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Chapter 1 Introduction 

1. The energy problem and development of alternative energy 

1.1 The scenarios of world energy consumption 

After the first industrial revolution, people started changing their way of working from 

hand production to machines, which improved the efficiency of productivity. However, this 

change inevitably increased the demands of usage of energy. According to a report from 

International Energy Agency (IEA), the energy consumption of the whole world in 2013 was 

approximately 9000 Mtoe (million tons of oil equivalent), with coal and oil taking the lead [1]. 

Campbell and Laherrere evaluated the amount of oil has been extracted until then and 

estimated the reserves, and predicted the quantity of conventional oil that remains to be 

discovered and exploited. They concluded that the amount of annual oil production would fall 

to one fifth of current production until year of 2050 [2]. Besides, severe environmental 

problems caused by fossil fuels consuming, such as greenhouse gas (GHG) emission and 

ozone layer depletion, have also raised the widespread concerns of public. Therefore, since 

the end of last century, people started to seek clean and renewable fuels to alter the relying on 

fossil fuels. 

 

1.2 The development of renewable energy and bioenergy 

The renewable fuels are generally defined as the energies that collected from resources 

which are naturally renewed in a short time, such as sunlight, wind, water, tides, geothermal 

heat. However, almost all these resources are limited by the distribution of area. Therefore, 

the biofuels made from the agricultural or industrial residues, such as wheat straw, corn stover, 

and sugarcane bagasse, etc., have attracted enormous focus due to its advantages of 

widely-distributed, high combustion efficiency.  

 

1.3 The production process of bioethanol from lignocellulosic biomass 

At present, the ethanol is the most widely used clean energy for vehicles. Brazil and the 

USA are the two major ethanol producers account for about 85% of the bioethanol production 

all over the world in 2015 from the report of Renewable Fuels Association (RFA). For these 

two countries, the main raw materials to make ethanol in large-scale are sucrose from 

sugarcane and corn [3]. However, these crops are not desirable due to their food and feed 

value, it causes competition against food for human being consumption. Thus, the second 

generation of bioethanol made from lignocellulsic biomass started to be studied. 
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Lignocellulosic materials are renewable, widely distributed and abundantly available, 

including agricultural residues, pulp waste and wood chips, and recently popularized seaweed 

[4]. The major operations for production of bioethanol from lignocelluloses are four steps: 

pretreatment for delignification and loose the structure of hemicellulose and cellulose; 

hydrolysis of cellulose and hemicellulose to produce fermentable sugars; fermentation of 

sugars to ethanol by microorganisms; and distillation [5]. The challenges of bioethanol 

production are mainly focused on the improvement of the efficiency of pretreatment and 

saccharification. 

 

2. The structure of lignocellulosic biomass 

Lignocellulosic biomass is mainly 

composed of three constituents, cellulose, 

hemicellulose and lignin. Cellulose is most 

abundant natural polymer and it is purely 

composed of D-glucose linked by β-1,4 

glycoside bond. Between the fibril, intra- 

and inter-molecular hydrogen bonding 

network is formed in highly crystalline 

structure. Therefore, it is difficult for 

enzyme to degrade.  

Hemicelluloses are hetero-polymer consist 

of varieties of pentoses (such as xylose and 

arabinose) and hexoses (such as mannose 

and galactose). The xylose units are 

crosslinked by β-1,4 glycoside bond as the 

backbone, and with arabinose, mannose, 

glucuronic acid, etc., substituted as the side 

chain (Fig. 1-3) [6,7].  

The type of hemicellulose is varied from 

different species of plant. Arabinoxylans are 

the main form of hemicellulose in plant cell 

walls, especially in cereal grains such as 

wheat [6]. While in softwood, the main 

component is mannose [8]. The lignin matrix 

covers the bundles of cellulose and 

Fig.1-1 The structure of (A) β-D glucose (B) 

cellulose chain 

 
Fig. 1-2 Structure of representative 

hemicellulose monomers 
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hemicellulose, and affords the chemical and physical strength of the plant tissues [9]. 

 

3. The pretreatment of lignocellulosic biomass 

Because of the rigid structure of these three components, pretreatment is needed to break 

the matrix and decrease the crystallinity of cellulose and remove the unfermentable lignin. 

There are several key factors for an effective pretreatment method: (i) greatly improving the 

accessibility of cellulose to enzymes, (ii) avoiding the formation of inhibitory products, (iii) 

reducing energy demands and (iv) minimum heat and power requirements [10]. Physical, 

chemical, physicochemical and biological treatments are the most fundamental types of 

pretreatment techniques employed at present. The advantages and disadvantages of each 

pretreatment was listed in Table 1-1 [10-12]. 

  

 

 
Fig. 1-3 Illustration of structure of hemicelllulose [7]. 

7-Reprinted from Carbohydr. Polym. Vol. 26, Saulnier et al., Cell wall polysaccharide interactions in maize 

bran, 279-287, Copyright 1995, with permission from Elsevier. 
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4. The enzymatic hydrolysis of cellulose and hemicellulose  

The enzymatic hydrolysis of lignocellulose has attracted enormous attentions from 

industrial and academic area, due to its mild degradation conditions and less inhibitory 

compounds formation, compared with the acid hydrolysis [13]. As introduced before, the 

main components of lignocellulose contain cellulose, hemicellulose and lignin. Complete 

degradation of cellulose and hemicellulose components require a variety of specific enzymes 

to degrade. Generally these enzymes are classified into two categories: cellulase and 

hemicellulase.  

 

4.1 Cellulase 

Due to the simplicity of the cellulose component, only three types enzymes are needed in 

complete degradation of cellulose. Cellobiohydrolase (CBH, EC 3.2.1.91) progressively 

attacks the end of cellulose chain and release cellobiose at the same time. CBH I and II attack 

the cellulose chain from reducing end and non-reducing end, respectively. Endoglucanase 

(EG, EC 3.2.1.4) can cut intramolecular β-1,4 glycoside bond of the cellulose chain from 

amorphous site. β-Glucosidase (BGL, EC 3.2.1.21) preferably hydrolyze cellobiose into 

glucose [14].  

 

 
 

 
Fig. 1-4 The schematic illustration of three types of cellulase 
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4.2 Hemicellulase 

Unlike cellulase, to effectively degrade hemicellulase needs a large number of enzymes, 

because of the heterogeneity and complexity of hemicellulose structure. Generally, 

hemicellulase can be classified as depolymerizing enzyme and debranching enzyme, 

representing the enzyme digest xylan backbone, and the substitutions of xylan backbone, 

respectively [14].  

 

4.2.1 Depolymerizing enzyme 

Xylanase 

Xylanases comprise of endoxylanase (EX, EC 3.2.1.8), which digest the β-1,4 glycoside 

linkage of xylan backbone and release xylooligomers at the same time. β-xylosidase (BXL, 

EC 3.2.1.37) can digest xylooligomers into xylose [15]. Endoxylanases are generally belong 

to glycoside hydrolase (GH) family 5, 8, 10 and 11 [16]. Endo-xylanase from GH family 10 

(GH10) and GH11 are most intensively studied enzymes. Endoxylanase from GH10 has a 

broad substrate specificity compared to endoxylanase from GH11. It can attack not only linear 

chain of xylan, but also the decorated sites, such as methylglucuronic acid, arabinose and 

feruloyl-arabinose, of 

heteroxylans [16]. Some 

endoxylanase from GH10 even 

has ability on digesting low 

molecular mass cellulose 

substrate, like 

cello-oligosaccharides [15]. 

Endoxylanase from GH11 has 

exclusive activity on xylan 

backbone. It can only digest on 

the sites that has three consecutive unsubstituted xylose residues [16]. 

Mannanase 

Another depolymerizing enzyme, mannanase can digest mannan, which is the most 

hemicellulose component in softwood, has been characterized. Similar to xylans, mannans are 

also hetero-polymers: 1) linear mannan, 2) glucose linked with mannan, so-called linear 

glucomannans, 3) galactose decorated mannan, so-called branched galactomanan, and 4) with 

glucose, galactose decorated mannan, galactoglucomannan [17]. Major enzymes involved in 

 
Fig. 1-5 The illustration of the action of endoxylanase 

from GH10 and GH11. 
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hydrolysis of mannan are β-mannanases (EC 3.2.1.78), β-mannosidases (EC 3.2.1.25) and 

β-glucosidases (EC 3.2.1.21) [17,18]. Recent study has shown the inhibition of mannan in 

cellulose degradation, and this inhibition increased with loading and galactose substituents of 

mannose backbone [19].  

 

4.2.2 Debranching enzyme 

α-Arabinofuranosidase 

Arabinoxylans are the main form of hemicellulose in plant cell walls, especially in cereal 

grains such as wheat. They consist of a xylan backbone with arabinose residues linked to its 

O-2 or O-3 positions [20]. Arabinofuranosidase (Araf), hydrolyzing arabinofuranosyl 

moieties from arabinan and xylans, was assigned to different GH families, GH 3, GH 43, GH 

51, GH 54 and GH 62, based on their amino acid sequence similarities [21]. For completely 

degrade arabinoxylan, besides Araf, other hemicellulases, like β-xylosidase and endoxylanase 

are needed [20,22,23]. 

 

Hemicellulolytic esterase 

Hemicellulolytic esterases consist of acetyl xylan esterase (AXE, EC 3.1.1.72) and ferulic 

acid esterase (FAE, EC 3.1.1.73), that hydrolyze acetyl substituents and ester bond between 

ferulic acid and arabinose [18,24], respectively. Feruloyl ester bond has shown to be involved 

in the crosslinking between xylan and lignin, addition of this esterase can release the lignin 

from hemicellulose and improve the efficiency of lignocellulose degradation [18,25].  

 

 

Fig. 1-6 Arabinose substitution of xylan backbone [20] 
20-Reprinted from Biotechnol. Adv. Vol. 32, Lagaert et al., β-Xylosidases and 

α-l-arabinofuranosidases: Accessory enzymes for arabinoxylan degradation, 

316-332, Copyright 2014, with permission from Elsevier. 
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5. Enzymatic strategy for improving efficiency of biodegradation of lignocellulose 

It was reported that the cost of enzymes is still the main obstacle that impeding the biofuel 

production [26]. Besides optimizing the cost of enzyme production, developing the strategies 

to improve the enzyme performance and reusability to achieve high bioethanol yield at low 

enzyme loadings is urgently needed. Thus, in the following context, the enzymatic strategies 

that focus on improving reducing sugars production are stated.  

 

5.1  Synergism between enzymes 

As the complicated structure and crosslinking between each component of lignocellulose, 

effective degradation of lignocellulose needs a consortium of enzymes that work 

cooperatively. The definition of synergism is the products released by mixture of enzymes are 

greater than the sum of products released by single enzymes using separately. Calculation of 

the degree of synergy (DS) is an effective way to quantitatively evaluate the synergism. As 

shown in Equation 1, if the DS value is more than 1, the synergism exists between tested 

enzymes; if the DS value is less than 1, antagonism may happen between tested enzymes.  

DS = Y1+2+3 / (αY1 + βY2 + γY3)      [27] 

Where α, β, γ correspond to ratio of each single enzyme to whole mixture, and Y1+2+3 

correspond to the yield of products released by enzyme mixture, and Y1, Y2 and Y3 

correspond to the yield of products released by each single enzyme.  

Many synergism studies using commercial enzymes or crude enzyme mixtures to optimize 

the hydrolysis of substrate, usually lignocellulosic biomass, aiming at high yield of reducing 

 
Fig. 1-7 Structure of ferulic acid substituted to arabinoxylan. (A) Ferulic acid linked to 

arabinose side chain of xylan backbone; (B) β-1,4 linked xylan backbone; (C) 

α-1,2-linked arabinose to xylan backbone [24]. 
24-Reprinted from Mol. Plant. Vol. 2, Marcia, Feruloylation in grasses: current and future perspective, 

861-872. Copyright 2009, with permission of Elsevier. 
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sugars production. In the contrary, some studies using pure enzymes in hydrolysis of model 

substrate or lignocellulosic biomass, to obtain more information about the one-on-one 

interaction between enzymes. The synergism between purified enzymes was studied to 

optimize the 'minimum enzymatic mixture' for efficient degradation of lignocellulosic 

substrate [14].  

Studies about synergistic effect between cellulases, hemicellulases, and 

cellulase-hemicellulase, in degradation of model substrates and lignocellulosic biomass will 

be clarified in detail below.  

 

5.1.1 Synergism between cellulases 

As introduced before, cellulases consist of three enzymes, EG, CBH and BGL. Each 

enzyme specifically hydrolyze the 1,4 -β-bond of different substrate. The synergism between 

endo- and exo- cellulases, EG and CBH, is most widely studied [28-30]. EG can randomly cut 

the glycosidic bond at the amorphous part of cellulose, resulting the new available hydrolysis 

site for the action of CBH [31]. Moreover, the synergism between CBH I and II [32,33], 

between endoglucanases [34], and between these three components and BGL [31] in 

hydrolysis of model substrates have also been investigated.  

Beside, some studies have shown the synergism between cellulase and non-hydrolytic 

enzymes. Han and Chen separated one protein from fresh postharvest corn stover, and then 

this protein (Zea h) was subjected to synergism study together with commercial cellulase of 

Trichoderma reesei. It is shown that 2-fold more glucose was produced from filter paper, 

when using Zea h and cellulase together than using cellulase alone [35]. The possible 

mechanism for this phenomenon is Zea h could weaken the inter- or intra-molecular hydrogen 

bond intensity of substrate and increase the adsorption of cellulase onto a filter paper [35].   

 

5.1.2 Synergism between hemicellulases 

The synergism between hemicellulases has been intensively studied in applications of 

conversion of biomass to biofuels and bleaching process of pulp industry. As introduced 

before, hemicellulases are divided into two groups: depolymerizing enzyme and debranching 

enzyme. Thus the synergism between hemicellulases could be assigned as synergism between 

depolymerizing enzymes, synergism between debranching enzymes, and synergism between 

depolymerizing and debranching enzymes.  

In the case of depolymerizing enzymes, due to the various specificity on different substrate, 

synergism between xylanases from different families, was studied. Because of endoxylanases 

from GH10 and GH11 can be active in digesting different sites of xylan backbone, the 
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synergism between GH10 and GH11 was studied on different substrates, such as pretreated 

bagasse [36]. While other studies, however, shown the absence of the synergism between 

these two endoxylanases on some substrates, such as wheat bran arabinoxylan [37]. Moreover, 

studies on the synergism between xylanase that from same GH family were also reported. For 

example, Clarke and coworkers have studied the synergistic effect between two xylanases 

from GH10 in bleaching of softwood and hardwood pulp. Two xylanases from GH10 families 

showed synergistic effect in boosting release of reducing sugars and bleachability. The 

synergistic interaction between these two enzymes probably because of the cooperation in 

attacking the reprecipitated fiber and inter-fiber xylan of the pulp [38]. The synergism 

between other depolymerizing enzymes, such as xylanases and mannanase, was also carried 

out, especially in the studies of degradation of softwood [39].   

The synergism between debranching enzymes, however, was relatively less studied. It has 

been reported that a recombinant Araf worked synergistically with an endo-arabinanase in the 

degradation of arabinan [40]. Recently, an Araf from GH43 was shown synergism after 

addition with Araf from GH51, since Araf from GH51 hydrolyzes the 1,2- and 1,3-linked 

arabinose singly substituted xylan, whereas Araf from GH43 hydrolyzes 1,3-linked arabinose 

doubly substituted xylan only. In the presence of two kinds of Arafs resulted in fully 

debranching of arabinoxylan [23]. 

Mixing debranching enzyme together with depolymerizing enzyme usually has an 

enhanced yield of reducing sugars production. The removal of side-chains of xylan backbone 

by debranching enzymes favors the action of depolymerizing enzymes, due to the steric 

hindrance caused by substituents. Many studies have investigated the synergism between 

debranching and depolymerizing enzymes, for example, xylanase and arabinofunosidase in 

degradation of model substrate, such as soluble and insoluble arabinoxylan [22,23], oatspelt 

xylan [41], wheat and rye arabinoxylan [42]. Conversely, other studies about xylanase and 

hemicellulolytic esterase were also investigated. Feruloyl ester bond has found to be related 

with the association of lignin and hemicellulose, thus feruloyl esterase can work 

synergistically with endoxylanases in hydrolysis of hemicellulose component in biomass [43].  

 

5.1.3 Synergism between cellulase and hemicellulase 

Different from the model substrates used in studies of synergistic effect between cellulases 

or hemicellulases, the study of synergism between cellulase and hemicellulase was always 

carried out on lignocellulosic biomass. It has been reported that the addition of xylanases, can 

remarkably improve the degradation of cellulose [44,45]. In addition, the removal of xylan 

was demonstrated to be linearly correlated with the cellulose degradation [46]. Because of the 
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crosslinked structure, removing the cover of xylan can generate more available sites for 

cellulase, and vice versa. Besides xylanases, other hemicellulases were also evaluated as the 

accessory enzymes in biomass degradation. Selig et al., investigated the synergistic effect of 

addition of EX, AXE and FAE to CBH I in hydrolysis of hot-water pretreated corn stover. 

The improvement of cellobiose production after addition of EX and AXE was probably due to 

the removal of ester linkage in cell wall matrix by these accessory enzymes, thus resulting in 

the expose of cellulose fiber [47]. Gao and coworkers have mixed six core glycosyl 

hydrolases, EG I, CBH I and II, BGL, EX and BXL, in hydrolysis of AFEX pretreated corn 

stover. The optimal ratio of this six-component mixture was CBH I (28.4%): CBH II (18%): 

EG I (31%): EX (14.1%): BGL (4.7%): BXL (3.8%) based on percentage of protein mass 

loading using response surface models [48].  

 

5.1.4 Factors that affect synergism 

One factor that affecting synergism is the property of substrates, such as cellulose 

crystallinity, substitution of side chain of hemicellulose. Substrates with high cellulose 

crystallinity or highly substituted hemicellulose structure tend to have high synergism 

between enzymes [14,29,30,49], but not always [27,50]. Kumar and Wyman have tested the 

synergism between commercial xylanase and cellulase in degradation of corn stover 

pretreated by six different kinds of methods, including acid, base, AFEX and so on. Different 

xylan proportion and cellulose crystallinity in the corn stover was observed. In the hydrolysis 

process, substrate with high cellulose crystallinity had the lowest improvement of xylose 

release. The pretreated substrates, with less xylan and cellulose crosslinking disrupted, 

resulted a higher improvement of xylose release [49]. Hu et al. observed the same 

phenomenon when adding EX to a CBH in hydrolysis of different pretreated substrates. The 

synergism between EX and CBH was more predominant in hydrolysis of substrate with less 

branched xylan [44].  

Another factor that affecting synergism is the specificity of the enzyme. Hu et al. have 

observed higher synergism between EX from GH10 and CBH than EX from GH11 did in 

hydrolysis of  pretreated corn stover [45]. The possible reason might be the stronger 

hydrolytic ability and higher affinity to branched xylan of EX from GH10 than EX from 

GH11.  

The other factor that affecting synergism is maybe the loading of enzymes. Woodward et al. 

have mixed EG, CBH I and II, and excess amount of BGL, at enzyme loading of 360 µg/mL 

in hydrolysis of microcrystalline cellulose, however, the synergism was negligible. When the 

enzyme loading decreased to 20 µg/mL, the degree of synergy reached highest value of 2.03. 
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This phenomenon indicated that with high enzyme loading, the substrates get saturated with 

enzyme, thus, the synergistic improvement will be reduced. Similar observations also 

reported elsewhere [28]. 

 

5.2  Construction of enzyme assemblies 

Assembling enzymes together possesses the advantages of shorten the distance between 

enzymes that work cooperatively, form the substrate channel to increase the local 

concentration of the intermediate product and providing kinetic driving forces that promote 

the reaction. For efficient degradation of lignocellulose, there is a perfect example in nature, 

that is cellulosome. 

In 1980s, Bayer and coworkers has identified a huge enzyme assembly from some 

anaerobic bacteria, so-called cellulosome, that can efficiently degrade lignocellulose under 

mild conditions. All the hydrolases are assembled onto a protein scaffold, that consists of six 

to ten cohesins, through site-specific and species-specific cohesin-dockerin interaction (Fig. 

1-8) [51].  

 

 

With the advances of genetic engineering methodologies and conjugation technologies, 

artificial cellulosomes have been proposed to mimic the characteristics of this natural enzyme 

assembly [52,53]. Many attempts that adopted from this technique have developed to 

 
Fig. 1-8 Illustration of the structure of cellulosome 
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integrate enzymes onto variety of synthetic scaffolds, such as protein [54], DNA [55] and 

nanoparticle [56]. 

 

5.2.1 Artificial cellulosome assembled on protein scaffold 

Taken the advances of genetically programmable, highly biocompatible and versatile 

post-translational modification methods, therefore, protein as binding scaffold for fabrication 

enzyme assembly has been intensively studied. The artificial cellulosome was proposed by 

Bayer and colleagues that employed the cohesin-dockerin system [51]. Unlike natural 

cellulosome, the scaffold of artificial cellulosome can be constructed by linking cohesins from 

different microorganisms. As talked before, cohesin-dockerin system is species-specific, as a 

result, the order of enzyme can be controlled to induce the cascade reaction between enzymes 

(Fig. 1-9). 

  

In the first report of artificial cellulosome, chimeric scaffoldins consist of two cohesin 

modules from different microorganisms were constructed and assembled with two selected 

enzymes fused with dockerins from corresponding microorganisms in vitro. The assembled 

two endocellulase CelA and CelF converted 1.5-fold reducing sugars than free enzymes did 

[57]. After that, with great dedicated effort, artificial cellulosome was developed towards 

increasing the types and numbers of enzyme conjugated [54, 58-60].  

For the conjugation that using synthetic protein scaffold, as reported, most natural scaffolds 

contain about six to nine cohesins. Recently, it was shown that enzymes conjugated on longer 

scaffold presenting nine cohesin modules exhibited better synergistic effect than a truncated 

 
Fig. 1-9 Difference between natural cellulosome and artificial cellulosome 
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scaffold contains two cohesin modules in hydrolysis of Avicel [61]. However, the 

employment of genetic method to express larger scaffold protein is quite difficult because 

proper protein folding and the full retention of all the protein function are becoming difficult 

to achieved. Therefore, the studies aiming at developing synthetic scaffold by 

post-translational modification was demonstrated. Matsumoto et al. constructed a twigged 

streptavidin polymer by crosslinking the tyrosine tag appended to C-termini of streptavidin 

via horseraddish peroxidase (HRP). In the meanwhile, G tag, could be recognized by sortase 

A, was introduced at the N-termini of streptavidin. Endoglucanase and CBH, fused with 

LPETG sequence and biotin acceptor peptide, respectively, were site-specifically conjugated 

onto the polymer through the sortase A catalysis and avidin-biotin interaction, respectively. 

Enhancement of reducing sugars conversion in hydrolysis of phosphoric acid swollen 

cellulose (PASC) and Avicel was observed [62].  

Besides the genetically constructed chimeric scaffoldins and scaffoldins formed by 

post-translational protein modification, other natural self-assembly protein complexes as the 

scaffold for artificial cellulosome have also been investigated. Linking the four 

dockerin-containing cellulases onto rosettasome have about 2.4-fold improvement than these 

enzymes in free form in hydrolysis of Avicel [63].  

 

5.2.2 Artificial cellulosome assembled on DNA/RNA scaffold 

DNA and RNA are one kind of the ideal scaffolds with advantages of easily programmable, 

synthesized and highly biocompatible and stable [64]. The secondary structure formed by 

DNA or RNA molecules have been applied to assembly enzymes with spatial organization in 

vivo or in vitro [65,66]. This strategy was first applied to assemble cellulase by Mori et al. to 

construct an artificial cellulosome via site-specific transglutaminase catalysis. 5.7-fold 

enhancement in reducing sugars production was observed after conjugated endoglucanase and 

CBM onto a double-stranded DNA [55]. Afterwards, Chen's lab investigated other different 

conjugation methods, such as zinc finger protein-guided [67], and halo-tag mediated [68] 

techniques, to construct the artificial cellulosome. Compared with free enzymes, the reducing 

sugars produced by the enzymes assembled onto DNA scaffold was remarkably improved.  

 

5.2.3 Artificial cellulosome assembled on nanoparticle scaffold 

Generally, after the immobilization of enzymes onto nanoparticle scaffold, the stability of 

the enzymes against high temperature, long time storage or inappropriate pH has been greatly 

improved [69,70]. Besides, the advances of easy separation and high reusability of 

immobilized enzymes are very appealing to applying this strategy into industrial uses [71]. 
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Table 1-2 summarized the studies that assembled cellulase or hemicellulase onto different 

nanoparticle scaffolds for reducing sugars production.   

The protein immobilization through chemical reaction is strong that proteins are covalently 

bound to appropriately modified supports through functional side groups exposed on protein 

surface. However, in some cases, this immobilization way may cause the alteration of protein 

structures, as a result, part of protein functions would lose [69,72,77]. Thus, recently, 

site-specific conjugation methods by using the affinity between protein and protein or other 

molecules have been applied to retain the enzymatic activity and improve the reusability and 

stability at the same time [74-76]. Kim et al. have site-specifically conjugated biotinylated 

endoglucanase and CBM onto streptavidin coated CdSe nanoparticles. The results showed 

that after clustering the enzyme and CBM closely, a remarkable enhancement (7.2-fold) of 

reducing sugar production, compared with free enzymes, was observed [78]. 
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5.2.4 Artificial cellulosome formed by crosslinking enzyme aggregates (carrier-free) 

Although assembling enzymes onto certain scaffolds, such as DNA, nanoparticles, have the 

merits described above, it still has some drawbacks; notably, the tedious preparation process 

and high cost of the scaffolds. Therefore, in the early 1960s, studies that using functional 

chemical linker, mostly glutaraldehyde, reacting with the primary amine on the protein 

surface to form the insoluble crosslinked enzyme crystals (CLEs) or crosslinked enzyme 

aggregates (CLEAs) was developed [79]. The process of fabricating CLEAs basically consist 

of two steps, firstly, precipitation of enzyme by adding salt or organic solvent; secondly, 

addition of the crosslinking reagent to form the aggregate [80]. Dalal et al. have prepared 

CLEAs from a commercial enzyme mixture, which contains pectinase, xylanase and cellulase, 

and investigated the enzymatic activity, stability, and reusability of three crosslinked enzymes. 

It was shown that almost 100% of the enzymatic activity was retained for three enzymes, and 

the thermostability of enzymes, especially pectinase, was remarkably improved [81].  

Considering the difficulties of the separation of CLEAs from insoluble substrate, magnetic 

CLEAs (mag-CLEAs) was recently developed. Bhattacharya and Pletschke have prepared 

xylanase-mag-CLEAs by mixing xylanase supernatant with silanized magnetic nanopaticle. 

Interestingly, the activity and stability of xylanase after forming mag-CLEAs were 

considerably enhanced probably due to the interaction between metal ions and enzymes [82].  

 

5.2.5 Artificial cellulosome assembled onto cells 

Besides the strategies as described above, another strategy was developed based on the 

modification of the cells, that is engineering the non-cellulolytic microorganisms to secret 

and/or surface-display cellulolytic hydrolases, to improve the degradation of biomass and 

proceed saccharification and fermentation simultaneously. This whole-cell biocatalyst for 

lignocellulosic substrate degradation was first proposed by fusing the gene of β-glucosidase 

and carboxymethylcellulase (CMCase) to the C-termini of yeast α-agglutinin, which is 

considered as an anchor protein that can deliver the fusing protein onto the cell surface [83]. 

After displayed the enzymes onto the surface of Saccharomyces cerevisiae, this yeast strain 

obtained the ability of assimilating cellooligosaccharides and due to the reproductive 

characteristics of yeast, the number of surface-displayed enzymes can increase with the cell 

growth. Not longer the studies of immobilizing other cellulases, and hemicellulases onto yeast 

surface that can degrade the real biomass were developed [84,85].  

Similar to yeast, Escherichia coli is a promising bacterium, since its well-understood 

genetic information and metabolism, and easy culturing process. With the advances of genetic 

technologies, we can control the production of one or several specific targets by E. coli via 
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manipulating its metabolic pathway. Recently, the surface-display of biomass degrading 

enzymes onto E. coli was proposed in production of cadaverine [86], fatty-acid ethyl esters, 

butanol, and monoterpene pinene [87]. 

 

6. Objectives and outline of the thesis 

The main objective of the presenting thesis is to develop and evaluate several feasible 

enzymatic strategies that can maximize the degradation of cellulose and hemicellulose, and 

thus, achieving final goal to contribute a sustainable society through the biorefinery concept.  

The main content of this thesis is consist of the following chapters: 

In Chapter 2, the effect of two pretreatment methods on the synergism between three 

purified cellulase and xylanases was investigated. The physical structure and chemical 

components of bagasse before and after two individual pretreatment methods, peracetic acid 

and ionic liquid, were systematically investigated. Afterwards, two endoglucanase, XynZ and 

Xyn11A, were selected and mixed with an endoglucanase Cel6A for demonstrating the 

relationship between substrate property and synergism between enzymes.  

In Chapter 3, three hemicellulases, XynZ, Xyn11A and Araf51A, was selected and 

covalently immobilized on the magnetic nanoparticles. The synergism between immobilized 

hemicellulases was studied in degradation of insoluble arabinoxylan. Moreover, the changes 

of synergism between immobilized enzymes in recycling was also investigated.   

In Chapter 4, an universal protein polymer scaffold was constructed by crosslinking two 

tyrosine residues at N- and C-termini of SpyCatcher protein via horseradish 

peroxidase-catalyzed reaction. Subsequently, assembling hemicellulases, XynZ and Araf51A, 

on to this hyperbranching protein polymer scaffold via site-specific SpyCatcher-SpyTag was 

demonstrated. The synergism between closely conjugated XynZ and Araf51A was evaluated 

in hydrolysis of soluble arabinoxylan.  

In Chapter 5, the main contents of this thesis were summarized and future perspective 

regarding the sustainable development by biocatalytic degradation of lignocellulosic substrate 

was also discussed.
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Chapter 2 Effect of pretreatment methods on the synergism of cellulase and 
xylanase during the hydrolysis of bagasse 

1. Introduction 

Second-generation bioethanol, produced from agriculture residues, as a substitute for fossil 

fuels has received widespread attention since the end of the last century. Owing to the prior 

abundance and appreciable polysaccharides percentage, sugarcane bagasse is considered an 

ideal substrate for biorefineries [1]. However, because of the complex matrix of 

polysaccharides and lignin within the structure of the plant cell wall, pretreatment becomes an 

indispensable step to accelerate the degradation of the lignin–carbohydrate complex and to 

ensure that bioethanol production is a competitive and sustainable process [2]. 

 

1.1 Peracetic acid pretreatment and ionic liquid pretreatment 

Studies aimed at improving monosaccharide production from sugarcane bagasse include 

the use of acid, base, hydrogen peroxide and steam explosive processes [3,4]. Peracetic acid 

(PAA) is a powerful oxidant reagent and was used as cotton-bleaching reagent in the early 

40’s [5]. Previous studies showed that peracetic acid (PAA) has good delignification ability, 

because PAA generates the hydroxonium ion, HO+, which electrophilic attacks lignin related 

structure via an electrophilic reaction. The mechanism of HO+ generation is [6]: 

𝐻𝐶𝑂𝑂𝑂𝐻 +  𝐻! →  𝐻𝐶𝑂!𝐻 +  𝐻𝑂! 

The involved reactions include: (1) ring hydrolxylation, (2) oxidative demethylation, (3) 

oxidative ring opening, (4) displacement of side-chains, (5) cleavage of β-arylether bonds, 

and (6) epoxidation (Fig. 2-1) [7-9]. After PAA pretreatment, the lignin structure in biomass 

would be disrupted and dissolved in the solution. It was reported that the digestibility of 

bagasse was greatly improved after pretreated with PAA at loading of 50% (based on initial 

dry materials), liquid/solid (l/s) ratio of 6:1 at 80 °C for 2 h [10].  
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Ionic liquids (IL) as emerging reagents for biomass pretreatment have been extensively 

studied because of their excellent characteristics, like thermal stability, easy recyclability, and 

unique cellulose dissolution capability [11,12]. This dissolution is induced by the formation 

of the electron donor-acceptor complex between the anion of IL and the free hydroxyl group 

on cellulose, and between the cation of IL and the hydroxyl oxygen atoms on the cellulose 

 
Fig. 2-1 Reactions of lignin-related structure with HO+ generated by peracetic acid (PAA) 

[9]  
9-Reprinted from Appl. Microbiol. Biotechnol. Vol. 82, Zhao et al., Organosolv pretreatment of 

lignocellulosic biomass for enzymatic hydrolysis, 815-827., Copyright 2009, with permission from Springer. 
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chain [13]. Singh and coworkers have observe the swelling of cell wall of switchgrass by 

confocal fluorescence microscopy. After treated at 120 °C for 120 min, the structure of 

sclerenchyma, which contains large amount of lignin, was completely destroyed (Fig. 2-2) 

[14]. 

 
It has been summarized that until the year of 2010, more than 97 kinds of ionic liquids have 

been synthesized that possessing the ability in cellulose dissolution [15]. Among the different 

ILs, 1-Ethyl-3-methylimidazolium acetate ([Emim][OAc]) has proven to be one of the most 

effective in solubilizing cellulose [12]. The studies using [Emim][OAc] to pretreat various 

substrates were listed in Table 2-1.  

 

 

 
Fig. 2-2 The confocal fluorescence image showing the dissolution of switchgrass stem in 

[Emim][OAc]. (A) before pretreatment; (B) after pretreatment at 120 °C for 20 min; (C) 

after pretreatment at 120 °C for 50 min; (D) complete breakdown of the cell after pretreated 

at 120 °C for 120 min. [14]  
14-Reprinted from Biotechnol. Bioeng. Vol. 104, Singh et al., Visualization of biomass solubilization and 

cellulose regeneration during ionic liquid pretreatment of switchgrass, Copyright 2009, with permission from 

John Wiley & Sons, Ltd. 
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Table 2-1 Summary of published studies using [Emim][OAc] in pretreatment process 

Substrate 
Pretreatment 

conditions 

Morphology and 

component change 
Conversion yield Reference 

Bagasse 

bagasse/IL 

1:20 (wt%), 

120 °C, 

120min 

20.7% weight loss during 

pretreatment 

80% by 15 FPU Acremonium 

cellulase/gram substrate, including 

0.2% (v/v) OptimashTM BG 

 

[4] 

Avicel 
2% (w/w), 

110°C 40 min 

Disrupted surface, 

crystallinity index change 

More than 60% cellulose was 

degraded by  

10 mg cellulase/200 mg cellulose 

[16] 

Bagasse 

 

5% (w/w), 

120 °C, 

30min 

 

32% lignin removal, 8% 

glucan and 14% xylan 

loss, reduction of cellulose 

crystallinity 

87.0% glucan and 64.3% xylan 

conversion by Spezyme CP at 30 

FPU/g glucan and Novozyme 188 at 

30 CBU/g glucan 

[17] 

Maple 

wood 

flour 

5% (W/W), 

90 °C, 24h 

 

40% lignin removal, 

reduction of cellulose 

crystallinity 

>90% of the cellulose degradted by 

34 U/mL cellulase 
[18] 

Rice 

straw, 

Avicel 

5% (W/W), 

120 °C, 24h 
Not described 

80% and 100% conversion of rice 

straw and Avicel by 4 U 

cellulase/mg substrates 

[19] 

Bagasse 
4% (W/V), 

145 °C 15min 

Reduction of cellulose 

crystallinity and partial 

dissolution of 

hemicellulose 

70% cellulose conversion by 30 

FPU/gCellulase Onozuka R-10 
[20] 

 

1.2 Addition of xylanase as accessory enzyme to synergistically improve sugar production 

Naturally, xylans are highly cross-linked with cellulose fibrils by diferulic bridges, 

contributing to the firm cell wall matrix (Fig. 2-3) [21,22]. As a result, access to cellulose by 

cellulase is generally prevented and this reduction in cellulose activity can hamper 

downstream successive enzymatic hydrolysis processes. Nonetheless, hemicellulose is a 

desired polysaccharide that can also be yielded from biomass conversion. The addition of 

accessory enzymes, especially xylanases, to degrade the hemicellulose content is an 

alternative approach to make cellulose more accessible to cellulases, and to yield more 
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saccharides simultaneously. 

 
Endoxylanases (EX) from GH10 and GH11 are two intensively studied xylanase families. 

As introduced in Chaper 1, EX from GH10 generally have a broad substrate specificity. The 

structure of the catalytic domain of GH10 xylanases is (α/β)8 barrel fold, and the active site is 

small [23]. Unlike the structure of GH10 xylanase, catalytic domain of xylanase from GH11 

is a β-jelly roll structure and consists of two twisted antiparallel β-sheets and a single α-helix 

[23]. The shape of the GH11 xylanase looks like a gesture of 'C'. EX from GH11 mostly can 

only digest the sites without substitution of side-groups.  

 

Fig. 2-3 The crosslinked structure of cellulose and hemicellulose  [22] 
22-Reprinted from J. Sci. Food. Agric., Vol. 79, Saulnier et al., Ferulic acid and diferulic acids as 

components of sugar-beet pectins and maize bran heteroxylan, Copyright 1999, with permission from John 

Wiley & Sons, Ltd. 
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Previous work has shown the use of bagasse as a substrate to study the synergistic effect 

between cellulase and xylanase. High synergy (6.3) between EX, Xyn11A from Cellulomonas 

flavigena and endoglucanase (EG), Cel7B from Trichoderma reesei, for reducing sugars 

production has been reported during the hydrolysis of alkaline pretreated bagasse [24]. 

Nonetheless, a recent report using four types of reagents to pretreat bagasse observed distinct 

synergism between cellulase and xylanase. Steam exploded bagasse, NaOH and H2O2 

pretreated bagasse showed obvious synergy between cellulase and xylanase for glucose and 

xylose production, whereas H2SO4 pretreated bagasse did not [25]. Thus, it appeared that 

synergism between cellulase and xylanase was specific to the substrate and the pretreatment 

method used. 

 

1.3 Objective of this Chapter 

In the present work, the physical structure and chemical composition of bagasse after PAA 

and 1-Ethyl-3-methylimidazolium acetate ([Emim][OAc]) pretreatments were determined to 

verify the potential synergistic effect between EG and EX. For rationalizing the action of the 

hydrolases with different catalytic properties, one EG, Cel6A (GH6, with a CBM) from 

Thermobifida fusca, and two different EXs, XynZ (GH10, without CBM) from Clostridium 

thermocellum and Xyn11A (GH11, with a XBM) from T. fusca, were selected. The 

performance of each enzyme with varied molecular structure in the hydrolysis of pretreated 

bagasse with different chemical and physical properties was systematically investigated. 

 

2. Materials and methods  

2.1 Materials and enzymes 

The biomass bagasse with an average particle size of 200 µm was purchased from Toyota 

 
Fig. 2-4 Structures of EXs. (A) XynZ, from GH10, Clostridium thermocellum (PDB: 

1XYZ) (B) Xyn11A, from GH11, Thermobifida fusca (PDB: 3ZSE) 
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Tsusho Corporation (Nagoya, Japan). [Emim][OAc] was purchased from Kanto Kagaku, 

Tokyo, Japan. PAA was supplied by the Mitsubishi Gas Chemical Company, Inc., Japan. The 

enzymes used in the present study, Xyn11A was provided from Professor Tanaka, Kobe 

University. XynZ and Cel6A were provided from Professor Ichinose, Kyushu University. The 

detail information of these three enzymes are listed below. The enzyme purities were 

confirmed by SDS-PAGE. 

 

Table 2-2 The detail information of XynZ, Xyn11A and Araf51A 

Enzyme Classification CBM Microorganism Mw (kDa) pI Family 

XynZ EX - Clostridium thermocellum 38.2 5.3 10 

Xyn11A EX *XBM Thermobifida fusca 36.4 9.5 11 

Cel6A EG + Thermobifida fusca 43 5.7 6 

*XBM: bind to cellulose and xylan; EX: Endoxylanase; EG: Endoglucanase. 

 

 
 

2.2 Biomass pretreatments and regeneration 

Fifty milligrams of bagasse was added to 1 g [Emim][OAc] or 1 mL deionized water that 

includes 50 µL of a 40% (w/w) PAA solution. The mixture was heated at 80 °C with stirring 

(200 rpm) for 3 h. After the reaction, 5 mL deionized water was added into the tubes to 

precipitate the regenerated cellulose with vigorous shaking. Subsequently, the regenerated 

bagasse and solution were separated by centrifugation at 25 °C (5,800 g, 20 min). The 

regenerated water was kept at −18 °C for further investigation. In order to remove the residual 

reagent, the regenerated cellulose was washed with 5 mL deionized water three times. The 

 
Fig. 2-5 SDS-PAGE of purified enzymes. Lane 1, marker; lane 2, Cel6A; lane 3, XynZ; 

lane 4, Xyn11A. 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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regenerated cellulose was then dried by lyophilization overnight. All pretreatment 

experiments were carried out in triplicates. The dry mass of the regenerated cellulose was 

weighed and the yield of the regenerated biomass was calculated by the following equation 

[8]: 

YRB (%) = Mpretreated biomass/Minitial biomass × 100%                            
 

2.3 Chemical composition of bagasse and sugar loss in regenerated water during the 

pretreatment process 

The chemical composition of untreated, PAA pretreated and [Emim][OAc] pretreated 

bagasse was measured following the protocol (LAP TP-510-42619, 42618, 42622) from the 

National Renewable Energy Laboratory [26-28]. Measuring sugar loss in regenerated water 

was performed with small modifications. Briefly, the samples were treated with 72% sulfuric 

acid at 30 °C for 1 h, then diluted to 4% and incubated in an autoclave at 121 °C for 1 h. After 

cooling the sample, calcium carbonate was used for neutralizing the pH to 7. Analysis of the 

sugar content was performed using a high-performance liquid chromatography (HPLC) 

system equipped with a Shodex sugar KS-801 column (8.0 × 300 mm, Showa Denko Co., 

Tokyo, Japan) and a RI detector at 80 °C with HPLC-grade water as the eluent at a flow rate 

of 1 mL/min. The remaining acid insoluble lignin was measured after oven-drying overnight 

at 45 °C and the amount of acid soluble lignin was determined by measuring the absorbance 

at 240 nm against a deionized water blank using Jasco UV-Vis spectrophotometer V-550 

(Jasco, Tokyo, Japan). 
 

2.4 Analytical methods 

Scanning electron microscopy (SEM) was employed to observe the changes in the surface 

of bagasse before and after PAA and [Emim][OAc] pretreatments. The equipment, Shimadzu 

SS-550 scanning electron microscope (Shimadzu Co., Kyoto, Japan), was operated at 40 kV 

to image the samples. X-ray diffraction (XRD) measurements were conducted using a Rigaku 

MultiFlex Diffractometer (Rigaku Co., Tokyo, Japan) operating at 40 kV and 30 mA. The 

samples were scanned in a 2θ range from 5 to 50° using steps of 0.02°. The calculation of 

cellulose crystallinity (CCr) was derived from the XRD spectra according to Xu et al. [29]: 

CCr = (I002 − Iam)/I002/C × 100%  

where CCr is the cellulose crystallinity, I002 is the maximum intensity of the (002) lattice 

diffraction, Iam is the peak of the amorphous part evaluated as the minimum intensity between 

(101) and (002) lattice planes and C is the cellulose percentage of the biomass. 
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2.5 Enzymatic hydrolysis and sugars analysis of hydrolysates 

The hydrolysis experiments were carried out with 0.25 wt% of the biomass at 50 °C and 

1,000 rpm, in 2 mL of sodium phosphate buffer (50 mM, pH 7.0). In each tube the total 

enzyme loading was held constant at 2 mg protein/g biomass. For the binary mixtures, each 

enzyme loading was 1 mg/g, and for the ternary mixture, 1 mg/g Cel6A was supplemented 

with 0.5 mg/g XynZ and 0.5 mg/g Xyn11A. One hundred microliter samples were taken at 0, 

3, 6, 12, 24, 48 and 72 h time points and were analyzed for reducing sugars (glucose as the 

standard) by the dinitrosalicylic acid method [30]. The samples after 72 h enzymatic 

hydrolysis were analyzed by HPLC using the ABEE (4-aminobenzoic acid ethyl ester) 

derivation method described by Yasuno et al. [31]. Hydrolysis experiments were carried out 

in triplicates. 

 

2.6 Calculation method of the degree of synergy 

The calculation of the degree of synergy (DS) was determined using the equation [32]: 

DS = Y1+2/(αY1 + βY2) or DS = Y1+2+3/(αY1 + βY2 + γY3)              

where α, β and γ correspond to the mass ratios of the enzymes. For example, for the binary 

mixture α and β are 0.5. Y1+2 represents the glucan or xylan conversion of the mixture by two 

enzymes working simultaneously, whereas Y1 and Y2 indicate the glucan or xylan conversion 

achieved by each enzyme working individually. When XynZ, Xyn11A and Cel6A are mixed 

together in the reaction, the α and β values are 0.25 and the γ value is 0.5, respectively. Y1+2+3, 

indicates the glucan or xylan conversion of the mixture by the three enzymes working 

simultaneously, whereas Y1, Y2 and Y3 indicate the glucan or xylan conversion achieved by 

each enzyme working individually. 
 

3. Results and Discussion 

3.1 Effect of pretreatment methods on chemical composition and physical structure of bagasse 

Different pretreatment methods with distinct mechanisms usually have different effects on 

the same biomass. The chemical compositions of unpretreated, PAA pretreated and 

[Emim][OAc] pretreated bagasse, are summarized in Table 2-3. After PAA and [Emim][OAc] 

pretreatments the cellulose percentage did not show any clear change. Nevertheless, 5.8% of 

lignin and 11.7% of hemicellulose (xylan and arabinan) were removed from the bagasse after 

PAA pretreatment. Zhao et al. [10] reported that 80% of lignin was removed under conditions 

of 50% PAA charge, l/s ratio 6:1, 80 °C for 2 h. However, 59.6% of the hemicellulose was 

removed at the same time. In our study, increasing the amount of water diluted the 

concentration of PAA and aided the preservation of the hemicellulose. For comparison 
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purposes, [Emim][OAc] pretreatment was carried out under the same conditions. The results 

showed that, in this case, the [Emim][OAc] pretreatment method removed more lignin (26.7%) 

than the PAA pretreatment and, interestingly, it retained a large amount of the hemicellulose 

(33.7%), especially arabinan (7.2%). However, this phenomenon was not observed if the 

[Emim][OAc] was used under high temperature conditions, such as 120 °C [17].  

 

 
The results of the yield of regenerated biomass (YRB) indicated that a higher solid content 

(79%) was preserved after [Emim][OAc] pretreatment when compared with 63% preservation 

following PAA pretreatment (Fig 2-6a). Few monosaccharides were dissolved in PAA and 

[Emim][OAc] regenerated water. After acid hydrolysis, long soluble oligomers were degraded 

to monosaccharides, and thus the loss of saccharides with respect to the percentage of total 

glucan and xylan of untreated bagasse in regenerated water after PAA and [Emim][OAc] 

pretreatment were measured (Fig. 2-6b). After PAA pretreatment, 10.8% of glucan and 20.9% 

of xylan from untreated bagasse were dissolved, whereas [Emim][OAc] pretreatment gave a 

lower loss of glucan (4.3%) and xylan (2.8%). This result can be explained by the different 

mechanisms by which PAA and IL pretreatments disrupt the structure of cellulose. IL 

pretreatment dissolves cellulose by forming new hydrogen bonds with cellulose [8,12,33]. As 

a result, more glucan remains in the liquid phase after IL pretreatment. However, the 

mechanism of PAA degradation of lignocellulosic biomass involves the selective attack of the 

hydroxonium ion on lignin. As a result, partial hemicellulose content, cross-linked with lignin, 

is removed [10]. 

Table 2-3 Chemical composition of unpretreated, PAA and [Emim][OAc] pretreated 

bagasse and the yield of regenerated bagasse 

 Unpretreated PAA 
pretreated [Emim][OAc] pretreated 

Glucan 37.7 ± 1.1 38.6 ± 0.4 38.9 ± 1.6 
Xylan 22.0 ± 5.6 21.0 ± 0.7 26.5 ± 1.0 
Arabinan 2.8 ± 0.8 0.9 ± 0.3 7.2 ± 0.6 
Ash 3.7 ± 0.4 2.7 ± 0.5 2.3 ± 0.6 
Extractives 13.1 ± 1.6 11.5 ± 0.4 9.3 ± 0.9 
Acid insoluble lignin 20.2 ± 0.8 14.9 ± 2.5 12.0 ± 3.0 
Acid soluble lignin 2.3 ± 0.1 6.3 ± 0.3 4.5 ± 0.1 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier.  
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The effect of PAA and [Emim][OAc] pretreatments on the structure of bagasse was 

evaluated by SEM and XRD analyses. After both PAA and [Emim][OAc] pretreatments, the 

biomass surface and fibrils became rough and disordered, which could be due to the removal 

of lignin and part of the carbohydrates. Compared with the significantly altered surface of 

PAA pretreated bagasse, the surface of bagasse after [Emim][OAc] pretreatment preserved 

the major microfibrous cellulose structure, however, the surface was disrupted (Fig. 2-7). 

 

Fig 2-6 Comparison of the effect of PAA and [Emim][OAc] pretreatments on: (a) 

the yield of regenerated biomass. (b) The percentages of glucan and xylan lost in 

regenerated water to total glucan and xylan contents in untreated bagasse. 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 

 

Fig. 2-7 SEM images of (a) unpretreated bagasse, (b) PAA pretreated bagasse 

and (c) [Emim][OAc] pretreated bagasse under 500 × magnification 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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As shown in Fig. 2-8, the XRD peak pattern from untreated to [Emim][OAc] pretreated 

bagasse showed clear changes. The (101) peak of [Emim][OAc] pretreated bagasse 

disappeared and the (002) peak became broad. This observation is similar to a previous report 

from Qiu et al. [17], suggesting the expansion of the cellulose I lattice and the disruption of 

hydrogen bonds between cellulose fibers [34]. Based on the XRD pattern, cellulose 

crystallinity (CCr), which represents the ratio of the crystalline cellulose to the whole 

cellulose part, was calculated. The CCr value of unpretreated bagasse was 136, whereas 

[Emim][OAc] pretreated bagasse gave a CCr value of 68 and PAA pretreated bagasse gave a 

value of 116. The decrease in the CCr value indicates that part of crystalline cellulose 

changed form to amorphous cellulose following pretreatment. The lower CCr value of 

[Emim][OAc] pretreated bagasse indicates that more amorphous cellulose was recovered after 

pretreatment and may facilitate enzymatic hydrolysis efficiency [33,34].  

 

3.2 Production of total sugars from pretreated bagasse  

Enzymatic hydrolysis of PAA and [Emim][OAc] pretreated bagasse by Cel6A, XynZ and 

Xyn11A, solely or mixed together at a fixed loading of 2 mg protein/g bagasse was carried 

out (Fig. 2-9).  

  
Fig. 2-8 X-ray diffraction spectra of unpretreated bagasse (blue line), PAA 

pretreated bagasse (red line), [Emim][OAc] pretreated bagasse (green line). 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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In general, the results showed that PAA pretreated bagasse released more reducing sugars 

by enzymatic hydrolysis when compared with the amount of reducing sugars released from 

[Emim][OAc] pretreated bagasse. After 72 h hydrolysis, 1.4-fold more reducing sugars were 

released from PAA pretreated bagasse than [Emim][OAc] pretreated bagasse when the three 

enzymes were used in combination. The reducing sugars are a mixture of several kinds of 

sugars with reducing ends, including glucose, xylose, cellobiose and so on. Since there are 

several different potential applications of hexoses and pentoses, and to understand the 

synergistic effect of cellulase and xylanase on C-5 and C-6 sugars production, further 

determination of monosaccharides and oligosaccharides released in hydrolysates was 

performed. 

The soluble sugars released from pretreated bagasse after enzymatic hydrolysis by 

individual or combined enzymes for 72 h were analyzed by HPLC. Note that higher 

polymerized oligomers have not been determined (Fig. 2-10). The products consisted mostly 

of cellobiose, xylobiose and xylotriose, with small quantities of glucose and xylose detected. 

In general, Cel6A converted only a minor amount of glucan from both PAA and [Emim][OAc] 

pretreated bagasse, even though it has a CBM. The absence of other major components, such 

as β-glucosidase and CBH, appears to affect the efficiency of the EG, even though the EG has 

a CBM [35,36]. In the case of PAA pretreated bagasse, glucan conversions by all the 

enzymatic combinations were low (< 3%) for the tested conditions. Surprisingly, higher 

 

Fig. 2-9 Determination of reducing sugars concentration after 3-, 6-, 12-, 24-, 48- and 72 h 

hydrolysis of PAA pretreated bagasse and [Emim][OAc] pretreated bagasse by mixture of 

Cel6A, XynZ and Xyn11A. The error bars represent the standard deviations for three 

independent trials. 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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glucan conversion was observed for [Emim][OAc] pretreated bagasse (Fig. 2-10b). Cel6A 

alone converted 4% of glucan from [Emim][OAc] pretreated bagasse, which was four times 

higher than from PAA pretreated bagasse. This result reflects the impact of cellulose 

crystallinity in the conversion of glucan during the hydrolysis process. [Emim][OAc] 

pretreated bagasse with low crystallinity was converted by a higher value than PAA 

pretreated bagasse, because the EG randomly cut the cellulose chain from the amorphous 

region [36]. Following the addition of xylanase(s) into cellulase, the glucan conversion from 

PAA pretreated bagasse increased by > 2-fold, even though the amount of Cel6A had been 

halved. For [Emim][OAc] pretreated bagasse, combining Cel6A with an EX(s) gave a 

1.5-fold improvement in conversion. The highest glucan conversion, 8%, was reached when 

using the ternary mixture at 72 h from [Emim][OAc] pretreated bagasse. Similarly, for PAA 

pretreated bagasse, the highest glucan conversion, 2.5 %, was also observed when using the 

ternary mixture. Since XynZ and Xyn11A only released little cellobiose or glucose from 

pretreated bagasse, the improvement of glucan conversion by mixing Cel6A and xylanase(s) 

was mostly contributed by the synergistic effect. This observation shows that the removal of 

xylan favors the action of Cel6A.  

In the case of xylan conversion, at least 2-fold more xylan was converted from PAA 

pretreated bagasse than from [Emim][OAc] pretreated bagasse by the same enzyme(s). This 

observation is possibly a result of the high arabinose percentage in [Emim][OAc] pretreated 

bagasse inhibiting the xylanases. In non-woody biomass, arabinose is generally present as a 

substituent in arabinoxylans and is tightly connected to other hemicellulose components [37]. 

Thus, the high percentage of arabinose in the substrate likely protects the substrate from 

xylanase activity, and this may explain the observed low xylan conversion from [Emim][OAc] 

pretreated bagasse. XynZ without the CBM converted similar amounts of xylan from PAA 

pretreated bagasse as Xyn11A; however, in the case of [Emim][OAc] pretreated bagasse, 

Xyn11A achieved a 1.7-fold higher xylan conversion when compared with the results using 

XynZ. This result demonstrates that the presence of a CBM appears to play an important role 

in xylan conversion.  
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The CBM facilitates the interaction of the enzyme with the substrate and therefore 

increases the local concentration of the enzyme on the insoluble biomass substrate. In the 

present study, Xyn11A with a XBM could potentially increase the accessibility of the 

catalytic domain of Xyn11A to the substrate. On the other hand, the low arabinan amount in 

 
Fig. 2-10 Glucan conversion and xylan conversion after 72 h hydrolysis of (a) PAA 

pretreated bagasse (b) [Emim][OAc] pretreated bagasse by individual or different 

combinations of endoglucanase, Cel6A from T. fusca and xylanases, XynZ and Xyn11A, 

from C. thermocellum and T. fusca. For each trial, the enzyme loading was held constant at 

2 mg protein/g biomass. The error bars represent standard deviations for three independent 

trials. 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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PAA pretreated bagasse indicates the high accessibility of the substrate to xylanase. Thus, 

even XynZ without any binding module could convert similar amounts of xylan from PAA 

pretreated bagasse compared to Xyn11A. Improving the conversion of xylan after xylanase 

replacement was not as apparent as glucan conversion. For PAA pretreated bagasse, after 

combining with Cel6A, Xyn11A converted less xylan (21.3%) than the enzyme achieved 

individually (25.9%). Correspondingly, in the case of [Emim][OAc] pretreated bagasse, the 

combination of Cel6A and Xyn11A yielded a similar xylan conversion amount when 

compared with the amount converted using Xyn11A alone. This is probably because of the 

competition of the two binding modules. Finally, the ternary mixture converted the maximum 

amount of xylan (37.8% and 16.1%) from PAA and [Emim][OAc] pretreated bagasse, 

respectively.  

 

3.3 Synergy between EXs and EG on pretreated bagasse 

The addition of EXs into EG improved both glucan and xylan conversions. The 

relationships between xylan removal and glucan conversion for the different enzyme 

combinations (Cel6A, XynZ and/orXyn11A) are shown in Fig. 2-11.  

This linear relationship confirmed the postulate that the removal of xylan from the cellulose 

matrix had a positive effect on glucan conversion, because the hemicellulose is highly 

cross-linked by diferulic bridges and cellulose fibrils are likely incorporated [7,21,36,38,39]. 

The slope of [Emim][OAc] pretreated bagasse was steeper than PAA pretreated bagasse. 

[Emim][OAc] pretreated bagasse presented a lower CCr value, which indicates that the more 

amorphous cellulose forms are exposed the easier the cellulase hydrolysis, and thus high 

cellulose conversion could be observed. We hypothesize that for the [Emim][OAc] pretreated 

bagasse, once a small amount of xylan is removed the conversion may yield high cellulose 

conversion. In contrast, PAA pretreated bagasse exposed cellulose that was more crystalline, 

and thus only a small incremental improvement in cellulose conversion, induced by xylan 

removal, was observed.  
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The observed improvement of glucan and xylan conversion in the hydrolysis of pretreated 

bagasse, after combining Cel6A and xylanase(s) demonstrates the synergism between 

cellulase and xylanase(s). The calculation of the degree of synergy is a direct way to evaluate 

the synergism between enzymes. In general, when the value of DS is higher than 1, the 

synergism between cellulase and xylanase is active. In the present study, DS was calculated 

based on the percentage of glucan and xylan conversion from different pretreated bagasses 

after 72 h of hydrolysis (Fig. 2-12). The DS values for glucan conversion were higher than the 

DS values for xylan conversion in the hydrolysis of both PAA and [Emim][OAc] pretreated 

bagasse. This indicates that the synergistic effect between EG and EX is stronger for glucan 

conversion than for the conversion of xylan. 

In general, the physical structure and chemical composition of the substrate is noticeably 

altered after pretreatment [12,36,41]. Previous reports showed that pretreatment methods 

significantly affect the synergism of cellulase and xylanase [25,40]. In the present study, all 

the combinations showed a more evident synergism (over 3.4) for glucan conversion in the 

hydrolysis of PAA pretreated bagasse, whereas a higher DS value for xylan conversion was 

achieved from hydrolyzing the [Emim][OAc] pretreated bagasse. For PAA pretreated bagasse, 

a relatively larger amount of xylan was converted after the addition of xylanase(s) (Fig. 

2-12a); thus, because more degradable cellulose fractions were exposed, the DS values for 

 
Fig. 2-11 Relationship between glucan and xylan conversion during the hydrolysis of 

PAA pretreated bagasse (white symbol) and [Emim][OAc] pretreated bagasse (black 

symbol) by Cel6A alone (square), Cel6A + XynZ (diamond), Cel6A + Xyn11A (triangle) 

and Cel6A + XynZ + Xyn11A (circle) after 72 h hydrolysis. 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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glucan conversion were high. However, because of the high crystallinity of cellulose in PAA 

pretreated bagasse, low glucan conversion was observed. Only a small amount of xylan was 

exposed from the interaction between EG and EX, and as a consequence the DS values for 

xylan conversion were low. In the case of [Emim][OAc] pretreated bagasse, because of the 

highly cross-linked structure of hemicellulose but low crystallinity of cellulose, a higher DS 

value for xylan conversion and a lower DS value for glucan conversion were observed.  

 

 

Furthermore, it was reported that the molecular structure of the enzyme could also affect 

the synergism. The lack of a CBM in xylanase Xyn11A from C. flavigena was shown to 

decrease the synergy between a xylanase and a cellulase (EG Cel7B from T. reesei) in the 

hydrolysis of alkaline pretreated bagasse [24]. In this study, for PAA pretreated bagasse, the 

combination of Cel6A + XynZ achieved a lower DS for glucan conversion (3.4), but a higher 

DS for xylan conversion (1.9) when compared with the results of combining Cel6A + 

Xyn11A, which had DS values for glucan and xylan conversion of 4.7 and 1.6, respectively. 

Likewise, for [Emim][OAc] pretreated bagasse, the combination of Cel6A and XynZ reached 

similar DS values for glucan and xylan conversion of 2.7 and 2.6, respectively. The 

 
Fig. 2-12 Degree of synergy of endoglucanase and xylanase(s) for the conversion of 

glucan (white bar) and xylan (black bar) on (a) PAA pretreated bagasse and (b) 

[Emim][OAc] pretreated bagasse after 72 h of hydrolysis. 
Reproduced from Bioresour. Technol., 2015, 185, 158-164 with permission of Elsevier. 
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combination Cel6A + Xyn11A reached a higher DS value for glucan conversion (3.4) than the 

combination of Cel6A + XynZ, but a lower DS value for xylan conversion (1.9). As 

previously discussed, Xyn11A with a XBM converted more xylan than XynZ, which does not 

have a substrate binding module. Thus, more cellulose was exposed from the combination of 

Cel6A + Xyn11A. This combination showed high DS values for glucan conversion for both 

PAA and [Emim][OAc] pretreated bagasse. Correspondingly, glucan dissolution could create 

cleavage sites for xylanase. Thus, for XynZ without a CBM, this dissolution may potentially 

increase its efficiency and may explain the higher DS value for xylan conversion by the 

Cel6A + XynZ combination. On the other hand, for Xyn11A with a XBM, this improvement 

would not be that apparent, hence, the DS value for xylan conversion was lower. In 

conclusion, the presence of a substrate-binding module within a xylanase provides greater 

synergism for glucan conversion; the cellulose dissolution favored more the action of 

xylanase without a binding module. Not surprisingly, the highest DS values, for both glucan 

and xylan conversion, were achieved by the ternary mixture in the hydrolysis of PAA or 

[Emim][OAc] pretreated bagasse.  

In summary, in the hydrolysis of PAA or [Emim][OAc] pretreated bagasse, it appears that 

not only the hemicellulose components and structure, and the cellulose crystallinity but also 

the molecular structure of the enzyme should be carefully considered to attain optimal 

synergism between a xylanase and a cellulase. These observations provide the basis for 

understanding the synergism of cellulases and xylanases on a pretreated lignocellulosic 

biomass and the development of more elaborated enzyme mixtures for the creation of a 

cost-effective and highly efficient biorefinery industry. 

 

4. Conclusion 

Synergism between cellulase and xylanase in the hydrolysis of bagasse was affected by 

structural and compositional differences between the substrates resulting from the different 

pretreatments. PAA pretreatment removed part of hemicellulose but left more crystalline 

cellulose, resulting in a high degree of synergy for glucan conversion. In contrast, 

[Emim][OAc] pretreatment likely disrupted less hemicellulose-cellulose associations but 

generated more amorphous cellulose, resulting in a high degree of synergy for xylan 

conversion. The molecular structure of enzymes also affected the synergism. Owing to the 

crosslinking of hemicellulose and cellulose, the removal of xylan favored glucan conversion, 

and vice versa. 
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Chapter 3 Synergistic degradation of arabinoxylan by free and immobilized 
xylanases and arabinofuranosidase 

1. Introduction 

Hemicelluloses include a number of polysaccharides, of which xylans are the second most 

ubiquitous in nature. In recent years, biodegradation of hemicellulose has attracted a lot of 

attention in the industry, such as for the conversion of biomass to biofuels and value-added 

chemicals, enhancing the efficiency of delignification and the bleaching process in the pulp 

industry [1].  

 

1.1 Degradation of arabinoxylans 

Arabinoxylans are the main form of hemicellulose in plant cell walls, especially in cereal 

grains such as wheat. They consist of a xylan backbone with arabinose residues linked to its 

O-2 or O-3 positions [2]. The breakdown of xylan backbone by xylanase(s) is not efficient 

because of the presence of the mono- or di-substituted arabinose. Therefore, the removal of 

the arabinose side chains by supplementing with arabinofuranosidase (Araf) is a common 

method used to increase the efficiency of hemicellulose degradation (Fig. 3-1) [3]. Firstly, the 

depolymerzing enzyme, endoxylanase (EX) cuts the arabinoxylan into low polymerized 

arabino-xylooligomers (AXOS). Secondly, the debranching enzyme, some Arafs from GH43, 

GH51, GH54, or GH62, have the ability to digest the 1,3-linked arabinofuranoside side 

groups from disubstituted AXOS. Then the monospecific Arafs (GH43 and GH51) remove 

the rest 1,2- or 1,3-linked arabinose groups. Finally, in the presence of β-Xylosidases (BXL), 

the debranched AXOS can be completely degraded into xylose. 

The cooperative activity between AFase and xylanase has been used to synergistically 

increase the release of soluble saccharides during the hydrolysis of arabinoxylan [4,5]. Yang 

and coworkers recently reported a bifunctional AFase from glycoside hydrolase (GH) family 

51 that has the activity of both arabinofuranosidase and β-xylosidase. It worked 

synergistically with endoxylanase XynBE18 in the degradation of wheat arabinoxylan, 

increasing the production of sugar about 3-fold [6]. 
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1.2 Immobilization of enzymes onto nano-materials 

Many enzymes have been investigated and developed in an insoluble or immobilized form 

for academic interest and industrial use, owing to their advantages, such as enabling 

continuous usage, improved stability, activity and selectivity [7,8]. There are both physical 

and chemical ways to immobilize enzymes on various supports, which have been well 

summarized in previous reports [9-11]. For the application in xylan degradation, 

immobilization of xylanase has been investigated onto varied supports, such as multi-walled 

 
Fig. 3-1 Illustration of completely degradation of arabinoxylan [3] 

3-Reprinted from Biotechnol. Adv. Vol. 32, Lagaert et al., β-Xylosidases and α-l-arabinofuranosidases: 

Accessory enzymes for arabinoxylan degradation, 316-332, Copyright 2014, with permission from Elsevier. 
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carbon nanotubes [12], synthesized polymer [13], nanoporous gold [14], and resin [15]. 

Recently, the use of magnetic nanoparticles as supports are of particular interest because they 

possess both the advantages of the simple separation process of magnetic materials and the 

high surface area and mass transfer resistance of nanosized materials [16-20]. An increased 

thermal and pH stability and good reusability of the insoluble form of the enzyme was 

observed in all the studies compared with the corresponding soluble enzymes. However, 

enzymes immobilized on nano-sized materials are yet to be fully utilized on an industrial 

scale.  

 

1.3 Studies of synergism in immobilized enzyme systems 

 Almost all the research on the synergism between enzymes has been conducted with free 

enzymes [21]. However, because the basic characteristics of enzymes might be altered upon 

immobilization onto solid supports, it is also important to investigate the synergism between 

immobilized enzymes. Tsai et al. observed 2-fold improvement of sugar production when 

co-immobilizing endoglucanase CelA and exoglucanase CelE onto CdSe-ZnS core-shell 

quantum dots through polyhistidine-metal coordination for hydrolysis of 

phosphoric-acid-swollen cellulose [22].  

 

 
Fig. 3-2 Schematic illustration of polyhistidine-mediated enzyme-quantum dots 

conjugation and synergism between conjugated CelA and CelE onto 5 or 10 nm diameter 

QD.  [22] 
22-Reproduced from Biotechnol. J., Tsai et al., Vol. 8, Size-modulated synergy of cellulase clustering for 

enhanced cellulose hydrolysis, Copyright 2013, with permission of John Wiley & Sons, Ltd. 
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Recently, Yoshino group has developed a novel strategy for immobilization of proteins 

onto magnetic nanoparticles using magnetosome display systam with a magnetotactic 

bacterium, Magnetospirillum magneticum. EG and BGL were co-immobilized onto magntic 

nanoparticle via cohesin-dockerin system. Compared with single immobilized enzyme, 

enhanced reducing sugars yield was obtained in the case of co-immobilized enzymes in 

hydrolysis of soluble substrate, carboxymethyl cellulose (CMC) [23].   

 

1.4 Objective of this chapter 

Although the synergism between immobilized enzymes have been already demonstrated, 

little has been studied and there is a need for the development of a recyclable and synergistic 

enzymatic system for (hemi)cellulose degradation. Therefore, we studied the degradation of 

arabinoxylan by enzymes in insoluble form, especially focusing on the change in synergism 

due to the recycling process. In the present study, we have explored the potential synergistic 

action of different enzyme formulations, free and immobilized enzymes, in hemicellulose 

degradation. Five EXs, XynZ from Clostridium thermocellum, belonging to GH10, and 

Xyn11A and Xyn10B from Thermobifida fusca, belonging to GH11 and GH10, respectively, 

and XlnB and XlnC from Streptomyces lividans, all belonging to GH11 were tested for their 

effectiveness in arabinoxylan degradation. The two EXs (XynZ and Xyn11A) that showed the 

highest conversion to reducing sugars among the five xylanases were selected and 

 

Fig. 3-3 (A) Schematic illustration of CMC degradation by Co-immobilized EG and BGL 

onto magnetic nanoparticles and single immobilized enzymes. (B) Enhanced reducing 

sugars production by Co-immobilized enzymatic system. [23] 
23-Reprinted with permission from Biomacromolecules 2015, 16, 3863–3868. Copyright 2015 American 

Chemical Society. 
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investigated together with a family 51 Araf, Araf51A, from C. thermocellum. Subsequently, 

three enzymes were separately immobilized on commercial magnetic nanoparticles through 

covalent bonding. The immobilized enzymes were successfully recycled 10 times. Continued 

synergism between the enzymes immobilized on magnetic nanoparticles after 10 cycles was 

illustrated using arabinoxylan hydrolysis as a model system.  

 

2. Materials and Methods 

2.1 Substrates and enzymes 

Insoluble wheat arabinoxylan was purchased from Megazyme (P-WAXYI, Wicklow, 

Ireland). It consists of 36% arabinose, 51% xylose, 6.5% glucose, 4.4% mannose, and 1.6% 

galactose. The magnetic nanoparticles decorated with N-hydroxysuccinimide groups (190±20 
nm in diameter) were purchased from Tamagawa Seiki. Co., Ltd (Japan). The nanoparticles 

are composed of multiple ferrite particles in the size of 15-20 nm, and coated with a 

hydrophilic polymer, poly-GMA (glycidyl methacrylate), by seed polymerization.  

The enzymes used in the present study, Xyn11A, Xyn10B, XlnB and XlnC were kind gifts 

from Professor Tanaka, Kobe University. XynZ and Araf51A were kind gifts from Professor 

Ichinose, Kyushu University. The detail information of these enzymes are listed below. 

 

Table 3-1 The detail information of the enzymes used in present study 

Enzyme Classification CBM Microorganism Mw (kDa) pI Family 

XynZ EX - Clostridium thermocellum 38 5.3 GH10 

Xyn10B  EX - Thermobifida fusca 45 5.1 GH10 

Xyn11A EX *XBM Thermobifida fusca 36 9.5 GH11 

XlnB EX CBM Streptomyces lividans 36 9.3 GH11 

XlnC EX - Streptomyces lividans 26 8.4 GH11 

Araf51A Araf - Clostridium thermocellum 58 5.4 GH51 

*XBM: bind to cellulose and xylan; EX: endoxylanase; Araf: arabinofuranosidase.  

 

2.2 Enzyme immobilization on magnetic nanoparticles 

The immobilization method followed the protocol provided by the manufacturer with 

minor modifications. Briefly, 1 µg/µL of the enzyme solution was prepared with 

immobilization buffer, which was 25 mM HEPES-NaOH (pH 7.9). Then the nanoparticles 

were washed with 50 µL of methanol and immobilization buffer successively, the liquid 
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phase was removed after centrifugation. The immobilization buffer (50 µL) and the prepared 

enzyme solution (50 µL) were added into a 1.5 mL tube and reacted at room temperature for 1 

h and then incubated at 4 °C for 20 h with gentle rotating. After the reaction, the supernatant 

was removed by centrifugation. To mask the residue carboxyl groups on the nanoparticles, 

250 µL of 1 M ethanolamine solution (pH 8.0) was added into the tube and reacted at 4 °C for 

20 h with gentle rotating. After that, the enzyme-immobilized nanoparticles were washed 

three times with 50 mM phosphate buffer (pH 7.0), and resuspended in 200 µL phosphate 

buffer for further hydrolysis experiments.  

 

 

 

 

 

 

 

 

The amount of bound protein was determined by a bicinchoninic acid assay (BCA assay, 

Thermo Fisher Scientific). The immobilization efficiency was calculated using the following 

equation: 

Immobilization efficiency (%)=Total amount of immobilized protein/Total amount of 

added protein×100% 

 

2.3 Enzymatic hydrolysis and sugar analysis of hydrolysates 

For the assay of free enzymes, the selection of proper EXs and optimization of the loading 

ratio together with Araf was performed. The hydrolysis experiments were performed with 

0.25 wt% of the arabinoxylan at 50 °C in 2 mL of sodium phosphate buffer (50 mM, pH 7.0) 

and placed in a rotary shaker (TAITEC MBR-022UP, Japan) at 1000 rpm. In each tube the 

total enzyme loading was kept at 100 nM. For the binary mixtures, each enzyme loading was 

50 nM, and for the ternary mixture, the enzymes were mixed at a specific ratio, but the total 

concentration was kept at 100 nM. After hydrolysis, the produced reducing sugars were 

analyzed by the dinitrosalicylic acid method (DNS assay) with xylose as the standard [24]. 

 

Fig. 3-4 Mechanism of enzyme immobilized on N-hydroxysuccinimide decorated 

magnetic nanoparticles 
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Briefly, 100 µL of reaction solution was mixed with 100 µL of DNS reagent, which 

containing 1.3M DNS, 1M potassium sodium tartrate, and 0.4 N NaOH, and incubated at 

99 °C for 5 min. The reducing sugars were quantified colorimetrically at an absorbance of 

540 nm. The soluble sugars were analyzed by high-performance liquid chromatography 

(HPLC) with a Shodex sugar KS-801 column (8.0×300 mm, Showa Denko Co., Tokyo, Japan) 

and a refractive index detector at 80 °C with HPLC-grade water as the eluent at a flow rate of 

1 mL/min.  

For investigation of the enzymes immobilized on nanoparticles, the saccharification 

experiments were performed using the same conditions, but with a final volume of 500 µL. 

Correspondingly, for the binary mixture each enzyme loading was 50 nM; for the ternary 

mixture, XynZ, Xyn11A and Araf51A were mixed at an optimized ratio of 2:2:1, which was 

obtained from the results of the free enzymes, with the total concentration kept at 100 nM. 

After hydrolysis, the concentrations of the reducing sugars were analyzed by using 

tetrazolium blue (TZ) assay [25]. After hydrolysis for 48 h, the enzymes immobilized on 

magnetic nanoparticles were separated using a magnet then washed with phosphate buffer 

three times. After that, a new substrate was introduced to the system. All the hydrolysis 

experiments were performed in triplicates. Values are averages of results from three 

independent trials; error bars indicate the standard deviation values. 

 

2.4 Calculation of the degree of synergy (DS) 

The calculation of the degree of synergy (DS) was performed using the equation: 

DS=Y1+2+3/(αY1+βY2+γY3),  

where α, β and γ correspond to the molar ratios of the enzymes. Y1+2+3, indicates the yield 

of reducing sugars by the three enzymes working simultaneously, whereas Y1, Y2 and Y3 

indicate the yield of the reducing sugars achieved by each enzyme working individually. For 

all cases, single enzymes or combination of enzymes, the enzyme loading was kept at 100 

nM. 

 

3. Results and Discussion 

3.1 Enzymatic hydrolysis of insoluble wheat arabinoxylan by free xylanases and free 

arabinofuranosidase 

Five EXs, XynZ from C. thermocellum, Xyn11A and Xyn10B from T. fusca, XlnB and 

XlnC from S. lividans, were selected to investigate their performances in the hydrolysis of 

insoluble wheat arabinoxylan. Afterwards, the concentration of the reducing sugars was 

measured by DNS assay. The reducing sugars we measured here indicate the total amount of 
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sugars including the monomeric and oligomeric forms, which were estimated by DNS 

method.  

As shown in Fig. 3-5, XynZ hydrolyzed the highest amount of reducing sugars (1.5 mM) 

from the substrate after 24 h, followed by Xyn11A (1.4 mM). The high conversion of 

substrate to reducing sugars achieved by XynZ or Xyn11A, might be the result of their 

different structural features. XynZ was purified from C. thermocellum, which is an anaerobic 

bacterium, producing lignocellulose hydrolyzing enzymes in the form of cellulosomes. The 

full length of XynZ includes a feruloyl esterase domain, a cellulose-binding module (CBM) 

from family 6 and GH10 xylanase domain. We have only expressed the xylanase catalytic 

domain of XynZ, since it has higher activity against insoluble birchwood xylan than that of 

intact enzyme [26]. Conversely, Xyn11A has a special CBM, so-called XBM, that can bind to 

both cellulose and xylan, thus increasing the interactions between xylan and enzymes [27]. 

Our previous works also showed that these two EXs are highly active in the hydrolysis of 

pretreated bagasse [28,29]. 

Interestingly, xylanases from different families showed different patterns in enzymatic 

saccharification of insoluble wheat arabinoxylan. All the xylanases from family 11, which are 

Xyn11A, XlnB and XlnC, produced more reducing sugars in the initial stage of hydrolysis 

than the xylanases from family 10, such as Xyn10B and XynZ. It has been suggested that 

GH10 xylanase has a greater affinity to highly branched xylan, whereas GH11 xylanases 

preferably cleave in the unsubstituted regions of the xylan backbone [30,31]. Thus, at the 

beginning of the hydrolysis process, GH 11 xylanase acts on the unsubstituted sites and the 

concentration of reducing sugars would not change as much even if the time period was 

extended. Similar observation was reported by using xylanases from these two families to 

degrade wheat bran [32]. 

Surprisingly, Araf51A, from C. thermocellum, showed little conversion to the reducing 

sugars under the described conditions. Taylor and co-workers have previously demonstrated 

that Araf51A is an intracellular enzyme that shows relatively lower activity on polymeric 

wheat arabinoxylan than on an artificial substrate, PNP-Araf, and short soluble 

oligosaccharides [33].  
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Meanwhile, the hydrolytic performance of xylanase(s) together with Araf51A, with a 

loading ratio of 1:1, for the hydrolysis of arabinoxylan was also evaluated. First, binary 

combination, that is each individual xylanase combined with Araf51A, were tested. In general, 

all the combinations displayed a higher conversion to the reducing sugar than the single 

Fig. 3-5 Determination of reducing sugar concentration after 1, 3, 6, 10, and 24 h hydrolysis 

of arabinoxylan by individual or combinations of endoxylanases, XynZ, Xyn11A, Xyn10B, 

XlnB and XlnC, with arabinofuranosidase, Araf51A. The total enzyme loading was kept at 

100 nM with working volume of 2 mL. For the binary mixtures, each enzyme loading was 50 

nM, and for the ternary mixture, each enzyme loading was 33 nM. The concentration of 

reducing sugars was measured by DNS assay with xylose as standard. The error bars represent 

the standard deviations from three independent trials. Asterisk symbol (*) represents the 

concentration of reducing sugars converted by Araf51A alone was below the detection limit 

of DNS assay. 

Reproduced from Biochem. Eng. J., 2016, 114, 268-275 with permission of Elsevier. 



 58 

enzymes. In particular, the combination of XynZ and Araf51, and Xyn11A and Araf51A, had 

the highest production of reducing sugars, approximately 2 mM after 24 h hydrolysis of 

arabinoxylan. This proves that the addition of Araf51A is benign to the action of xylanase. 

Moreover, the concentration of reducing sugars converted by ternary mixture of enzymes 

(loading ratio of 1:1:1) was quantified to select the best combination. As our previous data 

has already shown the synergistic effect between GH10 and GH11 xylanases in the hydrolysis 

of hemicellulose content in pretreated bagasse [28], in the present experiments we only 

combined family 10 and 11 xylanases with Araf51A, with the aim of achieving the highest 

conversion to sugar. As expected, after addition of xylanases from different GH families, the 

concentration of the reducing sugars produced by the enzyme mixture was improved. Among 

these, not surprisingly, the combination of XynZ and Xyn11A with the addition of Araf51A 

resulted in the highest amount of reducing sugars. Therefore, XynZ, Xyn11A, as well as 

Araf51A were selected to conduct further experiments.  

 

3.2 Synergism between free enzymes, XynZ, Xyn11A and Araf51A 

Because of its complex structure, lignocellulosic biomass, in most cases, needs a 

consortium of enzymes to degrade collaboratively. The synergism between enzymes is a 

reflection of the degree of collaboration between two or more enzymes during the degradation 

of a substrate. The degree of synergy (DS) is a direct and quantitative way of evaluating the 

cooperation between enzymes. The value of DS is calculated by dividing the observed activity 

of a consortium of enzymes with the sum of the activities of the same enzymes, but working 

separately. If the DS value is greater than one, it means that synergism exist between the 

enzymes. Conversely, if DS is less than one, it indicates there is no synergy between the 

enzymes and they are probably competing with each other for binding sites on the substrate.  

As shown in Fig. 3-5, with the addition of Araf51A, more sugars were released, compared 

with the amount of reducing sugars produced by each enzyme working individually. For 

example, when used alone, XynZ and Xyn11A produced 1.5 mM and 1.4 mM reducing 

sugars, respectively, after 24 h hydrolysis. With the addition of Araf51A, the amount of 

reducing sugars increased to 2.1 mM and 1.8 mM, respectively. This suggests that a 

synergistic effect exists between endoxylanase and arabinofuranosidase. 

 

3.2.1 Impact of synergism on soluble sugars production 

The soluble sugars released from the hydrolysis of arabinoxylan by individual or combined 

enzymes after 24 h were analyzed by HPLC. Note that higher polymerized oligomers have 

not been detected (Fig. 3-6).  
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Smaller polymeric products were generated in the hydrolysis of arabinoxylan by XynZ, 

which belongs to GH10, whereas the products liberated by the action of Xyn11A were mostly 

xylotriose and xylobiose. This observation is in good agreement with a previous report [32]. 

A small amount of arabinose was detected when only Araf51A was used for the hydrolysis of 

arabinoxylan. But when XynZ 

and Xyn11A were supplemented 

with Araf51A, 0.53 mM of 

arabinose was released. 

Conversely, higher concentration 

of soluble xylose and short 

xylo-oligomers were released 

after mixing xylanases with 

Araf51A. In particular, the 

production of xylotriose, 

xylobiose and xylose increased by 42%, 50% and 40%, respectively, compared with the sum 

 
Fig. 3-6 The concentration of soluble sugars after 24 h hydrolysis of arabinoxylan by 

individual or mixed enzymes, XynZ, Xyn11A and/or Araf51A, measured by HPLC. The 

error bars represent the standard deviations from three independent trials. 

Reproduced from Biochem. Eng. J., 2016, 114, 268-275 with permission of Elsevier. 

  

 
Fig. 3-7 Schematic illustration of the products released 

by xylanases activity 
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of those sugars produced by XynZ and Xyn11A individually. Earlier studies have reported 

that there are soluble products generated from the action of xylanases on arabinoxylan, such 

as xylobiose with arabinose, linked at the non-reducing end (A2X) from GH10 xylanases, and 

xylotriose with arabinose linked at the central xylose (XA3X) from GH11 xylanases [31]. 

Consequently, these are the ideal substrates for Araf51A; by the action of Araf51A, these 

short soluble oligomers can be digested into arabinose and release xylotriose and xylobiose 

simultaneously. Besides, with the debranching action of Araf51A, more xylan backbone was 

exposed to the xylanase, and in turn, more xylose and short xylo-oligomers could be detected. 

 

3.2.2 Effect of enzyme ratio on synergism between free enzymes  

Because of the high efficiency of XynZ and Xyn11A in the hydrolysis of arabinoxylan 

together with Araf51A, different molar ratios of these three enzymes were tested to 

investigate the relationship between the enzyme loading and the conversion to reducing 

sugars (Fig. 3-8A). The ratios of XynZ, Xyn11A and Araf51A were chosen as 1:1:2, 1:1:1 

and 2:2:1, respectively, but the total loading was kept constant at 100 nM. A similar amount 

of reducing sugars was obtained when XynZ, Xyn11A and Araf51A, were mixed at different 

ratios. The mixture of enzymes at a ratio of 2:2:1 converted slightly more sugars than the 

enzymes loaded at a ratio of 1:1:2 or 1:1:1. As mentioned before, Araf51A catalyzes the 

α-1,2- or α-1,3-arabinofuranosyl residues of the side chain, as a debranching enzyme, 

liberating a smaller amount of sugars than xylanase, which is a depolymerizing enzyme. More 

sugar could be generated with a higher proportion of xylanases. The degree of synergy 

between xylanases and Araf was also affected by the enzyme-loading ratio (Fig. 3-8B). The 

DS value increased with the increase of the Araf proportion in the enzyme mixture. As shown 

in Fig. 3-8B, the a ratio of XynZ/Xyn11A/Araf51A=1:1:2 resulted in the highest DS. 

However, a high DS value did not correspond to a higher reducing sugars concentration. The 

addition of less xylanase resulted in less degradation of the xylan main chain. Therefore, 

because of the high conversion to reducing sugars, subsequent experiments were conducted at 

a XynZ/Xyn11A/Araf51A ratio of 2:2:1.  
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3.3 Immobilization of hemicellulases on magnetic nanoparticles 

There are physical and chemical ways to immobilize enzymes on solid support. Physical 

 

Fig. 3-8  (A) The optimization of the loading of enzymes mixture for the hydrolysis of 

arabinoxylan. Total enzyme loading was 100 nM in 2 mL working volume. (B) The degree of 

synergy (DS) of xylanases and arabinofuranosidase for hydrolysis of arabinoxylan under 

different enzyme-loading ratios. 

 Reproduced from Biochem. Eng. J., 2016, 114, 268-275 with permission of Elsevier. 
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adsorption, based on hydrophobic and van der Waals interactions, is generally characterized 

as weak binding methods, and the enzyme(s) could not stably fix on the support [11]. 

Conversely, the enzyme immobilization through chemical reaction is strong that proteins are 

covalently bound to appropriately modified supports through functional side groups exposed 

on protein surface. By far, the reactive groups coupling with amine-containing molecules are 

the most common choice for protein immobilization. Solid supports surface covering suitable 

functional group, such as N-hydroxysuccinimide ester, epoxy, aldehyde or sulfonyl chloride, 

can readily interact with amino group of proteins to form amide bonds [34]. 

Three enzymes were immobilized individually on commercial magnetic nanoparticles 

using covalent bonding. Using commercial succinylated magnetic nanoparticles with an 

average diameter of 200 nm, the enzyme was readily conjugated using a common activation 

chemistry method; the N-hydroxysuccinimide (NHS) activated carboxylate group primarily 

coupled with α-amines at the N-terminals and the ε-amines of lysine side chains [34]. 

Consequently, a new and stable amide linkage was created. As shown in Table 3-2, the 

amount of enzymes bound on the magnetic nanoparticles was different. Immobilization 

efficiency of Xyn11A was 44.8%, whereas only 22.4% and 16.4% of XynZ and Araf51A was 

bound, respectively. One possible reason might be the difference in the isoelectric point (pI) 

of the enzymes. Because the activated carboxylate groups make the nanoparticles negatively 

charged after hydrolysis, a closer proximity could be formed if the enzyme is positively 

charged at the given pH. In the present study, XynZ, Xyn11A and Araf51A have an 

isoelectric point of 5.2, 9.5 and 5.4, respectively. Thus, only Xyn11A is positively charged in 

the buffer solution at a pH of 7.9. Because of the electrostatic adsorption between the 

positively charged protein and negatively charged carboxyl group, more Xyn11A was bound. 

Johnsson and colleagues have compared the immobilization of one small protein with a high 

pI of 9.3, ribonuclease A, and one medium-sized protein with low pI of 5.1, Staphylococcus 

aureus protein A, on an NHS activated gold surface. The highest amount of protein was 

immobilized when the solution pH was lower than the pI of the protein, which reveals the 

importance of electrostatic attraction forces in the immobilization process [35]. Xyn11A is the 

smallest of the three enzymes. Thus, with a protein loading mass of 50 µg, more Xyn11A was 

added in the immobilization solution; as a result, more Xyn11A was available for 

immobilization. 

 



 63 

 
 

 
The enzymes in the free and immobilized form were characterized. The Fourier transform 

infrared spectroscopy (FTIR) results confirmed the successful immobilization of the enzymes 

on the nanoparticles (Fig. 3-9). In the case of free enzymes, the characteristic bands at 

approximately 1650 and 1541 cm−1 were assigned to Amide I and II, respectively, which are 

the two prominent vibration bands of the protein backbone [36]. In the last step of the 

immobilization, the unreacted carboxyl groups were masked with ethanolamine to form an 

amide bond. The difference between the nanoparticles reacted with ethanolamine and enzyme 

Table 3-2 Immobilization efficiency of proteins on the magnetic nanoparticles 
and properties of the enzymes 

Enzyme Immobilization 
efficiency (%) 

Theoretical 
isoelectric point Molecular weight (kDa) 

XynZ 22.4 ± 2.2 5.2 38.0 
Xyn11A 44.8 ± 6.2 9.5 36.4 
Araf51A 16.4± 5.8 5.4 57.7 

 

 

Fig. 3-9 Characterization of enzymes after immobilization on the magnetic nanoparticles by 

Fourier transform infrared spectroscopy (FTIR). 

Reproduced from Biochem. Eng. J., 2016, 114, 268-275 with permission of Elsevier. 
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was also demonstrated by FTIR. After the immobilization of XynZ on the nanoparticles, the 

Amide I band at 1650 cm−1 was clearly observed and the Amide II band shifted to 1604 cm−1, 

whereas these bands were not observed in the case of the magnetic nanoparticles masked with 

ethanolamine. Similar observations were made in the case of Xyn11A and Araf51A. 

  
 

Thereafter, the performance of the free enzyme and the enzyme immobilized on 

nanoparticles in the hydrolysis of insoluble arabinoxylan was investigated (Fig.3-10A). After 

hydrolysis for 48 h, comparable amounts of reducing sugars were obtained using the free 

enzymes and immobilized enzymes, although the initial stage of the conversion by the 

immobilized enzymes was slow (Fig. 3-10B). The reason might be the slower rate of substrate 

diffusion in the conjugated system owing to steric hindrance from the solid support [37]. It is 

 
Fig. 3-10 Comparison of free enzymes and enzymes immobilized on magnetic 

nanoparticles at the initial stage of hydrolysis process. The relative activities were 

based on the amount of reducing sugars converted by free XynZ or free Xyn11A, 

determined at 6 h after the first cycle. The experiments were conducted in triplicates. 
Reproduced from Biochem. Eng. J., 2016, 114, 268-275 with permission of Elsevier. 
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also worth mentioning that the immobilized enzyme showed a similar trend to the free 

enzyme in the hydrolysis process, whereby xylanase from GH11 converted a higher amount 

of sugars in the initial stage, whereas xylanase from GH10 gradually degraded the insoluble 

substrate. This result indicated that enzymes immobilized on nanoparticles have the potential 

to be used in the hydrolysis of (hemi)cellulosic biomass, with similar features as the free 

enzymes, and with the advantage of being reused. 

 

3.4 A recyclable and synergistic enzyme system for hemicellulase degradation 

The recyclability of the immobilized enzymes was evaluated by using it multiple times. 

After the first hydrolysis, the immobilized enzymes were separated using a magnet, washed, 

and a fresh substrate was introduced. As illustrated in Fig. 3-11, 10 cycles of hydrolysis were 

performed. Since the concentration of arabinose was below the detection limit of TZ assay 

used in this study, the amount of reducing sugars produced by immobilized Araf51A alone 

could be negligible. We thus set the value of Y3 as zero for the calculation of DS. Not 

surprisingly, in all cases, for individual or a mixture of immobilized enzymes, the highest 

conversion was achieved in the first cycle. An apparent loss of activity was observed after 

each cycle, with the largest reduction after the first cycle. The amount of reducing sugars 

produced by immobilized XynZ, immobilized Xyn11A and mixture of immobilized enzymes 

dropped by 58%, 42% and 35%, respectively, after the first cycle, probably owing to the 

disassociation of weakly bound enzymes. Only the strongly bound enzymes were retained 

after the first cycle. After 10 cycles, the amount of reducing sugars produced by the individual 

enzymes, XynZ and Xyn11A, fell to 21% and 25% of the amount of sugars produced in the 

first cycle, respectively; the amount of reducing sugars produced by the mixture of 

immobilized enzymes was 42% of that from the first cycle. This drop in the conversion to 

sugar might be because of both dissociation and deactivation of the enzymes. Jordan and 

co-workers covalently immobilized commercial cellulase on magnetic nanoparticles and 

recycled cellulase six times until the activity decreased to 10% of initial cycle. Moreover, they 

observed a noticeable drop of 47.5% of enzyme activity after the first cycle [38,39]. 
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The degree of synergy (DS) between immobilized xylanases and Araf after 48 h of 

hydrolysis of insoluble wheat arabinoxylan were calculated (Fig. 3-11B). After ten times 

recycling of the immobilized enzymes, the DS value increased from 1.9 (cycle 1) to 3.4 (cycle 

10). As shown in Fig. 3-11A, the conversion of reducing sugars by each individual enzyme, 

through ten cycles, was decreased, especially from cycle 1 to cycle 5, and there was a 

substantial loss in the conversion of reducing sugars for the immobilized XynZ. However, the 

 

Fig. 3-11 (A) The amount of reducing sugars converted by individual or a mixture of 

immobilized enzymes in the hydrolysis of arabinoxylan for 48 h after 10 cycles. For 

immobilized Araf51A, the detection limit of TZ assay in this study (0.08 mM) was shown. 

(B) The degree of synergy (DS) of xylanases and arabinofuranosidase for hydrolysis of 

arabinoxylan after 48 h. The white bar represents the DS of free enzymes; the grey bars 

represent the DS values of enzymes immobilized on nanoparticles after 10 cycles. (C) The 

amount of reducing sugars converted by free enzymes (white bar); and sum of sugar 

production converted by immobilized enzymes after 10 cycles (gray bar). Asterisk symbol (*) 

represents the concentration of reducing sugars converted by Araf51A alone was below the 

detection limit of TZ assay. 
Reproduced from Biochem. Eng. J., 2016, 114, 268-275 with permission of Elsevier. 
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concentration of reducing sugars released by the collaborative action of the enzymes in the 

mixture did not decrease as much, probably because of the synergism between the enzymes, 

which were still active. Based on the equation of DS, in which synergism is a function of the 

ratio of reducing sugars converted by enzyme mixture and individual enzyme components, 

the value of DS would increase mathematically with the large decrease of the denominator, as 

the significant loss in reducing sugars by XynZ, from cycle 1 to cycle 5. Nevertheless the 

synergism between Araf and EXs improved the production of the reducing sugars through all 

ten cycles. This indicates the potential application of enzymes immobilized on inorganic solid 

supports for the synergistic degradation of hemicellulose.  

In most studies, the hydrolysis experiments with free enzymes can only be performed once, 

owing to the poor recoverability of the free enzymes. However, with the same initial enzyme 

loading, enzymes immobilized on nanoparticles could be recycled several times. Fig. 3-11C 

shows the comparison of the total amount of sugars produced by free enzymes after one cycle 

and by the enzymes immobilized on nanoparticles after ten cycles. The free XynZ and 

Xyn11A produced 2.0 and 1.6 mM sugars, respectively, after 48 h hydrolysis of arabinoxylan. 

Correspondingly, with the same enzyme loading, immobilized XynZ and Xyn11A produced 

6.2 and 7.9 mM sugars, respectively, after 10 cycles. The mixture of free enzymes produced 

2.7 mM reducing sugars after hydrolysis of insoluble arabinoxylan for 48 h, whereas the 

corresponding mixture of immobilized enzymes produced a 5.5-fold increase of reducing 

sugars after 10 cycles. 

In summary, clear synergism was observed between EXs from GH10 and GH11, and Araf 

in the hydrolysis of insoluble arabinoxylan. More importantly, continued synergism was 

observed between the same enzymes after they were immobilized on magnetic nanoparticles. 

Because of the recyclability, a 5.5-fold increase in the amount of sugar was obtained after 10 

cycles compared with free enzymes. These remarkable improvements in the production of 

sugars demonstrate that immobilized enzymes can be used to reduce enzyme loadings and 

lower the production costs in industries that use enzymes. Although the technology of enzyme 

recovering through nanoparticle immobilization is not mature enough to be transferred into 

production scale, the presenting recyclable and synergistic enzyme system could provide as a 

reference for the cost-effective enzyme utilization study. 

 

4. Conclusions 

Two purified recombinant EXs, XynZ and Xyn11A, were shown to degrade insoluble 

arabinoxylan with a high conversion to reducing sugars. The selected xylanases worked 

synergistically with Arabinofuranosidase and converted the highest amount of sugars at a 
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ratio of XynZ:Xyn11A:Araf51A=2:2:1. After immobilization of the enzymes on magnetic 

nanoparticles through covalent bonding, the immobilized enzymes were recycled 10 times. 

Continued synergism between the enzymes immobilized on magnetic nanoparticles after 10 

cycles was illustrated. Our results indicate efficient utilization of the interaction between 

Arabinofuranosidase and xylanases for the degradation of natural polymers, which can be 

used to lower the production costs in industries that utilize enzymes. 
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Chapter 4 Construction of a novel polymeric proteinaceous scaffold for 
ratio-controllable binary artificial hemicellulosome 

1. Introduction 

1.1 Synergistic action by assembling enzymes on a scaffold 

Cellulosome, secreted by some anaerobic cellulolytic microorganisms, a natural huge 

enzyme assembly mediated by cohesin-dockerin 

interaction, has attracted much attention in the area of 

biocatalysis and bioengineering. Since a number of 

enzymes locate closely on a protein scaffold, the proximity 

of enzymes enables high synergistic effect to accelerate a 

specific reaction rate [1]. With the advancement of genetic 

engineering and conjugation technologies, artificial 

cellulosomes have been proposed to mimic this natural 

enzyme assembly [2,3]. A common strategy is to carefully 

design the spatial organization of enzymes to decrease the 

distance between two protein components and avoid the 

reactants diffusing to the bulk solution, as a consequence, 

promote the kinetic driving force that facilitates the 

reaction (Fig. 4-2) [4].  

 

 
 

1.2 Approaches of site-specific protein crosslinking 

As described in introduction, a variety of chemical methodologies are proposed to crosslink 

 
Fig. 4-2 Schematic illustration of free enzyme system and conjugated enzyme system. 

 
Fig. 4-1 Structure of 

cohesin-dockerin complex 
(PDB 2CCL). 



 74 

proteins, however, careful selection of chemistry is required to avoid the structural 

perturbation during the protein crosslinking process. Compared to the chemical coupling 

reaction, enzyme mediated crosslinking approaches are mild and site-specific [5]. Several 

potential catalytic tools for site-specific protein crosslinking, listed below, have been 

introduced in biotechnological fields. 

 

1.2.1 Sortase A 

In addition to the cohesin-dockerin system, other approaches for modulating enzyme and 

scaffold have also been demonstrated. Sortase A catalyzes the crosslinking reaction by 

cleaving between threonine and glycine in a C-terminal LPXTG motif and forming a peptide 

bond with an N-terminal polyglycine tag of another molecule [6]. Previous studies have 

shown the conjugation of bio-macromolecules like enzymes, antibody, aptamer on to protein 

nanoparticles [7], polystyrene nanoparticles [8] through the catalysis of sortase A. 

 

1.2.2 Transglutaminase 

Another widely used strategy is transglutaminase-mediated conjugation of protein, where 

catalyzing acyl transfer between acyl-donor glutamine and acceptor lysine residues of 

proteins and form the isopeptide bond [9]. Mori and coworkers have conjugated an 

endoglucanase containing a transglutaminase recognizable lysine tag (MRHKGS) onto DNA 

scaffold containing benzyloxycarbonyl-L-glutaminylglycine moieties (Z-QG) via microbial 

transglutaminase catalysis, and obtained 5.7-fold improvement of reducing sugars than free 

enzyme did [10].   

 

 

Fig. 4-4 The acyl transfer reaction between glutamine and lysine catalyzed by 

transglutaminase (TGase). 

 

 
Fig. 4-3 Schematic diagram of Sortase A-catalyzed crosslinking reaction. 
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Avidin is a tetrameric protein existed in chicken egg white, it forms a stable non-covalent 

bond (Kd = 10-13 – 10-15 M) with its small molecule partner, biotin. One streptavidin is capable 

for binding four molecules of biotin [11]. This technique is widely used in affinity 

chromatography for protein purification, and the signal amplification for enzyme-linked 

immunosorbent assay (ELISA), immunoprecipitation, cell-surface labeling and so on. 

Recently, Mori et al. have labeled an endoglucanase Cel5A and a cellulose-binding module 

(CBM) with a newly designed tetra-biotin ligand by transglutaminase-mediated crosslinking 

reaction, and then constructed self-assembled one-dimensional enzyme conjugates [12]. The 

saccharification efficiency was improved 2.6-fold by assembling different protein units 

compared to the free enzymes.  

 

 

1.2.3 Horseradish peroxidase 

Horseradish peroxidase (HRP) is one of most important enzymes that widely used in many 

biochemical and biomedical area [13]. The enzyme catalyzes the redox reactions between 

hydrogen peroxide and a reducing substrate, such as aromatic phenols, phenolic acids, indoles, 

amines and sulfonates [14]. HRP contains Fe(III) protoporphyrin IX (referred as heme group) 

and two calcium ions. The heme group is non-covalently attached through the coordination of 

His170 to the iron center and the carboxylate side-chain of Asp247 helps to control imidazolate 

character of His170 ring [15]. The mechanism of HRP that catalyzes the reducing substrate in 

the presence of H2O2 is:  

 𝐻!𝑂!  +  2A𝐻! →  2𝐻!𝑂 +  2𝐴𝐻• 

where, AH2 and AH• represent a reducing substrate and its radical product, respectively [13].  

Recently, HRP has been used in site-specific crosslinking of functional proteins. 

 
Fig. 4-5 Structure of streptavidin and biotin. (PDB 2AVI) 
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Minamihata and coworkers constructed a hyperbranched protein G polymer by crosslinking 

two Tyr-containing tags (Y-tag, GYGGGG at N- termini and GGGGY at C-termini) fused 

with protein G [16].  

 

1.2.4 SpyCatcher/SpyTag system 

Recently, another protein ligation system has been explored in biology from Streptococcus 

pyogenes, so-called SpyCatcher-SpyTag, a 14 kDa protein and 13-amino acid-residue peptide 

(sequence: AHIVMVDAYKPTK) [17]. The isopeptide bond would be formed spontaneously 

between the lysine residue (Lys31) of SpyCatcher and asparatic acid (Asp117) residue of 

SpyTag under a wide range of temperatures, pH values and buffer types by simply mixing 

SpyCatcher and SpyTag. The conjugation examples that employs SpyCatcher-SpyTag 

including hydrogel preparation [18], protein cyclization [19] and immobilization of enzyme 

on cell [20]. However, it has not yet been sufficiently explored in the application for the 

design of new biocatalysts, despite the ease of the conjugation technique.   

 
Fig. 4-6 Structure of HRP and heme group (PDB 1H5A). 
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1.3 Objective of this chapter 

Most of natural scaffolds observed in cellulosomal system contain about six to nine 

cohesins. Recently, it was shown that enzymes conjugated on a longer scaffold presenting 

nine cohesin modules exhibited better synergistic effect than a truncated scaffold that contains 

two cohesin modules in the hydrolysis of Avicel [21]. However, expression of a large 

recombinant scaffold protein in a standard host organism is difficult because of the difficulty 

of proper protein folding and the full retention of protein function.  

In this chapter, a SpyCatcher polymer scaffold was prepared by using HRP-catalyzed 

crosslinking reaction, and the potential of this protein polymer as a scaffold of artificial 

hemicellulosome was validated. Several SpyTagged proteins, green fluorescence protein 

(GFP-ST), xylanase (XynZ-ST) and arabinofuranosidase (Araf51A-ST) from Clostridium 

thermocellum were successfully expressed. The SpyCatcher polymer prepared by 

HRP-catalyzed Y-tag mediated protein polymerization was conducted (Step 1, Fig. 4-8). The 

SpyTagged proteins were then assembled onto the SpyCatcher polymer scaffold via 

SpyCatcher-SpyTag interaction (Step 2, Fig. 4-8). Finally, the catalytic efficiency of this 

artificial hemicellulosome in hydrolysis of soluble arabinoxylan was investigated. 

 

 

Fig.4-7 Schematic illustration of isopeptide formation between SpyCatcher and SpyTag [17] 
17-Reprinted from Proc. Natl. Acad. Sci. U.S.A Vol. 109, Zakeri et al., peptide tag forming a rapid covalent 

bond to a protein, through engineering a backerial adhesin., Copyright 2012, with permission from National 

Academy of Sciences.  
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2. Materials and Methods 

2.1 Expression and purification of recombinant proteins 

The recombinant plasmids carrying the genes of Y-SpyCatcher-Y, EGFP-ST, XynZ-ST 

and Araf51A-ST were constructed by Dr. Kosuke Minamihata in Kyushu University.  

E. coli strain BL21 (DE3) was transformed with the expression plasmids for each proteins 

and inoculated onto Luria–Bertani (LB) agar medium supplemented with ampicillin (100 

mg/L) and grown overnight. A single colony was picked up and inoculated into 3.5 mL of LB 

medium containing the same antibiotics and cultured for overnight with shaking (180 rpm) at 

37 °C. The overnight culture was transferred into 500 mL or 1 L of Terrific Broth (TB) 

medium supplemented with ampicillin (100 mg/L). Cells were grown with shaking (180 rpm) 

at 37 °C until the OD600 reached a value of 0.8. The culture was then cooled to 17 °C with 

addition of isopropyl β-D-1-thiogalactopyranoside at a concentration of 1 mM and kept 

culturing with shaking at 150 rpm for overnight. The cells were then harvested by 

centrifugation at 3500 ×g for 10 min, and washed with PBS three times. Finally, the washed 

cells were resuspended in 10 mM sodium phosphate buffer (pH 7.4), and kept at −20 °C until 

use. 

 
Fig. 4-8 Schematic illustration of the formation of SpyCatcher polymer by HRP reaction 

and fabrication of artificial cellulosome via SpyCatcher-SpyTag interaction 
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The cell suspension was thawed on ice and disrupted by sonication in an ice-cold water 

bath for 10 min with a cooling period of 5 min after first 5 min of sonication. After removing 

the cell debris by centrifugation at 10,000 ×g for 15 min, cell-free supernatants were filtered 

through a 0.45 µm membrane followed by a 0.22 µm membrane filter. Then the filtered 

supernatants were undergone His-tag affinity chromatography using HisTrap HP column 

from GE Healthcare BioSciences (Uppsala, Sweden) at 4 °C. Fractions containing target 

protein were collected and desalted into 10 mM sodium phosphate buffer (pH 7.4) on PD-10 

Sepharose columns. The desalted solution was further purified by anion-exchange 

chromatography using HiTrap Q HP column (GE Healthcare BioSciences, Uppsala, Sweden). 

All chromatography experiments were conducted on a BioLogic DuoFlow chromatography 

system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The concentrations of purified 

proteins were measured using bicinchoninic acid assay (BCA assay, Thermo Fisher Scientific, 

Rockford, IL, USA).  

 

2.2 The crosslinking reaction of Y-SpyCatcher-Y by HRP reaction and Conjugation of protein 

onto SpyCatcher-polymer 

Thirty micromolar of Y-SpyCatcher-Y was mixed with appropriate amount of HRP and 

H2O2 to induce the crosslinking reaction in 10 mM Tris-HCl (pH8.0). The mixture was 

incubated at room temperature for 1 h, and the samples were analyzed by SDS-PAGE.  

To construct the artificial cellulosome, 3 µM of enzyme(s), XynZ-ST and/or Araf51A-ST, 

were conjugated onto 15 µM of SpyCatcher polymer at ratio of 4:1, 2:1, 1:1, 1:2, 1:4, in 50 

mM phosphate buffer (pH 7.0) under room temperature for 1 hour.  

 

2.3 Characterization of SpyCatcher polymer 

The confirmation of SpyCatcher polymer was done by using size-exclusion 

chromatography (SEC). The samples, Y-SpyCatcher-Y monomer and SpyCatcher polymer, 

were separately subjected to SEC column of HiLoad 16/600 Superdex 200 pg (GE Healthcare 

BioSciences, Uppsala, Sweden). The peaks of Y-SpyCatcher-Y monomer and SpyCatcher 

polymer were monitored under 280 nm.  

To investigate the binding capacity of SpyCatcher polymer, 100 µM of GFP-ST was mixed 

with 20 µM of SpyCatcher polymer in 50 mM phosphate buffer (pH 7.0) under room 

temperature for 1 hour in dark room. Afterwards, the extra amount of GFP-ST was removed 

by SEC, and the high molecular weight fraction was collected. The SpyCatcher polymer was 

incubated with HRV 3C (Takara Bio Inc.) and thrombin (Wako Pure chemical Industries, Ltd., 

Japan) at loading of 0.5 U/10 µg protein in 10 mM Tris-HCl (pH 8.0) at 4 °C for overnight. 
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The capacity was estimated by comparing the band intensities of GFP-ST conjugated 

SpyCatcher monomer and un-conjugated SpyCatcher monomer in SDS-PAGE analysis by 

using the software of YabGelImage based on the following equation:  

Binding capacity of SpyCatcher polymer = (IGSC / MwGSC) / (IGSC / MwGSC + ISC / MwSC)×

100% 

where IGSC and ISC represent the band intensities of GFP-SpyCatcher monomer and 

SpyCatcher monomer estimated by YabGelImage, respectively. MwGSC and MwSC are the 

molecular weights of GFP-conjugated SpyCatcher monomer and unbounded Y-SpyCatcher-Y 

monomer, respectively. 

 

2.4 Enzymatic activity assay of free and conjugated enzyme 

The activity of free enzyme and conjugated enzyme was evaluated by hydrolysis 

experiments with 0.25 wt% of the model substrate, xylan from beechwood (Tokyo Chemical 

Industry, CO. Ltd., Japan), at 50 °C in 2 mL of sodium phosphate buffer (50 mM, pH 7.0) and 

placed in a rotary shaker (TAITEC MBR-022UP, Japan) at 1000 rpm. After hydrolysis, the 

amount of produced reducing sugars were measured by the dinitrosalicylic acid method (DNS 

assay) with xylose as standard [22]. One unit of xylanase activity is defined as the amount of 

enzyme that produces 1 µmol of reducing sugars per minute.  

 

2.5 The enzymatic hydrolysis of free and conjugated enzyme on arabinoxylan 

The saccharification experiments were carried out with 0.25 wt% of soluble arabinoxylan 

(low viscosity, Megazyme, Wicklow, Ireland), under a final volume of 500 µL in sodium 

phosphate buffer (50 mM, pH 7.0). The enzyme loadings were 30 nM, respectively. After 

hydrolysis reaction at 50 °C for 10 min, 30 min, 1 h, 2 h and 3 h, the concentrations of the 

reducing sugars were analyzed by using tetrazolium blue (TZ) assay [23]. Also, after 

hydrolysis reaction of 3 h, the composition of soluble sugars were analyzed by 

high-performance liquid chromatography (HPLC) with a Shodex sugar KS-801 column 

(8.0×300 mm, Showa Denko Co., Tokyo, Japan) and a refractive index detector at 80 °C with 

HPLC-grade water as the eluent at a flow rate of 1 mL/min. 

 

3. Results and Discussion 

3.1 HRP-mediated crosslinking reaction of Y-SpyCatcher-Y to obtain SpyCatcher polymer 

Y-SpyCatcher-Y was designed to have two Y-tags (YGGGG at N-termini and GGGGY at 

C-termini), flanked by digestive sequences recognized by human rhinovirus 3C (HRV 3C) 
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protease and thrombin (Fig. 4-9).  

 

 

Fig. 4-10 Optimization of the H2O2 concentration (A) and Horseradish peroxidase 

concentration (B) of HRP-catalyzed tyrosine coupling reaction. The concentration of 

Y-SpyCatcher-Y monomer was 30 µM. All the experiment performed in 10 mM Tris-HCl 

buffer (pH 8.0) and under room temperature for 1 hour. 

 

Firstly, the optimal condition of tyrosine coupling reaction catalyzed by HRP was 

investigated. It was revealed that 1 µM of HRP and 2 eq. (60 µM) of H2O2 against 

Y-SpyCatcher-Y were needed to completely crosslink 30 µM of Y-SpyCatcher-Y monomer 

 

Fig. 4-9 Molecular image of Y-SpyCatcher-Y. The structure was produced by Molecular 

Operating Environment (MOE, version 2014.0901) software. 
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(Fig. 4-10). In the previous study, the amount of HRP and H2O2 needed to crosslink all of the 

dual Y-tagged protein G was 0.1 µM and 1 eq. against the Y-tagged protein G, respectively 

[16]. The difference of the optimum conditions of protein polymerization using HRP and 

Y-tag between this study and the previous study is probably due to the structural difference of 

the protein to be polymerized. Protein G displays its N- and C-termini at the completely 

opposite side of its structure, while SpyCatcher possesses N- and C-termini relatively in close 

position. Additionally, as shown in Fig. 4-9, Y-SpyCatcher-Y has very long additional Y-tag 

sequences, especially the N-terminal Y-tag, as a consequence of the flexible domains of 

SpyCatcher of- N- and C-termini, of which no tertiary structures were obtained (PDB ID of 

4MLI). Thus it can be assumed that Y-SpyCatcher-Y might form intramolecular crosslinking 

between the two Y-tags at the N- and C-termini due to close proximity of the termini and also 

long and flexible Y-tags. 

 

3.2 Characterization of the SpyCatcher polymer 

Size-exclusion chromatography (SEC) was applied to further characterize the formation of 

SpyCatcher polymer. In a good agreement with the result of SDS-PAGE, the peak of 

Y-SpyCatcher-Y monomer in SEC disappeared after crosslinking reaction (Fig. 4-11). 

 
Fig. 4-11 The size-exclusion chromatography of Y-SpyCatcher-Y before and after 

crosslinking.  

 

After the success of formation of SpyCatcher polymer, the binding capacity of SpyCatcher 

polymer for conjugation of SpyTagged protein molecules was evaluated. Green fluorescence 

protein fused with SpyTag (GFP-ST) was selected as a model. Excess amount of GFP-ST was 

added into the SpyCatcher solution. After that, unbound GFP-ST was separated by SEC and 

the higher molecular weight fraction was collected (Fig. 4-12, lane B). Protease treatments of 

both HRV 3C and thrombin on SpyCatcher polymer and GFP-conjugated SpyCatcher 



 83 

polymer were conducted. After treated with protease, a main band at 15 kDa corresponding to 

SpyCatcher monomer, and some faint bands at around 30 kDa and 45 kDa, representing 

SpyCatcher dimer and trimer, respectively, were observed in digestion of SpyCatcher 

polymer (Fig. 4-12 lane C). This result showed that the treatment by HRV 3C and thrombin 

could efficiently digest the polymer into monomeric building blocks. Conversely, the 

treatment was applied to digest the GFP-SpyCatcher polymer. The formation of a major band 

corresponding to GFP conjugated on SpyCatcher monomer was observed (Fig. 4-12, lane A). 

Based on the rough comparison of band intensities between GFP-SpyCatcher monomer and 

SpyCatcher monomer, over 50% of GFP-ST was conjugated onto SpyCatcher polymer. This 

result suggests that the SpyCatcher polymer has the high loading capacity in conjugation of 

SpyTagged molecules.  

 

Fig. 4-12 The protease treatment of SpyCatcher polymer and GFP-conjugated SpyCatcher 

polymer. Lane 1, GFP-conjugated SpyCatcher polymer after SEC; lane 2, after HRV 3C and 

thrombin treated GFP-conjugated SpyCatcher polymer; lane 3, after HRV 3C and thrombin 

treated SpyCatcher polymer; lane 4, SpyCatcher monomer; lane 5, HRV 3C.  
 

3.3 Application of SpyCatcher polymer as a scaffold of artificial hemicellulosome 

The feasibility of SpyCatcher polymer as a scaffold of artificial hemicellulosome was 
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explored. SpyCatcher polymer and the SpyTagged enzyme, XynZ-ST, were mixed with 

different molar ratios to obtain the best conjugation efficiency. As shown in Fig. 4-13, the 

optimum ratio of XynZ-ST and SpyCatcher polymer was 1:5, requiring excess SpyCatcher for 

complete conjugation of XynZ-ST. Since the SpyCatcher polymer is in a hyperbranch-like 

structure and thus the SpyCatcher domains entangled inside of the polymer structure are not 

available for conjugation, the ratio of SpyCatcher to SpyTagged enzymes needed for 

complete conjugation of the enzymes was not exactly 1:1. Comparing with the result of 

conjugating GFP-ST (Fig. 4-12), more SpyCatcher polymer was needed for conjugation of 

XynZ-ST. This maybe due to the difference of molecular weight of these two proteins 

(XynZ-ST: 42 kDa; GFP-ST: 29 kDa), implying the binding capacity of SpyCatcher polymer 

is largely dependent on the size of conjugated protein.  

 

 
Fig. 4-13 The optimization of conjugation ratio of SpyTagged-XynZ and SpyCatcher polymer. 

Lane M, marker; Lane 1, SpyTagged XynZ; Lane 2, SpyTag-XynZ/SpyCatcher polymer = 

1:1; Lane 3, SpyTag-XynZ/SpyCatcher polymer = 1:2; Lane 4, SpyTag-XynZ/SpyCatcher 

polymer = 1:5, Lane 5, SpyTag-XynZ/SpyCatcher polymer = 1:10. 
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After successful conjugation of XynZ-ST onto SpyCatcher polymer, the activity test of free 

XynZ-ST and the conjugated XynZ-ST onto SpyCatcher polymer was carried out (Table 1). 

Interestingly, after conjugated onto SpyCatcher polymer, the activity of XynZ-ST improved 

from 45.8 U/mg enzyme to 65.1 U/mg enzyme, indicating that this simple enzyme assembly 

not only has the same diffusion efficiency as single free enzyme, but also, to some extent, it 

can improve the production of reducing sugars in substrate hydrolysis. Previous reports also 

have shown the enhanced production of sugars by superamolecular enzyme assembly than the 

free enzymes. Mori et al. have site-specifically assembled tetrabiotin-labeled endoglucanase, 

Cel5A, and a carbohydrate binding module (CBM) onto streptavidin, and observed 2.6-fold 

improvement of overall Avicel degradation activity in the artificial cellulosome compared 

with unconjugated enzyme [25]. Recently, Chen and coworker conjugated endoglucanase 

CelA onto E2 core of the pyruvate dehydrogenase complex from Bacillus stearothermophilus 

by sortase A ligation. Similarly, the activity of CelA increased after conjugated to E2 [26]. 

The possible reason of the improvement of XynZ-ST activity after conjugated onto 

SpyCatcher polymer might be the spatial proximity between the enzymes, as a consequence, 

increase the local concentration of the enzymes attacking the polymeric substrate. Besides, the 

conjugated XynZ-ST showed similar activity loss as free enzyme during the heat treatment at 

65 °C or 70 °C for 1 hour (Table 1). Taken together, the results showed that SpyTagged 

enzyme can be site-specifically conjugated onto SpyCatcher polymer scaffold and it has the 

possible capability to improve the enzymatic activity. 

  

Table 4-1 The activity of free XynZ-ST and SpyCatcher polymer conjugated XynZ-ST on 

beechwood xylan after incubation at 65 °C and 70 °C for 1 hour 
Enzyme activity 

(U/mg of enzyme) No heat treatment 65 °C 70 °C 

Free XynZ-ST 45.8 ± 13.2 40.7 ± 4.6 26.5 ± 5.0 
Conjugated XynZ-ST 65.1 ± 12.3 53.1 ± 7.8 30.7 ± 3.3 

 

Given that the identical affinity between SpyTag fused molecules to SpyCatcher, it can be 

expected that SpyCatcher polymer might be capable of assembling different molecules at 

arbitrary ratio. Two SpyTagged-hemicelluases, XynZ-ST and Araf51A-ST, were selected to 

conjugate on the present polymer scaffold. The ratio of SpyTagged enzymes to SpyCatcher 

polymer was kept at 1:5 as optimized before, the different ratio of XynZ-ST and Araf51A-ST 

was set and the conjugation with SpyCatcher polymer was evaluated. XynZ-ST and 

Araf51A-ST with different ratio (4:1, 2:1, 1:1, 1:2 and 1:4) were added into SpyCatcher 
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polymer solution, and the final concentrations of SpyTagged enzymes and SpyCatcher 

polymer were 3 µM and 15 µM, respectively. After 1 hour of conjugation at room 

temperature, the formation of two enzymes-polymer assembly was confirmed by SDS-PAGE 

(Fig. 4-14).  

 
The assemblies with different XynZ-ST/Araf51A-ST ratio were then subjected to catalytic 

activity assay using soluble arabinoxylan as substrate. When the saccharification started the 

initial phase (10 minutes), for all the combinations, the conjugated enzyme(s) yielded higher 

amount of reducing sugars than free SpyTagged enzyme(s) (Fig. 4-15A). The reducing sugars 

conversion by conjugated XynZ-ST increased 45%, comparing with free XynZ-ST. This 

result was also in good agreement of the activity test as described earlier (Table 1), where the 

conjugated XynZ-ST showed higher activity than free XynZ-ST. Furthermore, the best 

improvement of reducing sugars production was the combination of 

XynZ-ST/Araf51A-ST=1:4, the concentration of reducing sugars increased 1.63-fold, after 

 
Fig. 4-14 SDS-PAGE of XynZ-ST and Araf51A-ST conjugated on SpyCatcher polymer. 

Lane 1, XynZ-ST; Lane 2, Araf51A-ST; Lane 3, XynZ-ST conjugated on SpyCatcher 

polymer; Lane 4 - 8, XynZ-ST and Araf51A-ST mixed with the molar concentration 

shown below and conjugated on SpyCatcher polymer; Lane 9, SpyCatcher polymer. 
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the formation of artificial cellulosome. Conversely, after 3 hours of hydrolysis (Fig. 4-15B), 

combination of XynZ-ST/Araf51A-ST = 2:1, both free and conjugated, released highest 

reducing sugars, 5.3 mM and 5.6 mM, respectively. Similar as the result of 10 min, the 

combination of XynZ-ST/Araf51A-ST =1:4 again got the highest improvement (53%) after 

conjugated onto the SpyCatcher polymer.  

 

 

Fig. 4-15 Determination of reducing sugars concentration after (A) 10 min and (B) 3 h 

hydrolysis of soluble arabinoxylan by free or conjugated of SpyTagged-endoxylanases, 

XynZ-ST ([Z]), and SpyTagged-arabinofuranosidase, Araf51A-ST ([A]). The total enzyme 

loading was kept at 30 nM. The concentration of reducing sugars was measured by TZ assay 

with xylose as standard. The error bars represent the standard deviations from three 

independent trials. 
 

Subsequently, the composition of soluble sugars released from the actions of XynZ-ST and 

Araf51A-ST on arabinoxylan was identified by HPLC analysis. Note that higher polymerized 

oligomers and substituted sugars have not been detected. The relationship between 

Araf51A-ST proportion and the production of soluble sugars, xylotriose, xylobiose, xylose 

and arabinose, during the hydrolysis of soluble arabinoxylan by free or conjugated enzymatic 

assemblies was shown (Fig. 4-16 and Fig. 4-17). Generally, the enzyme assemblies showed 

better conversion than free enzymes, when the proportion of Araf51A-ST was high. This 

observation is also in a good agreement with the reducing sugars conversion.  

The release of xylotriose and xylose were proportionally decreased with the Araf51A-ST 
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percentage (Fig. 4-16). When using XynZ-ST alone, the main product in arabinoxylan 

hydrolysis was xylotriose. After 3 hours hydrolysis, free XynZ-ST and conjugated XynZ-ST 

obtained 0.50 mM and 0.57 mM of xylotriose, respectively. While the concentration of 

xylobiose and xylose were only around 0.3 mM and 0.2 mM, respectively, by either free or 

conjugated XynZ-ST (Fig. 4-16 and Fig. 4-17B).  

 

 

Fig. 4-16 The concentration of xylotriose and xylose after 3 h hydrolysis of soluble wheat 

arabinoxylan by free or conjugated enzymes, XynZ-ST ([Z]) and Araf51A-ST ([A]), 

measured by HPLC. The total enzyme loading was kept at 30 nM. The error bars represent the 

standard deviations from three independent trials. 
 

In contrast, the release of xylobiose and arabinose showed a different trend. Initially, with 

the increase of arabinofuranosidase proportion, the concentration of xylobiose was increased 

and reached the plateau by the enzyme mixture containing 20% of Araf51A-ST (Fig. 4-17B). 

When the proportion of Araf51A-ST increased from 20% to 80%, the xylobiose converted by 

free enzymes dropped from 0.48 mM to 0.01 mM. However, in the case of conjugated 

enzymes, xylobiose concentration started to decrease only after Araf51A-ST proportion was 

over 50%. Conversely, in the case of released arabinose, the highest concentration (0.35 mM) 

was obtained by free enzyme mixture containing 20% of Araf51A-ST. Higher amount of 

arabinose (0.46 mM) was released by conjugated enzyme mixture containing 50% of 

Araf51A-ST.    

As illustrated, the hydrolytic products released by XynZ-ST could classified as two parts, 

unsubstituted sugars and substituted sugars (Fig. 4-17A). The mainly released substituted 

sugar is A2X, which is arabinose substituted at the non-reducing end of xylobiose [27]. As 

suggested from previous researches, the arabinofuranosidase used in current study, 



 89 

Araf51A-ST, only has the activity on short oligomers rather than long polymer substrate 

[28,29]. Thus, the endo-type XynZ-ST depolymerzing arabinoxylan chain plays major role in 

the release of short oligomers from hydrolysis of arabinoxylan. When conjugate XynZ-ST 

and Araf51A-ST together, because of the proximity of Araf51A-ST to XynZ-ST, Araf51A-ST 

would not need to move a relatively longer distance to recognize its favorable substrates, 

which is generated by neighboring XynZ-ST. However, this advantage can be obvious only in 

the beginning of saccharification assay or in the case of low XynZ-ST proportion, since the 

products of XynZ-ST reaction dominate the soluble sugars produced in the solution.  

 

Taking the above-mentioned findings into consideration, it is confirmed that the functional 

SpyCatcher polymer possesses a promising potential as an artificial scaffold to assemble 

different kinds of enzymes. Further studies could be performed to apply this enzyme 

 

Fig. 4-17 (A) Schematic illustration of the hydrolytic products from action of XynZ-ST 

and Araf51A-ST on wheat arabinoxylan. The concentration of (B) xylobiose and (C) 

arabinose after 3 h hydrolysis of soluble wheat arabinoxylan by free or conjugated 

enzymes, XynZ-ST ([Z]) and Araf51A-ST ([A]), measured by HPLC. The total enzyme 

loading was kept at 30 nM. The error bars represent the standard deviations from three 

independent trials. 
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assembly into the degradation of insoluble substrate and lignocellulosic biomass. Besides, it is 

also interesting to apply this functional protein assembly with careful design in other 

biochemical and biomedical area, such as improving the drug loading capacity [30] and the 

signal amplification for improving detection limit of enzyme-linked immunosorbent assay 

(ELISA) [31,32]. 

 

4. Conclusion 

A feasible and functional crosslinked SpyCatcher polymer was constructed via 

HRP-mediated protein crosslinking reaction. The present proteinaceous polymer possesses 

the advance of site-specific interaction between SpyCatcher-SpyTag, thus a variety of 

molecules fused with SpyTag, including fluorescence protein and enzymes, could be easily 

conjugated onto this polymer. The potential applications of this SpyCatcher polymer as an 

artificial scaffold were explored. The proximity after enzyme site-specifically conjugated onto 

protein scaffold showed enhanced sugars conversion, especially at the low concentration of 

intermediate substrate. These remarkable improvements revealed that the SpyCatcher polymer 

owns a promising future that can be widely used in biochemical and biomedical area.    
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Chapter 5 Conclusions 

Lignocellulosic biomass is an ideal feedstock for producing bioethanol, due to the 

advantages of ubiquitous distribution and abundant harvest. However, because of its rigid and 

complex structure, the complete degradation via enzymatic hydrolysis needs a variety of 

enzymes working synergistically in addition to various pretreatment techniques of 

lignocellulosic biomass. The aim of this work is to implement enzymatic strategies in 

ligocellulosic substrate hydrolysis that improves the degradation efficiency with less enzyme 

loading.  

In Chapter 2, the effect of pretreatment with peracetic acid (PAA) or an ionic liquid 

(1-ethyl-3-methylimidazolium acetate, [Emim][OAc]) on the synergism between 

endoglucanase and endoxylanases in the hydrolysis of bagasse was investigated. Under the 

same pretreatment conditions, PAA pretreatment was more efficient at removing the 

hemicellulose from substrate, while ionic liquid pretreatment was more capable at decreasing 

the crystallinity of cellulose. The differences of the physical structure and chemical 

components of pretreated bagasse and the molecular architecture of enzymes were shown 

great impacts on synergism. More specifically, the hemicellulose content, especially arabinan, 

and the cellulose crystallinity of bagasse were found to affect the cellulase-xylanase 

synergism. A higher synergism (above 3.4) was observed for glucan conversion, at low levels 

of arabinan (0.9 %), during the hydrolysis of PAA pretreated bagasse. In contrast, 

[Emim][OAc] pretreated bagasse, showed lower cellulose crystallinity and achieved higher 

synergism (over 1.9) for xylan conversion. Ultimately, the combination of Cel6A and 

Xyn11A resulted in higher synergism for glucan conversion than the combination of Cel6A 

with XynZ-C, because of Xyn11A has a XBM that binds to both cellulose and xylan while 

XynZ does not.  

 Based on the result of Chapter 2, the substituent of xylan backbone, arabinose, has 

impeded the degradation of xylan, thus, in Chapter 3, arabinofuranosidase was investigated to 

degrade the hemicellulose together with endoxylanase. Two endoxylanases and an 

arabinofuranosidase were selected and immobilized on commercial magnetic nanoparticles 

through covalent bonding. Although the immobilized enzyme showed lower efficiency in 

degradation of insoluble wheat arabinoxylan than free enzymes at initial phase of hydrolysis 

process, free and immobilized enzymes showed a similar conversion to reducing sugars after 

hydrolysis for 48 h. Moreover, the immobilized enzymes were successfully recycled for 10 

times. As a result, a 5.5-fold increase in the production of sugars was obtained with a mixture 

of enzymes immobilized after 10 cycles in total compared with free enzymes. Importantly, a 
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sustainable synergism between arabinofuranosidase and endoxylanases in the hydrolysis of 

insoluble substrate was observed even in the immobilized forms. 

In Chapter 4, inspired by a naturally occurring multienzyme system, cellulosome, for 

degrading lignocellulose in a synergistic manner, an artificial binary enzyme conjugate 

system was developed based on the SpyCatcher-SpyTag system. An artificial proteinaceous 

scaffold, hyperbranched SpyCatcher polymer, was prepared by enzymatic protein 

polymerization catalyzed by horseradish peroxidase. Taking the advantage of 

SpyCatcher-SpyTag interaction, two SpyTagged enzymes were site-specifically conjugated 

onto the SpyCatcher polymer, yielding a binary enzyme complex. The ratio-controllable 

binary conjugated enzyme complex exhibited higher sugar conversion than free enzymes in 

the case of high Araf51A proportion sample, possibly due to the spatial proximity between 

the conjugated enzymes.  

 

The present study only focuses on the clarifying the factors that affect the synergism 

between several purified enzymes on specific substrate and the synergistic effect between 

enzymes which are in different forms. Since the enzymatic strategies demonstrated in the 

present work were only tested on the simple pretreated bagasse and model substrates, it is 

necessary to further apply these systems, combining with other beneficial enzymes, in 

degradation of real substrate, lignocellulosic biomass.   

Besides, in the present study, enzymes immobilized on magnetic nanoparticles have shown 

a good synergistic effect in hydrolysis of insoluble substrates. In the future, we can probably 

either decrease the diameter of the nanoparticles to achieve a higher diffusion rate or increase 

the enzyme binding sites on the scaffold by means of immobilizing polymer adaptors, to 

further improve the enzymatic efficiency. 

Moreover, we have constructed a SpyCatcher scaffold with high conjugation capacity and 

close proximity between conjugated enzymes. With the ease to co-localize proteins via 

SpyCatcher-SpyTag system, this proteinaceous scaffold could serve as an universal scaffold 

and may be used to assemble other enzymes involved in biochemical cascade reactions, such 

as glucose oxidase (GOx) and horseradish peroxidase (HRP) for biosensing, and alcohol 

dehydrogenases (ADHs) and ketoreductases (KREDs) for biosynthesis. With the careful 

design of the spatial organization and loading process, this scaffold also may be used as a 

module that amplifies the signal intensity, as a result, improves the detection sensitivity of 

biosensors.   
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