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Abstract 
Wheat arabinoxylan (water-insoluble fraction) contains ~36% arabinose 
which may include both singly or doubly substitutions at C2/C3 of the Xylp 
units. α-L-Arabinofuranosidses (ABFs) of two GH families were analyzed for 
their respective activities on the hydrolysis of Xylp-Araf. BaABF (GH43) pro-
duced twice the yield of arabinose residues from the heteroxylan compared to 
AnABF (GH51) under the same reaction conditions. Two endo-xylanases (of 
GH10 and 11) also showed differential hydrolytic activities on the Xylp chain, 
with the GH10 XYN-ATM double the amount of reducing sugar yield (as xy-
lose equivalent) than using the GH11 XYN-M3. When the ABF and XYN 
were combined in optimial ratios, a synergistic increase of 73.8% in arabinose 
yield was observed. 
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1. Introduction 

The structural complexity of cellulosic biomass arises from the large hemicellu-
lose fraction consisting of mostly xylan. Chemically in its native state, xylan is a 
heteropolysaccharide (heteroxylan) with a β-(1,4)-xylopyranosyl (Xylp) back-
bone chain carrying arabinofuranosyl, acetyl, and glucuronyl side groups, and 
oligosaccharide side chains of galactose, xylose, and arabinose [1] [2]. The branch-
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ing and the structural architecture of side groups vary from plant to plant and 
even in different tissues of the same plant [3]. Arabinoxylans from cereal grains 
are highly branched. Those from wheat and barley endosperm contain consi-
derable levels of main chain Xylp residues singly or doubly substituted with ara-
binofuranosyl units (Araf) attached to C2/C3 positions [4] [5]. Adding to the 
complexity, arabinofuranosyl units may also be ester-linked at C5 with ferulic 
acid moieties, which can further crosslink into diferulates. Diferulates form lin-
kages between xylan and lignin and also between pectin and lignin [2] [6].  

The cooperative interactions between main chain enzymes and enzymes libe-
rating side chain substituents (collectively known as accessory enzymes) are in-
volved as key processes in depolymerization of xylan. Notably, endo-xylanase 
has been known to act synergistically with increased efficiency when arabinofu-
ranosidase (ABF, EC 3.2.1.55) is used to remove the Araf substituents [7]. 

ABFs are categorized into two main groups: 1) enzymes active on Xylp mono- 
substituted with arabinose, either at position C-2 or C-3, and thus are referred to 
as ABFm2,3; 2) enzymes active specifically on doubly arabinofuranosylated 
Xylp, releasing either 1,2- or 1,3-linked Araf. These enzymes are referred to as 
ABFd2 or ABFd3 [8]. The objective of this paper is to report the comparative 
studies of two categories of enzymes on the release of arabinose side groups from 
wheat insoluble arabinoxylan, and the effect of synergism on the efficiency with 
endo-xylanases added to the reaction.  

2. Materials and Methods 

The following were obtained from Megazyme (Wicklow, Ireland): wheat arabi-
noxylan, α-L-arabinofuranosidase (ABF, EC 3.2.1.55) from Aspergillus niger 
(AnABF, cat. # E-AFASE, GH51), and from Bifidobacterium adolescentis (BaABF, 
cat. # E-AFAM2, GH43), b-D-xylanases (EC 3.2.1.8) from Thermotoga maritima 
(cat. # E-XYLATM, GH10), from Trichoderma longibrachiatum (cat. # E-XYLT3, 
endo-1,4-b-xylanase M3, GH11), and Arabinose Assay Kit (cat. # K-ARGA). 
Precast protein gels were purchased from Novex (San Diego, CA). Microbiolog-
ical culture medium components and agar were from Difco Laboratories (De-
troit, MI). Thin-layer plates and substrates were purchased from Analtech (Ne-
wark, DE). All chemicals and reagents were of analytical grade. 

2.1. Bioinformatics 

Geneious (Biomatters Ltd., Auckland, New Zealand) was used for sequence 
analysis and vector construction. Multiple sequence alignment was performed 
using Clustal Omega for graphics and statistics. KaleidaGraph software (Syner-
gy, Reading, PA) was used for calculating standard errors and for plotting.  

2.2. Analysis of Hydrolytic Release of Arabinose from WIA 

A typical reaction contained 30 mg WIA soaked for 30 min in 1 ml of K2HPO4 
buffer, pH 6.5. ABF or/and XYN were added to a final concentrations of various 
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mM. The final reaction volume was adjusted to 1 ml, incubated at 40˚C for 2 hr 
with continuous shaking. The reaction mixture was centrifuged and the super-
natant was tranfered for the analysis of arabinose and xylose reducing ends.  

Enzymatic hydrolysis of arabinose was measured by the formation of reducing 
ends produced by XYN action and by ABF action using the DNSA method [9]. 
Total carbohydrate was determined by the phenol-sulfuric acid method [10]. 
Ferulic acid was determined using Folin-Ciocalteu reagent according to [11]. 
The amount concentration of arabinose was measured using the Arabinose As-
say Kit (Megazyme, Wicklow, Ireland). The analysis is based on an enzymatic 
process of utilizing galactose mutarotase to catalyze the rate-limiting mutarota-
tion of α-L-arabinose (present mostly in the natural state) to β-L-arabinose. The 
β-anomer can then be oxidized by NAD+ in the presence of β-galactose dehy-
drogenase at pH 8.6. The NADH formed is stoichiometrically proportional to 
the amount of arabinose. This assay procedure provides specific measurement of 
arabinose without the interferering detection of xylopyranosyl units. 

3. Results and Discussion 
3.1. Comparison of BaABF (GH43) and AnABF (GH51) Activities  

on WIA 

Two ABFs: BaABF and AnABF were analyzed for their ability to release arabi-
nose from WIA. BaABF belongs to family GH43 and has been known to specifi-
cally cleave arabinofuranosyl residues linked to C3 of double-substituted xylo-
pyranosyl units [12] [13]. This enzyme is therefore also categorized as AXH-d3, 
where AXH designates arabinoxylan arabinofuranohydrolase, d stands for 
di-substitution, and 3 represents C3 of α-1,3 linkage). The microorganism B. 
adolescentis also produces another enzyme AXH-m2,3, which only hydrolyzes 
arabinose residues C2 or C3 single substitution. AnABF belongs to GH family 
51, and is known to hydrolyze terminal arabinofuranosyl linkages [14]. The re-
lease of arabinose from internal Xylp substitution is minimal [15]. 

In our previous study using arabinofuranosyl xylooligosacchardies (AXOS) 
substrates, the results supported such activity description [16]. The current study 
also suggests that BaABF was more active in hydrolyzing more arabinossyl resi-
dues from the polymeric substrate WIA than the AnABF enzyme (Figure 1). 
BaABF produced twice or more the yield of arabinose under the same reaction 
conditions because it acts on both terminally and internally substituted Xylp re-
sidues.  

3.2. Comparison of XYN-ATM (GH10) and XYN-M3 (GH11) on  
Debranching WIA 

Various studies have shown different action patterns of endo-xylanases catalyz-
ing the debranching of the Xylp main chain. Acting on substituted xylans (such 
as WIA in this case), GH10 XYN cleavage tends to leave substituted Xylp residue 
on the non-reducing end, whereas GH11 XYN leaves one unsubstituted Xylp re-
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sidue on the non-reducing end [1] [2] [15] [17]. In general, GH10 enzymes 
would produce shorter oligosaccharide fragments compared to GH11 XYN on 
the same polymer substrates. The present study has implied the differential ac-
tions between the GH10 and GH11 enzymes (Figure 2). The mg xylose equiva-
lent produced in the hydrolysis of 100 mg WIA using XYN-ATM GH10 almost 
doubling the yield of using GH11.  
 

 
Figure 1. Hydrolytic release of arbabinose from WIA by 
BaABF (AFA-M2) and AnABF (AFA-SE). Reaction con-
ditions: 30 mg WIA, 0.2 to 0.5 mM ABF in 1 ml K2HPO4 
buffer, pH 6.5, incubated at 40˚C for 2 hr with conti-
nuous mixing. 

 

 

Figure 2. Comparison of XYN-ATM (GH10) and XYN- 
M3 (GH11) on Debranching WIA. Reaction conditions: 
30 mg WIA, 0.01 to 0.1 mM XYN in 1 ml K2HPO4 buffer, 
pH 6.5, incubated at 40˚C for 2 hr with continuous 
shaking. 
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The types of substituents, their distribution, density and arrangement would 
affect the hydrolytic action of XYN on the Xylp chain. The cleavage pattern of 
the xylan backbone in turn would influenc the actions of accessory enzymes on 
the side groups (ABFs on Xylp-Araf in this case). Our previous investigation on 
the synergistic interactions between ferulic acid esterase and the two types of 
endo-xylanases has clearly suggested this effect on xylan structures using corn 
fiber as substrate [6].  

3.3. Effect of XYN on ABF-Catalyzed Hydrolysis of Arabinose from  
WIA 

To optimize the hydrolysis of arabinose substituents from WIA, the synergistic 
interaction between ABF and XYN was studied with the enzymes added in vari-
ous combinations. Since the hydrolytic products contained both arabinose and 
xylopyranosyl units, a quantitative analysis specific for arabinose was necessary. 
Using the enzymatic method described in the Arabinose Assay Kit allowed high 
specificity of measuring the absolute amount of arabinose in the reaction [18]. 

The present results clearly demonstrate the synergistic effect between ABFs 
and XYNs (Figure 3). In experiment set #1, the arabinose yield by the combina-
tion of BaABF with XYN-ATM (both at 0.2 mM) produced a 73.8% increase 
(compared to the additive sum). In set #2, 0.5 mM ABF was used in the combi-
nation, resulting in a synergistic increase of 30.3%. In both sets, the amount of 
arabinose yield reached similar limiting levels equivalent to 42.8 ± 1.05 and 42.4 
± 0.55 mg arabinose per 100 mg WIA, respectively. 

 

 

Figure 3. Synergistic effect of ABF and XYN on hydrolysis of arabinose 
from WIA Reaction conditions: 30 mg WIA, various mM ABF/XYN in 
1 ml K2HPO4 buffer, pH 6.5, incubated at 40˚C for 2 hr with conti-
nuous mixing, Set #1: (A) 0.2 mM XYN-ATM, (B) 0.2 mM BaABF, (C) 
0.5 mM BaABF; Set #2: (A) 0.2 mM XYN-ATM, (B) 0.2 mM BaABF + 
0.2 mM XYN-ATM, (C) 0.5 mM BaABF + 0.2 mM XYN-ATM. 
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4. Conclusion 

In conclusion, singly or doubly substitutions of arabose residues in native wheat 
insoluble arabinoxylan were investigated by two CH families of α-L-Arabino- 
furanosidses families. Their respective activities on the hydrolysis of Xylp-Araf 
and the yield of arabinose residues were determined. Two endo-xylanases were 
tested for syneristic interactions in the hydrolysis, of which the GH10 XYN- 
ATM double the amount of reducing sugar yield. The optimal combination of 
ABF and XYN produced a synergistic increase of 73.8% in arabinose yield.  

Acknowledgements 

Reference to a company and/or product is only for purposes of information and 
does not imply approval of recommendation of the product to the exclusion of 
others that may also be suitable. All programs and services of the U.S. Depart-
ment of Agriculture are offered on a nondiscriminatory basis without regard to 
race, color, national origin, religion, sex, age, marital status, or handicap. The 
authors declare that there is no conflict of interest regarding the publication of 
this paper. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Biely, P., Vrsanska, M., Tenkanen, M. and Kluepfel, D. (1997) Endo-β-1,4-Xylanase 

Families; Differences in Catalytic Properties. Journal of Biotechnology, 57, 151-166.  
https://doi.org/10.1016/S0168-1656(97)00096-5 

[2] Biely, P., Singh, S. and Puchart, V. (2016) Towards Enzymatic Breakdown of Com-
plex Plant Xylan Structures: State of the Art. Biotechnology Advances, 34, 1260-1274.  
https://doi.org/10.1016/j.biotechadv.2016.09.001 

[3] Biely, P. (2003) Xylanolytic Enzymes. In: Whitaker, J.R., Voragen, F. and Wong, D., 
Eds., Handbook of Food Enzymology, Marcel Dekker, New York.  
https://doi.org/10.1201/9780203910450.ch71 

[4] Izydorczyk, M.S. (2021) Arabinoxylan. In: Phillips G.O. and Williams, P.A., Eds., 
Handbook of Hydrocolloids (3rd ed., Chapter 3). Elsevier, Ltd., Amsterdam, 399-441.  
https://doi.org/10.1016/B978-0-12-820104-6.00016-4 

[5] Zannini, P., Nunez, A.B., Sahin, A.W. and Arendt, E.K. (2022) Arabinoxylans as 
Functional Food Ingredients: A Review. Foods, 11, Article 1026.  
https://doi.org/10.3390/foods11071026 

[6] Wong, D.W.S., Chan, V., et al. (2019) Cloning of a Novel Feruloyl Esterase Gene 
from Rumen Microbial Metagenome and Enzyme Characterization in Synergism 
with Endoxylanases. Journal of Industrial Microbiology and Biotechnology, 40, 
287-295.https://doi.org/10.1007/s10295-013-1234-1 

[7] Sorensen, H.R., Pedersem, S., Jorgensen, C.T. and Meyer, A.S. (2007) Enzymatic 
Hydrolysis of Wheat Arabinoxylan by a Recombinant “Minimal” Enzyme Cocktail 
Containing b-Xylosidase and Novel Endo-1,4-β-Xylanase an α-L-Arabinofuranosidase 

https://doi.org/10.4236/aer.2023.114007
https://doi.org/10.1016/S0168-1656(97)00096-5
https://doi.org/10.1016/j.biotechadv.2016.09.001
https://doi.org/10.1201/9780203910450.ch71
https://doi.org/10.1016/B978-0-12-820104-6.00016-4
https://doi.org/10.3390/foods11071026
https://doi.org/10.1007/s10295-013-1234-1


D. W. S. Wong, S. Batt 
 

 

DOI: 10.4236/aer.2023.114007 153 Advances in Enzyme Research 
 

Activities. Biotechnology Progress, 23, 100-107. https://doi.org/10.1021/bp0601701 

[8] Wilkens, C., Andersen, S., Dumon, C., Berrin, J.-G. and Svensson, B. (2017) GH62 
Arabinofuranosidase: Structure, Function and Application. Biotechnology Advances, 
35, 792-804. https://doi.org/10.1016/j.biotechadv.2017.06.005 

[9] Miller, G.L. (1959) Use of Dinitrosalicyclic Acid Reagent for Determination of Re-
ducing Sugar. Journal of Analytical Chemistry, 31, 426-428.  
https://doi.org/10.1021/ac60147a030 

[10] Ainsworth, E.A. and Gillespie, K.M. (2007) Estimation of Total Phenolic Content 
and Other Oxidation Substances in Plant Tissues Using Folin-Ciocalteu Reagent. Na-
ture Protocols, 2, 875-877. https://doi.org/10.1038/nprot.2007.102 

[11] Koller, A. and Neukom, H. (1964) Detection of Oligogalacturonic Acids by Thin- 
Lauer Chromatography. Biochimica et Biophysica Acta, 83, 366-567.  
https://doi.org/10.1016/0926-6526(64)90020-5 

[12] Van Laere, K.M.J. and Voragen, A.G.J. (1997) A New Arabinofuranohydrolase from 
Bifidobacterium adolescentis Able to Remove Arabinosyl Residues from Double- 
Substituted Xylose Units in Arabinoxylan. Applied Microbiology and Biotechnolo-
gy, 47, 231-235. https://doi.org/10.1007/s002530050918 

[13] van der Broek, L.A.M., Lloyd, R.M., Beldman, G., Verdoes, J.C., McCleary, B.V. and 
Voragen, A.G.J. (2005) Cloning and Characterization of Arabinoxylan Arabinofu-
ranohydrolase-D3 (AXHd3) from Bifidobacterium adolescentis DSM20083. Ap-
plied Microbiology and Biotechnology, 67, 641-647.  
https://doi.org/10.1007/s00253-004-1850-9 

[14] Kaneko, S., Ishii, T., Kobayashi, H. and Kusakabe, I. (1998) Substrate Specificities of 
α-L-Arabinofuranosidases Produced by Two Species of Aspergillus niger. Bioscience, 
Biotechnology, and Biochemistry, 62, 695-699.  
https://doi.org/10.1271/bbb.62.695 

[15] Koutaniemi, S. and Tenkenan, M. (2016) Action of Three GH51 and GH54 
α-Arabinofuranosidases on Internally and Terminally Located Arabinofuranosyl 
Branches. Journal of Biotechnology, 229, 22-30.  
https://doi.org/10.1016/j.jbiotec.2016.04.050 

[16] Wong, D.W.S. and Batt, S. (2022) Cloning of an α-L-Arabinofuranosidase and 
Chracterization of Its Action on Mono- and Di-Substituted Xylopyranosyl Units. 
Advances in Enzyme Research, 10, 75-82. https://doi.org/10.4236/aer.2022.104005 

[17] Pell, G., Taylor, E.J., Gloster, T.M., Turkenburg, J.P., Fontes, C.M., Ferreira, L.M., 
Nagy, T., Clark, S.J., Davies, G.J. and Gilbert, H.J. (2004) The Mechanism by Which 
Family 10 Glycoside Hydrolase Bind Decorated Substrates. Journal of Biological 
Chemistry, 279, 9597-9605. https://doi.org/10.1074/jbc.M312278200 

[18] Megazyme Ltd. Product Sheet (2020) L-Arabinose & D-Galactose Assay Procedure 
K-ARGA 04/20, Wicklow, Ireland. 

 
 
 

https://doi.org/10.4236/aer.2023.114007
https://doi.org/10.1021/bp0601701
https://doi.org/10.1016/j.biotechadv.2017.06.005
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1038/nprot.2007.102
https://doi.org/10.1016/0926-6526(64)90020-5
https://doi.org/10.1007/s002530050918
https://doi.org/10.1007/s00253-004-1850-9
https://doi.org/10.1271/bbb.62.695
https://doi.org/10.1016/j.jbiotec.2016.04.050
https://doi.org/10.4236/aer.2022.104005
https://doi.org/10.1074/jbc.M312278200

	Release of Arabinose from Wheat Insoluble Arabinoxylan by the Action of α-L-Arabinofuranosidase in Synergism with Endo-Xylanases
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Bioinformatics
	2.2. Analysis of Hydrolytic Release of Arabinose from WIA

	3. Results and Discussion
	3.1. Comparison of BaABF (GH43) and AnABF (GH51) Activities on WIA
	3.2. Comparison of XYN-ATM (GH10) and XYN-M3 (GH11) on Debranching WIA
	3.3. Effect of XYN on ABF-Catalyzed Hydrolysis of Arabinose from WIA

	4. Conclusion
	Acknowledgements
	Conflicts of Interest
	References

