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Abstract 
Valorization of the hemicellulose fraction of plant biomass is crucial for the sustainability of lignocellulosic biorefineries. 
The Cellulomonas genus comprises Gram-positive Actinobacteria that degrade cellulose and other polysaccharides by 
secreting a complex array of enzymes. In this work, we studied the specificity and synergy of two enzymes, CsXyn10A and 
CsAbf62A, which were identified as highly abundant in the extracellular proteome of Cellulomonas sp. B6 when grown 
on wheat bran. To explore their potential for bioprocessing, the recombinant enzymes were expressed and their activities 
were thoroughly characterized. rCsXyn10A is a GH10 endo-xylanase (EC 3.2.1.8), active across a broad pH range (5 to 
9), at temperatures up to 55 °C. rCsAbf62A is an α-l-arabinofuranosidase (ABF) (EC 3.2.1.55) that specifically removes 
α-1,2 and α-1,3-l-arabinosyl substituents from arabino-xylo-oligosaccharides (AXOS), xylan, and arabinan backbones, but 
it cannot act on double-substituted residues. It also has activity on pNPA. No differences were observed regarding activity 
when CsAbf62A was expressed with its appended CBM13 module or only the catalytic domain. The amount of xylobiose 
released from either wheat arabinoxylan or arabino-xylo-oligosaccharides increased significantly when rCsXyn10A was 
supplemented with rCsAbf62A, indicating that the removal of arabinosyl residues by rCsAbf62A improved rCsXyn10A 
accessibility to β-1,4-xylose linkages, but no synergism was observed in the deconstruction of wheat bran. These results 
contribute to designing tailor-made, substrate-specific, enzymatic cocktails for xylan valorization.

Key points
• rCsAbf62A removes α-1,2 and α-1,3-L-arabinosyl substituents from arabino-xylo-oligosaccharides, xylan, and arabinan 
backbones.
• The appended CBM13 of rCsAbf62A did not affect the specific activity of the enzyme.
• Supplementation of rCsXyn10A with rCsAbf62A improves the degradation of AXOS and xylan.
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Introduction

Increasing environmental concerns and energy costs have 
resulted in a growing urgency to use plant biomass as a 
resource to produce fuels, chemicals, and bioproducts. 
However, the composition and biochemical properties of 
the secondary plant cell wall, which is the main compo-
nent of plant biomass, confer resistance to deconstruction 
by microbes and enzymes, a trait known as biomass recal-
citrance (Himmel 2008; Alonso et al. 2010; Zhao et al. 
2012). The major constituents, cellulose, hemicellulose, 
and lignin, are arranged to form the plant cell wall, with a 
structure and relative composition that vary considerably 
between species, cell type, and developmental stage. Cel-
lulose is tightly packed in microfibrils, which are aligned 
and bound together into fibril aggregates by a matrix of 
hemicellulose and lignin (Fahlen and Salmen 2003).

Hemicelluloses are the second most abundant polysaccha-
ride on Earth after cellulose. These polysaccharides are com-
plex and structurally diverse, and their deconstruction and/or 
valorization is crucial for the sustainability of lignocellulosic 
biorefineries (Qaseem et al. 2021). The predominant types 
of hemicelluloses in plant secondary cell walls are heter-
oxylans, including glucuronoxylans (GXs), arabinoxylans 
(AXs), and glucuronoarabinoxylans (GAXs), which have 
glucuronic acid and/or arabinose residues, decorating the 
β-1,4-xylose backbone (Rogowski et al. 2015). In particular, 
GAX and neutral AX are one of the main components of 
grasses and cereal crops (Pauly and Keegstra 2008; Saha 
2003). AX has a high content of arabinose (33–45%) (Saha 
2000), in single or double α-1,2 and/or α-1,3-l-arabinosyl 
substitutions of the xylan backbone (Perlin 1951).

In nature, enzymatic hydrolysis of xylans is performed 
by a diverse group of enzymes. Among them, endo-1,4-β-
xylanases (XYNs) (EC 3.2.1.8), which hydrolyze the xylan 
backbone, can be found in nine different glycosyl hydrolase 
(GH) families: GH 5, 8, 10, 11, 30, 43, 51, 98, and 141, 
according to the carbohydrate-active enzymes (CAZy; www.​
cazy.​org) database (Drula et al. 2022). These enzymes often 
act in concert with debranching enzymes that are able to 
remove substituents present on heteroxylans (Kormelink 
and Voragen 1993; Poutanen and Puls 1989; Bachmann 
and McCarthy 1991; Long et al. 2020). In this regard, α-l-
arabinofuranosidases (ABFs) (EC 3.2.1.55, CAZy families 
GH 2, 3, 43, 51, 54 and 62), which remove α-1,2 and/or 
α-1,3-l-arabinosyl residues from the xylose backbone, are 
key for complete deconstruction of AX. The biochemical 
properties and activity profiles of all these enzymes need to 
be studied to evaluate their applications in the bioconversion 
of lignocellulosic biomass (Lagaert et al. 2014).

Significant advances in bioconversion of lignocellulosic 
biomass rely on identification of new microorganisms 

and enzymes that can utilize biomass from different plant 
sources and increase the efficacy of industrial processes. 
An encouraging approach is the exploration of microor-
ganisms growing in aerobic environments where lignocel-
lulose represents the main carbon-based nutrient source. 
Following this strategy, the strain Cellulomonas sp. B6 
was obtained from a subtropical forest soil consortium 
(Campos et al. 2014). Genomic analysis of Cellulomonas 
sp. B6 revealed a wide set of genes encoding CAZymes 
with biotechnological potential (Piccinni et al. 2019). This 
novel isolate, related phylogenetically to Cellulomonas 
flavigena, was shown to secrete a repertoire of enzymes 
involved in xylan deconstruction when grown on wheat 
bran, wheat straw, and sugar cane straw. Enzymes iden-
tified in the extracellular proteome of Cellulomonas sp. 
B6 include six xylanases from families GH10, a xylanase 
GH11, and a debranching enzyme from family GH62 (Pic-
cinni et al. 2019; Ontañon et al. 2021). The relative abun-
dance of these enzymes varied depending on the culture 
carbon source substrate, suggesting differences in their 
biological role.

In this work, we cloned and biochemically character-
ized CsXyn10A and CsAbf62A, which are among the most 
abundant proteins in the extracellular enzymatic extract of 
Cellulomonas sp. B6, when grown on wheat bran (Ontañon 
et al. 2021). We thoroughly characterized both enzymes and 
explored their possible synergism to understand their contri-
bution to pentose utilization. We show that CsXyn10A is an 
endo-1,4-β-xylanase with no activity on cellulosic substrates 
(enzymes known as cellulase-free xylanases (Walia et al. 
2017)) and CsAbf62A is an α-l-arabinofuranosidase that 
selectively removes single α-1,2 and α-1,3-arabinosyl sub-
stituents, but not double substitutions, from xylan, arabinan, 
and xylo-oligosaccharides. To further study the role of these 
enzymes in biomass deconstruction, we determined their 
activity profiles and possible synergy. We also investigated 
the contribution of its native appended carbohydrate binding 
module CBM13 to the activity of CsAbf62A.

Materials and methods

Bioinformatic analysis

The peptide sequences of CsXyn10A (GenBank 
KSW20567.1) and CsAbf62A (GenBank KSW17752.1) 
were aligned using protein BLAST (BLASTP, NCBI data-
base) (Altschul et al. 1990) against protein sequences from 
Protein Data Bank (pdb) (Berman et al. 2000) and reference 
proteins (refseq_protein) available in the NCBI database to 
identify putative catalytic residues. Protein parameter calcu-
lations and signal peptide predictions were performed using 
the ProtParam (Expasy; Swiss Institute of Bioinformatics) 
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and SignalP v5.0 (Almagro Armenteros et al. 2019) serv-
ers, respectively.The Swiss model (Waterhouse et al. 2018) 
was used to create three-dimensional models of the corre-
sponding structures which were evaluated using GMQE and 
QMEAN values. These were 0.93 and 0.89, respectively, for 
CsAbf62A (with pdb:4O8N as template), and 0.91 and 0.89, 
respectively, for CsXyn10A (with pdb:1E0V as template). 
Models were then rendered using VMD software (Humphrey 
et al. 1996).

Cloning and expression of rCsXyn10C

Total DNA from Cellulomonas sp. B6 was extracted using a 
Wizard® Genomic DNA Purification Kit (Promega, Madi-
son, USA). The coding sequence for the mature CsXyn10A 
protein (1333 bp; amino acids 34–471) was amplified from 
20 ng of bacterial genomic DNA, using Taq polymerase and 
primers gh10Emf (TTG​GAT​CCG​CCG​CCG​CCG​GCA​GCA​
CGC​TCC​AG) and gh10EMr (TTA​AGC​TTT​TAC​GAC​GCC​
GAG​CAG​GTC​AGC​GTCGG). The amplified product was 
digested with BamHI and HindIII restriction enzymes, gel 
purified (Wizard® SV Gel and PCR Clean-Up System, Pro-
mega, Madison, USA), and cloned into the protein expres-
sion vector pET28a using the same restriction sites (Novagen, 
Madison, USA). Correct integrity of the recombinant plas-
mid pET28a-His-CsXyn10A was corroborated by sequencing 
analysis (Macrogen, Seoul, Republic of Korea). The resulting 
pET28a-His-CsXyn10A construct encodes a fusion protein 
with a resulting N-terminal 6X histidine tag followed by amino 
acids 34–471 of CsXyn10A. Competent cells of Escherichia 
coli Rosetta (pLys) strain (Novagen, Madison, USA) were 
transformed for protein expression, which was induced in 
250 mL cultures at Abs600 nm: 0.8 with 0.5 mM isopropyl β-d-
1-thiogalactopyranoside (IPTG) for 16 h at 20 °C. Cells were 
centrifuged at 4000 g, 20 min, 4 °C, and the pellet was pro-
cessed for recombinant protein purification.

Cloning and expression of rCsAbf62A 
and rCsAbf62A‑cd

The complete gene coding for the mature CsAbf62A protein 
(1416 bp; amino acids 23–493) and the sequence coding for 
the catalytic module alone (904 bp; amino acids 194–493) 
were amplified using the following primers: GH62Fw1 
(AAA​GGA​TCC​GCG​ACC​GTC​GAC​ACG​AAC​GCG​TAC)-
GH62Rv (AAA​CTC​GAG​CTA​CCG​CTG​GAG​CGT​CAG​
CAG​C) for rCsAbf62A and GH62Fw2 (AAA​GGA​TCC​GTG​
CTC​GCT​GCC​GAG​CAG​CTA​C)-GH62Rv for rCsAbf62A-
cd. The amplified products were cloned into pET28a 
(Novagen, Madison, USA) as described above, but using 
BamHI and XhoI restriction sites in these cases. The result-
ing pET28a-His-CsAbf62A and pET28a-His-CsAbf62A-
cd constructs encode fusion proteins with a N-terminal 6X 

histidine tag followed by amino acids 23–493 and 194–493 
of CsAbf62A, respectively. Escherichia coli Arctic Express 
(DE3) competent cells (Agilent Technologies, Santa Clara, 
USA) were transformed with the plasmids and recombinant 
clones were induced with 1 mM IPTG for 24 h at 13 °C.

Recombinant protein purification 
and quantification

The QIAexpressionist protocol (Qiagen; Germantown, USA) 
was used to test the solubility of the recombinant proteins 
and to purify them from the soluble intracellular fraction. 
Briefly, pellets from 250 mL induced cultures were resus-
pended in 25-mL lysis buffer (50 mM NaH2PO4, 300 mM 
NaCl, 10 mM imidazole pH 8.0), cells were lysed by sonica-
tion (2 cycles of 10 s ON- 10 s OFF pulses, for 2 min), and 
the soluble fraction was recovered by centrifugation (30 min, 
10,000 g, 4 °C). Recombinant proteins were purified from 
the soluble fraction by immobilized metal affinity chroma-
tography (IMAC) with Ni–NTA agarose resin (Qiagen; Ger-
mantown, USA), using 50 mM NaH2PO4, 300 mM NaCl, 
250 mM imidazole pH 8.0 as elution buffer (QIAexpression-
ist). Quantification of the purified proteins was determined 
by Bradford assay (Promega; Madison, USA) and with a 
nanodrop equipment (Thermo Fisher Scientific, Waltham, 
USA), using the corresponding molecular weight and extinc-
tion coefficient. The yields obtained were 65 mg/L of cell 
culture of purified rCsXyn10A and 30 mg/L of cell culture 
of purified rCsAbf62A and rCsAbf62A-cd.

Polyacrylamide gel electrophoresis 
and immunoblotting

Recombinant proteins in crude cell-free extracts were 
loaded into reducing 10% SDS-PAGE gels, run at 100 V, 
and transferred to 0.45-μm nitrocellulose membrane (Bio-
Rad Laboratories Inc., Hercules, USA). The membrane was 
first incubated with 5% non-fat dried milk in Tris-buffered 
saline (TBS; 20 mM Tris–HCl, pH 7.5, 150 mM NaCl) O.N. 
at 4 °C, and then, Western blot was performed by probing 
the membrane with 0.1 μg/mL of polyclonal rabbit anti HIS 
antibody (Genescript, Piscataway, USA) for 1 h in agitation, 
washed three times with TBS buffer for 15 min, and then 
incubated with 1:15,000 dilution of alkaline phosphatase-
linked goat anti rabbit antibody (Sigma Chemical Co., 
Saint Louis, USA), for 1 h in agitation. The membrane was 
washed with TBS buffer as previously specified, incubated 
with BREFA buffer (100 mM Tris–HCl, pH 9.5, 100 mM 
NaCl, 5 mM MgCl2) for 10 min, and phosphatase activity 
was revealed by a chromogenic reaction using 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium 
(NBT) as substrates (Sigma Chemical Co., Saint Louis, 
USA).
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Activity assays

Activity assays to test substrate specificity of rCsX-
yn10A were assayed using 0.5% polymeric substrates or 
2 mM 4-nitrophenyl-β-d-xylopyranoside (pNPX). Reac-
tions (0.1  mL) contained enzyme (final concentration 
0.002–0.02 μM) or buffer and mixtures were incubated at 
40–50 °C and pH 6.0 for 10–20 min. Reactions contain-
ing BX or CMC were stopped by boiling for 10 min, and 
the reaction products were analyzed by the quantification 
of reducing sugars by the 3,5-dinitrosalicylic acid (DNS) 
method (Miller et al. 1960). Reactions containing pNPX 
were stopped by the addition of 2% Na2CO3, and the released 
p-nitrophenol (pNP) was measured by reading the absorb-
ance at 410 nm. Xylanase activity was additionally measured 
using 0.5% medium or low-viscosity wheat flour arabinoxy-
lan (WAX-mv and WAX-lv, respectively) (Megazyme, Bray, 
Ireland), following the same procedure as for BX.

Typical reactions for assaying arabinofuranosidase activ-
ity of rCsAbf62A and rCsAbf62A-cd consisted of 2 mM 
pNP-α-l-arabinofuranose (Sigma Chemical Co., Saint 
Louis, USA) and 1 μM enzyme in sodium phosphate buffer 
pH 6.0. Reactions were allowed to proceed for 10 min and 
stopped with 2% Na2CO3 as described above. Further experi-
ments were performed by incubating 0.5% (w/v) polymeric 
substrates and 0.1–1 μM enzyme at 30 °C for 5 to 60 min 
as indicated. Reaction products were quantified by the DNS 
method (Miller et al. 1960) (reducing sugars) and/or high-
performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) or visualized by 
thin-layer chromatography (TLC) or 1D 1H nuclear magnetic 
resonance (NMR) spectroscopy.

For reactions performed with natural substrates, one unit 
(U) of xylanase or arabinofuranosidase activity was defined 
as the amount of enzyme that releases 1 μmol of xylose or 
arabinose per min at the reaction conditions. For commercial 
p-nitrophenol (pNP)-sugar substrates, activity was defined 
as the amount of enzyme that liberates 1 μmol pNP per min.

Activity assays using xylo-oligosaccharides (XOS), with 
degrees of polymerization (DP) 2 to 6 (X2-X6, Megazyme, 
Bray, Ireland), were performed by incubating 1.5 mg/mL 
substrate prepared in 50 mM citrate/phosphate buffer pH 
6.5 with 0.01 μM of rCsXyn10A. Reactions were incubated 
at 45 °C for 0, 30, and 120 min, stopped by boiling, and 
cleared by centrifugation (10,000 g, 10 min). Activity assays 
using AXOS were performed in 50 μL reactions containing 
50 mg/mL 33-α-l-arabinofuranosyl-xylotetraose (XA3XX), 
23-α-l-arabinofuranosyl-xylotriose (A2XX) or 33-α-l-plus 
23-α-l-arabinofuranosyl-xylotetraose mixture (XAXX-mix) 
(Megazyme, Bray, Ireland), and 0.5 μM of purified enzyme 
in 50 mM sodium phosphate buffer pH 6.0. Reactions were 
carried out at 30 °C and 300 rpm for 4–16 h. Reaction prod-
ucts were analyzed using HPAEC-PAD or TLC.

Simultaneous activity assays

Combined activity of the recombinant proteins was first 
evaluated by incubating 5 mg/mL AXOS (XA3XX or XAXX 
mix) with 0.5 μM rCsXyn10A alone or with equal molar 
concentration of rCsAbf62A or rCsAbf62-cd. Reactions 
were incubated at 30 °C and pH 6.0 for 4 h and soluble reac-
tion products were visualized by TLC. Similar enzymatic 
reactions were performed by incubating 0.5% WAX-lv with 
0.1 μM rCsXyn10A and 0.6 μM rCsAbf62A or rCsAbf62A-
cd at 30 °C for 5 h. The substrate was also incubated with 
each enzyme alone, in the same concentrations. Reactions 
were stopped by heating at 80 °C for 10 min and soluble 
reaction products were analyzed by HPAEC-PAD.

Alcohol insoluble residue (AIR) preparation 
from wheat bran

Wheat bran was first ground to reduce particle size and then 
suspended in 80% ethanol and homogenized. The material 
was filtered by 50-μm nylon mesh and washed thoroughly 
with 80% ethanol. The sample was resuspended in 1:1 chlo-
roform/methanol, stirred for a minimum of 4 h, and re-fil-
tered by 50-μm nylon mesh. AIR was obtained by drying 
the sample at room temperature after a thorough wash with 
acetone.

Reducing sugar analysis by the DNS method

Reducing sugars were analyzed by the DNS method (Miller 
et al. 1960). Briefly, 100 μL of the reaction products was 
mixed with 200 μL of DNS and boiled for 10 min, followed 
by a 10-min incubation on ice. Two hundred microliters of 
each mixture was transferred to a 96-well plate and absorb-
ance was measured at 540 nm. Results were compared to 
a xylose standard curve (0–1 mg/mL) obtained under the 
same conditions. Control reactions without enzyme and/or 
substrate were included in the analysis.

Visualization of products by thin‑layer 
chromatography (TLC)

TLC was performed using silica gel plates (Sigma-Aldrich, 
Saint Louis, USA) in a glass chamber. First the chamber 
was saturated overnight (O.N.) with 25 mL of butanol/acetic 
acid/water (2:1:1). The silica plate was seeded at the base-
line with 2.5–10 μL of each reaction product and standards 
(0.25 mg/mL arabinose, xylose, xylobiose, or XOS with DP 
3–6), and left to dry for 15 min at 30 °C. The seeded plate 
was incubated in the glass TLC chamber with the saturat-
ing solution as mobile phase, allowing two consecutive runs 
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(until mobile phase reached 1 cm below the upper end of 
the plate). Plates were then removed, dried, and revealed by 
spraying a solution of water/ethanol/sulfuric acid (20:70:3) 
with 1% orcinol, drying, and then heating slightly with a 
heat gun until visualization of sugars.

Product analysis by mass spectrometry

Reaction supernatant (10 μL) was incubated with 2 μL 
DOWEX-50 resin (Sigma-Aldrich, Saint Louis, USA) for 
30 min at room temperature. Tubes were spun down and 1 
µL of the supernatant was mixed with an equal volume of 
10 mg/mL 2,5-dihydroxybenzoic acid (DHB) in methanol on 
a microSCOUT-MSP 96 target ground steel plate (Bruker, 
Billerica, USA). The spotted samples were then dried before 
being analyzed by mass spectrometry on a Microflex LT 
matrix-assisted laser desorption ionization time of flight 
(MALDI/TOF) instrument (Bruker, Billerica, USA).

Product analysis by high‑performance 
anion‑exchange chromatography with pulsed 
amperometric detection (HPAEC‑PAD)

Arabinose, xylose, and xylobiose were analyzed by HPAEC-
PAD in a CarboPac PA20 analytical column, 3 × 150 mm, 
and a CarboPac PA20 guard column, 3 × 30 mm, (Dionex, 
Thermo Fisher Scientific, Waltham, USA). After equilibra-
tion of the column with 50 mM NaOH for 5 min, sample 
aliquots of 20 μL were injected and separated at a flow rate 
of 0.4 mL/min at a constant temperature of 30 °C. The elu-
tion conditions were as follows: 0–5 min: from 0 to 40 mM 
NaAcO in 50 mM NaOH (curve 5); 5–11 min: from 40 to 
150 mM NaAcO in 50 mM NaOH (curve 5), 11–15 min: 
150 mM NaAcO in 50 mM NaOH. The detector tempera-
ture was set at 30 °C. Chromeleon software (Thermo Fisher, 
Waltham, USA) was used for processing and data acquisi-
tion. Integrated peak areas were compared to mono and oli-
gosaccharide calibration standards (xylose, xylobiose, and 
arabinose) purchased from Megazyme (Bray, Ireland).

1D 1H nuclear magnetic resonance (NMR) 
spectroscopy

Reactions (200 μL) containing 0.5% (w/v) WAX-mv (Mega-
zyme, Bray, Ireland) and CsAbf62A (1 μM), CsAbf62A-cd 
(1 μM), or buffer were incubated at 30 °C and pH 6.0 for 
24 h followed by a 10-min incubation at 80 °C to stop the 
reactions. Precipitation of the substrate was achieved by 
adding 400 μL of 70% ethanol and incubating at 4 °C 16 h. 
Samples were then centrifuged, and the pellets were resus-
pended in 200 μL of deterium oxide (99.9%; Cambridge 

Isotope Laboratories, Tewksbury, USA) and freeze-dried. 
The dried substrates were then resuspended again with 200 
μL of deterium oxide and placed in a 3-mm NMR tube. 1D 
and 2D 1H-NMR spectra were recorded with a Varian Inova 
NMR spectrometer (Varian, Inc., Agilent Technologies, Palo 
Alto, USA) operating at 600 MHz equipped with a 5-mm 
cold probe and with a sample temperature of 298 K. Chemi-
cal shifts are given in ppm relative to an internal dimethyl 
sulfoxide (DMSO) standard (δ1H 2.721). The NMR spectra 
were processed using MNova software (Mestrelab Research 
S.L., Santiago de Compostela, Spain).

Determination of kinetic parameters

GraphPad 6.01 software (GraphPad Software Inc.) was 
employed to identify the best kinetics model for each recom-
binant enzyme and to calculate the kinetic parameters Kcat, 
KM, and Vmax.

Thermal shift assay

For thermal shift analysis, reactions (30 μL) containing 3 
μL of a 1:10 dilution of SYPRO™ Orange protein gel stain 
(Sigma-Aldrich, Saint Louis, USA) in H2O, and 5 μM puri-
fied enzyme in 50 mM sodium phosphate buffer pH 6.0, in 
the presence or absence of 10 mM CaCl2, were incubated 
in a OneStep Plus qPCR System (Applied Biosystems, 
Waltham, USA). Melting curves were generated by meas-
uring fluorescence intensity at a temperature gradient of 
25–90 °C with 1 °C intervals. The melting temperature (Tm) 
of the proteins was determined for each condition tested.

Results

Recombinant expression of CsXyn10A and CsAbf62A

CsXyn10A and CsAbf62A are both modular enzymes, with 
a GH catalytic domain (CD) and a carbohydrate binding 
module (CBM): GH10-CBM2 and CBM13-GH62. Homol-
ogy-based comparisons and protein modeling allowed us to 
predict structure, catalytic residues, and potential calcium 
binding motifs (only present in CsAbf62A) as well as to 
identify the sequence corresponding to the N-terminal signal 
peptide (they are both extracellular enzymes) and the cata-
lytic (CD) and carbohydrate binding (CBM) modules (Sup-
plementary Fig. S1a). These results supported the endo-1,4-
β-xylanase (XYN; EC 3.2.1.8) prediction for CsXyn10A and 
α-l-arabinofuranosidase (ABF; EC 3.2.1.55) prediction for 
CsAbf62A. To further characterize each protein, CsXyn10A 
(amino acids 34–471) and CsAbf62A (amino acids 23–493) 
were expressed, lacking the native signal peptide, in E. coli 
as recombinant N-terminal His-tagged fusion proteins. 
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We also expressed only the CD of CsAbf62A (CsAbf62A-
cd, amino acids 194–493) to evaluate the contribution of 
CBM13 to enzyme function. Recombinant (r) CsXyn10A, 
CsAbf62A, and CsAbf62A-cd were successfully produced 
and purified from the soluble fraction (Supplementary 
Fig. S1b).

Substrate specificity of rCsXyn10A

Hydrolytic activity of rCsXyn10A was evaluated on sev-
eral substrates to characterize its specificity and mode of 
action. Specific activity was 444.3 ± 44.6 and 408.6 ± 69.8 
UI/mg from beechwood xylan (BX) and low-viscosity 
wheat arabinoxylan (WAX-lv), respectively (by the DNS 
method, at 40 °C and pH 6.0). Analysis of the reaction 
products from BX hydrolysis by thin-layer chromatography 
(TLC) and matrix-assisted laser desorption/ionization time 
of flight (MALDI-TOF) mass spectrometry (MS) showed 
the enzyme released mainly X2 as well as XOS and xylose 
(X1) (Fig. 1a and c). No activity was detected on Avicel 
(crystalline cellulose), phosphoric acid swollen cellulose 

(PASC), carboxymethylcellulose (CMC), xylobiose (X2), 
and p-nitrophenyl xylopyranoside (pNPX) (Table 1), dem-
onstrating that CsXyn10A is a cellulase-free endo-1,4-β-
xylanase. Next, we evaluated the ability of rCsXyn10A to 
degrade linear XOS with degrees of polymerization (DPs) 
of 3 to 6 (X3-X6) and visualized the reaction products by 
TLC after 0, 30, and 120 min of incubation (Fig. 1b). In 
all cases, xylobiose (X2) was the main product, although 
xylotriose (X3) and xylose were also obtained, suggesting 
an endo-mechanism, with preference for internal sites. Based 
on the degradation pattern, we think that there is also a less 
favored exo-activity, releasing X1 from either the reducing 
or non-reducing end, which still remains to be determined.

Substrate specificity of rCsAbf62A and rCsAbf62A‑cd

To date, the majority of characterized GH62 enzymes is type 
B arabinofuranosidases (ABFs), which have been described 
to act on polysaccharides as well as arabino-xylo-oligosac-
charides (AXOS) and, in some cases, p-nitrophenyl-α-l-
arabinofuranoside (pNPA) (while type A ABFs act only on 

Fig. 1   Hydrolysis products of rCsXyn10A, rCsAbf62A, and rCs-
Abf62A-cd. A Thin-layer chromatography (TLC) of soluble reaction 
products of beechwood xylan (BX) and low-viscosity wheat ara-
binoxylan (WAX-lv) treated with the recombinant enzymes, as indi-
cated ( +). The lane with no enzymes corresponds to the substrate 
control. B TLC of soluble reaction products of rCsXyn10A on xylo-
oligosaccharides (X3 to X6) with varying incubation times. TLC 

standards were loaded at 0.2 mg/mL: ARA (arabinose), X1 (xylose), 
X2 (xylobiose), X3 (xylotriose), X4 (xylotetraose), X5 (xylopen-
taose), and X6 (xylohexaose). C MALDI-TOF sprectra of reaction 
products of rCsXyn10A on BX. [a.u.]: arbitrary units. XnMeGlcA 
[M + Na +]: sodium adduct of xylo-oligosaccharides with 4-O-methyl 
glucuronic acid with n degree of polymerization
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AXOS and pNPA) (Wilkens et al. 2017). To characterize 
rCsAbf62A, substrate specificity was determined using sev-
eral polysaccharide substrates and monitored by measuring 
the release of arabinose substituents from WAX, wheat 
bran, and arabinan (Table 1). Specific activity was deter-
mined on WAX-lv for rCsAbf62A (17.31 ± 1.03 IU/mg) and 
rCsAbf62A-cd (23.56 ± 2.30 UI/mg) using the DNS method. 
Soluble reaction products were visualized by TLC, demon-
strating that the enzyme hydrolyzed arabinose from WAX-
lv (Fig. 1a). Release of arabinose was also confirmed for 
wheat bran, wheat xylan, and sugar beet arabinan by high-
performance anion-exchange chromatography/pulsed amper-
ometric detection (HPAEC-PAD). As for pNP substrates, 
rCsAbf62A and rCsAbf62A-cd were only able to hydrolyze 
pNPA, among the ones tested (pNP-β-d-xylopyranoside/-d-
cellobioside/-β-d-lactobioside/-β-d-glucopyranoside).

To further determine the linkage-specificity of 
CsAbf62A, we analyzed the activity on AXOS with dif-
ferent arabinose substitutions. Activity was tested using a 
XAXX mix (XA3XX/XA2XX) (xylotetraose with α-1,2 or 
α-1,3-linked arabinose substituents), XA3XX (xylotetra-
ose with α-1,3-linked arabinose), and A2XX (xylotriose 
with α-1,2-linked arabinose). HPAEC-PAD analysis of the 

reaction products revealed rCsAbf62A (and rCsAbf62A-
cd) was able to catalyze the complete hydrolysis of ara-
binose substituents on either the O-3 or O-2 positions 
of xylose, regardless of the position along the backbone 
(Supplementary Fig. S2).

Medium viscosity WAX (WAX-mv) is heavily substituted 
with arabinose (approximately 38%) and is known to have 
α-1,3 single and α-1,3 /α-1,2 double substitutions and little, 
if any, α-1,2 single substitutions (Pitkanen et al. 2009). To 
determine whether arabinose could be released from the sin-
gle or doubly substituted xylose present in the polymer, 1H 
NMR analysis was conducted after incubation of WAX-mv 
with rCsAbf62A, rCsAbf62A-cd, or buffer as control. Spec-
tra obtained revealed the disappearance of the signal corre-
sponding to 3-linked arabinofuranosyl residues attached to 
single substituted xylose, confirming complete degradation 
of this linkage, but not of the ones corresponding to arab-
inoses attached at O-3 and O-2 of the doubly substituted 
xylose (Fig. 2) (De Man et al. 2021). This could be related 
to the narrow active site pocket, capable of accommodating 
only one arabinose residue, in the cleft that accommodates 
the xylan backbone (dos Santos et al. 2018; Maehara et al. 
2014).

Table 1   Substrate specificity analysis of rCsXyn10A, rCsAbf62A, and rCsAbf62A-cd

( +) presence or ( −) absence of reaction products. Methods: a: DNS, b: TLC, c: MALDI-TOF, d: HPAEC-PAD, e: pNP assay; n.t., not tested; 
n.d., not determined
XOS, xylo-oligosaccharides; XA3XX, xylotetraose with 1,3-linked arabinose; A2XX, xylotriose with 1,2-linked arabinose (non-reducing end); 
XAXX mix, (50:50) XA3XX:XA2XX; pNP, p-nitrophenyl-; CM, carboxymethyl substituents; Ara, arabinose; Gal, galactose; Glc, glucose; Xyl, 
xylose; GlcAOMe, methylated glucuronic acid

Substrate Main linkages Substitutions rCsXyn10A rCsAbf62A/
rCsAbf62A-
cd

Wheat arabinoxylan (WAX) (low and 
medium viscosity)

Xyl β-1,4 Ara α-1,3/Ara α-1,2 (38%)  + (a,b)  + (a,b)

Beechwood xylan Xyl β-1,4 GlcAOMe α-1,2 (13%)  + (a,c) - (a)

Poplar xylan Xyl β-1,4 n.d  + (a,c) n.t
Wheat bran n.d n.d  + (d)  + (d)

XOS (DP 2–6) Xyl β-1,4 -  + (b) n.t
XA3XX Xyl β-1,4 Ara α-1,3 (20%)  + (b)  + (b,d)

XAXX mix Xyl β-1,4 Ara α-1,3/Ara α-1,2 (20%)  + (b)  + (b,d)

A2XX Xyl β-1,4 Ara α-1,2 (25%) n.t  + (b,d)

Sugar beet arabinan Ara α-1,5 Ara α-1,3 n.t  + (d)

Debranched arabinan Ara α-1,5 - n.t - (c)

Larch arabinogalactan Gal β-1,3 Ara α-1,6; Gal β-1,6Gal β-1,6; Ara 
α-1,4Gal β-1,6; Gal β-1,6Gal β-1,4

n.t - (d)

Avicel PH-101 Glc β-1,4 - - (a) n.t
Phosphoric acid swollen cellulose Glc β-1,4 - - (a) n.t
Carboxymethylcellulose Glc β-1,4 40% CM - (a) n.t
pNP-α-l-arabinofuranoside Ara α-1,4-pN - - (e)  + (e)

pNP-β-d-xylopyranoside Xyl β-1,4-pN - - (e) - (e)

pNP-β-d-glucopyranoside Glc β-1,4-pN - - (e) - (e)
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When incubated with branched and debranched sugar 
beet arabinan, arabinose was released only from the for-
mer. Branched sugar beet arabinan consists of a α-1,5-
linked arabinofuranose backbone to which α-1,3-linked 
(and possibly some α-1,2-linked) l-arabinofuranosyl resi-
dues are appended, whereas the debranched substrate has 
been enzymatically treated to remove all α-1,2 and α-1,3-
l-arabinofuranosyl substituents from the backbone. Taken 
together, these data indicate that rCsAbf62A is able to 
remove α-1,3 or α-1,2-arabinosyl substitutions from ara-
binan, but does not act upon the main α-1,5-linked arabinan 
backbone (Supplementary Fig. S3). The enzymes were 
tested alone or in combination with a commercial α-1,5-
arabinanase (EC 3.2.1.99), and the DP of the oligosaccha-
ride products (DP 2 to 5) did not change when rCsAbf62A 
or rCsAbf62A-cd were added, further supporting that this 
enzyme cannot act on α-1,5-arabinofuranosidic linkages in 
an endo or exo-manner (Supplementary Fig. S3). Moreover, 
no activity was observed on BX, which has α-1,2-linked 
4-O-methyl glucuronic acid substituents (but no arabinose) 
or arabinogalactan from larch wood (ARGAL), which is 
appended with α-1,6-arabinosyl residues.

These results demonstrated unequivocally that 
CsAbf62A is a type B GH62 enzyme with specific 

α-l-arabinofuranosidase activity that can only remove 
mono-substituted α-1,2 and α-1,3-linked arabinose residues 
but not α-1,2 α-1,3 double arabinose substitutions. Trunca-
tion of the CBM13 did not affect the activity or specificity 
for any of the substrates assayed.

Biochemical characterization of rCsXyn10A, 
rCsAbf62A, and rCsAbf62A‑cd

Hydrolytic activity of the recombinant proteins was exam-
ined within a wide pH range (from 4.0 to 10.0), using BX for 
rCsXyn10A and pNPA for rCsAbf62A and rCsAbf62A-cd. 
The activity profile showed the highest activity at pH 6.0 
for rCsXyn10A and 5.5 for rCsAbf62A and rCsAbf62A-cd 
(Fig. 3a). These conditions were used to determine the opti-
mal reaction temperature of each enzyme and showed the 
maximum catalytic activity is at 50 °C for rCsXyn10A and 
40 °C for rCsAbf62A and rCsAbf62A-cd (Fig. 3b).

Kinetic parameters of rCsXyn10A were calculated by 
monitoring the release of reducing sugars from increas-
ing concentrations of BX by the DNS method (KM 
7.87 ± 1.03 mg/mL) and of rCsAbf62A and rCsAbf62A-cd 
by measuring pNP released from pNPA (KM 2.47 ± 0.41 μM 
and 2.46 ± 0.60 μM, respectively). Data was fitted by nonlin-
ear regression to the Michaelis–Menten model in all cases, 
suggesting a unique catalytic site with no secondary sub-
strate binding sites (Fig. 3c).

Thermal stability was assayed by pre-incubation of 
the proteins at 30 to 50 °C for 4 to 24 h, prior to activ-
ity measurements (at optimal conditions for each enzyme). 
rCsXyn10A retained more than 80% activity after being 
pre-incubated at 40 °C for 24 h, indicating a high potential 
for application in bioprocesses at this temperature, while 
its activity significantly decreased after pre-incubation at 
45 °C (retaining 30% activity after 24 h) and 50 °C (only 
20% residual activity after 1 h) (Supplementary Fig. S4a). 
rCsAbf62A and rCsAbf62A-cd were active at lower tem-
peratures than rCsXyn10A (Fig. 3) and also showed less 
thermal, with higher residual activity at 30 °C than at 40 °C 
(Supplementary Fig. S4c and e). The recombinant enzymes 
were active for at least 5 months stored at 4 °C, while they 
lost activity when stored at − 20 °C (without glycerol).

Melting curves of the recombinant proteins were analyzed 
by thermal shift assays, to further investigate their thermal 
stability. As there was a prediction of calcium binding sites 
for CsAbf62A (Supplementary Fig. S1), the effect of cal-
cium was also tested. The Tm, without the addition of CaCl2, 
was 55° C, 40.9° C, and 41° C for rCsXyn10A, rCsAbf62A, 
and rCsAbf62A-cd, respectively. A positive shift of 3 °C 
was observed in the Tm (44.6° C) of both, rCsAbf62A and 
rCsAbf62A-cd, in the presence of 10 mM CaCl2, suggesting 
that Ca2+ reduces the sensitivity of these proteins to thermal 
inactivation (Supplementary Fig. S4d and f). The shoulder 

Fig. 2   1D 1H NMR of rCsAbf62A and rCsAbf62A-cd wheat arabi-
noxylan reaction products. In the schematic, linkages within the poly-
saccharide (a–c) are labeled to correspond with peaks in the NMR 
spectra (a: α-1,3 linked Araf in single substitutions; b: α-1,3 linked 
Araf in double substitutions; c: α-1,2 linked Araf in double substitu-
tions). Spectra are vertically aligned and the yellow dotted line indi-
cates the position of peak “a.” The control spectrum is arabinoxylan 
that was incubated with protein buffer
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Fig. 3   Activity profile of rCsXyn10A, rCsAbf62A, and rCsAbf62A-
cd. Optimal A pH condition, B temperature, and C substrate con-
centration, for the activity of rCsXyn10A (left) and rCsAbf62A and 
rCsAbf62A-cd (right). Optimal pH was determined at 50  °C for 
rCsXyn10A and 30  °C for rCsAbf62A and rCsAbf62A-cd. Optimal 

temperature was tested at pH 6.0 for all enzymes. The curves shown 
in C were obtained at 50 °C and pH 6.0 for rCsXyn10A and 30 °C 
and pH 5.5 for rCsAbf62A and rCsAbf62A-cd. Error bars indicate 
standard deviation of triplicates
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present in the melting curve of rCsAbf62A corresponds 
to the CBM13 module as it is not present in rCsAbf62A-
cd profile. As expected, no differences were observed for 
rCsXyn10A. These results are consistent with the predicted 
calcium binding sites in CsAbf62A (absent in CsXyn10A). 
Also, hydrolytic activity of the proteins was analyzed in the 
presence of divalent ions. Activity of rCsXyn10A was not 
affected by the presence of Ca2+, Cu2+, Ni2+, and Mg2+, but 
it decreased significantly when incubated with Mn2+ and 
Co2+ (Supplementary Fig. S5). The increase in stability of 
rCsAbf62A and rCsAbf62A-cd in the presence of Ca2+ cor-
related with an improvement in activity, both at 30 and 40 °C 
(assayed on pNPA) (Supplementary Fig. S6).

Synergism in xylan degradation and substrate 
accessibility

Arabinose substitutions can hinder the hydrolytic activity of 
endo-1,4-β-xylanases and interfere with xylan depolymeriza-
tion (Wong et al. 1988; Malgas and Pletschke 2019). Reac-
tion products from WAX-lv hydrolysis using rCsXyn10A 
alone or in combination with rCsAbf62A or rCsAbf62A-cd 
were quantified by HPAEC-PAD and visualized by TLC. Our 
results showed that the release of X2 significantly increased 
when rCsAbf62A or rCsAbf62A-cd were added to rCsX-
yn10A (Table 2, Fig. 4a). Access to the substrate was also 
tested by investigating their combined ability to deconstruct 
arabino-xylo-oligosaccharides. Arabinose-substituted xylo-
triose (A3XX, XA3X, A2XX, or XA2X) and xylose (X1) 
were the main reaction products released from XA3XX and 
XAXX-mix by rCsXyn10A alone, whereas xylobiose (X2) 
was also released when rCsAbf62A, or rCsAbf62A-cd, was 
added to the reaction (Fig. 4b). These results confirm that 
the enzymatic removal of arabinose substitutions increases 
rCsXyn10A accessibility to the substrate and enhances its 
xylanase activity.

Wheat bran digestion assays

CsXyn10A and CsAbf62A were among the most abundant 
proteins in the extracellular enzymatic extract of Cellu-
lomonas sp. B6 after growth in wheat bran (WB) as sole 

carbon source (Ontañon et al. 2021). WB is a composite that 
consists of layers of various tissues and the chemical fine 
structure of arabinoxylan varies in each layer. In addition to 
α-l-arabinofuranose substituents, some bran xylans contain 
complex sidechains and high content of ferulic acid esters 
residues (Saulnier et al. 2007). Composition analysis of the 
WB used for this study revealed a high arabinose content, 
with a ratio glucan:xylose:arabinose of 34:18:9.5 (Ontañon 
et al. 2021). We studied WB digestion by rCsXyn10A, rCs-
Abf62A, and rCsAbf62A-cd using as substrate the alcohol 
insoluble residue (AIR) of this biomass. The alcohol treat-
ment of the biomass removes small sugars, proteins, nucleic 
acids, and lipids. When the enzymes were assayed individu-
ally, xylobiose was released from WB by rCsXyn10A and 
arabinose by rCsAbf62A and rCsAbf62A-cd (Fig. 5). Again, 
no effect of the CBM13 was observed for the release of ara-
binose from WB. When rCsXyn10A was assayed in com-
bination with rCsAbf62A (or rCsAbf62A-cd) in the same 
proportion used for the WAX assay, the release of xylobiose 
remained unchanged, indicating that other factors, besides 
the single α-1,3- arabinose substitutions, may be acting as 
a bottleneck for deconstruction of this substrate. The pres-
ence of small phenolic compounds in WB, such as ferulic or 
p-coumaric acid, may also be interfering with the reaction 
(de Souza Moreira et al. 2013).

Discussions

Cellulomonas sp. B6 is a Gram-positive actinobacterium 
closely related to Cellulomonas flavigena that has proven to 
be a very valuable source for the production of carbohydrate-
active enzymes (CAZymes). It secretes several CAZymes, 
mainly active on hemicelluloses, with variable relative abun-
dance depending on the available carbon source. Among 
the extracellular proteins, a GH10-CBM2 (rCsXyn10A) and 
a GH62-CBM13 (CsAbf62A) were identified in lignocel-
lulosic biomass culture secretomes. These enzymes were 
highly abundant in wheat bran culture supernatant and less 
abundant in wheat straw and sugarcane straw supernatants 
(relative to all the secreted proteins), suggesting a prefer-
ence for arabinoxylans (Piccinni et al. 2019; Ontañon et al. 

Table 2   Concentration of xylobiose, xylose, and arabinose released from WAX-lv by rCsXyn10A alone or in combination with rCsAbf62A or 
rCsAbf62A-cd

Quantification of reaction products by HPAEC-PAD and conversion rate (%) from the polysaccharide to xylobiose (X2), xylose (X1), and ara-
binose (Ara) is shown between parentheses. The values indicate means and standard deviations from triplicates. ANOVA and Tukey tests were 
performed to determine significant differences between means (*p-value < 0.05); n.d., not detected

Enzyme X2 (mg/mL) X1 (mg/mL) Ara (mg/mL)

rCsXyn10A 0.14 ± 0.02 (4.26%) 0.05 ± 0.01 (1.44%) n.d
rCsXyn10A + rCsAbf62A 0.28 ± 0.04 (8.52%)* 0.05 ± 0.00 (1.44%) 0.17 ± 0.04 (7.99%)
rCsXyn10A + rCsAbf62A-cd 0.27 ± 0.03 (8.22%)* 0.05 ± 0.01 (1.44%) 0.17 ± 0.03 (7.99%)
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2021). The most closely related homologues to these pro-
teins in the Cellulomonas sp. reference strains were F4H4N7 
(locus Celf_0088), from Cellulomonas fimi (83.1% identity, 
in 90% coverage, with rCsXyn10A), and D5UJU4 (locus 
Cfla_2848), from C. flavigena (75.4% identity, in 95% cov-
erage, with CsAbf62A). These homologues have also been 
identified in studies of secretomes from common labora-
tory polysaccharide substrates (CMC and oat spelt xylan) 
cultures (Wakarchuk et al. 2016), which suggests they may 
play a core role in polysaccharides utilization.

In the present work, we demonstrated that rCsXyn10A 
has endo-1,4-β-xylanase activity (EC 3.2.1.8), with no addi-
tional glucanase or β-xylosidase activities, indicating it is 
an obligate xylanase. This is an important feature for eco-
friendly pulp biobleaching applications, in which cellulase 
hydrolytic activity must be avoided to preserve cellulose 
fiber integrity (Walia et al. 2017). rCsXyn10A is active on 
different sources of xylan under moderate conditions (40 °C, 
pH 6), similarly to those reported for its C. fimi homologue 
(Khanna and Gauri 1993; Kane and French 2018).

As mentioned, Cellulomonas sp. B6 also secretes 
CsAbf62A when cultured using wheat bran as the sole car-
bon source. According to the CAZy database, only 5 bacte-
rial (and 19 eukaryotic) GH62 enzymes out of 637 known 
curated entries (April 2022) have been fully characterized 
biochemically, and there are several differences regarding 
modular structure and activity among them (Wilkens et al. 
2017). rCsAbf62A, similarly to most GH62s, is a type B 
α-l-arabinofuranosidase (ABF) (EC 3.2.1.55), as it was 
able to release arabinose decorations from AXOS as well 
as from the polymers, WAX and arabinan, and also had 
activity on pNPA, which is a variable feature for type B 
ABFs. The closest homologue to CsAbf62A characterized 
to date is an ABF from Streptomyces lividans, which also 
showed activity on xylan and arabinan decorations but 
very low activity towards pNPA (Vincent et al. 1997). rCs-
Abf62A was able to release both α-1,2 and α-1,3-linked 
arabinose from single but not double-substituted xylose 
residues and was also able to remove single arabinose sub-
stituents from arabinan, an activity that has been reported 

Fig. 4   Hydrolysis of WAX-lv 
and AXOS by rCsXyn10A and 
rCsAbf62A or rCsAbf62A-
cd. Soluble reaction products 
generated by recombinant 
proteins after incubation with 
WAX-lv (A) or AXOS (B) were 
visualized by TLC. Reactions 
were carried out using enzymes 
individually or combinations of 
rCsXyn10A with rCsAbf62A 
or rCsAbf62A-cd, as indicated 
( +). XA3XX: xylotetraose 
with 1,3-linked Araf; XAXX 
mix: xylotetraose with 1,2- and 
1,3-linked Araf 
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for some other GH62 enzymes, mostly with lower specific 
activity on arabinan than on arabinoxylan (Wilkens et al. 
2017; Mroueh et al. 2019; Wang et al. 2014). Attempts 
have been made to classify GH62 in subfamilies (Siguier 
et al. 2014; Kaur et al. 2015), but most available informa-
tion is related to sequence data and there is still not enough 
biochemical information to associate differences between 
the subfamilies with functional characteristics (Wilkens 
et al. 2017). Therefore, thorough biochemical characteriza-
tion of GH62 enzymes is necessary to further characterize 
this family.

Structural analysis of GH62 ABFs showed that calcium 
ions bind to histidine in the conserved “SHG” motif sta-
bilizing their tertiary conformation (Siguier et al. 2014; 
Tonozuka et al. 2017). The effect of this ion on the activ-
ity of GH62 proteins has had ambiguous results on other 
enzymes: Abf62C from Scytadilium thermophilum (Kaur 
et al. 2015), STX-IV from Streptomyces thermoviolaceus 
(Tsujibo et al. 2002), and CcAbf62A from Coprinopsis 
cinerea (Tonozuka et al. 2017) were enhanced by Ca2+, 
whereas activity of Abf62A from S. thermophilum was 
inhibited (Kaur et al. 2015). However, both catalytic activ-
ity and thermal stability of rCsAbf62A were improved in 
the presence of CaCl2. As biomass deconstruction requires 

multiple enzymes, the optimal calcium requirement would 
have to be established for each specific process, consider-
ing all enzymes involved.

According to Wilkens et  al. (2017), 52% of GH62 
members found in public databases (from 845 analyzed) 
have one or two xylan binding CBM13 domains. CBMs 
can be essential for efficient degradation of complex 
substrates by enabling enzyme substrate accessibility or 
by controlling the direction in which the enzymes move. 
However, no significant differences were observed in the 
substrate specificity or hydrolytic activity of the full-
length enzyme when compared to the catalytic domain 
alone, in any of the conditions tested in this work. Further 
assays using more complex biomass substrates in high 
solid loading may help to unravel the contribution of the 
CBM13 module to the enzymatic degradation efficiency 
of CsAbf62A.

Modification of xylans or specific xylan structures is 
of interest to the biomass-processing industry to allow 
full biomass degradation (Smith et al. 2017). Thus, much 
effort has been dedicated to the biochemical characteriza-
tion of endo-1,4-β-xylanases, mainly from families GH10 
and GH11. However, there is a growing interest in under-
standing the mechanistic action of debranching enzymes 
that act on hemicellulolytic polymers and their synergistic 
action with xylanases. Enzymes from GH62 are receiving 
increased attention for their valuable potential to be used 
in industrial processes, especially for cereal-derived feed-
stocks, and most of the characterizations of these enzymes 
have focused on crystallographic structures, phylogenet-
ics, and specificity on model substrates (Phuengmaung 
et al. 2018). Here, we have demonstrated the potential 
of rCsXyn10A and rCsAbf62A for biomass valorization 
efforts due to their ability to act on polymeric substrates 
and oligosaccharides. In particular, when harsh biomass 
pretreatment steps are replaced by milder hydrothermal 
pretreatment (HT), digestibility can be enhanced by cou-
pling pretreatment to hemicellulose enzymatic hydrolysis. 
Also, the resulting liquid effluent is enriched in soluble 
xylan fragments and XOS, which could be then valorized 
in a C5-sugars utilization platform (Dutta et al. 2022). Syn-
ergic interactions were observed using AXOS and xylan, 
but not on wheat bran, indicating the importance of having 
a detailed knowledge of the substrate and the mechanism 
of action to adjust cocktail formulations in response to 
the composition and concentration of complex saccharide 
substrates in order to achieve full biomass conversion for 
enhanced utilization of C5 sugars in modern bio-refineries 
or functionalization of xylans for biomaterials and bioprod-
ucts. rCsXyn10A and rCsAbf62A have shown activity in 
a wide range of pH and temperature conditions, support-
ing their potential to be evaluated for food and feed bio-
processes, in which xylanses and ABFs are required, such 

Fig. 5   Wheat bran (WB) digestion by A rCsAbf62A or rCsAbf62A-
cd and B rCsXyn10A. HPAEC-PAD of soluble reaction products 
generated by rCsXyn10A (0.1  μM) and rCsAbf62A or rCsAbf62A-
cd (0.6 μM) after incubation with WB (5% w/v) (pH 6, 30 °C, 48 h). 
Retention times were compared against commercial arabinose (Ara) 
and xylobiose (X2) standards
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as the production of prebiotic XOS or improving cereal 
based poultry feed (Alokika and Singh 2019; Poria et al. 
2020).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00253-​022-​12061-3.
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