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INTRODUCTION 

Cellulose, hemicellulose and lignin are the three main constituents of plant dry 
matter – so called lignocellulosic biomass – and they are packed into a complex 
matrix in plant cell walls. Because of its wide abundancy, high annual output and 
substantial content of carbohydrates, lignocellulosic biomass is a potential raw 
material for biofuel and chemical production (Lynd et al., 2008). The major 
component of lignocellulosic biomass is cellulose, which in turn is the most 
abundant natural polysaccharide. Cellulose is a homopolymer, consisting of 
glucose whereas hemicellulose is a group of heteropolysaccharides, and lignin is a 
heterogeneous polyphenolic polymer.  

In nature, polysaccharides are converted to monomers by fungi and bacteria. 
These organisms secrete a myriad of different enzymes to unlock sugars from 
plant cell walls. The main degraders of cellulose are enzymes referred to as 
cellulases. Enzymatic hydrolysis is also the preferred route for industrial 
biomass deconstruction. Because enzymatic reactions are highly selective and 
require mild operating conditions, they have a potential to provide higher 
product yields with lower operating costs compared to chemical treatment 
methods (Wyman, 2001).  

In biorefinery, the raw biomass is first pretreated by using physical and/or 
chemical methods (Yang & Wyman, 2008). The pretreatment is followed by 
enzymatic hydrolysis, which is conducted with multicomponent enzyme 
mixtures. In bioethanol production the released sugars are further fermented to 
ethanol by microorganisms. However, high enzyme loadings are the major 
operative cost drivers in industrial bioethanol production. Cost reduction of 
enzyme usage can be achieved through improved enzymatic breakdown of 
cellulose. For applying knowledge-based strategies like enzyme bioengineering 
to improve enzymatic breakdown, detailed understanding of molecular 
mechanisms of enzymatic hydrolysis of cellulose is required. 

The first part of my thesis provides a literature overview of cellulose as the 
substrate and cellulases as the catalytic units. It includes a brief overview of 
cellulose architecture and cellulose model substrates, which are used in 
cellulase research, as well as the description of enzymatic machinery needed for 
efficient degradation of cellulose. I am focusing on enzymatic action of a 
processive cellobiohydrolase TrCel7A of a soft rot fungus Trichoderma reesei. 
The second part of the thesis comprises the experimental work done to 
investigate the structure-function relationships of TrCel7A by using specific 
biochemical methods. First, a substrate-labeling method is described that is 
further applied to measure enzyme’s chain end preference, processivity, 
dissociation and endo-probability (Ref I). The major focus of this study was to 
reveal the structural elements that are affecting the mode of action of TrCel7A. 
The role of Trp38 in the catalytic tunnel as well as the role of carbohydrate 
binding domain together with a linker in different molecular steps of TrCel7A 
action are studied (Ref II). Finally, the basis of diverse initial-cut product 
pattern of TrCel7A is investigated (Ref III).  
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1. REVIEW OF LITERATURE 

1.1. Cellulose as the substrate 
Lignocellulose is a complex and recalcitrant matrix of different polysaccharides 
and an aromatic polymer lignin. The main component of lignocellulose is 
cellulose, representing about 30–50% of plant dry weight (Pauly & Keegstra, 
2008). Therefore, cellulose is undoubtedly the most abundant biopolymer on 
Earth. In nature, cellulose is a substrate for bacterial and fungal cellulolytic 
enzymes – cellulases. Due to its recalcitrant and heterogeneous structure, cellulose 
is efficiently degraded only by the cooperation of cellulases with different 
modes of action.  

Cellulose is a homopolymer consisting of β-1,4-linked D-glucose residues in 
their pyranose forms (Figure 1). As each consecutive glucose residue is rotated by 
180° in respect to its neighbours, the minimal repeating unit of cellulose chain is 
cellobiose (Gardner & Blackwell, 1974). Cellulose chains are straight and 
unbranched. The chain ends are chemically different from each other and are 
termed as the reducing and the nonreducing ends. Glucose residue of the 
nonreducing end is always in the cyclic form. In contrast, the glucose residue in 
the reducing end is in equilibrium between the cyclic hemiacetal and the open-
chain aldehyde form, and the latter can act as a reducing agent. In addition, the 
cyclic hemiacetal of glucose in the reducing end is in equilibrium between the α- 
and β-anomeric configurations. The equilibrium mixture of free glucose in an 
aqueous solution consists of 64% of β-glucose and 36% of α-glucose (Kabayama 
et al., 1958). To the best of my knowledge there is no experimental data about the 
anomeric equilibrium of terminal glucose residues in reducing ends of cellulose 
chains. 

 

Figure 1. Cellulose is tightly packed into plant cell wall together with other polymers – 
mainly with hemicellulose and lignin. Cellulose in its native form is mostly crystalline 
but has also amorphous regions where the crystalline arrangement is disrupted. The 
higher-order crystalline structures of cellulose such as macrofibers can be divided into 
smaller building blocks – microfibrils. Microfibrils are formed during the aggregation of 
co-synthesized cellulose chains via hydrogen bonding and van der Waals interactions. 
Cellulose chains, in turn, consists of glucose units and have two chemically different chain 
ends: the reducing end (RE) and the nonreducing end (NR). Schematic representation of 
lignocellulose is reproduced with the permission from Doherty et al. (2011).  
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The length of cellulose chains is expressed in the degree of polymerization 
(DP), which ranges between 102 and 104 glucose units (Klemm et al., 2005; 
Hallac & Ragauskas, 2011). In plants up to 36 parallel-oriented cellulose chains 
are synthesized simultaneously at cell membrane by rosette-shaped cellulose 
synthase complexes (Gardner & Blackwell, 1974; Guerriero et al., 2010). The 
length and the exact amount of the co-synthesized chains is dependent on the 
source of cellulose. Co-synthesized chains aggregate into crystalline bunches 
called microfibrils that are constituents of higher-order crystalline structures 
(Figure 1). Regular and tight noncovalent packaging of cellulose chains is a 
result of different inter- and intramolecular forces including hydrogen bonding 
and hydrophobic interactions (Nishiyama et al., 2002; Nishiyama et al., 2003). 
Additionally, cellulose comprises more disordered amorphous regions. Most 
probably, the internal strains in the fibre induce microfibrils to tilt and twist, 
resulting in disorders in cellulose segments (Habibi et al., 2010).The frequency 
and the extent of these regions are not fully understood. Despite the regions 
with irregularities, cellulose is considered to be the most recalcitrant native 
biopolymer. The integrated location of cellulose in plant cell walls and its 
insoluble crystalline nature hinder its accessibility to cellulolytic enzymes. 
 
 

1.1.1. Model substrates of native cellulose 

To overcome substrate heterogeneity while studying the enzymatic hydrolysis 
of cellulose, there are plenty of model substrates that can be used instead of 
native cellulose. The usage of a uniform and well characterized substrate 
simplifies the interpretation of the results and increases the reproducibility and 
validity of the experiments. There are several representatives of crystalline and 
amorphous cellulose (AC) with different structural features such as DP and 
specific surface area. 
 
Crystalline substrates  
The most common crystalline substrates are bacterial cellulose (BC) from 
Acetobacterium xylinum and Avicel – commercially available microcrystalline 
cellulose made from wood pulp. Avicel is obtained by the controlled hydrolysis 
of chopped wood pulp with dilute mineral acid. During the treatment, the 
majority of non-cellulosic polymers and amorphous regions in cellulose 
structure are removed. Although the DP of cellulose decreases during the 
treatment, the crystalline parts remain almost intact. The microcrystalline Avicel 
is nearly pure cellulose with DP of about 200 but it includes a low content of 
impurities such as hemicellulose and lignin residues (Várnai et al., 2010; 
Terinte et al., 2011). BC is synthesised as pure cellulose without non-cellulosic 
polymeric additives, such as hemicellulose and lignin – the common impurities 
of wood-derived celluloses, and has a DP of few thousands of glucose units. 
Moderate treatment of BC with HCl results in the formation of bacterial 
microcrystalline cellulose. This substrate has a lower DP but higher crystallinity 
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(Väljamäe et al., 1999). Another common substrate representing crystalline 
cellulose, which is often used to measure total cellulase activity, is Whatman 
No. 1 filter paper. It is made of cotton cellulose.  
 
Amorphous substrates  
Amorphous cellulose is often obtained by the treatment of dry powdered micro-
crystalline cellulose (usually Avicel) with phosphoric acid. Phosphoric acid may 
act as either a dissolving or swelling agent, depending on the severity of the 
treatment. The transition from swollen cellulose to dissolved cellulose is 
demonstrated to appear rapidly when the concentration of the phosphoric acid is 
over 80% (Zhang et al., 2006). Dissolving destroys the crystalline structure of 
cellulose. Dissolved cellulose is further regenerated by precipitation with water 
and the structure of regenerated AC is totally disordered. However, after 
swelling, the structure of the amorphous substrate is not homogeneously 
amorphous. The fibres of swollen cellulose are partially extended and the 
surface area of the substrate is increased (Navard & Cuissinat, 2006). Due to the 
differences in structural properties, the enzymatic accessibility of regenerated 
AC is higher than that of swollen AC (Zhang et al., 2006).  
 
Soluble substrates  
The common soluble polymeric substrates are synthetic cellulose ethers, such as 
hydroxymethyl and hydroxyethyl cellulose. In these substrates, some of the 
hydroxyl groups of the glucose residues in cellulose are substituted with 
corresponding alcoxide groups. These substitutions hinder the substrate from 
entering to the closed active sites of processive cellobiohydrolases (CBHs). 
Therefore, these substrates are specific for endo-acting cellulases and are often 
used to determine the endoglucanase activity of enzymes (Karlsson et al., 
2002).  

Cellooligosaccharides of DP up to 8 are soluble in water. Oligosaccharides 
have been widely used to study chain end preference of cellulases (Claeyssens 
et al., 1989; Bhat et al., 1990; Vrsanska & Biely, 1992; Schou et al., 1993; Barr 
et al., 1996). Several crystal structures of cellulases are solved in complexes 
with oligosaccharides (Payne et al., 2015). Oligosaccharides have been used 
also as substrates to investigate the product pattern and kinetic parameters of the 
enzymes (Nidetzky et al., 1994; Harjunpää et al., 1996). However, the solubility 
of cellooligosaccharides decreases with increasing DP, and thus this substrate is 
not appropriate for studying processivity of cellulases. 

The most common low molecular weight model substrates are soluble 
chromo- and fluorogenic derivatives of lactose and cellobiose. Such substrates 
are often used for measuring enzyme activity and inhibition. However, these 
substrates are suitable only for certain cellulases. For example, Trichoderma 
reesei (T.reesei) cellulases TrCel7A and TrCel7B have 4-methylumbelliferyl-β-
D-lactoside (MUL) and para-nitrophenol-β-D-lactoside hydrolysing activity, 
whereas two other cellulases from T. reesei, TrCel5A and TrCel6A, do not 
hydrolyse these substrates.  
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1.2. Fungal cellulases 
The main biomass degraders in nature are fungi and bacteria. They secrete a 
myriad of different enzymes to deconstruct plant cell wall. Although there is a 
wide diversity among polysaccharide active enzymes, they mainly belong to the 
class of glycoside hydrolases (GHs). GHs in turn are distributed into GH 
families based on the amino acid sequence similarities of their catalytic domains 
(CDs) (Lombard et al., 2014). GHs employ either retaining or inverting catalytic 
mechanism (Koshland, 1953). The retaining mechanism involves the formation 
and the breakdown of a covalent glycosyl-enzyme intermediate. Because of the 
two consecutive nucleophilic substitutions, the reducing end of the formed 
product retains its original anomeric configuration. Employing the inverting 
catalytic mechanism, a single nucleophilic substitution by the attack of a water 
molecule produces a product with the anomeric configuration different from that 
of the substrate. 

The most studied cellulolytic systems belong to aerobic fungi. The reason 
may lay in their extracellular secretion, high environmental tolerance and amount 
of production. Most of the studied fungal cellulases display a two-domain 
structure, consisting of a CD and a carbohydrate binding module (CBM) that 
are linked by a glycosylated linker peptide (Figure 2). CBM contributes to the 
targeting of the enzyme to the substrate (Carrard et al., 2000; McLean et al., 
2002; Herve et al., 2010). CBM is also suggested to disrupt non-hydrolytically 
cellulose surface and deliver the cellulose chain into active site of the enzyme 
(Din et al., 1994). CBMs are categorized into CBM families (Lombard et al., 
2014). CBMs of fungal cellulases belong mostly to the family 1. CBM1 has a 
hydrophobic and flat binding face that contains three conserved aromatic 
residues (Kraulis et al., 1989; Nimlos et al., 2012). The flat binding surface is 
found as a common feature of CBMs that contribute to the binding of carbo-
hydrate-active enzymes to insoluble crystalline substrates such as cellulose and 
chitin (Boraston et al., 2004). CBM is connected to CD by a glycosylated and 
flexible linker peptide (Harrison et al., 1998; Stals et al., 2004; Beckham et al., 
2010; Sammond et al., 2012; Payne et al., 2013b). The linker keeps the optimal 
distance between the CD and CBM to achieve the maximal activity on crystalline 
cellulose (Srisodsuk et al., 1993). The molecular dynamics simulations of the 
cellulose bound CBHs from the families 6 and 7 showed that the linker can bind 
to cellulose (Payne et al., 2013b). This observation suggests that the linker may 
contribute directly to the hydrolysis. 

CDs of fungal cellulases display structural conservations and based on 
structural similarities are clustered into GH families (Lombard et al., 2014). As 
often obsereved in GHs, CDs of cellulases have an active site with multiple 
binding subsites for the binding of glycosyl residues of cellulose. The subsites 
are signed using “–n +n” system from the nonreducing end of the substrate to 
the reducing end, respectively (Davies et al., 1997). The catalysis occurs in 
between –1 and +1 subsites. This determines that for the reducing end specific 
CBHs “+” subsites are product-binding subsites and “–” subsites are substrate-
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binding subsites; the situation is opposite in case of the nonreducing end 
specific CBHs (Figure 2). The active site of cellulases is lined with aromatic 
residues that contribute to substrate binding by forming hydrophobic stacking 
interactions with the glucose rings of the cellulose chain (Divne et al., 1998; 
Taylor et al., 2013).  

 

 
 
Figure 2. Schematic representation of CBHs and EGs acting on cellulose. Cellulases 
have a two-domain structure. The binding of the enzyme to cellulose is mediated by 
CBM that is connected to CD via a glycosylated linker peptide. The glycosidic bond 
hydrolysis is performed by the CD. Reducing end (RE) specific and nonreducing end 
(NR) specific CBHs, CBHRE and CBHNR respectively, start the hydrolysis preferentially 
from the opposite chain ends of a cellulose chain. TrCel6A acting processively from the 
nonreducing end of cellulose (left), and TrCel7A acting processively from the reducing 
end of cellulose (right) are zoomed in. The glucose unit binding sites are numbered and 
the arrows show the scissile bond. EGs make internal breaks into cellulose chains. 
Amorphous regions of cellulose are more prone to attacks by EGs due to the disruption 
of interactive forces between cellulose chains.  

 
Originally, cellulases were divided into three groups based on their mode of 
action: (i) exo-active processive CBHs; (ii) endoglucanases (EGs) that make 
internal cuts into cellulose and (iii) cellobiose-active β-glucosidases (Beguin, 
1990; Beguin & Lemaire, 1996). The subsequent structural reports have revealed 
that the active site topology reflects the prevailing hydrolysis mechanism of the 
enzyme (Kleywegt et al., 1997). So, the enzymes acting mainly on cellulose 
chain ends in a processive manner have a more closed tunnel-shaped active site, 
whereas the endoglucanases that make internal breaks into cellulose chains have 
rather opened cleft-like active sites. 

Recently, lytic polysaccharide monooxygenases have been identified as non-
hydrolytic cellulose-active enzymes (Vaaje-Kolstad et al., 2010; Quinlan et al., 
2011). They use oxidative cleavage mechanism to break glycosidic bonds. These 
enzymes are grouped into families of auxiliary activities together with other redox 
enzymes that act in cooperation with other carbohydrate-active enzymes 
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(Lombard et al., 2014). They increase the availability of the substrate for other 
cellulases by making chain breaks into crystalline parts of cellulose. During the 
recent years, lytic polysaccharide monooxygenases have been extensively 
studied and a rapid progress has been made in understanding their action 
(Morgenstern et al., 2014).  

Cooperated performance of cellulases with different modes of action is shown 
to be a prerequisite for efficient cellulose degradation (Woodward, 1991; Jalak 
et al., 2012; Kostylev & Wilson, 2012). The most studied phenomenon is 
synergism between the endo- and exo-acting cellulases (Wood & McCrae, 
1972; Väljamäe et al., 1999; Eriksson et al., 2002). According to the conven-
tional mechanistic interpretation of synergistic action, EGs make internal breaks 
into cellulose chains in amorphous regions and thereby generate new chain ends 
for the CBHs action (Wood & McCrae, 1972). This synergistic mechanism was 
lately complemented with another mechanism (Jalak et al., 2012). Besides 
generating starting points for CBHs, the internal breaks generated by EGs were 
proposed to act also as “escape routes” for processive CBHs to avoid stalling at 
the obstacles (Igarashi et al., 2011; Jalak et al., 2012). 
 
 

1.2.1. Trichoderma reesei cellulases 

A soft rot fungus Trichoderma reesei (teleomorph Hypocrea jecorina) is the 
main cellulase producer for industrial applications. Since its isolation (the 
QM6a strain) and identification in 1944 from US Army tent canvas in the 
Solomon Islands, the strain has been extensively studied and improved. A 
landmark in the development of more efficient cellulase produces was a carbon 
catabolite depressed hypercellulolytic strain RUT-C30. Furthermore, the 
modern industrial strains with considerably higher yields of protein production 
(more than 100 g/l) are all descendants of the RUT-C30 strain (Peterson & 
Nevalainen, 2012). For efficient cellulose degradation T. reesei produces at 
least 2 CBHs, 6 EGs, 7 β-glucosidases and 2 lytic polysaccharide monooxy-
genases (Lombard et al., 2014). 
 
Cellobiohydrolases  
The CBHs TrCel7A and TrCel6A belong to the GH families 7 and 6, respec-
tively. TrCel7A is the key enzyme in cellulose degradation, representing about 
60% of total enzymes secreted by the fungus. TrCel7A acts processively by 
starting the hydrolysis from the reducing end of a cellulose chain (Imai et al., 
1998; Nutt et al., 1998). It employs the retaining catalysis mechanism (Knowles 
et al., 1988; Claeyssens et al., 1990). TrCel7A is not a true exo-enzyme, it 
harnesses the endo-mode initiation mechanism in parallel (Kurašin & Väljamäe, 
2011). Another CBH, TrCel6A is shown to start hydrolysis from the non-
reducing end of the cellulose chain (Chanzy & Henrissat; Nutt et al., 1998), and 
by applying the inverting catalysis mechanism liberates α-cellobiose as the main 
hydrolysis product (Knowles et al., 1988; Claeyssens et al., 1990; Koivula et 
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al., 2002). The active site tunnel of TrCel6A is 20 Å long and accommodates at 
least 6 glucose residues of the cellulose chain (binding at subsites +4 to –2, Figure 
2) (Koivula et al., 1998). Based on structural differences between TrCel7A and 
TrCel6A and remarkable flexibility of closing loops of the active site of 
TrCel6A (Zou et al., 1999), TrCel6A is proposed to be less processive and to 
have higher inclination for endo-initiations than TrCel7A (Boisset et al., 2000). 
However, the suggestions based on structural differences do not coincide with 
experimental measurements. By single-molecule imaging with high-speed 
atomic force microscopy, the processivity of TrCel6A was measured approxi-
mately 3 times higher than that of TrCel7A in the same system (Nakamura et 
al., 2016). In addition, there are few studies, where the endolytic activity of 
TrCel6A is measured and, surprisingly, found lower than that of TrCel7A 
(Irwin et al., 1993; Badino et al., 2017).  
 
Endoglucanases TrCel7B, TrCel5A and TrCel12A 
The most abundant and well-studied EGs of T. reesei are TrCel7B, TrCel5A 
and TrCel12A. All three EGs exhibit retaining, double displacement catalytic 
mechanism. TrCel5A forms up to 55% of the total EG activity of the organism 
(Suominen et al., 1993), and it is also major EG component of commercial 
enzyme mixtures for biomass saccharification. (Davies et al., 1998). The second 
abundant EG is TrCel7B that forms 25% of total EG activity of T. reesei 
(Suominen et al., 1993).  

Compared to the active site of GH7 CBH TrCel7A, several loops are absent 
from both ends of the active site of TrCel7B, generating a more open cleft-like 
substrate binding area (Kleywegt et al., 1997). These differences in loops are 
probably responsible for the endo-initiation mechanism of TrCel7B and its 
decreased processivity compared to that of TrCel7A (Taylor et al., 2013). Both 
enzymes have at least nine binding subsites, 7 (–7 to –1) for the substrate binding 
and at least 2 (+1 and +2) for the product binding. The energy calculations 
revealed the dissimilarities between TrCel7A and TrCel7B in enzyme-ligand 
binding interactions and hydrogen bonding pattern in all binding subsites, 
except in subsiste –2 (Taylor et al., 2013). The binding in this subsite is 
probably equally important in both enzymes for the catalytically active enzyme-
substrate complex formation.  

TrCel12A is smaller than TrCel7B and TrCel5A, and is one of the three 
cellulases of T.reesei lacking the CBM (Hakansson et al., 1978; Foreman et al., 
2003). TrCel12A is expressed at relatively low level, constituting less than 
0.5% of the total culture medium protein content (the levels of TrCel5A and 
TrCel7B are more than tenfold higher) (Ülker & Sprey, 1990). TrCel12A has a 
cleft-like active site that is suggested to accommodate at least six glucose 
residues of the cellulose chain (Sandgren et al., 2001). TrCel12A is reported to 
participate in the extension of plant cell walls (Yuan et al., 2001; Park & 
Cosgrove, 2012).  
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1.2.2. TrCel7A 

The structure of TrCel7A was presented in 1994 as the first protein structure 
from GH family 7 (Divne et al., 1994). The active site of TrCel7A is 50 Å long 
and has 10 subsites (from –7 to +3, Figure 2) for the binding of glucose units. 
Subsite +3 is filled only in case the product is longer than cellobiose (Divne et 
al., 1998). Catalysis by TrCel7A is mediated by two-step retaining mechanism 
(Knowles et al., 1988; Claeyssens et al., 1990). Therefore, the main TrCel7A 
product is β-cellobiose. Glucose and cellotriose are also released, but in smaller 
amounts (Nidetzky et al., 1994; Medve et al., 1998; von Ossowski et al., 2003). 
The conserved catalytic triad of GH7 enzymes comprises two Glu residues and 
an Asp: Glu212, Glu217 and Asp214, respectively, in the case of TrCel7A. 
Glu217 is identified as the catalytic acid/base and Glu212 as the nucleophile, 
Asp214 forms a hydrogen bond with Glu212 and promotes the catalysis (Divne 
et al., 1994; Stahlberg et al., 1996). Both glutamate mutations to glutamine were 
shown to remove the catalytic activity of the enzyme on crystalline substrates, 
and the mutation of aspartate to asparagine diminished the activity moderately 
(Stahlberg et al., 1996).  

The active site of TrCel7A is lined with four aromatic residues: Trp40, Trp38, 
Trp367 and Trp376 (shown on Figure 5). These residues determine the main 
enzyme-substrate interactions at the binding subsites –7, –4, –2 and +2, respec-
tively (Taylor et al., 2013). In these subsites aromatic residues form face to face 
hydrophobic stacking interactions with the corresponding glucosyl moieties in 
the cellulose chain (Divne et al., 1998). There are several experimental proofs 
about negative effects of replacements of aromatic residues with non-aromatic 
ones on the binding and activity of TrCel7A. Trp40 at the entrance of the 
binding tunnel of TrCel7A was shown important for the chain feeding and for 
the initiation of processive cellulose hydrolysis on a crystalline substrate (Igarashi 
et al., 2009; Nakamura et al., 2013). The substitution of Trp38 with alanine 
decreased the binding affinity of TrCel7A to cellulose, but, in contrast, had a 
positive effect on the initial rates of hydrolysis at high substrate loads (Kari et 
al., 2014). Trp367 and Trp376 are suggested to be important for the catalysis by 
stabilizing the enzymes-substrate complex (Payne et al., 2011; Knott et al., 
2014a), but to my knowledge, substitution mutations of these residues have not 
been described to date. 
 
 

1.2.3. Molecular steps of cellulose hydrolysis by TrCel7A 

A full processive cycle of TrCel7A on cellulose is a multi-step process. In 
literature, different dissections of the processive cycle can be found depending 
on the focus of the study. Here, the processive cycle of TrCel7A is dissected 
into three steps: feeding, processive hydrolysis and dissociation (Figure 3). The 
feeding includes adsorption of the enzyme to the surface of substrate, 
recognition of the reducing end of a cellulose chain and its initial sliding into 
the active site until the subsite –1. The feeding can be characterized kinetically 
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by the on-rate (kon). During the hydrolysis, the product subsites (+1 and +2) are 
filled and the Michaelis complex is formed. Upon the hydrolysis of the 
glycosidic bond and expulsion of the cellobiose product, the reducing end of 
cellulose chain is in the subsite –1 and the steps of processive hydrolysis are 
repeated. The processive hydrolysis is characterized kinetically by the 
processivity number and the catalytic rate constant (kcat). The processive cycle 
ends with dissociation that is governed by the dissociation rate constant (koff) of 
the enzyme. 

Figure 3. Elementary steps of the full processive cycle of TrCel7A. Enzyme 
adsorption, recognition and initial sliding are collectively referred to as feeding. The 
feeding is followed by processive catalysis during which the enzyme performs several 
consecutive catalytic acts. The repeated unit of the processive catalysis consists of three 
main elementary steps: productive complex formation, the hydrolysis of glycosidic 
bond and expulsion of cellobiose. Processive catalysis is terminated by the encounter of 
an obstacle and dissociation of the enzyme. Figure 3 is adapted from Kont et al, 2016.  
 
Feeding 
Binding of the enzyme to cellulose surface is a prerequisite for the enzymatic 
catalysis. According to a two-step binding model, first the enzyme adsorbs to 
cellulose via CBM, which is followed by the recognition of the cellulose chain 
end at the entrance region of the active site of the CD (Nakamura et al., 2013; 
Cruys-Bagger et al., 2016). CBM facilitates the enzyme binding to cellulose 
having higher affinity towards crystalline substrates (Guo & Catchmark, 2013). 
The primary role of CBM is in increasing the local concentration of the enzyme 
on cellulose surface and its effect diminishes with increasing substrate loads 
(Ståhlberg et al., 1991; Cruys-Bagger et al., 2013b; Várnai et al., 2013).  

The recognition and sliding of the cellulose chain into the active site is 
proposed by computational studies to be guided by the aromatic residues lining 
the active site (Knott et al., 2014a). However, only the importance of Trp40 is 
experimentally approved. In a visualization study using high-speed atomic force 
microscopy, many TrCel7A molecules with Trp40 substituted with an alanine 
were inefficient in complexation with crystalline cellulose (Igarashi et al., 
2009). Further investigations revealed that Trp40 participates in the anchoring 
of cellulose chain end to the active site by increasing the affinity of the entrance 
region and its significance depends on the length of the available chain end 
(Nakamura et al., 2013).  

TrCel7A is suggested to be able to start the hydrolysis also without initial 
sliding. Although TrCel7A is classically considered as an exo-active reducing 
end specific CBH, its capability to start the hydrolysis in endo-fashion is also 
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demonstrated. Moreover, about half of the initiations of TrCel7A on BC were 
reported to be of endo-type (Kurašin & Väljamäe, 2011). The mechanism of 
endo-attacks is largely speculative, but it is proposed that the active site opens 
up by the movement of the loops that usually form the closed tunnel, and 
enables the direct binding of cellulose chain over the active site without initial 
sliding (Stahlberg et al., 1993).  
 
Processive catalysis  
The processive cycle of TrCel7A is thoroughly studied and described step by 
step by applying different approaches. Crystal structures together with 
molecular simulations have helped to get a detail understanding of the changes 
in carbohydrate-protein interactions during the catalytic cycle (Knott et al., 
2014b). The first step of the processive catalysis is the second slide where the 
chain advances one cellobiose unit further and occupies the product subsites, 
forming thus the productive enzyme-substrate complex. The productive 
complex represents the state where the enzyme is bound to the substrate so that 
the cellulose chain end is in the product-binding site and the oxygen atom of 
scissile bond is in the correct orientation for the catalysis. After the formation of 
a productive complex, the glucose residues in the active site are in their chair 
conformation. The following catalytic activation distorts the glucose ring in 
subsite –1 into envelope conformation, whereby anomeric carbon moves toward 
the nucleophile (Glu212) and the Michaelis complex is formed. In the first 
chemical step of retaining hydrolysis, termed enzyme glycosylation, cellobiose 
is cleaved from the reducing end, whereas the rest of the cellulose chain 
remains covalently bound to the nucleophile. Although there are some 
contradictions between the results of different computational studies, it is 
generally thought that the glycosylation step is the rate- limiting step of the 
catalytic cycle of TrCel7A (Knott et al., 2014a; Knott et al., 2014b; Payne et 
al., 2015). The crystal structures of the Michaelis complex and the glycosyl-
enzyme intermediate of TrCel7A (Knott et al., 2014b) suggest that, the cellobiose 
product may be in two different binding modes. This finding supports the 
results of computer simulation studies that after glycosylation the cellobiose 
product is shifted slightly further (+1 and +2 subsites remain still occupied) and 
assists the nucleophilic water during the second catalytic step, termed 
deglycosylation. During deglycosylation, the glycosyl-enzyme intermediate is 
hydrolysed and the cellobiose leaves the active site. The enzyme continues with 
the processive run by moving one cellobiose unit further on a cellulose chain to 
form a new productive complex.  

Following the cellobiose product formation during cellulose hydrolysis by 
TrCel7A it can be seen that the hydrolysis rate is maximal at the initial stage of 
hydrolysis (first 10–20 s), after that the rate retards rapidly (Karuna & Jeoh, 
2017). At the initial stage, the binding through the active site is suggested to be 
productive. However, there is no direct method to evaluate the productive 
enzyme complexes on cellulose. Still, by measuring the inhibition of reporter 
molecule (like MUL) hydrolysis by cellulose is possible to quantify the active 
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site bound enzyme on cellulose (Ebound-OA). As MUL binds to the subsites –2 to 
+2 of TrCel7A, the method does not permit to distinguish between real 
productive complexes and complexes were cellulose chain end is just further 
from subsite –3. Therefore, only this initial stage is suitable for calculating the 
kcat value as a ratio of the rate of cellobiose formation to the concentration of the 
active site bound enzyme, kcat=vCB/[E]bound-OA (Jalak & Väljamäe, 2010; Karuna 
& Jeoh, 2017). Jalak and Väljamäe measured the observed catalytic constant 
(kobs=vCB/[E]bound-OA ) in time and reported that, indeed, the kobs started to 
decrease rapidly, whereas the concentration of the enzyme bound via the active 
site remained unchanged. This finding supported the obstacle model, whereby 
the enzyme molecules move with the rate determined by the kcat until they 
encounter steric obstacles that hinder the further movement. The enzymes stall 
most probably in nonproductive complexes with cellulose chain end in subsite –1. 
However, since it is not possible to distinguish these complexes from pro-
ductive complexes, the concentration of the active site bound enzyme remains 
unchanged (Jalak & Väljamäe, 2010). 

Plausibility of the obstacle model is also supported by the observations that 
the processivity values measured for TrCel7A are at least two orders of 
magnitude lower than the processivity potential (intrinsic processivity) of the 
enzyme (Kurašin & Väljamäe, 2011). The concept about steric obstacles was 
also supported by the innovative study with high-speed atomic force microscopy 
where the movement of CBHs on crystalline cellulose was monitored (Igarashi 
et al., 2009; Igarashi et al., 2011). Two populations of TrCel7A were detected: 
one population was moving and the other was stalled. The stalled enzymes were 
observed to accumulate behind steric obstacles. Furthermore, in some cases the 
joined enzyme molecules collectively peeled off the obstacle and moved on. 
Later, it was proposed that the collective action of the enzyme molecules with 
strong binding potential at unoccupied product-binding subsites forms a 
cumulative force to remove the obstacles from their path (Kurašin et al., 2015). 
If the cumulative force is not sufficient to get rid of the obstacle, the enzyme 
will stay stalled until the dissociation. 
 
Dissociation 
The dissociation of the stalled enzyme is determined by the off-rate constant. It 
is now widely accepted that the dissociation is the rate limiting step of the 
overall processive cycle of individual TrCel7A and the recruitment of the 
enzyme is governed by the off-rate constant (Jalak & Väljamäe, 2010; Kurašin 
& Väljamäe, 2011; Cruys-Bagger et al., 2012a; Cruys-Bagger et al., 2013a; 
Cruys-Bagger et al., 2013b; Kari et al., 2014). According to the obstacle model, 
the obstacle-free path for the movement limits the length of the processive run 
of the enzyme. Provided that the dissociation is slower than the processive run, 
the overall rate of the hydrolysis by individual CBHs after the initial burst is 
governed by the off-rate constant and by the length of the obstacle-free path (n) 
(kobs≈ koff*n) (Jalak & Väljamäe, 2010).  
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Numerous crystal structures of cellulases in parallel with computational and 
experimental studies have shed light on connections between the structural and 
kinetic properties of cellulases. Slower dissociation and decreased hydrolytic 
activity on amorphous and soluble substrates are shown to be the price of high 
processivity (Nakamura et al., 2014). EGs with more open active sites and, thus, 
weaker binding to the substrate have decreased processive ability and signi-
ficantly higher dissociation rates compared to processive CBHs (Kurašin & 
Väljamäe, 2011; Taylor et al., 2013). Similar tendency has been also found 
among CBHs with different active site architectures. Cel7D from fungus 
Phanerochaete chrysosporium has a more open active site and hence decreased 
processive ability and about fourfold higher off-rate value than TrCel7A 
(Kurašin & Väljamäe, 2011; Nakamura et al., 2014). 
 
 

1.2.4. Product inhibition of TrCel7A 

Several computational studies have shown that glucose units bind to the 
product-binding subsites more tightly than to the substrate-binding subsites (Bu 
et al., 2011; Bu et al., 2012; Payne et al., 2013a; Knott et al., 2014a). The strong 
binding of glucose units in the product binding subsites +1 and +2 of TrCel7A 
is suggested to be the driving force to advance cellulose chain by one cellobiose 
unit further during the processive hydrolysis (Payne et al., 2015). An adverse 
side effect of the strong binding in the product binding subsites is the concomitant 
product inhibition. Although TrCel7A is inhibited by both main hydrolysis 
products, cellobiose and glucose, cellobiose is shown to be the stronger 
inhibitor of the enzyme (Murphy et al., 2013; Teugjas & Väljamäe, 2013).  

The product inhibition of TrCel7A is often studied with soluble fluoro- or 
chromogenic low molecular weight model substrates (van Tilbeurgh & 
Claeyssens, 1985; Voutilainen et al., 2008; Teugjas & Väljamäe, 2013). The 
product inhibition mechanism measured using soluble substrates is reported as 
competitive and occurs as a competition between the product and the substrate 
for the binding to the product-binding subsites (Voutilainen et al., 2008). 
Although widely used, the inhibition type and strength measured on low 
molecular weight model substrates do not correlate with these measured on 
insoluble polymeric substrates. Moreover, the differences in inhibition strength 
measured on different types of substrates are not constant among the cellulases 
(Gruno et al., 2004; Teugjas & Väljamäe, 2013). For TrCel7A, the inhibition 
constant of cellobiose measured on BC is an order of magnitude higher than that 
measured on low molecular weight model substrate (Teugjas & Väljamäe, 2013). 
The similar trend holds also for glucose as well as gluco- and xylooligo-
sachharide inhibition (Baumann et al., 2011; Kont et al., 2013). Therefore, 
native cellulosic substrates should be used for selecting cellulases for ligno-
cellulose deconstruction (Teugjas & Väljamäe, 2013). However, the product 
inhibition on cellulose is found more complex and there are several cont-
radicting results concerning the exact inhibition mechanism (Howell & Stuck, 



21 

1975; Howell, 1978; Lee & Fan, 1982; Gruno et al., 2004; Andric et al., 2010a; 
Bezerra et al., 2011; Jalak et al., 2012). Recently, it has been found that product 
inhibition of TrCel7A in hydrolysis of cellulose matches well with the 
noncompetitive inhibition mechanism (Kuusk et al., 2015; Olsen et al., 2016). 
The addition of the accumulation of the stalled enzyme-substrate complexes 
into the model of product inhibition of TrCel7A accounted well for the 
differences in the type and strength of inhibition of TrCel7A measured on 
polymeric versus low molecular weight substrates (Kuusk et al., 2015).  

Several studies have tried to shed light to the basis of the strong product 
inhibition of TrCel7A. Comparing T. reesei cellulases and the processive CBH 
Cel7D from Phanerochaete chrysosporium, the strongest cellobiose inhibition 
is measured for TrCel7A – the enzyme with the “most closed” active site (von 
Ossowski et al., 2003; Gruno et al., 2004; Teugjas & Väljamäe, 2013). 
Probably more open active site is more extensively solvated and therefore 
electrostatic interactions between the protein and the carbohydrate are disrupted 
more easily (von Ossowski et al., 2003; Ubhayasekera et al., 2005). Several 
structural elements of the active site have been identified to be linked with 
strong product inhibition of TrCel7A. For example, the weaker binding of 
cellobiose to TrCel7A is achieved by disrupting the intermolecular hydrogen 
bonding interactions between the cellobiose and the product-binding subsites of 
the enzyme (von Ossowski et al., 2003). The inflexible exo-loop that closes the 
active site tunnel of TrCel7A is also suggested to contribute to strong product 
inhibition (Textor et al., 2013).  

GH7 cellulases are key enzymes in commercial cellulase mixtures and it is 
relevant to achieve high product yields of cellulose decomposition. To relieve 
product inhibition during cellulose degradation, most commonly β-glucosidases 
are added to the reaction mixture. β-glucosidases convert cellobiose into two 
molecules of glucose, which is by two orders of magnitude weaker inhibitor of 
TrCel7A than cellobiose (Murphy et al., 2013; Teugjas & Väljamäe, 2013). 
There are also other strategies developed for industrial use such as product 
removal by membrane filtration or simultaneous saccharification and fermen-
tation process (Andric et al., 2010b). In the latter case, cellulases convert 
insoluble substrate to soluble sugars, which are simultaneously utilized by 
fermenting organisms (yeast) in the medium.  
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2. AIMS OF THE STUDY 

Processive cellobiohydrolases are the main workhorses of cellulolytic systems 
and are thereby the primary targets for protein engineering to increase the 
efficiency of enzymatic conversion of cellulose. Therefore, the focus is directed 
increasingly toward molecular details of processive action of cellulases.  

The structural and computational studies have revealed distinct molecular 
steps and a dynamic network of interactions in processive cellulose hydrolysis 
by cellobiohydrolases from the glycoside hydrolase family 7. The processive 
cycle of cellulose hydrolysis by CBHs includes the following steps: adsorption, 
substrate recognition, cellulose chain sliding to the active site, productive 
complex formation, processive catalysis and dissociation. However, the bio-
chemical studies on structure-function relationships are still scarce.  

 As cellulases function on a solid-liquid interface of a recalcitrant substrate, 
we elaborated a specific substrate labeling method to study their action (Ref I). 
Both, Ref II and Ref III focus on particular cellulase-cellulose interactions that 
are important for enzyme-substrate complex formation and processive 
performance of TrCel7A.  
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3. METHODOLOGICAL CONSIDERATIONS 

A detailed description of the used methods is provided in publications added to 
the thesis; only the specific substrates and methods developed by us to study the 
kinetics of CBHs on polymeric substrates are described here.  
 
 

3.1. Cellulosic substrates 
Avicel is a wood derived cellulose. Because of its crystalline structure, Avicel is 
an appropriate substrate to study the action of processive CBHs. The main 
advantage of Avicel is its commercial availability that increases the repro-
ducibility of experiments.  
 
Bacterial cellulose (BC) forms a stable suspension in aqueous medium and has 
a degree of polymerization close to that of native cellulose. Therefore, BC is a 
common model substrate to study the processive performance, chain end pre-
ference, processivity, and rate constants of different molecular steps of CBHs.  
 
Amorphous cellulose (AC) has a disordered structure without crystalline 
regions. AC has the highest binding capacity among cellulosic substrates. 
Therefore, AC is an appropriate substrate to study the binding and activity of 
enzyme variants with low binding efficiency. It is possible to reveal the effect 
of substrate properties on the action of enzyme when the hydrolysis is 
performed with AC and crystalline cellulose in parallel. 
 
Fluorescence-labeled cellulose is a cellulose with available reducing ends 
labeled with fluorescent amines via reductive amination. Such labeling enables 
the quantification of reducing groups by sensitive fluorescent detection. Also, it 
is possible to quantify the amount of released end label. If the reaction con-
ditions are selected so that the probability of the repeated attacks on reducing 
ends of the same cellulose chain is negligible, the released end label represents 
the amount of initial attacks of the enzyme from the reducing ends (Kurašin & 
Väljamäe, 2011). Fluorescence labeling of polymeric carbohydrates has been 
used for studying endo-mode probability, processivity, and off-rate of both, 
cellulases (Kipper et al., 2005; Kurašin & Väljamäe, 2011) and chitinases 
(Kurašin et al., 2015).  
 
14C-labeled cellulose – is a 14C-labeled analogue of BC, where 14C is incorpo-
rated uniformly into the cellulose. As the detection of the radioactive product 
formation is very sensitive, this substrate is appropriate for measuring the 
hydrolysis rates during the initial rapid phase of hydrolysis. 14C-labeled cellulose 
is also used as a substrate to measure the kinetic parameters and inhibition of 
cellulases (Jalak et al., 2012; Teugjas & Väljamäe, 2013) 
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Reduced cellulose is a cellulose where aldehyde groups of reducing ends are 
converted to sugar alditols. Sugar alditols are not reactive in cellulase assays 
that chemically quantify reducing groups. Therefore, by performing enzymatic 
hydrolysis on reduced cellulose, it is possible to measure the amount of newly 
generated reducing groups during cellulose hydrolysis. If the hydrolysis is 
performed under conditions where the probability of repeated initiations from 
reducing ends of the attached chains is negligible, the amount of new reducing 
groups on cellulose equals to the number of initiations employed by the enzyme. 
Reduced cellulose has been used as a substrate for measuring processivity, off-
rate, and endo-mode initiations of cellulases (Kurašin & Väljamäe, 2011). 
 
 

3.2. Measuring apparent processivity and the rate constant 
of the initiation of processive run 

The method was developed by Kurašin and Väljamäe (2011) to measure the 
processivity of cellulases on cellulosic substrates. Apparent processivity (Papp) 
is defined as an average number of catalytic acts (Ncatal) performed per number 
of initiations of processive runs (Ninit) on a polymer (Equation 1). 
 

 ܲ௔௣௣ = ே೎ೌ೟ೌ೗ே೔೙೔೟ = [ூோீ]ା[ௌோீ][ூோீ] = ோீ೟೚೟ூோீ  Eq. 1 

 
Upon enzymatic hydrolysis of reduced cellulose, two different types of reducing 
groups are generated: (i) soluble reducing groups (SRGs, reducing ends of 
released soluble products) and (ii) insoluble reducing groups (IRGs, reducing 
ends of residual insoluble cellulose). The hydrolysis is performed under the 
conditions where the probability of repeated attacks on reducing ends of the 
same cellulose chain is negligible. After separation of residual cellulose by 
centrifugation, the concentration of SRGs is measured in the supernatant. SRGs 
were measured using 3-methyl-2-benzothiazolinone hydrazone hydrochloride 
method (Ref II) (Horn & Eijsink, 2004). The concentration of IRGs on residual 
cellulose is measured by the fluorescence labeling. The former reducing ends of 
reduced cellulose cannot be labeled with fluorescent amines whereas the 
enzymatic attacks, either reducing end exo- or endo-specific, generate new 
IRGs that can be subjected to reductive amination. We used the fluorescence 
labeling of IRGs with AA (Ref II). The fluorescence of incorporated AA was 
measured after solubilisation of AA-labeled cellulose by incubating with a 
crude mixture of cellulases.  

An average number of catalytic acts can be found as a total concentration of 
reducing groups (RGtot) generated during the hydrolysis of reduced cellulose. 
RGtot can be found as a sum of IRGs and SRGs. Plotting the data in coordinates 
RGtot versus IRGs, the slope of the linear regression line is equal to Papp value.  
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The rate constant of the production of IRGs (kIRG) on reduced cellulose can 
also be used as a measure of koff of the enzyme. kIRG can be found by using the 
following relationship:  
 
 ݇௢௙௙ = ݇ூோீ = ௩಺ೃಸ[ா]್೚ೠ೙೏షೀಲ Eq. 2 

 
In Equation 2, vIRG is the rate of the generation of IRGs and [E]bound-OA stands for 
the concentration of the enzyme bound to cellulose through the active site. 
When expressed in this way, koff represents the dissociation of the cellulose 
chain from the enzyme active site (Ref II). 
 
 

3.3. Measuring the off-rate of TrCel7A by substrate 
exchange experiment 

Substrate exchange experiment (SEE) method was originally developed to 
measure the off-rates of chitinases (Kurašin et al., 2015). We adapted the 
method to measure the off-rate of TrCel7A and its variants (Ref II). In SEE, the 
total dissociation of the enzyme is measured. Independent of the rate- limiting 
step of enzyme recruitment, the off-rate is found in SEE as an exchange rate of 
the enzyme between a nonlabeled substrate (substrate of interest) and a 14C-
labeled reference substrate. For measuring the off-rate of TrCel7A, Avicel was 
used as the substrate of interest and 14C-labeled AC as the reference substrate 
(Ref II). The enzyme was first pre-incubated with Avicel. After defined time the 
reaction was supplemented with 14C-labeled AC and the release of 14C-labeled 
product in time was followed by measuring radioactivity. For straightforward 
interpretation of the results, both substrates must be used in concentrations that 
are saturating for the enzyme. For constructing the reference curves, both 
substrates were mixed together before the addition of the enzyme. Reference 
curves were analysed by nonlinear regression analysis according to Equation 3.  
 
 [ሺ ଵସ	ܥ ሻ݈݈ܿ݁݁ݏ݋ܾ݅݋] =  ௕ Eq. 3ݐܣ
 
[(14C)cellobiose] is the concentration of the 14C-labeled cellobiose, t is time and 
A and b are empirical constants (Kostylev & Wilson, 2013). Data from the time 
curves of SEE were analysed using nonlinear regression according to Equation 4: 
 
 [ሺ ଵସ	ܥ ሻ݈݈ܿ݁݁ݏ݋ܾ݅݋] = ൫1ܣ − ݁ି௞೚೑೑௧൯ݐ௕ Eq. 4 
 
In the latter analysis, the value of b was fixed to the value found from the 
analysis of the reference curve, koff and A were let free.  
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3.4. Measuring the total and active site mediated  
binding of TrCel7A to cellulose 

TrCel7A can bind to cellulose using different binding modes. It is possible to 
measure experimentally (i) the total concentration of enzyme bound to cellulose 
([TrCel7A]bound-tot) and (ii) to discriminate between two different binding modes 
of the bound enzyme: the bound enzyme with the active site free for MUL 
hydrolysis (TrCel7Abound-FA) and the bound enzyme with the active site occupied 
by cellulose (TrCel7Abound-OA) (Jalak & Väljamäe, 2010, 2014). TrCel7Abound-FA 
consists of populations of bound enzyme with the cellulose chain occupying the 
binding subsites up to –3 whereas the binding subsites –2 to +1 are free, and the 
enzyme can hydrolyse MUL. However, when the enzyme is bound to the 
cellulose in a way that cellulose chain occupies the binding subsite –2, the 
enzyme cannot hydrolyse MUL and is referred to as TrCel7Abound-OA. 

[TrCel7A]bound-tot can be found as the difference between the total con-
centration of TrCel7A in the experiment and the concentration of the enzyme 
free from cellulose ([TrCel7A]free). [TrCel7A]free can be found by measuring the 
MUL hydrolysing activity in the filtrate after separating cellulose with the 
bound enzyme by filtration. 

If [TrCel7A]bound-tot is known, the two different enzyme populations of bound 
enzyme can be distinguished by measuring the initial rates of MUL hydrolysing 
activity in the presence of cellulose. [TrCel7A]bound-OA can be found as the 
difference between total concentration of TrCel7A and the concentration of the 
enzyme with free active site [TrCel7A]FA. [TrCel7A]FA can be found by 
measuring the inhibition of MUL hydrolysing activity by cellulose, using the 
standard curves made without presence of cellulose. [TrCel7A]bound-FA can be 
found as the difference between [TrCel7A]bound-tot and [TrCel7A]bound-OA. 
 
 

3.5. Determination of anomer selectivity  
in binding subsite +2 of TrCel7A 

The method is based on measuring the inhibition of TrCel7A catalysed 
hydrolysis of fluorescent reporter molecule MUL by different anomers of 
cellobiose (Ref III). It has been shown that cellobiose is a competitive inhibitor 
of MUL hydrolysis (Voutilainen et al., 2008). It is also well known that the 
strongest binding of cellobiose is at product-binding subsites (+1 and +2) of the 
enzyme (von Ossowski et al., 2003; Bu et al., 2011). If the binding at subsite +2 
is anomer-selective, the strength of cellobiose inhibition should depend on the 
anomeric form of bound cellobiose. Hence, the inhibition of MUL hydrolysis by 
cellobiose was measured using initially either β- or α-anomeric form of 
cellobiose. Upon preparing the fresh solution of cellobiose in either anomeric 
form, it starts to establish an equilibrium mixture of two anomers (64% 
cellobioseβ vs. 36% cellobioseα) governed by the rate constant of mutarotation 
(Kabayama et al., 1958). To reveal the dependence of the inhibition strength of 
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TrCel7A catalysed hydrolysis of MUL on the anomeric configuration of 
cellobiose, the inhibition of MUL hydrolysis was measured using cellobiose 
preparations of different age.  

The solution of cellobioseβ was prepared by rapid dissolving of the solid 
powder of cellobioseβ. The moment of the dissolution was taken as the zero 
timepoint for the aging of the preparation. For cellobioseα preparation, hydrolysis 
of cellulose was performed with inverting enzyme TrCel6A. The reaction was 
conducted at 0 °C to avoid mutarotation of the released cellobioseα. The moment 
of separation of supernatant from the residual cellulose after the hydrolysis was 
taken as the zero timepoint for the aging of the cellobioseα preparation. The 
binding constants for cellobioseα and cellobioseβ were found from the dependence 
of the inhibition strength of the corresponding cellobiose preparation (Ref III, 
Eq. 1 & 2).   
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4. RESULTS AND DISCUSSION 

4.1. Reducing end specific fluorescence  
labeling of cellulose (Ref I) 

Polymer-active enzymes can be classified according to their mode of action in 
terms of attacking cellulose chain. According to the conventional classification, 
cellulases are divided into endo-acting EG-s and exo-acting CBHs. CBHs are 
further classified as reducing end or nonreducing end acting enzymes. The 
conventional method for assessing chain end preference of CBHs relies on 
measuring the product pattern of the hydrolysis of end-labeled oligosaccharide 
substrates (Claeyssens et al., 1989; Bhat et al., 1990; Vrsanska & Biely, 1992; 
Schou et al., 1993; Barr et al., 1996; Tuohy et al., 2002; Zverlov et al., 2002; 
Aronson et al., 2003). Also the hydrolysis of oligosaccharides with precise 
analysis of the anomeric composition of the products has been used (Harjunpää 
et al., 1996; Aronson et al., 2003; Honda et al., 2008). However, numerous 
studies have pointed out that the mode of action of enzymes on oligosaccharidic 
substrates may differ from that employed on polymeric substrates. The simplest 
approach to assess the mode of action on a polymeric substrate is to use an end-
labeled polymeric substrate. Since the nonreducing end of cellulose chain has 
no specific reactive site, only the reducing-end specific labeling of cellulose is 
attainable. For using cellulose as a substrate in studies of the action mode of 
cellulases, at least four conditions must be met in reducing-end labeling of 
cellulose: (i) the labeling reaction must have very high selectivity for the 
terminal aldehyde, (ii) the labeling has to be quantitative, (iii) the label must 
enable a very sensitive detection, (iv) the label must not alter the mode of action 
of the enzyme. The reducing end specific labeling of cellulose can be achieved 
through nonradioactive (Arai et al., 1989; Kipper et al., 2005) or radioactive 
reduction of C1 aldehyde (Gruno et al., 2004). The nonradioactive reduction can 
be easily achieved by using the treatment of cellulose with a strong reducing 
agent, such as sodium borohydride (Figure 4). Unfortunately, the reduction to 
alcohols lacks the required sensitivity of detection (Arai et al., 1989). Although 
the [3H]-label in the reducing end provides a high sensitivity of detection, it was 
shown relatively unstable (Gruno et al., 2004). A plausible alternative for the 
reduction is the labeling of reducing ends on cellulose with fluorescent amines, 
such as anthranilic acid (AA) (Figure 4).  

The reductive amination of reducing ends of sugars is a common practice in 
glycoconjugate chemistry (Anumula, 2006). In the first study employing the 
reducing end labeling of cellulose via reductive amination, the labeling with AA 
was performed in water (Kipper et al., 2005). Pioneered by the studies of 
Anumula, buffered methanol was shown to be a superior environment in terms 
of reaction time and yields for reductive amination of sugars (Anumula, 1994, 
2006). This prompted us to test the labeling of cellulose with AA in buffered 
methanol (Ref I). We made a thorough comparison of labeling of cellulose with 



29 

AA in three common solvents used for reductive amination: (i) water, (ii) 
DMSO, (iii) buffered methanol. The reactions were optimized also in terms of 
concentration of the reagents (cellulose, AA, NaCNBH3) and reaction time (Ref 
I, Figure 1). The quantitative labeling with minimal incorporation of unspecific 
label was achieved in buffered methanol. Consequently, the optimal conditions 
for cellulose labeling were the following: in buffered methanol containing 50 
mM AA, 0.5 M NaCNBH3 and 2 mg/ml cellulose for 1h at 80 oC. The reaction 
conditions optimized for labeling of cellulose with AA (Ref I) were later shown 
to be optimal also for labeling of cellulose with 2,6-diaminopyridine (Kurašin & 
Väljamäe, 2011) and AA-labeling of chitin (Kurašin et al., 2015). Most 
importantly, as first shown by Kurašin and Väljamäe (2011), and later here (Ref 
II), the fluorescence labeling of cellulose turned out to be valuable in determining 
the values of important kinetic parameters (Papp and koff) of processive CBHs.  
 

 
 

Figure 4. Reductive amination of cellulose reducing ends with AA. Using a mild 
reducing agent NaCNBH3, aldehyde groups of cellulose are converted to corresponding 
aminoalditols. Compared to NaCNBH3, NaBH4 is a more powerful reducing agent and 
reduces aldehyde groups to alditols, which cannot react in reductive amination. Adapted 
from Kurašin and Väljamäe (2011). 

 

AA-labeled cellulosic substrates were tested for their suitability to determine 
the mode of action of CBHs Cel7A and Cel6A. As first presented by Nutt et al. 
(1998), cellulases can be functionally classified by constructing the progress 
curves (released end-label versus total degradation) using the hydrolysis data of 
end-labeled cellulose. Though the hydrolysis of different AA-labeled celluloses 
by GH7 and GH6 CBHs were consistent with their expected mode of action, it 
appeared that not all AA-labeled substrates were equally suitable for 
determining the chain end preference. For example, the reducing ends of highly 
crystalline cellulose that are buried inside the crystal are hidden from the 
labeling and cause unequal distribution of the label. Since cellulose surface is 
the first target for cellulases, the unequal distribution of the label increases the 
initial slope of the progress curve. We found that the most suitable substrate for 
generating progress curves was AA-labeled regenerated amorphous Avicel, 
where the differences between the progress curves of GH7 and GH6 CBHs 
were most obvious (Ref I, Figure 3). The progress curve of TrCel7A was clearly 
convex and progressed above the 1:1 line. The 1:1 line indicates the hydrolysis 
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pattern where the extent of the released end-label equals to the extent of the 
total degradation. Therefore, the convex progress curve above the 1:1 line is 
characteristic to the enzymes with reducing-end preference (Nutt et al., 1998). 
The progress curve of TrCel6A started below the 1:1 line and was shaped 
concavely, indicating the preference of the nonreducing end. The progress 
curves on AA-labeled regenerated amorphous Avicel were also generated for 
Cel7D and Cel6A from Phanerochaete chrysosporium, which are analogues of 
TrCel7A and TrCel6A, respectively. Progress curves of Cel7D and Cel6A from 
Phanerochaete chrysosporium overlapped with the ones of TrCel7A and 
TrCel6A, respectively (Ref I, Figure 3).  

Taken together, using the AA-labeled substrate for the cellulose hydrolysis 
to generate progress curves is the rationale for the rapid assessment of the 
directionality of processive CBHs. However, interpretation of the progress 
curves is complicated by endo-mode initiations and processivity of enzymes, 
which both affect the shape of the curve (Nutt et al., 1998). Our results also 
show that the substrate properties, such as the availability of reducing ends for 
the labeling, influence the extent of curving. Therefore, methods that are more 
precise should be used to confirm the knowledge acquired from progress 
curves.  

AA-labeled cellulose can also be used in experiments to determine the 
probability of endo-mode initiations of reducing-end specific cellulases. The 
method is based on parallel quantification of total initiations (sum of exo- and 
endo-initiations) and only reducing end specific initiations (exo-initiations) on 
cellulose (Kurašin & Väljamäe, 2011). Performing the hydrolysis on fluo-
rescence-labeled cellulose, the concentration of released end label represents the 
number of the reducing end specific initiations if the conditions are selected so 
that the probability of repeated attacks from the same chain is negligible. To 
reveal the number of total initiations on cellulose, the hydrolysis must be 
performed under the same conditions, but using the reduced cellulose as a 
substrate. In that case, the number of IRGs generated to reduced cellulose 
equals to the number of total initial attacks. The amount of endo-initiations can 
be found as a difference between the total number of initiations (exo + endo 
attacks) and the reducing end specific initiations (exo-attacks).  
 
 

4.2. The role of Trp38 and CBM in the action  
of TrCel7A (Ref II) 

Cellulase TrCel7A has a multimodular structure, consisting of CD and CBM 
that are connected through a glycosylated linker peptide (Figure 5A). The main 
role of CBM is to mediate the binding of the enzyme to cellulose (Carrard et al., 
2000; McLean et al., 2002; Herve et al., 2010). CBM largely facilitates the 
binding to crystalline substrates, and its presence increases the binding at low 
substrate concentrations significantly (Sugimoto et al., 2012; Cruys-Bagger et 
al., 2013b; Guo & Catchmark, 2013; Várnai et al., 2013). The glycosylated linker 
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between the CD and CBM was also shown to enhance the binding of CBM 
(Payne et al., 2013b). The catalysis is performed by CD and the parameters of 
catalysis (kcat and Papp values) are unaffected by the presence of the CBM-linker 
(Igarashi et al., 2009; Jalak et al., 2012; Cruys-Bagger et al., 2013b). The active 
site rests in CD and contains 10 subsites (–7 to +3) for binding of glucose 
residues in cellulose (Divne et al., 1998). The subsites –7 to –1 are at the 
entering side from the catalytic site and are denoted as substrate binding 
subsites. In contrast, subsites +1 to +3 are for product binding. The active site of 
TrCel7A is lined with four conserved aromatic residues: Trp38, Trp40, Trp367 
and Trp376, which form hydrophobic stacking interactions with glucose 
moieties of the substrate (Divne et al., 1998) (Figure 5B). Trp38 and Trp40 
locate at the substrate entrance region of the tunnel, at subsites –7 and –4, 
respectively. Trp367 and Trp376 edge the catalytic site and are suggested to 
participate in catalytic complex formation (Knott et al., 2014a). The substitution 
of aromatic residues with non-aromatic ones has usually a negative impact on 
the activity and processivity of CBHs and chitinases (Zhang et al., 2000; Horn 
et al., 2006; Li et al., 2007; Igarashi et al., 2009; Zakariassen et al., 2009; Payne 
et al., 2011; Nakamura et al., 2013; Kostylev et al., 2014; Kurašin et al., 2015). 
The substitution of Trp40 at the tunnel entrance of TrCel7A with alanine 
restricts the chain loading on a crystalline substrate (Igarashi et al., 2009; 
Nakamura et al., 2013). Also, the Trp38 substitution with alanine though 
restricting the enzyme-substrate complex formation, still has a positive effect on 
enzyme activity at saturating substrate loads (Kari et al., 2014). Studying four 
different TrCel7A variants, WT, W38A and their truncated versions lacking the 
CBM-linker, WTCD and W38ACD, Kari and co-workers found that the Vmax 

values of the variants increased in the following order: W38ACD ˃ W38A ˃ 
WTCD ˃ WT . We studied these enzyme variants in terms of feeding of cellulose 
chain, processive hydrolysis and enzyme dissociation to reveal any changes in 
kinetic parameters (koff, P

app, kon) that can be responsible for increased activity of 
TrCel7A W38A (Ref II).  

Several studies have identified the dissociation as the rate limiting step in 
processive cellulose hydrolysis by TrCel7A (Kurašin & Väljamäe, 2011; 
Praestgaard et al., 2011; Cruys-Bagger et al., 2012a; Cruys-Bagger et al., 
2013b). The rapid rate retardation is proposed to be caused by the slow 
dissociation of the enzyme that has been stalled by steric obstacles (Jalak & 
Väljamäe, 2010; Igarashi et al., 2011; Kurašin & Väljamäe, 2011). The exact 
nature of these obstacles is not known, but they can be associated with 
irregularities in cellulose structure (Kurašin & Väljamäe, 2011). According to 
the obstacle model, the steady state rate of TrCel7A on cellulose can be given 
as: vCB=koffP

app[E]bound-OA (Jalak & Väljamäe, 2010) whereas Papp is limited by 
the length of the obstacle-free path on cellulose (Kurašin & Väljamäe, 2011). 
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Figure 5. Structure of TrCel7A. A, A schematic representation of TrCel7A 
performing processive hydrolysis of cellulose. The enzyme is shown in blue and 
cellulose in green. TrCel7A has a two-domain structure, consisting of CD that is 
connected to CBM by the glycosylated linker peptide. The active site rests in CD and is 
occupied by the cellulose chain. The tunnel-shaped active site of TrCel7A is lined with 
four aromatic residues: Trp40, Trp376, Trp367 (yellow), and Trp38 (magenta). B, The 
aromatic residues in the active site of TrCel7A form hydrophobic stacking interactions 
with the glucose moieties. The numbers represent the binding subsites for the glucose 
moieties. Trp40 and Trp38 locate at the substrate binding subsites, Trp376 and Trp367 
surround the catalytic centre of the active site. The figure is adapted from Ref II, Figure 1.  
 
For finding Papp, the generation of IRGs on reduced cellulose was measured in 
parallel with measurements of the released SRGs (Kurašin & Väljamäe, 2011). 
Papp was found as the slope of the plot in coordinates [RG]tot versus [IRG], 
where [RG]tot=[IRG]+[SRG]. The Papp values were measured on two different 
substrates, reduced bacterial cellulose (rBC) and reduced amorphous cellulose 
(rAC) (Ref II, Tables 1 and 2). The Papp values on rBC were higher than on 
rAC. One may speculate that BC contains less irregularities and serve longer 
obstacle-free paths for processive runs than more disordered AC (Kurašin & 
Väljamäe, 2011). With both substrates, the CBM-linker had only a moderate 
effect on processivity, whereas W38A mutation resulted in about twofold 
decrease in Papp value. Because of the low activity of W38ACD on a crystalline 
substrate, we could not measure the production of IRGs, and thus Papp of 
W38ACD on rBC remained unknown. Papp of all four variants could be measured 
on rAC. The Papp value of W38ACD on rAC was similar to that of W38A 
variant, suggesting that the W38A substitution is the primary cause of decreased 
Papp value compared to WT. Although the W38A substitution lowered the Papp 
value of the enzyme, the variants with this substitution showed higher rates of 
product release (measured in SRGs) than their WT counterparts on rAC (Ref II, 
Figure 4A).  

This prompted us to determine if the increased off-rate is responsible for 
increased activity of the W38A variants. The off-rates were found by using two 
different approaches: (i) by measuring the rate constant of the formation of 
IRGs and (ii) by measuring the exchange rate of enzyme between the two sub-
strates (SEE). First, the off-rates from Avicel were measured by using SEE (Ref 
II, Figure 2). The off-rates of the variants increased in the following order: 
W38A ˃ WTCD ˃ WT (Ref II, Table 1). Unfortunately, we could not measure 
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the off-rate of W38ACD using SEE. This could be due to rapid dissociation 
and/or inefficient binding of W38ACD. Next, we determined the off-rates by 
measuring the production of IRGs on reduced cellulose. There was a good 
consistency between the kIRG values measured on rBC and off-rates from SEE 
measured on Avicel (Ref II, Table 1). The kIRG values were also measured on 
rAC (Ref II, Table 2). The kIRG values on rAC were significantly higher than 
corresponding figures on crystalline substrates. Similarly to the results on 
crystalline substrate, the removal of CBM-linker and/or W38A substitution 
increased the kIRG values on an amorphous substrate. The kIRG values on rAC 
reveal a positive correlation between the activity (Ref II; Figure 4A) and the 
off-rates (Ref II; Table 2). Collectively, the results confirm that higher activity 
of both Trp38 variants of TrCel7A compared to their WT counterparts is due to 
their increased off-rates.  

The W38A substitution had a moderately negative effect on binding of 
TrCel7A to cellulose (Kari et al., 2014). We confirmed the weaker binding of 
Trp38 variants to rBC in comparison to WT by measuring [E]bound-OA. The 
binding was weakest with W38ACD. Because of too weak binding of the CDs, 
only the binding of the intact variants was studied further in more detail (Ref II; 
Figure 5). The binding of WT to BC was stronger than that of W38A at the levels 
of Ebound-tot and Ebound-OA. The most remarkable difference between the binding of 
two variants was a significant population of Ebound-FA of W38A. 

The binding of the variants was more efficient on AC, due to the high 
binding capacity of this substrate. Therefore, it was a suitable substrate to 
measure the binding of all four variants (Ref II, Figure 6A). The differences at 
the level of Ebound-OA between the variants is evident when comparing the half-
saturating substrate concentrations (Ref II, Table 2). Although both, the absence 
of the CBM-linker and the Trp38 substitution decreased the binding of TrCe7A, 
the most prominent was a sharp decrease in binding caused by both 
modifications present. The half-saturating substrate concentrations (S0.5) can be 
dissected into its on- and off-rate components, according to kon=kIRG/S0.5. We 
found that inefficient binding of W38ACD was mainly caused by the decreased 
on-rate component (Ref II, Table 2). The closer look into the on-rate 
components revealed that the Trp38 mutation was largely compensated by the 
presence of the CBM-linker and vice versa. Contrarily, the off-rate of the enzyme 
was affected only by the W38A mutation and was independent of the presence of 
the CBM-linker. This moderate effect of either the CBM-linker or the W38A 
mutation to the off-rate in parallel with drastically decreased binding affinity of 
the W38ACD suggests that both, the Trp38 and the CBM-linker are important in 
the association of the enzyme with crystalline substrate. Since the active site 
binding that we measured, implies that the cellulose chain has progressed at least 
to the binding subsite –2, our results suggest that both, the CBM-linker and the 
Trp38 are needed for efficient feeding of the cellulose chain into the active site 
tunnel of TrCel7A. The role in feeding the cellulose chain has been previously 
demonstrated also for Trp40, locating at the edge of the tunnel entrance of 
TrCel7A (Igarashi et al., 2009; Nakamura et al., 2013). Computational studies 
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with the CD of W40A mutant demonstrated that after passing through the tunnel 
entrance region (up to subsite –5) the further sliding of the cellulose chain into the 
tunnel is not affected by the mutation (Nakamura et al., 2013).  

It is well known that the performance of the enzymes with different modes 
of action results in a synergistic and complete degradation of a polysaccharide. 
Therefore, we also assessed the effect of the Trp38 mutation to the performance 
of TrCel7A in synergistic hydrolysis of BC. Here, only the intact variants were 
studied. Low BC concentrations are optimal for the synergistic hydrolysis of 
BC by WT supplemented with EG and β-glucosidase (Jalak et al., 2012). The 
activity of W38A in synergistic hydrolysis was very low at BC concentrations 
optimal for WT but increased with the increasing BC concentration (Ref II, 
Figure 7A). A low activity of W38A in a synergistic mixture can be associated 
with inefficient binding of the variant. Indeed, when measuring the binding of 
W38A at active site level, we found that, in contrast to WT (Jalak et al., 2012), 
the binding of W38A was reduced in the presence of EG (Ref II, Figure S1). 
Furthermore, at BC concentrations below 0.5 g/l (optimal for WT) the active 
site mediated binding of W38A remained below the detection limits. We also 
found that, while stimulating the activity of WT, the pretreatment of BC with 
EG had a little or even negative effect on the activity of W38A (Ref II, Figure 
7B). The decreased binding efficiency in the presence of EG and the poor pe-
formance on EG-treated cellulose suggest that EG may have a negative effect 
on substrate accessibility by W38A. One may speculate that the original loose 
chain-ends of BC are trimmed shorter by the action of EG and the remaining 
blunt chain-ends are more difficult to feed into the active site tunnel of W38A.  

To conclude, the main role of Trp38 in the active site of TrCel7A is feeding 
the cellulose chain into the active site tunnel. Trp38 contributes also to enzyme 
processivity by reduction of the off-rate of the enzyme. The decreased binding 
strength at the entrance region of the active site may result in an increased activity 
against cellulose at the conditions where the availability of chain ends 
compensates the deficiency in feeding. However, the concomitant feeding 
deficiency is even more outstanding in synergistic cellulose hydrolysis. This 
implies that in cooperative action with EGs, the inter-domain synergism between 
the CBM-linker and the CD is a pre-requisite for efficient hydrolysis of cellulose.  
 

4.3. Anomeric selectivity and product profile  
of TrCel7A (Ref III) 

TrCel7A performs cellulose hydrolysis processively and after every catalytic act 
advances one cellobiose unit further, liberating cellobioseβ as the main product 
(Divne et al., 1994; Divne et al., 1998; Medve et al., 1998; von Ossowski et al., 
2003; Fox et al., 2012; Knott et al., 2014b). Yet, production of a small amount 
of odd-numbered products glucose and cellotriose has been also reported 
(Medve et al., 1998; von Ossowski et al., 2003). Although the origin of odd-
numbered products is still an open question, processivity of the enzyme on 
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cellulose has been evaluated according to the different combinations of odd- 
and even-numbered products produced by the enzyme (Medve et al., 1998; von 
Ossowski et al., 2003; Vuong & Wilson, 2009; Kern et al., 2013; Hamre et al., 
2014; Kari et al., 2014; Kostylev et al., 2014). Such approach is attractive 
because the product profile of the enzyme can be determined by using simple 
chromatographic measurements.  

Mostly it is assumed that the odd-numbered products are formed upon the 
initial cut, whereas cellobiose is formed upon following processive cuts (Horn 
et al., 2012). The formation of odd-numbered products upon first cut is often 
explained by different initial binding modes of TrCel7A with a cellulose chain 
that, in turn, is determined by structural properties of the substrate (Nidetzky et 
al., 1994; Barr et al., 1996; Medve et al., 1998; Teeri et al., 1998; von Ossowski 
et al., 2003; Fox et al., 2012; Hamre et al., 2014; Kostylev et al., 2014). In 
cellulose chain, glucose residues are rotated 180 degrees relative to one another 
and, therefore, the glycosidic bonds have a zigzag appearance (Figure 6). As 
interactions between the active site residues of the enzyme and glucose moieties 
of the entering cellulose chain hinder flipping of the entering chain, two 
mirrored orientations of the entering chain can be considered and are denoted 
here as A- and B-chain. Furthermore, both orientations of cellulose chain can be 
in two different configurations depending on the anomeric configuration of the 
reducing end (Figure 6). When the A-chain enters the tunnel so that the product 
subsites (+1, +2) are filled, the glycosidic bond is in scissile position. With this 
binding mode, the initial-cut product is cellobiose. Contrarily, when the B-chain 
enters the tunnel, the first and also the third bond are productively orientated for 
the hydrolysis and during the catalysis the product-binding subsites, either (+1) 
or (+1, +2, +3), are filled (Figure 6). The initial-cut products in this case are 
either glucose or cellotriose. Assuming no preference in the acquisition of A- 
and B-chains by TrCel7A, the probability for picking up either of them is equal. 
If so, the odd-numbered and even-numbered initial-cut products should be 
released in equal amounts.  

We analysed the initial-cut product pattern of TrCel7A on soluble oligo-
saccharides and found that the prevalent initial-cut product of TrCel7A was 
odd-numbered. This finding is in accordance with the earlier reports (Vrsanska 
& Biely, 1992; Nidetzky et al., 1994; Barr et al., 1996). The product profiles of 
TrCel7A from the hydrolysis of cellooligosaccharides of different lengths (DP 
4–6) are listed in Ref III, Table 1. Product profiles were further used to 
calculate probability of odd-numbered initial-cut product (Podd) on each oligo-
saccharide. For calculating Podd for celloheptaose and cellooctaose, the previously 
published data (Nidetzky et al., 1994) were used. Detailed description of 
finding Podd are given in supplementary material of Ref III. Podd increased with 
the increasing DP of the substrate and levelled off around 0.80 for longer 
cellooligosaccharides (Ref III, Table 1).  

The product profile of TrCel7A was also characterized on Avicel using18O-
labeling technique (carried out by Dr. Jeppe Kari, Roskilde University, Denmark). 
Performing enzymatic hydrolysis in H2

18O, the 18O label is incorporated only to 
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the products of processive hydrolysis, but not to the initial-cut products (Ref III, 
Figure 2). To complete the catalytic reaction, nucleophilic water attacks the 
glycosyl-enzyme intermediate and 18O-labeled hydroxyl is incorporated into the 
reducing end of the shortening cellulose chain. During the next cleavage by 
TrCel7A the 18O-labeled product is released. Therefore, all products, except the 
initial-cut one, carry the 18O-label and one can distinguish between the initial- 
and processive-cut products. The concentrations of unlabeled and labeled 
products are given in Ref III, Table 2. The main unlabeled product and, hence, 
the major initial-cut product at Avicel hydrolysis in H2

18O was glucose (79%), 
followed by cellobiose (17%) and cellotriose (4%). The prevailing labeled 
product and, hence, the main processive-cut product was cellobiose (94%). 
Labeled glucose and cellotriose were also detected, but in small amounts. 
Interestingly, while most of the released glucose (81% of the total) was 
unlabeled and therefore released upon the initial cut, 86% of total released 
cellotriose was labeled. The origin of the labeled odd-numbered products cannot 
be assessed on the basis of the current data. One may suggest that these labeled 
odd-numbered products may result (i) from initial attacks from the nonreducing 
ends, (ii) as the final products of fully hydrolysed cellulose chains, (iii) as the 
products of tranglycosylation or (iv) from the secondary hydrolysis of cello-
tetraose. The important finding here was that Podd of cellulose hydrolysis was 
close to the Podd of longer cellooligosaccharides. We recognize that this result 
does not support the previously suggested simple mechanism of liberating even- 
and odd-numbered initial-cut products in equal amounts. Considering that the 
molecular dynamics simulations have shown that cellulose chain orientation (A- 
versus B-chain) does not affect its entering to enzyme’s active site 
(Ghattyvenkatakrishna et al., 2013), the dominance of odd-numbered initial-cut 
products is unlikely the result of selective threading of the cellulose chain at the 
tunnel entrance. Hence, seeking the mechanism behind the dominance of odd-
numbered initial-cut products, we further focused on binding at product-binding 
subsites of the enzyme.  

The specific hydrogen bonding interactions in product-binding subsites 
(+1,+2) are the driving force of processive movement of the cellulase. More-
over, they are responsible for strong cellobiose inhibition of TrCel7A (Divne et 
al., 1998; von Ossowski et al., 2003; Andric et al., 2010a; Teugjas & Väljamäe, 
2013; Knott et al., 2014a). We found that the strength of cellobiose inhibition 
depends on anomeric configuration of the reducing end of cellobiose. Inhibition 
experiments with cellobiose either in cellobioseβ or cellobioseα anomeric form 
showed that β-anomer of cellobiose exerted stronger inhibition. The strength of 
the inhibition decreased with aging of the cellobioseβ preparation. The opposite 
was true for experiments conducted with cellobioseα (Ref III, Figure 4A). In 
both cases, the inhibition strength changed with the age of cellobiose pre-
paration according to the rate of mutarotation of cellobiose measured under 
comparable conditions (Cruys-Bagger et al., 2012b). Measurements of anomer-
specific inhibition of endoglucanase TrCel7B revealed no anomeric selectivity 
(Ref III, Figure 4B).  
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The most likely candidate to interact with the reducing end of cellobiose in 
+2 subsite of TrCel7A is Arg394. This residue forms a hydrogen bond with the 
anomeric hydroxyl group in the reducing end of cellulose (Stahlberg et al., 
1996; Divne et al., 1998) (Ref III, Figure 6). TrCel7B has an alanine in the 
corresponding position, and the binding efficiency with the product at +2 
subsite is considerably decreased compared to TrCel7A. Importantly, the 
insertion of arginine into the corresponding position in TrCel7B increases the 
binding efficiency at product-binding subsites and also the processive ability of 
the enzyme (Wang et al., 2016). Thus, the arginine to alanine substitution in 
TrCel7B is probably responsible for a decreased binding affinity of the subsite 
+2. Based on current data we could not verify that this specific interaction is the 
cause of the anomeric selectivity of TrCel7A in +2 binding site, but if this 
speculation is true, the high processivity of TrCel7A may at least partially result 
from anomer-specific interaction in the binding subsite +2. 

Returning to the mechanistic interpretation of the prevalence of odd-num-
bered initial-cut products, we suggest that it can be probably linked to anomeric 
selectivity in +2 binding subsite. Considering that the hydroxyl group in the 
reducing end can be either in α- or β-configuration, we have 4 possible chain 
forms (A-chainα, A-chainβ, B-chainα and B-chainβ) (Figure 6). Mutarotation 
between the α- and β-configurations is possible, but the rate is slower than the 
catalytic turnover of TrCel7A. From four chain types, only an A-chainβ creates 
a regular complex that is formed also during processive cellulose hydrolysis 
with cellobioseβ as the initial-cut product (Figure 6).  

It is more difficult to interpret the possible initial-cut products in the case A-
chainα enters the active site. When the reducing end is in α-configuration, the 
anomeric selectivity in +2 product-binding subsite will lead to the formation of 
a less stable enzyme-substrate complex. Alternatively, the chain may slide two 
subsites further and produce a more stable complex with the enzyme. In that 
case, the initial-cut product will be cellotetraose. Either possibility is not 
supported by the measured concentrations of the hydrolysis products of TrCel7A 
on Avicel. A low concentration of cellotetraose (Ref III, Figure 1, upper panel) 
and cellobiose from the initial cut (Ref III, Table 2) indicates that the A-chainα 
is probably a poor substrate for TrCel7A forming mainly a nonproductive 
complex with the enzyme.  

In the case of binding of the B-chain, the glycosidic bond is in scissile 
position when the reducing end enters either the subsite +1 or +3 (Figure 6). In 
both cases the initial-cut product is odd-numbered, glucose or cellotriose, 
respectively. The configuration of the reducing end of the product depends on 
the configuration of the chain end, glucoseα or cellotrioseα for the B-chainα, and 
glucoseβ or cellotrioseβ for the B-chainβ. The experimental results indicate that 
cellotriose is released as the initial-cut product in very low quantities and the 
main odd-numbered initial-cut product is glucose. Therefore, the first scenario, 
whereby the reducing group of the B-chain binds initially in subsite +1, is more 
likely.  
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Figure 6. Four different forms of a cellulose chain that may enter the active site of 
TrCel7A. Both types of arrows (▼,↓) indicate the scissile bonds that are in correct 
orientation for the initial cleavage. The arrows with the tail (↓) show the positions where 
the reducing end of the chain is also in a correct anomeric configuration (β in +2 and α 
in +1) in the productive complex with the enzyme. The scheme is modified from Ref 
III, Figure 7D.  

 
Taken together, the considered possibilities of initial complex formation 
between TrCel7A and cellulose chain explain at least partly the dominance of 
initial-cut glucose. In addition, we suggest that the anomeric selectivity in the 
binding subsite +2 may be linked to high processive potential of the enzyme. 
Anomeric selectivity in active sites of GHs has been reported before, for 
example for chitinases (Aronson et al., 2003; Chou et al., 2006; Honda et al., 
2008; Fukamizo et al., 2009; Suginta et al., 2009; Eide et al., 2013). There are 
also few studies denoting a link between anomeric selectivity and enzyme pro-
cessivity. In contrast to our hypothesis about its necessity for the processive 
movement of TrCel7A, there are few cases where the anomeric selectivity in 
product-binding subsite opposes to the processive movement of the enzyme 
(Honda & Kitaoka, 2004; Fushinobu et al., 2005; Aronson & Halloran, 2006). 
For example, the enzymes chitobiase (Aronson & Halloran, 2006) and exo-
oligoxylanase (Honda & Kitaoka, 2004; Fushinobu et al., 2005) release a 
monomeric product. Using a retaining mechanism, both enzymes produce a new 
reducing end at the subsite –1 with the opposite anomeric configuration to that 
preferred at the subsite +1, and thereby disabling the processive movement of 
the enzyme.   
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CONCLUSIONS 

Enzymatic cellulose degradation is a complex process involving multi-modular 
enzymes and an insoluble recalcitrant substrate. Our findings contribute to the 
molecular-level understanding of enzymatic conversion of cellulose. In bio-
chemical studies, the molecular aspects of cellulase action on cellulose are 
conventionally addressed by using either of the two approaches: (i) modifica-
tion of the enzyme or (ii) altering the substrate (e.g. through labeling). Here, we 
used both these approaches separately and also in combination with each other 
to characterize the performance of TrCel7A on cellulose. The most important 
conclusions of this study are listed below. 
 
1. The fluorescence labeling with anthranilic acid in buffered methanol is an 

efficient and selective method to label the reducing ends of cellulose chains. 
As the reducing end specific fluorescence labeling enables sensitive 
detection of reducing ends, it is a valuable tool to measure the mode of action, 
endo-probability, processivity and dissociation rate constant of reducing-end 
specific cellulases. 

 
2. The primary role of Trp38 near the entrance of the active site of TrCel7A is 

feeding of cellulose chain into the active site tunnel. Beside this particular 
role of Trp38, a synergistic effect of it with CBM-linker in feeding was 
shown. Trp38 was also confirmed as an important determinant of pro-
cessivity of TrCel7A via reducing the off-rate.  

 
3. The predominant initial-cut product of the hydrolysis of both, cellooligo-

saccharides and insoluble cellulose by TrCel7A was glucose. This pheno-
menon can at least partly be due to selectivity for β-anomer in the product-
binding subsite +2. Our results also suggest a possible link between anomer-
selectivity in product-binding subsites and the processivity of the cellulase.  
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SUMMARY IN ESTONIAN 

Tselluloosiahela sidumine protsessiivse tsellobiohüdrolaasi poolt 

Üheks alternatiivseks tooraineks mootorikütuste aga ka kemikaalide tootmisel 
on taimne biomass. Taimse biomassi peamiseks polümeerseks komponendiks on 
tselluloos. Tselluloosi polümeer koosneb β-1,4-glükosiidse sideme kaudu ühen-
datud glükoosijääkidest. Tänu tselluloosi suurele hulgale taimedes ja selle kom-
ponentide (glükoosi) fermenteeritavusele, on tselluloos peamine biomassi 
komponent, millest toota bioetanooli. Kuna kääritajad mikroorganismid suuda-
vad enamasti omastada mitte tselluloosi, vaid glükoosi, tuleb glükoosi molekule 
ühendav ahelstruktuur esmalt lagundada. Seda on optimaalseim teha ensümaati-
liselt, kasutades loodusest isoleeritud organismide tselluloosi lagundavaid 
ensüüme – tsellulaase. Biomassi baasil toodetav bioetanool ei konkureeri siiski 
veel hinna poolest turul olevate fossiilsete mootorikütustega. Peamine pidev 
kuluallikas bioetanooli tootmisel on tsellulaaside suures mahus tootmine. 
Vajaminevat ensüümide hulka oleks võimalik vähendada, tootes ensümaatiliselt 
efektiivsemaid ensüüme. See omakorda eeldab aga detailset tsellulaaside 
molekulaarsete mehhanismide tundmist, et parendada tsellulaase teadmiste-
põhise insenergeneetilise modifitseerimise teel.  

Tselluloosi ensümaatiline hüdrolüüs on kompleksne protsess. Ühelt poolt 
osaleb selles vees lahustumatu, enamjaolt kristallilise ehitusega substraat tsellu-
loos, ja teiselt poolt hulk erineva toimemehhanismiga ensüüme – tsellulaase. 
Tsellulaaside struktuuri ja funktsiooni vaheliste seoste mõistmiseks on kasulik 
uurida erinevaid ensüüme isoleeritult. Tsellulaaside uurimiseks kasutatakse 
erinevaid tselluloosi mudelsubstraate, mille koostis on, erinevalt looduslikust 
tselluloosist, defineeritud ning mis võimaldab viia ensüümiuuringud läbi korra-
tavates tingimustes.  

Oma doktoritöös keskendusin peamiselt Trichoderma reesei tsellulaasi 
Cel7A uurimisele. Pehmemädanikseen T. reesei on kujunenud tänu kõrgele 
tsellulaaside produktsioonile mudelorganismiks tsellulolüütilise süsteemi uuri-
misel. Kõige suuremal hulgal toodavad tselluloosi lagundavad mikroorganismid 
protsessiivseid tsellobiohüdrolaase, mis viivad ühe tselluloosile seostumise 
kohta läbi mitu järjestikust katalüüsiakti. Peamine T. reesei sekreteeritav prot-
sessiivne tsellobiohüdrolaas on Cel7A, mis moodustab organismi poolt eritata-
vate valkude koguhulgast ligikaudu 60%. TrCel7A on kahedomeense ehitusega. 
Esmast tselluloosile seondumist vahendav seondumise domeen on seotud pep-
tiidse linkeri kaudu katalüütilise domeeniga. Glükoosijääkidest koosneval tsel-
luloosiahelal eristatakse kahte keemiliselt erinevat otsa: redutseerivat ja mitte-
redutseerivat. TrCel7A alustab tselluloosi hüdrolüüsi ahela redutseerivast otsast.  

Minu töö esimeseks eesmärgiks oli optimeerida tselluloosi redutseeriva otsa 
spetsiifilist fluorestsentsmärgistamist ning uurida fluorestsentsmärgistatud 
substraadi sobivust tsellulaaside otsaeelistuse määramiseks (Ref I). Katsetule-
mused näitasid, et tselluloosi märgistamine reduktiivse amineerimise teel fluo-
restseeruva amiini antraniilhappega toimub kõige efektiivsemalt puhverdatud 
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metanoolis. Märgistamine toimus redutseeriva otsa spetsiifiliselt ja fluorestsents-
märke mõõtetundlikkus oli piisav, et määrata ensüümi poolt vabastatava 
otsmärgise hulka. Tselluloosi fluorestsentsmärgistamine on nüüdseks kujunenud 
tähtsaks osaks protsessiivsete tsellobiohüdrolaaside kineetiliste parameetrite 
määramise metoodikas. Lisaks on fluorestsentsmärgistamist käesoleva töö 
raames optimeeritud tingimustel rakendatud ka kitiinil – nii kitinaaside otsa-
eelistuse kui ka kineetiliste parameetrite määramisel.  

Töö teine eesmärk oli välja selgitada aromaatse aminohappe Trp38 roll 
TrCel7A aktiivtsentris (Ref II). Ensüümi TrCel7A aktiivtsentris on lagundatava 
tselluloosiahela glükoosijääkidega seondumiseks kümme seondumiskohta: –7 
kuni –1 ja +1 kuni +3. Katalüütiline tsenter, kus toimub glükosiidsideme hüdro-
lüüs, asub seondumiskohtade –1 ja +1 vahel. Tselluloosiahel siseneb TrCel7A 
tunnelikujulisse aktiivtsentrisse, redutseeriv ots ees seondumiskoha –7 suunalt 
ning seondub üle aktiivtsentri. Tsellulaasidele on omane aromaatsete amino-
happejääkide esinemine aktiivtsentris. Ensüümil TrCel7A toimub kümnest 
glükoosijäägi seondumiskohast neljas seondumine aromaatsete aminohappe-
jääkide kaudu. Üks neist on Trp38, mis asub aktiivtsentri tselluloosiahela sisse-
pääsu lähedal – seondumiskohas –4. Kasutades mutantset TrCel7A ensüümi, 
kus Trp38 oli asendatud alaniiniga, uurisime Trp38 rolli aktiivtsentris. Leid-
sime, et Trp38 on oluline ensüümi protsessiivsuses. Mutantne ensüüm dissot-
sieerus tselluloosilt kiiremini, mistõttu oli ka selle protsessiivsus väiksem. 
Kõige enam mõjutas Trp38Ala mutatsioon tselluloosiahela seondumist ensüümi 
aktiivtsentrisse. Lisaks kirjeldasime seostumisdomeeni ja Trp38 vahelist 
sünergismi tselluloosiahela seondumisel aktiivtsentrisse. 

Doktoritöö kolmas eesmärk oli välja selgitada TrCel7A paarituarvuliste pro-
duktide tekke mehhanism. Kuna tselluloosiahelas kõrvuti asetsevad glükoosi-
jäägid on omavahel 180 kraadi pööratud, siis on iga teine glükosiidside ahelas 
hüdrolüüsiks korrektse orientatsiooniga, mistõttu on valdav TrCel7A poolt 
vabastatav produkt dimeerne üksus tsellobioos. Siiski vabastab ensüüm väikse-
mas koguses ka paarituarvulisi produkte – glükoosi ja tsellotrioosi. Leidsime, et 
valdavalt vabaneb glükoos TrCel7A esimese lõike produktina, samas kui 
peamine protsessiivse katalüüsi produkt on tsellobioos. Uurides seda fenomeni 
põhjustavaid molekulaarseid mehhanisme leidsime, et TrCel7A produkti 
seondumiskohas +2 toimub anomeeri-spetsiifline glükoosijäägi seondumine, 
mistõttu saab sinna seonduda β-konfiguratsiooniga glükoosijääk. Kui tsellu-
loosiahel ei ole redutseerivas otsas β-konfiguratsiooniga, suunab ensüüm arvata-
vasti ahelaotsa +1 (või +3) seondumiskohta ja esimese lõike produktina vabas-
tataksegi glükoos (või tsellotrioos). Pakume välja hüpoteesi, et β-anomeeri 
eelistatud seondumine +2 seondumiskohta on oluline ka ensüümi protses-
siivsuse tagamisel. 
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