CMC in the presence of
1 mM ascorbic acid (reducing agent). Relative significantly different
values are * marked. Values represent mean + SE (n=3). EDTA, eth-
ylenediamine tetraacetic acid; DTT, Dithiothreitol

to be positively upmodulated in presence of Mn?>* (157 %)
(Basotra et al. 2019; Agrawal et al. 2020a).

Both the purified LPMOs were active against different
cellulosic and mixed linkage glucans with LPMO1 having
high catalytic preference toward CMC (17.68 U/mg)
followed by barley g glucan (15.36 U/mg), lichenan (10.62
U/mg) and Avicel (1.42 U/mg). However, the highest
specific activity of LPMO2 was obtained against barley
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glucan (7.6 U/mg) followed by lichenan (5.29 U/mg), CMC
(4.25 U/mg), and Avicel (0.53 U/mg) (Fig. 4a). No activity
was detected against laminarin, starch, and xylan.

The role of H,0, as co-substrate was studied on LPMO1
and LPMO?2 activity. The results showed that the activity
of LPMOI1 and LPMO2 was upmodulated by 1.83 and 1.70
folds, respectively, in the presence of 20 uM H,0, and 1
mM ascorbic acid (Fig. 4b). Moreover, the mass spectrom-
etry examination of the hydrolysed mixture incubated with
CMC and Avicel verified the release of both oxidized and
non-oxidized compounds, along with cello-oligosaccharides
ranging from degree of polymerization DP2 to DP8. This
observation suggests the generation of aldonic acid and
gemdiol at the C, and C, positions (Supplemental Fig. S4),
respectively, indicating that both LPMO1 and LPMO?2 fall
within the category of Type 3 LPMOs (Isaksen et al. 2014).

Gene expression analysis of LPMOs on different
carbon sources

Time scale dependent transcriptional profiling of LPMO1
and LPMO?2 from R. emersonii was carried out upto 9 days
of incubation. The results showed that the transcript levels of
LPMOI (Talem1p7_017256) were up-regulated by 562-fold
after 3 days of culturing on a medium that contained cellu-
lose and chick pea as carbon sources (Fig. 5). The expression
levels started decreasing thereafter to attain 298-fold by day
9 of culturing. Whereas, maximal expression (6.91 folds) of
LPMO2 (Talem1p7_002983) was observed after 5 days of
incubation. The observed expression of LPMO1 was 82-fold
higher when compared to LPMO2 and thus was designated
as the major and minor LPMOs, respectively.

Although the genome of fungal strains harbor multiple
genes for LPMOs, however, the knowledge about how they

140 1 ELPMO1 ®LPMO2

£100 +f

Substrates

Fig.4 Graphs showing a the substrate specificities at concentrations
of 2% (w/v) for each substrate prepared in 50 mM Tris chloride buffer
at pH 9.0 for LPMO1 and pH 8.0 for LPMO?2 at 60°C for 2 h, and b
the effect of H,O, (concentrations 10-100 uM) addition on the activity
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are expressed when fungal strains are cultured in medium
containing different carbon (monomeric, oligomeric, and
polymeric form) remains obscure. Therefore, the present
study examined the differential expression of two LPMOs
(annotated in R. emersonii genome), by culturing the strain
in presence of different combinations of carbon sources. It
was observed that addition of 1% glucose to the cellulose-
based medium resulted in 1.4 folds higher expression of
LPMOI gene when compared to cellulose-based medium
after 3 days of incubation. However, in the presence of
crystalline Avicel, the maximal expression of LPMOI
(observed after 5 days of incubation) was ~25% less when
compared to cellulose-based medium (Fig. 5¢). Likewise,
maximal expression of LPMO2 was observed in the pres-
ence of Avicel after 5 days of incubation; however, the
expression levels were ~45 folds lower when compared to
expression of LPMO] in presence of Avicel (Fig. 5d). The
medium that contained endoglucanase hydrolysed acid
pretreated rice straw slurry from PRAJ [D(oligo EG)] that
primarily comprised of cello-oligosaccharides, resulted in
severe repression in the expression of LPMO1. However,
the repression observed in presence of steam/acid pre-
treated rice straw slurry as a substrate was comparatively
less severe even though the pretreated slurry contains the
monomeric sugars xylose and glucose as well as inhibitors
like acetic acid, hydroxy methyl furfural, and furfurals as
analyzed by HPLC (Supplemental Table S4).

Differential proteome-based profiling of LPMOs
and other auxiliary, glycosyl hydrolase enzymes
grown on different substrates

The proteomic analysis of culture extracts grown in
the presence of different carbon sources was evaluated

®=LPMO1 ®LPMO2

Reactions

of LPMOL1 and LPMO?2 assayed against 2% w/v Avicel. *Relative sig-
nificantly different values detected in the experiment. Bars represent
mean + SE (n=3). “Asc” refers to the ascorbic acid
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Fig.5 Real-time RT-PCR based temporal gene expression analy-
sis of a LPMOI and b LPMO?2 transcripts and gene expression
profiling of ¢ LPMOI d LPMO?2 transcripts on 3rd and 5th day
under different carbon sources. A(cell) = cellulose; B(cell+glu)

(data submitted with ProteomeXchange Consortium via
the PRIDE partner repository; Project Accession no.
PXD046292 and Project https://doi.org/10.6019/PXD04
6292). The CAZyme profiling of the culture extract grown
in the presence of cellulose supplemented with glucose
constituted 5.5% of auxiliary activity proteins of the
total secretome (Supplemental Fig. S5). However, it was
observed that the level of expressed LPMO1 (AA9) was
only 2.84%. The observed levels of expressed LPMO1 in
presence of amorphous cellulose and Avicel were found
to be 1.83% and 0.56%, respectively. Whereas in the pres-
ence of endoglucanase hydrolysed acid pretreated rice
straw slurry (PRAJ [D(oligo EG)]) rich in oligosaccha-
rides, a severe repression in LPMO1 (0.08%) levels was
observed. Although LPMO2 expression was detected at
transcriptional level but none of the analyzed secretome
derived from different media types (Table 2) showed its
expression, which may be attributed to multiple levels of
hierarchal determinants such as the presence of a suitable
inducer that trigger the cis-acting transcriptional factors
regulating the gene expression and eventually participating
in the coordinated protein production. The ultimate fate of
protein secretion is governed by translation, ER (endoplas-
mic reticulum) mediated folding followed by glycosylation
in Golgi and transmembrane trafficking (Yan et al. 2021).
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= cellulose+glucose; C(AcRsPRAJ) = acid pre-treated rice straw
slurry; D(oligoEG) = endoglucanase hydrolysed rice straw slurry;
E(UnRs) = untreated rice straw; F(Avi) = Avicel. * indicates the
maximum expression of genes

The observed negative effect of oligosaccharides at
transcriptional and translational levels on the expression
of LPMOs in this study are being reported for the first
time. Interestingly, when compared to other media types,
maximal expression of laccase AA1_3 corresponding to
1.58% and 1.40% was observed in medium containing
steam/acid pretreated rice straw slurry and endoglucanase
hydrolysed oligosaccharide rich slurry, respectively. The
culture medium containing untreated rice straw, how-
ever, showed maximal expression of AA7 oxidoreductase
(1.93%) followed by oligosaccharide rich endoglucanase
treated rice straw slurry (0.99%) (Table 2). Moreover,
catalase and superoxide dismutase enzymes represented
0.21% and 1.32%, of the secreted proteins in the culture
medium comprising of cellulose and glucose, respectively.

Hydrolytic potential of LPMOs and cocktail designing

The results in Fig 6a and b, show that the cocktail devel-
oped by replacing one part of lignocellulolytic preparation
(composition mentioned in Supplemental Table S2) of R.
emersonii mutant M36 strain with those from recombinant
clones LPMO1 and LPMO?2 (9:1) improved the hydrolysis
of steam/acid pretreated unwashed rice straw slurry (pro-
cured from PRAJ; composition of substrate mentioned in
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Table 2 Comparative profiling of auxiliary and cellulase enzymes in the secretome of R. emersonii

Protein Accession no. Family A(cell) B (cell+glu) C(AcRsPRAJ) D (oligoEG) E (UnRs) F (Avi)

Auxiliary enzymes

LPMO1 Talem1p7_017256 AA9 1.83 2.84P 0.29 0.08 0.040 0.56

LPMO2 Talem1p7_002983 AA9 - - - - - -

Laccase abr2 Talemlp7_016942 AA1_3-AAl1_1 0.79 0.80 1.58 1.40 0.62 1.46

Iron transport multicopper Talemlp7_010576 AAl1_2 0.004 0.016 0.01 0.03 0.06 0.01
oxidase fetC

Glucose oxidase Talem1p7_010453 AA3_2 0.010 0.015 0.06 0.29 0.11 0.01

Dehydrogenase citC Taleml1p7_015022 AA3_2 0.119 0.114 - - 0.04 -

Alcohol oxidase 1 Talem1p7_002247 AA3_3 0.021 0.015 - - - 0.08

Oxygen-dependent choline Talem1p7_016253 AA3 0.015 0.012 - - - -
dehydrogenase

Protoplast-secreted protein 2 Talem1p7_002425 AA6 0.022  0.024 - - - -

FAD-linked oxidoreductase ~ Talem1p7_016255 AA7 0.22 0.30 0.22 0.99 1.93 0.18
chyH

FAD-linked oxidoreductase =~ Talem1p7_002172 AA7 0.42 0.47 0.01 0.02 0.03 0.01
afoF

FAD-linked oxidoreductase Talem1p7_006075 AA7 0.38 0.59 0.17 0.12 - 0.26
ARB_02478

FAD-linked oxidoreductase =~ Talem1p7_008090 AA7 0.01 0.005 0.02 0.03 0.03 0.01
ARB_02372

6-hydroxy-p-nicotine oxidase Talemlp7_006672 AA7 0.09 0.10 - - - -

FAD-dependent Talem1p7_018326 AA7 0.06 0.02 0.09 0.03 0.07 0.10
monooxygenase yanF

Hypothetical protein Talemlp7_017049 AAll 0.22 0.18 0.15 0.16 0.15 0.10

Total 4211 5.501 2.60 3.15 3.08 2.78

Other enzymes

Catalase Talem1p7_004750 - 0.12 0.21 - - - -

Superoxide dismutase Taleml1p7_009715 - 1.00 1.32 0.02 0.02 0.02 0.02

A(cell), cellulose; B(cell+glu), cellulose+glucose; C(AcRsPRAJ), acid pre-treated rice straw slurry; D(oligoEG), endoglucanase hydrolysed rice

straw slurry; E(UnRs), untreated rice straw; F(Avi), Avicel

«

Here

indicates protein not detected in the secretome

(Project Accession no. PXD046292; Project PDOI: 10.6019/PXD046292)
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Fig.6 Graph showing a amount of released total reducing sugars
and b glucose after hydrolysis of steam/acid pretreated unwashed
rice straw slurry procured from PRAJ industry Ltd. for 72 h at 50°C,
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Supplemental Table S4). The observed saccharification
efficacy of in-house cellulolytic preparation of R. emersonii
M36 was 73.89% that was enhanced to 87.94 and 85.46%,
when cocktails comprising of LPMO1 and LPMO2 were
constituted, respectively (Fig. 6).

The hydrolytic performance of the cocktails was also
found to be superior when compared to commercial cel-
lulase CellicCtec3, where 68.26% saccharification effi-
ciency was observed at the same enzyme loading rate. The
results indicates that the addition of LPMO1 and LPMO2
to the in-house developed crude cellulase mix resulted in
19.01%, 15.66% increase in the total reducing sugar yield
and 28.57%, 18.81% in glucose release, respectively, when
compared to the control. This study on the basis of the com-
parative analysis of LPMOs (Supplemental Table S3) shows
that both the major expressed LPMO1 (major) and LPMO2
(minor) have an important role in formulating the biorefinery
relevant enzyme cocktails capable of hydrolysing at high
substrate loading rate.

Discussion

The current work reports the cloning and expression of 2
LPMO genes (AA9 family) from R. emersonii utilizing the
expression host P. pastoris X-33 to define and compare the
catalytic efficiency of recombinant enzymes. To the best of
our knowledge, detailed functional analysis of LPMOs (AA9
family) from R. emersonii has not been reported previously.
Since enzymes belonging to AA9 family were originally cat-
egorized as GH61 that exhibited weak endoglucanase activ-
ity against CMC as substrate, therefore, in the present study
the LPMO activity was assayed against CMC as a substrate
as well as recently reported method for enzyme assay using
2,6-DMP as a substrate, that relies on LPMO-mediated for-
mation of coerulignone, was also included (Breslmayr et al.
2018). The LPMO1 and LPMO?2 showed specific activity
of 32.46 and 14.32 U/g, respectively, against 2,6-DMP as
substrate (Table 1). The estimated titres of LPMO activity
assayed against 2,6 DMP were higher when compared to
LPMOOYF (2.2 U/g) expressed in N. crassa (Breslmayr et al.
2018).

The physicochemical features of both the LPMOs, evalu-
ated at different pH levels, indicated that 80% of the activ-
ity was retained at pH 5.0, indicating its relevance in the
hydrolysis of lignocellulosic biomass, which is typically
carried out at acidic pH values of 4.5-5.0 (Baig 2020). The
existing commercial enzyme blends that are derived from
the mesophilic strains of Trichoderma reesei, Penicillium
decumbens, and Acremonium cellulolyticus are catalytically
less efficient, and therefore, thermophilic fungal strains such
as T. aurantiacus, M. thermophila are preferred these days
due to the high thermostability and rate of catalysis (Adsul

et al. 2020). The findings of the present study revealed that
the optimal temperature for enzymatic activity of both puri-
fied LPMOs was 60°C, and their higher thermostability ren-
ders them as preferable choice for lignocellulosic hydroly-
sis. Previous research has also highlighted the advantages
of utilizing LPMOs with high thermostability, which holds
immense potential for acid and alkali pretreated substrates in
2G ethanol biorefineries (Agrawal et al. 2020a). The fact that
Cu?" is an integral part of copper containing LPMO, where
it acts as co-factor in oxidative cleavage, both the LPMOs
showed elevated activities when pre-incubated with Cu®*.
Previously, PMO9A_MALCI from M. cinnamomea also
showed enhanced activity when pre-incubated with Cu®*
(127%), similarly Mn>* (117%) that has also been shown to
positively modulate PMO9D_SCYTH from S. thermophilum
activity by 157% (Basotra et al. 2019; Agrawal et al. 2020a).
The addition of Mn?* in the reaction mixture for mediating
LPMO-driven disintegration of cellulosics has also been
experimented previously (Harris et al. 2010). The LPMOs
in present study showed high substrate specificity for glucan-
based polymers, CMC, barley f-glucan, lichenan, and Avicel
and were found to preferentially cleave (1 —4/1—3) $-p glu-
can backbone. Similarly, LPMOs from Lentinus similis and
Collariella virescens also showed an akin cleavage pattern
against the (1—4) f-p glucan backbone substrates (Simmons
et al. 2017). The recent past studies have reported that H,O,
instead of O, act as a co-substrate for supporting LPMO-
mediated catalytic reaction (Bissaro et al. 2017, 2018; Zhang
et al. 2021b). ScCLPMO10C, from the actinomycete Strep-
tomyces coelicolor, is shown to abstract oxygen from H,0O,
(200 pM), which has been recognized as a co-substrate,
and introduces a nick at the C; or C, position. This results
in a 26-fold higher release of soluble products from chitin
compared to the control without H,O,, indicating ScLP-
MOI10C to be a peroxygenase (Bissaro et al. 2017). Whereas
the effect of adding H,0, (20 uM) as a co-substrate in R.
emersonii was not that pronounced as only 1.83 and 1.70
folds, higher activity was observed in LPMO1 and LPMO?2,
respectively. A similar effect of H,0, addition on the activ-
ity of LPMOs from other thermophilic and thermotolerant
strains, i.e., PMO9D_SCYTH (S. thermophilum; 60 pM),
PMO9D_MALCI (M. cinnamomea; 40 pM) PMO_08942,
PMO_07920 (Aspergillus terreus; 40 pM) (Agrawal et al.
2020a, b a, b) was reported from our lab previously, where
the up-modulation of LPMO activity by 1.6 to 7.04 folds in
presence of H,0, was observed.

Although the LPMOs are known to degrade the lignocel-
lulosic biomass, how their expression is controlled by com-
plex carbon sources during enzyme production is unknown.
Therefore, the temporal and differential expression of both
the LPMOs was examined on a range of polysaccharides
based complex culture media types. In the present work,
maximal expression of LPMO1 was observed after 3 days
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of incubation on an amorphous cellulose-based medium,
whereas expression of LPMO?2 peaked after 5 days of incu-
bation on Avicel (crystalline cellulose)-based medium. In
a recent report that compared the temporal expression of
different LPMOs from the thermophilic fungus C. thermo-
philum, maximal induction of LPMOs was also found after
5 days of incubation when cultured on microcrystalline cel-
Iulose (MCC) based medium (Li et al. 2020). Transcriptional
profiling in the presence of different carbon sources indi-
cated the downregulation of LPMO1 in presence of oligo-
saccharides in the medium D [(oligo EG)] that are obtained
by controlled hydrolysis of acid/steam pretreated rice straw
slurry by mono-component endoglucanase (GHS) from R.
emersonii. However, a less severe impact was observed in
the steam/acid-pretreated slurry based medium, which con-
tains monomeric sugars such as xylose and glucose, as well
as hydrolytic inhibitors. The negative impact of monomeric
sugars (glucose) on the expression of 5 different LPMOs
in Thielavia terrestris (Tdlgo et al. 2021) has been shown;
however, our study clearly suggests a much more pro-
nounced negative impact of cello-oligosaccharides on the
expression of LPMOs.

Furthermore, the quantification of both the LPMOs and
their interplay with other classes of auxiliary enzymes
was examined using proteome-based analysis. The results
showed that only LPMO1 was expressed to detectable
levels in the secretome; however, the LPMO?2 remained
unexpressed (or undetected) in all the media types stud-
ied. Addition of glucose as a carbon source supported
the expression of T. aurantiacus LPMO_39370 and other
classes of auxiliary enzymes in comparison to cellulose,
arabinose, and xylose as the inducers (Gabriel et al. 2021).
Similarly, in the present study, the observed expression
of LPMO1 protein was comparatively higher (2.42% of
the total expressed protein) in medium that contained glu-
cose and cellulose when compared to 1.65% in presence
of cellulose which was coherent with the observed gene
expression at transcriptional level. Interestingly, secretome
profiling indicated that CDH was absent in the culture
extracts, known to be an important cognate protein for
donating electrons to the divalent copper present at the
active site of LPMO, indicating the involvement of other
redox partners in catalysis. The secretome data showed the
presence of AA3_2 family of proteins, which are known to
indirectly mediate the reduction of LPMOs by transferring
the electrons to the active site of LPMOs, thereby playing
a crucial role in the activation of LPMOs (Berrin et al.
2017). The co-secretion of AA3_2 and LPMOs (AA9) has
been also been reported in the secretome of white rot fun-
gus P. cinnabarinus (Miyauchi et al. 2020). Additionally,
high expression of laccase AA1_3 in the medium contain-
ing acid pretreated slurry and endoglucanase treated slurry
(Table 2) indicates to the role of laccases in the opening
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and realignment of the intricate lignocellulosic structure,
thus exposing lignin. Significant expression of catalase
and superoxide dismutase in the secretome derived from
cellulose and glucose grown culture supports the pos-
sible role of superoxide dismutase in the generation of
H,0, that supports LPMO-mediated catalysis (Bissaro
et al. 2017). In addition, it provides protection against
the oxidative stress caused by the reactive oxygen spe-
cies generated during mitochondrial electron transport,
thereby preventing the inactivation of LPMOs and other
cellulases (Frommhagen et al. 2018). On the other hand,
catalase is involved in attenuating the level of H,0, to
prevent the denaturation of enzyme and the catalytic action
of LPMO. The spiking of catalase into the commercial
cellulase mixture has been reported to result in significant
enhancement of saccharification efficiency and increase
the stability of AA9 proteins (Scott et al. 2016). Fur-
thermore, the efficacy of these heterologously expressed
LPMOs was tested against steam/acid pretreated rice straw
slurry procured from PRAJ Industries. The results showed
that the addition of LPMO1 and LPMO2 to the in-house
developed crude cellulase mix resulted in enhanced release
of total reducing sugars and glucose yield. The addition of
LPMOs to the base mixture of cellulase from Penicillium
funiculosum and T. terrestris has been reported to result in
13% enhancement of saccharification of pretreated wheat
straw and corn stover, respectively (Harris et al. 2010;
Ogunyewo et al. 2020). The findings from this study show
that both the major expressed LPMO1 as well as the minor
LPMO?2 that remains unrepresented in the secretome can
play an important role in significantly enhancing the sac-
charification of acid steam pretreated lignocellulosics and
can be considered as an important enzyme candidate for
lignocellulolytic cocktail formulations. In conclusion, this
study presents a comprehensive analysis of the transcrip-
tional expression, catalytic activity, redox interplay with
auxiliary enzymes, and 3D structure of two LPMO genes
(LPMOI1 and LPMO?2) from R. emersonii. Overall, the
results of this study provide valuable insights into the use
of LPMOs in improving the saccharification of lignocel-
lulosic substrates in 2G ethanol biorefineries.
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