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Abstract
Enzymes are successfully used in many industrial process, such as food and paper industries. Enzymes,
which are derived from microorganisms living under mild conditions, are not suitable for industrial
processes performed at high temperature, acidic or basic reaction conditions. Thus, enzymes derived
from extremophilic microorganisms are needed for these hard industrial conditions. Alicyclobacillus
acidocaldarius DSM 446 with an optimum growth temperature of 60–65°C, is an acidothermophilic
bacterium that grows in acidic hot springs. In addition to growth in both acidic and hot springs, having a
complete genome project makes the organism an important source for enzymes that are used in harsh
industrial conditions. Arabinofuranosidases (E.C 3.2.1.55; AFases) belong to glycoside hydrolase family
enzymes. AFases hydrolyzes 1,3- and 1,5-α-arabinosyl bounds of L-arabinose containing molecules. L-
arabinoses are present in hemicellulosic part of lignocellulosic biomass. AFases also play an important
role in the complete hydrolysis of arabinoxylans. Analysis of the genome project and CAZY database
revealed two putative arabinofuranosidase genes in the A. acidocaldarius genome. In this study, we
aimed cloning, heterologous expression, purification and biochemical characterization of the α-N-
Arabinofuranosidase enzyme encoded in A. acidocaldarius genome. For this purpose, the gene of α-N-
Arabinofuranosidase protein was cloned into pQE-40 vector and expressed heterologously in E. coli BL21
GOLD (DE3). Biochemical characterization of the purified enzyme revealed that A. acidocaldarius α-N-
Arabinofuranosidase enzyme showed optimum activity at 45 ºC and pH 6.5 in phosphate buffer.
Furthermore, enzyme has 60% activity after 90 min. incubation at 80 ºC. A. acidocaldarius α-N-
Arabinofuranosidase enzyme has high potential to be used as accessory enzyme for the complete
degradation of arabinoxylans.

Introduction
Enzymes, which are biological catalysts, have been used extensively in the preparation of many foods
and beverages, biosynthesis of pharmaceuticals and fine chemicals, diagnostics and treatment of
various diseases, and as additives in detergents and other cleaning agents [1–2]. Nowadays, enzymes,
which have very important metabolic functions in the cells, have entered into daily and economic life to
use for various purposes [3]. Due to their superiority over chemical catalysts previously used in industrial
processes, enzymes have successfully replaced these catalysts. Enzymes belonging to all enzyme
classes are widely used in many fields such as food, clinic, pharmaceutical and molecular biology [4].
The successful use of enzymes in the industry has contributed positively to both the environment and the
process economy by reducing the amount of energy and chemicals previously used in these processes
[5]. Following the widespread use of enzymes in various biotechnological and industrial processes,
enzyme technology (White Biotechnology) is one of the most popular and interesting areas of
biotechnology with advances in recombinant DNA technology. The majority of the enzymes used in the
industry belong to the hydrolase class [1, 6]. 59% of commercially used enzymes are proteases, 28%
carbohydrases, 3% lipases and 10% are other enzymes [3].
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Lignocellulosics are the most abundant renewable resources in nature and they can be used as carbon
sources in the production of both biofuel and other high value-added microbial products. The conversion
of cellulosic and hemicellulosic components to fermentable sugars are one of the most important steps
to improve total production costs obtain through ethanol or other high value-added chemicals by using
lignocellulosic biomass. For example, in recent years, a significant decrease has been observed in the
production costs of ethanol using enzymatically hydrolyzed biomass as feedstock [7–8]. Many cellulosic,
hemicellulosic, and lignolytic enzymes such as cellulase, xylanase, laccase, galactosidase,
arabinofuranosidase, and so on, are needed in order to achieve full enzymatic hydrolysis of lignocellulose
[9]. It is important to degrade hemicellulose which surrounds and interacts with cellulose in order to
obtain all the fermentable sugars from biomass. Since hemicellulose hinders the access of cellulolytic
enzymes to cellulose and thus decreases the fermentable sugar yield. Although endoxylenase and β-
xylosidase enzymes are mainly involved in the degradation of the hemicellulose structure, enzymes such
as α-L-arabinofuranosidase, α-glucuronidase, α-galactosidase, acetylxylan esterase and β-mannanase,
which are called auxiliary enzymes, are needed in the hydrolysis of the side chains in the hemicellulose
structure [10, 11]. Implication of lignocellulosic enzymes in many industrial and biotechnological
processes led to start a new era that allows for more efficient usage of cheap agricultural waste [7, 12,
13].

Arabinofuranosidases (E.C 3.2.1.55) involved in hydrolysis of L-arabinose bonds (1,3- and 1,5-α-
arabinosyl) and arabinoxylan is an important part of the system required for the complete disintegration
[13–15]. L-arabinofuranosyl units in xylan chains strongly inhibit xylan degrading enzymes and this
prevents hydrolysis of the polymer to xylose units. Similarly, the presence of L-arabinofuranosyl units in
pectin prevents the degradation of this polymer to its monomers. Arabinofuranosidases perform
hydrolysis of hemicellulose and pectin by working synergetically with other hemicellulases and
pectinases. Because of they increase the efficacy of other lignocellulosic enzymes, these enzymes have a
cooperative role in biomass conversion. Arabinofuranosidases have an effect that increases the release
of reducing sugars from lignocellulosic materials [12, 13, 16]. They have a synergistic effect with other
lignocellulosic enzymes, and this enzyme has been used successfully in many industrial processes [7, 12,
13].

In this study, we aimed cloning, recombinant expression, purification and biochemical characterization of
L- arabinofuranosidase encoded of in the genome of A. acidocaldarius DSM 446. Herein, the genomic
copy of α-N- arabinofuranosidase was cloned into pQE-40 vector, expressed in E. coli BL21 GOLD (DE3)
and purified by using NiNTA affinity chromatography. Subsequently, purified α-N-arabinofuranosidase
enzyme was biochemically characterized in order to elucidate full potential to be used in lignocellulosic
biomass degradation.

Materials And Methods
Strains and Vector
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A. acidocaldarius DSM 446 was used to obtain α-N-Arabinofuranosidase gene; E. coli DH5α was used for
the cloning, and E. coli BL21 GOLD (DE3) was used for the expression of α-N-Arabinofuranosidase; pQE-
40 plasmid vector was used for expression of recombinant enzyme.

Cloning of Arabinofuranosidase gene

Genomic DNA was isolated from A. acidocaldarius DSM 446 using genomic DNA isolation kit according
to manufacturer instructions (Thermo Scientific). Genomic DNA was used as template and the gene
(NCBI Gene ID: Aaci_2894; Genebank accession number: ACV59898) was amplified by PCR (94 °C for 3 
min, 1 cycle; 94 °C for 40 s/64 °C for 40 s/72 °C for 90 s, 30 cycles; 72 °C for 10 min, 1 cycle) using the
forward primer (5’- ACGCGTCGACATGTCCAACCTGAAAGCG-3’) and the reverse primer (5’-
AAGCTTTCAGACGCGAATGCGAATCACG -3’). The amplified product was digested with Sall and Hind-III
and then ligated with T4-DNA-Ligase (Fermentas) into pQE-40 plasmid vector. The ligation products were
transformed into E. coli DH5α and positive transformants were validated with colony PCR and
sequencing.

Expression of Arabinofuranosidase

pQE-40 plasmid harboring α-N-Arabinofuranosidase gene was transformed into E. coli BL21 GOLD (DE3).
For the expression of protein, 2% of an overnight culture of E. coli BL21 GOLD (DE3) was inoculated into
luria bertani (LB) medium (1 L) containing ampicillin (0.1 mg/ml) and tetracycline (12.5 µg/ml) and then
cultured at 37ºC and 160 rpm until OD600 value reaches 0.4-0.6. Protein expression was induced by
supplementing 2 ml of 0.5 mM isopropyl-β-thiogalactopyranoside (IPTG) to culture medium and
performed at 37ºC for 3 hours.

Protein Purification and Quantification

Cells were centrifuged at 4ºC and 4000 rpm for 40 min and pellet was resuspended in suspension buffer
(pH 7.5 100 mM phosphate buffer) and disrupted by sonication on ice (40 %, 20 second interval, totally 5
min). Cell suspension was centrifugated at 4ºC and 13000 rpm for 30 min. Soluble fraction was filtered
and equilibrated with buffer (50 mM potassium phosphate, 500 mM NaCl and 10 mM imidazole and pH
was adjusted to 7.8) and loaded onto a His Trap FF crude (GE HEALTHCARE) affinity column. Bound
proteins were eluted with elution buffer (50 mM potassium phosphate, 500 mM NaCl and 500 mM
imidazole and pH 7.8).

Purified protein was quantified spectrophotometrically using Bradford Method [17]. 150 µl of sample was
added to 3 ml of Bradford Reagent. Samples were incubated at room temperature for 10 min. After
incubation, absorbance was measured at 595 nm.

Activity Assay

510 µl of phosphate buffer (50 mM, pH 6.5) and 90 µl of 0.2 mM p-Nitrophenyl-α-L-arabinofuranoside
were added to reaction medium and incubated at 45ºC for 10 min and pre-incubation was performed.
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After pre-incubation, 200 µl of enzyme solution was added to reaction medium and incubated at 45ºC for
30 min.

After incubation, 800 µl of 1 M Na2CO3 was added to reaction medium to stop the reaction. Samples were
incubated at room temperature for 10 min. After incubation, absorbance was measured at 405 nm [18].
One unit of enzyme activity was defined as the conversion of 1 μmole of substrate per minute.

Characterization of Enzymes

Effects of pH and temperature on activity; The enzymatic reactions were carried out in 50 mM acetate (pH
4.0-4.5-5.0), 50 mM phosphate (pH 5.5-6.0-6.5-7.0) and 50 mM borate (pH 8.0-9.0) buffers. The effect of
temperature on the arabinofuranosidase activity was determined by performing the reaction in pH 6.5
phosphate buffer for 30 min at 20-30-40-45-50-65-85 and 100°C.

Thermal stability of Arabinofuranosidase; Purified enzyme solutions were incubated at 30-40-50-60-70-80
and 90°C for 90 min and then kept on ice. The residual arabinofuranosidase activity was measured by
standard assay as described above.

Effects of different chemicals on Arabinofuransidase activity; NaCl, MgCl2, CaCl2, EDTA, HgCl2 and SDS
solutions (prepared in pH 6,5 50 mM phosphate buffer) were added to reaction medium (final
concentration of solutions was 10 mM).

Computational Biology Analysis

Physico-chemical parameters such as MW, theoretical pI, and aliphatic index was calculated using
ProtParam tool (https://web.expasy.org/protparam/). The phylogenetic tree was constructed by the
Neighbor-Joining method using MEGA X. The 3D homology model of A. acidocaldarius α-N-
Arabinofuranosidase protein (Uniprot ID; C8WV61) was constructed by SWISS-MODEL server
(https://swissmodel.expasy.org/) and validated by QMEAN (https://swissmodel.expasy.org/qmean/),
ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php), and SAVES v6.0
(https://saves.mbi.ucla.edu/). The homohexameric structure of α-N-Arabinofuranosidase was used for
substrate docking in AutoDock within YASARA Structure Version 22.9.24. PyMOL was used to prepare all
the graphical images.

Results And Discussion
Expression and purification of α-N-Arabinofuranosidase 

A. acidocaldarius α-N-Arabinofuranosidase protein expressed in E. coli BL21 GOLD (DE3) was purified
with His-Tag purification by loading cell lysate to HisTrap™ FF crude column (Figure S1). Purified protein
fractions were analyzed with SDS-PAGE (Figure 2) with a molecular mass of approximately 56 kDa.  

Figure 2 
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Biochemical Characterization of the A. acidocaldarius α-N-Arabinofuranosidase Enzyme

For better understanding of the biochemical properties of recombinant A. acidocaldarius α-N-
Arabinofuranosidase, optimum pH, optimum temperature, thermal stability, substrate spectrum, and
kinetic parameters were determined.  

Effect of Buffer and pH

Asetate, phosphate, and borate buffers with different pH values were tested in order to determine the
optimal pH value and buffer system. The recombinant A. acidocaldarius α-N-Arabinofuranosidase
showed the highest activity at pH 6.5 in phosphate buffer (Figure 3). Enzyme activity increased gradually
between pH 4.0 to 6.5 and then decreased gradually until pH 9.0.  α-N-Arabinofuranosidase showed more
than 80 % activity between pH 5.0 to pH 7.0. Additionally, enzyme has around 50 % activity at pH 4.0. A
similar pH optima was reported for Bacillus stearothermophilus No. 236 α-L-Arabinofuranosidase enzyme
[19]. The A. acidocaldarius α-N-Arabinofuranosidase enzyme exhibited activity at wide pH range (between
4.0 to 9.0). In the literature there are many arabinofuranosidases, obtained from different bacteria such
as Thermobacillus xylanilyticus [20], Geobacillus stearothermophilus [21], Thermotoga thermarum [22]
(DOI 10.1007/s10529-014-1493-6), Anoxybacillus kestanbolensis [18] with activity between pH 4.0 to pH
10, were reported.  

Figure 3 

Effect of Temperature on Activity 

The optimal temperature for the A. acidocaldarius α-N-Arabinofuranosidase was 45 ºC (Figure 4).
However, the α-N-Arabinofuranosidase enzyme was highly active at tested all temperatures. α-N-
Arabinofuranosidase exhibited ⁓90 % activity between 20-100 ºC which was reported before for only a
few identified and characterized arabinofuranosidases from Clostridium stercoarium (temperature range
30-90 ºC) [23] and Bacillus subtilis (temperature range 30-80 ºC) [24]. This wide range temperature profile
of the enzyme highlights the thermostability of the enzyme hence increases the industrial potential of the
purified enzyme.    

Figure 4 

Thermal Stability of the α-N-Arabinofuranosidase 

To examine the thermal stability of the A. acidocaldarius α-N-Arabinofuranosidase, enzyme was
incubated at various temperatures for 90 min. Figure 5 shows that the enzyme is stable at mild
temperatures (30-50 ºC). Stability of the enzyme gradually decreases after 50 ºC. However, it still retains
80 % activity after 90 min. incubation at 60 and 70 ºC. Furthermore, it exhibited more than 40 % residual
activity at 90 ºC after 90 min. incubation. Another α-L-arabinofuranosidase from Alicyclobacillus sp. A4,
which has 75 % sequence identity with A. acidocaldarius α-N-Arabinofuranosidase, has 80 % of the initial
activity at 70 ºC after 60 min. and 30 % of the initial activity at 80 ºC after 30 min. incubation [25] which
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is much more less than arabinofuranosidase characterized in this study (>50 % of the initial activity after
90 min. incubation at 80 ºC). Geobacillus stearothermophilus α-L-arabinofuranosidase enzyme has 50 %
of the initial activity at 70 ºC after 1-hour incubation, that is also less than A. acidocaldarius α-N-
Arabinofuranosidase [21]. Other arabinofuranosidases from Bacillus pumilus [26], Bacillus subtilis [27],
Aureobasidium pullulans [28], Streptomyces sp. [29] have 65 % at 75 ºC, 60 % at 50 ºC, 70 % at 60 ºC, and
45 % at 60 ºC of their initial activity recpectively.    

Figure 5 

Effect of Chemicals

The effects of chemicals such as NaCl, MgCl2, CaCl2, EDTA, HgCl2 and SDS on enzyme activity were
investigated by adding them into reaction medium at 10 mM final concentration. NaCl and SDS did not
show any significant effect on enzyme activity. On the other hand, MgCl2, CaCl2, EDTA, and HgCl2 led to
significant decrease in A. acidocaldarius α-N-Arabinofuranosidase activity. While MgCl2 caused to more
than 50 % activity loss, HgCl2 caused almost complete inhibition of the enzyme. 10-20 % activity was
observed when EDTA and CaCl2 were added into reaction medium.

 Figure 6 

Computational Biology Analysis of the A. acidocaldarius α-N-Arabinofuranosidase

The ProtParam tool (https://web.expasy.org/protparam/) was used in order to calculate physicochemical
parameters of the 501 amino acid containing A. acidocaldarius α-N-Arabinofuranosidase (UniProt ID:
C8WV61). The ProtParam calculated the molecular weight and theoretical pI of the α-N-
Arabinofuranosidase as 56 kDa and 5.40 respectively. Furthermore, aliphatic index which is indicator of
thermostability was calculated as 87.56.

Figure 7 

The homology model of the 501 aa. A. acidocaldarius α-N-Arabinofuranosidase enzyme was constructed
with SWISS-MODEL server and validated with QMEAN, ProSA-web, and SAVES v6.0. SWISS-MODEL
yielded a homohexameric 3D structure (Figure 7) using Geobacillus stearothermophilus α-L-
arabinofuranosidase protein as template (PDB ID: 1QW9). The QMEAN value of the generated 3D
homology model was 0.85 and ProSA-web tool calculated the Z-score of the model as -11 (Figure S2)
which is in the range of of scores typically found for native proteins of similar size. Additionally,
Ramachadran Plot (Figure 8) was generated by SAVES and it revealed that 90.7 % of the residues were in
the most favoured regions and 8.9 % of the residues were in the allowed regions. The binding site of the
A. acidocaldarius α-N-Arabinofuranosidase enzyme was predicted using FTSite binding site prediction
tool [30]. The pink mesh represents the predicted binding site (Figure 8) and the residues within 5 Å of the
binding site are F27, E29, R69, G73, N74, F75, W99, N174, E175, W180, S216, Y246, E294, W298, L318,
A350, Q351, I356.
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Figure 8 

The docking analysis of α-N-Arabinofuranosidase with the substrate pNP-α-L-arabinofuranoside was
performed with AutoDock within YASARA. 100 runs ware performed and docking poses less than 0.5 Å
heavy atom RMSD were superposed and clustered. Hovel et al., reported that the 3.0 Å distance between
E175 and glycosidic oxygen of substrate is a hydrogen bonding distance and allows the protonation of
the departing aglycon. Additionally, the appropriate distance between E294 and anomeric carbon is 3.2 Å
which allows the nuclephilic attack for the Geobacillus stearothermophilus α-L-arabinofuranosidase [31].
The best docking pose was shown in Figure 9 and it revealed that the distances between E294 and
anomeric carbon (D1) of the substrate and the distance between E175 and glycosidic oxygen (D2) of
substrate and are within the preferred ranges. The docking results showed that the D1 was 3.01 Å and D2
was 2.570 Å with -7.64 kcal/mol binding energy.          

Figure 9 

The phylogenetic tree was constructed with MEGA X to analyze phylogenetic relationship between A.
acidocaldarius α-N-Arabinofuranosidase protein with previously characterized arabinofuranosidases.
Figure 10 showed that analyzed proteins were classified into two distinct groups according to localization
of the enzyme. A. acidocaldarius α-N-Arabinofuranosidase located into same group with the enzymes
named as intracellular arabinofuranosidases. In addition, the characterized enzyme was in the same sub-
group with the arabinofuranosidases characterized from Geobacillus stearothermophilus and Bacillus
subtilis. Based on this, A. acidocaldarius α-N-Arabinofuranosidase protein sequence was compared with
the sequences of Geobacillus stearothermophilus and Bacillus subtilis arabinofuranosidases by multiple
sequence alignment using Clustal Omega tool. MSA results (Figure 11) revealed that A. acidocaldarius
has 65 % sequence identity with Bacillus subtilis arabinofuranosidase and 67 % sequence identity with
Geobacillus stearothermophilus arabinofuranosidase protein. Moreover, the key residues for substrate
binding (E29, N74, N174, Y246 and Q351) and catalytic activity (E175 and E294) are conserved in the
sequence of A. acidocaldarius.  

Figure 10 

Figure 11

Conclusion
L-arabinose units in the form of a side chain linked to hemicelluloses in lignocellulosic biomass and
pectic compounds hinder other enzymes such as xylanase, which play a role in the enzymatic hydrolysis
of the hemicellulose part, and in this case, the biomass cannot be fully hydrolyzed into fermentable
sugars. Accessory enzymes such as arabinofuranosidase belonging to the glycoside hydrolyze class
enzymes play important role to overcome this obstacle. In this study, the α-N-Arabinofuranosidase gene
from acidothermophilic A. acidocaldarius DSM 446 was cloned into pQE-40 plasmid and successfully
expressed in E. coli BL21 GOLD (DE3). The purified α-N-Arabinofuranosidase enzyme showed the
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optimum activity at pH 6.5 and 45 ºC. However, enzyme has more than 50% activity between wide range
of pH values between 4.0 to 8.0 and more than 85% activity between 20 and 100 ºC. Furthermore, it
retains more than 50% its initial activity at 70 ºC after 90 min. incubation that represent its high stability
under extreme conditions. A. acidocaldarius DSM 446 is an acidothermophilic bacteria that grows in
acidic hot springs with an optimum growth temperature of 60–65°C. In essence, high stability of the
produced enzyme at acidic pH and alleviated temperatures may lead to use of A. acidocaldarius α-N-
Arabinofuranosidase enzyme as a potential accessory enzyme for the complete breakdown of
lignocellulosic biomass in production of high value added products.

Declarations
The authors declare no competing financial interest.  

Acknowledgment

This study was supported partially by TÜBİTAK 1001 (Project Number: 212T116) Scientific and
Technological Research Projects Supporting Program.

References
1. Kirk, O., Vedel Borchert, T., Crone Fuglsang, C. 2002. “Industrial enzyme applications”, Current Opinion

in Biotechnology, 13, 345–351.

2. Pazarlıoğlu, N., Telefoncu, A. 2010. “Biotechnology: Basic Principles and Applications”, Birlesik
Printing, Izmir.

3. Eren K., Ö., Çömlekçioğlu, U., Dostbil, N. 2006. “Some microbial enzymes and their usage in industry”,
K.S.U. Journal of Science and Engineering, 9(1), 12-19.

4. Deveci, R. 2006. “Investigation and comparison of glucose isomerase enzyme working compressed
bed reactors and fluid bed reactors and fuructose production profiles throughout the reactors”,
Çukurova University, Institute of Science, Chemistry Department (Master Thesis).

5. Demarche, P., Junghanns, C.R., Nair, R.N., Agathos, S. 2012. “Harnessing the power of enzymes for
environmental stewardship”, Biotechnology Advances 30, 933–953.

6. Xu, Q., Adney, W.S., Ding, S.Y., Micheal, H.E. 2007. “Cellulases for bıomass conversıon, Industrial
Enzymes, Springer, Drodrecht, 2007.

7. Suwannarangsee, S., Bunterngsook, B., Arnthong, J., Paemanee, A., Thamchaipenet, A., Eurwilaichitr,
L., Laosiripojana, N., Champreda, V. 2012. “Optimisation of synergistic biomass-degrading enzyme
systems for efficient rice straw hydrolysis using an experimental mixture design”, Bioresource
Technology 119, 252–261.

8. Viikari, L., Vehmaanpera, J., Koivula, A. 2012. “Lignocellulosic ethanol: from science to industry”,
Biomass and Bioenergy, 1-12.



Page 10/19

9. Poriaa, V., Sainia, J. K., Singha, S., Nainb, L., Kuhad R. C. 2020. “Arabinofuranosidases:
Characteristics, microbial production, and potential in waste valorization and industrial applications”,
Bioresource Technology, 304, 123019.

10. Broeker, J., Mechelke, M., Baudrexl, M. et al. 2018. “The hemicellulose-degrading enzyme system of
the thermophilic bacterium Clostridium stercorarium: comparative characterisation and addition of
new hemicellulolytic glycoside hydrolases”, Biotechnol Biofuels 11, 229

11. Houfani, A. A., Anders, N., Spiess, A. C., Baldrian, P., Benallaoua, S. 2020. “Insights from enzymatic
degradation of cellulose and hemicellulose to fermentable sugars– a review”, Biomass and
Bioenergy, 134, 105481.

12. Miyazaki, K. 2005. “Hyperthermophilic alpha-L: -arabinofuranosidase from Thermotoga maritima
MSB8: molecular cloning, gene expression, and characterization of the recombinant protein”,
Extremophiles, 9, 399–406.

13. Numan, M.T., Bhosle, N.B. 2006. “Alpha-L-arabinofuranosidases: the potential applications in
biotechnology”, Journal of industrial microbiology & biotechnology, 33, 247-260.

14. Saha, B.C. 2003. “Hemicellulose bioconversion”, J.Ind. Microbiol. Biotechnol. 30:279- 291.

15. Van den Burg, B. 2003. “Extremophiles as a source for novel enzymes”, Current Opinion in
Microbiology, 6, 213–218.

16. Gonçalves, T.A., Damásio, A.R.L., Segato, F., Alvarez, T.M., Bragatto, J., Brenelli, L.B., Citadini, A.P.S.,
Murakami, M.T., Ruller, R., Paes Leme, A.F., Prade, R.A., Squina, F.M. 2012. “Functional
characterization and synergic action of fungal xylanase and arabinofuranosidase for production of
xylooligosaccharides”, Bioresource Technology, 119, 293–299.

17. Nicholas, J., Kruger, M. 1994. “Basic protein and peptide protocols methods in molecular biology, 32,
9-15.

18. Canakci, S., Kacagan M., İnan K., Belduz, A.O., Saha, B.C. 2008 “Cloning, purification, and
characterization of a thermostable alpha-L-arabinofuranosidase from Anoxybacillus kestanbolensis
AC26Sari”, Appl Microbiol Biotechnol, 81, 61–68.

19. Kyoung-Ju, K., Kyung-Nam, K., Yong-Jin, C. 2004. “Characterization of the arfA Gene from Bacillus
stearothermophilus No. 236 and Its Protein Product, α-L-Arabinofuranosidase”, Journal of
Microbiology and Biotechnology, 14;3, 474-482.

20. Debeche T, Cummings N, Connerton I, Debeire P, O'Donohue MJ. 2000. “Genetic and biochemical
characterization of a highly thermostable alpha-L-arabinofuranosidase from Thermobacillus
xylanilyticus”, Appl Environ Microbiol. 66(4):1734-6.

21. Gilead S, Shoham Y. 1995. “Purification and characterization of alpha-L-arabinofuranosidase from
Bacillus stearothermophilus T-6.” Appl Environ Microbiol. 61(1):170-4.

22. Shi H, Zhang Y, Xu B, Tu M, Wang F. 2014. “Characterization of a novel GH2 family α-L-
arabinofuranosidase from hyperthermophilic bacterium Thermotoga thermarum.”, Biotechnol
Lett.;36(6):1321-8.



Page 11/19

23. Schwarz WH, Bronnenmeier K, Krause B, Lottspeich F, Staudenbauer WL. 1995. “Debranching of
arabinoxylan: properties of the thermoactive recombinant alpha-L-arabinofuranosidase from
Clostridium stercorarium (ArfB)”. Appl Microbiol Biotechnol. 43(5):856-60

24. Inácio JM, Correia IL, de Sá-Nogueira I. 2008. “Two distinct arabinofuranosidases contribute to
arabino-oligosaccharide degradation in Bacillus subtilis.”, Microbiology (Reading). ;154(Pt 9):2719-
2729

25. 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-degrading capacity” Biotechnol Biofuels., 30;8:197.

26. Pei J, Shao W. 2008. “Purification and characterization of an extracellular alpha-L-arabinosidase
from a novel isolate Bacillus pumilus ARA and its over-expression in Escherichia coli.”, Appl Microbiol
Biotechnol.; 78(1):115-21.

27. Bourgois TM, Van Craeyveld V, Van Campenhout S, Courtin CM, Delcour JA, Robben J, Volckaert G.
2007. “Recombinant expression and characterization of XynD from Bacillus subtilis subsp. subtilis
ATCC 6051: a GH 43 arabinoxylan arabinofuranohydrolase.”, Appl Microbiol Biotechnol.; 75(6):1309-
17.

28. de Wet BJ, Matthew MK, Storbeck KH, van Zyl WH, Prior BA. 2008. “Characterization of a family 54
alpha-L-arabinofuranosidase from Aureobasidium pullulans”, Appl Microbiol Biotechnol.; 77(5):975-
83.

29. Phuengmaung P, Kunishige Y, Sukhumsirichart W, Sakamoto T. 2018. “Identification and
characterization of GH62 bacterial α-l-arabinofuranosidase from thermotolerant Streptomyces sp.
SWU10 that preferentially degrades branched l-arabinofuranoses in wheat arabinoxylan”, Enzyme
Microb Technol.; 112:22-28

30. Kozakov D, Grove LE, Hall DR, Bohnuud T, Mottarella SE, Luo L, Xia B, Beglov D, Vajda S. 2015. “The
FTMap family of web servers for determining and characterizing ligand-binding hot spots of
proteins.”, Nat Protoc.; 10(5):733-55.

31. 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 alpha-L-
arabinofuranosidase”, EMBO J.; 22(19):4922-32.

Figures



Page 12/19

Figure 1

Cloning of α-N-Arabinofuranosidase gene into pQE-40 vector. A) PCR amplification of 1506 bp. α-N-
Arabinofuranosidase gene. L; 1 kb DNA Ladder (New England BioLabs), abfA; α-N-Arabinofuranosidase
gene product. B) Restriction digestion of PCR product and vector DNA. L; Lambda DNA EcoRI + HindIII
marker. Uncut pQE-40; undigested pQE-40 vector DNA. Cut pQE-40; pQE-40 vector digested with SalI and
HindIII enzymes. abfA; α-N-Arabinofuranosidase PCR product digested with SalI and HindIII enzymes. C)
Colony PCR analysis of obtained colonies. 1; 1 kb DNA Ladder (New England BioLabs). 2; Positive
control. 3-7; colonies obtained after transformation.
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Figure 2

SDS-PAGE analysis of the fractions obtained from α-N-Arabinofuranosidase purification.
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Figure 3

Effect of buffer and pH on α-N-Arabinofuranosidase enzyme activity.

Figure 4

Effect of temperature on α-N-Arabinofuranosidase enzyme activity.
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Figure 5

Thermal stability for recombinant N-Arabinofuranosidase.

Figure 6

Effect of chemicals on α-N-Arabinofuranosidase enzyme activity.
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Figure 7

Homology model of α-N-Arabinofuranosidase protein. A; Homohexameric structure. B; Surface
representation of 3D monomeric protein. C; 3D model of α-N-Arabinofuranosidase monomer. D; Active site
residues of α-N-Arabinofuranosidase enzyme.

Figure 8

The binding site of the A. acidocaldariusα-N-Arabinofuranosidase enzyme predicted using FTSite. The
residues within 5 Å of the binding site (pink mesh) were shown as stick.
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Figure 9

The docking analysis of α-N-Arabinofuranosidase with the substrate pNP-α-L-arabinofuranoside. D1
represents the distance between E294 and anomeric carbon of the substrate and D2 represents the
distance between E175 and glycosidic oxygen of substrate.
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Figure 10

The phylogenetic analysis of the A. acidocaldarius α-N-Arabinofuranosidase using the neighbor-joining
method by MEGA X.
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Figure 11

Multiple sequence alignment of the arabinofuranosidases of A. acidocaldarius, B. subtilis, and G.
stearothermophilus. The star in the black boxes represents the catalytic residues E175 and E294.
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