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1. Abstract

Improving the hydrolytic performance of xylanolytic enzymes on complicated xylan is of great 
importance in lignocellulosic biomassbased fermentation industry. Employing a de-branching 
enzymeα-L-arabinofuranosidase (EC 3.2.1.55)in conjunction with backbone depolymerizing 
enzyme endo-β-1,4-xylanase (EC 3.2.1.8) offers a way to address this problem.In present study,a 
glycoside hydrolase family 51α-L-arabinofuranosidase Abf51A from extremely thermophilic 
bacterium Caldicellulosiruptor lactoaceticuswas cloned, expressed and characterized in Esch-
erichia coli.The recombinant Abf51A existed as a homohexamer in solution, which showed op-
timal activity at 80°C and pH 5.5, and had long-term thermostability at 75°C and 80°C after 12 
h incubation. Abf51A was most active on p-nitrophenyl-α-L-arabinofuranoside with Km and 
Vmax values reaching 0.52 ± 0.05 mM and 2981.00 ± 79.65 μmol/min/mg, respectively. In ad-
dition, it also displayed minor activity with p-nitrophenyl-β-D-xylopyranoside. Polymeric sub-
strates screening revealed that Abf51A released arabinose from arabinoxylan (oat spelt xylan) 
and glucuronoarabinoxylan (sugarcane xylan and corncob xylan). Moreover, Abf51A showed 
obvious synergism with endo-β-1,4-xylanase Xyn10Aon both arabinoxylan and glucuronoara-
binoxylan degradation, suggesting an significant contribution of Abf51A in arabinose-substi-
tuted xylansutilization. The thermostability, hydrolytic properties and synergism action made 
Abf51A a promising candidate in the production of fermentable pentoses from arabinose-con-
taining xylans.
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3. Introduction

Xylan, as the most abundant hemicellulosic constituent of plant cell 
walls, has being considered as an abundant source of fermentable 
pentose (mainly xylose and arabinose) for biofuels and bio-chem-
icals. Generally, it consisted of a linear backbone of β-1,4-linked 
D-xylopyranosyl units which can be degraded by core enzymes 
endo-β-1,4-xylanase (EC 3.2.1.8) and β-xylosidase (EC 3.2.1.37)
(Dodd and Cann 2009). Xylan is usually linked with various side-
chain substitutions to its main chain, such as L-arabinofuranosyl, 
acetyl, feruloyl and glucuronic acids residues. Hence xylans are 
grouped into linear homoxylan, arabinoxylan (AX), glucuron-

oxylan, glucuronoarabinoxylan (GAX) and heteroxylan based on 
these substituents on the backbone [1]. However, the presence of 
these side chains on xylan can strongly restrict the action of endo-
β-1,4-xylanase and β-xylosidase, thus preventing the complete 
breakdown of the polymer to its basic units [2]. Therefore, among 
the xylanolytic enzyme system, de-branching enzymes such as 
α-L-arabinofuranosidase (EC 3.2.1.55, AFase),α-glucuronidase 
(EC 3.2.1.131) and acetylxylan esterase(EC 3.1.1.72) are required 
for the synergistically enzymatic action on polymeric xylan. Cur-
rently, these side chain-removing accessory enzymes have been 
used collaboratively with other lignocellulose-decomposing en-
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zymes in biotechnological processes [3]. AFases are hemicellulas-
es that cleave the 1-2, 1-3 and 1-5 glycosidic bond at the non-re-
ducing terminal ends between L-arabinofuranoside substituents 
and various poly- and oligo-saccharides. These enzymes are part 
of glycoside hydrolases (GHs) responsible for the degradation of 
arabinose-existing hemicelluloses such as L-arabinan, AX and 
arabinogalactan [4]. Based on the amino acid sequence similari-
ties and hydrophobic cluster analysis, AFases have been classi-
fied into GH families 3, 43, 51, 54 and 62, with families GH51, 
43 and 62 as the main families (CAZY; http://www.cazy.org/). To 
date, GH51 is the largest characterized family with a majority of 
them being of bacterial origin. Structure data obtained for sev-
eral members of this family confirm that GH51 AFases process a 
catalytic domain with (β/α)8-barrel architecture, and additionally 
uptake a unknown function domain composed of β-sandwich 
at the C-terminal. Besides, GH51 enzymes preform glycosidic 
bond cleavage via a retaining mechanism with two conserved 
glutamate residues acting as acid/base and nucleophile.So far, the 
majority of characterized GH51 AFases showed only exo-arabi-
nanaseactivity with arabino-oligosaccharides and/or L-arabinose 
containing heteropolymers such as arabinan and AX [5]. A fe-
wof GH51 AFases also display endo-β-D-xylanase activity [6]. 
A finely planned cocktail of enzymes, containing not only cellu-
lases but also xylanases, is required for efficient fermentable sug-
ars yield from the polysaccharide components of lignocellulosic 
biomass.In this respect, thermostable enzymes process a number 
of important advantages compared with their mesophilic coun-
terparts in the optimization of biorefinery-scale lignocellulosic 
depolymerization [7]. Various bacteria, archaea, fungi and plants 
have received attentions as sources for thermostable xylanolytic 
enzymes. Thermophilic microbes provide convenient approaches 
to obtain thermostable enzymes active on lignocellulose.Caldicel-
lulosiruptor lactoaceticus 6A, an extremely thermophilic plant 
biomass degrading bacterium, grows on natural xylan as sole 
carbon source [8]. In our previous studies on glycoside hydro-
lases for de-branched xylan degradation from this bacterium, a 
thermophilic endo-β-1,4-xylanase Xyn10A with good thermo-
stability has been reported [9]. Further insight into xylanolytic 
enzymes other than endo-β-1,4-xylanase of this bacterium would 
provide not only new exploration to the entire mechanisms for 
xylan utilization of C. lactoaceticus, but also approach for biomass 
conversionat extreme temperature.In present study, the geneen-
codingAFase Abf51A was identified and cloned from the genome 
of C. lactoaceticus 6A, then expressed in E. coliand biochemical-
lycharacterized. Additionally, the synergistically hydrolytic func-
tion of AFase together with endo-β-1,4-xylanaseon heteroxylan 
hydrolysis wasalso studied.

4. Materials and Methods

4.1. Strains, plasmids and chemicals

C. lactoaceticus6A (= DSM 9545) was obtained from DSMZ 
(Braunschweig, Germany). Escherichia coli Top10 (TianGen, 
China) and plasmid pET-28b (Novagen, USA) were used for 
gene cloning, and E. coli Rosetta (DE3) (Novagen, USA) was 
used for protein expression and purification. p-nitrophenyl-α-L-
arabinofuranoside (pNP-Af),p-nitrophenyl acetate (pNP-Ace), 
p-nitrophenyl-α-D-xylopyranoside (pNP-α-Xyl),p-nitrophenyl-
β-D-xylopyranoside (pNP-β-Xyl),p-nitrophenyl-β-D-
cellobioside (pNP-C) and p-nitrophenyl-β-D-glucopyranoside 
(pNP-Glu) were purchased from Sigma-Aldrich (St. Luis, USA). 
Oat spelt xylan(OSX) was purchased from Hualan Chemical 
Technology Co., Ltd. (Shanghai, China).Corncob xylan (CCX) 
and sugarcane xylan (SCX) was presented by ProfessorHourui 
Zhang from Guangxi Institute of Botany, Chinese Academy of 
Sciences. D-xylose, L-arabinose, locust bean gum, soluble starch, 
Avicel, carboxymethyl cellulose (CMC), p-nitrophenol, and oth-
er chemicals were obtained from Kepujia Reagent Co. (Beijing, 
China). All other chemicals were of analytical class unless oth-
erwise stated.

4.2. Genomic DNA extraction and amplification

C. lactoaceticus 6A was cultivated in DSM 671 medium at 70°C 
for 4 d under anaerobic conditions. The genomic DNA of C. lac-
toaceticus 6A was isolated using a TIANamp Bacteria DNA Kit 
(TianGen, Beijing, China). The gene abf51A encoding a hypo-
thetical AFase [GenBank: AEM73175.1] was predicted and am-
plified based on the whole genome [10]. PCR reaction was per-
formed with Pfu DNA polymerase (TianGen) and the procedure 
was as follows: 95°C 5 min; 30 cycles of 95°C 30 s, 55°C 1 min, 
and 72°C 1 min; final 72°C 5 min. Target PCR products were then 
purified using TIAN Gel Midi Purification Kit (TianGen) and 
stored at -20°C until use.

4.3 Construction and sequencing of the expression vector

The purified PCR products of abf51A amplification were then di-
gested with T4 DNA polymerase (Takara, Dalian, China) and in-
serted into pET-28b EK/LIC vector. The sub-cloned plasmid was 
then transferred into E. coli Top10 competent cells by heat shock 
and grown overnight on Lysogeny Broth (LB) agar plate contain-
ing 50 μg/mL kanamycin at 37°C. Positive cloning junctions were 
confirmed by colony PCR and DNA sequencing with T7 primers 
from both strands.

4.4. Expression, purification and gel filtration chromatogra-
phy

The recombinant plasmid was isolated using TIANprep Mini 
Plasmid Kit (TianGen) and transferred into E. coli Rosetta (DE3) 

http://www.cazy.org/
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competent cells by heat shock and grown overnight on LB agar 
plates containing 50 μg/mL kanamycin and 34 μg/mL chloram-
phenicol at 37°C. One single colony was picked out as seed cul-
ture and grown overnight in 5 mL LB liquid medium containing 
50 μg/mL kanamycin and 34 μg/mL chloramphenicol at 37°C 
on a rotary shaker (220 rpm). The culture was induced with 0.5 
mM Isopropyl-β-D-thiogalactopyranoside (IPTG) after the opti-
cal density reached 0.6 at 600 nm for an additional 6 h at 37°C. 
The cells were harvested by centrifugation (4000 rpm for 20 min 
at 4°C), and resuspended in 20 mL binding buffer (50 mM Tris-
HCl, pH7.5, 300 mM NaCl). Then the cell suspension was lysed 
by sonication on ice and cell debris was removed by centrifuga-
tion (12000 rpm for 20 min at 4°C). After then, the supernatant 
was heat-treated at 50°C for 30 min and denatured proteins were 
removed by centrifugation (12000 rpm for 20 min at 4°C). The 
resulting supernatant was then loaded onto a Ni-NTA affinity col-
umn (National Engineering Research Centre for Biotechnology 
(NERCB), Beijing, China), which was pre-equilibrated with bind-
ing buffer for five times.Subsequently,the column was washed 
with binding buffer for three times and eluted with elution buffer 
(50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 150 mM Imidazole). 
Hereafter, the molecular mass and oligomeric state were further 
determined using a 1 × 33 cm3Superdex 200 exclusion column 
(Mengyimei Bio-Tech Co., Ltd. Beijing, China) using citrate buff-
er (50 mM sodium citrate, 150 mM NaCl, pH 6.0) as the mobile 
phase. Approximate 500 μL sample was loaded onto the column 
at a flow rate of 0.5 mL/min using Huxi chromatographic separa-
tion system (Shanghai Huxi analysis instrument factory, Co. LTD, 
China). At the same time, the homogeneity of the target protein 
was checked by sodium dodecyl sulfate-polycrymide gel electro-
phoresis (SDS-PAGE) in accordance with the technique described 
by Laemmli [11].

4.5. Enzyme assay and protein determination

The activity of AFase was measured using pNP-Af as the substrate 
as described by Qiaojuan Yan [12] with slight modifications. The 
reaction mixture, contained diluted enzyme, 1 mM pNP-Af and 
50 mM citrate buffer (pH 5.5) in a 50 μL reaction volume, was in-
cubated at80°C for 3 min. The reaction was then stopped by add-
ing 100 μL of 1 M Na2CO3 and the number of p-nitrophenol gen-
erated was measured at 400 nm. A standard curve was prepared 
withp-nitrophenol as a standard. One unit of enzyme activity was 
defined as the amount of enzyme required to release 1 μmol of 
p-nitrophenol per minute under the standard assay conditions. 
Protein concentration was determined by the Bradford method 
using bovine serum albumin (BSA) as the standard. All of the as-
says were performed in triplicate.

4.6. Biochemical characterization of the recombinant enzyme

Rapid screening of Abf51A activity was firstly conducted with 
various aryl-monosaccharides including pNP-Af, pNP-Ace, pNP-
β-Xyl, pNP-α-Xyl, pNP-C and pNP-Glu. Besides, the substrate 
specificity was also detected with 1% (w/v) polysaccharides in-
cludingOSX, CCX, SCX, locust bean gum, soluble starch, Avicel 
and CMC. One unit of Abf51A activity towards polysaccharides 
was defined as the amount of enzyme required to release 1 μmol 
of L-arabinose equivalent per minute under the standard assay 
conditions.The optimum temperature for Abf51A activity was 
measured in a temperature range of 40-95°Cand pH 6.5 with pNP-
Af as substrate as described above. In addition, the optimum pH 
for Abf51A activity was determined by using 50 mM phosphate-
citrate buffers (pH 4.0-8.5) at 75°C with pNP-Af as substrate. To 
detect the thermostability of the enzyme, purified Abf51A were 
incubated in 50 mM phosphate-citrate buffer (pH 6.0) at 75, 80 
and 85°C for different time periods in the absence of substrate. 
The residual activity of Abf51Aunder optimal conditions was as-
sayed at the time period of 0.5, 1, 2, 4, 6 and 12 h with pNP-Af 
as substrate. All of the experiments were performed in triplicate. 
Moreover, the kinetic parametersKm and Vmax for Abf51A were 
determined by incubating enzyme with pNP-Af at various con-
centrations (0.01-5.0 mM) under optimal conditions and calcu-
lated from a Lineweaver-Burk plot using GraphPad Prism version 
6.0 for Windows (GraphPad Software Inc., USA).

4.7. Synergistic hydrolysis of xylan

To investigate the synergistic effect of Abf51A in combination 
with β-1,4- xylanase, the GH family 10 xylanase Xyn10A from 
C. lactoaceticus 6A was purified as previously described [13]. The 
reaction mixture (1 mL) contained 1% (w/v) substrates (OSX, 
CCX and SCX), 50 mM citrate buffer (pH 6.0), and 25 μg pu-
rified enzyme (Abf51A and Xyn10A, either alone or incombi-
nation). Each of the control reaction was performed under the 
same experimental condition except adding corresponding heat-
denatured enzymes. After incubation at 80°C for 24 h, the reac-
tion was stopped by boiling for 10 min, and centrifuged at 12000 
rpm for 10 min. The amount of reducing sugars was determined 
using para-hydroxybenzoic acid hydrazide (PHBAH) method 
with D-xylose as a standard [14]. At the same time, the released 
D-xylose and L-arabinosewere determined by high performance 
liquid chromatography (HPLC) using a Hi-Plex Ca column (300 
× 7.7 mm, Agilent Technologies, United Kingdom) and a refrac-
tive index detector (LC-20AT, Shimadzu Corp., Japan). The col-
umn temperature was maintained at 85°C with Milli-Q filtered 
HPLC grade water as mobile phase at a flow rate of 0.6 mL/min. 
The injection volume was 10 μL with D-xylose and L-arabinose as 
standards. All the assays were performed for three times.
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5. Results

5.1. Sequence analysis and phylogenic analysis

Through C. lactoaceticus genome sequence analysis, 
Calla_0521was annotated as a putative AFase (Abf51A). Ab-
f51A was predicted to have no signal peptide indicating it was 
an intracellular enzyme. The abf51A gene was amplified to 
encode 505 amino acid residues, and the calculated molecu-
lar weight (Mw)and deduced theoretical isoelectric point (pI) 
of the protein were 57.87 kDa and 5.83, respectively. Abf51A 
showed the highest (99%) identity with AFases from Caldicel-
lulosiruptor acetigenus[GenBank: WP_029228247.1] and Cal-
dicellulosiruptor kristjanssonii[GenBank: WP_013432406.1], 
and higher(92-98%) identitywith other predicted AFases from 
Caldicellulosiruptor sp. Besides, Abf51A exhibited 70% identity 
with AFasefrom thermophilic bacteria Dictyoglomusthermophil
um[GenBank: WP_012548731.1], Dictyoglomusturgidum [Gen-
Bank: WP_012584082.1] and Mahellaaustraliensis [GenBank: 
WP_013779842.1]. Moreover, to gain further insight into the 
evolutionary relationship between GH51 AFases, phylogenetic 
tree was constructed using 18 protein sequences of GH51 AFas-
esby Neighbor-Joining method (Figure. 1). The results revealed 
that Abf51A was clustered with GH51 AFase from Caldicellu-
losiruptor saccharolyticus DSM 8903 [GenBank: ABP67153.1], 
then located closer with GH51 AFases from Paenibacillus sp. Be-
sides, amino acids sequence blast analysis revealed that Abf51A 
contained an Alpha-L-AF-C superfamily motif (291-494 amino 
acids) which had significant similarity with other GH51 AFases. 
Aligning the Abf51A sequence with several GH51 AFases re-
vealed that they shared the conserved catalytic residues, that was 
Glu173 acting as the acid/base, and Glu292 acting as the catalytic 
nucleophile (Figure. 2).

Figure 1: Phylogenetic tree analysis of Abf51A.The Neighbor-Joining tree was 
constructed using MEGA 5.05, bootstrap value was 1000 replicates, and Gen-
Bank accession numbers of each protein sequence were listed after scientific 
names.

Figure 2: Multiple amino acid sequence alignment of Abf51A.Sequence align-
ment was computed on http://www.genome.jp/tools/clustalw/ and depicted 
by ESPrit 3.0: http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi, respectively. 
Identical and similar amino acid residues were enclosed in black boxes and 
open boxes, respectively. The catalytic residues Glu173 and Glu292 of Abf51A 
were marked by black stars below the conserved sequences. The alignment for 
Abf51A included GH51 AFases from Geobacillus stearothermophilus T6 [PDB: 
1PZ3_A], Ruminiclostridiumthermocellum [PDB: 2C7F_A], Bifidobacterium-
longum [PDB: 2Y2W_A], Thermotoga petrophila RKU-1 [PDB: 3S2C_A]and 
Thermotoga maritima MSB8 [PDB: 4ATW_A].

http://www.genome.jp/tools/clustalw/
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi


United Prime Publications: http://unitedprimepub.com                                                                                                                                                 5

Volume 1 Issue 1-2018                                                                                                                                                                                                                                               Research Article

5.2. Structure analysis

The structure of Abf51A was built by homology modeling from 
Swiss Model server (Figure. 3). The closest monomer homolog 
was GH51 AFase from G. stearothermophilus T6 [PDB: 1PZ3_A], 
with which Abf51A shares 65.1% identity and for which the 
structure-function relationship was defined. The overalltwo 
domain structure of Abf51A monomeric subunit composed 
oftwo domains: a (β/α)8 barrel and a C-terminal 12-stranded 
β-sandwichwith a jelly-roll topology.The homology model of Ab-
f51A also confirmed the putative role of acid/base catalyst Glu173 
and nucleophile residue Glu292.

Figure 3: Structural model of Arf51A.Structure was created by Swiss-model 
and processed by Chimera 1.6.2. The structure of Abf51A was built with the 
GH51 AFase from G. stearothermophilus T6 [PDB: 1PZ3_A] as template. The 
catalytic residues were shown as yellow sticks.

5.3. Purification and gel filtration chromatography property

For functional analysis of the recombinant enzyme, Abf51A was-
cloned into pET-28b vector and expressed in E. coli Rosetta (DE3). 
The recombinant protein from the crude extract was purified by 
Ni-affinity chromatography and further determined through Su-
perdex 200 gel filtration. Recombinant Abf51A displayed as a sin-
gle band with anMw of about 57 kDa after SDS-PAGE analysis, 
which was consist with the predicted Mw based on the amino 
acid sequence (Figure.4a). Size exclusion chromatography re-
vealed that Abf51A eluted as a single peak corresponding to Mw 
of340 kDa, suggesting that Abf51 existed as a homohexamerin 
solution (Figure.4b).

Figure 4:  SDS-PAGE analysis (a) and gel filtration chromatography profile (b) 
of Abf51A.

5.4. Biochemical characterization of the recombinant en-
zyme

Rapid screening of Abf51A activity using different aryl-mon-
osaccharides confirmed that Abf51A was only specific for 
pNP-Af(2770.83 U/mg) and pNP-β-Xyl (2.32 U/mg), but not 
for other aryl-glycosides includingpNP-Ace,pNP-α-Xyl, pNP-
C and pNP-Glu. Further testing on polymeric substrates re-
vealed that Abf51A could release trace amount of reducing 
sugars from a variety of xylan polymersincluding OSX, CCX 
and SCX with specific activity of 0.006, 0.003 and0.001 U/
mg,respectively.Besides, no activities were observed forlocust 
bean gum, soluble starch, Avicel and CMC. These results in-
dicated that the recombinant Abf51A was an exo-type arabi-
nanase. The Michaelis-Menten constant Km and Vmax values for 
pNP-Af under standard assay conditions were 0.52 ± 0.05 mM 
and 2981.00 ± 79.65 μmol/min/mg, respectively.

Analysis of enzymatic activity revealed that optimal tem-
perature and pH for Abf51A were 80°C and 5.5, respectively.
Abf51A retained more than 55% of its activity at 60-85°C, 
and maintained over 60% of the activity at pH 4.5-6.5, while 
decreased rapidly of more than 60% of itsactivity at pH 7.0-
8.5, suggesting its thermophilic and acidic activity in solution 
(Figure.5a). Moreover, Abf51A was incubated at 75, 80 and 
85°C in the absence of substrate for thermostability determi-
nation (Figure.5b). Abf51A withstood long-term incubation at 
75°C, retaining 63.0% of its original activity after 12 h at this 
temperature. Even at 80°C, 56.9% of the residual activity was 
left after 12 h, while 57.0% of the enzyme’s activity dropped 
sharply at 85°C after 30 min.

Moreover, several properties of Abf51A were compared with 
some other thermophilic AFases from bacteria and fungi as 
shown in Table 1.The activity of thermostable AFases was max-
imal at pH 5.0-7.0. Abf51A was evidently distinguished from 
other AFases with much higher Vmax value for pNP-Af. Besides, 
together with Abf51A, some AFases also had scant activity to-
wards pNP-β-Xyl and xylan polymers.

5.5. Synergy with endo-β-1,4-xylanase

The applications of AFase in combination with endo-β-1,4-
xylanase was studied in the hydrolysis of arabinose-rich 
xylans(Figure.6).Under the tested conditions (80°C, pH 6.0 
for 24 h), both Abf51 and Xyn10Agave optimal activities, an-
dremained more than 55% of their original activities after pro-
longed incubation. The pronounced release of reducing sugars 
from all tested xylans were achieved in the presence of Xyn10A 
compared with the separate use of Abf51A, but maximal sub-
strate hydrolysis was attained in the combination of the two 
enzymes (Figure. 6a).During the hydrolytic process, a large 
amount of xylose was produced by Xyn10Aalone since xylan 
was mainly consisted of β-1,4-linked D-xylopyranosyl back-
bone. While much more xylose was released by the simulta-



United Prime Publications: http://unitedprimepub.com                                                                                                                                                 6

Volume 1 Issue 1-2018                                                                                                                                                                                                                                               Research Article

neous action of Xyn10A and Abf51A, resulting in the highest 
2.46-fold increase over the action of Xyn10A alone towards OSX 
(Figure. 6b). At the same time, Abf51A individually liberatedthe 
highest number of arabinose from OSX, but led to the biggest 
enhancement of arabinose production by 2.25 fold together with 
Xyn10A on CCX (Figure. 6c).The most significant synergy be-
tween Xyn10A and Abf51A was obtained with OSX as substrate 
compared with that of CCX and SCX(Figure. 6d).

Figure 5: Effects of temperature and pH on the activity and stability of the 
recombinant Abf51A.(a) Temperature and pH optimum. (b) Temperature 
stability. Optimum temperature was measured at temperatures ranging from 
40 to 95°C in phosphate-citrate buffer (pH 6.5). Similarly, optimum pH was 
determined in phosphate-citrate buffers (pH 4.0-8.5) at 75°C. For investigat-
ing thermostability, purified proteins were respectively incubated at 75, 80 and 
85°C for different time periods in the absence of substrate. The residual activity 
was assayed under optimal conditions with pNP-Af as substrate. The highest 
activity was defined as 100% in triplicate.

Figure 6: Synergistic hydrolysis of arabinose-rich xylans.(a) Reducing sugars 
assay. (b) Released xylose from xylans. (c) Released arabinose from xylans. (d) 
HPLC analysis of the hydrolytic products of OSX. The reactions were conduct-
ed in 1 mL mixture (pH 6.0) containing 25 μg purified protein (Abf51A and 
Xyn10A, either alone or in combination) and 1% (w/v) xylans (OSX, CCX and 
SCX) at 80°C for 24 h. The results represented the average of three experimental 
repeats.
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marum 
DSM5069

55 
(NA)

95 5.0 162.97 0.19 NA NA
Xie et al. 

2016

Paeniba-
cillus sp. 

HanTHS1

57 
(NA)

75 5.0 NA 0.31 1.70
BirWX, 
BeeWX

Bouraoui 
et al. 
2016

Ther-
motoga 
maritima 
MSB8

55 
(332)

90 7.0 NA 0.42 2.02 d NA
Miyazaki 

2005

Clostridi-
um sterc-
orarium

52 
(195)

70 5.0 NA NA < 0.01 OSX
Schwarz 

et al. 
1995

Geobacil-
lus sp. 
KCTC 
3012

65 
(NA)

60 6.0 NA NA NA OSX
Arti et al. 

2012

*Abbreviations: Mw, molecular weight; Topt, optimum temperature; pHopt, 
optimum pH; Spe act, Specific activity; NA, not available; OSX, oat spelt xy-
lan; CCX, corncob xylan; SCX, sugarcane xylan; SBA, sugar beet arabinan; AX, 
arabinoxylan; LWX, larchwoodxylan; BeeWX, beechwoodxylan; WFA, wheat 
flour arabinoxylan; BirWX, birchwoodxylan.
a Mw, molecular weight presented as Mw by SDS-PAGE (Mw by gel filtration/ 
mass spectrometry)
b Value for pNP-Af.

6. Discussion

Abf51A was the only AFase identified from the genome of C. 
lactoaceticus, and showed high sequence identity with fam-
ily 51 AFases fromCaldicellulosiruptor sp. Correspondingly, the 
model built for Abf51A displayed a typical GH51 two-domain 
structure, organized with a (β/α)8 folded catalytic domain and 
a β-sandwich folded domain at the C-terminal. The conserved 
Glu173 and Glu292 were proposed to be the acid-base and nucle-
ophile catalytic residue, respectively. Additionally, like Abf51A, 
someGH51 AFases also had hexameric structure in solution [15-
17]. All these results were in agreement with crystal structures 
of GH51 AFase from G. stearothermophilus T-6 [PDB: 1PZ3] 
[18], C. thermocellum [PDB: 2C7F] [19], T. maritima MSB8 
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[PDB: 4ATW] [20], T. petrophilaRKU-1[PDB: 3S2C]  [21] and T. 
xylanilyticus [PDB: 2VRK]  [22]. So far, GH51 Tm-AFase from 
T.thermarumDSM5069 was the most thermophilic AFase purified 
and characterized with optimal activity up to 95°C [23]. Recom-
binant Abf51A also showed excellent thermostability with opti-
mal activity at 80°C, responding to the characterization of other 
thermophilic AFases [24-26]. Substrate specificity study revealed 
that Abf51A had narrow substrate range and mainly cleaved the 
glycosidic bond linked in pNP-Af. Abf51A was also active onpNP-
β-Xyl, but in contrast to GH 43 AFases,this activity was rather 
low. Similar substrate preference had also been described with 
some GH51 enzymes [27-35]. The explanation for this flexibil-
ity depended on the stereochemical relatedness of α-L-arabinosyl 
and β-D-xylopyranosyl moieties  [36]. However, no biofunction-
ality had been claimed on this basis [37]. To date, the majority 
of characterized GH51 members displayed only AFase activity, 
while only a few were confirmed to be multi-functional. For ex-
ample, the THSAbf from Paenibacillus sp. displayed both AFase 
and endo-xylanase activity, and was active on 4-O-methylglucu-
ronoxylans from birch and beechwood [38]. In all cases, it was 
worth noticing that Abf51A had significant higher activity with 
pNP-Af as substrate although the affinity was not outstanding. As 
for Abf51A, it also displayed expected activity towards AX and 
GAXs including CCX and SCX. AX, appearing as the neutral or 
slightly acidic polymer, consists of β-1,4-linked D-xylopyranosyl 
residues to which α-L-arabinofuranosyl units are linked at C(O)-
2 and/or C(O)-3 position. Moreover, phenolic acids such as fer-
ulic and coumaric acids have been found to be esterified to the 
C(O)-5 position of arabinose  [39]. According to statistics, AX 
has been extracted from a variety of the main commercial cere-
als including wheat, barley, oat, rye, rice and corn, sorghum as 
well as some grasses [40,41]. Generally, AX from rye, wheat and 
sorghum on average has a relatively high degree of substituted 
xylose residues, whereas both oats and barley contain higher 
levels of β-glucan than AX [39]. For example, the proportion of 
AX was once isolated from barley endosperm, accounting for 
just 25% of the total polysaccharides in cell walls [40]. Howev-
er, the degree of substitution referring to the arabinose moieties 
on the xylose backbone varies significantly according to the ce-
real species.OSX, as a popular representative of AXinvestigated 
in many literatures, contains α-L-arabinofuranosyl residue at the 
O-3 position of the linear xylan backbone at every eight to ten 
xylose molecules [41]. In earlier reports, CCX revealed the exist-
ence of two structurally different forms: a low-branched water-
insoluble GAX with about 95% of the backbone unattached, and 
a water-soluble heteroxylan with over 15% of the backbone sub-
stituted [41,42]. While xylan extracted from corn fiber contains 
about 52% xylose, along with 34% arabinose  [43]. In contrast, 
heteroxylan isolated from sugarcane bagasse is typical acetylated 

GAX, with a glycosyl substitution molar ratio between the xylose 
units, O-3 linked terminal arabinose units and the O-2 linked 
glucuronic units of 10:0.5:0.1  [44]. In view of these facts, the-
detectable activity of Abf51A with polymeric xylan was due to 
thehydrolysis of the C(O)2- and/or C(O)3-linkages between α-L-
arabinofuranosyl substituents and backbone residues of AX and 
these GAXs. From a larger perspective, the available fermentable 
sugars are essential for efficient conversion of lignocellulosic bio-
mass to ethanol and other valuable bio-based products. Hence 
the importance of side-chain-degrading enzymes like AFase 
comes from the fact that these substituentsextensively exist in 
the cross-linking structure of hemicellulose within plant cell 
wall. Besides, the enzymatic products from these heteroxylan, 
for instance,arabinoxylan-oligosaccharides, have been testified 
to be physiologically functional polysaccharides that exert prebi-
otic activities. Synergy of hydrolytic enzymes for complete deg-
radation of arabinose-rich hemicelluloses to basic units has been 
successfully recorded in previous studies, which is a feasible way 
to improve sugar yield at low cost. For example, novel synergistic 
associations among AFase, endo-β-1,4-xylanase and endo-1,4-β-
mannanase had already been established to degrade the hemicel-
luloses of alkaline pre-treated sugarcane bagasse. Respond to the 
results of this study, significant synergistic effects between AFase 
and other xylanolytic degrading enzymes had also been widely 
acknowledged. In these cases, efficient processing of xylan could 
be achieved by the predominant de-polymerization of the main 
bone by endo-β-1,4-xylanase to assimilate oligosaccharides, 
together with branch removal by the de-branching xylanolytic 
system. Cooperation C. stercorariumArfB with endo-xylanase on 
OSX yielded products of arabinose, xylose, xylobiose and xylo-
triose after prolonged incubation. Paenibacillus sp. JDR-2 assimi-
lated methylglucuronoarabinoxylan from sugarcane by the syn-
ergy between AFase and GH10/GH67 xylan utilization enzymes. 
Hence, when Abf51A was incubated with endo-β-1,4-xylanase 
Xyn10A to simultaneously degrade AX and GAXs, more reduc-
ing sugars were released.However, the difference in the initial 
reaction rates and products for the tested substratesmight be at-
tributed tothe distribution diversity of substitutesand the link-
age preference of AFase. In conclusion, theGH51 AFasesAbf51A 
from extremely thermophilic bacterium C. lactoaceticusexhibited 
remarkable activity onboth pNP-Af and pNP-β-D-Xyl. Abf51A 
showed optimal activity at 80°C and pH 5.5 with favorable ther-
mostability. Moreover, Abf51A has the accessory function of L-
arabinofuranosyl substituents removal and acted synergistically 
with endo-β-1,4-xylanase in AX and GAX degradation. The ex-
cellent thermostability, hydrolytic properties and synergism with 
endo-β-1,4-xylanase suggested that Abf51Awas an optimum en-
zyme for pentosesproduction from arabinose-rich xylans.

http://www.baidu.com/link?url=ZzzboZnWujxvTjl-bFjn3FYlc-A4qlplLxtTpXkXSqwmnFT0wJwxW8mjAiIZMjokqx3pT2GjLkXt5zzswQy4ZXYzWkDzQWwgAiqbgMCVtSvvrT7cze56iPGOU0eYZaBX
http://www.baidu.com/link?url=ZzzboZnWujxvTjl-bFjn3FYlc-A4qlplLxtTpXkXSqwmnFT0wJwxW8mjAiIZMjokqx3pT2GjLkXt5zzswQy4ZXYzWkDzQWwgAiqbgMCVtSvvrT7cze56iPGOU0eYZaBX


Volume 1 Issue 1-2018                                                                                                                                                                                                                                               Research Article

United Prime Publications: http://unitedprimepub.com                                                                                                                                                 8

7. Acknowledgements

This study was funded by National 863 Project (grant num-
ber2014AA021905); Open Funding Project of the National 
Key Laboratory of Biochemical Engineering (grant number 
Y525041178); 100 Talents Program of Chinese Academy of Sci-
ences; Strategic Biological Resources Service Network Plan of 
Chinese Academy of Sciences (grant number ZSYS-015).

References

1. Arti D, Jung TY, Jang MU, Kim TJ (2012) Structural analysis of α-L-

arabinofuranosidase from Thermotoga maritima reveals characteristics 

for thermostability and substrate specificity. J Microbiol Biotechnol 

22(12):1724-1730.doi:10.4014/jmb.1208.08043

2. Beukes N, Pletschke BI (2011) Effect of alkaline pre-treatment 

on enzyme synergy for efficient hemicellulose hydrolysis in sugar-

cane bagasse. Bioresour Technol 102(8):5207-5213. doi:10.1016/j.

biortech.2011.01.090

3. Birgisson H, Fridjonsson O, Bahrani-Mougeot FK, Hreggvidsson 

GO, Kristjansson JK, Mattiasson B (2004) A new thermostable α-L-

arabinofuranosidase from a novel thermophilic bacterium. Biotechnol 

Lett 26(17):1347-1351.doi:10.1023/B:BILE.0000045631.57073.79

4. Blumer-Schuette SE, Ozdemir I, Mistry D, Lucas S, Lapidus A, Cheng 

J-F, Goodwin LA, Pitluck S, Land ML, Hauser LJ (2011) Complete 

genome sequences for the anaerobic, extremely thermophilic plant 

biomass-degrading bacteria Caldicellulosiruptor hydrothermalis, Cal-

dicellulosiruptor kristjanssonii, Caldicellulosiruptor kronotskyensis, 

Caldicellulosiruptor owensensis, and Caldicellulosiruptor lactoaceticus. 

J Bacteriol 193(6):1483-1484.doi:10.1128/JB.01515-10

5. Bouraoui H, Desrousseaux ML, Ioannou E, Alvira P, Manaï M, Ré-

mond C, Dumon C, Fernandez-Fuentes N, O’Donohue MJ (2016) The 

GH51 α-L-arabinofuranosidase from Paenibacillus sp. THS1 is multi-

functional, hydrolyzing main-chain and side-chain glycosidic bonds in 

heteroxylans. Biotechnol Biofuels 9:140.doi:10.1186/s13068-016-0550-x

6. Canakci S, Belduz AO, Saha B, Yasar A, Ayaz FA, Yayli N (2007) 

Purification and characterization of a highly thermostable α-L-

arabinofuranosidase from Geobacillus caldoxylolyticus TK4. Appl Mi-

crobiol Biotechnol 75(4):813-820. doi:10.1007/s00253-007-0884-1

7. Canakci S, Kacagan M, Inan K, Belduz AO, Saha BC (2008) Clon-

ing, purification, and characterization of a thermostable α-L-

arabinofuranosidase from Anoxybacillus kestanbolensis AC26Sari. 

Appl Microbiol Biotechnol 81(1):61-68.doi:10.1007/s00253-008-1584-1

8. Debeche T, Cummings N, Connerton I, Debeire P, O’Donohue MJ 

(2000) Genetic and biochemical characterization of a highly thermo-

stable α-L-arabinofuranosidase from Thermobacillus xylanilyticus. 

Appl Environ Microbiol 66(4):1734-1736.doi:10.1128/AEM.66.4.1734-

1736.2000

9. Dodd D, CANN IK (2009) Enzymatic deconstruction of xylan for 

biofuel production. GCB Bioenergy 1(1):2-17.doi:10.1111/j.1757-

1707.2009.01004.x

10. Ebringerová A, Hromádková Z, Alfödi J, Hřıbalová V (1998) The 

immunologically active xylan from ultrasound-treated corn cobs: Ex-

tractability, structure and properties. Carbohyd Polym 37(3):231-239. 

doi:10.1016/S0144-8617(98)00065-4

11. Ebringerová A, Hromádková Z, Heinze T (2005) Hemicellulose. In: 

Heinze T (ed) Polysaccharides I: Structure, Characterization and Use. 

Springer Berlin Heidelberg, Berlin, Heidelberg, pp 1-67

12. Fincher GB (1975) Morphology and chemical composi-

tion of barley endosperm cell walls. J I Brewing 81(2):116-122.

doi:10.1002/j.2050-0416.1975.tb03672.x

13. Grootaert C, Delcour JA, Courtin CM, Broekaert WF, Verstraete W, 

Van de Wiele T (2007) Microbial metabolism and prebiotic potency of 

arabinoxylan oligosaccharides in the human intestine. Trends Food Sci 

Technol 18(2):64-71. doi:10.1016/j.tifs.2006.08.004

14.Hövel K, Shallom D, Niefind K, Belakhov V, Shoham G, Baasov T, 

Shoham Y, Schomburg D (2003) Crystal structure and snapshots along 

the reaction pathway of a family 51 α-L-arabinofuranosidase. The 

EMBO Journal 22(19):4922-4932.doi:10.1093/emboj/cdg494

15. Heinze T, Petzold-Welcke K, van Dam JEG (2013) Polysaccharides: 

Molecular and supramolecular structures. Terminology. In: Navard P 

(ed) The european polysaccharide network of excellence (EPNOE): Re-

search initiatives and results. Springer Vienna, Vienna, pp 23-64

16. Hespell RB (1998) Extraction and characterization of hemicellulose 

from the corn fiber produced by corn wet-milling processes. J Agric 

Food Chem 46(7):2615-2619.doi:10.1021/jf971040y

17. Hespell RB, O’Bryan PJ (1992) Purification and characterization of 

an α-L-arabinofuranosidase from Butyrivibrio fibrisolvens GS113. Appl 

Environ Microbiol 58(4):1082-1088

18. Hoffmam ZB, Oliveira LC, Cota J, Alvarez TM, Diogo JA, de 

Oliveira Neto M, Citadini APS, Leite VBP, Squina FM, Murakami MT, 

Ruller R (2013) Characterization of a hexameric exo-acting GH51 

α-L-arabinofuranosidase from the mesophilic Bacillus subtilis. Mol Bio-

technol 55(3):260-267. doi:10.1007/s12033-013-9677-1

19. Im D-H, Kimura K-i, Hayasaka F, Tanaka T, Noguchi M, Kobayashi 

A, Shoda S-i, Miyazaki K, Wakagi T, Fushinobu S (2012) Crystal struc-

tures of glycoside hydrolase family 51 α-L-arabinofuranosidase from 

Thermotoga maritima. Biosci, Biotechnol, Biochem 76(2):423-428. 

doi:10.1271/bbb.110902

20. Jia X, Mi S, Wang J, Qiao W, Peng X, Han Y (2014) Insight into gly-

coside hydrolases for debranched xylan degradation from extremely 

thermophilic bacterium Caldicellulosiruptor lactoaceticus. PLoS ONE 

9(9):e106482. doi:10.1371/journal.pone.0106482



Volume 1 Issue 1-2018                                                                                                                                                                                                                                               Research Article

United Prime Publications: http://unitedprimepub.com                                                                                                                                                 9

21. Laemmli UK (1970) Cleavage of structural proteins during the as-

sembly of the head of bacteriophage T4. Nature 227(5259):680-685

22. Lagaert S, Pollet A, Courtin CM, Volckaert G (2014) β-Xylosidases 

and α-L-arabinofuranosidases: Accessory enzymes for arabinox-

ylan degradation. Biotechnol Adv 32(2):316-332. doi:10.1016/j.bio-

techadv.2013.11.005

23. Lee SH, Lee Y-E (2014) Cloning, expression, and characterization 

of a thermostable GH51 α-L-arabinofuranosidase from Paenibacil-

lus sp. DG-22. J Microbiol Biotechnol 24(2):236-244. doi:10.4014/

jmb.1308.08078

24. Lever M (1972) A new reaction for colorimetric determination 

of carbohydrates. Anal Biochem 47(1):273-279. doi:10.1016/0003-

2697(72)90301-6

25. Lim YR, Yoon RY, Seo ES, Kim YS, Park CS, Oh DK (2010) Hydro-

lytic properties of a thermostable α-L-arabinofuranosidase from Cal-

dicellulosiruptor saccharolyticus. J Appl Microbiol 109(4):1188-1197. 

doi:10.1111/j.1365-2672.2010.04744.x

26. Miyazaki K (2005) Hyperthermophilic α-L-arabinofuranosidase 

from Thermotoga maritima MSB8: Molecular cloning, gene expres-

sion, and characterization of the recombinant protein. Extremophiles 

9(5):399-406. doi:10.1007/s00792-005-0455-2

27. Mladenovska Z, Mathrani IM, Ahring BK (1995) Isolation and 

characterization of Caldicellulosiruptor lactoaceticus sp. nov., an ex-

tremely thermophilic, cellulolytic, anaerobic bacterium. Arch Micro-

biol 163(3):223-230. doi:10.1007/BF00305357

28. Morais de Carvalho D, Martínez-Abad A, Evtuguin DV, Colodette 

JL, Lindström ME, Vilaplana F, Sevastyanova O (2017) Isolation and 

characterization of acetylated glucuronoarabinoxylan from sugarcane 

bagasse and straw. Carbohyd Polym 156:223-234 doi:10.1016/j.carb-

pol.2016.09.022

29. Numan MT, Bhosle NB (2006) α-L-Arabinofuranosidases: The 

potential applications in biotechnology. J Ind Microbiol Biotechnol 

33(4):247-260. doi:10.1007/s10295-005-0072-1

30. Paës G, Skov LK, O’Donohue MJ, Rémond C, Kastrup JS, Gajhede 

M, Mirza O (2008) The structure of the complex between a branched 

pentasaccharide and Thermobacillus xylanilyticus GH-51 arabinofu-

ranosidase reveals xylan-binding determinants and induced fit. Bio-

chemistry 47(28):7441-7451. doi:10.1021/bi800424e

31. Saha BC (2000) α-L-Arabinofuranosidases: Biochemistry, mo-

lecular biology and application in biotechnology. Biotechnol Adv 

18(5):403-423. doi:10.1016/S0734-9750(00)00044-6

32. Saulnier L, Sado P-E, Branlard G, Charmet G, Guillon F (2007) 

Wheat arabinoxylans: Exploiting variation in amount and compo-

sition to develop enhanced varieties. J Cereal Sci 46(3):261-281. 

doi:10.1016/j.jcs.2007.06.014

33. Sawhney N, Preston JF (2014) GH51 arabinofuranosidase and its role 

in the methylglucuronoarabinoxylan utilization system in Paenibacil-

lus sp. JDR-2. Appl Environ Microbiol 80(19):6114-6125.doi:10.1128/

AEM.01684-14

34. Schwarz WH, Bronnenmeier K, Krause B, Lottspeich F, Staudenbauer 

WL (1995) Debranching of arabinoxylan: Properties of the thermoac-

tive recombinant α-L-arabinofuranosidase from Clostridium sterco-

rarium (ArfB). Appl Microbiol Biotechnol 43(5):856-860. doi:10.1007/

bf02431919

35. Shallom D, Belakhov V, Solomon D, Gilead-Gropper S, Baasov T, 

Shoham G, Shoham Y (2002) The identification of the acid-base catalyst 

of α-arabinofuranosidase from Geobacillus stearothermophilus T-6, a 

family 51 glycoside hydrolase. FEBS Lett 514(2-3):163-167. doi:10.1016/

S0014-5793(02)02343-8

36. Souza TACB, Santos CR, Souza AR, Oldiges DP, Ruller R, Prade RA, 

Squina FM, Murakami MT (2011) Structure of a novel thermostable 

GH51 α-L-arabinofuranosidase from Thermotoga petrophila RKU-1. 

Protein Sci 20(9):1632-1637. doi:10.1002/pro.693

37. Taylor E, Smith N, Turkenburg J, D’souza S, Gilbert H, Davies G 

(2006) Structural insight into the ligand specificity of a thermostable 

family 51 arabinofuranosidase, Araf51, from Clostridium thermocellum. 

Biochem J 395:31-37.doi:10.1042/BJ20051780

38. Van Dyk J, Pletschke B (2012) A review of lignocellulose bioconver-

sion using enzymatic hydrolysis and synergistic cooperation between 

enzymes-factors affecting enzymes, conversion and synergy. Biotechnol 

Adv 30(6):1458-1480.doi:10.1016/j.biotechadv.2012.03.002

39. Xie J, Zhao D, Zhao L, Pei J, Xiao W, Ding G, Wang Z, Xu J (2016) 

Characterization of a novel arabinose-tolerant α-L-arabinofuranosidase 

with high ginsenoside Rc to ginsenoside Rd bioconversion productivity. 

J Appl Microbiol 120(3):647-660.doi:10.1111/jam.13040

40. Yan Q, Tang L, Yang S, Zhou P, Zhang S, Jiang Z (2012) Purification 

and characterization of a novel thermostable α-L-arabinofuranosidase 

(α-L-AFase) from Chaetomium sp. Process Biochem 47(3):472-478.

doi:10.1016/j.procbio.2011.12.003

41. Yang W, Bai Y, Yang P, Luo H, Huang H, Meng K, Shi P, Wang Y, Yao B 

(2015) A novel bifunctional GH51 exo-α-L-arabinofuranosidase/endo-

xylanase from Alicyclobacillus sp. A4 with significant biomass-degrad-

ing capacity. Biotechnol Biofuels 8:197.doi:10.1186/s13068-015-0366-0

42. Yang Y, Sun J, Wu J, Zhang L, Du L, Matsukawa S, Xie J, Wei DZ 

(2016) Characterization of a novel α-L-arabinofuranosidase from Rumi-

nococcus albus 7 and rational design for its thermostability. J Agric Food 

Chem 64:7546-7554.doi:10.1021/acs.jafc.6b02482

43. Yeoman CJ, Han Y, Dodd D, Schroeder CM, Mackie RI, Cann IK 

(2010) Thermostable enzymes as biocatalysts in the biofuel industry. Adv 

Appl Microbiol 70:1-55.doi:10.1016/S0065-2164(10)70001-0



Volume 1 Issue 1-2018                                                                                                                                                                                                                                               Research Article

United Prime Publications: http://unitedprimepub.com                                                                                                                                                 10

44. Zhang S, Li W, Smith CJ, Musa H (2015) Cereal-derived arabinox-

ylans as biological response modifiers: Extraction, molecular features, 

and immune-stimulating properties. Crit Rev Food Sci Nutr 55(8):1035-

1052.doi:10.1080/10408398.2012.705188


