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Abstract— Xyloglucan is a major component of the primary cell wall of higher plants and forms an intimate network with 
cellulose through hydrogen bonding and also with hemicellulosic components. In the present study, a bi-functional 
xylanase/xyloglucanase (GH5H) from a termite metagenome with high xylanase and xyloglucanase activities was used to 
replace Aspergillus niger xylanase in a previously established enzyme cocktail. The new combination was found to increase 
both glucose and xylose release from pre-treated biomass. Substrate competition assay indicated that xylanase and 
xyloglucanase activity is catalysed by the same active center. 
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I. INTRODUCTION 
 
The enzymatic hydrolysis of non-starch materials, 
particularly lignocellulosic biomass has gained 
momentum over the last decade with an aim to 
provide an alternative green fuel in the form of bio-
fuels. However, the current cost of the enzymatic 
biomass conversion process has limited the 
commercial application of this approach. Enzyme 
selection, enzyme ratios and protein loadings have 
been the major focus of current research 
investigations with an attempt to design novel 
cocktails that could improve the enzyme synergy and 
maximize the release of fermentable sugars [1], [2].  
The selection of enzymes is also based on a better 
understanding of the lignocellulose structure. 
Xyloglucans are known to present in monocots and 
dicots ranging from 5.0-25.0% , primarily as a matrix 
glycan that is intimately associated with cellulose 
fibrils [3]. Xyloglucans have a linear β-1,4-glucan 
chain, which is substituted with α-1,6-xylopyranosyl 
units. Galactopyranosyl, arabinofuranosyl, 
fucopyranosyl and O-acetyl groups are also present as 
substituents on the linear chain of celloteraosyl core 
[3], [4]. The strong hydrogen bonding between 
cellulose, xyloglucan and hemicellulose, in addition 
to various covalent linkages with pectins and xylans  
hinders the accessibility of cellulose and to a certain 
extent xylans by cellulolytic and xylanolytic 
enzymes, respectively [5]. 
 
The present study focuses on the modification of 
cellulolytic-xylanolytic enzyme cocktail with a novel 
bi-functional GH5 xylanase-xyloglucanase derived 
from termite metagenome. The modified enzyme 
cocktail has been used to evaluate the increase in 
hydrolysis of sodium chlorite pre-treated corn stover 
and sugarcane bagasse with respect to the major 
fermentable sugars (glucose and xylose). 

II. MATERIALS AND METHODS 
 
2.1 Source of enzymes 
Cellobihydrolase I (CBH-I) and endo-1,4-glucanase 
(EG-II) are derived from Trichoderma 
longibrachiatum, cellobiohydrolase II (CBH-II) is 
derived from microbial source. β-Glucosidase (Bgl) 
and endo-1,4 xylanase (Xyl) are derived from 
Aspergillus niger  while β-xylosidase (Bxl) is derived 
from Selenomonas ruminantium . These entire 
enzymes were purchased from Megazyme, Ireland.  
The bi-functional GH5H xylanases/xyloglucanase 
(Xglu) is derived from the termite metagenome and 
was provided by Dr. Kononani Rashamushe, CSIR, 
South Africa. 
 
2.2 Enzyme assays 
The activities of CBH-I and CBH-II were estimated 
by incubating the enzyme (0.5µg) with 2.0 %  avicel 
in 0.4 ml citrate phosphate buffer, pH 5.0 (100 mM) 
and incubating the reaction mixture for 24 h at 50oC.  
Similarly, the EG-II and Xyl activities were 
determined by incubating the enzyme (0.5µg) with 
2.0%CMC and 2.0 % beechwood xylan, respectively 
in 0.4 ml citrate phosphate buffer, pH 6.0 (100 mM) 
and incubating the reaction mixture for 30.0 min at 
50oC. The xylanases and xyloglucanase activities of 
Xglu were measured by incubating 0.84 µg of the 
enzyme with 2.0% beechwood xylan and 2.0% 
xyloglucan, respectively in 0.4 ml sodium phosphate 
buffer, pH 7.0 (100 mM) and incubating the reaction 
mixture for 30.0 min at 50oC. The amount of sugar 
released was estimated using the DNS reagent [6]. 
The protein concentration was estimated using the 
Bradford assay [7]. The specific activity (U/mg 
protein) was defined as the amount of the protein that 
liberated one µmole of reducing sugar per min per mg 
protein using xylose and mannose standard curves. 
Chromogenic substrates 4-nitrophenyl-β-
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glucopyranoside and 4-nitrophenyl-β-xylopyranoside 
(pNPX) were used at 1mM concentration for 
determining the presence of Bgl and Bxl activities, 
respectively.  
 
2.3 Enzyme selection and designing for biomass 
hydrolysis 
Sugarcane bagasse (SCB) and corn stover (CS) were 
used as the lignocellulosic biomass for hydrolysis and 
release of fermentable sugars. Both the substrates 
were pre-treated using acid-sodium chlorite following 
the method of [8]. The concentration of glucose and 
xylose monomer sugars were determined using the 
glucose (K-MANGL) and xylose (K-ARGA) assay 
kits by following the manufacturer’s instructions 
(Megazyme, Ireland). Two enzyme combinations 
were used to evaluate the hydrolysis of both the pre-
treated substrates (p-SCB, p-CS). The total protein 
concentration was maintained at 2mg/gm substrate. 
The hydrolysis was carried out in 50 ml volume using 
100 mM citrate phosphate buffer, pH 5.5 at 50oC for 
72h. The substrate concentration was maintained at 
7.0 %. The concentration of glucose and xylose were 
determined as mentioned above. The first design, 
abbreviated as CEX, included CBH-I (0.616 mg), 
CBH-II (0.264 mg), EG-II (0.235 mg) and Xyl (0.325 
mg) as the core enzyme set, while Bgl (0.3 mg) and 
Bxl (0.2 mg) constituted the accessory enzyme set. In 
the second design, Xyl was replaced with Xglu (0.325 
mg) and was termed as CEXG. 
 
2.4 Effect of protein concentration of hydrolysis of 
pre-treated biomass. 
The total protein concentration of both CEX and 
CEXG were varied as 1.0 mg, 1.4 mg, 1.8 mg and 2.0 
mg, per gram substrate. The enzymatic hydrolysis 
and the estimation of glucose and xylose 
concentration was carried out as mentioned under 
section 2.3 
 
2.5 Determination of kinetics and substrate 
competition assay 
The maximum velocities (Vmax) and Michaeli’s 
constant (Km) for xylanase activity and xyloglucanse 
activity of Xglu were estimated using the 
KaleidaGraph software. Birchwood xylan and 
xyloglucan were used between the concentration 
ranges of 2 mg to 5mg. The reaction was carried out 
at pH 5.0 and 50oC using Britton and Robinson 
universal buffer [9]. The substrate competition assay 
was carried out by incubating the both the substrates 
together maintaining the total substrate concentration 
at 2 mg/ml. The kinetic studies and calculations were 
carried out according to the equations mentioned by 
Chen et al. [10] 
 
III. RESULTS AND DISCUSSION 
3.1 Enzyme activities and ratios 
The CBH-I (1.75 U/mg protein), CBH-II (0.75 U/mg 
protein), EG-II (53.5 U/mg protein), A. niger Xyl 

(43.7 U/mg protein), GH5H Xyl (18.1 U/mg protein), 
GH5H Xglu (27.72 U/mg protein). Bgl (23.5 U/mg 
protein) and Bxl (34.65 U/mg protein) enzyme 
activities were determined under the standard assay 
conditions mentioned above and were expressed in 
terms of their specific activities. Both the enzyme 
designs (CEX and CELXG) were composed of 75.0% 
core enzymes and 25.0% accessory enzymes. The 
backbone cleaving cellulases constituted 55.0% of the 
total protein, while the backbone cleaving 
xylanases/xyloglucanase constituted 16.25 % of the 
total protein. 
 
3.2 Monomer sugar composition and enzymatic 
hydrolysis of pre-treated biomass 
The glucose and xylose content of the untreated corn 
stover (Table 1) and sugarcane bagasse (Table 2) 
were determined. The glucose content was 
determined to 40.9% and 40.2%, respectively for CS 
and SCB. The xylose content was determined to be 
21.5% and 21.1%, respectively for CS and SCB. 
Following pre-treatment approximately 1.08 folds 
and 1.23 folds loss of glucose and xylose sugars was 
observed for both the substrates. About 42.0%  
 
Table 1. Major fermentable sugars and yields 

following pre-treatment and hydrolysis of 
corn stover 

 
The percentage calculations for untreated biomass is based 
on total carbohydrate content  (49.0 mg/ml-100.0%). For 
calculation of yield, the sugar concentration of pre-treated 
biomass is considered 100.0% 
 
and 45.0% glucose and xylose release, respectively, 
was observed following hydrolysis of p-CS using 
CEX combination. Similarly, 45.0% and 48.0% 
glucose and xylose release, respectively, was 
observed following hydrolysis of p-SCB using CEX 
combination (Table 1, 2). However, both glucose and 
xylose release increased to 65.0% and 75.0% , 
respectively, for p-CS and up-to 60.0% and 65.0% , 
respectively, for p-SCB, when CEX was replaced 
with CEXG as the enzyme combination. The increase 
in glucose and xylose release from both the pre-
treated substrates indicates that xyloglucan forms an 
intimate network within the lignocellulose structure 
and its removal improves the catalytic action of both 
cellulases and xylanases. Benko et al. [5] 
demonstrated that incorporation of xyloglucanase 
along with cellulases could improve the hydrolysis of 
different pre-treated biomass with an increase the 
glucose yield. 
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3.3 Protein concentration and biomass hydrolysis 
The reduction protein loading from 2.0 mg/ml to 1.0 
mg/ml and at all other concentrations in between that 
range resulted in reduction in glucose and xylose 
release from both the pre-treated substrates. The 
effect was considerably higher for CEX (1mg/g 
substrate) combination indicating a reduction of 
approximately 3.0 to 3.0-4.0 folds in glucose and 
xylose concentration, respectively, for p-CS and p-
SCB (Table 3). Interestingly, when CEXG was used 
at 1.0 mg/g substrate concentration only 1.5-1.6 folds 
and 1.7 folds reduction in glucose and xylose 
concentration, respectively, was observed for p-SCB 
and p-CS (Table 3). A relatively higher hydrolysis of 
biomass in presence of CEXG compared to CEX at 
lower protein concentration(s) indicates towards the 
importance of intra-molecular synergy between the 
xyloglucanase and xylanase activities within the same 
catalytic center and the improved inter-molecular 
synergy between the bi-functional Xglu, the core 
cellulases and the accessory enzymes involved in the 
study [11]. 
 
Table 2. Major fermentable sugars and yields 

following pre-treatment and hydrolysis of 
sugarcane  bagasse 

 
The percentage calculations for untreated biomass is based 
on total carbohydrate content (46.76 mg/ml-100.0%). For 
calculation of yield, the sugar concentration of pre-treated 
biomass is considered 100.0%. 
 

3.4 Kinetic parameters and substance competition 
assay 
The Km values for xylanase activity (4.98 mg/ml) and 
xyloglucanase activity (2.10 mg/ml) of GH5H Xglu 
was determined.  Similarly, the Vmax values for 
xylanase activity (120.36 µmoles/ml/min) and 
xyloglucanase activity (180.32 µmoles/ml/min) of 
GH5H Xglu were also determined (Table 4). The 
substrate competition assays suggested that the 
observed rate values are much closer to theoretical 
values when the catalysis of both the substrates is 
being carried out in the same catalytic center.  Chen 
et al. [10] and Shi et al. [12] used the substrate 
competition assay and reported novel bi-functional 
xylanases-glucanases enzyme from Aspergillus niger 
A-25 and Paenibacillus spp. strain 18, respectively. A 
mannanases-xyloglucanase bi-functional enzyme has 
also been reported from Paenibacillus polymyxa 
GS01 (US 6815192). Xyloglucanase-endoglucanase 
bi-functional enzymes have been  well characterized 
in several 
 
Table 4. Substrate competition assay of Xglu 
using various concentrations of birchwood 

xylan (BWX) and xyloglucan 

 
 

Table 3. Enzymatic hydrolysis of pre-treated biomass at different protein concentrations 

 
 
studies [2], [13]. To the best of our knowledge, this is 
the first report of novel xylanases-xyloglucanase bi-
functional enzyme from GH5 family. 
Further characterization and structural analysis of 
GH5H Xglu could provide interesting facts about the 
lineage of this enzyme, its catalytic mechanism, and 
the amino acids involved in the catalytic center of this 

enzyme. A detailed study based on intra and inter-
molecular synergy involving the novel GH5H Xglu 
could pave the way for establishing the role of 
xyloglucanases as an important enzyme in 
lignocellulose hydrolysis and its incorporation in 
existing cocktails that are used for biomass 
hydrolysis. 
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CONCLUSIONS 
 
The present study reports a novel GH5, bi-functional 
xylanase-xyloglucanase with considerable 
xyloglucanase activity. The enzyme is able to 
hydrolyse both xylan and xyloglucan through the 
same catalytic active center. Incorporation of Xglu in 
the enzyme cocktail  improved the monomer (glucose 
+ xylose) sugars from 42.9% to 68.09% for p-CS and 
from 45.9% to  
 
61.55% for p-SCB. The Xglu containing enzyme 
cocktail was also effective at lower protein  loadings. 
These results indicate the important role that 
xyloglucanase can play in improving the fermentable 
sugar yield from lignocellulosic biomass at lower 
protein loading, thereby reducing the overall cost of 
bio-fuel production. 
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