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ABSTRACT: The widely cultivated mushroom Pleurotus eryngii utilizes lignocellulosic biomass as a growth substrate, yet its
xylanases remain poorly understood. Here, we identified PeXynl, a novel cellulose-upregulated GH11 xylanase featuring a C-
terminal carbohydrate-binding module (CBM1) domain, using integrated multiomics. Recombinant PeXynl exhibited an optimal
pH of 4.5 and temperature of S0 °C, with remarkable stability across pH 4.5—7.5. Kinetic characterization yielded a Km of 27.51 mg
mL™" and a kcat of 20.95 s™". Purified PeXyn1 efficiently saccharified corncob, releasing 4.258 mg mL™" reducing sugars after 2 h.
Notably, CBM1 truncation increased specific activity from 10.04 + 0.29 to 28.79 + 2.23 U mg™', confirming the core’s hydrolytic
function while CBM1 mediates substrate anchoring. Simulations revealed an induced-fit mechanism with a high xylohexaose binding
affinity (—11.7 kJ mol™"). Multivalent interactions at the CBM-catalytic interface restrict structural fluctuations, promoting a stable
conformation. This work offers the first molecular insight into P. eryngii xylanases, highlighting PeXyn1 for agro-waste valorization.
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1. INTRODUCTION

Lignocellulosic agricultural residues are generated in massive
quantities worldwide, with an estimated annual production
exceeding 180 billion tons. " Owing to its abundance,
lignocellulose holds considerable potential as a sustainable
alternative to nonrenewable resources.” > The utilization of
agroforestry residues as substrates for mushroom cultivation
represents a commercially viable strategy for the efficient
bioconversion and valorization of lignocellulose. Efficient
utilization of lignocellulose is critical for optimal mushroom
growth and yield.°"® However, the intrinsic recalcitrance and
structural complexity of the lignocellulosic matrix render it
highly resistant to enzymatic degradation. Lignocellulose is
primarily composed of three components: cellulose, hemi-
cellulose, and lignin. Among these, hemicellulose is considered
the most accessible and easily utilized fraction; consequently,
hemicellulose-rich raw materials, such as corncobs, are
frequently incorporated into substrate formulations as readily
available carbon sources for edible mushroom production.
Hemicellulose is a heterogeneous polysaccharide composed of
pentoses and hexoses,” among which xylan represents the most
abundant fraction. Xylan typically consists of 100—1000 xylose
residues forming a linear backbone of f-(1,4)-linked f-p-
xylopyranosyl units, which can be substituted with glucuronic
acid or arabinose to generate glucuronoxylans and arabinox-
ylans.” Despite its importance, the specific mechanisms
underlying hemicellulose utilization in mushrooms, particularly
in the widely cultivated species Pleurotus eryngii, remain largely
uncharacterized.

Pleurotus species are typically cultivated on various
agricultural residues, including corncobs, cottonseed hulls,
wheat bran, and sawdust.'’™"? Beyond their nutritional value,

© XXXX American Chemical Society

WACS Publications

Pleurotus species, particularly P. eryngii, have attracted
considerable interest as functional foods because of their rich
repertoire of bioactive compounds and associated health-
promoting properties. Previous studies have demonstrated that
Pleurotus mushrooms possess significant antioxidant potential
and can be developed as value-added functional food products.
Furthermore, P. eryngii is highly regarded for its structurally
unique bioactive polysaccharides, which exhibit potent anti-
inflammatory and antioxidant activities.'”>~'® In addition to
their organic bioactive components, Pleurotus mushrooms
accumulate various mineral elements, and ICP-OES analyses
have shown abundant essential elements (e.g., K, Ca, Mg, Fe,
Zn, Cu) with generally low heavy metal levels, indicating their
safety for consumption, while also revealing species- and strain-
dependent differences in elemental accumulation.'” P. eryngii is
classified as a white-rot fungus, which has remarkable
lignocellulose-degrading capacity. Its lignocellulose-degrading
machinery is extraordinarily complex and relies on the
coordinated action of multiple enzyme classes."*™>" Carbohy-
drate-active enzymes (CAZymes) play a central role in plant
cell wall deconstruction, providing essential carbon sources for
fungal growth, development, and reproduction. Species within
the Pleurotus genus exhibit distinct advantages over other
edible mushrooms, notably high enzyme productivity, a broad
spectrum of substrate utilization, low nutritional requirements,
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and robust environmental adaptability.”> Furthermore, various
Pleurotus species secrete substantial levels of cellulases during
vegetative growth, with Pleurotus flabellatus reported to exhibit
a significantly higher cellulase activity than allied species.”” P.
eryngii employs substrate-dependent lignocellulose degradation
strategies and elaborates specific extracellular enzyme reper-
toires to efficiently deconstruct diverse lignocellulosic materi-
als. Recent proteomic and secretomic analyses have uncovered
pronounced variations in the secretion profiles of cellulases,
lignin-degrading enzymes, and proteases when P. eryngii is
cultivated on different types of agricultural residues.”* Recent
multiomics and metabolomic studies have shown that Pleurotus
biology is tightly regulated at the systems level, where both
developmental processes and environmental or processing
conditions can reshape metabolic networks and functional
metabolite profiles, highlighting a coordinated link between
substrate utilization and metabolic adaptation.”*°

Endo-f-1,4-xylanases specifically cleave the internal f-1,4-
glycosidic linkages within the xylan backbone, a predominant
constituent of hemicellulose, to yield xylooligosaccharides and
xylose. Consequently, xylanases represent the pivotal hydro-
lases for the efficient degradation of hemicellulose. Xylanases
are prominent members of the CAZymes repertoire and are
primarily categorized into the GH10 and GH11 families.'®*’
GHI0 xylanases generally exhibit higher molecular weights
(>40 kDa) and adopt a canonical (a/f3)8 barrel fold, with the
catalytic site located at the wider opening of the barrel
structure.””” In contrast, GH11 xylanases are typically smaller
proteins (<30 kDa) characterized by a higher substrate
specificity but limited activity toward highly substituted xylans.
These enzymes usually possess 5—6 substrate-binding subsites,
among which the —3, +2, and +3 subsites are capable of
accommodating L-arabinosyl substitutions.’” Moreover, GH10-
and GH11-type xylanases have found extensive applications in
food and feed processing, biofuel production, the pulp and
paper industry, ethanol fermentation, xylitol manufacturing,
and the biomedical field.”"**

Genomic analyses of the genus Pleurotus have demonstrated
that these fungi harbor a comprehensive and diverse repertoire
of lignocellulose-degrading enzyme families.*” Specifically,
Baldrian et al. reported that, in the presence of chromium,
extracellular cellulase activity in Pleurotus species increased
significantly, whereas the induction of xylanase activity was
delayed.”* Previously, Altaf et al. characterized crude xylanase
preparations from P. eryngii culture filtrates and reported
optimal activity at pH 4.5 and 60 °C, along with remarkable
stability across a broad pH range (4.0—10.0).>> However, to
the best of our knowledge, no xylanase gene from P. eryngii has
been cloned and molecularly characterized to date.

In the present study, a novel GH11 endo-1,4-f-xylanase
gene, designated as PeXynl, was identified in P. eryngii through
an integrated transcriptomic and proteomic analysis. The
corresponding gene was cloned and heterologously expressed
in Pichia pastoris GS115 and Escherichia coli BL21;
subsequently, the recombinant enzyme was purified for
comprehensive biochemical and physicochemical character-
ization. The catalytic properties of the purified xylanase were
evaluated to assess its potential for industrial applications.
Notably, this study represents the first successful heterologous
expression of a xylanase gene from P. eryngii, offering crucial
insights into the molecular mechanisms underlying hemi-
cellulose degradation within the genus Pleurotus.

2. MATERIALS AND METHODS

2.1. Chemicals and Strain

The P. eryngii strain (NCMCC No. 240004) used in this study was
deposited in the Center of Mushroom Culture Collection
(mushroomseed.cn). E. coli DHSa and BL21(DE3) competent cells
were purchased from Sangon Biotech (Shanghai, China) and cultured
in Luria—Bertani (LB) medium. P. pastoris GS11S competent cells
were obtained from TransGen Biotech (Beijing, China) and cultivated
in yeast extract—peptone—dextrose (YPD) medium. Corncob xylan
and beechwood xylan were purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China) and Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China), respectively. All other
reagents used in this study were of analytical grade unless otherwise

specified.
2.2, Enzyme Induction and Multiomics Analysis

To induce the expression of carbohydrate hydrolases, P. eryngii was
initially grown in BSNM liquid medium at 25 °C and 125 rpm for 5 d
to allow sufficient mycelial growth, after which § g L™" cellulose or
xylan was added as an inducer (Supporting Information, Text S1).
The activities of cellulase and xylanase were detected as previously
described.*® Mycelial samples were harvested at 36 h for tran-
scriptomic analysis, and the supernatant was collected at 48 h for
comparative proteomic evaluation.

Protein was extracted from the supernatant using a method
described previously.”” Following extraction and peptide digestion,
the samples were subjected to label-free liquid chromatography-
tandem mass spectrometry (LC—MS/MS). The comprehensive
protocols detailing protein extraction, LC—MS/MS data acquisition,
and the subsequent bioinformatics pipelines—including functional
annotation, subcellular localization, and network analysis—are
provided in the Supporting Information (see Supporting Information,
Text S2).

Total RNA was extracted using TRIzol reagent (Takara, Kusatsu,
Japan) according to the manufacturer’s instructions, with the detailed
extraction procedure provided in Supporting Information, Text S3.
The extracted RNA from the designated time points was subjected to
high-throughput sequencing. The comprehensive procedures for
library preparation, RNA sequencing, and bioinformatics analysis
are detailed in the Supporting Information (see Supporting
Information, Text S4).

To validate the RNA-seq data and assess the expression of key
genes, reverse transcription was performed using HiScript III Q RT
SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China).
Quantitative real-time PCR (RT-qPCR) was carried out in a total
reaction volume of 15 pL using ChamQ Universal SYBR qPCR
Master Mix (Vazyme) on a SLAN-96S (Hongshi Biotech, Shanghai,
China). The cycle threshold (C,) values were normalized to the
expression of the GAPDH gene, and relative gene expression levels
were calculated using the 2722 method. Each sample was analyzed
in biological triplicate. The primer sequences used for RT-qPCR are
listed in Supporting Information, Table S1.

2.3. Sequence and Phylogenetic Analysis

Structural features of PeXynl were analyzed using InterPro (http://
www.ebi.ac.uk/interpro/search/sequence/). Motif prediction and
amino acid frequency analysis within the identified motifs were
performed using the MEME suite (https:/ /meme-suite.org/meme/
tools/meme). Once the highly conserved regions of each protein were
selected, a multiple sequence alignment was performed using the
MAFFT v7.526 program, which implements the Fast Fourier
Transform (FFT) to optimize protein alignments based on the
physicochemical properties of amino acids.*® The protein sequence of
PeXynl from P. eryngii, together with 21 GHI11 xylanase sequences
from other fungal species, was subjected to phylogenetic analysis
using the Maximum Likelihood (ML) method implemented in
MEGAI11. The Jones—Taylor—Thornton (JTT) amino acid sub-
stitution model was applied with all sites included, and branch
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Figure 1. Patterns of enzyme activity expression in P. eryngii induced by cellulose powder. Xylanase (a) and cellulase (b) activity at different time
points during cellulose induction. (c) Effects of cellulose induction on the expression levels of the xylanase PeXynl gene.

support was assessed by 1000 bootstrap resamplings. The resulting
consensus phylogenetic tree was visualized using FigTree v1.4.4.

2.4. Protein Expression and Purification

Total RNA was extracted from P. eryngii mycelial pellets as described
above. First-strand cDNA was synthesized using the HiScript IV Ist
Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme), following the
manufacturer’s instructions. Target fragments were subsequently
amplified using gene-specific primers (Supporting Information,
Table S2) and cloned into the respective expression vectors
(pPIC9K for P. pastoris and pET-28a for E. coli) via homologous
recombination. The pPIC9K-PeXynl recombinant plasmid was
linearized and subsequently transformed into P. pastoris GS11S by
electroporation. Simultaneously, the pET-28a-PeXynl plasmid was
transformed into E. coli BL21(DE3) competent cells via heat shock.
Induction conditions for both systems were optimized, and detailed
protocols for strain construction and heterologous expression can be
found in Supporting Information, Texts S5—S7. The expressed
proteins were purified using Ni-NTA affinity chromatography.
Molecular weight was assessed using 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

2.5. Characterization and Kinetic Analysis of Recombinant
PeXyn1

The pH-dependent activity range of recombinant PeXynl was
measured at 25 °C across a pH range of 3.5—7.5. The effect of
temperature on the activity of PeXynl was assessed within a
temperature range of 25—80 °C. The thermal stability of PeXynl
was evaluated by incubating the enzyme at 50 and 60 °C for 0-2 h
under optimal pH conditions and measuring the residual activity. The
Michaelis—Menten constant (K,,) and catalytic rate constant (k,) for
PeXynl were determined using nonlinear regression analysis with the
Michaelis—Menten model under optimal conditions (50 °C, pH 4.5).
The enzyme activity of PeXyn1l was evaluated in the presence of 5 and
10 mM metal ions (Li*, Mg**, K*, Ca?*, Mn**, Cu®*, Zn**, and Cd*"),
and its substrate spectrum was determined. Additionally, the effects of
various compounds and inhibitors (SDS, EDTA, methanol, acetone,
and others) on enzyme activity were also assessed. The amino acid
composition and elemental content of PeXynl were analyzed using
the online ExPASy ProtParam tool.

2.6. Homology Modeling, Structural Prediction, and
Molecular Docking

The three-dimensional structure of PeXynl was ];)redicted using the
AlphaFold Server (https://alphafoldserver.com).” AutoDock Vina
was used for molecular docking simulations.*® Xylo-oligosaccharides
with degrees of polymerization (DP) of 2—6 were used as ligands.
The structures of xylobiose to xylopentaose (CIDs: 439538,
52940105, 10230811, and 10146542) were retrieved from the
PubChem database, while the structure of xylohexaose (X6) was
extracted from the crystal structure of TrXyn11A (PDB ID: 4HKS).

The protein receptor and ligands were preprocessed using PyMOL
version 3.1.6.1 (Schrodinger, LLC, New York, NY, USA) to remove

water molecules, original ligands, and heteroatoms. AutoDockTools
was used to prepare the input files by adding polar hydrogens,
computing Gasteiger charges, and assigning AD4 atom types. The
rotatable bonds of the ligands were defined, and a grid box was
constructed to encompass the active site. Following docking with
AutoDock Vina, the binding affinities between the protein and
substrates were calculated. Postdocking interaction analysis and
visualization were performed using Discovery Studio. Additionally,
the pocket volume of the active site was calculated using the
KVFinder-web service (https: //kvfinder-web.cnpem.br/ ).

2.7. Molecular Dynamics Simulation

To evaluate the overall stability of the PeXynl-substrate complex,
molecular dynamics (MD) simulations were performed for SO ns
using the GROMACS software (version 2024.3) with the
AMBER99SB force field. The system was solvated in a cubic box
using the TIP3P water model, and appropriate counterions were
added to neutralize the system charge. Energy minimization was
carried out using the steepest descent algorithm until the maximum
force on any atom was less than 1000 kJ mol™' nm™. The bonds
linked with hydrogen atoms were restrained with the LINCS
algorithm. The temperature was maintained at 323 K using the v-
rescale thermostat, while the pressure was kept at 1.0 bar using the
Parrinello—Rahman barostat. The integration time step was set to 2 fs.
Before the production runs, the system was equilibrated in the NVT
ensemble for 100 ps, followed by another 100 ps of equilibration in
the NPT ensemble. Subsequently, SO ns production MD runs were
conducted. Trajectory analyses, including root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), radius of gyration
(Rg), solvent-accessible surface area (SASA), and the number of
hydrogen bonds, were performed using the built-in GROMACS
utilities.

3. RESULTS AND DISCUSSION

3.1. A Novel Xylanase Was Identified in P. eryngii upon
Cellulose Induction

In both natural ecosystems and artificial cultivation, the growth
and development of mushrooms depend heavily on their
capacity to depolymerize recalcitrant plant cell wall compo-
nents. Lignocellulose-degrading enzymes are the essential core
proteins driving these biological processes.”” As one of the
three principal constituents of lignocellulosic biomass, hemi-
cellulose is primarily broken down by xylanases.”' Given that
most lignocellulose-degrading enzymes in edible fungi are
induced by their corresponding polymer substrates or
derivatives,”*’ P. eryngii mycelia were cultivated in BSNM
media to evaluate xylanase induction, with xylan and cellulose
added as inducers at day 5. Subsequent enzyme assays
demonstrated that cellulose significantly induced the produc-
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Table 1. Transcriptomic and Proteomic Analysis of Xylanase Induction by Cellulose Powder

proteome transcriptome
ID family predicted protein function CK 48 h CK 36 h
KAF9492119 GHI11 endo-1,4-beta-xylanase 0.074 94.499 4.143 274.344
KAF9492116 GHI11 endo-1,4-beta-xylanase 0 20.994 24.673 251.995
KAF9501169 GHI10 endo-1,4-beta-xylanase 0.497 13.983 6.505 346.990
KAF9489446 GHI10 endo-1,4-beta-xylanase 0 3.923 5.945 242,998
KAF9489447 GHI10 endo-1,4-beta-xylanase 0 2.359 9.611 223.318
KAF9489445 GHI10 endo-1,4-beta-xylanase 0 0.071 12.616 15.139
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Figure 2. The phylogenetic and structural analyses of xylanase PeXynl. (a) The phylogenetic tree aligned with domain architectures shows the
distribution of conserved motifs and is consistent with the functional domain analysis (middle). (b) Alignment of GH11 active site signatures. The
positions of the putative catalytic glutamate residues are highlighted. (c) Sequence logos depicting residue conservation flanking the active sites.

tion of both cellulase and xylanase. Specifically, upon cellulose
induction, cellulase activity reached a 1311.29-fold (5.89 U
mL™") increase compared to the control group after 10 d,
while xylanase activity was upregulated by 15.10-fold in
response to cellulose. Xylanase activity was 0.81- and 1.82-
fold compared to control in response to xylan induction after
10 and 12 d, respectively (Figure S1). This phenomenon, in
which cellulose acts as a stronger inducer of xylanase activity
than xylan itself, likely reflects a coordinated regulatory strategy
for lignocellulose degradation in filamentous fungi. In plant cell
walls, cellulose is closely associated with hemicellulose, and
early cellulose hydrolysis can generate soluble oligosaccharides
that function as signaling molecules to trigger broader

lignocellulolytic responses. These signals are integrated
through global transcriptional regulators such as XInR/Xyrl,
which coregulate both cellulase and xylanase gene expressions,
thereby ensuring synergistic degradation of complex biomass
substrates.*#* Beyond transcriptional coregulation, such a
response may be advantageous for white-rot fungi, as cellulose
and hemicellulose are tightly associated within plant cell walls
and are typically degraded through the coordinated action of
cellulolytic and hemicellulolytic enzyme systems. Therefore,
the stronger induction of PeXynl by cellulose may reflect an
adaptive strategy that promotes the simultaneous activation of
lignocellulose-degrading enzymes, thereby facilitating the
efficient utilization of complex plant biomass.** The time-
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Figure 3. Purification and catalytic characterization of the recombinant PeXynl. (a) SDS-PAGE analysis of partially purified PeXynl. Line M,
standard marker proteins; lane P, recombinant PeXynl. (b) TLC analysis of beechwood xylan hydrolysis by PeXynl. Lane 1, beechwood xylan
substrate; lane 2, xylo-oligosaccharide standards (X1—X6); lanes 3—S, hydrolysis products obtained after incubation with PeXyn1 for 0.5, 1, and 2
h, respectively. (c) Colorimetric detection of reducing sugars released by PeXyn1 versus the untreated control (CK). (d) Quantitative analysis of

the reducing sugar yield produced by PeXynl relative to the CK.

course induction of xylanase activities by cellulose in P. eryngii
was measured from 0 to 48 h. The results showed a significant
increase in xylanase activity starting at 24 h of induction, which
continued to rise and peaked at 7.52 + 0.23 U mL™" at 48 h
(Figure 1a). This trend in enzyme activity was consistent with
that observed for cellulase (Figure 1b).

To identify key extracellular xylanases induced by cellulose,
an integrated comparative proteomic and transcriptomic
analysis was performed. Proteomic profiling of the culture
secretome identified six xylanases, including two GH11 family
members and four GH10 family members. Among these, three
xylanases (KAF9492119, KAF9492116, and KAF9501169)
exhibited significantly increased abundance in cellulose-
induced samples, while the other three xylanases were uniquely
detected under induction conditions (Table 1). Parallel
transcriptomic analysis further validated these findings,
revealing that five xylanase genes were significantly upregulated
(more than 10-fold) at the transcriptional level at 36 h (Table
1). These multiomics results collectively confirmed that
cellulose could induce the expression of xylanases in P. eryngii
at both the transcriptional and translational levels. On the basis
of their expression profiles, the two highly expressed GH11
candidates (KAF9492119 and KAF9492116) were selected for
cloning. One target gene was successfully cloned and
designated as PeXynl. In agreement with the omics results,
RT-qPCR analysis revealed that the transcription level of
PeXynl remained relatively stable during the initial 24 h but
increased sharply after 36 h, reaching a peak of a 26.87-fold
increase at 48 h (Figure 1c). The nucleotide sequence of
PeXynl has been deposited in the GenBank database under
accession number PZ136043.

3.2. Phylogenetic Analysis and Structural Architecture of
PeXyn1

The amino acid sequence of PeXynl showed 99.21% and
87.01% sequence identity with KAF9492116 and
KAF9492119, respectively. These sequence variations may be
attributed to strain-specific differences within P. eryngii.
Furthermore, PeXyn1 shares only 75.63% amino acid sequence
identity with its closest functionally characterized homologue,
endo-1,4-f-xylanase A from Schizophyllum commune (P35809).

Endo-f-1,4-xylanases are predominantly categorized into the
GH11 family; however, a significant proportion also belongs to
the GHI10, GHS, GHS8, GH30, and GH43 families. To

elucidate its evolutionary position, a phylogenetic tree was
constructed using PeXynl, KAF9492116, KAF9492119, and
19 other functionally characterized xylanases from GHI1
(Figure 2a). Beyond KAF9492116 and KAF9492119, PeXynl
exhibits the closest evolutionary proximity to P35809 from S.
commune. Interestingly, despite their common basidiomycetous
origin, PeXynl is evolutionarily distant from the xylanase of
Lentinula edodes (AAL04152) and that of Phanerochaete
chrysosporium (B7SIW1), which cluster in a separate major
clade. As shown in Figure 2a, the topological structure of the
tree does not strictly mirror fungal species phylogeny. This
discrepancy might be driven by extensive early gene
duplication and expansion within the fungal GH11 family,
which has led to high sequence diversity facilitating adaptation
to complex lignocellulosic substrates.”” Besides, since the
genomes of most basidiomycetous edible fungi harbor multiple
xylanases, only a fraction of these have been cloned and
characterized to date. Consequently, the distinct clades
presented in the tree likely represent paralogous genes
(paralogs) with divergent evolutionary histories, which may
have evolved differences in substrate specificity, catalytic
modes, or environmental adaptability."**’

Sequence analysis (Figure 2a) identified several conserved
motifs in PeXynl that align precisely with the canonical
architecture of basidiomycetous GH11 enzymes. PeXynl’s
catalytic competency is governed by two highly conserved
glutamate residues (Glu'® and Glu*™) positioned within the
classic fjelly roll fold of the GH11 active site (Figure 2b),
consistent with the canonical double-displacement mechanism.
Multiple sequence alignment (Figure 2c) revealed highly
conserved motifs flanking the catalytic nucleophile, conforming
to the consensus patterns PL[IV]EYY[IV]V[ED][SN][YF]
and [IV][VL][AS][TV]E[GA][YW][QFS][SG][SA]G[ST]-
[AS]. Sequence analysis confirms the conservation of these
residues and their flanking sequences, including proximal
tyrosine residues that likely assist in substrate recognition via
aromatic stacking.’”*"

Furthermore, PeXynl is characterized by a multidomain
architecture comprising the GHI1 catalytic core and a C-
terminal carbohydrate-binding module (CBM1) domain.
Connecting these domains is a serine-rich linker (residues
223-255: SSGSSTISVSEGGSSGGGSPTSSTPPAQSSTPS)
(Supporting Information, Figure S2), which likely maintains
structural integrity and flexibility, analogous to the linker
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Figure 4. Enzymatic properties of purified recombinant PeXyn1. (a) Optimum pH of xylanase activity. (b) pH stability profile, showing the residual
activity after preincubation of the enzyme at different pH levels. (c) Optimal temperature for xylanase activity, measured across a temperature range
of 25—80 °C. (d) Thermostability of PeXynl, depicting the residual enzyme activity after incubation at 50 and 60 °C for various time intervals up
to 120 min. Influence of different metal ions (e) and chemical compounds (f) on PeXynl activity. (g) Binding efficiency (%) of PeXynl,
PeXyn1ACBMI, and BSA to substrate. (h) Relative activities (%) of WT and selected xylanase mutants.

function in other multidomain glycoside hydrolases.”” This
CBM1 domain is critical for function; its aromatic residues
(Trp*®3, Trp?”, Tyr®™®!, Tyr*®, and Tyr*°) serve as putative
binding sites that anchor the enzyme and disrupt crystalline
substrate structures, while also contributing to thermal
stability.””>* Although removing the CBM1 might enhance
specific activity on soluble xylan, its presence is essential for the
efficient saccharification of complex substrates like bag-
asse.”> " This necessity arises because, in natural lignocellu-
losic biomass, xylan tightly coats and cross-links with cellulose
microfibrils. By possessing a cellulose-binding CBM1 domain,
PeXynl can anchor firmly to the exposed cellulose scaffold,
creating a “proximity effect” that keeps the GH11 catalytic core
in close contact with its target xylan network.*®

To further resolve the functional and evolutionary patterns
of CBMI-containing modular xylanases in P. eryngii, we
investigated the distribution of these domains across our
proteomic profiles and other published data sets under varying
cultivation conditions (Table S3). Under conditions with
simple or soluble carbon sources, the number of expressed
xylanases was minimal and those harboring a CBM1 domain
were completely absent.’® In contrast, when P. eryngii was
challenged with recalcitrant, insoluble lignocellulosic substrates
such as cellulose powder or wheat straw, the total number of
secreted xylanases increased significantly, accompanied by the
specific recruitment of CBM1-containing variants from both
the GH10 and GH11 families.

3.3. Heterologous Expression and Catalytic Properties of
PeXyn1

Pichia pastoris is a suitable host for eukaryotic protein
expression.’”*" Therefore, the PeXynl gene was expressed in
P. pastoris GS11S. Following ammonium sulfate precipitation
and nickel aflinity purification, PeXyn1 was purified as a single
band in SDS-PAGE (Figure 3a). The apparent MW was close
to, but slightly higher than, the theoretical value and was lower
than that reported for xylanases from L. edodes.” The optimal
xylanase expression condition was at 28 °C in a buffer-free
system instead of the PBS buffer (Supporting Information,

Figure S3a,b). This phenomenon is likely attributed to the
natural acidification of the unbuffered medium, which inhibits
endogenous neutral/alkaline proteases and thereby reduces
proteolytic degradation of the recombinant protein.’”
Furthermore, supplementation with Zn>" significantly en-
hanced enzymatic activity by day 9 (Supporting Information,
Figure S3c). This enhancement is attributed to zinc’s role as an
essential cofactor for zinc-finger transcription factors that
upregulate methanol metabolism genes,”> a mechanism
substantiated by the observed low methanol consumption
(Supporting Information, Figure S3d).

Purified PeXyn1 could hydrolyze xylan to reducing sugars as
detected by the DNS assay method. According to TLC analysis
(Supporting Information, Text S8), the hydrolysis of xylan by
PeXynl yielded a diverse array of xylo-oligosaccharides in a
time-dependent manner (Figure 3b). The progressive accu-
mulation of these oligosaccharides clearly indicates that
PeXynl functions primarily as an endoxylanase, consistent
with the in silico analysis above. The hydrolytic capacity of the
purified enzyme on a raw agricultural substrate was evaluated
using corncob (120 mesh) as the substrate (Supporting
Information, Text S9). As visually demonstrated by the DNS
assay (Figure 3c), the PeXynl-treated reaction mixture
exhibited a deep reddish-brown color indicative of high
reducing sugar concentrations. The application of PeXynl
led to a substantial release of reducing sugars, showing a
remarkable fold increase over the control and achieving a
maximum yield of 4.258 + 0.001 mg mL™" (Figure 3d) at 2 h.
This underscores the immense potential of PeXyn1 as a robust
biocatalyst for industrial lignocellulose bioconversion and agro-
waste valorization.**

PeXynl exhibits an acidic pH optimum of 4.5 (Figure 4a)
and demonstrates remarkable stability across a broad range
(pH 4.5—7.5), retaining >60% activity after 24 h (Figure 4b).
This alkali tolerance, similar to recombinant L. edodes
xylanase,®® suggests utility in processes requiring pH
fluctuation.”” Thermally, PeXynl functions as a mesophilic
enzyme with an optimal temperature of SO °C (Figure 4c).
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While lacking the hyper-thermostability of Thermomyces
lanuginosus or Thermotoga naphthophila enzymes,®*™° its
thermal profile resembles that of Aspergillus oryzae and
Penicillium citrinum xylanases,”””"" retaining >350% activity
after 40 min at 50 °C (Figure 4d). K* and Mn** significantly
promoted enzymatic activity (Figure 4e). The activation by
Mn?* aligns with previous reports’” and may involve the
stabilization of the active site conformation. In contrast, Cu**
exerted strong inhibition (reducing activity to 56.76 + 1.79%
at 10 mM), a common trait among xylanases,”””* potentially
caused by Cu**-induced hydrophobic shifts in tryptophan/
tyrosine microenvironments or disulfide bond disruption.”
Additionally, the enzyme tolerated organic solvents like
acetone (>40% residual activity) but was sensitive to SDS
and H,0,; the latter caused near-total activity loss, likely due
to the oxidation of critical tryptophan/methionine residues,”®
while activity enhancement by S mM DTT suggests that
preventing cysteine oxidation benefits catalytic performance
(Figure 4f). White-rot fungi utilize H,O, as an essential
cosubstrate for lignin-degrading oxidoreductases to breach the
lignin barrier.”” The severe oxidative inactivation of PeXynl
suggests that hemicellulose hydrolysis should be separated
from this oxidative burst. This evolutionary adaptation likely
ensures that hydrolytic enzymes like PeXynl function
optimally only in protective microenvironments or at later
decay stages, after the H,0,-driven ligninolysis has concluded,
thereby safely coordinating the complete depolymerization of
biomass.”*””

Purified PeXynl exhibited strict substrate specificity for
xylan, with the highest affinity for beechwood xylan followed
by corncob xylan (Table 2), with no activity on CMC-Na or

Table 2. Substrate Specificity of Xylanase PeXynl

substrates concentration (%) relative activity (%)
beechwood xylan 0.4 100
corncob xylan 0.4 21.12 + 1.69
starch 0.4 0.84 + 0.25
P-cyclodextrin 0.4 0
CMC 0.4 0

starch. While previous studies have shown that xylanase
production in P. eryngii can be induced by starch,” a feature
similar to that observed in our study, purified PeXyn1 strictly
lacks any cellulolytic background activity. This aligns perfectly
with specialized purified GHI11 xylanases from other edible
mushrooms, such as L. edodes (Xyn11A)®® and Termitomyces
clypeatus,”’ which also demonstrate no cellulase activity.
Kinetic analysis under optimal conditions yielded a K, of
27.51 mg mL™" for beechwood xylan, with a corresponding
turnover number k,, of 20.95 s™! and a catalytic efficiency k,/
K, of 0.76 mL-mg ':s™' (Table 3). Previous characterizations
of GHI1 fungal xylanases using beechwood xylan have
revealed a broad spectrum of K, values, ranging from highly

Table 3. Steady-State Kinetic Parameters of PeXynl and Its
Variants

variants If;lnL(_[F)g m‘i/r;n_mi Exr:ggll) (IsCElll ki;;/glﬁn sglinL
PeXynl /ACBM1 30.56 1.51 x 107* 61.93 2.03
PeXynl 27.51 441 x 1075 20.95 0.76
PeXynl-Y194A 14.19 1.55 X 107° 7.33 0.52

sensitive enzymes like that of Penicillium oxalicum GZ-2 (3.0
mg mL™')*" to those with moderate affinities, such as
Aspergillus tamarii (8.13 mg mL™)% and Trichoderma sp.
(19.12 mg mL™").** To specifically contextualize its catalytic
efficiency among edible mushrooms, the kinetic parameters of
PeXynl were further compared with previously reported
xylanases from these species. For instance, a recombinant
xylanase (Xyn11A) cloned from L. edodes exhibited a K, of 1.5
mg mL~! for birchwood xylan.”® Similarly, an inducible
purified xylanase from T. clypeatus showed a K, of 4 mg
mL™.%" Furthermore, kinetic studies utilizing crude xylanase
extracts from P. eryngii MTCC 1798 reported a K, of 7.21 mg
mL™.*" Compared to these highly sensitive enzymes, the
elevated K, of PeXynl indicates a high saturation threshold.
This elevated K, value suggests that PeXynl remains
catalytically active across a broad range of substrate
concentrations.”> Such a characteristic may reduce premature
enzyme saturation under substrate-rich conditions,”® thereby
supporting sustained catalytic rates and potentially facilitating
the efficient processing of lignocellulosic materials at high
substrate loadings. The industrial relevance of PeXynl is
underscored by its robust operational stability in acidic
environments, presenting a distinct advantage over the highly
variable pH optima reported for P. eryngii crude extracts.
Structurally, PeXynl features a modular architecture compris-
ing a GHI1 catalytic core and a C-terminal CBM1 domain,
analogous to the architecture of L. edodes Xyn11A.%® This
modular architecture circumvents the limitations of single-
domain GHI11 xylanases, facilitating dynamic interactions with
complex agro-industrial waste matrices. While previous studies
have extensively investigated crude xylanolytic activities from
P. eryngii, to the best of our knowledge, PeXyn1 represents the
first specific xylanase gene to be heterologously expressed and
functionally characterized from this species.

3.4. Impact of the CBM1 Domain on PeXyn1 Enzymatic
Activity and Kinetics

While P. pastoris is ideal for studying eukaryotic modifications,
high-level and cost-effective expression in E. coli is essential for
industrial production.”” The xylanase was heterologously
expressed in E. coli, and the recombinant enzyme retained its
catalytic activity. Since E. coli lacks the eukaryotic post-
translational glycosylation machinery, this functional expres-
sion indicates that either the native xylanase is not glycosylated
or that glycosylation is not essential for its hydrolytic activity.
Singh et al.*® also successfully expressed an active xylanase
from the fungus Chaetomium globosum in E. coli, which is
highly consistent with our findings. Furthermore, to investigate
whether the carbohydrate-binding module (CBM1) of PeXynl
plays a critical role in catalysis, we constructed a CBM1-
truncated variant and heterologously expressed it in E. coli
cells. Both the mature PeXynl and the truncated PeX-
ynlACBM1 were successfully expressed using the pET-28a
vector. SDS-PAGE confirmed their soluble expression
(Supporting Information, Figure S4). To investigate the role
of the CBM1 domain, their specific activities and kinetics on
beechwood xylan were compared. The specific activity of the
full-length enzyme increased significantly from 10.04 + 0.29 U
mg' to 2879 + 223 U mg™' upon CBMI truncation.
Consistent with this, PeXynlACBMI1 showed a slightly
increased K, (30.56 mg mL™') (Table 3). These results
demonstrate that CBM truncation does not impair soluble
xylan hydrolysis; instead, it improves overall specific activity
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Figure 5. Three-dimensional structure and electrostatic surface potential of PeXyn1. (a) Binding energies of different PeXynl ACBMI1 structural
models (AlphaFold 3 open/closed states, and a homology model based on template AOA067NH24) with various xylooligosaccharides. (b) Overall
ribbon representation of PeXynl, illustrating two f-sheets packed against each other and flanked by a-helices. (c) The canonical “right-hand”
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highlighted as blue sticks. (d) Electrostatic potential surface map of PeXynl.

and catalytic turnover, likely by reducing steric hindrance. This
confirms that the GHI11 catalytic core is highly competent for
soluble substrate depolymerization,” whereas the CBM is
primarily required for targeting and anchoring the enzyme to
complex, insoluble lignocellulosic matrices.”’ To directly
validate this anchoring function, an in vitro binding assay
using Avicel was performed (Figure 4g; Supporting Informa-
tion, Text S10), and the corresponding activity changes were
further assessed (Figure 4h). The full-length PeXyn1 exhibited
a high binding efficiency of approximately 78%. In contrast, the
truncated PeXynlACBMI1 showed a significantly reduced
binding capacity (~33%), while the negative control (BSA)
displayed negligible binding. These empirical results substan-
tiate that the CBM1 domain is essential for physically tethering
the enzyme to insoluble substrates, providing robust evidence
for the proposed proximity effect.

3.5. The Binding Mechanism of Xylan and Xylanase

To determine the optimal initial conformation for subsequent
simulations, molecular docking of xylo-oligosaccharides was
performed on the catalytic domain (excluding the CBM1
domain) using three receptor models: the AF3 open-state, the

AF3 closed-state, and a SWISS-MODEL homology model
(Figure Sa). Because the binding energies showed only minor
differences among the models, the AF3 open-state structure
was selected for further analysis. Its more accessible active cleft
better accommodates initial substrate entry and facilitates the
observation of the dynamic induced-fit closure mechanism
during molecular dynamics simulations. The protein structure
predicted by AlphaFold3 reveals that the tertiary structure of
PeXynl adopts the canonical GHI11 S-elly roll topology,
comprising two a-helices and 14 antiparallel S-strands (Figure
Sb). This forms a “right-handed” conformation where the loop
connecting strands B6 and B7 constitutes a specific “Thumb”
structure (Figure Sc and Supporting Information, Figure SS).
Consistent with the crystal structures of GH11 enzymes, this
region partially encloses the active cleft while imparting
flexibility.”" The curved f-sheet B8 and the “Thumb” define
a deep active cleft capable of accommodating approximately six
xylose units, aligning with classical descriptions of the GH11
active center.”” Electrostatic potential analysis (Figure 5d)
indicates a range from —36.095 to 36.095 kT/e. Despite an
uneven overall surface charge, the electronegative environment
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Figure 7. Molecular dynamics (MD) simulation analysis of PeXynl complexed with different xylooligosaccharides (X2-X6) over 50 ns. (a) Root-
mean-square deviation (RMSD) values of the backbone atoms. (b) Root-mean-square fluctuation (RMSF) of the amino acid residues. (c) Number
of intermolecular hydrogen bonds between PeXynl and the respective substrates. (d) Radius of gyration (Rg) of the complexes. (e) Solvent-

accessible surface area (SASA) of the complexes during the simulation.

of the active center remains consistent regardless of substrate
chain length in molecular docking results using AutoDock Vina
(Supporting Information, Figure S6). Furthermore, docking
simulations show that the substrate contact surface area
increases significantly upon binding longer substrates (Sup-
porting Information, Table S4), strongly suggesting a potential
induced-fit mechanism.

Molecular docking elucidated the binding details of PeXyn1
with xylans of varying degrees of polymerization (Figure 6).
The active pocket forms a long, deep cleft (Figure 6a) lined
with aromatic and polar residues (Arg' and Asn®'). Notably,
Trp** and Tyr* act as a “clamp” flanking the sugar ring (Figure
6b), theoretically providing steric hindrance to limit substrate
sliding while creating a stabilizing hydrophobic environment.”
Substrate recognition heavily relies on aromatic stacking within
a hydrophobic platform formed by Tyr'**, Tyr™, Trp®, Trp*,
Tyr'®, and Trp**. Specifically, Trp** forms weak hydrogen
bonds and pi—sigma interactions, theoretically contributing to
active center rigidity and thermal stability.”* Within this cleft,
conserved catalytic residues Glu'® and Glu>® flank the
glycosidic bond to catalyze hydrolysis (Figure 6b).”> Complex
stability is primarily driven by hydrogen bonding, increasing
from S bonds in xylobiose to 15 in xylohexaose (Figure 6c).
While Tyr'** and Tyr®* anchor the O, and O; atoms, Glu**
bonds primarily with short-chain substrates. For pentamers and
longer chains, both Glu'® and Glu®® interact with substrate
carbon atoms. To robustly validate these docking interactions,
site-directed mutagenesis was performed on these predicted
key residues (Figure 4h; primers listed in Supporting
Information, Table S2). The substitution of the catalytic
residues (E103A and E200A) resulted in a complete loss of
enzymatic activity, confirming their indispensable role in
hydrolysis.”* Furthermore, alanine mutations of the crucial
aromatic residues forming the hydrophobic platform and the

proposed substrate “clamp” (W34A, Y94A, and W96A) also
completely abolished activity. This profound loss of function
directly substantiates our structural observation that Trp>* and
Tyr’* constitute an essential clamp mechanism strictly required
for securing the substrate. The Y194A mutation retained
approximately 48% of the wild-type activity and showed
markedly impaired kinetic performance (Table 3). While the
decreased K, value indicates stronger substrate binding, the
reduced catalytic activity suggests that Tyr'** plays a critical
role in facilitating productive substrate orientation and
transition-state stabilization, thereby supporting eflicient
catalysis rather than being strictly required for substrate
recognition. Bond length analysis reveals interaction range
from 1.94—2.66 A for xylobiose, extending up to 3.36 A for
longer substrates due to increased conformational freedom of
the extended chains (Figure 6c). Binding energy calculations
revealed a strong chain-length dependency for full-length
PeXynl, with affinity peaking for xylohexaose (—11.7 kJ
mol™") and weakening to —7.2 k] mol™' for xylobiose
(Supporting Information, Table S4). This indicates that the
affinity increases significantly with chain length,”® demonstrat-
ing the potential high adaptability of PeXynl for long-chain
xylo-oligosaccharides.

To evaluate potential steric interference by the CBMI, a
truncated model was docked with xylopentaose and xylohex-
aose using AutoDock Vina (Supporting Information, Figure
S$7; Table SS). The binding posture remained highly consistent
with the full-length protein, indicating no significant steric
hindrance from the CBMI1 (Supporting Information, Figure
S7a). The catalytic pair Glu'® and Glu*® maintained precise
anchoring (Supporting Information, Figure S7b). However,
without CBMI, the Glu'®-xylopentaose interaction shifted
from CS to C3 (Supporting Information, Figure S7c).
Interactions involving CBM1 residues (Trp244, Gly245, and
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GIn**) disappeared, while Tyr*** stabilization at the substrate

terminus became prominent, making aromatic stacking effects
more pronounced.”” Molecular modeling performed with
AlphaFold3 further suggests a possible interaction between
the CBM1 domain and the substrate (Supporting Information,
Figure S8). Docking results revealed that high-polymerization
substrates were predicted to additionally engage Asn®® via
hydrogen bonding. The catalytic core maintains electrostatic
independence without the CBM1, meaning that the CBM1
domain assists in anchoring without altering the physicochem-
ical microenvironment (Supporting Information, Figure S6).
Notably, the truncation of the CBM1 domain reduced the
binding affinity for xylohexaose to —10.3 kJ mol™', while the
affinity for xylobiose remained largely unchanged (—7.1 kJ
mol™") (Supporting Information, Table S6). Ultimately, the
stronger affinity energy in the mature protein suggests that the
CBM1 domain may contribute to stabilizing the substrate
binding conformation. Therefore, the proposed contribution of
CBM1 to the stabilization of longer xylo-oligosaccharides
should be regarded as a structural prediction that requires
further experimental validation. Crucially, our in vitro binding
assay (Figure 4g) empirically demonstrated the indispensable
role of the CBM1 domain in physically anchoring PeXyn1 to
the insoluble substrates.

Interestingly, while the removal of the CBM1 domain may
enhance the specific activity of the enzyme against soluble
substrates under in vitro experimental conditions, both our
structural analysis and existing literature underscore its vital
role in binding long-chain substrates.” In the highly complex
and insoluble lignocellulosic matrix of natural environments,
this enhanced affinity for longer chains provided by the CBM1
is likely indispensable.”® By efficiently anchoring the enzyme to
the extended polysaccharide networks, the CBM1 domain
facilitates sustained, localized hydrolysis,”® thereby potentially
conferring a critical ecological advantage for the efficient
degradation of solid biomass by P. eryngii.

3.6. Molecular Dynamics Simulations of PeXyn1 with DP
2—6 Xylo-Oligosaccharides

To evaluate the structural stability of PeXynl upon binding to
xylo-oligosaccharides of varying polymerization degrees,
molecular dynamics (MD) simulations were performed. In
the initial phase (0—10 ns), the root-mean-square deviation
(RMSD) values of all systems increased sharply before
converging to a stable fluctuation range, indicating a sufficient
simulation duration to reach equilibrium.”® During equili-
brium, the average backbone RMSD displayed a gradual
upward trend correlated with the substrate length. Complexes
with short-chain substrates stabilized at lower RMSD levels.
Conversely, longer xylan chains slightly increased steady-state
RMSD values and fluctuation amplitudes. This suggests
substrate-induced conformational adjustments rather than
structural destabilization, as all systems remained well
equilibrated throughout the simulation (Figure 7a). This
interpretation is further supported by the ligand RMSD
analysis. In contrast to the protein backbone (Supporting
Information, Figure S9a), the ligand RMSD exhibited an
inverse trend (Supporting Information, Figure S9b). Short-
chain substrates showed high fluctuations, whereas long-chain
ligand RMSD curves became significantly flatter with lower
mean values. Notably, the X6 system ligand maintained a low
fluctuation amplitude, indicating stable anchoring within the
catalytic center.” Root-mean-square fluctuation (RMSF)

analysis (Figure 7b) revealed high rigidity in the catalytic
domain (residues 18—216) across all systems. The CBMl
domain (residues 239—275) exhibited higher fluctuations, but
its amplitude was negatively correlated with substrate length.
Reduced flexibility in the C-terminal region has been
associated with improved thermostability,” indicating that
long-chain substrates effectively restrict CBM1 motions and
contribute to regional stabilization.

During the simulations, hydrogen bonds formed between
PeXynl and xylo-oligosaccharides (Figure 7c), peaking in the
X6 system with an average of 10—12 bonds. This robust
hydrogen-bond network provides a structural basis for the
reduced CBM1 flexibility observed in the RMSF analysis.
Extended glycan chains occupied the —2 to +1 subsites and
reached distal subsites, forming direct hydrogen bonds with the
CBM1. This enhanced hydrogen bonding is inferred to
strengthen structural rigidity and lock the enzyme’s con-
formation, which may improve thermodynamic stability.'*>'*!
With increasing substrate length, the complex’s radius of
gyration (Rg) and total solvent-accessible surface area (SASA)
gradually decreased (Figure 7d, e), stabilizing near 1.8 and 120
nm?, respectively. A low R, state combined with extensive
hydrogen bonding suggests that the catalytic and CBMI1
domains are drawn tightly together. Since substrate binding is
accompanied by desolvation, the reduced SASA suggests
effective shielding of hydrophobic regions within the active-site
cleft and binding channel, consistent with decreased solvent
accessibility and enhanced stabilization of the enzyme—
substrate complex.””'** Collectively, the MD analyses support
a substrate-induced stabilization model. Although longer xylo-
oligosaccharides caused modest increases in backbone RMSD,
indicative of conformational adaptation, they simultaneously
reduced ligand mobility and CBM1 flexibility, promoted the
formation of a more extensive hydrogen-bond network, and
decreased both R, and SASA values. Together, these
coordinated changes support a transition toward a more
compact and conformationally restrained state, in which long-
chain substrates stabilize the enzyme through multivalent
interactions with the bound ligand, potentially facilitating
substrate recognition and catalysis.

Opverall, this study identified and characterized PeXynl, a
cellulose-upregulated GH11 xylanase from P. eryngii, contain-
ing a C-terminal CBM1 domain. Recombinant PeXynl
exhibited broad pH stability, Mn®*-dependent activation, and
high specificity for xylan-rich agricultural biomass. Combined
structural, biochemical, and molecular dynamics analyses
revealed that long-chain substrates promote a compact and
thermodynamically stable enzyme conformation through
extensive hydrogen-bonding interactions between the catalytic
core and the CBMI1 domain. These findings provide
mechanistic insights into CBMI-mediated substrate recog-
nition and offer a foundation for the engineering of fungal
xylanases for an efficient lignocellulosic biomass conversion.
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