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with exclusive xylanase activity over a wide
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Abstract: The equine gut harbors a diverse microbial community and represents a rich source of carbohydrate-active enzymes
(CAZymes). To identify and characterize potentially novel CAZymes from a horse’s hindgut metagenome, shotgun metagenomic se-
quencing was performed on DNA extracted from a stool sample of a male horse, followed by CAZyme annotation. Here, we report on
the characterization of a novel enzyme (AH2) that was identified, synthesized, cloned, and characterized from the obtained CAZyme
dataset. AH2 was identified as a GH130 family member and displayed exclusive xylanase activity, a trait hitherto unreported in prior
characterization of GH130 CAZymes. AH2 displayed an optimal activity at a pH of 5.6 and a temperature of 50°C. AH2 maintained
significant activity across a pH range of 4—10 (62—72%) and temperatures of 30—70°C (77-86%). The enzyme had remarkable stability,
with minimal reductions in activity across a temperature range of 4-70°C and pH levels of 3, 7, and 9. Docking studies identified AH2’s
amino acids (Glu90 and Glu149) to be involved in substrate binding. Molecular dynamics simulation confirmed the structural stability
of AH2 at pH 5.6 and 50°C, further supporting its resilience under these conditions. Our results expand on the known activities as-
sociated with the GH130 CAZyme family and demonstrate that the horse gut metagenome represents an unexplored source of novel
CAZymes.

One-Sentence Summary: A novel activity for members of the CAZyme family GH130.
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Graphical abstract

Introduction Previous studies have predominantly focused on the micro-
bial community of ruminants like cattle and sheep. Unlike rumi-
nants, horses are hindgut fermenters, relying more extensively
on the microbial population residing in their hindgut for fer-
mentation and digestion (Karasov & Douglas, 2013; Dicks et al,,
2014; Stewart et al., 2018; Cholewinska et al., 2020; Forcina et
al., 2022). Horse’s diet includes a substantial amount of plant
polymers such as cellulose, hemicelluloses, and pectins, ranging
from 35 to 60%. Such polymers are resistant to digestion by the
horse’s own enzymes, necessitating the involvement of hindgut
microbial enzymes in their breakdown (Julliand & Grimm, 2017).
Recently, Li and colleagues have suggested that most CAZymes
in the equine gut are currently unexplored (Li et al., 2023).

Mammalian herbivores employ different strategies for effective
degradation of plant cell biomass (Bergmann, 2017). The major-
ity of mammalian herbivores are either foregut fermenters, pos-
sessing a specialized stomach chamber (rumen), or hindgut fer-
menters, possessing an enlarged caecum. Within these special-
ized rumen or caecum chambers, a highly diverse microbial com-
munity develops and secretes a diverse array of carbohydrate-
degrading enzymes (carbohydrate-active enzymes [CAZymes]),
such as endoglucanases, exoglucanases, beta-glucosidases, xy-
lanases, and lignin peroxidases, that efficiently convert animal
feed into short-chain volatile fatty acids, a major nutrient source
for the host animal (Takizawa et al., 2020).
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Therefore, the horse’s hindgut represents a poorly explored fer-
mentation system hosting potent lignocellulolytic microbes en-
coding different novel CAZymes, facilitating the conversion of lig-
nocellulosic feed mainly into volatile fatty acids, an essential step
for equine life.

Carbohydrate active enzymes (CAZymes) is a collective term
that encompasses all enzymes involved in the synthesis or break-
down of polysaccharides. According to the CAZy database (Drula
et al., 2022), CAZymes are classified into six main classes: gly-
coside hydrolases (GHs), glycosyl transferases (GTs), polysaccha-
ride lyases, carbohydrate esterases (CEs), carbohydrate-binding
modules, and auxiliary activities. These enzymes cleave glyco-
sidic linkages, release sugars and ultimately facilitate nutrient ab-
sorption by the host herbivore. CAZymes have traditionally been
identified in sequenced genomes of various (micro)organisms. Re-
cently, direct identification and characterization of CAZymes in
metagenomic datasets have widely been implemented to circum-
vent the need for isolation and access the CAZyme repertoires of
yet-uncultured and difficult to culture microbial taxa (Berlemont
& Martiny, 2015).

In this study, we aimed to identify novel CAZymes in a horse
hindgut metagenomics dataset. We report on a GH130 family en-
zyme harboring xylanase-activity, deviating from the primary en-
zymatic activity conventionally attributed to this family. The dis-
covered enzyme was active and stable over a wide range of pH and
temperatures and encodes the conserved residues necessary for
xylan degradation.

Materials and Methods
Sample Collection and DNA Extraction

A fresh stool sample was collected from an adult male domestic
horse approximately 5 years, in Helwan district, Cairo, Egypt. The
sample was immediately placed in a sterile 50-mL plastic tube
post-defecation, sealed, and transported to the laboratory on ice
within an hour (Meili et al., 2023). Upon arrival, the sample was
stored at —20°C until DNA extraction. DNA was extracted using
the DNeasy Plant Pro Kit (Qiagen®, Germantown, MD), following
the manufacturer’s guidelines.

Shotgun Metagenomic Sequencing and
Assembly

Shotgun metagenomic sequencing was performed using NextSeq
2 K P2 2 x 300-bp paired-end technology, with standard library
preparation using the IDT XGen library kit. Sequencing was con-
ducted at the University of Oklahoma, Clinical Genomics Facil-
ity. Subsequent read processing and assembly were executed us-
ing the KBase online server (Arkin et al,, 2018). Briefly, [llumina
adapter sequences were removed using BBTools v38.22, and high-
quality reads were retained using Trimmomatic v.0.36 with a slid-
ing window size of 4 and a minimum quality of 15 (Bolger et
al., 2014). To achieve an assembly of high-quality reads, various
software tools were employed, including MegaHit v1.2.9 (using
both meta-large and meta-sensitive assembly (Li et al., 2015),
IDBA-UD—v1.1.3 (Peng et al., 2012), Velvet Assembler—v1.2.10
(Zerbino & Birney, 2008), and metaSPAdes—v3.15.3 (Nurk et al.,
2017). These tools were set with a minimum kmer of 27, max-
imum kmer of 127, and a minimum contig length of 1000 bp.
Subsequently, the selection of the best assembly was based on
a comprehensive comparison using Compare Assembled Contig
Distributions—v1.1.2 (Wu et al., 2016). The assembly with the
most optimal component contig lengths and size distribution was
chosen.

CAZyme Annotation and Selection Criteria

CAZyme gene-containing contigs within the best assembly were
annotated using the dbCAN2 meta server for automated CAZyme
annotation (Zhang et al., 2018), applying both HMMER (Potter et
al.,, 2018) and DIAMOND (Buchfink et al., 2021) tools with de-
fault settings. Alignments with less than 60% identity were dis-
carded to enhance precision and reduce false positive findings
(Rost, 1999). Identified CAZymes were organized based on their
similarity score, and those with a similarity between 80 and
90% were validated using BLASTX (O’Leary et al., 2016) against
the non-redundant protein database (nr) of the National Center
for Biotechnology Information (NCBI), NCBI's conserved domain
database (Marchler-Bauer et al., 2015), Pfam (Mistry et al., 2021),
and InterPro (Mitchell et al., 2015).

Synthesis and Cloning of Putative
Enzyme-Encoding Gene

The gene encoding the selected putative enzyme, designated as
AH?2, with a length of 1176 bp, was synthesized for expression
in Escherichia coli. This gene was synthesized and inserted into a
pET-21a(+) plasmid using the services of a commercial provider
(GenScript, Piscataway, NJ). Escherichia coli DH5a (Thermo Fisher,
Waltham, MA) was utilized for plasmid propagation, while E. coli
BL21(DE3) (Invitrogen, Carlsbad, CA) served as an expression host.
The recombinant plasmid containing the gene of interest was in-
troduced into E. coli BL21(DE3) cells via heat-shock transformation
(Froger & Hall, 2007) and the transformed cells were selected by
overnight incubation at 37°C on pre-dried LB agar plates contain-
ing 100 pug/mL of ampicillin.

Gene Expression and Enzyme Purification

Escherichia coli BL21(DE3) cells transformed with the recombinant
plasmid were grown in LB broth supplemented with ampicillin
(100 pg/mL) at 37°C with agitation at 200 rpm until reaching an
optical density of 0.6 at 600 nm. Induction of protein expression
was achieved by adding isopropyl £2-D-1-thiogalactopyranoside to
a final concentration of 1 mM, followed by further incubation at
37°C for 1, 2, and 3 hrs. Cells were harvested by centrifugation at
5000x g for 5 min. The harvested cell pellets were resuspended
in phosphate-buffered saline (pH 7.4) containing 1 mM phenyl-
methylsulfonyl fluoride and subjected to sonication (40% ampli-
tude, and 30 sec on/off cycle pulses) until the tubes became trans-
parent (Sankey et al.,, 2023). Whole-cell lysates were obtained by
centrifugation at 1500x g for 20 min at 4°C.

Enzyme purification was carried out by affinity chromatog-
raphy, using Ni-NTA Agarose resin (Thermo Fisher Scientific, St.
Louis, MO, USA), according to the manufacturer’s protocol. Crude
extract and purified enzyme were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli,
1970). Imidazole was removed using Slide-A-Lyzer Dialysis Cas-
settes (Thermo Fisher, Waltham, WA), against imidazole-free
phosphate-buffered saline (Makowska-Grzyska et al., 2014). Pro-
tein concentration was determined using the Bicinchoninic acid
(BCA) Protein Assay Kit (Thermo Fisher Scientific), following the
manufacturer’s instructions.

Enzyme Assays

The endoglucanase, exoglucanase, xylanase, and mannanase ac-
tivities of the purified enzyme were assessed using carboxymethyl
cellulose sodium salt (1.25% w/v), avicel microcrystallinecellu-
lose (1.25% w/v), beechwood xylan (1.25% w/v), and locust bean
gum (0.5% w/v) as substrates, respectively (all obtained from



Sigma-Aldrich, Waltham, MA, USA). Enzyme assays were per-
formed at 50°C for 20 min in 50 mM sodium acetate buffer (pH 5.6)
(Morrison et al., 2016). Following the reaction, the quantification
of the produced reducing sugars was determined using the 3,5-
dinitrosalicyclic acid method (Breuil & Saddler, 1985). Standard
curves were constructed using glucose, xylose, or mannose. All ex-
periments were conducted in duplicates. The enzymatic activity
was quantified in units (U), where one unit of activity represents
the amount of enzyme that releases one micromole of reducing
sugar equivalents per minute. The specific activity was computed
by assessing the units released per milligram of enzyme (Wat-
zlawick, 2017).

Effect of pH on Enzyme Activity and Stability

The influence of pH on the activity and stability of AH2 was ex-
amined across a range of pH values. The enzymatic activity was
assessed, as previously described, at pH of 3,4, 5.6, 7, 8,9, and 10
using the following buffer systems: sodium acetate (50 mM, pH
3-6), sodium phosphate (50 mM, pH 7), tris-HCI (50 mM, pH 8-9),
and glycine-NaOH (50 mM, pH 10) (Xiang et al., 2019). Relative ac-
tivities were reported as a fraction of the maximum activity under
optimal conditions. The stability of AH2 under different pH condi-
tions was evaluated by incubating 100 uL of the purified enzyme
atpHof3,5.6,7,9,and 11 (using glycine-NaOH buffer for pH 11) for
1 hr at 4°C (Morrison et al., 2016). Following incubation, the resid-
ual enzymatic activity was determined by the 3,5-dinitrosalicyclic
acid assay (Breuil & Saddler, 1985) and the relative activity was
calculated by comparison to the untreated enzyme. All experi-
ments were conducted in duplicate.

Effect of Temperature on Enzyme Activity and
Stability

The enzymatic activity was evaluated across a temperature range
from 30 to 80°C, with 10°C intervals, and the activity was calcu-
lated relative to that of the enzyme with maximum activity. To
evaluate the thermal stability, the purified enzyme was incubated
for 1 hr at different temperatures; 4, 25, 37, 50, and 70°C. Following
incubation, the tubes were rapidly cooled in an ice bath, and the
residual enzyme activity was assayed. The relative activity was
determined by comparing the enzyme activity of the treated sam-
ples with that of the untreated enzyme. All experiments were con-
ducted in duplicate.

Sequence Homology and Phylogenetic Analysis

The sequence homology and phylogenetic relationships between
AH2 and publicly available GH130 proteins were analyzed. A com-
prehensive search of the CAZy database via the dbCAN3 plat-
form (http://dbcan.unl.edu/dbcan/), last updated on August 13,
2024, identified 4864 sequences belonging to the GH130 fam-
ily from a total of 3613704 sequences. The dataset was manu-
ally curated to exclude GeneCatalog proteins (hypothetical pro-
teins), resulting in a refined dataset of 4 786 sequences, which was
used for phylogenetic analysis. To further explore AH2’s evolution-
ary relationships, sequences from the GH8 and GH11 families—
both known for their xylanase activity—were included, allowing
for a comparative analysis of AH2’s positioning relative to other
xylanase-active GH enzymes. Multiple Sequence Comparison by
Log-Expectation (MUSCLE) (Madeira et al., 2022) was conducted
using Mega 11 software (Molecular Evolutionary Genetics Analy-
sis), with default settings (Tamura et al., 2021). The phylogenetic
tree was generated by adopting the maximum-likelihood method
with an estimated proportion of invariable sites and bootstrap-

Hemedaetal. | 3

ping with 1000 replicates as implemented in FastTree v.2 (Price
et al,, 2010). The generated phylogenetic tree was visualized and
annotated using the Interactive Tree of Life web-based tool, facil-
itating an unbiased exploration of sequence-based classification.

In Silico Prediction of AH2-Xylan Interaction

To elucidate the interaction between AH2 and xylan, seven dif-
ferent crystal structures of proteins with endo-g-1,4-xylanase ac-
tivity [PDB IDs: 1B30 (Giibitz, 1999), 1B31 (Giibitz, 1999), 1AXK (A§
et al., 1998)], B-1,3-xylosidase [PDB IDs: 1PX8 (Yang et al., 2004),
1W91], and endo-1,3-8-xylanase [PDB IDs: 2DDX (Agarwal et al.,
2011; Sakaguchi et al., 2011), 3VPL (Zhao et al., 2023)] were sub-
jected to molecular docking to pinpoint regions of significant se-
quence similarity. Discovery Studio 4.1 Software was utilized for
molecular docking simulations (Cantarel et al., 2009; Nin-Hill et
al., 2023). Additionally, a homology model of AH2 was constructed
using the crystal structure of a homologous protein (PDB ID:
3WAS) identified through a BLAST search of the Protein Data Bank
(http://www.rcsb.org/pdb). The 3WAS template was selected due
to its favorable structural alignment and validation in terms of
secondary and tertiary structure. The AH2 sequence was aligned
with the 3WAS template using a multiple-sequence alignment
protocol, and the resulting 3D model was generated based on
this alignment. Structural evaluation of the model revealed a se-
quence identity of approximately 79.43% and a sequence simi-
larity of 100% with the template, confirming the reliability of the
generated structure.

Molecular Docking of Macromolecules

The crystal structures of the seven xylanase proteins were down-
loaded from the Protein Data Bank (www.rcsb.org) and prepared
for protein alignments. The proteins were subjected to cleaning
procedures, including the addition of hydrogen atoms to amino
acid residues to complete missing residues, water molecules were
removed, and a Force Field approach using CHARMm and MMFF94
partial charges was applied. The seven sequences of B-xylanases
were subjected to superimposition and protein alignment with
AH2. RMSD (Root mean square deviation) was studied as a mea-
sure of the average distance between the atoms of superimposed
protein structures.

Molecular Docking of Small Molecule Ligand to
AH2

The small molecule ligand co-crystallized with the protein 1B31,
the xylanase protein with the best alignment result to AH2, was
prepared for molecular modelling simulation study via the “Pre-
pare Ligand” protocol; Force Field using CHARMm and MMFF94
partial charge was applied. Docking the ligand into the binding site
of AH2 was performed using the C-DOCKER algorithm. The result-
ing binding modes were studied to confirm the biological activity
along with the binding affinity of AH2 (Elhusseiny et al., 2022).

Molecular Dynamics (MD) Simulation

The Molecular Dynamics Simulation (MD simulation) was em-
ployed to validate the stability of AH2. The AH2-ligand com-
plex was enrolled to the MD simulation using Discovery Stu-
dio 4.1. client. CHARMm force field parameters for the investi-
gated protein were generated automatically. The protein residue
was adjusted to standard ionization states at normal physiologi-
cal conditions (pH 7.0). Finally, the MD simulations were run for
200 ns under constant pressure (NVT ensemble). Data calculation
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Table 1. Family Classification of Predicted CAZymes in the Horse
Metagenome Sample using DIAMOND

Class GH GT CBM PL CE Total
Subjects 296 114 81 3 20 514
Families 50 16 50 2 16 134

Note. GH = glycoside hydrolases; GT = glycoside transferases; CBM =
carbohydrate-binding modules; PL = polysaccharide lyases; CE = carbohydrate
esterases.

includes calculation of the binding free energy, RMSD and root-
mean-square fluctuation (RMSF) to predict the stability of the
studied protein. The stability of AH2 was investigated over a tem-
perature range of 290-370 K (16.85-96.85°C) and a pH range of 4.9-
6.8.

Nucleotide Sequence Accession Number

Shotgun metagenomics sequences have been deposited in
GenBank under BioProject number PRJNA887424, BioSample:
SAMN34141582; Sample name: Horse_168; SRA: SRS17292849.
The sequence of AH2 xylanase extracted from this metagenomic
sample is provided in the supplementary document and has been
deposited in GenBank under accession number PQ389436.

Results

Almost 1.96 Gbp raw sequence data from 13071068 reads were
obtained. Among various assemblies available through Kbase,
MegaHit provided the best output (highest N50, highest num-
ber of Contigs >100 Kb) and was used for subsequent CAZyme
prediction.

CAZymes Prediction and Sequence Analysis

A total of 514 CAZymes-encoding genes (with >60% identity) were
predicted. The identified CAZyme belonged to 134 different fam-
ilies from the MegaHit assembly file, according to the DIAMOND
tool. The class of GHs was the most abundant, identifying 296 can-
didates across 50 families (Table 1).

Bottom of Form

DIAMOND annotation output was used for a subsequent filtra-
tion process, applying a similarity threshold of 80-90%, ensur-
ing the discovery of novel variants while retaining conserved re-
gions and aiding in exploring functional variation. This resulted
in the identification of 21 CAZymes, including 12 GHs, four GTs,
and one CE, along with four proteins displaying multiple identi-
ties (Supplementary Table S1). Focusing specifically on GHs (the
most abundant class), a putative enzyme from the GH130 family,
AH2 (ORF ID: k141_99292_3), was selected with 86.3% similarity
(Supplementary Fig. S1).

Cloning, Expression, and Purification of AH2
Enzyme

The recombinant plasmid containing AH2 gene inserts was trans-
formed into E. coli BL21 (DE3), as an expression host. The expres-
sion analysis revealed a distinct band corresponding to the ex-
pected product size of AH2 of approximately 45 kDa (computed
using the Compute pI/Mw tool; https://web.expasy.org/compute
_pi/). Purification of AH2 through nickel affinity chromatography
was assessed via SDS-PAGE analysis, where AH2 was mainly de-
tectable in the 500 mM imidazole elute fraction (Fig. 1).
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Fig. 1. AH2 purification by nickel affinity chromatography. SDS-PAGE
visualization of proteins from whole cell lysate (Lane 1), the flow
through (Lane 2), first wash with 20 mM imidazole (Lane 3), second wash
with 30 mM imidazole (Lane 4), third wash with 40 mM imidazole (Lane
5), and purified AH2 eluted with 500 mM imidazole (Lane 6). The gel
highlights the successful purification of AH2 protein using nickel affinity
chromatography. M = protein molecular weight marker.

Enzymatic Characterization of AH2 Enzyme
Activity

The potential endoglucanase, exoglucanase, xylanase, and man-
nanase activities of AH2 were assessed. Interestingly, AH2 only
exhibited xylanase activity with a specific activity of 5.5 + 0.28
U/mg at 50°C and pH 5.6. No detectable endoglucanase, ex-
oglucanase, or mannanase activities were observed above the
levels of the negative control under the stated experimental
conditions. It is interesting to note that characterized mem-
bers of the GH130 family primarily exhibit mannoside phos-
phorylase and mannosidase activities (Li et al., 2020). To date,
no xylanase activity has been reported to the best of our
knowledge.

Effect of pH on enzyme activity and stability

The pH dependency of AH2 xylanase activity was investigated us-
ing different buffers over a pH range of 3-10. Optimal enzyme ac-
tivity was observed at pH 5.6. Activities were detected between
pHs 3 and 10, with relatively high activity levels (62-72% of the
optimal activity from 4 to 10 (Fig. 2a).

AH?2 demonstrated maximum stability at pH 5.6, with minimal
reductions in stability observed at pH 3, 7, and 9 (with residual
enzymatic activity of 75.46 + 5.63, 81.33 & 7.65, 82.85 + 1.74%,
respectively). Exposure to extreme alkaline conditions, at pH 11,
resulted in reduced residual activity (32.06 + 6.99%,; Fig. 2b).
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Fig. 2. Effect of pH on AH2 xylanase (a) activity and (b) stability. Enzymatic activity was measured at 50°C for 20 min in different buffer systems with
different pH; sodium acetate (pH = 3, 4, and 5.6), sodium phosphate (pH = 7), tris-HCI (pH = 8 and 9), and glycine-NaOH (pH = 10). pH stability was
determined by incubating the enzyme at various pH levels of 3, 5.6, 7, 9, and 11 (using glycine-NaOH buffer at pH = 11) for 1 hr at 4°C. Results are
presented as the mean of duplicates + standard deviation, represented by error bars.
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Fig. 3. Effect of temperature on AH2 xylanase (a) activity and (b) stability. Xylanase activity was assayed at different temperatures between 30 and
80°C with intervals of 10°C. Thermostability was determined by incubating the enzyme at 4, 25, 37, 50, and 70°C for 1 hr. Results are presented as the

mean of duplicates + standard deviation, represented by error bars.

Effect of temperature on enzyme activity and stability

The highest xylanase activity of AH2 was observed at 50°C. Re-
markably, minimal reductions in activity were recorded at tem-
peratures of 30-70°C, ranging from 77.49 4 4.04% t0 86.32 £ 0.58%.
However, a notable decrease occurred at 80°C, resulting in approx-
imately 61.7 £ 6.37% of the maximum observed activity (Fig. 3a).
In addition, the thermostability of AH2 was assessed across a
spectrum of temperatures ranging from 25 to 70°C, along with an
additional assessment at 4°C (Fig. 3b). At 4, 37, and 70°C, the en-
zyme exhibited 75.90 + 3.99, 96.57 + 1.04, and 70.16 + 2.42% of
its residual activity, respectively. At room temperature (25°C), AH2
maintained considerable stability (64.16 + 1.21% residual activ-
ity). Moreover, incubation at 50°C for 1 hr enhanced the enzyme’s
activity.

Phylogenetic Analysis

The phylogenetic tree reveals that AH2 (highlighted in red) clus-
ters with a well-supported group of GH130 enzymes (in black),
underscoring its significant sequence similarity within the GH130

family. However, the marked phylogenetic distance between AH2
and the GH8 (green) and GH11 (yellow) families—both appeared as
outgroups and are known for their xylanase activity—highlights
that, despite AH2’s functional similarity in terms of xylanase ac-
tivity, it exhibits considerable sequence divergence from these es-
tablished xylanase-active families. The closest relatives to AH2
within the GH130 family are five GHs derived from Segatella
(previously known as Prevotella). Notably, one of these enzymes,
AGH13967.1, originating from a Prevotella species found in the
bovine rumen, has demonstrated endoglucanase and mannanase
activities. However, it exhibits no activity against other polysac-
charides such as xylan, xyloglucan, and lichenan (Fig. 4) (Rose-
warne et al., 2014). An overview analysis of the taxonomic distri-
bution of GH130 enzyme-producing bacteria at the phylum and
genus levels reveals that the phylum Bacteroidota is the most
prevalent, comprising nearly 31% of GH130 producers. This is fol-
lowed by Bacillota at approximately 13% and Pseudomonadota at
around 7%. At the genus level, Bacteroides is the most prominent,
accounting for about 15% of GH130 producers, with Paenibacillus
next at roughly 8%.
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Fig. 4. Phylogenetic analysis of AH2 and GH130 family sequences. (a) Circular maximum likelihood phylogenetic tree illustrating the evolutionary
relationships between AH2 and other GH130 family sequences. Distinct clustering within GH130 reflects evolutionary divergence, with AH2 positioned
in a well-supported clade, indicating close relationships with other GH130 enzymes. GH8 and GH11, appeared as outgroups, demonstrate clear
divergence from the GH130 lineage. (b) A section of the rectangular phylogenetic tree highlights AH2’s proximity to its closest relatives from Segatella
(formerly Prevotella). The figure was prepared using ITOL, and phylogenetic distances were computed under the JTT model (FastTree). Branch lengths

are relative and not to scale.

Alignments and Docking of AH2

The AH2 protein from the homology modeling was super-
imposed and aligned with seven different xylanase enzymes
(Supplementary Table S2). The superimposition results demon-
strated significant alignment between AH2 and each of these xy-
lanase enzymes, indicating strong conservation of structural fea-
tures across the compared sequences. The alighment and super-
imposition of AH? (yellow) with g-1,4-xylanase 1B31 (blue) shared
the least RMSD (19.772 A) along with the greatest number of con-
served residues involved in ligand binding: Glu56-Asn58-GIn75-
Lys79-Asn131 of 1B31 with Asn69-Asn73-Glu90-Arg94-Glu149 of
AH?2 (Fig. 5a, b).

Molecular Docking of AH2 to the Small Molecule
Ligand

The docking of AH2 to the small molecule ligand co-crystallized
with B-1,4-xylanase 1B31 (beta-D-xylopyranose-(1-4)-beta-D-
xylopyranose) was performed. The 2D-diagram of the docking
analysis revealed AH2-substrate interaction energy within a
favorable range of —43.58 to —53.048 kcal/mol. Notably, the
reported substrate consistently formed hydrogen bonds with
specific amino acid residues in the AH2 binding pocket. These
residues included Arg94, Arg88, Glu149, and Asp343. Additionally,
Van der Waals interactions were observed between the substrate
and residues Arg94, Val318, and Asp343. These interactions
contribute to the overall binding affinity and specificity between
the substrates and AH?2 (Fig. 6).

Molecular dynamics simulations were utilized to explore the
dynamic behavior of the AH2 protein, extending the analysis be-
yond the static insights provided by molecular docking. RMSD
analysis demonstrated that the AH2 protein maintained a stable
backbone conformation (Fig. 7a). Additional support for its stabil-

ity was found through RMSF analysis (Fig. 7b), where the low RMSF
values (<4 A for most residues) indicated the inherent stability of
the AH2 protein. The energy profile (Fig. 8a) showed an average
energy range of —13 200 to —13 320 kcal/mol, further confirm-
ing the protein’s stability. The stability of the protein was evalu-
ated over a temperature range of 290-370K (16.85-96.85°C), where
system temperature was below 330 K (56.85°C) most of the time
(Fig. 8b). Additionally, a pH stability assessment was conducted
within the range of 4.9—-6.8 to validate the protein’s stability at
pH 5.6. (Fig. 8c).

Discussion

We here report on a novel enzyme, AH2, exhibiting an exclu-
sive xylanase activity and belonging to GH130. Currently (August
2024), the CAZy database lists 5 246 GH130 enzymes, of which only
20 are characterized. Seventeen are mannoside phosphorylase
and three are mannosidase. Reporting xylanase activity in GH130
is significant, since to the best of our knowledge, no prior similar
activity in this family has been reported. Members of the GH130
family primarily demonstrate mannoside phosphorylase activity,
targeting 8-1,2- and B-1,4-mannosidic linkages (Macdonald et al.,
2019; Lietal., 2020). Notably, Nihira et al. (2015) identified a GH130
enzyme from Dyadobacter fermentans, which exhibited no synthetic
activity with e-D-mannose 1-phosphate but instead released a-
D-mannose from g-1,2-mannooligosaccharides with inversion of
the anomeric configuration, classifyingit as a g-1,2-mannosidase.
Similarly, a -1,2-mannosidase from Bacteroides thetaiotaomicron is
capable of hydrolyzing macromolecular mannan (Cuskin et al.,
2015). These findings illustrate the structural and functional ver-
satility of GH130 enzymes but suggest that their activity has pri-
marily been confined to mannoside-related substrates.
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A prior study attempted broader substrate screenings for
GH130 enzymes, testing polysaccharides such as xylan (from
birchwood), =xyloglucan, lichenan, glucomannan, and car-
boxymethylcellulose (Rosewarne et al, 2014). While some
enzymes displayed activity on glucomannan and carboxymethyl-
cellulose, none exhibited xylanase activity, emphasizing that
xylanase activity has not been previously associated with GH130
enzymes. However, many GH130 sequences remain biochemically
uncharacterized, hence the prospect of discovering additional
xylanases within this family is warranted.

Xylanases are versatile enzymes widely used in industries such
as biofuel production, chemical manufacturing, animal feed pro-
cessing, pulp bleaching, and baking, and in laundry detergents,

and fabric care products (Kulkarni et al., 1999). Additionally, xylo-
oligosaccharides, derived from xylanase-catalyzed hydrolysis of
xylan, exhibit prebiotic effects, rendering them valuable additives
in beverages and dairy products (Kumar et al., 2018). AH2’s exclu-
sive xylanase functionality and the lack of cellulase activity are
highly advantageous in industrial applications, as this eliminates
the risk of unwanted hydrolysis of cellulose fibers during process-
ing, aligning with the requirements for ideal xylanases in these
industries (Subramaniyan & Prema, 2002).

The specific activity of AH2, quantified at 5.5 + 0.28 U/mg
(5500 =+ 280 U/g), demonstrates noteworthy competitive potential
within the broader context of xylanases from various GH fami-
lies. This activity is comparable to that of the GH11 xylanase from
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Bacillus sp. isolated from termite abdomens, which exhibited a
similar specific activity of 5.45 U/mg (Safitri et al., 2021). Addition-
ally, AH2 outperforms other xylanases, including a thermostable
recombinant GH11 xylanase from a Bacillus subtilis strain isolated
from soil (2.2 U/mg) (Saleem et al., 2021) and another recombi-
nant GH11 xylanase from Bacillus amyloliquefaciens (2.63 U/mg) (Xu
etal., 2016). However, it is important to acknowledge that the spe-
cific activity of AH2, while competitive, is lower than some of the
highest values reported in the literature. For instance, GH11 xy-
lanases from Streptomyces lividans have demonstrated significantly
higher activities, with reported values of 60 U/mg and 119.5 U/mg.
Similarly, the GH11 xylanase from Thermobifida fusca exhibited a
higher specific activity of 51 U/mg (Gongalves et al., 2015). Addi-
tionally, it is significantly outperformed by the marine bacterium
Thermoanaerobacterium saccharolyticum NTOU1 enzyme, which ex-
hibited a specific activity of 15 U/mg (Hung et al., 2011).

The observed resilience of AH2’s xylanase activity and stability
over a wide pH range underscores its suitability for diverse indus-
tries, especially those facing extreme pH conditions. Pulp and pa-
per industries favor the utilization of alkali-active xylanase with
stability over a wide pH range. However, poultry feed applications
require xylanases to maintain activity within the acidic to neutral
pH range prevalent in the gut (Dashtestani et al., 2021). pH stands
out as a critical factor influencing enzyme activity by altering the
3D conformation of proteins, potentially leading to denaturation
and inactivation (Chen et al., 2016). Notably, AH2 exhibited opti-
mal xylanase activity at pH 5.6 (the computed pl is 5.7); this small
difference in optimal pH values may have been caused by not test-
ing 5.7 practically but testing the pH of 5 and 6 where both caused
a reduction in activity. Additionally, AH2 had a significant toler-
ance to a broad pH spectrum (pH 3-9) at 50°C (>70% residual ac-
tivity). Studies on specific xylanases from diverse sources reveal
variability in optimal pH conditions that ranged between 4 and 9
(Gupta et al., 2000; Hu et al., 2008; Khandeparkar & Bhosle, 2007).
Xylanases with optimum activity at pH of 5- 6 were reported pre-
viously (Chen et al., 2016; Kulkarni et al., 1999); other xylanases
that function at higher or lower pH were isolated from diverse
microbial species (Dao et al., 2022).

Additionally, AH2’s significant activity at pH 10 (68%) under-
scores its superior adaptability and performance compared to
other xylanases. This exceptional alkaline activity is likely due to
its elevated arginine (5%) and histidine (4%) content, which are
known to enhance enzyme stability and activity in alkaline envi-
ronments. Previous studies have analyzed the frequency of posi-
tively charged amino acid residues and found that alkaline-active



enzymes often have a higher frequency of arginine and histidine
(Dubnovitsky et al., 2005; Shirai et al., 2001). Moreover, Mamo et al.
(2009) have linked the efficacy of alkaline-active GH10 xylanases
from Bacillus halodurans to their specific amino acid compositions,
particularly the increased presence of basic residues such as argi-
nine and histidine (Mamo et al., 2009). Talens-Perales and col-
leagues also reported the possible effect of certain catalytic bind-
ing domains on the enzymatic activity at different pH and temper-
atures (Talens-Perales et al., 2020). AH2 retained approximately
49% of its activity at pH 3, indicating significant resilience and
functionality under highly acidic conditions. These findings con-
trast the general characteristics of most microbial xylanases that
are optimally active at neutral to slightly acidic pH, which tend to
have diminished activity under lower pH levels (Chen et al., 2016;
Ghadikolaei et al., 2019).

AH2 exhibited optimal stability at pH 5.6 after one hour at
4°C, while also retaining more than 75% of its enzymatic activity
across a broad pH range (3,7, and 9). Despite a decrease in stability
at pH 11, it still maintained 32% residual activity. In comparison,
xylanases with wide pH stability have been previously reported (Li
et al,, 2009; Sinma et al., 2011), while others exhibit stability over
narrower ranges (Korkmaz et al., 2017; Li et al., 2006). For exam-
ple, a xylanase from Massilia sp. retained only 10% activity at pH
11 (Xu et al., 2016), highlighting the superior stability of AH2 at
extreme pH levels.

Temperature is another important parameter for assessing the
industrial utility of enzymes (Zhao et al.,, 2021). AH2 exhibited
optimal activity at 50°C, maintaining 77-86% activity across a
wide temperature range (30-70°C). Even at 80°C, AH2 retained
62% activity, indicating significant thermostability. This optimal
temperature aligns with previous reports of bacterial xylanases
(Irfan et al., 2016; Joshi et al., 2022; Juturu & Wu, 2012). In con-
trast, many fungal xylanases exhibit optimal activity around 50°C
but lose stability above 60°C (Dhaver et al., 2022; Gaspar et al.,
1997).

The evaluation of AH2 thermostability further highlights its
adaptability across a broad temperature spectrum with >70% of
residual activity at 4, 37, and 70°C, with its least stability observed
at 25°C (64%). Most xylanases are reported in the literature with
narrower thermostability profiles (Joshi et al., 2022; Mitra et al,,
2015; Zhang et al., 2012). Thermostable xylanases were reported
previously with similar and higher stability periods at 70°C (Ajeje
etal., 2021), with few number of xylanases stable at temperatures
below 40°C (Bombardi et al., 2024; Raj et al., 2013). Of note, AH2
retained almost 76% of its activity at 4°C. Stability at low tem-
peratures is an important factor to be considered during different
enzymatic processes and storage. The significant enhancement
in AH? activity observed at 50°C following one hour of incubation
suggests that standing at its optimal temperature may induce fa-
vorable structural or conformational changes in the enzyme, con-
sequently amplifying its catalytic efficacy (Fagain, 1995; Maffucci
et al., 2020). This effect was reported previously for xylanases and
other CAZymes (Joshi et al., 2022; Santos et al., 2016).

The thermal activity and stability of AH2 across a wide temper-
ature range highlights its flexibility for use in both low and high-
temperature industrial processes. Feed processing often takes
place at elevated temperatures (Pasamontes et al., 1997). In bread
baking, xylanases transform the insoluble hemicellulose in dough
into soluble sugars, making the dough light and yielding soft bread
(Collins et al., 2005). Additionally, AH2’s stability at refrigerated
temperatures might be advantageous because it works well at
lower temperatures, improving bread quality before baking, mak-
ingit suitable in food processing, where consistent enzymatic per-
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formanceis essential for maintaining product quality and extend-
ing shelf life (Bommarius & Paye, 2013).

The utilization of xylanases in industrial applications has en-
countered significant challenges in achieving commercial viabil-
ity, primarily due to various factors. These include the limited op-
timal pH range, thermal instability of enzymes, and high produc-
tion costs associated with enzyme manufacturing (Walia et al.,
2013). While some researchers have explored approaches such as
genetic engineering (Lu et al., 2017; Xu et al.,, 2016) or enzyme im-
mobilization (Kapoor & Kuhad, 2007; Kumar et al., 2013; Madakbag
et al.,, 2013) to enhance the physical properties of naturally pro-
duced bacterial xylanases, AH2’s inherent stability and activity in
its native form offer distinct advantages in eliminating the cost for
enzymatic modifications to cope with the characteristics required
by different applications.

A phylogenetic analysis was performed to evaluate the simi-
larity between protein sequences of AH2 and the GH130 enzymes
available in the CAZy database. The resulting phylogenetic tree re-
veals that AH2 clusters within a distinct, well-supported clade of
GH130 enzymes, emphasizing its close evolutionary ties to other
GH130 members. Despite this close relationship, AH2 exhibits xy-
lanase activity, a trait that is rare among GH130 proteins. In con-
trast, the GH8 and GH11 families, known for their xylanase ac-
tivity, appear as outgroups and display significant phylogenetic
distance from AH2. This distance highlights a notable sequence
divergence between AH2 and these xylanase-active families, even
though AH2 performs similar enzymatic functions. Thus, while
AH2 shares evolutionary connections with GH130 enzymes, its
unique xylanase activity and distinct phylogenetic placement il-
lustrate its functional and evolutionary distinctiveness within the
GH130 family This distinctiveness is evident where one of the
AH2’s closest relatives within the GH130 family (AGH13967.1) does
not exhibit activity against beach wood xylan (Rosewarne et al,,
2014).

Following the characterization of AH2 and the confirmation of
its exclusive xylanase activity, we employed in silico approaches
to investigate the possible underlying structural and molecular
basis. Protein alignment analysis was performed to predict the
potential active sites and residues involved in AH2 xylanase ac-
tivity by comparing the homology model of AH2 with those of
referenced xylanase proteins, available at the protein data bank.
The analysis identified the conserved residues between AH2 and
these known enzymes. Among the analyzed proteins, endo-8-1,4-
xylanase 1B31 displayed the closest structural resemblance to
AH2, as indicated by its lowest RMSD value upon superimposi-
tion. This strong structural similarity, along with insights from
protein interface interaction analysis, led to the selection of 1B31
for further investigation of its binding interactions with AH2. The
conserved residues (Asn69-Asn73-Glu90-Arg94-Glu149) identified
from AH2’s alignment with other xylanase proteins also matched
the corresponding residues Glu56-Asn58-GIn75-Lys79-Asn131 in
B-1,4-xylanase 1B31. This alignment highlights AH2's potential
active site and supports its xylanase activity. These findings are
consistent with previous blind docking and binding site predic-
tions, which identified Glu149 as a key residue responsible for the
enzyme’s activity. Further confirmation came from the interac-
tion analysis of endo-g-1,4-xylanase 1B31 with AH2, which re-
vealed that Arg88, Glu149, and Asp343 are conserved, aligning
well with the docking and binding site prediction results. The
observed binding pattern between the 1B31 co-crystallized sub-
strate [beta-D-xylopyranose-(1-4)-beta-D-xylopyranose] and AH2
identified Glu149 as involved in hydrogen bond formation with
the candidate substrate. The protein alignment of AH2 to other
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xylanases identified the same residues as essential amino acids
for AH2 function, strongly suggesting that they play a crucial role
in the substrate binding and xylanase activity of AH2. Previous
studies on different xylanase enzymes confirmed the presence
of two glutamate amino acid catalytic residues in the enzyme
active site that are responsible for the cleavage of the xylosidic
linkage (Kim et al., 2023; Prajapati et al., 2018; Tahir et al., 2002;
Wakarchuk et al., 1994). Further studies are therefore required to
predict the crystal structure of AH2 and the active residues in-
volved in xylan binding with site-direct mutagenesis experiments
to confirm the essentiality of different residues for the xylanase
activity.

The BLAST-based homology modelingidentified 3WAS, a GH130
family enzyme with mannosidase activity, as the closest match to
AH2, sharing 79% sequence identity. However, practical enzymatic
assays confirmed that AH2 exhibits xylanase activity instead.

Molecular dynamics simulations were used to validate and
confirm the stability of the AH2 protein, with RMSD analysis re-
vealing a well-folded and stable protein structure throughout the
simulation. The low average RMSD value (around 6 A) and the high
percentage of conformations with values below 5.5 A strongly
support this observation. This stability is further confirmed by the
low RMSF values (<4 A for most residues), indicating structural
rigidity in critical regions of the protein. Additionally, the energy
profile further validates the stability, as the observed decrease in
energy over time (average range: —13200 to —13320 kcal/mol) sug-
gests the protein adopts energetically favorable and stable confor-
mations, contributing to the overall stability of AH2. The simula-
tions provided valuable insights into the influence of temperature
and pH on AH2 stability, which were used to validate and con-
firm the actual experimental results. The analysis showed that the
protein remained stable below 330 K (56.85°C) most of the time,
and the pH stability assessment indicated that the protein main-
tained at least 90% stability at pH 5.6 Notably, the predicted op-
timal stability range (pH 4.9-6.8) aligns with the experimentally
determined peak stability point at pH 5.6. These findings confirm
the results observed in vitro regarding the effect of pH and tem-
perature on AH2 enzyme activity and stability, providing a solid
foundation for future research.

Conclusions

The metagenome of an equine stool sample presents an unex-
plored source of novel CAZymes, where AH2 enzyme, annotated
as a GH130 family member, had an exclusive xylanase activity,
a previously uncharacterized activity of the GH130 family. Dock-
ing studies of AH2 confirmed the presence of Glu90 and Glu149,
the conserved residues critical for xylanase activity. MD simula-
tion demonstrated remarkable enzyme stability across a broad
pPH range and temperatures, supporting the in vitro characteri-
zation results. The enzyme characteristics confirm suitability for
different types of industrial applications and exclude the need for
costly manipulations required for the enhancement of a specific
activity needed in specialized industrial applications. This further
highlights the potential for uncovering novel enzymatic functions
within unexplored microbial communities and underscores the
importance of further research in understanding microbial diver-
sity and enzymatic potential.
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