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A B S T R A C T   

Penicillium subrubescens has an expanded set of genes encoding putative endoxylanases (PsXLNs) compared to 
most other Penicillia and other fungi. In this study, all GH10 and GH11 PsXLNs were produced heterologously in 
Pichia pastoris and characterized. They were active towards beech wood xylan (BWX) and wheat flour arabi-
noxylan (WAX), and showed stability over a wide pH range. Additionally, PsXLNs released distinct oligosac-
charides from WAX, and showed significant cooperative action with P. subrubescens α-L-arabinofuranosidases 
(PsABFs) from GH51 or GH54 for WAX degradation, giving insight into a more diverse XLN and ABF system for 
the efficient degradation of complex hemicelluloses. Homology modeling analysis pointed out differences in the 
catalytic center of PsXLNs, which are discussed in view of the different modes of action observed. These findings 
facilitate understanding of structural requirements for substrate recognition to contribute to recombinant XLN 
engineering for biotechnological applications.   

Introduction 

Xylan is the most abundant hemicellulose present in many types of 
lignocellulosic plant biomass, forming a complex matrix with lignin 
within a cellulose fibril [1]. This network is essential for the structural 
integrity of plants and provides resistance to pathogenic attack, pests 
and from enzymatic degradation [2]. Degrading xylan to overcome 
lignocellulose recalcitrance is essential for the efficient utilization of 
lignocellulose in industry. Endoxylanases (XLNs) are the most crucial 
enzymes for cleavage of the xylan backbone resulting in a release of 
xylooligosaccharides (XOS) [3]. Based on amino acid sequence simi-
larity, fungal XLNs have been mainly classified as members of the 
glycoside hydrolase (GH) families GH10 and GH11 in the 
Carbohydrate-Active enZyme (CAZy) database (http://www.cazy.org/) 
[4]. They differ in their structure and substrate specificity [5–8]. 

In general, GH10 XLNs have a molecular mass of over 40 kDa and 

display a salad bowl-like (β/α)8 barrel catalytic domain, with a shallow 
groove active site located at the larger radius on the bowl top [7,9,10]. 
GH11 XLNs are less than 30 kDa in size and show a hand-like β-jelly roll 
structure, with a palm active site situated between the fingers and the 
thumb [7,11]. In the catalytic domain, GH10 XLNs have between four 
and seven substrate-binding subsites, with L-arabinosyl substitutions 
primarily accommodated at the − 3, − 2 and + 1 subsites and sometimes 
at the + 2 subsite [9,10]. GH11 XLNs mostly contain five or six subsites, 
with the − 3, + 2 and + 3 subsites having the ability to tolerate L-ara-
binosyl substitution [7,11]. The different tolerance of GH10 and GH11 
XLNs to L-arabinosyl substitution explains their distinct substrate spec-
ificities and product profiles. GH10 XLNs can tolerate a higher degree of 
substitution on the xylan chain than GH11 XLNs, and typically result in a 
greater yield of shorter oligosaccharide products [6,12]. However, both 
GH10 and GH11 XLNs have applications in various industries, e.g. food 
and feed, biofuel production, pulp and paper, and medical and 
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pharmacological industries [13–16]. 
Regardless of these known differences for GH10 and GH11 XLNs, it is 

intriguing that some filamentous fungi possess an expanded set of XLNs 
of both families encoded in their genome. One of such fungi with an 
expanded set of XLNs is Penicillium subrubescens FBCC1632/CBS132785. 
This fungus has 10 XLN-encoding genes, a number significantly higher 
than that found in related fungi, e.g. Aspergillus niger (gene number: 5), 
Trichoderma reesei (4), P. chrysogenum Wisconsin (4), and P. oxalicum (8) 
[16–19]. Previously in P. subrubescens, it was shown that the expansion 
of the set of α-galactosidases [20] and α-L-arabinofuranosidases (ABFs) 
[21] resulted in functional diversity. While those studies both addressed 
exo-acting enzymes, in this study the aim was to reveal whether such 
functional diversification also occurred for the expanded set of XLNs, or 
whether this largely resulted in enzymatic redundancy. 

For this, the genes encoding three GH10 and seven GH11 XLNs in 
P. subrubescens were heterogeneously expressed in Pichia pastoris. The 
recombinant proteins were characterized, and the product profiles to-
wards wheat flour arabinoxylan (WAX) hydrolysis, followed by ho-
mology modeling analysis, were used to understand enzyme interactions 
with decorated heteroxylan. Moreover, the cooperative action of 
P. subrubescens XLNs (PsXLNs) with P. subrubescens ABFs (PsABF) was 
assessed to find leads to improve existing enzyme cocktails degrading 
dietary fiber rich in WAX. 

Materials and methods 

Phylogenetic analysis of fungal GH10 and GH11 XLNs 

All fungal amino acid sequences in this study were obtained from JGI 
Mycocosm (https://mycocosm.jgi.doe.gov/mycocosm/home) [22] and 
the CAZy database (http://www.cazy.org/) [4] (Supplementary 
Table S1). Their signal peptides were predicted using SignalP v5.0 
(http://www.cbs.dtu.dk/services/SignalP/) and removed manually 
[23]. Sequences without signal peptides were aligned with the MAFFT 
sever (https://www.ebi.ac.uk/Tools/msa/mafft/) [24] and further 
analyzed in the Molecular Evolutionary Genetic Analysis software 
version 7 (MEGA7) [25]. Maximum likelihood (ML) was run in MEGA, 
using 500 bootstrap re-samplings with 95% partial deletion of gap under 
the Poisson correction distance of substitution rates. Three characterized 
plant GH10 XLNs were used as an outgroup of the GH10 tree [26–28], 
whereas three characterized bacterial GH11 XLNs were used as an 
outgroup of the GH11 tree [29–31]. 

Cloning of P. subrubescens XLN-encoding genes and transformation to 
Pichia pastoris 

Total RNA of P. subrubescens was extracted and purified as described 
previously [20]. Full-length cDNA was obtained with ThermoScript 
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) using total RNA 
as a template. The mature XLN-encoding genes without the native signal 
peptide-coding sequence were amplified from full-length cDNA using 
the specific primers (Supplementary Table S2). The PCR products were 
purified and digested with the appropriate restriction enzymes (Prom-
ega, Madison, WI, USA). The digested products were ligated into 
pPICZαA vector and transformed into Escherichia coli DH5α competent 
cells for propagation and sequencing. The recombinant plasmids were 
subsequently extracted from strains containing DNA of the correct 
sequence, linearized with PmeI (Promega), and then transformed by 
electroporation using a BioRad GenePulser (BioRad, Hercules, CA, USA) 
into P. pastoris strain X-33. 

Production and purification of recombinant XLNs 

The P. pastoris transformants with the highest production level were 
selected using colony Western Blot as described previously [32], and 
further cultured in YPD (yeast peptone dextrose medium) and BMGY 

(buffered glycerol complex medium) sequentially. Induction was done 
in BMMY (buffered methanol complex medium) medium at 22 ◦C, 280 
rpm with methanol being supplemented to 1% (v/v) every 24 h for 96 h. 
Culture supernatants were harvested (8000g, 4 ◦C, 20 min), concen-
trated by Vivaflow 200 membrane of 10 kDa molecular weight cutoff 
(Sartorius AG, Goettingen, Germany), and purified using an ÄKTA FPLC 
device (GE Life Sciences, Uppsala, Sweden) at 4 ◦C. Crude enzymes were 
loaded onto a HisTrap FF 1 mL column (Cytiva, Marlborough, MA, USA) 
equilibrated with 20 mM HEPES, 0.4 M NaCl, 20 mM imidazole, pH 7.5, 
and eluted using a linear gradient of 22–400 mM imidazole in buffer 
mentioned above at a flow rate of 1.0 mL/min [20]. Fractions containing 
enzyme were collected, concentrated and buffer-exchanged to 20 mM 
HEPES (pH 7.0) using 10 kDa cut-off ultrafiltration units Amicon (Merck 
Millipore, Bedford, MA, USA) [20]. The concentration of purified en-
zymes were determined using the Bradford method with bovine serum 
albumin (Pierce, Thermo Fisher Scientific, Loughborough, UK) as a 
standard (5–1000 μg/mL). These purified enzymes were filtered through 
0.22 µm filters and stored at 4 ◦C prior to further analysis biochemical 
properties and hydrolysis patterns. 

XLN activity assays and the effects of temperature and pH 

XLN activity was determined by using the DNS (3,5-dinitrosalicylic 
acid) method [33]. Xylan from beech wood (BWX, Carl Roth GmbH, 
Karlsruhe, Germany) and wheat flour (medium) (WAX, P-WAXYM, 
Megazyme, Wicklow, Ireland) were used as substrates. The standard 
reaction was performed with 20 μL of diluted purified enzyme and 60 μL 
of 0.5% (w/v) xylan in 100 mM NaOAc buffer (pH 5.0) at 40 ◦C, 110 
rpm, for 10 min. The reaction was then stopped by adding 120 μL DNS 
reagent, and incubated at 95 ◦C for 10 min. After cooling to room 
temperature, the absorbance at 540 nm was measured in a 96 well 
microplate. The reaction systems without enzymes were treated as the 
control. All experiments were carried out in triplicate. One unit (U) of 
XLN activity was defined as the amount of enzyme releasing 1 μmol of 
xylose per min under the standard assay condition. 

Temperature and pH optima of XLNs were determined at 30–90 ◦C in 
100 mM NaOAc buffer, pH 5.0, or at 40 ◦C in 100 mM citric acid- 
Na2HPO4 buffer, pH 3.0–8.0, respectively. Thermal and pH stability of 
XLNs were estimated by measuring the residual enzyme activities under 
standard condition after 1 h pre-incubation without substrate. For assay 
of thermal stability, the 1 h pre-incubation was performed at 30–90 ◦C in 
100 mM NaOAc buffer (pH 5.0). For assay of pH stability, the 1 h pre- 
treatment was carried out at 30 ◦C in 100 mM citric acid-Na2HPO4 
buffer (pH 2.0–8.0), Tris-NaCl buffer (pH 8.0–9.0), and glycine-NaOH 
buffer (pH 9.0–11.0). 

Hydrolysis of WAX by each independent XLN and analysis of product 
profile 

To investigate the product profile of WAX hydrolysis by each indi-
vidual PsXLN, 5 μg/mL XLN was incubated with 0.5% (w/v) WAX in 50 
mM NaOAc buffer (pH 5.0) at 40 ◦C, 16 h, under continuous agitation. 
The reaction without the addition of enzymes was treated as control. All 
reactions were ended by incubating at 99 ◦C for 15 min, and centrifuged 
for 10 min (20,000g, 15 ◦C). The supernatants were diluted twice and 20 
times prior to their HPSEC-RI (High Performance Size-Exclusion Chro-
matography with Refractive Index detection) and HPAEC-PAD (High- 
Performance Anion Exchange Chromatography with Pulsed Ampero-
metric Detection) analysis, respectively. 

Molecular weight distribution determination by HPSEC-RI 

The molecular weight distribution of XLN-treated and untreated 
WAX was determined by HPSEC-RI, according to [34]. Analysis was 
performed with an Ultimate 3000 HPLC System (Dionex Corp., Sunny-
vale, CA, USA) equipped 4000AW, 3000AW, and 2500AW TSK-Gel 
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Super columns (6 mm ID ×150 mm per column, 6 µm), and a TSK Super 
AW-L guard column (4.6 mm ID ×35 mm, 7 µm) (Tosoh Bioscience, 
Tokyo, Japan). The HPLC system was coupled to an ERC Refractomax 
520 detector (Biotech AB, Onsala, Sweden). The system was calibrated 
using a pullulan series of known MW (Sigma Aldrich, St. Louis, MO, 
USA). 

Product profiling by HPAEC-PAD 

Mono- and oligosaccharides were profiled by HPAEC-PAD. Analysis 
was performed with an ICS7000 HPLC system (Dionex), coupled with an 
ISC7000 ED PAD detector (Dionex) and equipped with a CarboPac™ 
PA1 IC column (250 mm × 2 mm i.d.) and a CarboPac™ PA guard 
column (50 mm × 2 mm i.d.). 0.1 M sodium hydroxide (NaOH) (A) and 
1 M sodium acetate in 0.1 M NaOH (B) were used as mobile phases. 
Analysis was performed by injecting 10 μL, at 0.3 mL/min (20 ºC) using 
the following elution profile: 0 − 32 min from 0% to 38% B (linear 
gradient), 32 − 37 min from 32% to 100% B, 37 − 42 min at 100% B 
(isocratic), 42 − 42.1 min to 100% A (linear gradient) and 42.1 − 55 min 
100% A (isocratic). 

For comparison and annotation of peaks, product profiles of WAX 
digested by commercially available and well characterized TmGH10 
(Thermotoga maritima, E-XYLATM) and NpGH11 (Neocallimastix patri-
ciarum, E-XYLNP, [35]), as well as standards (10 − 20 μg/mL, XOS, 
A2XX, XA3XX, XA2XX, A2+3XX, Megazyme) are included in this study. 
Additional peaks were putatively annotated based on the HPAEC elution 
pattern of AXOS, previously reported by [36]. 

Synergy with ABF for soluble sugar production 

To investigate the cooperative action between each individual PsXLN 
and different PsABFs, 0.6 μM of each PsXLN was simultaneously incu-
bated with 6 μM PsABF for the hydrolysis of 0.5% (w/v) WAX in 100 mM 
NaOAc buffer (pH 5.0) at 40 ◦C, 110 rpm, 24 h. The reaction systems 
without enzymes or with only a single PsXLN were treated as controls. 
The amount of reducing sugars released was determined by the DNS 
method as mentioned above. All the above hydrolysis assays were car-
ried out in triplicate. 

Homology modeling and structure analysis 

Multiple sequence alignments of putative PsXLNs with characterized 
XLNs were visualized using the Easy Sequencing in Postscript (http 
://espript.ibcp.fr/ESPript/ESPript/) [37]. Homology models were 
generated and evaluated according to the methods described elsewhere 
[38,39]. To obtain the enzyme-ligand complex and further explore how 
enzymes bind to WAX, models were superpositioned with known 
experimental 3D structures determined with ligands and visualized by 
PyMOL 2.3.5 (Schrödinger, Inc., New York, NY, USA) [39]. The models 
of GH10 XLNs were superpositioned with XA3X (subsite − 1 to − 3) from 
Streptomyces olivaceoviridis E-86 SoXyn10A (PDB ID: 1V6V) and X4 
(subsite +1 to +4) from Caldicellulosiruptor bescii CbXyn10C (PDB ID: 
5OFK) [9,40]. The models of GH11 XLNs were superpositioned with 
XA3XX (subsite − 1 to − 4) from S. olivaceoviridis E-86 SoXyn11 A (PDB 
ID: 7DFN) and X3 (subsite +1 to +3) from Trichoderma reesei TrXyn11 A 

Fig. 1. Analysis of phylogenetic relationships among the (putative) fungal XLNs from P. subrubescens and selected fungal species from GH10 (A) and GH11 (B). The 
phylogenetic tree shown was based on the ML method. Only bootstrap values above 50% are shown next to the branches to support nodes. The putative 
P. subrubescens XLNs are highlighted in bold. The previously characterized XLNs are indicated by black stars. 
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(PDB ID: 4HK8) [11,41]. 

Results and discussion 

P. subrubescens harbors a high diversity of XLNs from GH10 and GH11 

P. subrubescens stands out from most other Penicillia, as it contains an 
expanded set of genes encoding plant biomass-degrading enzymes, 
including genes encoding putative XLNs [14,19,42]. The JGI annotation 
for fungal genomes suggested that P. subrubescens contains three and 
seven members from GH10 and GH11, respectively, of which one of 
GH10 and two of GH11 contain a carbohydrate-binding module (CBM) 
domain in their sequence. To assess the diversity of these putative XLNs 
in P. subrubescens and their evolutionary relationship, PsXLNs from 
GH10 and GH11 were subjected to phylogenetic analysis with other 
fungal sequences from the corresponding family, including character-
ized enzymes (Fig. 1). 

The three GH10 members in P. subrubescens showed clear evolu-
tionary distances from each other in the phylogenetic tree, but each was 
located within a group of Eurotiomycete proteins, particularly from 
Penicillia, indicating that they are evolutionary conserved (Fig. 1A). 
PsXlnB with a C-terminal CBM domain clustered together with other 
Eurotiomycete sequences that contain a CBM domain, and showed very 
close relationship with Talaromyces purpureogenus XynD [43]. The close 
evolutionary distance between those enzymes may reflect similar 
properties. The presence of a CBM in XynD was speculated to be possibly 
involved in the binding of this enzyme to natural lignocellulosic sub-
strates [43]. A similar consideration may be applied to the role of the 

CBM in PsXlnB. 
Similar to GH10, GH11 members in P. subrubescens clearly separated 

in the phylogenetic tree, indicating their phylogenetic diversity, with 
3–4 members being present in each main branch of Eurotiomycete se-
quences (Fig. 1B). PsXlnG, PsXlnD, and PsXlnE were closer to each other 
than to any of the other enzymes. PsXlnE possesses a C-terminal CBM 
and clustered with other sequences from Penicillium species. Similarly, 
PsXlnF and PsXlnH were positioned more closely to each other than to 
other PsXLNs, and shared a same node with a small number of proteins 
from Dothideomycetes and Basidiomycetes in addition to those from 
Eurotiomycetes. The sequence feature of PsXlnI, similar to PsXlnE, 
harbored a CBM domain. But PsXlnI was located in a separate branch, 
which clustered very closely with a characterized T. cellulolyticus 
enzyme and with uncharacterized Penicillium proteins [44]. PsXlnJ was 
related to PsXlnF and PsXlnH, which split from the same node. Inter-
estingly, the proteins clustered with PsXlnJ were mainly uncharac-
terized proteins from Aspergillus and other Penicillium species. 

PsXLNs have diverse biochemical properties 

The cDNA fragments encoding XLNs in P. subrubescens were over-
expressed in P. pastoris. Recombinant proteins were produced and pu-
rified (Supplementary Fig. S1). The functional characterization showed 
pH optima for PsXLNs ranged from acidic to neutral (pH 4–7), with most 
PsXLNs having temperature optima of 40 ◦C (Table 1). They are similar 
to the properties of characterized enzymes clustered with PsXLNs in the 
phylogenetic tree [45–50] (Fig. 1A). Surprisingly, four PsXLNs (PsXlnB 
and PsXlnC of GH10, and PsXlnI and PsXlnF of GH11) displayed the 

Table 1 
Biochemical properties of PsXLNs in this study.  

GH family Protein ID in JGI Enzyme code Optimum Stability (>60%, 1 h) Specific activity (U/μmol) 

pH Temperature pH Temperature BWX WAX 

10  13043 PsXlnA  7  40 3–10 20–40 25301,5 ± 4069,6 15093,7 ± 562,8  
13445 PsXlnBa  7  70 3–11 20–50 9576,5 ± 613,5 5685,6 ± 386,3  
12441 PsXlnC  5  70 5–10 20–40 3326,5 ± 303,6 1997,1 ± 36,2 

11  5870 PsXlnD  5  40 5–11 20–30 3242,7 ± 302,6 1744,5 ± 113,7  
9034 PsXlnEa  6  40 3–11 20–40 22280,5 ± 2263,1 12650,6 ± 1875,0  
1444 PsXlnF  6  70 6–8 20–30 2039,9 ± 136,0 1069,5 ± 210,8  
2115 PsXlnG  4  40 3–8 20–30 47,9 ± 11,6 16,6 ± 1,5  
3794 PsXlnH  6  40 3–11 20–30 5632,2 ± 384,5 3006,4 ± 195,9  
3721 PsXlnIa  4  70 3–8 20–30 175,6 ± 19,6 513,7 ± 12,6  
7375 PsXlnJ  5  40 3–8 20–40 0,3 ± 0,0 0,2 ± 0,0  

a Enzyme possess a C-terminal CBM domain. 

Fig. 2. HPAEC elution patterns of wheat arabinoxylan (WAX) digested with XLNs from GH10 (A) and GH11 (B) for 16 h. Arabinose (A), xylose (X), X2, X3, A2XX, 
XA2XX, XA3XX and A2,3XX were annotated based on analytical standards (bottom, a-d); other AXOS were annotated according to [36]; 1 = double peak due to 
co-elution of XA3X, XA2XX, A3X (elution order); 2 = XA2,3XX; 3 = XA3A3X; 4 = A3A3X; 5 = XA3A2,3XX; *XA2XX eluted before XA3XX. 
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highest activity at 70 ◦C (Table 1). 
All PsXLNs remained stable through the acidic to basic pH range, of 

which PsXlnB from GH10, and PsXlnH and PsXlnE from GH11 exhibited 
a significantly wider pH stability than others, as these enzymes retained 
> 60% of their residual activity after 1 h of incubation at pH 11.0 
(Table 1). This high alkaline tolerance makes PsXLNs attractive for 
various higher pH biotechnological applications [51,52]. GH10 PsXLNs 
retained more than 60% residual activity after incubation at 40 ◦C for 
1 h, while most GH11 PsXLNs retained similar activity after 1 h at 30 ◦C, 
with only PsXlnJ and PsXlnE being similar to GH10 XLNs (Table 1). 

PsXLNs displayed higher specific activity on BWX than WAX, which 
is in line with commercially available XLNs [53] (Table 1). As an 
exception, PsXlnI from GH11 was more active on WAX than on BWX 
(Table 1). Additionally, among these different PsXLNs, PsXlnJ and 
PsXlnG showed the lowest specific activity against xylan substrates. 

A previous study described the transcriptome response of 
P. subrubescens to arabinoxylan-rich wheat bran and pectin-rich sugar 

beet pulp [42]. In this data set, the expression of the XLN-encoding genes 
from P. subrubescens grown on wheat bran was analyzed (Supplementary 
Table S3). The results revealed that all XLN-encoding genes were 
induced on wheat bran, with the highest induced expression being xlnA 
of GH10 and the lowest being xlnJ and xlnG in GH11. The low specific 
activity of PsXlnJ and PsXlnG against WAX may be related to the low 
expression of xlnJ and xlnG on wheat bran. However, it cannot be 
automatically concluded that the activity level of the enzymes and 
expression level of the corresponding genes correlate. PsXlnA and 
PsXlnE, as the most active enzymes towards WAX, showed similar ac-
tivity levels, but the expression level of xlnE was about 4-fold higher 
than that of xlnA. Similar expression levels were observed in xlnE and 
xlnF, but the specific activity of PsXlnE towards WAX was 10-fold higher 
than that of PsXlnF. One possible reason for this could be that the media 
and culture conditions used do not reflect the heterogeneity and 
complexity of natural biotopes, and therefore may not reflect the natural 
response of P. subrubescens. 

Fig. 3. Heatmap of reducing sugar released from 24 h incubation of wheat arabinoxylan by PsXLN with/without the addition of PsABF from GH51, GH54 and GH62. 
PsAbfA (JGI: 7770) and PsAbfC (JGI: 1664) belong to GH51; PsAbfB (JGI: 1940), PsAbfE (JGI: 3364), and PsAbfF (JGI: 6724) belong to GH54; PsAxhA (JGI: 12472), 
PsAxhB (JGI: 12883), PsAxhC (JGI: 3399), and PsAxhD (JGI: 6027) belong to GH62. 
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PsXLNs have diverse product profiles 

To obtain an insight into the mode of action of XLNs, the product 
profiles of each independent XLN incubated with WAX for 16 h (end- 
point incubations) were analyzed by HPSEC-RI and HPAEC-PAD. PsXlnJ 
and PsXlnG were excluded from the study of product profile due to their 
low activity against WAX. HPSEC-RI analysis showed the disappearance 
of soluble polymers (WAX around 300 kDa) and the shift of molecular 
weight distribution below 1 kDa after 16 h incubation (Supplementary 
Fig. S2), indicating that all tested PsXLNs could extensively degrade 
WAX. To complement HPSEC-RI, HPAEC-PAD analysis demonstrated 
the presence of both linear XOS and substituted AXOS as a consequence 
of WAX degradation by XLNs (Fig. 2). 

X2, XA3A3X, XA3A2+3XX, and some unknown AXOS were clearly 
detected in all XLN-WAX digests, while the release of other annotated 
oligosaccharides (e.g. X3, XA2+3XX) was enzyme dependent (Fig. 2). A 
clear amount of xylose was also observed in XLN-WAX digests, except for 
the PsXlnI-WAX digest (Fig. 2B). The comparison of product profiles is 
discussed in detail below. 

In addition to the common products observed in all XLN-WAX di-
gests, all GH10 XLNs could release A2+3XX, A3A3X, and a trace amount 

of A2XX from WAX. XA2+3XX was also detected in the PsXlnA- and 
TmGH10-WAX digests, which showed a more similar product profile to 
each other than to the others (Fig. 2A). The annotated ‘peak 1′ refers to a 
double peak due to the co-elution of XA3X, XA2XX, A3X. The double peak 
of ‘peak 1′ was clearly observed in PsXlnA- and TmGH10-WAX digests, 
whereas PsXlnB- and PsXlnC-WAX digests showed only a single peak. 
This suggests that PsXlnA- and TmGH10-WAX digests contain more 
diverse components in ‘peak 1′. Notably, X3 was present in PsXlnA-, 
PsXlnB- and TmGH10-WAX, expected to be an intermediate product, 
which is further hydrolyzed to X2 and xylose upon depletion of longer 
substrates. 

Unlike GH10-WAX digests, X3 and XA2+3XX were observed in all 
tested GH11-WAX digests. XA3XX was also found in GH11-WAX except 
in the PsXlnH-WAX digest (Fig. 2B). Notably, some products were only 
present in specific XLN-WAX digests, such as A2XX and A2+3XX in 
PsXlnH- and PsXlnI-WAX digests, and longer XOS (degree of polymeri-
zation, DP >3) in the PsXlnI-WAX digest. In addition, PsXlnH- and 
PsXlnI-WAX digests contain a larger amount of product in ‘peak 1′. 
Surprisingly, albeit only in trace amounts, A3A3X was present in the 
PsXlnH-WAX digest. In general, the product profiles of the PsXlnE-, 
PsXlnD- and PsXlnF-digests were similar to NpGH11 [35], while those of 

Fig. 4. Substrate-binding cleft of GH10 PsXLNs. (A) SoXyn10A (PDB: 1V6V); (B) PsXlnA, (C) PsXlnB; (D) PsXlnC. Crystal structure and homology models super-
positioned with XA3X (subsite − 1 to − 3, shown as white sticks) and X4 (subsite +1 to +4, shown as black sticks); (E) Alignment of GH10 PsXLNs (PsXlnA-C) with 
Streptomyces olivaceoviridis SoXyn10A. Catalytic residues and the region of main difference (’N209-N217′ region based on SoXyn10A) in the catalytic domain were 
highlighted using red triangles and blue box in (E), respectively, and in red and blue in (A)-(D). 
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the PsXlnI- and PsXlnH-digests were more diverse. 
The presence of XOS with mono-arabinosyl substitution at the O-2 

position (e.g. A2XX, XA2XX) in XLN-WAX digests was unexpected, as this 
substitution in WAX has been reported only associated together with O-3 
substitutions to form doubly substituted xylosyl residual [35,54]. The 
reason for the appearance of such products remains unclear. Further 
validation of the composition of the WAX used is needed. 

The addition of PsABFs to PsXLNs-WAX reaction enhanced reducing 
sugar release. 

A previous study confirmed that multiple GH51, GH54 and GH62 
ABFs from P. subrubescens have the ability to degrade WAX and release 
arabinose, to varying degrees [21]. To effectively degrade WAX present 
in dietary fiber, the cooperative effect of PsXLNs with different PsABFs 
was evaluated here. 

The addition of PsABFs improved the hydrolysis of WAX by PsXLNs 
to some extent, as indicated by the higher reducing sugar levels released 
from WAX by the combination of enzymes than by a single enzyme, 
especially in pairs of GH51 or GH54 PsABFs with PsXLNs (Fig. 3, Sup-
plementary Table S4). Previous studies found that the simultaneous 

addition of XLNs with GH51 or GH54 ABFs enhanced polysaccharide 
hydrolysis, achieving the highest sugar release compared to any enzyme 
alone or sequential addition of the enzymes [55–57]. Relative to GH51 
or GH54 PsABFs, the overall cooperation of GH62 PsABFs with PsXLNs 
was weaker and some of the combinations, e.g. XlnA+AxhC, 
XlnC+AxhC, XlnI+AxhA, XlnA+AxhD, XlnI+AxhD, showed no or even a 
negative contribution in the reducing sugar release (Fig. 3, Supple-
mentary Table S4). This could be explained by the high preference of 
GH62 PsABFs towards WAX rather than AXOS [58]. The cooperation 
effect for GH62 PsABFs and PsXLNs may be improved by sequential 
addition of the enzymes. 

Differences in the catalytic center of PsXLNs affect their hydrolysis 
behavior 

The differences observed in the product profiles of different PsXLNs 
in hydrolysis of WAX may be due to differences in their catalytic 
domain. Superposition models of PsXLNs on available crystal structures 
complexed with XOS/AXOS indicates interesting features in the 

Fig. 5. Substrate-binding cleft of GH11 PsXLNs. (A) Crystal structure and homology models with a partially closed pocket; (B) Homology models with an open 
pocket. Crystal structure and homology models superpositioned with XA3XX (subsite − 1 to − 4, shown white sticks) and X3 (subsite +1 to +3, shown black sticks); (C) 
Alignment of GH11 PsXLNs (PsXlnD-J) with Streptomyces olivaceoviridis SoXyn11A. Catalytic residues and “finger-thumb” (“G14-G23′′ and “R121-T132′′ regions based 
on SoXyn11A) in the catalytic domain were pointed out using red triangle and blue box in (C), respectively, and highlighted in red and blue in (A)-(B). 
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catalytic domain of models, which help to understand how the substrate 
binding cleft of PsXLNs is able to interact with WAX. 

The superposition of structures of GH10 models and SoXyn10A (PDB: 
1V6V) revealed that all GH10 PsXLNs can accommodate an L-arabinosyl 
side chain linked to O-3/O-2 at subsite − 3 and + 1, and O-3 at subsite 
− 2, which support certain products (e.g., A2+3XX, A3A3X, A2XX) 
released from the non-reducing end of WAX by GH10 PsXLNs [9,10] 
(Fig. 4A-D). Additionally, the loop in the “N209-N217′′ region (based on 
SoXyn10A) is far from the catalytic center of the models, which allows 
for more space in the catalytic domain, indicating that longer XOS (e.g. 
X3, X4) can be tolerated at the (+) subsite in catalytic cleft of GH10 
PsXLNs [9] (Fig. 4B-D). A previous study has reported that some XLNs 
lacking a + 3 subsite can tolerate L-arabinosyl substituents at subsite 
+ 2, whereas XLNs with a + 3 subsite cannot [10]. This inference may 
apply to GH10 models other than PsXlnA, which displays a wider cleft at 
subsite + 2 due to a shorter loop in “N209-N217′′ region (Fig. 4B, E; 
Supplementary Fig. S3). This structural feature might allow PsXlnA to 
accommodate substituted xylosyl at subsite + 2 (Fig. 4B), which could 
be an explanation for the presence of XA2+3XX in the PsXlnA-WAX digest 
(Fig. 2A). Moreover, the high tolerance of the active site of PsXlnA to 
L-arabinosyl decorations leads to the production of more diverse AXOS 
than the other GH10 PsXLNs upon WAX hydrolysis (Figs. 2A, 4B). 

The comparison of structures between GH11 models and SoXyn11A 
(PDB: 7DFN) highlighted significant differences in the architecture of 
the catalytic center (termed “finger-thumb” regions) among the models, 
which is related to the different amino acids in the “G14-G23′′ and 
“R121-T132′′ regions and their arrangements in the catalytic domain 
[11] (Fig. 5, Supplementary Fig. S4). These differences were expected to 
be a major factor to explain their diverse product profiles (Fig. 2B). 
Generally, a partially closed conformation of “finger-thumb” regions is 
characteristic of the crystal structures of GH11 XLNs [59]. However, the 
corresponding region in several GH11 XLNs, i.e. PsXlnI and PsXlnJ, 
displays a fully open conformation, which makes the catalytic pocket 
more accessible (Fig. 5B). This may contribute to direct interactions with 
the substrate and the unique degradation pattern of WAX by these 
enzymes. 

Conclusions 

Overall, the expansion of XLNs in the P. subrubescens genome was 
accompanied by functional diversity. Moreover, each independent XLN 
exhibited cooperative effects with P. subrubescens ABFs. These findings 
may reflect an evolutionary adaptation of this species that provides a 
wider enzymatic toolbox for synergistic degradation of hemicellulose in 
its natural habitat. Notably, the diverse product patterns of WAX hy-
drolysis by P. subrubescens XLNs results from the different features in 
their catalytic domain. This finding contributes to the understanding of 
the interaction between enzyme and decorated xylan, and provides leads 
for enzyme engineering towards tailor-made XLNs. 
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