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Abstract
Malbranchea cinnamomea harbors a large yet under-explored cellulolytic repertoire. Two GH7 core enzymes, endo-β-1,4-glucanase EG7A_MALCI and
cellobiohydrolase CBH7A_MALCI were heterologously expressed in Pichia pastoris and purified as ~ 48 kDa and ~ 51 kDa proteins, respectively.
EG7A_MALCI displayed maximal activity at pH 7.0 and 60°C, hydrolysing barley β-glucan most efficiently (Km = 2.27 mg ml⁻¹, Vmax = 81 U mg⁻¹) while
retaining appreciable activity on carboxymethyl-cellulose, lichenan and phosphoric-acid-swollen cellulose. CBH7A_MALCI operated optimally at pH 7.0 and
40°C, showed highest turnover on p-nitrophenyl-β-lactoside (Km = 0.284 mM, Vmax = 156 U mg⁻¹), and exhibited moderate activity towards crystalline
substrates, consistent with its processive mode of action. Homology models confirmed conserved GH7 catalytic triads and revealed endo- versus exo-
orientated substrate tunnels. Replacing 10–20% of a commercial cellulase cocktail (Celluclast 1.5 L + β-glucosidase) with either recombinant enzyme
enhanced glucose release from acid- or alkali-pre-treated rice straw and bagasse by up to 1.5-fold. Cocktail prepared by replacing two parts of commercial
CellicCTec2 with either EG or CBH enhanced the hydrolytic potential resulting in 1.30, 1.50, 1.35 and 1.31 folds increase in release of sugars after
saccharification of acid and alkali treated rice straw and bagasse, respectively, using EG7A_MALCI. These results provide the first functional description of
M. cinnamomea GH7 cellulases and introduce robust, thermostable biocatalysts for designing high-performance enzyme blends in lignocellulose
biorefineries.

1 Introduction
Efficient enzymatic deconstruction of lignocellulosic biomass is fundamental to the economic viability of second-generation (2 G) bioethanol. Current
industrial processes still require enzyme loadings of roughly 20 mg g⁻¹ pre-treated solids because lignin, residual hemicellulose, and crystalline cellulose
restrict enzyme access and lower catalytic turnover. Complete hydrolysis relies on the synergy of endo-β-1,4-glucanases (EGs), processive
cellobiohydrolases (CBH I/II) and β-glucosidases, assisted by hemicellulases that remove xylan coatings and oxidative lytic polysaccharide mono-
oxygenases (LPMOs) that loosen recalcitrant fibers. Commercial cocktails derived from Trichoderma reesei or Aspergillus niger deliver large quantities of
GH7 CBH I, yet they remain limited in β-glucosidase activity, oxidative partners and thermostability prompting continued bioprospecting for thermophilic
enzyme sources that can outperform existing formulations under industrial conditions [1].

The thermophilic ascomycete Malbranchea cinnamomea represents a compelling alternative. Its 35 Mb genome encodes 301 carbohydrate-active enzymes
(CAZymes) (137 GHs, 62 GTs, 24 CEs, 42 AAs, 32 CBMs, 4 PLs) with single CBM1 family domain fused with GH10 xylanase reflecting its reducing affinity
towards crystalline cellulose. However, the genomic analysis unveils the diverse suite of hemicellulolytic (GH10 and GH11) and auxiliary activity enzymes
(AA7, AA9 and AA11 enzymes) highlighting its specific nature in lignocellulosic biomass hydrolysis in comparison to other filamentous fungi reported [2].
Biochemically, several M. cinnamomea enzymes are exceptionally robust such as GH11 xylanase rXYN11A_MALCI retains activity at 70°C and show broad
substrate specificity towards substituted and unsubstituted xylan and PMO9A_MALCI is the only documented LPMOs showing dual catalytic behavior
towards xylan as well as cellulose [3, 4]. Further, multi-omics data also affirms that temporal proteome profile of M. cinnamomea on wheat-straw based
culture medium revealed the enhanced secretion of GH11 xylanases followed by GH7 endoglucanase as predominant enzymes. Previous study on
supplementing a commercial Celluclast 1.5 L blend with the crude M. cinnamomea secretome showed the release of increased glucose from alkali-pre-
treated wheat straw from 54 % to 71 undersoring the strain’s industrial potential in biomass hydrolysis [5]. Despite extensive work on its hemicellulases and
auxiliary enzymes, the core cellulases of M. cinnamomea have not yet been characterized. To fill this research gap, two GH7 enzymes from M. cinnamomea
i.e cellobiohydrolase and endoglucanase were heterologously expressed in Pichia pastoris. Their molecular characteristics, pH and temperature optima,
thermostability, substrate range, and kinetic parameters were defined, and their performance was assessed in enzyme cocktails for saccharifying acid and
alkali-pre-treated rice straw and bagasse. This first functional characterisation of M. cinnamomea GH7 cellulases expands the pool of thermostable
biocatalysts available for cost-effective lignocellulose biorefineries and designing tailor made cellulase enzyme cocktail.

2 Experimental procedures

2.1 Strain, plasmid and medium
M. cinnamomea, thermophilic fungus isolated from composting soil[6] was used as a source of endo-β-1, 4-glucanase and probable 1, 4- β -D-glucan
cellobiohydrolase genes designated as EG7A_MALCI and CBH7A_MALCI, respectively. Both genes belong to glycosyl hydrolase family 7 (GH7). Escherichia
coli DH5α was used as a host for sub-cloning. Plasmid pPICZαA and P. pastoris X-33 were used as vector and expression host, respectively. To induce the
production of cellulase, M. cinnamomea was grown in cellulase inducing CWR medium containing cellulose, wheat bran and rice straw in 3:1:1 combination,
respectively, as carbon source[7] at 40 ºC on a rotary shaker using 180 rpm. E. coli cultures were grown at 37°C in low-salt Luria–Bertani medium (1 %
trytone, 0.5 % yeat extract, 0.5 % NaC) or plated on LSLB agar supplemented with 25 µg/mL zeocin. P. pastoris was maintained at 30°C in YPD agar (1 % yeat
extract, 2 % pepone, 2 % dexrose, 2 % aga), propagated in BMGY (1 % yeat extract, 2 % pepone, 100 mM potassium phosphate pH 6.0, 1.34 % yeat nitrogen
base, 0.00004 % bioin, 1 % glyerol), and induced in BMMY (same composition as BMGY but with 1 % metanol in place of glycerol).

2.2 Construction of recombinant expression vector
After 48 h of incubation in CWR medium, M. cinnamomea mycelium was collected, washed and frozen in liquid nitrogen. Total RNA was isolated from finely
ground (100 mg) mycelium using TRIzol (Ambion). Full length cDNA was synthesized by reverse transcription (RT) PCR using mRNA template extracted from
total RNA by employing maxi mRNA isolation kit (Invitrogen, USA) [3]. Based on genome sequence of M. cinnamomea (Prof. Tsang, Concordia University,
Montreal, Canada) available at http://www.fungalgenomics.ca, gene specific primers (forward and reverse) were designed for both EG7A_MALCI and
CBH7A_MALCI corresponding to gene model ID Malci1p7_008884 and Malci1p7_003444, respectively. The PCR conditions used for amplification were as
follows: initial denaturation at 95 ºC for 5 min followed by 34 cycles of denaturation at 95 ºC for 45 sec, annealing at 55 ºC for 45 sec, extension at 72 ºC for
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1min and 30 sec and final extension at 72 ºC for 10 min. Size of PCR product was confirmed through agarose gel electrophoresis (1% w/v agarose) and
desired amplicon was eluted from gel using Gene clean®Turbokit (MP). The amplified inserts were each digested with their corresponding restriction
enzymes and then ligated into similarly digested pPICZαA vector to generate pPICZαA-EG7A_MALCI and pPICZαA-CBH7A_MALCI. In these constructs, the
target gene is fused to the α-factor secretion signal and driven by the AOX1 promoter. Each plasmid was linearized with PmeI and introduced into P. pastoris
X-33 competent cells by electroporation (Invitrogen, Carlsbad, CA, USA) [4]. Transformed cells were plated on YPDS agar (1 % yeat extract, 2 % pepone, 2 %
dexrose, 1 M sorbitol) supplemented with 100 µg/mL zeocin for selection.

2.3 Expression and purification of recombinant enzymes
Colonies of Pichia pastoris X-33 carrying the recombinant plasmids were inoculated into 25 mL of BMGY medium (buffered minimal glycerol complex) and
cultivated at 250 rpm for 48 h. Cells were harvested by centrifugation (10,000 × g, 10 min, 4°C), resuspended in 50 mL of BMMY medium (buffered minimal
methanol), and incubated for 96 h with 1% (v/v) methanol added every 24 h to sustain induction. After induction, cells were pelleted again (10,000 × g, 10
min, 4°C), and the culture supernatant was collected as crude enzyme extract for subsequent EG7A_MALCI and CBH7A_MALCI activity assays.

The transformants exhibiting the highest EG7A_MALCI and CBH7A_MALCI activity were selected for bulk production of the enzyme and purification. The
crude enzyme was concentrated and desalted using a stirred-cell ultrafiltration device equipped with a 10 kDa PES membrane (Permionics, India). For the
purification of EG7A_MALCI, the concentrated crude enzyme was equilibrated with 10 ml of 50 mM phosphate buffer (pH 8.0) containing 20 mM imidazole
and 300 mM NaCl and the protein sample was loaded onto 1 ml immobilized nickel-NTA ion affinity chromatography column (Qiagen). The bound
EG7A_MALCI was eluted with 50 mM phosphate buffer (pH 8.0) containing 250 mM imidazole and 300 mM NaCl at a flow rate of 0.5 mL min–1. Whereas,
concentrated and desalted extract of recombinant CBH7A_MALCI was subjected to anion exchange chromatography using UNOsphere™ Q column (Bio-Rad).
Equilibration of the crude enzyme was carried out with buffer A (Tris-HCl; 25 mM; pH 8.0). Linear salt gradient from 100% buffer A to 50% buffer B (buffer A
with 1M NaCl) at a flow rate of 1 mL min–1 was applied to elute the bound protein using AKTA prime fast protein liquid chromatography system (GE
Healthcare, USA). The purity and molecular mass of recombinant protein was checked by 12% sodium dodecyl sulphate (SDS)-polyacrylamide gel
electrophoresis (PAGE) [8].

2.4 Enzyme and protein assay
EG7A_MALCI activity was assayed by quantifying reducing sugars released from barley β-glucan. In a 1 mL reaction, 250 µL of suitably diluted enzyme and
250 µL of 1.0% (w/v) barley β-glucan (in 50 mM sodium citrate buffer, pH 6.0) were combined and incubated at 50°C for 10 minutes. The reaction was
stopped by adding 3 mL of DNS reagent, followed by boiling for 10 minutes. After cooling to room temperature, absorbance was read at 540 nm. One unit of
endo-β-1,4-glucanase activity is defined as the amount of enzyme that liberates 1 µmol of glucose equivalent per minute under these conditions [9]. For
screening of colonies expressing CBH7A_MALCI gene, a micro-titre plate-based method was used. The reaction mixture (100 µl) was prepared containing 50
µl sodium acetate buffer (50 mM; pH 5.0), 25 µl diluted enzyme and 25 µl of 3mM pNP-β-cellobioside (pNPC) as substrate (Sigma Chemicals) for the assay
of cellobiohydrolase (CBHI). The reaction mixture was incubated at 50°C for 30 min. The reaction was stopped thereafter, by adding 100 µl NaOH-glycine
buffer (0.4M, pH 10.8). The amount of released para nitro-phenol (pNP) was determined by measuring the intensity of developed yellow colour at 405 nm
using a plate reader (Biorad 580XR) [10]. The enzyme activity was defined as the amount of enzyme required to release 1 µmol of the pNP under the assay
conditions. The protein content in the crude extract and in the chromatographic fractions was determined using Lowry’s method [11].

2.5 Biochemical characterization of recombinant proteins
Recombinant EG7A_MALCI and CBH7A_MALCI were characterized using barley β-glucan and pNPC, respectively. To determine their optimal pH,
EG7A_MALCI was assayed at 50°C for 10 min and CBH7A_MALCI for 30 min in 50 mM buffers: sodium acetate (pH 3.0–5.0), sodium citrate (pH 6.0), sodium
phosphate (pH 7.0–8.0), Tris-HCl (pH 9.0), and glycine–NaOH (pH 10.0). Activity at pH 6.0 (EG7A_MALCI) and pH 5.0 (CBH7A_MALCI) was set as 100%.
Temperature optima were measured in 50 mM sodium phosphate (pH 7.0) over 30–80°C. Thermal stability was evaluated by pre-incubating EG7A_MALCI at
60°C and CBH7A_MALCI at 50°C (both in their respective optimal pH) for various times, followed by residual activity assays. To assess the influence of metal
ions and inhibitors, each enzyme was incubated at room temperature for 30 min in 50 mM sodium phosphate (pH 7.0) containing 5 mM of NaCl, KCl, CuCl₂,
HgCl₂, MnCl₂, MgCl₂, CaCl₂, CoCl₂, FeCl₃, or ZnCl₂, and 1 mM of EDTA, β-mercaptoethanol, N-bromosuccinimide (NBS), dithiothreitol, PMSF, or 1% (w/v) SDS.
Activity without additives was defined as 100% relative activity.

2.5.1 Substrate specificity and kinetic parameters
The substrate specificity of recombinant enzymes was assessed using the following substrates: carboxyl methyl cellulose (CMC @ 2% w/v), avicel, lichenin,
laminarin, xyloglucan, birchwoodxylan, debranched arabinan (1.0% w/v), 3mM para- nitrophenyl (pNP), 3mM pNP β-D-lactopyranoside (pNPL), 3mM pNP β-
cellobioside (pNPC), 3mM pNPβ-xylopyranoside (pNPX), 3mM pNPα-L-arabinofuranoside (pNPA), 3mM pNP α-D-galactopyranoside (pNPGL) [12]. Evaluation
of kinetic parameters (Km and Vmax) were carried out using 50 mM sodium phosphate buffer (pH 7.0) containing 0.5 − 2.0 mg/ml barley β-glucan at 50°C for
10 min (in case of EG7A_MALCI) and 0.3-3.0 mM pNPL at 50°C for 30 min (in case of CBH7A_MALCI). All assays were carried out in triplicate.

2.6 Homology modelling and molecular docking
The amino acid sequence of EG7A_MALCI and CBH7A_MALCI were compared to other homologues via multiple sequence alignment and the conserved
domain analysis, performed using EMBI’s Clustal Omega tool and NCBI’s database, respectively [13, 14]. The initial structures for EG7A_MALCI and
CBH7A_MALCI were modelled using Iterative Threading ASSEmbly Refinement (I-TASSER) webserver [15, 16] and visualized using PyMOL
(https://pymol.org/2/). The endoglucanase from Fusarium oxysporum (1ovwA) and cellobiohydrolase from Dictostyleum purpureum 4zzpA, respectively,
were aligned to the structure of enzymes under study and root mean square deviation (RMSD) values were calculated. For EG7A_MALCI and CBH7A_MALCI,
the ligand prediction and molecular docking of proteins and the ligands was done using AutoDock Vina to compute binding energy for the ligand [13, 17]. The
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proteins were considered as the rigid body with minimum force field energy and the ligands as the flexible entities with ability to rotate around torsional
angles. Several docking models were studied with the most probable ligand to determine the best configuration and the one with least binding energy were
selected for further studies.

2.7 Designing of cocktails using recombinant enzymes and commercial CelliCTec2 for
improved hydrolysis of lignocellulosics.
To evaluate the synergy between EG7A_MALCI and CBH7A_MALCI with the commercial cellulase Cellic CTec2 (Novozymes), saccharification assays were
performed on four types of pretreated biomass acid and alkali treated rice straw (AcRS, AlRS) and bagasse (AcBG, AlBG). Each 5 mL capped glass vial
contained 7% (w/v) substrate in 900 µL of 50 mM sodium acetate buffer (pH 5.0). As a control, 100 µL of appropriately diluted Cellic CTec2 (providing 6.6 mg
protein per gram of substrate) was added. To assess synergy, either 10 µL or 20 µL of this Cellic CTec2 solution was substituted with the corresponding
volume of recombinant enzyme preparation (at ~ 5.8 mg protein/mL). Samples were incubated at 50°C, 150 rpm for 96 h. After incubation, 1 mL of each
reaction was diluted fivefold with deionized water and centrifuged at 10,000 rpm for 5 min. Total reducing sugars and released glucose in the supernatants
were quantified by the DNS method and the GOD-POD assay [4], respectively. All experiments were carried out in triplicate.

3 Results and Discussion

3.1 Heterologous expression and purification of EG7A_MALCI and CBH7A_MALCI
The open reading frame (ORF) of EG7A_MALCI and CBH7A_MALCI was observed to be 1,251 and 1,377 bp in size, respectively, encoding proteins of 416 and
458 amino acid residues (Fig.S1). The recombinant clone EG7A_MALCI exhibited the highest activity (62.61 U/mL) against β-barley glucan. This elevated β-
glucanase activity is commercially important, as it enhances wort filtration during lautering and facilitates efficient separation of the liquid wort from spent
grain in beer production. Further, it was observed that CBH7A_MALCI displayed greater affinity towards pNPL (1.732 U/ml) followed by pNPC (0.34 U/ml)
(Fig.S2) indicating broader exo-acting specificity rather than strict preference for cellobiose-like chain ends. The estimated recombinant cellobiohydrolase
activities were quiet higher than the other reported in commercial fungi [18–21]

Both the expressed proteins were further purified and was examined on SDS-PAGE (Fig. 1). The molecular weight of purified EG7A_MALCI and CBH7A_MALCI
was estimated to be ~ 48 and 50 kDa, respectively, which appeared to be higher than the predicted value. The theoretical molecular mass and isoelectric
point for EG7A_MALCI and CBH7A_MALCI were predicted to be 43.7 kDa & 5.02, and 47.8 kDa & 4.12, respectively, using the ProtParam tool of ExPASY. The
difference in molecular weight can be attributed to the presence of a c-myc epitope and a polyhistidine tag, contributing 2.8 kDa to the recombinant enzyme
size. Additionally, the nominal mass discrepancy observed between EG7A_MALCI and CBH7A_MALCI may be due to Asn-Xaa-Ser/Thr sequons, which are
essential for N-glycosylation. Three N-glycosylation sites were predicted in EG7A_MALCI, while one of these sites (Asn-Pro-Ser) is unlikely to undergo
glycosylation due to the presence of a Pro residue that typically prevents N-linked glycosylation. In CBH7A_MALCI, only two N-glycosylation sites were
predicted [22]. Both enzymes also showed potential O-glycosylation sites in the flexible linker region rich in Ser and Thr residues, common in yeast
expression systems. One potential O-glycosylation site (Thr) was identified in EG7A_MALCI, while CBH7A_MALCI contained three potential sites (two Ser and
one Thr) [23]. Sequence analysis revealed that both enzymes feature a hydrophobic signal sequence, a GH7 catalytic domain, a Thr/Ser-rich linker region
which are typical of other endoglucanases and cellobiohydrolases, such as MtEG7a from Myceliophthora thermophile [22], Cel7B from Penicillium
decumbens [24], StCel61a from Sporotrichum thermophile [25], and Man5XZ3 from Aspergillus nidulans [26].

3.2 Effect of pH and temperature
The effect of pH on the enzyme activity of purified EG7A_MALCI and CBH7A_MALCI was evaluated using β-barley glucan and pNPL as substrates,
respectively (Fig. 2a & 2b). Both enzymes demonstrated optimal activity at pH 7.0. EG7A_MALCI showed significant activity at pH 8.0, with 136% of its
activity at pH 7.0, while it exhibited 83.1% and 96.6% of activity at pH 4.0 and pH 5.0, respectively, relative to the control at pH 6.0. This is consistent with the
general trend observed for fungal endo-β-1,4-glucanases and cellobiohydrolases from the GH7 family, which typically show optimal activity in the acidic pH
range of 4.0–6.0 [27, 28]. However, MtEG7a from M. thermophila ATCC 42464 [22] and some bacterial endo-β-1,4-glucanases are optimally active at pH > 8.0.
Notably, recombinant EG7A_MALCI and CBH7A_MALCI from M. cinnamomea exhibited maximum activity at pH 7.0 and remained stable over a broad pH
range (pH 4.0–8.0). This stability is an advantageous feature for industrial applications, as many enzymes exhibit limited stability outside their optimal pH
ranges. In comparison, CBHI enzymes from thermophilic fungi such as Acremonium thermophilum, Thermoascus aurantiacus, Chaetomium thermophilum,
and Trichoderma reesei are typically active at more acidic pH values [29].

The temperature-dependent activity of purified EG7A_MALCI and CBH7A_MALCI was also assessed (Fig. 3a & 3b). EG7A_MALCI displayed maximum activity
at 60°C, with notable activity even at 70°C. This is consistent with other fungal endoglucanases that exhibit optimal activity at 60°C, such as those from
Fomitopsis pinicola [30] and Bispora sp. MEY-1 [27]. In contrast, CBH7A_MALCI showed its highest activity at 40°C, exhibiting 2.62 times higher activity at
this temperature compared to 50°C. The temperature optimum for CBH7A_MALCI is relatively low when compared to other cellobiohydrolases, which
typically exhibit optimal activity between 60–65°C [28]. For both enzymes, the relative activity was considered 100% when incubated at 50°C, demonstrating
that both EG7A_MALCI and CBH7A_MALCI retain substantial activity within a broad temperature range. The findings indicate that EG7A_MALCI and
CBH7A_MALCI from M. cinnamomea display robust activity and stability over a broad spectrum of pH values and temperatures, highlighting their potential
for diverse industrial applications. The findings indicate that EG7A_MALCI and CBH7A_MALCI from M. cinnamomea display robust activity and stability over
a broad spectrum of pH values and temperatures, highlighting their potential for diverse industrial applications.

3.3 Thermostability
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The recombinant EG7A_MALCI retained 46.1% and 50.2% activity at 60 ºC after 6 h at pH 5.0 and 7.0, respectively. Whereas, CBH7A_MALCI was appreciably
stable at 40 ºC, where no loss of activity was observed after 24 h of incubation at pH 7.0, however, the observed residual activity was 52% at pH 5.0 (Fig. 4a &
4b), respectively. Egl7A (from T. emersonii) and Cel7A (from N. fisheri) retained > 40% and ~ 16% of their maximum activity, respectively, after 1 h at 70°C [31,
32]. Our results revealed that EG7A_MALCI was appreciably thermostable. Thermostable enzymes can be added during cooling of the heated steam pre-
treated lignocellulosic biomass which has been the most frequently used pretreatment method, saving time, cost as well as exhibiting enhanced catalytic
rates at elevated temperatures [33, 34].

3.4 Assessment of enzyme sensitivity to metal ions and chemical substances
The effect of various metal cations and chemical reagents (5mM) on enzyme activity was also tested (Table 1). EG7A_MALCI activity was enhanced in
presence of Ca2+ (121.40% relative activity) when compared to control. The metal ions such as Fe3+, Hg2+ led to appreciable loss in activity while moderate

loss was observed in presence of K+, Cu2+ and Co2+. Similar findings were observed in a previous study where Ca2+ divalent ions were reported to positively
modulate the activity of endoglucanase from Bacillus subtilis UMC7 expressed in E. coli, however, Fe3+ and Cu2+ ions were found to inhibit the
endoglucanase activity [35]. [36] also found that the addition of Ca2+ enhances endoglucanase activity. It is suggested that addition of Ca2+ ions may
increase the binding affinity of the enzyme with the substrate by stabilizing the conformation of the catalytic site [37]. In contrast, Fe³⁺ ions were found to
impair enzyme function. While the ionic detergent SDS and EDTA moderately inhibited the enzymatic activity like the endoglucanase from Citrobacter farmeri
A1 which showed decreased activity with SDS and EDTA [38]. On the other hand, CBH7A_MALCI activity was positively modulated in the presence of Fe3+,
Mn2+ and K+ resulting in 170.5, 147.3 and 135.6% relative activity when compared to control, respectively (Table 1). Contrasting results were obtained by
Vanitha and co-workers (2011) [39] where Ca2+ ions were found to enhance the activity of CBHI (GH7) from Penicillium funiculosum NCL1. N-
bromosuccinide resulted in nearly complete loss of EG7A_MALCI activity and appreciable loss of CBH7A_MALCI activity indicating the presence of
tryptophan residues in the active site of EG7A_MALCI and CBH7A_MALCI [40].

Table 1
Effect of additives on the activity of recombinant EG7A_MALCI and CBH7A_MALCI.

Agenta Concentration Relative activity (%)

EG CBH I

Controlb - 100.00 ± 1.23c 100.00 ± 1.20

K+ 5mM 85.33 ± 2.01 135.6 ± 2.82

Cu2+ 5mM 88.58 ± 0.98 25.67 ± 0.56

Hg2+ 5mM 68.78 ± 0.75 41.62 ± 0.59

Mn2+ 5mM 94 ± 0.82 147.29 ± 2.01

Mg2+ 5mM 100 ± 2.22 124.59 ± 0.99

Ca2+ 5mM 121.40 ± 1.87 67.29 ± 0.81

Co2+ 5mM 87.12 ± 0.65 79.54 ± 0.34

Fe3+ 5mM 64.99 ± 0.54 170.5 ± 1.87

Zn2+ 5mM 100 ± 0.83 31.08 ± 0.32

EDTA 1mM 89.76 ± 1.01 155.40 ± 2.02

β-mercaptoethanol 1mM 105.4 ± 0.99 126.2 ± 1.54

Bromosuccinide 1mM 2.99 ± 0.27 20.21 ± 0.25

Dithiothreitol 1mM 99.11 ± 0.56 120 ± 0.45

PMSF 1mM 100 ± 0.89 95 ± 0.23

SDS 1% 88.73 ± 0.63 94.5 ± 0.47

a Metal ions tested were assayed as chloride salts

b The relative activity in the control reaction without additives was defined as100%

c ± Values represent standard error @ 5%.

All of the reactions were performed at pH 7.0 and 50ºC

3.5 Substrate specificity and kinetic characterization
The substrate specificity of recombinant EG7A_MALCI and CBH7A_MALCI was assayed against different complex and pNP substrates (Table 2).
EG7A_MALCI exhibited the highest specific activity against barley β-glucan followed by CMC > lichenan. Like most GH 7 endo-1, 4-β-glucanases,
EG7A_MALCI exhibited higher activity on barley β-glucan as compared to CMC. The reason might be that CMC is highly substituted with methoxy side chains
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besides being highly viscous cause diffusion limitation and interfere with the enzyme activity [41, 42]. In addition, it showed weak activity on crystalline
substrate avicel due to lack of CBM1. Negligible amount of activity was detected against pNP substrates (Table 2). While GH5 endoglucanases are
commonly used in brewing for their broad substrate specificity, GH7 endoglucanases, such as EG7A_MALCI, offer superior substrate specificity and activity.
EG7A_MALCI exhibits exceptionally high GH7 activity against barley β-glucan, outperforming GH7 enzymes from commercial fungi such as Rem_GH7EG
from Rasamsonia emersonii (5 U/mL) [43]. Its high efficiency makes it a more effective choice for brewing applications, offering better control over mash
fluidity and beer clarity than GH5 enzymes. On the other hand, purified CBH7A_MALCI exhibited activity against specifically against pNPL (0.65 U/mg)
followed by pNPC (0.45 U/mg) (Table 2).

Table 2
Substrate specificity of EG7A_MALCI and CBH7A_MALCI against complex and pNP

substrates.
Substrates Main Linkage (monomer) Specific activity (U/mg)

EG7A_MALCI CBH 7A_MALCI

Barley-β-glucan 1,3–1,4-β-(glucose) 156.2 ± 2.32 n.d.

CMC 1,4-β-(glucose) 59.5 ± 0.08 n.d.

Lichenan 1,3–1,4-β-(glucose) 56 ± 0.67 n.d.

Laminarin 1,3-β-(glucose) 15 ± 0.03 n.d.

Avicel 1,4-β-(glucose) n.d. 0.09 ± 0.001

Xylan 1,4-β-D-(xylan) n.d. n.d.

Xyloglucan 1,4-β-D-(glucose) linked

with α-D xylose

n.d. n.d.

Starch 1,4or 1,6-α-(glucose) n.d. n.d

pNPL β-1,4 (Galactose–Glucose) n.d. 0.65 ± 0.003

pNPC β-1,4 (Glucose–Glucose) n.d. 0.45 ± 0.002

pNPG β-(glucose) n.d. n.d

pNPX β-(xylose) n.d. n.d

pNPA α-(arabinose) n.d. n.d

n.d.-no enzyme activity was detected. All the reactions were performed at pH 7.0 and 50 ºC

The kinetic parameters were also determined using barley β-glucan for EG7A_MALCI and pNPL for CBH7A_MALCI as substrates. The results revealed that
both the purified enzymes, EG7A_MALCI and CBH7A_MALCI, showed higher affinity for their respective substrates as evidenced by low Km values of 2.27
mg/ml and 0.284 mM, respectively. Vmax values were calculated to be 80.95 U/mg for EG7A_MALCI and 155.542 U/mg for CBH7A_MALCI using Lineweaver
Burk plot. To rationalize the observed substrate preferences and kinetic behaviour (Table 2), homology modelling and docking were performed to examine
ligand interactions within the GH7 catalytic cleft.

3.6 Homology modelling and molecular docking
The multiple alignment comparison of EG7A_MALCI from M. cinnamomea with several other family 7 endoglucanases showed the presence of conserved
catalytic residues E215, D217, E220 and H231. The catalytic residues were conserved in the organisms selected for multiple alignments and observed as
E197, D199, E202 and H213 in the template endoglucanase from F. oxysporum [44]. The structural prediction for family 7 endoglucanase (EG7A_MALCI) from
M. cinnamomea was done using homology modelling in I-TASSER. The structural model was aligned to the endoglucanase from F. oxysporium (1ovwA).
Figure S3A and 3B show the predicted model of the EG7A_MALCI and its superimposition by 1ovwA, respectively. The predicted model shared 85% of the
amino acid sequence similarity with the template with a root-mean square value (RMSD) of 0.376 [13]. At minimum probability distribution field (PDF) energy
of the protein model, several ligands viz. DP5, cellobiose, cellotriose {in the order of confidence score (c-score) for binding to the protein} were tested for
binding to EG7A_MALCI. DP5 was the most probable ligand for EG7A_MALCI with a confidence score (c-score) of 0.53 and binding energy of -8.7 kcal/mol
(Fig. 5a). This preference for a longer cello-oligosaccharides is consistent with EG7A_MALCI showing highest activity on polymeric mixed-linkage β-glucans
(barley β-glucan > CMC ≈ lichenan) and a low Km on barley β-glucan, indicating efficient substrate engagement. The docking of the ligand to the protein
showed H-bond formation with amino acid residues Y72, Y189, Q220, and S360 (Fig. 5b). The length of all the H-bonds was within 3Ǻ. The various docking
models tested showed the involvement of Q220 and S360 depicting the importance of the two amino acids in catalysis. Several aromatic residues Y72, Y165,
Y195, W362 and W371 were also observed closer to the ligand binding site. These amino acids assist in the coordination and proper orientation of long-chain
substrates within the active site via hydrophobic interactions [44, 45]. However, the presence of only two tryptophan residues in the active site when
compared to that of Thcel7B harbouring three residues [45] may affect the catalytic efficiency of this enzyme. Although DP5 is a β-1,4 glucan fragment, the
observed hydrogen-bonding and aromatic interactions are likely transferable to mixed-linkage β-glucans, supporting efficient binding and thereby aligning
with the high activity on barley β-glucan and lichenan. The structural properties of EG7A_MALCI were closely related to the other GH7 endoglucanases viz. F
oxysporum [44], Trichoderma harzianum [45]. The family 7 endoglucanases carryout hydrolysis of β-1, 4-glycosidic bond via a double displacement
mechanism retaining the anomeric C1 configuration [45]. The Glu amino acids in the conserved triad formed by Qnuc-X-X-D_X-Qa/b act as proton donor and a
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nucleophile that contact with − 1 and + 1 glucose moieties in the substrate (Fig. 5b). In the active site pocket, β sheets fabricate the β sandwich bearing the
cellulose binding cleft which was found to be deep. However, in other GH7 endoglucanases this binding cleft is more open [44, 45]. A long tunnel or deep
cleft is essential for processivity [46].

The CBH7A_MALCI enzyme shared structural similarities with cellobiohydrolases reported from other organisms such as Melanocarpus albomyces [47] and
Dictostyleum purpureum [48]. The multiple sequence alignment of the protein sequences for cellobiohydrolase from D. purpureum showed the presence of
conserved catalytic sequences Q230, D232, Q235 and H246. Previous studies have shown that these amino acids remain conserved among the
cellobiohydrolases of GH 7 family even between distant life forms [48]. The active site residues in TrCel7A from T. reesei were shown to be Q212, Q217 and
D173 [49]. The model obtained by homology modelling in I-TASSER was visualized in PyMOL and aligned to cellobiohydrolase from D. purpureum as shown
in the Fig.S4 A and 4 B, respectively. 89.5% of the predicted model aligned to the template with a RMSD value of 0.205.

Under minimized energy, cellobiose was docked to the CBH7A_MALCI with a binding energy of -9.2 kcal/mol (Fig. 6a and 6b). The predicted docking showed
H bonds with the amino acid residues Q193, Q235, H246 and W392 (Fig. 6b). All the H-bonds were within 3Ǻ as was observed for EG7A_MALCI. Several
tyrosine and tryptophan residues were observed in CBH7A_MALCI as well as EG7A_MALCI. The CBH7A_MALCI from M. cinnamomea also had 9 sulfide
bridges as observed in cellobiohydrolase of D. purpureum [48]. Furthermore, the distance between the carboxylate groups of Q230 and Q235 was 8Ǻ, close to
6 Ǻ reported for cellobiohydrolase in M. albomyces [47]. The active site appeared as a tunnel where on one side the substrate enters, gets hydrolyzed and the
products were released from the other end. The docking results showed better binding of substrates against cellobiose with a binding energy of -9.2
kcal/mol. The tunnel shaped catalytic cleft is characteristic of processive GH7 cellobiohydrolases and is consistent with an exo-acting mode of action,
providing a structural basis for CBH7A_MALCI detectable albeit low hydrolysis of crystalline cellulose (Avicel), in contrast to EG7A_MALCI.

3.7 Synergy studies using commercial CellicCTec2 with the recombinant enzymes
Four biomass substrates rice straw and bagasse pretreated with either acid (AcRS, AcBG) or alkali (AlRS, AlBG) were employed to assess how
supplementing Cellic CTec2 with recombinant enzymes (replacing 10% or 20% of the commercial preparation at 9:1 and 8:2 ratios, respectively) enhances
cellulolytic performance. Results in Fig. 7 (a and b) shows that, when compared to benchmark enzyme, elevated levels of glucose release after hydrolysis of
acid and alkali treated rice straw when a cocktail of CellicCTec2 + EG7A_MALCI (1.18 and 1.39 folds, respectively) and CellicCTec2 + CBH7A_MALCI (1.16
and 1.28 folds, respectively) was used in 9:1 ratio were observed. Similarly, observed improvement in the yield of glucose when acid and alkali treated
bagasse hydrolysed by cocktail (9:1 ratio) was 1.27 and 1.17 folds (for EG7A_MALCI), 1.23 and 1.27 folds for CBH7A_MALCI. The boosting effect was
comparatively more pronounced in cocktails containing CellicCtec2 and respective enzymes in 8:2 ratio when compared to benchmark cellulase that resulted
in increased glucose in the hydrolysate by 1.30, 1.50, 1.35 and 1.31 folds for AcRS, AlRS, AcBG and AlBG, respectively, in a cocktail containing CellicCTec2 + 
EG7A_MALCI, whereas, for CBH7A_MALCI, the fold increase was 1.27, 1.36, 1.23 and 1.27, respectively, was observed. The improved level of hydrolysis of
different substrates using cocktails of cellulases with recombinant EG7A_MALCI and CBH7A_MALCI strongly advocates its importance in formulating
cocktails applicable to lignocellulosic substrates [50–52]. Therefore, it is of interest to prospect diverse microbial strains for novel lignocellulolytic enzymes
for enhancing the efficacy of existing benchmark enzymes as well as custom designing of cocktails specific to the treated substrates being used in 2G
ethanol plants.

4 Conclusions
This work delivers the first functional insight into two GH7 cellulases from the thermophilic fungus Malbranchea cinnamomea. By heterologously producing
the enzymes, defining their catalytic and stability profiles, and demonstrating their compatibility with commercial cocktails, the study adds robust, high-
temperature endoglucanase and cellobiohydrolase activities to the current biocatalyst repertoire. These enzymes enhance the flexibility of enzyme-mix
design for lignocellulose processing and underscore the value of thermophilic fungal diversity for next-generation, cost-efficient bio-refinery applications.

Abbreviations
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Figure 1

SDS–PAGE of purified enzymes. Lane M, standard protein marker in the order of increasing molecular mass in kDa (Precision Plus Protein™ Dual Color
Standard molecular weight marker, BioRad); Lane 1: purified CBH7A_MALCI (~50KDa); Lane 2: purified EG7A_MALCI (~48 KDa)

Figure 2
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Effect of pH on enzyme activity of purified (a) EG7A_MALCI and (b) CBH7A_MALCI

Figure 3

Effect of temperature on enzyme activity of purified (a) EG7A_MALCI and (b) CBH7A_MALCI

Figure 4

Thermostability of purified (a) EG7A_MALCI and (b) CBH7A_MALCI
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Figure 5

Predicted molecular protein-ligand docking for EG7A_MALCI with three sugar units of DP5 (cellopentaose) as the ligand. The representative of the ligand
shows its interaction with the residues. E 215, D 217, E 220 and H 231 are the active site residues.
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Figure 6

Predicted molecular docking of cellulose with the CBH7A_MALCI, Q 230, D 232, Q235, and H 246 represent the residues in the active sites. The other residues
aid in the hydrolysis by rendering conformational stability.
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Figure 7

Synergy of recombinant hydrolases with commercial CellicCTec2 in hydrolysis of differently pre-treated substrates @7% substrate loading (a) glucose
released using cocktails of CelliCTec2 with recombinant EG7A_MALCI (b) glucose released using cocktails of CelliCTec2 with recombinant CBH7A_MALCI
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