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Abstract— The non-productive adsorption of cellulases on lignin and lignin derivatives has contributed towards the higher 
enzyme loadings required for lignocellulose hydrolysis. Identifying weak lignin binding enzymes could be a novel way to 
reduce the non-productive inhibition. In this study, endoglucanases from three different sources, namely termite metagenome 
(TeEG), Aspergillus niger (AnEG) and Bacillus liquifaciens (BlEG) were incubated with carboxymethyl cellulose (CMC) in 
the presence of high molecular weight lignin, HMWL and tannin) and low molecular weight lignin, LMWL compounds. The 
LMWL compounds exhibited higher inhibitory effect compared to HMWL compounds. The highest inhibitory effect on 
hydrolysis was observed with sinapyl alcohol, while the lowest inhibitory effect was observed in the presence of lignin. The 
Langmuir adsorption isotherms indicated that TeEG exhibits the lowest adsorption and affinity constant on alkali lignin. An 
increase in temperature from 50oC to 60oC increased the non-productive adsorption, while a shift in pH from 5.0 to 6.0 
reduced the non specific adsorption on alkali treated lignin. 
 
Keywords— Endoglucanases, lignin, non-productive adsorption.  
 
I. INTRODUCTION 
 
The commercialization of biofuel production has 
been a major challenge due to the high cost of the 
enzymes involved in the enzymatic bioconversion 
process. The current cost has been estimated at about 
USD 0.35/gallon ethanol, which still needs to be 
reduced to approximately USD 0.10/g gallon [1]. A 
number of strategies are in play to reduce the enzyme 
loading; however productive inhibition/binding of 
cellulases and xylanases has received a lot of 
attention over the past few years [2]. The non-
productive binding of cellulases has been attributed to 
a number of factors including enzyme characteristics, 
physico-chemical factors and nature and origin of 
lignin [3]. Another important aspect of enzyme 
inhibition is the role of low molecular weight lignin 
(LMWL) derivatives of phenolic origin, which are 
generated during the different pre-treatment processes 
[4]. These compounds have been suggested to inhibit 
the ligno-cellulolytic enzymes and reduce the 
enzymatic biomass hydrolysis. The role of physic-
chemical factors in influencing the non-productive 
adsorption of cellulases on lignin has also been 
considered as an important factor [5]. 
 
The present study attempts to evaluate the role of 
HMWL and LMWL compounds on endoglucanases 
derived from three different origins (termite, bacteria 
and fungi). The study also attempts to address the 
differences in binding affinities that exist within the 
endoglucanases towards the same lignin type. The 
role of temperature and pH on the effect of non-
productive binding on alkali lignin has also been 
evaluated. 

II. MATERIALS AND METHODS 
 
2.1. Enzyme Source 
 
Three endoglucanases derived from Bacillus 
liquefaciens (BlEG), GH5 (obtained from megazyme, 
Ireland), Aspergillusniger (AnEG), GH12 (obtained 
from megazyme, Ireland) and termite (TeEG), GH5E 
(provided by the CSIR, South Africa) were used in 
their purified form in adsorption and inhibition 
studies. 
 
2.2 Enzyme Assay 
 
The EG activity was determined using carboxymethyl 
cellulose (CMC) as a substrate at a concentration of 
2.0% in the reaction mixture. The total volume of 
reaction mixture was maintained at 0.5ml using 
citrate-phosphate buffer (100 mM) at pH 5.0. The 
enzyme(s) were used at 1mg/ml concentration and the 
reaction was carried out at 50oC for 30 min [6]. The 
DNS assay was used to estimate the amount of 
reducing sugar during the enzyme hydrolysis [7] 
 
2.3 Effect of High Molecular Weight Lignin 
(HMWL) and low Molecular Weight Lignin 
(LMWL)  
 
The HMWL (alkali lignin and tannin) and LMWL 
(sinapyl alcohol, coniferyl alcohol, p-coumaric acid 
and gallic acid) were incorporated in the reaction 
mixture at 1.0% (w/v, v/v) concentration. The 
reaction mixture was prepared and the enzyme assay 
was carried out as mentioned under section 2.2. The 
stability of the enzymes in presence of the HMWL 
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and LMWL compounds was observed by incubating 
these compounds with enzyme(s) at 1mg/ml in 
citrate-phosphate buffer, 100mM (pH 5.0, 50oC) for 
2h. The residual activity was determined using the 
DNS assay as mentioned above. 
 
2.4 Enzyme adsorption studies using a Langmuir 
isotherm 
 
The three endoglucanases (BiEG, AnEG and TeEG) 
were added in different concentration (0.01-2mg/l) to 
citrate-phosphate buffer, 100 mM, containing alkali 
lignin at 2.0 % loadings. The adsorption studies were 
carried out at two different temperatures (50oC and 
60oC) and pH values (5.0 and 6.0). The protein 
content of the free enzyme in the supernatant was 
determined by the Bradford assay [8]. 
 
The adsorbed enzyme concentration was calculated as 
the difference in the initial enzyme concentration and 
free enzyme concentration in the supernatant. The 
maximum adsorption capacity (Tm, mg/g substrate) 
and Langmuir constant (K, ml/mg) were obtained 
using the non-linear regressions of the free (C, 
mg/ml) and adsorbed enzyme (T, mg/g substrate) 
based on the classical Langmuir adsorption isotherm 
(T= Tm KC/(1 + KC)). The distribution coefficient (R, 
L/g) was calculated asR=Tm x K).  
 
III.  RESULTS AND DISCUSSION 
 
3.1 Effect of HMWL and LMWL compounds on EG 
activity 
 
The EG activity of BlEG (10.0 U/mg protein), AnEG 
(8.2 U/mg protein) and TeEG (5.5 U/mg protein) 
were determined at pH 5.0 and 50oC in absence of 
any lignin or lignin derivatives and was considered as 
100.0%. The highest inhibition of BlEG activity on 
CMC was observed in presence of sinapyl alcohol 
(5.0 U/mg protein) followed by p-coumaric acid (5.5 
U/mg protein), gallic acid (6.2 U/mg protein), 
coniferyl alcohol (6.5 U/mg protein), tannic acid (7.3 
U/mg protein) and alkali lignin (8.0 U/mg protein) 
(table 1).  
 
A similar pattern was observed for AnEG activity on 
CMC in presence of sinapyl alcohol (3.0 U/mg 
protein) followed by p-coumaric acid (3.3 U/mg 
protein), gallic acid (5.8 U/mg protein), coniferyl 
alcohol (4.0 U/mg protein), tannic acid (5.3 U/mg 
protein) and alkali lignin (5.8 U/mg protein). The 
inhibition in CMC hydrolysis of TeEG followed the 
same pattern as that of BlEG and AnEG, the 
inhibition being observed in presence of sinapyl 
alcohol (3.5 U/mg protein) followed by p-coumaric 
acid (3.6 U/mg protein), gallic acid (3.8 U/mg 
protein), coniferyl alcohol (4.0 U/mg protein), tannic 
acid (4.0 U/mg protein) and alkali lignin (4.5 U/mg 
protein) (Table 1). 

Table 1. Effect of HMWL and LMWL compounds 
on the hydrolysis of CMC 

 
The sugar concentration is expressed in mg/ml and residual activity 
as % 
 
The stability profile of all three EG’s followed the 
same pattern as their activity inhibition profiles. The 
lowest residual activity of BlEG (60.0%), AnEG 
(40.0%) and TeEG (65.0%) was observed in the 
presence of sinapyl alcohol, while the highest residual 
activity of BlEG (76.0%), AnEG (66.0.0%) and 
TeEG (78.0%) was observed in presence of alkali 
lignin (Table 2). Interestingly, the inhibition of CMC 
hydrolysis for AnEG in presence of sinapyl alcohol 
was 1.74 and 1.36 fold higher compared to TeEG and 
BlEG, respectively. Similarly, the stability of TeEG 
was reduced by 2.5 fold following pre-incubation 
with sinapyl alcohol. In comparison, the stability of 
BlEG and TeEG was reduced by 1.66 and 1.54 fold, 
respectively. 
 

Table 2.Effect of HMWL and LMWL on the 
stability of endoglucanases 

 
The sugar concentration is expressed in mg/ml and residual activity 
as % 
 
The results indicated that LMWL compounds, which 
are the by-products of lignin degradation, have higher 
inhibitory effects on all the three endoglucanases, 
compared to HMWL compounds. The inhibitory 
effects of major lignin derived phenolic compounds 
on both cellulases and hemicellulases have been 
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reported by [9]. Reversible and non-reversible 
binding of the phenolic compounds to cellulases and 
the role of aldehydes, phenolic and hydroxyl 
functional groups in forming protein-inhibitor 
complexes have been reported by [10]. The HMWL 
compounds have been reported to precipitate the 
proteins from out of the solution and /or result in non-
specific binding of proteins, which could be 
reversible or irreversible [11]. 
 
3.2 Adsorption profile of EG’s on alkali lignin 
 
The adsorption capacity (Tm) of AnEG at 50o and pH 
5.0 (6.51 mg/g) and pH 6.0 (7.32 mg/g) was higher 
compared to BlEG at pH 5.0 (7.39 U/mg), pH 6.0 
(5.41 U/mg) and TeEG at pH 5.0 (6.51 U/mg), pH 6.0 
(4.1 U/mg). The Langmuir constant of AnEG was 
found to the highest at pH 5.0 (15.6 ml/mg) and 6.0 
(11.5 ml/mg) followed by BlEG (6.1 ml/mg and 4.7 
ml/mg at pH 5.0 and 6.0, respectively) and TeEG (5.8 
ml/mg and 4.1 ml/mg at pH 5.0 and 6.0, respectively) 
(Table 3). The Tm and K values at 60oC and pH 5.0 
and pH 6.0 followed the same pattern that was 
observed at 50oC. Whereas the maximum adsorption 
capacity and highest Langmuir constant value was 
observed with AnEG followed by BlEG and TeEG 
(Table 4).  
 
Table 3. Langmuir adsorption isotherms at 50oC and 
pH 5.0 and 6.0 for adsorption of endoglucanases on 

alkali lignin 

 
 
Table 4. Langmuir adsorption isotherms at 60oC and 
pH 5.0 and 6.0 for adsorption of endoglucanases on 

alkali lignin 

 
 
An increase in temperature resulted in an increase in 
both the Tm and K values of all the three EG’s, 
irrespective of the pH at which the adsorption 
reaction was carried out. A 1.52 fold and 1.50 fold 
increase in Tm values was observed at pH 5.0 and pH 
6.0, respectively, for AnEG following an elevation in 
temperature form 50oC to 60oC. Similarly, a 1.41-
1.32 fold increase for TeEG and 1.42-1.33 fold 
increase for BlEG was observed at pH 5.0-6.0 with 
respect to adsorption capacity on lignin following 
elevation in temperature. The K values at pH 5.0 were 

found to be 1.49, 1.36 and 1.21 fold higher for AnEG, 
BlEG and TeEG, respectively following elevation of 
temperature during adsorption on alkali lignin. 
Similarly, the K values at pH 6.0 were found to be 
1.46, 1.29 and 1.24 fold higher for AnEG, BlEG and 
TeEG at 60oC compared to 50oC. 
 
The adsorption capacity of AnEG on alkali lignin at 
pH 5.0 and 50oC was found to be 1.47 and 1.68 fold 
higher compared to BlEG and TeEG, respectively. 
Similarly, the Langmuir constant which indicates the 
affinity of the enzyme towards a compound (alkali 
lignin in this case) was found to be 2.55 and 2.69 fold 
higher compared to BlEG and TeEG, respectively, 
under conditions mentioned above. An increase in pH 
from 5.0 to 6.0, irrespective of the temperature, 
indicated a reduction in adsorption capacity and 
affinity constant. The maximum reduction in Tm (1.55 
folds) and K (1.41 folds) were observed for TeEG at 
50oC. The reduction of Tm and K values following pH 
increase was different for all the three EG’s involved 
in the study and also differed with respect to 
elevation in temperature. 
 
A number of studies have reported the binding of 
cellulases from different origins on lignins derived 
from hardwoods, softwoods and grasses [12]. The 
adsorption capacity and binding affinity provide an 
excellent comparative tool for determining the 
binding efficiencies of different cellulases on the 
same type of lignin. The enzymatic properties that 
affect the binding to lignin include hydrophobic 
interactions, presence or absence of carbohydrate 
binding domains, electrostatic attractions and 
molecular weight [5].Bio-informatic analysis of the 
amino acid sequence of all the three endoglucanases 
has indicated the presence of carbohydrate binding 
domains (CBD) (data not shown). While electrostatic 
interactions have been found to be associated with 
polar groups and improve the binding of CBD to the 
substrate, the hydrophobic residues on the surface of 
CBD have been reported to promote non-specific 
binding on lignin. Sammond et al. [13] explained that 
enzymes which have higher adsorption capacity and 
affinity constants for lignin(s) also posses more 
hydrophobic groups and have hydrophobic clusters  
that initiate the Vroman effect, which allows them to 
bind to lignin more efficiently, compared to been 
reported to promote non-specific binding on lignin. 
Sammond et al. [13] explained that enzymes which 
have higher adsorption capacity and affinity constants 
for lignin(s) also posses more hydrophobic groups 
and have hydrophobic clusters that initiate the 
Vroman effect, which allows them to bind to lignin 
more efficiently, compared to other enzymes with 
low binding affinity to lignin. Strobel et al [3] have 
pointed out that those mutants with mutations in the 
CBD, which increase the hydrophobic nature of the 
enzyme, bind more strongly to lignin compared to the 
wild type. 
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A number of studies have reported an increase in 
adsorption capacities and binding affinities of 
cellulases on lignin following an increase in 
temperature [6]. The process of non-specific 
adsorption has been suggested to be entropy driven 
through hydrophobic interactions and therefore 
higher level of non-specific adsorption may take 
place at elevated temperatures. An increase in pH has 
been suggested to reduce the non-specific binding of 
cellulases on the lignin surface [14], [5]. This 
phenomenon has been attributed to an increase in 
negative charges on the lignin surface at higher pH 
values, resulting in an higher number of 
electrostatic/columbic repulsive forces between the 
enzyme and the lignin surface [3]. 
 
CONCLUSIONS 
 
The present study highlights the role of LMWL 
compounds as potent inhibitors of endoglucanase 
activity compared to HMWL compounds. The 
inhibitory effects of LMWL compounds, due to their 
ability to bind to the active site of enzymes through 
functional groups, destabilizes the cellulases and 
deactivates them, compared to the non-specific 
binding of the enzymes to the surface of HMWL 
compounds. The present study also indicated that 
endoglucanases from different origins have different 
affinities towards lignin binding. This finding could 
perpetuate the design of CBD’s and/or engineering of 
fusion proteins containing CBD’s from weak binding 
novel endoglucanases like TeEG from the termite 
metagenomesubstituting the well-established AnEG 
from A. niger. In general industrial biomass 
hydrolysis is carried out at higher temperatures (50-
65oC) and relatively lower pH (4.5-5.5) values. 
However a new approach could be considered using 
novel ligno-cellulolytic enzymes that could 
effectively carry out the hydrolysis at higher pH 
values and ambient temperatures, thus protein loss 
due to higher temperature could be minimised.  
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