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Abstract 

 

Cellulase activity is due to the activity of multiple enzymes, including endoglucanases, 

cellobiohydrolases and glucosidases that work synergistically to solubilize crystalline cellulose 

efficiently. The dependence of hydrolysis reaction rate on temperature predicts that large 

increases in performance and decreased enzyme cost would be achieved if the enzymatic 

degradation could be operated at elevated temperatures. However there is always a tradeoff 

between the activity and stability of enzymes. So obtaining cellulases with high thermostability 

and simultaneously enhanced activity is a great challenge in the field of bioethanol production. 

In the studies presented in this dissertation, different computational techniques, such as 

Molecular Dynamics (MD), Molecular Docking, Quantum Mechanics (QM) and hybrid 

Quantum Mechanics and Molecular Mechanics (QM/MM), along with several site-directed 

mutagenesis and in vitro assays have been applied to the study and design of the activity and 

stability of cellulases. Using molecular dynamics to investigate the thermal unfolding of 

endoglucanases of family 5 of glycoside hydrolases (GH5), a good correlation between the 

optimum activity temperatures of cellulases and their structural fluctuations was revealed. These 

data led us to hypothesize that cellulase stability could be enhanced by redesign of enzyme 

dynamics through altering the amino acid composition in the highly flexible regions of an 

endoglucanase that would increase its local or global rigidity. Cellulase C, a GH5 member, was 

stabilized thermally and chemically by cross linking its highly flexible subdomain. 



Family 1 of glycoside hydrolases were investigated by QM and hybrid QM/MM methods to 

analyze the role of non-catalytic polar residues at the active site of GH1 glucosidases that make 

hydrogen bonds to the glucose moiety at subsite -1. A tyrosine residue in simultaneous 

interaction with O5 of the glucose ring and the carboxylate group of the nucleophilic glutamate 

was found to play a significant role in the energy profile along the hydrolysis reaction 

coordinates. It was shown to reduce the energy barrier of the deglycosylation step by ~12 

Kcal/mol. Exclusion of this tyrosine from QM calculation substantially influenced the 

preactivated structure of the glucose moiety in the enzyme-substrate complex and affected the 

structural distortion and charge distribution in transition states.  
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Chapter 1: Introduction 

Organization of the dissertation  

Glycoside hydrolases (GH) can be found in all domains of life. These enzymes are 

actively involved in many intra- and extra-cellular activities including regulation of gene 

expression, signaling, and nutrient acquisition. Nowadays, due to the high demand toward 

renewable energy, interests in the function of glycosidases have increased because of their key 

roles in conversion of cellulosic and lignocellulosic biomaterials, from cheap feedstock to 

fermentable sugars. Three main groups of these enzymes including endoglucanases, 

cellobiohydrolases, and glucosidases work synergistically to solubilize crystalline cellulose. 

However, cellulase production is a very expensive step, accounting for more than 25% of the 

total processing cost of biofuel production. These enzymes need to be highly thermostable to 

reduce or even eliminate the pre-treatment steps of celluloses, and at the same time they have to 

be highly active to enhance the efficiency of biofuel production. In this research, a series of 

computational simulations including Molecular Dynamics (MD), Quantum Mechanics (QM) and 

hybrid Quantum Mechanics/ Molecular Mechanics (QM/MM) in addition to site-specific 

mutagenesis and enzyme activity/stability assays were used to study the folding/unfolding, 

functionality and the catalytic mechanism of glycoside hydrolases toward the production of more 

efficient bio-catalysts.  

In chapter 3, the dynamics of β-1,4-endoglucanases (EC: 3.2.1.4) from family 5 of 

glycoside hydrolases (GH5) were investigated. The conformational flexibility of twelve GH5 

cellulases, ranging from psychrophilic to hyperthermophilic, was investigated by molecular 

dynamics (MD) simulations at elevated temperatures. The results indicated that the protein 

flexibility and optimum activity temperatures are appreciably correlated. Intra-protein 
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interactions, packing density and solvent accessible area were further examined in crystal 

structures to investigate factors that are possibly involved in the higher rigidity of thermostable 

cellulases. The MD simulations and the rules learned from analyses of stabilizing factors were 

used in design of mutations toward the thermostabilization of cellulase C (CelC), one of the GH5 

endoglucanases. This enzyme was successfully stabilized both chemically and thermally (about 

5°C) by introduction of a new disulfide cross-link into its highly mobile 56-amino acid 

subdomain. Furthermore, we found the kcat of the disulfide+ enzyme relative to wild type enzyme 

was doubled. In chapter 4, to investigate how the introduction of this mutation in the subdomain 

influenced the activity of cellulase C, the conformational changes of the enzyme in the presence 

and absence of substrate were further analyzed by MD simulation and in vitro mutagenesis and 

crystallography. Two catalytic carboxylate groups in cellulase C are positioned about 10 Å from 

each other in the unliganded wild type structure and this separation is reduced to ~4.3Å in the 

presence of substrate due to the reorientation of the proton donor carboxylate group (Glu140). 

We determined that the variation in separation of catalytic glutamates in the absence and 

presence of substrate was due to the different protonation states of the proton donor glutamate 

that is largely governed by conformational changes in the β3α3 loop. In the absence of substrate, 

the conformation of CelC was preserved by an electrostatic interaction between deprotonated 

Glu140 and protonated His91. The ion pair was interrupted upon the binding of substrate, and 

the positional displacement of the β3α3 loop allowed Glu140 to become oriented within the 

active site in a less hydrophilic microenvironment that assists in Glu140 protonation.  

Catalytic activity of glucosidases and the role of active site conserved residues in the 

hydrolysis reaction by β-glucosidases were also studied (chapter 5). Besides two highly 

conserved catalytic residues (two glutamates), there are some other conserved residues in the 
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active site of β-glucosidases that are not directly involved in the hydrolysis reaction but make 

direct hydrogen bonds to the glycosyl moiety at the -1 subsite. Although the effect of a few of 

these conserved residues on the reaction has been studied by site-directed mutagenesis, no 

comprehensive study, computational or experimental, has been performed to investigate their 

functions. Using the Bglu1 enzyme (a GH1 β-glucosidases) as a model, the hydrolysis reaction 

in the presence of non-catalytic residues that make hydrogen bonds to the glucose moiety in the 

active site of this glucosidase, was systematically studied using DFT and ONIOM (DFT:MM) 

methods. Gln29 (in interaction with O4 and O3 of glucose) and His130 (in interaction with O3) 

were found to have a minor effect on the reaction, while the side chain of Tyr315 (in interaction 

with O5 of the glucose ring) and Glu440 (in interaction with O4 and O6) affected the reaction 

energy profile considerably in both the glycosylation and deglycosylation steps. A hybrid 

QM/MM (ONIOM) study of the full system (whole protein) with different partitioning schemes 

of residues in the QM and MM regions showed the significant role of Glu440 and Tyr315 in the 

profile of potential energy along the reaction coordinate and their extensive influence on 

structural properties of the enzyme-substrate or glucosyl-enzyme intermediate complexes as well 

as transition states.    

Objectives of the research: The overall goal of this PhD research was the application of 

different computational methods, in particular Molecular Dynamics (MD), Quantum Mechanics 

(QM) and hybrid Quantum Mechanics/ Molecular Mechanics (QM/MM) to study the stability 

and activity of the glycoside hydrolases and then design site-directed mutants toward the 

production of highly thermostable and active glycosidases based on what was learned from 

computational simulations. The main objectives of this research were: 1) to identify the 

significance of thermal fluctuations and intra-protein interactions in structural stability of 



4 
 

cellulases; 2) to design a thermostable enzyme based on MD simulations with focus on 

endoglucanases of family 5 of glycoside hydrolases; 3) to propose a mechanism for catalytic 

activity of cellulases by QM/MM and identify the role of hydrogen bonding residues in the 

active site of glucosidases in the profile of potential energy along the reaction coordinates (with 

focus family 1 of glycoside hydrolases).      
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Chapter 2: Literature review 

Glycoside hydrolases and application of computational techniques in the rational design of 

activity and stability of these enzymes 

   

Glycoside hydrolases: Glycosidases or carbohydrates, EC 3.2.1, contain a dominant 

group of enzymes catalyzing the hydrolysis of O-linked (or in the case of 3.2.1.147 S-linked) 

(ExplorEnz-The Enzyme Database) glycosidic bond to produce smaller chains of carbohydrates 

or sugars. They are the most common enzymes on earth. Glycosidases are annotated in about 1% 

of all known genes (Cantarel et al. 2009a). Their main role is degradation of biomass (cellulose 

and hemicellulose) to produce the source of energy for organisms. They are involved in anti-

bacterial defense strategies or in pathogenesis mechanisms (Bourne and Henrissat 2001; Cairns 

and Esen 2010). They also play roles in many normal cellular functions such as signaling and 

glycoprotein and glycolipid biosynthesis. Their general hydrolysis reaction by glycoside 

hydrolases is shown in Scheme 1:  

Classification of glycoside hydrolases: A diverse number of enzymatic activities are 

reported for glycoside hydrolases on their naturally occurring substrates, di-, oligo-, and 

polysaccharides, and their derivatives (Laine 1994). In order to classify glycosidases 

biochemically their substrate specificity was taken into account and occasionally (in the case of 

amylases EC 3.2.1.1 and EC3.2.1.2) the molecular mechanism of the catalytic reaction was 

considered (Naumoff 2011). Therefore, this classification led to relatively simplified and widely 

accepted nomenclature. However, many glycoside hydrolases accept highly divergent substrates 

O
OR + H2O

O
OH + HOR Figure 1: The general reaction by 

Glycoside hydrolases 
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in their active site and some have broad substrate specificity, and some even show 

glycosyltransferase activity. Later an increase in the number of available sequences of GHs 

allowed developing a completely new system for classification of these enzymes based on amino 

acid sequence comparison of the corresponding catalytic domains. Originally this method was 

used for β-1,4-glycosidases which were classified into eight families (Henrissat et al. 1989). 

Currently there are more than 30000 of glycoside enzymes categorized into 130 families (GH1-

GH130) in the CAZy database, which is still growing at a very fast pace (Cantarel et al. 2009a). 

Also GlycosylTransferases (GT) are separately categorized in CAZy database in 94 families.   

The families of glycoside hydrolases, based on their structures and mechanisms of action, 

are grouped into 14 superfamilies or clans (ClanA-ClanN). All glycosidase in families of a same 

clan are expected to have a shared evolutionary ancestor, same glycosidic bond hydrolysis 

mechanism, similar three dimensional fold, and conserved arrangement of catalytic residues in 

the active sites (Henrissat and Bairoch 1996). The largest clan is Clan A (GH-A), with (β/α)8 

structure which is also known as superfamily 4/7 (Henrissat and Davies 1997a). In this clan two 

catalytic residues, proton donor and nucleophile, are located at the end of β-strand 4 and β-strand 

7, respectively, of the (β/α)8 structure. Members of some families are further categorized into 

subfamilies based on more than 25% sequence similarity such as subfamilies of GH5, GH13, 

GH30, or GH2 (Cantarel et al. 2009a). For instance, 10 subfamilies have been assigned to GH5.    

The other classification of glycoside hydrolases is based on the anomeric configuration of 

substrate at the end of reaction (Davies and Henrissat 1995; Henrissat et al. 1995a). Within each 

glycosidase family, if cleaved glycosidic bond (α or β) keeps the anomeric configuration of the 

central carbon, or more precisely its axial or equatorial orientation, is known as retaining 

enzymes. If this configuration gets inverted, the enzymes are classified as inverting glycoside 
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hydrolases. Except family 23 and 97 of glycoside hydrolases (GH) with the mixed mechanism of 

inverting and retaining among the members, the same mechanism can be found among the 

enzymes of the same GH family (McCarter and Withers 1994). The difference in the final 

configuration of anomeric carbon in retaining and inverting enzymes is due to two different 

chemical mechanism. For retaining enzymes, a double displacement mechanism accomplishes 

the reaction, in which the key acidic residues are located about ~5Å from each other and work in 

two steps via two transition states. In the first step, one of the carboxylate groups works as a 

nucleophile to attack the anomeric carbon and makes a covalent glycosyl intermediate. In the 

second step, a water molecule works as a nucleophile to release the glucose from the enzyme. In 

inverting enzymes, two carboxylate residues are about ~10Å apart, giving enough space to 

accommodate a water molecule attacking the nearby anomeric carbon, and reaction accomplishes 

via s single nucleophile substitution that invert the anomeric carbon configuration at the end of 

the reaction (Henrissat et al. 1995a; Vocadlo and Davies 2008; Vuong and Wilson 2010).  

In a new classification strategy for glycosidases, the entire variety of the enzyme catalytic 

domains can be divided into six main folds based on the 3D structure and common evolutionary 

origin. This method known as hierarchical classification (Naumoff 2011) 

Cellulases and their role in degradation of biomaterials: Cellulases refer to a group of 

glucoside hydrolases enzymes that hydrolyze the cleavage of 1,4-β-D-glycosidic linkages in 

cellulose, beta-D-glucans and lichenin. These enzyme are mostly modular and have additional 

substrate binding domains (Cellulose Binding Module (CBM)) linked to their core catalytic 

domain to help  them in hydrolyzing crystalline cellulose (Tsao 1999). CBMs were initially 

classified as cellulose binding domains (CBDs) based on the combination of several modules 

that originally were found to bind cellulose (Gilkes et al. 1988). However, due to the discovery 
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of new modules which are able to bind to carbohydrates other than cellulose yet meet the CBM 

criteria, these proteins were reclassified using more comprehensive terminology (Shoseyov et al. 

2006). The length of CBM sequence is 30 to 200 amino acids in single or multiple domains, and 

is attached to C- or N-terminus (rarely centrally located within the polypeptide chain) of the 

catalytic domain of a protein by a Ser/Thr rich linker. To date, more than 23 000 sequences of 

CBMs are submitted to CAZy database categorized in 64 families based on amino acid sequence, 

binding specificity and structure, although the numbers of characterized sequences are less than 

500.    

Cellulases play the key role in cellulosic bioethanol production and degradation of 

cellulosic and lignocellulosic materials and have been well addressed in many publications 

(Bayer et al. 2007; Chen and Qiu 2010; Wilson 2009). It has long been documented that cellulase 

activity is not the activity of a single enzyme, but rather it is due to multiple cellulases working 

synergistically to efficiently solubilize crystalline cellulose (Lu et al. 2006). At least three 

categories of enzymes are required to convert cellulose into glucose: endo(1,4)-β-D glucanases 

(EC 3.2.1.4) that cut cellulose chains randomly, cellobiohydrolases (EC 3.2.1.91) which cleave 

cellobiosyl units from ends of cellulose chain, and β-glucosidases (EC 3.2.1.21) that convert 

cellobiose and soluble cellodextrins into glucose. Beside these three main groups, oxidative 

cellulases such cellobiose dehydrogenase and cellulose phosphorylases that hydrolyze cellulose 

using phosphates as an alternative to water may be involved in hydrolysis of cellulosic materials 

(Beguin and Aubert 1994; Murashima et al. 2002). The schematic synergism among different 

cellulose degrading enzymes is illustrated in Figure 2:   
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Engineering the stability and the activity of cellulases: Many enzymatic properties of 

cellulases, such as final product inhibition effect, synergy among the domains of the cellulase, 

pH tolerance, progressive versus non-progressive hydrolysis process, enzyme activity and 

chemical/thermal stability, besides the physical and chemical properties of cellulose substrate, 

directly influence the function of cellulase mixtures in degradation of biomass. It has been often 

reported that cellulases from thermophilic microorganism have greater performance in biomass 

conversion processes in comparison to their mesophilic counterparts (Szijarto et al. 2008; Viikari 

et al. 2007). In addition, at elevated temperatures chemical reactions happen faster, and at higher 

temperatures cellulosic and lignocellulosic biomass swells, which makes it easier to break down 

(Heinzelman et al. 2009). The ultimate goal in bioethanol production from cellulosic material is 

reaching the consolidated bioprocessing step which includes simultaneous enzyme production, 

saccharification and fermentation. Thermostable cellulases provide potential advantages in 

process configuration by allowing continuous ethanol evaporation and harvest at higher 

temperatures during fermentation that eliminates product inhibitory effects.  Utilization of 

Figure 2: Synergism among different cellulases to solubilize crystalline cellulose  
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thermostable enzymes in ethanol production leads to energy savings by reducing the cooling cost 

after steam pre-treatment and lowering the risk of contamination (Turner et al. 2007a; Viikari et 

al. 2007). Although many different thermophilic microorganisms have been reported to produce 

a cocktail of thermostable cellulases, commercial application of cellulases particularly in 

bioethanol industry still urgently needs a source of thermostable cellulases with enhanced 

stability in addition to efficient activity and broad ranges of pH values. Currently available 

products, are mixtures of fungal or bacterial cellulases that have effective temperature range of 

20°C to 50°C. Some success has been reported in improving the thermostability and activity of 

cellulase product by either site-directed mutagenesis or by cloning more thermostable 

endoglucanases into the mesophilic host (Brumm 2007 ). Still obtaining endoglucanases with 

high thermostability and simultaneously enhanced activity is now a great challenge in the field of 

bioethanol production (Alberghina 2000).   

Based on data collected from several studies on 3D structures of cellulases, protein 

engineering and biochemical/biophysical analyses of mutants and computational calculations, no 

single feature can be signified as the substantial thermostability factor in the thermostable and 

hyperthermostable proteins (Cobucci-Ponzano et al. 2011). However, some structural factors 

reported to contribute to the enhanced thermostability of proteins involve: (i) increase of intra-

protein hydrogen bond (Ahmad et al. 2008; Vogt and Argos 1997), (ii) increase in electrostatic 

interactions and ion pairs (Dzubiella 2008; Rachakonda et al. 2007) particularly in buried 

electrostatic network (Greaves and Warwicker 2009), (iii) enhancement of hydrophobic and 

aromatic interactions (Korkegian et al. 2005; Stepanenko et al. 2008) as well as tighter 

hydrophobic packing (Khoo et al. 2009), (iv) compactness of native conformation and absence of 

cavities (Consonni et al. 2007; Robinson-Rechavi et al. 2006), and (v) increase in the number 
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disulfide binds (Beeby et al. 2005; Vaz et al. 2006). Although a special amino acid composition 

cannot be generalized as a rule for thermophilic adaptation, in some studies, the frequencies of 

some amino acids are counted as a major influential factor in thermal stability of proteins 

(Sadeghi et al. 2006; Violot et al. 2005). Often, a combination of all these properties is 

responsible for creating thermotolerant enzymes. Furthermore, the interactions that stabilize the 

proteins are temperature dependent and new interactions at high temperatures will form to 

stabilize the proteins that may not be found at lower temperatures. However, significant 

connections among the original interactions in a protein crystal structure and their stability have 

been revealed in several reports (Szilagyi and Zavodszky 2000; Vieille and Zeikus 2001).  

Applications of computational methods in engineering of cellulases: To date, 

computation offers significant benefits in improving cellulase activity and increasing protein 

thermal stability (Heinzelman et al. 2009). Rosetta design (Korkegian et al. 2005) along with 

some other  high-throughput computational screening methods (Heinzelman et al. 2009) assisted 

the design of more thermally stable enzymes.  

There are two main general strategies for protein engineering and design. “Rational 

design” is a method based on detailed knowledge of the structure and function of the enzymes to 

make the preferred changes in protein structures. In fact, any method based on advanced analysis 

of structure and sequence of proteins for introduction of directed new changes in enzyme 

structure can be considered as protein rational design (or redesign). However, the number of 

conformations that a sequence of amino acids can hypothetically accept as well as the number of 

different sequences that can be matched to a particular conformation is enormous. Furthermore, 

many of these sequences and their related structures are differentiated only by relatively small 

differences in their energies (Hellinga 1997). 
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The other approach is known as “directed evolution”. This method is based on the 

random mutagenesis of genes and their combinations, and then expression of mutant proteins 

followed by screening at high-throughput level for the desired properties. In the next step, from 

the mutant library, the most functionally improved gene will be taken as a template for another 

round of mutagenesis/ expression/ screening, and these processes are repeated many times as 

needed to reach the desired level of enhancement in enzymes’ functionality (Jackel et al. 2008). 

Since the probabilities of finding one gene with the favorite properties enhance by increase in the 

number of mutants which are getting evaluated, it is the initial size of library that determines the 

level of success in the final results of a directed evolution experiment (Neylon 2004). 

Requirement of high-throughput screening is the weakness in directed evolution which is not 

practical for all proteins. Another method in addition to rational mutagenesis and directed 

evolution of enzyme stability is the purported method known as consensus approach. This 

method is based on multiple alignments of homologous protein sequences with inherent 

thermostability. The final consensus sequence is then replaced in some positions inside the 

original protein and the expressed protein is expected to give the desired trait (DiTursi et al. 

2006). Thermal stabilization of several proteins were studied and predicted by this method 

(Lehmann et al. 2002; Watanabe et al. 2006).  

Computational biochemistry and rational protein design: Protein rational design has 

been used in biotechnology and bioengineering vastly to improve the thermal stability and 

activity of natural and industrial enzymes. Protein rational design is considered as less 

experimentally intensive and less time and labor demanding, since the number of predicted 

mutations is by far less than that by the other methods such as the one based on random 

mutagenesis. In rational thermostability engineering, total content of hydrophobic or polar amino 
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acids, crystal structures among mesophilic and thermophilic and even psychrophilic enzymes 

beside the amino acid sequences may be compared to give information on the main parameters 

behind the enhanced stability. However, when the protein structures are solved and available, 

computational simulations can be applied to study protein folding/unfolding, thermal stability, 

substrate/inhibitor binding and study of active site properties and mechanism of enzyme 

functionality. Simulations provide information that is useful in planning mutations. In this PhD 

dissertation, three main simulation based methods including Molecular Dynamics (MD), 

Quantum Mechanics (QM) and hybrid Quantum Mechanics/ Molecular Mechanics (QM/MM) 

were used for to design mutations toward production of cellulases with enhanced activity and 

stability. In the rest of this introduction the factors involved in each of these theoretical methods 

are detailed.  

Molecular Dynamics (MD): A powerful and influential methodology for atomic level 

modeling and understanding of enzymes properties is Molecular Dynamics, which is one of the 

most extensively used computational method in chemistry, physics, and materials science. This 

technique studies the natural time progress and development of the molecular system. MD allows 

the prediction of static and dynamic properties of molecular organization based on intra-atomic 

interactions governing the system (Becker 2001). Molecular Dynamics (MD) calculates the time 

dependent behavior of a molecular system. Thus, it is able to answer some questions about the 

model system and its properties that are by far more difficult to be addressed using the 

experimental techniques on real systems (Karplus and McCammon 2002). In MD simulations, 

each atom is considered as a single point mass, and interactions between atoms are described by 

simple forces. Newton's equations can be used solve the atomic positions and velocities of atoms 
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at each time frame (Schlick 2002). Therefore, information on the level of fluctuations in both 

positions and velocities of systems can be provided by molecular dynamics (Becker 2001).  

Newtonian Molecular Dynamics: In its most simplistic form, Newton’s equation of 

motion states that: 	F m r , where “m” is the mass of particle “i”, r  represents the acceleration 

of that particle which is ∂^2	r ⁄ ∂^2	t  or the second derivative of position of particle i, and 

Fi is the force acting on the particle. Fi itself is determined by the potential energy function V(r): 

Fi = . Solving Newton’s equation of motion for a group of particles requires a numerical 

procedure for integrating the differential equation. Finite-difference method is the standard 

approach for solving ordinary differential equations, such as Newton’s equation of motion 

(Becker 2001). Using this approach, the velocities and atomic coordinates at a time t + Δt are 

acquired (to a sufficient degree of accuracy) from the atomics coordinates and velocities at the 

previous time t. Then Taylor expansion of the atomic position at time t + Δt as a function of time 

is used on a step-by-step basis to solve the Newton’s equation: 

r(t + Δt) =  r(t) + v(t)Δt + ½ a(t)Δt2 + ...   Eq. 1      

Where v(t) is velocity, and a(t) is acceleration. Now if rn designates the position of an atom at 

step n (or in the other word at time t), the Taylor expansion of Newton’s equation can be 

rewritten as: 

rn+1 = rn + vnΔt + ½ (Fn/m)Δt2 + O(Δt3)  Eq. 2 

O(Δtn) is the terms of order n or smaller. This equation is an integration algorithm (Becker 

2001). To solve this integration algorithm, Fn or potential energy, V(r), needs to be defined to 

describe the force. All standard simulation approaches are dependent on more or less empirical 

approximations called force fields (Kaminski et al. 2001; MacKerell et al. 1998) to compute 

interactions and calculate the potential energy of the system as a function of atomic coordinates. 
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A force field consists of forces from particle coordinates, a group of parameters and factors used 

in the equations, and the set of equations used to calculate the potential energies. Although these 

approximations of potential energies work well for most purposes in simulations of proteins, but 

they cannot represent the quantum effects such as the ones required for bond forming or 

breaking. All potential energies can be classified into two groups. Bonded interactions comprise 

covalent bond-stretching, angle-bending, torsion potentials when turning around bonds, and out-

of-plane “improper torsion” potentials, which are all typically fixed through a simulation. The 

other class of interactions is non-bonded interactions which include Lennard-Jones repulsion and 

attraction as well as Coulomb electrostatics (Cramer 2004; Kukol 2008). 

  

 

The periodic box: In the unit cell used for simulation of MD molecules, atoms near the 

edge of the box will experience quite different resultant forces from the atoms near the center of 

the box. Secondly, the atoms will be in motions if the temperature is non-zero. As the system 

progresses in the time, it is highly possible that one of the atoms diffuses (or evaporates) through 

the walls of simulation container and withdraws from the calculations. This has the undesirable 

effect of reducing the density of system (Hinchliffe 2008). To overcome this problem, normal 

molecular simulations use “periodic boundary conditions” or PBC, so that a water molecule that 

departures right side will reappears on the left side of a cell; if the box is adequately large, the 

            



 

bonds angles
angles
dihedral

pairs
nonbonded

b Dr

qq

r

C

r

A
nkkbbkV 21

612

2
0

2
0 cos1

2

1

2

1

2

1  r

   

Bonded-Interactions Non-bonded-Interactions 

Figure 3. Bonded terms involve in the potential energy and molecular mechanics force field. This tem 
includes bond stretching, angel bending and torsion potentials     



16 
 

atoms form one cell do not significantly interact with their periodic copies and each atom in a 

cell is under the influence of every other atom in that cell and all other cells. Now if required to 

calculate the forces on a particular atom to find its time-dependent motions, the pair potentials 

(interactions) of this atom with every other atom have to be considered and summed. This will 

give an infinite sum. Lennard-Jones can be summed over all neighbors in the resulting infinite 

periodic system with no problem since they decline rapidly and a simple cut-off may work for 

them. This cut-off distance is a sphere around the atoms that pair potentials can be neglected. 

 

For columbic interactions, any cut-off may cause a large error in calculations. Particle 

Mesh Ewald summation (PME) method is a solution to this problem to calculate the endless 

electrostatic interactions by splitting the summation into short- and long-range parts (Essmann et 

al. 1995; Kholmurodov et al. 2000). For PME, the role of cut-off is to control the balance 

between the two parts, and a "mesh" of charges (grid) in a reciprocal space is built through 

Fourier transforms to treat long-range parts. However, introducing cut-off distances makes a 

truncation and a drift in intermolecular potential energies which will cause the system to heat up 

during the simulation. The cut-off causes both discontinuity and lack of conservation in potential 

energies. To control this, the system is normally coupled to a thermostat (Berendsen et al. 1984; 

Nose 1984) which balances velocities during the integration to maintain the temperature. Also, 

by scaling the size of simulation box in x, y, and z dimensions or in a isotropic way (Andersen 
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1980; Heyes 1983; Karttunen et al. 1989; Toxvaerd 1993; Winkler et al. 1992) the total pressure 

of the system can be modulated. The most difficult stage of simulations is the calculation of non-

bonded interactions, since in each step millions of pairs of interactions have to be evaluated each 

time. So to enhance the efficiency of simulation performance, the time step usually is extended 

to 2 fs, although even at smaller time step (1 fs) errors are already introduced and bond 

vibrations are affected. However, in most simulations, the bond vibrations can be totally 

eliminated by presenting bond constraint algorithms such as SHAKE or LINCS (Hess et al. 

1997; Miyamoto and Kollman 1992). Constraints make it possible to extend time steps to 2 fs, 

and bonds with fixed length are expected to be better approximations of the quantum mechanical 

ground state properties than harmonic springs.  

Quantum Mechanics (QM): In 1946, Pauling (Pauling 1946) proposed that enzymes 

bind to the transition state more strongly and effectively than the reactant state, in this way, the 

enzymes are able to lower the free energy of activation. Nowadays, development of modern 

transition state theory, the advancement in simulation methods and computational algorithm, as 

well as availability of many structure of enzymes in complex with different substrates, inhibitors 

or in intermediate states, allows the atomistic level energy calculations to be performed in details 

toward the understanding of enzymatic mechanism (Gao et al. 2006; Garcia-Viloca et al. 2004). 

Electrons are represented explicitly in quantum mechanics calculations, so it is possible to 

acquire properties of the systems that rely on the electronic distribution, in particular, to 

investigate chemical reactions in which bonds are broken and formed. QM is a central approach 

in computational chemistry to model enzyme mechanism. QM, in three specific ways, 

contributes to these modelings (Gao and Truhlar 2002; Kukol 2008): 1) potential energy surface 

(PES) that can be calculated by electronic structural theory. PES provides details and effectively 
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treat the processes of bond forming and breaking, 2) precise estimation of the rate constant for 

enzyme reactions can be calculated by quantum mechanical (QM) treatment of vibrational 

motions, and 3) quantitative computation of kinetic isotope effects (KIE) by addition of “nuclear 

tunneling” into the QM calculations. KIE provides additional understanding of the enzyme 

mechanism and the transition states.  

Potential Energy Surface: The potential energy surface describes the energetic changes 

as a function of the variations in atomic coordinates, including thermal fluctuations and 

rearrangements of the chemical bonds (York and Lee 2009). In a simple case that a particle of 

mass m is constrained by the time and position dependent potential V(r,t), the time dependent 

equation of Schrödinger (Shankar 1994) states: 

      ‐i 	 , 	 ‐ Ψ	 r, t V r Ψ	 r, t        Eq. 4 

Ψ(r,t) is the wave function and a complex valued quality, and –iћ ∂/∂t is the energy operator. The 

Born-Oppenheimer approximation is a way to simplify the complicated Schrödinger equation for 

a molecule. In the Born-Oppenheimer approximation, since the nucleus is far heavier in mass 

compared to the electron, its motion can be neglected while solving the electronic Schrödinger 

equation (McQuarrie and Simon 1997; Que 2000).  

Ψmolecule = Ψelectron × Ψnuclei    Eq. 5 

Considering this approximation, the electronic and nuclear motions can be detached. The 

considerable smaller mass of the electrons makes them adapt to any change in the nuclear 

locations. Consequently, only the nuclear coordinates as the variables determine the energy of 

ground electronic state of a molecule. If some or all of the nuclei move then the energy will 

generally change. The new positioning of the nucleus may be the consequence of any 

molecular/atomic process such as a bond elongation or rotation or it could be the result of a 
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simultaneous change in the position of a large group of atoms. The types of fluctuations in the 

intra-atomic interactions (e.g. formation or cleavage of bond or isomerization) determine the 

extent and the size of rise or fall in the energy. These variations in the energy of a system can be 

measured as the movements on a multidimensional 

'surface' called the energy surface. Two and higher 

dimensional surfaces often show a new twist called a 

saddle point. Saddle points are a maximum in some 

variable and a minimum in the reminder. This one 

maximum point corresponds to transition state in the 

theories of reaction mechanism. 

Ab initio methods in QM calculation: Molecular Schrödinger equation associated with 

the molecular Hamiltonian can be solved with different quantum-chemical approximations. For 

many-body problems there is no 'exact' answer; therefore it is required to have some tools to 

decide that one proposed wave function is ‘better’ than another one. Methods for solving the 

equation that results directly from theoretical principles, with no inclusion of experimental data, 

are called ab initio methods; although do not certainly infer that the solution is a ‘correct’ one. 

These methods are still approximation of quantum mechanical calculation and are not an exact 

solution to the Schrödinger equation. Hartree–Fock (HF) approximation is the less complicated 

form of ab initio electronic structure calculation. This method is an extension of “molecular 

orbital theory”, in which the linked electron–electron repulsion is not exactly taken into account; 

and only its average impact on the system is comprised in the calculation (Jensen 2007). In HF 

method, a lone Slater determinant or a single N spin-orbitals are the approximation of N-body 

wave function in the time independent Schrödinger equation (Szabo and Ostlund 1996). The 
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Hartree–Fock method is also called the “self-consistent field method” (SCF). As the 

consequence of HF approximation, each particle behaves in the average filed created by all other 

particles. For molecules, Hartree–Fock is the central starting point for most ab initio quantum 

chemistry methods.  

Density Functional Theory (DFT): DFT is generally labeled as one of the ab initio 

methods in quantum chemistry for definition and determination of electronic structures of 

molecules, although parameters derived from experimental data play important roles in many of 

the most common ‘functionals’. DFT was originally attested by Hohenberg and Kohn (Ernzerhof 

and Scuseria 2000), in which the ground state electronic energy is determined completely by the 

electro density ρ rather than the wave function. In the other word there is a one-to-one correlation 

between the electron densities of the systems and its energy (Jensen 2007). In Hartree-Fock 

theory, the multi-electron wave function is presented by a Slater determinant assembled from a 

set of N single-electron wave functions (N is the number of electrons in the molecule). Single-

electron functions are also reflected in DFT. However, while Hartree-Fock theory calculates the 

full N-electron wave function, density functional theory only tries to compute the total electronic 

energy and the overall electronic density distribution.  

 Basis sets: Introduction of ‘basis sets’ is one of the main approximations in basically all 

ab initio methods. In fact, it is not an approximation if an unknown function such as molecular 

orbital is expanded into a linear set of the known functions if the basis set is complete; but a 

complete basis set is theoretically impossible to achieve in an actual calculation since it means 

that an endless number of functions have to be combined. On the other hand, when a limited 

basis set is used only the element of molecular orbital relating to the selected basis function can 

be characterized. The smaller basis set leads to the weak representation of molecular orbital 
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(Jensen 2007). The accuracy of approximation is also dependent on the type of basis function. 

STO-nG is one of the most commonly and widely used basis set (n is an integer). The number of 

‘Gaussian primitive functions’ with a single basis function is indicated in the “n” value. Minimal 

basis sets are definitely cheaper than their larger ones, but generally give coarse results that are 

inadequate for research-quality publication. Multiple basis functions related to each valence 

atomic orbital make basis functions known as ‘valence basis sets’ and are usually considered as 

the large basis sets. Different spatial levels are usually assigned to different orbitals of the split. 

Therefore, spatial level of each electron density can be modulated properly to the certain 

molecular setting by any combination of orbitals. The arrangement of the split-valence basis sets 

is classically given by X-YZg, where X signifies the number of ‘primitive Gaussians’ comprising 

each core atomic orbital basis function. The Y and Z designate that the valence orbitals are 

comprised of two basis functions each. Among most commonly used split-valence basis sets of 

this type are: 3-21G* (Polarized Hudrogen), 3-21+G (+ for Diffuse functions), 3-21+G* (with 

polarization and diffuse functions), 6-31G*, 6-31+G*, 6-31G(3df, 3pd), 6-311+G* (Cramer 

2004; Jensen 2007).    

Semi-empirical and empirical methods: The ab initio methods explained above is an 

expensive process for our purpose in enzymatic systems. The cheaper method particularly for 

enzymatic systems and high number of energy evaluations is the simplified version of the HF-

SCF equations in such a way that the molecular orbitals and the energy can be calculated faster 

and easier. These methods are known as semi-empirical methods. The largest time required in 

HF-SCF calculation is invariably spent on calculating and manipulating integrals. Therefore, 

ignoring or even approximating some of these integrals, significantly reduce the computational 

cost of calculations. Semi-empirical methods attain this goal by only taking into account the 
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valence electrons of the system; and the core electrons are incorporated into the nuclear core. 

Semi-empirical calculations are much faster than their ab initio counterparts. However, if there is 

not enough similarity between the model molecules and the molecules in the database used to 

parameterize and characterize this method, the result of quantum mechanical calculation based 

on semi-empirical method may be too far from the accurate values. In some semi-empirical 

methods such as MINDO, MNDO (Dewar and Thiel 1977), AM1 (Dewar et al. 1985), PM3 

(Stewart 1989a; Stewart 1989b), RM1 (Rocha et al. 2006), PM6 (Stewart 2007) and SAM1, the 

goal is to use parameterizations to fit experimental heats of formation, geometries, ionization 

potentials and dipole moments. 

Hybrid Quantum Mechanics/Molecular Mechanics (QM/MM): In most of chemical 

reactions, only a small number of atoms contribute directly in bond forming or breaking 

processes. The other atoms in the system do not experience changes in electronic construction, 

but instead assist as an electrostatic environment to affect the physical and chemical properties of 

active site and reactivity of residues in the binding pocket. Although QM (quantum-mechanical) 

is a very powerful method in computational chemistry, they are computationally expensive, 

while the MM (molecular mechanics) methods 

are fast but with several limitations, such as 

requirement of wide parameterization; vagueness 

of energy values obtained through energy 

optimization; being incompatible for studying 

reactions where covalent bonds are 

broken/formed; and incapability to provide any 

precise data on the details of chemical 
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environment (Senn and Thiel 2007). To overcome these limitations of both methods, the good 

features of QM (accuracy) and MM (speed) can be combined in a method known as mixed or 

hybrid quantum-mechanical and molecular mechanics methods (hybrid QM/MM). The QM and 

MM region are related usually by link atoms (dummy atoms or hydrogen atoms) that defines the 

boundary of these two parts (Sherwood 2000). The link atoms are added to QM region and are 

invisible to MM calculation. The potential energies in hybrid QM/MM can be expressed in two 

ways: 1) additive scheme: EQM/MM=EQM+EMM-EQM-MM, where EQM-MM describes the interaction 

between two MM and QM regions. If the electrostatic interactions between the QM and MM 

region are considered at MM level, which is simpler, EQM/MM will be calculated based on 

mechanical embedding (ME). In the other case, if the electrostatic interactions between the 

subsystems are treated at more advanced level by including certain-one electron terms in the QM 

Hamiltonian, the calculation of EQM/MM is considered at electrical embedding (EE) which is 

further accurate but computationally more expensive (Lin and Truhlar 2007). 2) Subtractive 

method: this method, developed by Morokuma and coworkers (Vreven and Morokuma 2006), is 

known as ONIOM, and it is an extrapolation on QM/MM expression: 

EONIOM=Emodel,QM+Ereal,MM–Emodel,MM, where real and model refer to the full system and QM 

region respectively. Ereal,MM–Emodel,MM describes both MM region and interactions between two 

regions. Another and more accurate expression of ONIOM system is: EONIOM=Emodel,high+Ereal,low–

Emodel,low , in this expression high and low are no longer restricted to QM and MM, so that the 

current QM methods can also be combined with any other QM methods to form QM/MM and 

interactions between layers is included in low level method and electrical embedding can be 

incorporated to the ONIOM calculation as well.    
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Abstract 

Thermostable enzymes that hydrolyze lignocellulosic materials provide potential advantages in 

process configuration and enhancement of production efficiency over their mesophilic 

counterparts in the bioethanol industry. In this study, the dynamics of β-1,4-endoglucanases (EC: 

3.2.1.4) from family 5 of glycoside hydrolases (GH5) were investigated computationally. The 

conformational flexibility of twelve GH5 cellulases, ranging from psychrophilic to 

hyperthermophilic, was investigated by molecular dynamics (MD) simulations at elevated 

temperatures. The results indicated that the protein flexibility and optimum activity temperatures 

are appreciably correlated. Intra-protein interactions, packing density and solvent accessible area 

were further examined in crystal structures to investigate factors that are possibly involved in 

higher rigidity of thermostable cellulases. The MD simulations and the rules learned from 

analyses of stabilizing factors were used in design of mutations toward the thermostabilization of 

cellulase C, one of the GH5 endoglucanases. This enzyme was successfully stabilized both 

chemically and thermally by introduction of a new disulfide cross-link to its highly mobile 56-

amino acid subdomain. 

 

Key words: endoglucanases; molecular dynamics; thermal stability; enzyme engineering; 

mutagenesis; cellulase 
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Introduction 

In the cellulosic ethanol industry hydrolysis of lignocellulosic materials to fermentable 

sugars is catalyzed by cellulases. To improve the degradation efficiency of hydrolysis, two 

approaches are being used in parallel, including optimization of the pretreatment processes to 

enhance enzyme penetration to lignocellulosic materials as well as development of cellulolytic 

enzymes with improved activity and stability to reduce the necessity of pretreatment steps. 

Thermostable cellulases and lignocellulases provide a unique opportunity in cellulosic ethanol 

production by reducing the risk of contamination (mainly bacterial contamination such as 

Latobacillus sp. and Acetobacter) (Katakura et al. 2011) and saving energy by eliminating the 

cooling step after thermal pre-treatment (Turner et al. 2007b; Yeoman et al. 2010). On the other 

hand cellulase production compared to amylase production required for corn-based ethanol is 

considered to be a far more expensive step, accounting for more than 25% of the total processing 

cost (Eijsink et al. 2008; Lynd et al. 2008). Therefore, discovering and engineering of cellulases 

with high activity and enhanced stability are now considered as a big challenge in the field of 

cellulosic ethanol production. 

Protein stability is defined  by several stabilizing and destabilizing interactions that sum 

to 5–20 kcal/mol difference in free energy between the native and denatured state (Kamerzell 

and Middaugh 2008). These intra-protein interactions control protein dynamics including local 

fluctuations of individual atoms or groups and large-scale protein motions. Both local and global 

conformational flexibility are considered to be significant for protein function and stability. 

Growing evidence points toward a complicated system of coupling between both rigid and 

flexible regions of a protein which lead to both increases and decreases in stability. Eijsink et al. 

(2004) noted that despite numerous studies on parameters that shape protein stability, we are still 
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far from a consensus as to how structural context controls the stabilizing effects of any mutation. 

However, it has been well addressed from rational design of stabilizing mutations that thermal 

stability is very likely to be directed by some local fluctuation and partial unfolding (partial 

destabilization/flexibilization), which may depend on cooperativity in large parts of a protein 

(Eijsink et al. 2004). Furthermore, the stability/activity trade-off, considered to be forced by 

evolution on the proteins, is now challenged by observations that rigidifying regions distant from 

active site produce a protein that is simultaneously highly and active highly stable (Eijsink et al. 

2004).    

Among various methods used in stability studies, molecular dynamics (MD) simulation 

offers a great opportunity to investigate thermostability of proteins by characterizing the 

dynamics of atomic-level resolution structures during the protein unfolding process. Due to the 

long time scale of unfolding processes, highly elevated temperature (much above Tm) has been 

extensively used in most stability studies to enable observation of unfolding in an accessible 

computational time frame. High temperature simulation is based on the assumption that proteins 

follow Arrhenius behavior during thermal unfolding such that by increasing the temperature, the 

rate of unfolding is increased but there is no change in the unfolding pathway (Beck and Daggett 

2004; Day et al. 2002).  

Endo-β(1-4)-glucan hydrolases or endoglucanases (E.C 3.2.1.4), commonly known as 

cellulases, are distributed in 16 of the 118 families of glycoside hydrolases. Family 5 of 

glycoside hydrolases is a highly divergent family in terms of function with a large number of 

members, so far including more than 240 different endoglucanases (CAZy database, 

www.cazy.org). Members of this family have a very low sequence identity, and just eight amino-

acids are conserved (Wang et al. 1993a). Based on hydrophobic cluster analysis, GH5 falls into 
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clan A of glycoside hydrolases, which are also referred to as 4/7 superfamily with an overall 

(α/β)8 fold for the catalytic domain. Members of this superfamily cleave glycosidic bonds 

through a retaining mechanism involving a general acid-base hydrolysis in which two strictly 

conserved carboxylates (usually two glutamates) located at the C-terminus of β-strands 4 and 7, 

catalyze the reaction. This family was selected for this study because a large number of three-

dimensional (3D) structures of the catalytic core domain are available, with a wide range in 

temperature stability, ranging from psychrophilic enzymes to hyperthermostable ones. Up to 

now, the structures of twelve endoglucanases in GH5 are available in the protein data bank 

(PDB). Selected properties of these proteins are summarized in Table I. Alignment of their 

sequences is given in Figure 1. To avoid any confusion, each enzyme is referred to by its PDB 

code in the rest of paper. The members of GH5 are divided into at least 10 subfamilies with a 

length of ~300-400 amino acids and their crystal structure diameter in average is about 47Å. The 

enzymes in all subfamilies of GH5 are functional in their monomeric forms. 

In this study, we applied molecular dynamics simulation to study the overall and local 

flexibility of GH5 β-endoglucanases and design thermostabilizing mutations in a GH5 cellulase. 

Prior to this study, some other research groups investigated the degree of rigidity and stability in 

enzymes of other GH families computationally or experimentally (Purmonen et al. 2007; 

Sandgren et al. 2003). Although the thermostability of some enzymes in GH5 has been studied to 

some extent, to our knowledge no comprehensive and comparative studies on the thermostability 

and unfolding properties of GH5 enzymes have been performed. These computational studies 

provide an overall view of unfolding similarities and differences and a better understanding of 

the nature of thermal stability in this group of proteins. These data along with the analysis of 
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internal interactions of endoglucanase structures guided our design of new stabilizing mutations 

in a member of GH5 endoglucanases.  

Methods 

MD Simulation: For each endoglucanase, the native structure with the highest resolution 

was selected from the PDB.  In case more than one molecule of protein was reported in the 

crystal structure, chain A was taken for simulation. Atomic interactions were defined with 

Amber ff03 (Ponder and Case 2003). The proteins were placed in a TIP3P water rectangular box 

(Jorgensen et al. 1983) with  no less than 12 Å from the edge of the water box to the nearest 

protein atom. All systems had a net negative charge and were neutralized by addition of sodium 

ions. Simulations were performed using canonical NVT or NPT ensembles, though at 

temperatures over 500K using an NPT ensemble was not feasible. Temperature was held 

constant by coupling the system to an external bath at the chosen temperature, using a Berendsen 

thermostat (Berendsen et al. 1984). A cutoff of 9 Å was used for non-bonded interactions and the 

particle mesh Ewald method (Darden et al. 1993) was employed to treat Coulomb interactions. 

The bond distances and angles of the solvent were constrained using the SETTLE algorithm 

(Miyamoto and Kollman 1992). Covalently bonded hydrogen distances were restrained using the 

SHAKE algorithm (Ryckaert et al. 1977). Prior to minimization, the protein was kept fixed using 

the belly option of Amber, and the rest of system including water and ion molecules was allowed 

to equilibrate for 100 ps at room temperature and constant pressure. The equilibrated system was 

subjected to minimization in two steps to remove any inappropriate contacts. Then the 

temperature of the system was increased gradually from zero Kelvin to 300K with a coupling 

time of 0.5 fs to make sure that the central temperature of the protein was the same as the 

external bath. Then the whole system was equilibrated at 300K for 100 ps. All simulations at 
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300K and higher temperatures were performed using these equilibrated structures as the initial 

coordinates. These structures also were used as reference structures for root mean square 

deviation (RMSD) calculations. Thermal denaturation was simulated for at least 10 ns at 400K 

and 500K, with the simulation at 300K being considered as a control. The magnitude of the time 

step at 300K was 2 fs, and at temperatures over 300K it was 1 fs. The results were analyzed 

using the Amber module, ptraj. Secondary structures during the simulation were analyzed using 

the Dictionary of Protein Secondary Structure (DSSP) (Kabsch and Sander 1983). Protein 

Interaction Calculator (PIC) (Tina et al. 2007) was used to determine the intra-protein 

interactions in enzyme structures in order to compare the dominant interactions in thermostable 

and mesostable endoglucanases. The internal packing density was calculated using Voronoia 

(Rother et al. 2009) with a minimum grid distance of 0.2 Å.    

Mutagenesis of Cellulase C: The gene of cellulase C (CelC) was a generous gift of 

Pierre Beguin (Institut Pasteur, Paris, France) (Petre et al. 1986). The gene was subcloned at the 

NheI-BamHI site of the pET28a(+) (Novagen, Gibbstown, NJ) expression vector and 

transformed to Rosetta-gami™ 2(DE3) E.coli strain (Novagen). The mutageneses were 

performed using QuikChange Lightning multi Site-Directed Mutagenesis Kit (Agilent #210515). 

The oligonucleotides for mutagenesis were provided by Integrated DNA Technologies 

(Coralville, IA) and the sequences of mutated genes were confirmed by sequencing in both 

directions at the Core Laboratory Facility of the Virginia Bioinformatics Institute (Blacksburg, 

VA).  Candidate residues to mutate to cysteine for the formation of disulfide bonds were picked 

based on the outcome of MD simulations and the computer programs Disulfide by Design 

(Dombkowski 2003) and DSDBASE-MODIP (Dani et al. 2003; Vinayagam et al. 2004). These 

programs select potential sites based on a series of conformational and energy constraints 
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derived from disulfide bond dihedral angles of Cβ1-Sγ1-Sγ2-Cβ2 and Cα-Cβ-S angle tolerance in 

proteins for which the 3D structure has been determined. 

Expression and purification:  Transformed Rosetta-gami2 strains were grown on LB 

agar in the presence of 12.5 mg/l tetracycline, 34 mg/l chloramphenicol, 50 mg/l streptomycin 

and 50 mg/l Kanamycin. Then positively transformed cells were grown in LB+Cam/Kan media 

at 27°C at 180 rpm to an OD600 of 0.6. CelC expression was induced by adding IPTG at a final 

concentration of 500 μM to the media and growth was continued overnight at the same 

temperature and shaking speed. The cultures were centrifuged to remove supernatant, and 

resuspended cells were lysed using a French Press in the presence of protease inhibitor cocktail 

(AMRESCO Inc., Solon, OH) in 30ml of 50 mM succinate buffer, pH 6.0 (Navas and Beguin 

1992). Cell debris was removed by centrifugation at 12000 × g at 4°C and filtering the 

supernatants through a 0.2 μm filter. The filtrate was heated for 10 min at 50°C to coagulate 

most of the E. coli proteins. The protein solution then was immediately cooled down, and 

aggregated proteins were removed by centrifugation at 12000 × g for 30 min at 4°C. Wild type 

and mutant CelC were expressed with a 6His-tag at the N-terminal end which was used for 

purification using Ni2+ chelation chromatography (Ni-NTA His.Bind Resins, Novagen) 

following the procedure described by Kittur et al. (Kittur et al. 2007). The final protein fractions 

were desalted using Sephadex G25 (PD-10 column, GE Healthcare, Piscataway, NJ). The 

molecular weight of Cellulase C (~43 KD) and its purity (~95%) were verified using SDS-

PAGE.  

Verification of disulfide bond formation: Purified disulfide+ mutant protein was 

examined quantitatively for the formation of a disulfide bond using 5,5'-dithiobis (2-nitrobenzoic 

acid) (DTNB) which reacts specifically with free sulfhydryl groups of enzymes (Ellman 1959). 
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Two protein samples of disulfide+ mutant at 2.0 mg/ml concentration in 100 mM phosphate 

buffer, pH 8.0, were incubated at 37°C for 2 hours, where one of the samples was treated with 

dithiothreitol (DTT) at a final concentration of 100mM. Then both samples were dialyzed 

overnight against PBS (100mM, pH 8.0). At the end of dialysis, samples were analyzed to verify 

the enzyme concentrations. In a 96-well plate, 300 μl of denaturing buffer (5M guanidine HCl in 

PBS) was mixed with 10 μl DTNB (final concentration of 125 μg/ml), then to each well 10 μl of 

the above reduced or non-reduced enzyme was added and the reaction was allowed to proceed at 

37°C for 10 min (when the absorbance had stabilized). The subsequent release of the aromatic 

thiolate can be monitored quantitatively by measuring the absorbance at 412 nm.  Using a 

calibration curve with acetyl cysteine under the same conditions, the number of free sulfhydryl 

groups in the protein was calculated (Simpson 2002). The experiment was independently 

repeated three times.                        

Activity and stability examinations: The catalytic activity and kinetics parameters of the 

enzyme were assayed in 50 mM succinate buffer at pH 6.0 at different 4-nitrophenyl β-D-

cellobioside (pNPC) concentrations. After a period of 10 min incubation of enzyme and 

substrate, released 4-nitrophenol was monitored at 405 nm at 37°C using a JASCO-700 

spectrophotometer. Enzyme stability was analyzed by measuring the residual activity as a 

function of temperature as well as time at elevated temperatures. In addition, the chemical 

stability of proteins was examined at high concentrations of guanidine HCl.  The thermal activity 

profiles for wt and mutant enzymes were established by measuring specific enzyme activity in a 

20°-80°C temperature range at 0.05mM pNPC concentration in pre-equilibrated buffer using a 

thermocycler (Mastercycler gradient, Eppendorf, Hauppauge, NY) with 250 μl thin-wall vials for 

fast heat transfer. Decay of enzyme activity over time at 65°C for the mutants and wild type 
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enzymes in buffer was monitored by incubating aliquots of 10μg/ml concentration of proteins at 

65°C and measuring remaining activity at a series of time-points. Furthermore, thermal 

unfolding curves and the apparent melting temperatures were determined by UV circular 

dichroism (CD) (J815, Jasco, United Kingdom) measurements at 220 nm from 40° to 90°C with 

a heating rate of 1°C/min. Protein concentration for all samples was fixed at 0.2 mg/ml at 20mM 

tris buffer pH 7.2.   

Irreversible denaturation by guanidine hydrochloride was assayed by incubating 10μg of 

protein in 1ml 20mM, pH 7.2, tris buffer at different guanidine HCl concentrations (0-5 M) for 

1.5h at room temperature.  Residual activity was expressed as percentage of the initial activity at 

37°C. The solutions of denatured protein were also dialyzed against succinate buffer for 20h at 

4°C to monitor irreversibility of chemical denaturation; for wt and mutant proteins only 9% and 

11% of initial activities were restored, respectively.    

Results and Discussion 

The purpose of this study was to reveal the main factors that shape the thermal stability in 

GH5 endoglucanases and then design mutations with improved thermal stability based on what 

we learned from MD simulations.         

MD simulation: The simulation at 300K was used as a control for other simulations at 

elevated temperatures of 400, 500 and 600K. Simulations above 500K were only practicable 

with NVT ensembles using AMBER ff03. The 12 GH5 endoglucanase structures maintained 

their folds during 14 ns at 300K with the range of RMSD of 1.15-1.75Å for the backbone at the 

end of simulations. In Figure 2, the RMSDs and root mean square fluctuations (RMSFs) of two 

GH5 endoglucanases, 1G01 and 1ECE, with 45°C (318K) and 81°C (354K) as the optimum 

activity temperature (OAT) respectively, are exemplified at 300, 400 and 500K.  In addition, the 
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corresponding analyses of secondary structure content at 600K are also illustrated (Figure 2E and 

2F). Even at low temperatures (300K), mesostable 1G01 obviously displayed higher structural 

flexibility in comparison to hyperthermostable 1ECE.  In Figure 3, the average RMSD over 10 

ns of simulation is plotted against OAT for each studied cellulase at each temperature of 

simulation (300, 400 and 500K). Interestingly, by increasing the temperature from 300 to 500K, 

the correlation between the fluctuation of proteins and their corresponding OAT increased, 

perhaps due to the wider range of changes in RMSD.  

The relationship between protein flexibility and stability for some homologous proteins 

that differ in OAT has been studied previously. Purmonen et al (Purmonen et al. 2007) reported 

growth temperature optimums of microorganisms producing  xylanases of GH11 (with overall 

identity of 15%) as a function of average RMS deviation values of that 12 structures collected 

during the 4.5 ns simulation at 600K with about 58% correlation. The remarkable point of our 

study is that despite very low total identity, only eight identical residues among the GH5 

endoglucanases (Figure 1), there is a significant correlation in protein stability, as monitored by 

RMSD, particularly at high temperatures (Figure 3).  

Exploration of RMSF of secondary structures at non-denaturing temperature (300K) 

(Figure S1A) illustrates considerably higher flexibility of α-helices relative to eight central β-

strands (by 29% in average in all studied structures ranging from 7% to 43%). This can be 

explained by higher hydrophobic interaction in the core of proteins. The fluctuation of β-strands 

is not correlated to OAT, while interestingly RMSF of the eight central α-helices of 

endoglucanases presents about 60% correlation to OAT, indicating the enzymes with higher 

thermostability may have less fluctuation within the helices (Figure S1B). Further details of the 

unfolding process of the proteins were obtained by monitoring the loss of particular secondary 
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structural elements during simulation especially at high temperatures, since at lower 

temperatures no significant changes in secondary structures were observed during the MD 

simulations. The DSSP analyses at 600K (Figure 2E, 2F and S2) documented a very similar 

hierarchy in the disappearance of secondary structures among these non-identical enzymes. The 

melting rate of each helix is associated to the transition rate of its corresponded strand in the way 

that each α-helix and its contiguous strand (αi and βi+1) make a short motif that behaves almost 

autonomously at high temperatures toward denaturation (Figure S2). The α5 is the smallest and 

least stable helix in the structure of all twelve studied enzymes, typically with one turn of α-helix 

that is replaced by a 310 helix in the case of 1CEC or by a turn/coil in the cases of 2ZUM and 

1ECE, to produce a very large loop. α1 at the N-terminal and α8 at the C-terminal ends are the 

next most flexible helices. α3 and α4 are the most stable helices during simulation at 600K 

followed by α6 and α7. These helices (α3- α4 and α6- α7) are connected to β4 and β7 where the 

two conserved catalytic glutamate residues are located (proton donor glutamate at the end of β4 

and nucleophilic glutamate at the β7), which may explain the stability of these helices. As a 

general rule, though not exclusive, the range of stability of secondary structure among GH5 

endoglucanases was observed as α4 > α7 > (α3, α2) > α6 > α1 > α8 > α5 for α-helices and (β4, 

β3) > β2 > (β6, β5) > β1 > β7 > β8 for β-strands. RMSF analysis during simulations at all 

temperatures demonstrated that the conserved residues positioned at the end of β-strands have 

the lowest fluctuation among amino acids in all endoglucanases (Figure 2C and 2D for RMSF of 

1G01 and 1ECE, respectively).  

Analyses of accessible surface area: In general, it is believed that a decrease in protein-

solvent contact area is favorable for protein stability. When water penetrates into the interior of a 

protein, it can make hydrogen bonds to the main chain and side chains of residues, which limits 
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their hydrogen bond interactions to other residues, thereby weakening the internal protein 

interactions (Fleming and Rose 2005). For each of the 12 endoglucanases, the initial 

hydrophobic and hydrophilic Solvent Accessible Surface Areas (SASA), roughly associated with 

buried and exposed SASA respectively, were calculated. The normalized values of SASA 

(divided by the number of residues of each enzyme) were plotted against OAT. As shown in 

Figure 4, there was little correlation between the hydrophobic SASA and OAT, while there is a 

significant correlation for hydrophilic SASA.  From the graph, we also note that thermophilic 

GH5 endoglucanases present significantly less hydrophilic SASA than their mesophilic 

counterparts; in other words thermostable enzymes gain the greater level of surface packing 

instead of internal packing by reducing the hydrophilic SASA (hydrophobic SASA remains 

unaffected from mesophilic to thermophilic ones). 

Analyses of internal interactions: The structural parameters that may contribute to 

higher rigidity of thermostable cellulases were analyzed. Table II summarizes the coefficient of 

determination, R2, for linear regression of calculated structural properties and amino acid 

contents of GH5 endoglucanases against OATs (more details can be found in supplementary 

materials). Hydrogen bonds among side-chains of residues present ~74% correlation to OAT of 

enzymes (Table II), while this correlation for side-chain/main-chain and main-chain/main-chain 

hydrogen bonds was not apparent, probably because these factors changed very little among the 

enzymes that we studied ). However, this considerable correlation among the side chains cannot 

be linked to the incidence of residues with polar side chains that can act as proton donor and 

acceptor (Table II), nor to the internal packing density in GH5 endoglucanases (Table II), in 

agreement with other reports on thermostable enzymes (Berezovsky and Shakhnovich 2005; 

Vogt and Argos 1997). Coleman and Sharp (Coleman and Sharp 2010a; Coleman and Sharp 
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2010b) defined the atom burial depth as the distance of the atom to the nearest point on the 

molecular surface. The mean burial depth calculated for GH5 endoglucanases using the method 

developed by Coleman and Sharp (Coleman and Sharp 2010a; Coleman and Sharp 2010b), 

displays 71.7% correlation to OATs (Table II).  The result, in agreement with data of analysis of 

SASA, indicates that thermostable and hyperthermostable cellulases have more buried atoms 

than mesostable ones, which could result from higher “sphericity” and greater surface packing 

which may also explain the increased polar contact and side-chain/side-chain hydrogen bonds in 

thermostable enzymes.   

The contribution of electrostatic interactions was  assessed by determining the exposed 

and buried ion pairs within a 6Å cut-off within the GH5 endoglucanases (Table II). Surprisingly, 

the total and exposed ionic interactions do not establish any correlation to OAT, whereas buried 

interactions (ASA<7%) of this kind, correlate well (63% correlation) with activity temperatures. 

Furthermore, in a comprehensive survey, Szilágyi et al. (Szilagyi and Zavodszky 2000) reported 

that stronger salt bridges (≤4Å distance) occur at higher frequency in thermostable proteins than 

in mesostable ones relative to long-rang ionic interactions. In our study, the analysis of total and 

exposed ion pairs within a 4Å cut-off among the GH5 endoglucanases did not improve the 

correlation with OAT (Table II).  

Disulfide bonds always are accompanied by dual effects on protein stability. These bonds 

stabilize both folded and unfolded states of a protein enthalpically (2.5-8 kcal/mol) (Clarke et al. 

1995), but concurrently they reduce the entropy of both states (Pace et al. 1988) and it is 

enthalpy-entropy compensation that determines the final cross-link stabilization effect. The 

number of cysteines and half cystines for each GH5 endoglucanase are reported in Table I and 

the probability of finding at least one or two disulfide bonds in enzymes with OAT below and 
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above 50°C is indicated in Table II. In contrast to disulfide bonds, free cysteines are known as a 

source of instability of native structures and irreversibility of unfolding (di Patti et al. 2000; 

Fremaux et al. 2002) in proteins from microorganisms adapted to aerobic environments since 

free thiols mediate formation of incorrect intra- and inter-molecular disulfide bonds or favor 

disulfide exchange, thus leading to improper refolding and protein aggregation. In the studied 

glycoside hydrolases, 5, 7 and 2 free cysteines can be found in 1CEC, 1EDG and 3L55, 

respectively. These proteins are from strictly anaerobic cellulolytic bacteria (Table I), where 

cysteine is the preferred reducing agent because of its low toxicity.  

Design of a thermal stabilizing mutant: To explore the capability of MD simulations in 

rational design of thermostabilizing mutations based on what we learned from the trends of intra-

protein interactions among the studied GH5 endoglucanases, cellulase C from C. thermocellum 

(PDB code: 1CEC) (Dominguez et al. 1995), one of the GH5 endoglucanases with optimal 

activity at 55-60°C, was selected as a model in our study and its MD trajectories at different 

temperatures were analyzed extensively. Being a moderately stable cellulase makes this enzyme 

a good candidate for thermostabilization. Our goal was to introduce mutations that reduced the 

fluctuation of all or parts of the enzyme and to study the influence of the mutations on thermal 

stability. This approach has been applied successfully to haloalkane dehalogenase (Pikkemaat et 

al. 2002) and glucoamylase from Aspergillus awamori (Liu and Wang 2003) to increase their 

stability.  Root mean square fluctuation (RMSF) analysis of wild type Cellulase C during 12 ns 

simulation at 300K (Figure 5A) reveals two highly flexible regions in the protein that affected 

the global fluctuation of the protein. These two areas are a loop consisting of residues 95-103 

and the 56-amino acid subdomain (Figure 6). Loop 95-103 is missing in the original crystal 

structure of 1CEC but was built into the protein fold using Modloop (Fiser and Sali 2003) based 
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on ab-initio loop refinement in Modeller 9v7 (Marti-Renom et al. 2000). This loop with its high 

flexibility seems to have a very important role in substrate binding and hydrolysis (Dominguez et 

al. 1996) and has two specific binary states, open and closed, in the absence and presence of 

substrate, respectively (manuscript in preparation). This movement affects the orientation of the 

main chain and side chains of neighboring residues (residue 90-95) (Dominguez et al. 1996) 

including His90, one of the conserved amino acids in GH5. Based on this information, we 

concluded that stabilization of this loop may have an adverse effect on the activity of the 

enzyme.  

The 56-residue subdomain (Figure 6) is well formed and contains 4 α-helices and a two-

stranded β-sheet, inserted between strand 6 and helix 6 of the barrel, near the substrate binding 

cleft. This subdomain is only present in enzymes belonging to subfamily 3 of family 5 cellulases. 

Simulations at elevated temperatures revealed a great sensitivity of this subdomain to high 

temperatures, and it displayed higher RMSF at 500K and 600K in comparison to the loop 

involving residues 95-103. DSSP analysis of the secondary structure changes at 600K (Figure 

5B) indicated that this subdomain lost its well-formed fold at a very early stage of simulation 

(50ps). The high fluctuation of this domain and its detachment from the active site and conserved 

residues made it a good target for stabilization. In figure 5A the experimental RMSF (calculated 

using RMSF2 = 3B/8π2, where B is the temperature factor of 1CEC backbone) is compared to 

RMSF from the simulations. Although the experimental and theoretical values of thermal 

fluctuation agree in most parts of CelC structure, the mobility of the subdomain region (mainly 

220-250) could not be observed from temperature factors. Since B-factor measures both thermal 

fluctuations and the intrinsic disorder within the crystal, the differences of fluctuation between 

simulation and experiment may reflect the crystal lattice packing effects, which can reduce the 
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flexibility of the parts involved in the crystal contact (Eastman et al. 1999). This comparison of 

theoretical and experimental B-factors along some other studies (Di Fenza et al. 2009; Pikkemaat 

et al. 2002) emphasize the limitation of X-ray crystallography in determination of flexibility of 

proteins in solution.  

These kinds of floppy regions in protein structures produce a local perturbation inside the 

complex network of non-covalent connections and often trigger protein unfolding under 

denaturing conditions. Among different approaches employed to target these weak links by 

stabilizing mutagenesis (Eijsink et al. 2001; van den Burg and Eijsink 2002), introduction of a 

cross-link,  particularly a disulfide bond, is an attractive method for improving stability because 

of its considerable stabilization potential and comparatively well-defined conformational 

determinants, but this strategy has been applied with mixed results. However several studies 

provided evidences that in order to obtain a disulfide bond that positively contributes to the 

stability of a protein, the cross-link should preferably be introduced in a flexible region, and a 

new crosslink in parts of the protein that are still fully formed does not contribute much to 

protein stability (Clarke and Fersht 1993; Eijsink et al. 2001). In view of that, the 56-residue 

subdomain of CelC was considered as a prime target for introduction of a new disulfide bond for 

stabilization. Probing for the sites of double mutations appropriate for disulfide bonds in the 

subdomain (Dombkowski 2003) using the maximum possible deviation of Cβ-Sγ-Sγ-Cβ (χ3) 

dihedral angles and Cα-Cβ-S angles in each mutated residue, revealed two pairs of possible 

candidates. One can be formed between Y225C and S291C, and the other one is a potential 

disulfide bond between I232C and N249C. The Y225C-S291C bond (Figure 6) connects the 

center of the subdomain loop to the C-terminus of α7 of the main domain and is expected to have 

a large stabilizing effect (due to favorable value of the Cβ-Sγ-Sγ-Cβ dihedral angle) on the 
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subdomain and the global flexibility of the protein. Subsequent docking of cellotetraose to the 

active site of CelC and analyzing the MD trajectories of the complex of cellotetraose with CelC 

(manuscript in preparation) illustrated that when substrate was bound, the subdomain pivoted 

toward the active site using its connection to the main domain as a hinge to make hydrogen bond 

to loop 95-103. Compatible with this analysis, in an earlier study (Nemeth et al. 2002), deletion 

of the subdomain (from Pro202 to Asn249) resulted in complete loss of activity towards any 

substrates. These results together demonstrate that the motion of the subdomain is required for 

enzyme activity. To confirm this claim, we prepared the double mutant Y225C-S291C, and 

found the mutant had activity that was reduced by twelve times compared to the wild type (Data 

not shown).  

In contrast, the other candidate, I232C-N249C (Figure 6), is located inside the subdomain 

and the corresponding disulfide bond attaches one side of this domain to the other side.  

Mutagenesis and formation of the C232-C249 disulfide bond were performed in-silico and the 

mutant was simulated for 12 ns at 300K using the AMBER03 force field and compared to the 

wild type. Although there was a small improvement in the backbone RMSD of the mutant 

relative to the wild type, the difference was not significant and both molecules displayed almost 

the same overall flexibility. However, the analysis of fluctuation illustrated that at the position of 

the subdomain, where the new disulfide bond was introduced (residue number: 220-254), the 

RMSF was considerably reduced (Figure 5A). Accordingly this cross-link is able to  stabilize the 

local instability of protein.  

Disulfide bond titration:  Rosetta-gami2 (DE3), a strain of E. coli lacking both cytosolic 

disulfide reductive pathways (Bessette et al. 1999), can improve the formation of disulfide bonds 

in the cytoplasm of E. coli was used for protein expression. To quantitatively determine the 
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formation of exactly one disulfide bond in the mutant, the free cysteines in both wild type and 

mutant cellulase C in non-reducing and reducing conditions were titrated using DTNB (Ellman 

1959) in denaturing buffer. In Table III, the expected concentrations of free cysteines in both 

reduced and non-reduced mutant are calculated based on the concentration of protein and 

compared with the free cysteine concentrations of these forms determined by measuring the 

absorbance of the product released upon reaction of DTNB with the free sulfhydryl group. The 

final results from this experiment are in good agreement (with less than 5% difference) with 

expected concentrations of free cysteines, indicating the formation of one disulfide bond in the 

non-reduced mutant.  

Kinetics parameters and thermal stability: Catalytic parameters for wild type and the 

disulfide+ mutant at 37°C are indicated in Table IV. Both kcat and Km values of the mutant almost 

doubled compared to that of the native enzyme, thereby resulting in nearly identical values for 

catalytic efficiency (kcat/Km). Thermal stability of native and mutant enzymes was also 

compared.  Relative activities are reported, as a way to normalize for the potential differential 

effect of temperature on the activity of native and mutant forms. The temperature profiles for 

both wt and mutant were prepared by measuring the activities at a specific range of temperatures 

(20°-80°C). Both wt and disulfide+ mutant showed the peak of activity at 57.5°C and relative 

activities begin to decline afterwards. To compare the temperature profile of both wild type and 

mutant at different temperatures, the following equation was used to plot the graph in Figure 7A:    

Difference in relative activities = 
wt

wtmut

AR

ARAR

..

.... 
  (R.A.: Relative Activity at each temperature)  

 Figure 7A shows that except at lower temperatures (< 25°C) the mutant consistently 

displays a higher relative activity in comparison to wt, and with the increase in temperature this 

difference is amplified, indicating that the disulfide+ protein is more stable particularly at 
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elevated temperatures.  Figure 7B represents the decay of enzyme activity at 65°C at various 

time points. The half-life for enzyme activity for wt and the mutant is 0.45 and 2.6 minutes, 

respectively. Thus introduction of the new disulfide bond increased the half-life of cellulase C by 

more than 5 times.  

Furthermore, thermal inactivation was also studied, and the results are shown in Figure 

7C. The apparent melting temperature (T50), which was defined as the temperature at which the 

residual activity after 10 minutes of incubation had reduced to 50% of the initial value, for wild 

type and disulfide+ mutant was 66.5 and 70.6 °C, respectively. The results are in good agreement 

with temperature-induced denaturation monitored by circular dichroism (Figure 7D) indicating 

no renaturation takes place during the assay process (melting temperature from CD: 68.0°C and 

72.1°C for wt and mutant respectively). Both constructs showed sigmodal two-state transition to 

the unfolded states. 

Guanidine hydrochloride unfolding: The chemical stability of cellulase C was examined 

by analysis of residual activity of wt and disulfide+ mutant exposed to various concentrations of 

guanidine-HCl. Both enzymes showed a very similar transition to the unfolded state (Figure 8). 

The concentration of guanidine-HCl at which the residual activity was reduced by one-half was 

considered as the transition concentration, [GuHCl]1/2, and it was 3.75 M and 3.16 M for the 

disulfide+ mutant and wt, respectively, demonstrating that the mutant was chemically more stable 

than the wt enzyme.  

The main effect of the cross-link on the stability results from a reduction in the 

conformational entropy of the unfolded molecule. Theoretically, the entropic effect of a covalent 

crosslink to protein stability may be predicted using the following equation (Pace et al. 1988): 

, where the dimension of ΔS is in cal mol-1 K-1 and n is the number of nRS ln)2/3(1.2 
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residues between the side chains of cross-linked residues. In terms of free energy, the unfolded 

state of the disulfide-containing mutant is therefore expected to be 3.08 kcal mol-1 less stable 

than the unfolded state of the reduced form of the mutant. This value might be greater than the 

real difference in ΔG of unfolding calculated from kinetic stability measurements, due to the 

enthalpy contribution of unfavorable interaction of new cysteine residues with neighboring 

amino acids in the folded state.      

Conclusion 

In this study, the stability of GH5 endoglucanases was studied at the molecular level by 

molecular dynamics simulations and a highly correlated relationship between the rigidity of GH5 

endoglucanases and their optimum activity temperatures was observed. MD simulations were 

carried out to identify the flexible regions of cellulase C, a member of GH5 that was selected as a 

representative model. Based on analyses of MD trajectories, the 56-residue subdomain was 

selected for further stabilization by introduction of a disulfide cross-link that was found to be a 

thermostabilizing factor among enzymes that have been previously studied. Although the loop 

produced by this cross-link in the subdomain has no great effect on global fluctuation of the 

protein, it improved the protein stability locally at the subdomain region as demonstrated by 

analysis of RMSF of both wt and disulfide+ mutant in-silico and in-vitro and increased the half-

life of CelC by 5 times.  The mutant enzyme has the same catalytic activity as wt, indicating the 

flexibility of active site is independent of local fluctuation (often on the surface of protein) that 

affects protein stability.    
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Tables 

Table 1. Family 5 β-1,4-Endoglucanases and their properties 
1OAT (the Optimum Activity Temperature) of an enzyme may be different from the optimum 

growth temperature of the organism producing that enzyme; the OAT was used in analyses 

instead of optimum growth temperature. 

 

Organism  Protein  PDB code  
No. of 
amino 
acids

Cysteine / 
half cystine 

Subfamily OAT(°C)
1 Optimum  

pH 
References  

   Hyperthermophilic         

Pyrococcus horikoshii OT3 EGPh 2ZUM 378 0/4 1 100 6.0 (Ando et al. 2002) 
Acidothermus cellulolyticus Cel5A 1ECE 358 0/4 1 81 4.0-6.0 (Himmel 1994) 
         
   Thermophilic         
Thermobifida fusca Cel5A 2CKS 305 0/4 2 70-75 6.0 (Clarkson et al. 2002) 
Thermoascus aurantiacus ENG1 1H1N 305 0/2 5/6 70 for 24h  (Feldman et al. 1988) 
      70 for 98h 4.5-5.5 (Gomes et al. 2000) 
      70 3-4.5 (Lo Leggio and Larsen 2002) 
Clostridium thermocellum Cel5E 1CEC 331 5/0 3 55-60 6.8 (Schwarz et al. 1988) 

      60 4.8-7.2 (Petre et al. 1986) 
      60  (Nemeth et al. 2002) 
   Mesophilic         
Bacillus agaradhaerens Cel5A 7A3H 300 0/0 2 40 9.5 (Ito 1997) 
      37 8.0-11.0 (Martins et al. 2001) 
Bacillus sp. CBS 670.93 Cellulase 1LF1 291 0/0 2 40 6.0-10.0 (Van Solingen 2000) 
      40 8.0 (Singh et al. 2001) 
Bacillus sp. KSM-635 Cel5K 1G01 357 0/0 2 45 9.5 (Shirai et al. 1997) 
Clostridium cellulolyticum Cel5A 1EDG 380 7/0 4 37-50 6.0 (Ducros et al. 1995) 
      37-51 5.5-7.2 (Fierobe et al. 1991) 
Prevotella bryantii B14 CMCase 3L55 345 2/0 4 37-40 6.0-6.5 (Matsushita et al. 1990) 
Erwinia chrysanthemi 3937 Cel5A 1EGZ 291 0/0 2 35 5.2 (Zhou et al. 1999) 
      31  (Bortoligerman et al. 1994) 
      32  (Py et al. 1993) 
      37 7.4 (Simpson and Barras 1999) 
   Psychrophilic         

Pseudoalteromonas 

haloplanktis 
Cel5G  1TVN  293 0/0  2 4 6.5 (Garsoux et al. 2004) 
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Table 2. The coefficient of determination, R2, for linear regression of initial structural 
properties of GH5 endoglucanases against OATs.  

All interactions are normalized by dividing the total number of interactions by the total number 

of amino acids of each enzyme.  The probability of finding a disulfide bond below and above an 

OAT of 50°C is reported. Correlations ≥ 65% are highlighted in gray.  

 

Interaction Correlation to 

OAT (R
2
) 

Descending
/Ascending 

Criteria 
     Hydrogen bonds    

Side-chain_Side-chain 0.74 ↑ Angle :30° 
Mian-chain_Side-chain 0.09 ↑ Distance cutoff: 3.5Å 
Main-chain_Main chain 0.23 ↓  
    

   Hydrophobic    

Total Hydrophobic 0.46 ↑ Distance cutoff: 5Å
Aromatic interactions 0.35 ↑ Distance cutoff: 4.5-7 Å
    

   Ionic Interactions    
Total 0.036 ↓ Distance cutoff: 6Å
Exposed 0.018 ↓ Distance cutoff: 6 Å
Buried 0.63 ↑ Distance cutoff: 6 Å
Total 0.015 ↓ Distance cutoff: 4Å
Exposed 0.008 ↑ Distance cutoff: 4Å
Buried 0.13 ↑ Distance cutoff: 4Å
    

   Packing densities 0.31 ↑ Water radius: 1.4Å
   Grid-Level : 0.2Å 
    

   Burial depth 0.72 ↑ Grid size: 193 
   Probe radius : 1.2 Å 
   SASA    
Hydrophobic SASA 0.013 ↑ Atomic charge ≥ 2 
Hydrophilic SASA 0.79 ↓ Atomic charge < 2 
   Water radius: 1.4Å 
   Amino acid contents    

Ala 0.54 ↓  

Pro 0.65 ↑  
Tyr+Gln 0.45 ↑  
Asn 0.53 ↓  

    

   Disulfide bonds    

At least 1 D.S.B in OAT >50 0.8 ↑    
At least 2 D.S.Bs in OAT >50 0.6 ↑  

At least 1 D.S.B in OAT ≤50 0   
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Table 3. Thiol titration of non-reduced and reduced mutant with DTNB (Ellman’s reagent) 
in denaturing buffer.  

The standard plot was obtained by titration of acetyl cysteine with DTNB in denaturing buffer.  

 

Enzyme  # of free  
Cysteine  

Enzyme 
Concentration 

Expected 
concentration of Cys 

Cys 
Concentration  

based on DTNB  
Non-reduced Mutant 5 1.43E-07 M 7.185E-06 M  6.920E-06 M  

Reduced Mutant 7 1.43E-07 M 1.008E-05 M 9.644E-06 M  
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Table 4. Enzyme kinetic behavior of wt disulfide+ mutant and CelC.  

Turnover rate (kcat) and substrate affinity (km) of wt and mutant enzyme are calculated using p-

NPC as substrate at 37°C. Although kcat and Km of mutant change relative to wt, the catalytic 

efficiency remains almost the same for both enzymes. 

 

 I232C+N249C  Wild Type 

V
max

 (nmole s
-1

mg
-1

)
 

0.480±0.02 0.252±0.01

K
m
 (mM) 0.109±0.01 0.055±0.01

k
cat

 (s
-1

) 0.0208±0.002 0.0109±0.001

k
cat

/K
m
 (M

-1
s

-1
) 190 200
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Figures 

 

Figure 1. Protein sequence alignment of GH5 endoglucanases.  

The eight conserved amino acids in GH5, the semi-conserved charged residues in the core of the 

active site are highlighted in yellow and orange  respectively. The position of Cellulase C 

subdomain sequence (1CEC) is shown in red. The approximate position of β-strands and α-

helices are illustrated above the sequences. The sequences are created by Clustal W and listed 

from high to low optimum activity temperature of enzymes. 
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Figure 2. Comparison of RMSDs, RMSFs and DSSPs of the GH5 cellulases. 

Root Mean Square Deviation (RMSD) from the equilibrated structure and corresponding Root 

Mean Square Fluctuation (RMSF) per residue of mesostable cellulase 1G01 (A and C) and 

thermostable cellulase 1ECE (B and D). The position of conserved amino acids that mainly bear 

the lowest fluctuation in GH5 endoglucanases are highlighted in RMSF plots (for 1G01, the 

numbering of the original structure in the PDB starts from 223). The data are collected at 300, 

400, and 500K for a minimum of 10ns. DSSP analyses at 600K over 4 ns are also illustrated for 

mesostable 1G01 (E) and thermostable 1ECE (F). The position of helices and strands are 

illustrated on the DSSP plots.   
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Figure 3. Average RMSDs of GH5 cellulases vs. optimum activity temperatures  

The averaged RMSDs over 10 ns of MD simulations are plotted against optimum activity 

temperature (OAT) of GH5 endoglucanases at 300, 400, 500K. The coefficient of determination, 

R2, is shown beside the respective trendline.    
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Figure 4. SASA of GH5 endoglucanases 

Analysis of hydrophobic and hydrophilic solvent accessible surface area (SAS) of crystal 

structures of the 12 GH5 studied endoglucanases.    
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Figure 5. Analysis of MD trajectories from 1CEC simulation.  

A) Root Mean Square Fluctuation (RMSF) of wild type and double mutant (I231C-N249C) of 

1CEC endoglucanase at 300K vs. residue number for 12 ns. The experimental RMSF calculated 

form B-factor of CelC crystal structure is also illustrated in blue.  B) Secondary structure melting 

(DSSP) of 1CEC at 600K over 4 ns. The position of the subdomain in which the disulfide bond 

was inserted is highlighted in both figures.    

  



64 
 

 

 

 

 

Figure 6. The (α/β)8 fold of CelC and sites of double mutations  

In the right side of the figure, the (α/β)8 fold of CelC is illustrated where the amino acids in red 

represent the main active site residues located at the end of β-strands. The subdomain and 

catalytic domain provide a tunnel-like binding site for the binding of a cellotetraose. To the left, 

the structure of the subdomain is expanded and the position of candidate residues in the sub-

domain of Cellulase C to be mutated to cysteine are shown.  
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Figure 7. Thermal stability analysis of wild type and mutant Cellulase C. 

A) The relative activity of both wt and mutant was determined at different temperatures and 
differences in relative activities of two molecules were calculated using this equation: 

wt

wtmut

AR

ARAR

..

.... 
 where R.A.is relative Activity at each temperature. Activities of mutant and wt 

enzymes were determined by using p-NPC as substrate and the absorbance of released 4-
nitrophenol was measured at 405 nm after 10 min of incubation. B) Decay of enzyme activity 
over time at 65°C. V0 refers to activity at t=0 and V indicates the residual activity of enzyme. The 
half-life of wt and disulfide+ mutant is 0.45 and 2.6 min respectively. C) Loss of activity of wt 
and mutant during controlled increase of temperature. The same aliquots of enzymes (10μg/ml)  
were incubated for 10 minutes at each defined temperature and then the residual activities were 
measured at 60°C.D) Circular Dichroism analysis of temperature melting measured at 219 nm, 
from 40°C to 90°C at a heating rate of 1°C/min. Transition temperature for wt and disulfide+ 
mutant is 68°C and 72.1°C, respectively. 
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Figure 8. Measurement of chemical stabilities of wild type and mutant CelC.  

wt and mutant have a [Guanidine-HCl]1/2 of 3.16M and 3.75 M respectively. Denaturing buffer 

includes 20mM, pH 7.2, tris buffer at different guanidine HCl concentrations (0-5 M).  Residual 

activity was expressed as percentage of the initial activity at 37°C.  
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Figure S1. Average B-factors vs. optimum activity temperatures.  

The Values of experimental temperature factors are taken form original crystal structures of each 

endoglucanase.     

  



68 
 

 

 

 

Figure S2. RMSF analyses of main secondary structures in GH5 cellulases 

A) Fluctuation of secondary structures  (eight central α-helices, eight central β-strands, coils, 

turns, bends) of GH5 endoglucanases during 14 ns of MD simulation at 300K.  The number 

beside the PDB ID of each cellulase structure presents the OAT of that enzyme.  B) Correlation 

of RMSF of α-helices and β-sheets of studied cellulases to the OAT (the values are taken form 

graph A).           
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Figure S3. DSSP analyses of GH5 endoglucanases.  

The graphs present melting of secondary structures at 600K for 4 ns in NVT ensemble.   
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Figure S4. Study of structural properties of GH5 endoglucanases from their crystal 
structures. 

All interactions are normalized by dividing the total number of interactions to the amino acids 

length of each enzyme. A) Hydrogen bonds made by the amino acid side chains, B) Main-

chain_main-chain hydrogen bonds (M-M) and side-chain_main-chain hydrogen bonds (S-M), C) 

Total intra-molecular hydrophobic interactions in each enzyme fold with cut-off value of 5Å. 

Aromatic-Aromatic interactions among the amino acids with aromatic ring are calculated as part 

of hydrophobic interaction with cut-off of 4.5-7Å. D) Exposed and buried salt bridges of protein 

folds. The cut-off of this calculation is 6Å.  
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Figure S5. Analysis of amino acid content, packing density and burial depth of GH5 
enzymes.   

A) Hydrogen bond making amino acid  content (here Tyr+Gln and Asn) vs. OAT. The polar 

amino acid content does not show overall correlation to OAT. B) Internal packing densities vs. 

OAT. This parameter was calculated by Voronoia with minimal grid distance of 0.2 Å. C) Mean 

burial depth of each endoglucanase commutated by method developed by Coleman et al. 

(reference 76). 
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Abstract 

Cellulases, distributed in at least 15 families of glycoside hydrolases, will play a key role 

in biomass conversion and renewable energy challenges of the future. Cellulase C (CelC) from 

Clostridium thermocellum is a β-1,4-endoglucanase and a member of family 5 of glycoside 

hydrolases (GH5) and is characterized by an (α/β)8 barrel structure. In contrast to other retaining 

enzymes, in which the catalytic carboxylate groups (glutamate or aspartate) are positioned about  

~5.5 Å apart to facilitate nucleophilic attack on the anomeric carbon of the sugar substrate, these 

two residues in cellulase C are positioned about 10 Å from each other in the unliganded wild 

type structure. The structure of the enzyme solved in complex with a cleavage product 

(cellobiose) revealed ligand-induced conformational changes in the loop carrying Glu140 (proton 

donor). The reorientation of Glu140 in the complex reduces the separation of the catalytic 

glutamate residues to 4.3 Å. In this study, we took advantage of conventional and steered 

molecular dynamics (MD) simulations along with in-silico and in-vitro mutagenesis to 

investigate the ligand-induced changes of the enzyme and interactions involved in preservation 

CelC conformations in presence and absence of substrate. We determined that the variation in 

separation of catalytic glutamates in the absence and presence of substrate is due to the different 

protonation states of the proton donor glutamate that is largely governed by conformational 

changes in the β3α3 loop. In the absence of substrate, the conformation of CelC is preserved by 

an electrostatic interaction between deprotonated Glu140 and protonated His91. The ion pair is 

interrupted upon the binding of substrate, and the positional displacement of the β3α3 loop 

allows Glu140 to become oriented within the active site in a less hydrophilic microenvironment 

that assists in Glu140 protonation.   

Key words: CelC/Endoglucanases/Ligand binding/Molecular Dynamics/Protonation state 
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Introduction 

The potential of lignocellulose to provide fermentable sugars as a carbon source in the 

production of bioethanol and chemical feedstocks is now well recognized (Carroll and 

Somerville 2009; Lynd et al. 2008). It has long been documented that cellulase activity is not the 

activity of a single enzyme but rather it is due to multiple cellulases working synergistically to 

solubilize crystalline cellulose efficiently (Lu et al. 2006). At least three categories of enzymes 

are required to convert cellulose into glucose: endo(1,4)-β-D glucanases (EC 3.2.1.4) that cut 

cellulose chains randomly, cellobiohydrolases (EC 3.2.1.91) that cleave cellobiosyl units from 

cellulose chain ends, and β-glucosidases (EC 3.2.1.21) that convert cellobiose and soluble 

cellodextrins into glucose. These enzymes are members of at least 15 families of the glycoside 

hydrolase (GH) superfamily (CAZy database, www.cazy.org). Based on the configuration of the 

anomeric center following hydrolysis, two different stereospecific mechanisms have been 

proposed for GH, these involving retaining or inverting enzyme mechanisms (Koshland 1953; 

Vocadlo and Davies 2008; White and Rose 1997). Retaining enzymes follow a double 

displacement mechanism along the reaction coordinate involving general acid/base catalysis via 

the formation of a covalent glycosyl-enzyme intermediate (Figure 1), whereas the reaction 

catalyzed by inverting enzymes consists of a single nucleophilic attack with only one transition 

state. In both mechanisms, typically, the side chain of either an aspartate or glutamate fulfills the 

role of the catalytic nucleophile and a protonated Asp or Glu plays the role of catalytic proton 

donor (general acid/base). Characteristically, for retaining enzymes, the side chain of the 

nucleophilic carboxylate is located ~5.5 Å away from the carboxylate group of  the proton donor, 

while this distance is ~9.5 Å for inverting enzymes with the increased distance being required for 
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the enzyme to accommodate both substrate and a catalytic water molecule (Zechel and Withers 

2000).  

Cellulase C (CelC) from Clostridium thermocellum is a β-(1,4)-endoglucanase belonging 

to family 5 of glycoside hydrolases. The structure of the wild type enzyme is solved to 2.15 Å 

resolution (Dominguez et al. 1995). Eight residues of CelC, including R46, H90, N139, E140, 

H198, Y200, E280 and W313, are conserved among GH5 enzymes. The two catalytic residues in 

CelC are Glu280, identified as the nucleophile by labeling the enzyme with a tritiated inactivator 

(Wang et al. 1993b), and Glu140, identified as the putative proton donor by site-directed 

mutagenesis studies (Navas and Beguin 1992). In contrast to the other GH5 enzymes that utilize 

a retaining mechanism, the two catalytic carboxylates in CelC are separated by about 10 Å from 

each other in the unliganded wild type structure. This distance of separation is not compatible 

with a double displacement mechanism of hydrolysis for retaining enzymes, and furthermore 

Glu140 faces outward from the active site. Later, the same group that determined the structure of 

wild type CelC solved the structure of the mutant enzyme in complex with a cleavage product 

(cellobioside) at 2.3 Å resolution (Dominguez et al. 1996). This bound structure revealed 

conformational changes due to substrate binding, including a significant reorientation of loop 

138-141 that carries the catalytic proton donor Glu140. Additionally, the main chain of loop 95-

103 (also referred to as the β3α3 loop, since it connects β3 and α3) is expected to experience 

extensive conformational alteration. This loop displays disconnected stretches of electron density 

and is missing in both bound and unbound structures.  

The distance between the side chains of Glu140 and Glu280 is reduced to 4.3 Å (closest 

distance) upon binding of the ligand to CelC following the rearrangement of loop 139-141 

(Figure 2B). It was proposed by Alzari’s group (Dominguez et al. 1996) that the presence of a 
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semi-conserved proline in other members of GH5 at the position equivalent to Val141 in CelC 

(Figure 2B) maintains the orientation of the adjacent acid/base catalyst in its active conformation 

(distance of 5 Å between two catalytic carboxylates in the absence of ligand). A similar 

hypothesis has been forwarded by Ducros et al. (Ducros et al. 1995). They noted that in enzymes 

of related families such as GH17 β-glucanases and GH3 xylanases, the β-strand carrying the 

proton donor was also stabilized by interactions involving that conserved residues (Dominguez et 

al. 1996). Later the structures of some members of GH5 were solved in which a residue other 

than proline was in the position equivalent to Val141 in CelC. GH5 β-endoglucanases such as 

Eng1 from Thermoascus aurantiacus (PDB:1H1N) and cellulase of Prevotella bryantii (PDB: 

3L55), in addition to the GH5 xyloglucanase from Paenibacillus pabuli (PDB: 2JEP) and GH5 

mannanase from alkaliphilic Bacillus (PDB: 1WKY), have Tyr, Met, Val and Trp, respectively, 

in the position equivalent to that of Val141 in CelC. In these enzymes, catalytic glutamates 

maintain the distance of 4-5 Å in their wild type structures in the absence of ligand. In all these 

enzymes and other GH5 members, the proton donor (equivalent to Glu140 in CelC) is located 

beside a conserved asparagine (Asn139 in CelC). The close proximity of the oxygen atoms in the 

side chains of these two conserved residues are stabilized by making hydrogen bonds to other 

conserved amino acids (Figure 2B). Asparagine Oδ1 makes a hydrogen bond to the conserved 

arginine Nη2 (corresponding to Arg46 in CelC) and proton donor glutamate Oε1 is in a hydrogen 

bond interaction to a conserved histidine Nδ1 (corresponding to His198 in CelC). Similarly, in the 

structure of CelC that in the presence of ligand, these two hydrogen bonds have important roles 

in stabilization of Asn139 and Glu140.  These structural analyses point out that Glu140 and other 

active site residues in the conformation of CelC induced by substrate are stabilized almost by the 
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same network of interactions that stabilize the active site of other GH5 members which do not 

show structural changes in presence of substrate.  

In this study, molecular dynamics (MD) simulations have been extensively applied to 

CelC from C. thermocellum in the absence of ligand and when bound to a native substrate 

(cellotetraose). The protonation state of Glu140 as well as other essential residues in the active 

site also has been considered. MD may be useful to predict the protonation state of critical active 

site amino acids. For example, the protonation states of Asp32 and Asp228 in human β-secretase 

have been predicted using MD (Park and Lee 2003). In another study Banas et al. (Banas et al. 

2010) probed the dominant protonation state of key active site residues of the glmS catalytic 

riboswitch based on explicit solvent molecular dynamics. The aim of our simulations is to 

determine how the presence of the substrate may affect the orientation and conformation of two 

loops, residues 139-141 and the β3α3 region, in the CelC structure and how conformational 

differences are likely engaged in stabilization of the catalytic proton donor and determination of 

its dominant protonation state in the absence and presence of ligand. In particular, our data 

indicate that Glu140 is deprotonated and ion paired to His91 in the absence of substrate and 

protonated in the presence of substrate. The formation of a Glu140-His91 salt bridge is essential 

to maintain the CelC conformation in the absence of substrate. The switch between the two 

orientations of Glu140 and rupture of this salt bridge is managed by structural changes of the 

β3α3 loop induced by the approaching substrate.       

  

Materials and methods 

Conventional MD Simulation: The crystal structure of wild type CelC (PDB: 1CEC) and 

its ligand-induced conformation (PDB:1CEN) (Dominguez et al. 1995) were subjected to MD 
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simulations using Gromacs 4.0.7 with parameters from the Gromos96 53A6 parameter set 

(Oostenbrink et al. 2004). The missing loop 95-103 (β3α3) was built using ModLoop (Fiser and 

Sali 2003) based on ab-initio loop refinement in Modeller 9v7 (Marti-Renom et al. 2000).  

Before the simulation, the pKa values for ionizable amino acid residues at a pH of 6.5 (optimum 

for this enzyme) were estimated using the H++ program (Gordon et al. 2005) and hydrogen atoms 

were added based on these predictions. SPC water molecules (Berendsen et al. 1981) and Na+/Cl- 

ions to approximate a final concentration of 100 mM were added to neutralize the net charge of 

the system. All protein atoms were at least 12 Å from the edge of the water box.  Short-range 

non-bonded interactions were truncated at 1.4 nm, and long-range electrostatics were treated 

using the particle mesh Ewald (PME) method (Darden et al. 1993). The bond distances and 

angles of the solvent were constrained using the LINCS algorithm (Hess 2008; Hess et al. 1997) 

with a coupling time of 2 fs. General preparation steps were common to all systems. Energy 

minimization using the steepest descents method was followed by equilibration at the desired 

temperatures (330K, the optimum activity temperature of CelC, or 293K, the temperature at 

which the crystals of CelC were produced) in the NVT ensemble for 100 ps and then another 100 

ps in NPT conditions with a harmonic constant force of 1000 kJ mol-1nm-2 applied to the protein. 

Temperature was held constant by coupling the system to an external bath at the chosen 

temperature, using a Berendsen thermostat (Berendsen et al. 1984) during equilibration and a 

Nosé-Hoover thermostat (Hoover 1985; Nose 1984) for MD production. To relax the β3α3 loop 

prepared by homology modeling, after the equilibration steps, the protein was subjected to MD 

simulation in an NPT ensemble at 330K with large position restraints of 1.0E+6 kJ mol-1nm-2 

applied to all of the protein except loop 95-103 for 2 ns. The same procedure was also conducted 

for the conformation of CelC in the presence of substrate.  
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Steered Molecular Dynamics (SMD): The conformation of CelC in complex with 

cellotetraose (CTT) (see the next part for further detail) was simulated without any positional 

restraint until the fluctuations in RMSD were smaller than 5%. The SMD simulations were 

performed with these equilibrated systems. The equilibrated CTT was pulled from the binding 

cleft (Figure 10A) by an external force. The center of mass of CTT was harmonically restrained 

to a point moving with a constant velocity along the desired direction. The direction of the 

unbinding vector was dynamically defined for steered simulation based on the center-of-mass of 

the steered CTT and the center-of-mass of the active site entrance opening. During the SMD 

simulations the spring force constant was assigned as 1000 kJ mol-1 nm-2 and the pulling velocity 

was set to 0.005 nm ps-1. Steered molecular dynamics was performed using the GROMACS 4.0 

software package and analyses were performed using utilities available in the GROMACS suite 

of programs (Hess et al. 2008). The forces of CTT with CelC were monitored throughout the 

SMD simulations, and the interactions between the protein residues and CTT were analyzed 

along the SMD trajectory. 

Docking of cellotetraose into the active site of CelC: The procedure of docking with 

AutoDock4 (Morris et al. 1998; Morris et al. 2009) was similar to one described elsewhere (Lee 

et al. 2010). Partial charges (Gasteiger and Marsili 1980) of the protein were assigned using 

AutoDock Tools 1.5.4. Charges for the ligand were calculated using QM(B3LYP) energy 

optimization at the DFT level of theory, in the ground state with the 6-31+G(d) basis set. The 

structures of CelC determined in the absence or in presence of ligand were used without further 

minimization for the docking of CTT into the active site of CelC. The PDB structure of CTT was 

taken from the complex of CTT bound to endoglucanase E1 of A. cellulolyticus (Sakon et al. 

1996). For the structure of CelC in complex with cellobiose (the final product of the hydrolysis 
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of cellohexaose), the additional glucose moieties (in subsite +1 and +2) were added manually 

based on the position of sugar bases at the same subsites of endoglucanase E1 structure of A. 

cellulolyticus. The docked structures were verified by testing the formation of predicted stacking 

and hydrogen bond interaction with the binding site residues. The stability of ligands in the CelC 

active site was tested by molecular dynamics. For MD simulation of the CelC-CTT complex, the 

topology parameters of CTT were taken from carbohydrate parameters within the Gromos96 

53A6 force filed. The charges and non-bonded exclusion atom pairs provided by Lins and 

Hunenberger (Lins and Hunenberger 2005) were used for the topology definition of the terminal 

sugar at the reducing end.  

Mutagenesis of CelC and activity assay: An H91K mutation was prepared in CelC using 

a QuikChange Lightning multi-Site-Directed Mutagenesis Kit (Agilent #210515). The steps for 

cloning of the wild type and mutated CelC gene (in pET28a+), expression (in Rosetta-gami2 

strains of E. coli), purification (using heat treatment and IMAC) and protein assay were 

explained in detail elsewhere (Badieyan et al. 2012). The activity of H91K CelC and wild type 

enzyme was characterized in 50 mM succinate buffer at pH 6.0 at different 4-nitrophenyl β-D-

cellobioside (pNPC) concentrations. After a period of 10 min incubation of enzyme and 

substrate, released 4-nitrophenol was monitored at 405 nm at 37°C.          

Results 

We carried out all-atom solvent-explicit molecular dynamics simulations of CelC from C. 

thermocellum to characterize the dynamic behavior of CelC as a whole in the presence and 

absence of substrate to elucidate and track the conformational changes induced in the CelC 

structure upon the binding of substrate. These simulations were designed to identify the 
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interactions that stabilize the orientation of the proton donor with and without substrate in the 

active site.  

The dynamics of CelC, along with that of other eleven members of GH5 endoglucanases 

with a wide range of thermostability, was investigated in our previous study to look for 

correlation between the dynamics of the enzymes and their thermal stability (Badieyan et al. 

2012). Analysis of root mean square fluctuation (RMSF) of CelC in the absence of substrate at 

300K and at elevated temperature showed two highly mobile regions in the protein structure. 

One of these regions is the 56-amino acid subdomain located between β-strand-6 and α-helix-6. 

Although the subdomain is distant from the active site, its deletion deactivated the function of the 

enzyme on any substrate (Nemeth et al. 2002). The other part of the enzyme with considerable 

mobility is loop 95-103 (the β3α3 loop), positioned between β-strand-3 and α-helix-3. The β3α3 

loop is not resolved in the crystal structure of CelC either with or without bound ligand 

(Dominguez et al. 1995) and is proposed to have a significant role in enzyme activity. In our 

simulations, the loop was built using ModLoop (Fiser and Sali 2003).      

Conventional molecular dynamics shows Glu140 is highly flexible in the absence of 

ligand. An initial insight into the structural dynamics of wild type CelC in the absence of ligand 

was assessed by MD simulation of CelC with Glu140 in the protonated state, to represent the 

state in which Glu140 would play its role as a proton donor in the glycosylation step of glycoside 

hydrolysis. Early in the simulation, the protonated Glu140 established a hydrogen bond to Nδ of 

His91, but this hydrogen bond was lost after about 20 ns of simulation as interactions with 

Glu280 were established. Figure 3A displays the time dependence in the interatomic distance 

between Glu140 (Oє1/Oє2) and Glu280 (Oє1/Oє2). As Glu140 lost it hydrogen bond to Nδ of 

His91, the loop 139-141 flipped toward the active site and Glu140 faced the main core of the 
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protein and made a hydrogen bond to Glu280 (the nucleophile). The initial 10 Å distance 

between Glu140-Glu280 was reduced to 2.5 Å [average distance of Glu140(Oє1/Oє2) and 

Glu280(Oє1/Oє2)] (Figure 3A simulation 1, and Figure 3B), and this distance was retained for 

80% of the remaining 40 ns of simulation at 330K. Simultaneously His91 flipped by ~90° 

(Figure 3B), which is a conformation that is expected in the presence of substrate in CelC 

(Dominguez et al. 1996) but not in the unbound structure. The simulation was also carried out 

with Nє of His91 instead of Nδ being protonated (Figure 3A, simulation 2). An initial hydrogen 

bond formed by protonated Glu140 and His91-Nє was steady for the first 5 ps of simulation and 

then upon breakage of this hydrogen bond, Glu140 moved toward the active site and made a 

stable hydrogen bond to Glu280 in ~2.5 Å (average distance). Although there is some fluctuation 

in this distance at 32-42 ns, Glu140 maintained the new positioning in the active site for the 

majority of the simulation time (Figure 3A).  

The above simulations were carried out at the optimum activity temperature of CelC at 

330K (Badieyan et al. 2012) while the crystal structure of this enzyme was produced and solved 

at room temperature (Dominguez et al. 1995). To investigate the effect of temperature on the 

unliganded conformation of CelC and particularly the orientation of Glu140, we replicated 

simulation 1 at 293K instead of 330K. The flipping of Glu140 with its corresponding loop 

toward the active site was observed (Figure 3A), though at the lower temperature the initial 

hydrogen bond of Glu140-His91 was maintained for ~45 ns during the simulation.      

Assessment of hydrophilic SASA and microenvironment suggests that Glu140 is likely 

to be deprotonated in the absence of ligand. MD simulations from the previous section 

proposed that Glu140 or other residues of loop 139-141 are likely to be involved in other 

interactions to maintain the unbound conformation of CelC. Analysis of the hydrophilic solvent 
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accessible surface area (SASA) of the carboxyl group of protonated Glu140 showed a large 

reduction in hydrophilic SASA when Glu140 faced toward the active site compared to when it 

faced away from the active site (data not shown). Furthermore the total SASA of Glu140 in the  

CelC crystal structure in the absence and presence of substrate was analyzed using the WHATIF 

(Bowie et al. 1991) and NACCESS (Hubbard and Thornton 1993) methods. Although the 

absolute values of SASAs differ between these methods (due to the different algorithms for 

calculation), they showed that the SASAs of side chain and main chain of Glu140 were reduced 

considerably with bound substrate, consistent with data from MD simulation (Table 1). 

The microenvironment of Glu140 with and without substrate was also characterized 

using the method developed by Mehler and co-workers (Mehler et al. 2002; Mehler and 

Guarnieri 1999). In this method the relative hydrophilicity (rHpyA) of any titratable group A in a 

protein describes the hydrophilicity/hydrophobicity microstructure around that group. The 

microenvironment of any group is defined as the region that lies within the sphere of radius 4.25 

Å from any (non-hydrogen) atom belonging to the group. The hydrophilic values (HpyA) of the 

microenvironment of Glu140 and its buried fraction (BF) were calculated from the crystal 

structures of CelC in both conformations (Mehler and Guarnieri 1999). The relative 

hydrophilicity/hydrophobicity is calculated from Eq. 1 where Hpy° is the value of Hpy in the 

solvent (Mehler and Guarnieri 1999). These values can be found in Table 2.  

rHpyA = BFA (HpyA/Hpy°A) + (1 – BFA)                     Eq. 1 

Considering rHpy, the smaller the value the more hydrophobic the microenvironment of 

the group relative to water. The value rHpy for Glu140 in the presence of substrate is smaller 

than its corresponding value in the absence of substrate by 22%, indicating that the 

microenvironment for Glu140 in the absence of substrate is more hydrophilic. The data from the 
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microenvironment of Glu140 (Table 2) and its SASA support the hypothesis that Glu140 is 

likely to be deprotonated in the absence of substrate, allowing it to be involved in ionic 

interactions.  

Doubly protonated His91 forms an ion-pair to deprotonated Glu140 and sustains the 

conformation of CelC in the absence of ligand. To examine our hypothesis that Glu140 may 

switch between deprotonated and protonated states upon binding of substrate, a set of MD 

simulations of CelC with deprotonated Glu140 was carried out. At the early steps of simulation, 

an electrostatic interaction was formed between Glu140 and Lys101 on the modeled loop 95-

103. However, due to the high mobility of the loop this ion-pair was not stable to keep Glu140 in 

its original conformation (Figure 4) and another, more stable, ion-pair may be involved in 

stabilization of CelC conformation in the absence of substrate.    

His90 in CelC, adjacent to His 91, is one of the conserved residues in several families of 

glycoside hydrolases including GH5 (www.CAZy.org). This residue is not directly involved in 

catalysis but is involved in stabilization of the distorted glycone moiety in the transition state by 

making a direct hydrogen bond to the O3 of the glycone at subsite -1 (Monchois et al. 2000). In 

contrast, His91 in CelC is highly variant in different GH families and even among the members 

of family 5. Protein Blast analysis (Altschul et al. 1997) of the CelC sequence indicated that 

His91 is replaced by lysine in almost all cellulases that share at least 50% sequence identity to 

CelC (Figure 5A). This amino acid substitution in homologues of CelC, leads to the hypothesis 

that deprotonated Glu140 is likely to be stabilized by formation of an ion pair to “positively 

charged” His91. Furthermore, The side chains of two adjacent histidine residues (His91 and 

His90) at the end of β-strand 3 in CelC in the absence of substrate (Figure 2) are oriented with an 

angle of 78° between the two planes of aromatic groups (Figure 5B). Investigation of histidine-
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histidine side chain interactions by Heyda et al. (Heyda et al. 2010) proposed that the formation 

of “T-shape” minima (rather than stacked geometry) between the planes of two adjacent 

histidines is favorable when at least one of them is protonated. 

Positively charged His91 made a hydrogen bond/ion pair to deprotonated Glu140 at the 

beginning of simulation and this electrostatic interaction was stable for 60 ns of simulation and 

maintained the initial orientation of loop 139-141 in CelC (Figure 6).   Formation of this ion pair 

maintained the orientation of the His91 side chain as it exists in the crystal structure of the 

unbound enzyme while it did not affect the mobility of the β3α3 loop compared to the 

simulations of CelC lacking this ion pair (Figure 9).   

Since His91 is replaced by lysine in the other homologues of CelC, we mutated His91 in-

silico to Lys and ran the MD simulation with Lys91 and Glu140 both in the charged state. 

Although the long alkyl chain of Lys is highly flexible relative to the rigid ring of His, Lys91 is 

capable of keeping Glu140 in its initial conformation at about 10 Å from Glu280 by an 

electrostatic interaction with Glu140 (Figure 7). Figure 7A also illustrates that when the distance 

of this salt bridge increased slightly, Glu140 moved towards the protein core and the distance 

between Glu140 and Glu280 decreased. Furthermore, the His91Lys CelC mutation was carried 

out in-vitro to confirm the functionality of the mutant. The H91K mutant of CelC showed the 

same Km towards pNPC, though there was a considerable increase in kcat of the enzyme (Table 

3). This increase in activity of the enzyme can be explained by lower rigidity of the salt bridge 

made by Lys91 and Glu140 in comparison to that between His91 and Glu140. Flexibility of this 

ion-pair may facilitate the movement of loop 139-141 to its conformation in presence of 

substrate where Glu140 is in appropriate distance from Glu280 to accomplish hydrolysis. Our 

attempt to crystallize the mutant CelC protein following the methods of Dominguez et al. 
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(Dominguez et al. 1994) did not produce crystals of sufficient quality to reveal the orientation of 

the loop and substituted lysine.    

Pulling out the substrate (CTT) from the active site relocates loop 139-141. Wild type 

CelC hydrolyses soluble celluloses such as CTT but not cellobiose (Tokatlidis et al. 1993). To 

understand this substrate specificity, CTT was docked into the active site of CelC (1CEC). 

Subsequent MD simulation of CelC in the presence of CTT and with Glu140 and His91 in their 

charged state showed no large movement of loop 139-141, and the initial salt bridge made 

between His91-Glu140 was maintained during the 60 ns of simulation. Although simulation 

times longer than 60 ns may be required to see any change in the loop position, we hypothesize 

that the change of CelC conformation happens when substrate enters the active site. To examine 

our hypothesis we took advantage of steered molecular dynamics (SMD). Since it was not 

practical to push CTT into its exact position in the active site to observe loop dynamics when 

substrate enters, SMD was used to pull CTT out of the binding site of CelC. Starting from the 

structure of CTT substrate in complex with CelC and with protonated Glu140 (see materials and 

methods for more details) conventional molecular dynamics simulations were carried out to 

equilibrate the substrate within the binding pocket of CelC. Simulation in the presence of 

substrate induced a substantial conformational alteration of Loop 95-103 resulting in a reshaping 

of the binding cleft.  Figure 8 illustrates two snapshots at the end of 60 ns simulation of CelC in 

the presence and absence of CTT, and Figure 10 

 (C and D) shows the snapshots taken from the unbinding SMD trajectory of CTT. In the 

presence of substrate, Phe97 in the β3α3 loop and Trp313 made stacking interactions with the 

glucose moiety at subsite -1, sandwiching the glucose between their aromatic rings. The stacking 

interaction of Phe97 stabilized the position of the β3α3 loop to favor hydrolysis and facilitated 
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formation of a hydrogen bond between Tyr95 and the main chain carbonyl group of Glu140, 

which was stable for the rest of simulation. The new interactions of β3α3 loop with the CTT 

induced a major structural bend in the loop orientation toward the binding pocket, leaving Gln98 

of the loop in appropriate distance to make a hydrogen bond to the carbonyl group of Trp212 

(that is interacting to glucose moiety at -2 subsites). This interaction and the extensive 

conformational changes of the β3α3 loop converted the binding site of CelC from the open 

tunnel binding cleft to a closed pocket (Figure 8A). RMSF analysis of CelC (Figure 8B) in 

complex with CTT illustrates that the β3α3 loop was highly stabilized relative to its fluctuation 

in the absence of CTT.           

The substrate was considered to be equilibrated in the CelC active site when the RMSD 

fluctuations were smaller than 5%.  The final equilibrated structure was used for SMD 

simulation. The force profiles revealed two major phases during the CTT unbinding process, 

with alterations being observed at 84 and 198 ps (Figure 10B). The first change at 84 ps involved 

a small change in the force profile. Structural changes that occurred at this time in the pulling 

simulation are illustrated in Figure 10C. As CTT was pulled from the binding pocket, the 

hydrogen bond between protonated Glu140 and the oxygen of glycosidic bond undergoing 

hydrolysis was disrupted, leading to a peak at 84 ps. Upon the interruption of this hydrogen 

bond, the side chain of protonated Glu140 rotated by about 180° to make a hydrogen bond to the 

nucleophilic Glu280, and the distance between their carboxylic groups was reduced from 4.5 Å 

to 2.3 Å (Figure 10C). At 198 ps, as CTT crossed the binding pocket entrance, the 

hydrophobic/stacking interaction of the phenolic ring of Phe97 (from the β3α3 loop) and Trp313 

with the glucose moiety at subsite -1 was rapidly disrupted, followed by a substantial reduction 

in force profile (Figure 10D). Upon disruption of the stacking interaction of Phe97 and CTT, the 
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β3α3 loop shifted and the hydrogen bond between Tyr95 and the main chain carbonyl group of 

Glu140 was broken. As a result loop 139-141 also shifted and the interaction between the side 

chains of Glu140 and that of Glu280 (Figure 10D) was lost. Although the force profile for 

pulling CTT from the active site may not correspond exactly with events associated with the 

binding process, it can provide insight into the residues that most likely will be interacting with 

the glucoside moieties of the substrate during binding. From SMD data we can predict the 

positive stacking interaction of the approaching substrate to Phe97 leads to a shift of the β3α3 

loop, providing a favorable positioning of Tyr95 to interact with the main chain of Glu140 and 

facilitating release of Glu140 from interaction with positively charged His91, accentuating the 

positive role of β3α3 loop in the binding and hydrolysis process. 

Discussion and Conclusion 

Conformational changes in enzymes that occur upon the interaction with other molecules 

play a substantial role in modulation and regulation of enzyme function such as promoting 

proper orientation of catalytic groups at the active site and mediating the binding of ligands. The 

well-known “induced fit” hypothesis proposed by Koshland (Koshland 1958) implies multi-

conformational states of enzymes in equilibrium with one another easily perturbed by ligands. 

Each step during the catalytic process may require the enzyme to be in a particular 

conformational state, and rapid interconversion among these states may well be associated with 

catalysis. Although the concept of induced fit has been widely adopted for describing the 

structural changes that accompany ligand binding, some other studies on conformational changes 

induced by binding suggest that simple but robust rules encoded in the protein structure play a 

dominant role in predefining the mechanisms of ligand binding (Bakan and Bahar 2009). In other 

words, there should be an evolutionary advantage for an enzyme to keep its binding-induced 
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activation mechanism (e.g. energetically favorable interactions stabilizing the conformation of 

enzyme in absence of ligand). These interactions can be lost upon binding of ligand to the 

enzyme but compensated by enthalpically favorable protein-ligand interactions.   

Although active site conformational alteration induced (or required) by substrate is not 

dominant among the glycoside hydrolases, there are examples in some GH families. Examples 

for families of glycosidases with structural changes induced by substrate binding and detected by 

crystallography are listed in Table 4. In a majority of these enzymes, an extended loop is mainly 

involved in conversion of the binding site from an open to a closed conformation upon substrate 

binding. The loop reorientation, which may induce displacements on the order of 10-15Å, may 

also produce small conformational changes in other loops or rearrangement of side chains of 

active site residues (Davies et al. 1995; Zou et al. 1999). This large movement of a “lid loop” 

may favor the general acid/base catalytic mechanism of both retaining and inverting glycoside 

hydrolases in three ways: (1) by positioning a hydrophobic residue adjacent to the catalytic 

proton donor, the environment of the acid group is considerably more hydrophobic, presumably 

assisting in keeping the pKa of catalytic proton donor suitably raised (Davies et al. 1995; Varrot 

et al. 1999); (2) by locating acidic residues in the vicinity of the carboxylate of  the proton donor 

(Asp or Glu), the pKa of that catalytic residue is increased, favoring protonation (Davies et al. 

1995; Zou et al. 1999); (3) by repositioning the proton donor (side chain or both side and main 

chains), it is in a more catalytically competent position (De Vos et al. 2006; Maksimainen et al. 

2011). It has been suggested that this kind of pKa cycling is likely to be a common phenomenon 

in glycoside hydrolases (McIntosh et al. 1996). During these conformational changes, the 

orientation of the nucleophile residue (equivalent to Glu280 in CelC) remains stable, and its low 

pKa is greatly maintained by a contiguous highly conserved arginine residue.        
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CelC from thermophilic Clostridium thermocellum is a retaining enzyme with an induced 

fit activation mechanism. In this study using molecular dynamics simulations with different 

protonation states of active site residues of wild type and an H91K mutant of CelC, we showed 

that the ~10Å distance between the proton donor (Glu140) and the nucleophile (Glu280) in the 

absence of substrate is maintained by formation of an ion-pair between deprotonated Glu140 and 

positively charged His91 (Figure 6 and Figure 7). MD simulations of wild type CelC missing this 

ionic interaction (when Glu140 is protonated) resulted in a rapid shift of protonated Glu140 

toward the active site (Figure 3 and Figure 4) with formation of a strong hydrogen bond between 

Glu140 and Glu280 (the nucleophile). Formation of this hydrogen bond between proton donor 

and nucleophile in the absence of substrate may critically influence substrate binding and 

catalytic activity of cellulases. In our previous study of 11 GH5 endoglucanase structures 

(Badieyan et al. 2012), the distance between proton donor (protonated Glu) and the 

corresponding nucleophile of all the studied structures was 4.5±1.24Å during MD simulations, 

similar to the distance observed in crystal structures, and no hydrogen bond between these two 

residues was formed. These results indicate that the loop carrying the proton donor at the end of 

the β4-strand is rigid enough to keep that protonated glutamate from interacting with the 

nucleophile, thereby maintaining their functional separation. The semi-conserved proline next to 

the proton donor in some retaining enzymes may contribute to this level of rigidity while those 

GH5 members without this proline stabilize the loop by a rich network of hydrogen bonds. 

Based on this study, the salt bridge formed between Glu140 and His91 in the absence of 

substrate works as a switch to keep the functional distance of the two catalytic glutamates. This 

switch is controlled by conformational changes of the β3α3 loop upon the binding of substrate. 

Conventional and steered MD showed that the Glu140-His91 salt bridge was disturbed by the 
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interactions of the β3α3 loop to the approaching ligand. These interactions induce a substantial 

positional displacement of the β3α3 loop (11.3Å in RMSD) toward the active site that converts 

the binding cleft to a closed pocket conformation that envelopes the substrate (Figure 8). Such 

open to closed conversion of an active site upon the binding of substrate by rigid movement of at 

least one extended loop has been reported for Cel5A from Bacillus agaradhaerens (Varrot et al. 

2000) of GH5, Cel6A from Trichoderma reesei (Zou et al. 1999) of GH6, and for sucrose 

hydrolase from Xanthomonas axonopodis (Kim et al. 2008). In CelC, formation of a stacking 

interaction of Phe97 with the glucose moiety at subsite -1 at the time of substrate binding triggers 

the movement of the β3α3 loop. As a result of movement of this loop, Tyr95 makes a hydrogen 

bond to the carbonyl group of Glu140. This hydrogen bond to the main chain of Glu140 seems to 

play an important role in stabilization of Glu140 in its induced conformation. Steered molecular 

dynamics simulation of equilibrated CTT in the CelC active site supports this claim (Figure 10). 

We suggest that the changes in loop conformation are an integral part of the CelC reaction 

mechanism, ensuring efficient binding of substrate and repositioning of the proton donor into a 

more catalytically competent position immediately above the -1 subsite, providing a less 

hydrophilic environment, which influences the pKa value of carboxylic acid group.  
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Tables 

Table 1. ASA of Glu140 in its induced and non-induced orientations 

Accessible surface area of Glu140 in its induced and non-induced orientations calculated by 

WHATIF and NACCESS Algorithm from crystal structures (Å2)  

 

 WHATIF NACCESS 

Structure  Non-induced Induced Non-induced Induced 

SASA Side chain  14.21  3.01  23.18 17.81 

SASA: Main chain  2.92  1.42  0.3 0.0 

SASA: Total  17.12  4.43  23.48 17.81 
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Table 2. Microenvironment properties of Glu140 in induced and non-induced 
conformations of CelC  

(BF: buried fraction, Hpy: hydrophilic value, Hpy°: hydrophilic value in water, rHpy: relative 

hydrophilicity to water) 

 

Residue  BF  Hpy Hpy° rHpy 
Glu140-No substrate  0.19  -8.80  -12.83  0.94  

Glu140-With substrate  0.49  -5.63  -12.83 0.72  
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Table 3. Enzyme kinetic behavior of WT and H91K mutant of CelC. 

Turn-over rate (kcat) of WT and mutant enzyme are calculated using p-NPC as substrate at 37°C. 

 

 H91K  Wild Type 

K
m
 (mM) 0.062±0.01 0.059±0.01

k
cat

 (s
-1

) 0.0176±0.002 0.0105±0.001

k
cat

/K
m
 (M

-1
s

-1
) 280 180 
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Table 4. List of glycoside hydrolases with conformational changes induced by substrate 
binding and detected by crystallography from different GH families. 

 
Protein Name Organism Family PDB Ligand Main change of 

conformation 
Reference 

β-endoglucanase Cel5A Bacillus 
agaradhaerens 

5 1QHZ/1QI0 Cellobiose β4α4 Loop (Varrot et al. 2000) 

cellobiohydrolase CBH II Trichoderma 
reesei 

6 1QK2 (Glc)2-S-
(Glc)2 

β2α2 Loop (Zou et al. 1999) 

Cellobiohydrolase Cel7B Melanocarpus 
albomyces 

7 1CEL Cellotetra
ose 

E212, D214,  E217 (Parkkinen et al. 2008) 

β-1,4-Xylanase pXyl Pseudoaltermonas 
haloplanktis 

8 1H13/2B4F β-D-
Xylopyran

ose 

L.263-275 
Loop 270s 

(De Vos et al. 2006) 

Endo-β-1,4-D-
xylanases 

BsXynA Bacillus subtilis 11 3EXU  Thumb loop 
(β7β8)  

(Pollet et al. 2009) 

Sucrose hydrolase SUH Xanthomonas 
axonopodis pv. 

glycines 

13 3CZE/ 
3CZK 

Sucrose L.221-225 (Kim et al. 2008) 

β-amylase SBA Glycine max 14 1WDP/ 
1WDS 

Maltose L.340-346 (Kang et al. 2005) 

Chitinase NCTU2 Bacillus cereus 18 3N12/3N13 Acetyl-D-
Glucosami

ne 

L.106-112 (Hsieh et al. 2010) 

β-galactosidase Tr-β-gal Trichoderma 
reesei 

35 3OG2/ 
3OGR 

Galactose L.522-527 
L.586-600 

(Maksimainen et al. 
2011) 

β-endoglucanase EGV Humicola insolens 45 2ENG  L.112-117 (Davies et al. 1995) 

Arabino 
furanosidase 

Tx-Abf Thermobacillus 
xylanilyticus 

51 2VRQ 
2VRK 

α-L-
Arabinofur

anose 

β2α2 Loop (Paes et al. 2008) 

Galacto-N I 
phosphorylase 

GLNBP Bifidobacterium 
longum 

112 2ZUS/ 
2ZUT 

GlcNAc/ 
GalNAc 

Helix160-170 (Hidaka et al. 2009) 
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Figures 

 

 

 

Figure 1. Reaction mechanism of retaining glycoside hydrolases. 

Double displacement reaction mechanism of retaining glycoside hydrolases is illustrated in this 

schematic figure. Characteristically, for retaining enzymes, the side chain of the nucleophilic 

carboxylate is located in ~5.0 Å away from the carboxylate group of the proton donor. 
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Figure 2. Ligand induced conformational changes in CelC.  

Two catalytic carboxylates (Glu140, Glu280) in cellulase C are located about 10 Å from each 

other in unliganded wild type structure and about 4.5 Å in CelC in complex with product (Figure 

2A). The conformational changes due to substrate binding include a significant reorientation of 

loop 138-141 which carries the catalytic proton donor Glu140 in wild type cellulase C (Figure 

2B). Conserved Glu140 and Asn 139 are stabilized by hydrogen bond interactions (orientation of 

residues in absence and presence of substrate are illustrated in  blue and in purple respectively) 
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Figure 3. Monitoring of Glu140 and Glu280 distance variations during MD simulations.  

A) Distance between carboxylate groups of Glu140 and Glu280 during MD simulations. 

Simulation 1: His91Nδ1….Oε1Glu140 (His91-Nδ is protonated) . This simulation was carried 

out at both the optimum activity temperature of CelC (330K) and the temperature during enzyme 

crystallization (293K). Simulation 2: His91Nε1….Oε1Glu140 (His91-Nε is protonated) at 330K. 

B) Snapshots of simulation 2. Formation of hydrogen bond between His91 and protonated 

Glu140 just after energy minimization (blue) and disruption of this hydrogen bond after flipping 

of Glu140 toward the active site (purple) 
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Figure 4. MD simulation of unliganded CelC with deprotonated Glu140.  

A) The length of the salt bridge initially made by negatively charged Glu140 to Lys101 on β3α3 

loop (Black line) during 30 ns of simulation. Due to high fluctuation of the loop, this ion pair is 

not stable and breaks at the beginning of the simulation and Glu140 moves toward the active site 

(blue line). B) Snapshots of CelC active site at the beginning and end of 30 ns simulation 

(purple). 
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Figure 5. Structure and sequence based evidences for positively charged His91. 

A) Alignment of CelC sequence to the sequences of endoglucanases with more than 50% identity 

to the CelC. The positions of Glu140 and His91 are highlighted. B) The near right angle between 

two adjacent His90 and His91 in the crystal structure of CelC in the absence of substrate  
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Figure 6. Simulation of unliganded CelC with deprotonated Glu140 and charged His91.  

A) Measurement of the distances between E140 carboxylate group to Glu280 (blue line) and 

His91 (black line). Charged His91 is able to establish a salt bridge to Glu140, which is stable for 

60 ns of simulation.  B)  Snapshots of position of His91 and Glu140 at the beginning (blue) and 

at the end of 60 ns simulation (purple). 
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Figure 7. MD simulation of H91K mutant CelC.  

A) Distances between Glu140 and Glu280 (blue line) and Glu140-Lys91 (black line). The ion 

pair made by Glu140 and Lys91 is able to keep the ~10 Å distance of Glu280 and Glu140. More 

fluctuation in distances can be explained by the longer alkyl chain of Lys relative to the 

imidazole ring of His91. B) The snapshot of mutant CelC active site at the end of 60 ns of MD 

simulation. 
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Figure 8. Substrate induced conformational changes in the binding cleft of CelC  

The conformation of CelC in the absence of substrate (Cellotetraose) (A) and in the presence of 

substrate (CTT) after 60 ns of MD simulation (B). β3α3 loop displays a significant displacement 

upon the binding to substrate 
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Figure 9. RMSF of CelC in the absence and presence of substrate. 

Root mean square fluctuation (RMSF) of CelC in the absence of ligand (with and without 

Glu140-His91 ion pair) and in presence of CTT. β3α3 loop is considerably stabilized in presence 

of substrate.      
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Figure. 10. Pulling of equilibrated substrate (CTT) from the binding site of induced CelC.  

A) The direction of the unbinding vector; B) Force profile for SMD simulation; C) Snapshots 

from the unbinding SMD trajectory of cellotetraose at 84 ps (peak number 1); D) Snapshots from 

the unbinding SMD trajectory of cellotetraose at 198 ps  (peak number 2). The dashed lines 

present hydrogen bonds between Glu140 and Glu280. 
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Abstract 

β-Glucosidases (3.2.1.21) are found in all domains of living organisms, where they play 

essential roles in the removal of terminal glucosyl residues from non-reducing ends of 

saccharides and glycosides. Two active site amino acid residues play key roles in the hydrolytic 

mechanism, a nucleophile and a proton donor, likely via a double-displacement mechanism. 

Besides these two highly conserved catalytic residues (two glutamates), there are some other 

conserved amino acids in active site of β-glucosidases that are not involved in the hydrolysis 

reaction but make direct hydrogen bonds to the glycosyl moiety at the -1 subsite. These residues 

are proposed to play a significant role in stabilization of the transition state and reducing the 

energy barrier. In this study, the catalytic mechanism of a GH1 β-glucosidase (Bglu1) has been 

systematically studied using DFT and ONIOM (B3LYP:AMBER) methods. Based on the 

quantum mechanical studies, a Gln29 bidentate hydrogen bond to O4 and O3, and His130 in 

hydrogen bond to O3 of glucose were found to have a minor effect on the reaction while the side 

chain of Tyr315 in an interaction to both the O5 of glucose ring and the nucleophilic glutamate 

greatly contributed to the energy profile.  Glu440, with the formation of bidentate hydrogen 

bonds and conserved Asn175 in interaction with O2, were the other residues with considerable 

influence on free energy of reaction. Different arrangements of active site residues in high (QM) 

and low (MM) level regions during the ONIOM calculations indicated that Tyr315 lowered the 

energy barrier in the deglycosylation step by 11.95 Kcal/mol while Glu440 reduced the energy 

barrier of glycosylation by 2.88 Kcal/mol. Exclusion of either of these two residues from the QM 

region resulted in deviation of the geometric parameters of the enzyme-substrate complex from 

those expected in the preactivated distorted structure of the substrate.  

Key words: Glucosidases, GH1, ONIOM, DFT, Conserved residues, hydrogen bonds
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Introduction 

β-glucosidases (β-D-glucopyranoside glucohydrolases) are enzymes that hydrolyze 

β,1→4,O-linked (or S-linked in thioglucosidase) glycosidic bonds linking two glucose or 

glucose-substituted molecules to release non-reducing terminal glucosyl residues from 

glycosides and oligosaccharides (Cairns and Esen 2010). These enzymes are found in abundance 

in all domains of living organisms. Their functions include biomass conversion in 

microorganisms, breakdown of glycolipids and glucosides, incrustation of lignin and catabolism 

of cell wall oligosaccharides in fungi and plants. Mammalian β-glucosidases such as cytoplasmic 

β-glucosidase and human acid β-glucosidase are thought to play roles in metabolism of 

glycolipids and dietary glucosides or in signaling pathways. Defects in the function of human 

acid β-glucosidase leads to Gaucher disease, in which glycoceramides accumulate in the 

lysosomes of tissue leukocytes leading to their engorgement and buildup in the tissues (Elstein 

and Zimran 2011). Knockout of the bile acid β-glucosidase (GBA2) gene in mice leads to an 

accumulation of glucoceramides in the Seritoli cells of the testes and decreased fertility (Yildiz et 

al. 2006). Lactose intolerance, one of the most common enzyme deficiencies in humans, is 

produced due to a deficiency in lactase-phloridzin hydrolase (LPH), an enzyme with both β-

glucosidase and β-galactosidase activity belonging to family 1 of glycoside hydrolases. -

glucosidases in plants are found to display a large range of biological functions including roles in 

defense and plant-herbivore/insect interactions, plant secondary metabolism, symbiosis, 

signaling and cell wall degradation (Cairns and Esen 2010).  

According to the classification system developed based on the sequence and structural 

similarity by Henrissat (Cantarel et al. 2009b; Henrissat and Davies 1997b), β-glucosidases fall 

into glycoside hydrolase families GH1, GH3, GH5, GH9, GH30 and GH116 and some are 
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unclassified (CAZy database). Family 1 of glycoside hydrolases (GH1) includes the largest 

number of well-characterized and structurally defined β-glucosidases (3.2.1.21) with 134 entries 

(60% of the total characterized GH1 members). The 3D structures of 25 of these enzymes are 

solved (with a total of 100 submitted structures to Protein Data Bank in various complexes) at 

the time of this study. Family 1 enzymes are characterized by an (β/α)8 barrel structure 

(Henrissat et al. 1995b) and belong to Clan A or the 4/7 superfamily. Generally, the substrates of 

enzymes of glycoside hydrolase family 1 are referred as the type G–O/S–X, where G indicates 

the glycosyl residue at the nonreducing ends of the substrates and X can be either a glycosyl unit 

or a non-glycosyl aglycone bound to the glycosyl moiety by an S or O link. As a result, many β-

glucosidases are able to hydrolyze glucosides with a range of glycosyl or non-glycosyl aglycone 

groups and non-physiological substrates.  

Based on nomenclature for enzymatic subsites of carbohydrates (Davies et al. 1997), the 

subsite of the glycosidase active site that binds to the glycan moiety at the non-reducing end of 

the substrate is labeled -1. The remaining part of the substrate is accommodated in the aglycone 

binding region, which may be formed by several subsites towards the reducing terminus of the 

substrate which are numbered with increasing positive numbers. The residues of β-glucosidase at 

subsite ≥ +1 are mainly involved in substrate recognition and specificity of the enzyme, 

particularly towards the aglycone part of the substrate and play a far less significant role in the 

hydrolysis reaction (Czjzek et al. 2000; Khan et al. 2011; Tribolo et al. 2007). Thus the 

combinations of residues in this substrate recognition site of β-glucosidases are highly diverse 

and generally defined based on the nature of the aglycone moieties. The interactions with the 

aglycone at subsite > +1 are primarily hydrophobic (Verdoucq et al. 2004), and the hydrogen 

bonds to the substrate in this region are not directly made by residues but are mediated by water 
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molecules (Chuenchor et al. 2011). On the other side, the residues interacting with the glucose 

moiety at the -1 subsite play the key role in the hydrolysis activity of β-glucosidases and are 

highly conserved. GH1 enzymes are retaining enzymes and follow a classical Koshland double-

displacement mechanism (Koshland 1953). Two active site amino acid residues, usually 

glutamate residues, at the C-terminal end of β-strands 4 and 7 of the β-barrel play key roles in the 

hydrolytic mechanism, with one functioning as a nucleophile and the other as a proton donor 

(Vuong and Wilson 2010). The reaction proceeds via a the formation of a covalent glycosyl–

enzyme intermediate (Vocadlo and Davies 2008) and proceeds through a transition state (TS) 

that features extensive sp2 hybridization and partial positive charge on the oxygen of glucose ring 

and involves pyranoside distortion to half-chair (3H4) or envelope conformations. The first step 

of the hydrolysis reaction, known as the glycosylation step, starts with the nucleophilic attack of 

one glutamate on the anomeric carbon (C-1) of the glycosyl moiety followed by formation of an 

α-linked covalent intermediate and the transfer of hydrogen from the general acid (proton donor) 

to the oxygen of the scissile bond. The second step is deglycosylation, in which a water molecule 

activated by the general base (the same glutamate that functioned as the general acid) serves as 

the second nucleophile to release the glucose from the intermediate state (Figure 1). This 

mechanism of reaction retains the anomeric carbon configuration. Since two ionizable groups 

(two glutamates) function as nucleophile and general acid/base catalysts, the hydrolysis reaction 

of β-glucosidases is highly pH dependent and the nature of non-conserved active site residues 

(particularly at +1 subsite) may indirectly affect the catalytic activity of β-glucosidases at 

different pH values (Tsukada et al. 2008).  

The two catalytic carboxylates directly involved in the hydrolysis reaction are highly 

conserved in GH1 and many other GH families, generally part of semi-conserved motifs of 
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(I/V)-(T/X)-E-N-G and T-(F/I/L)-N-E for nucleophile and acid/base, respectively. The only 

exceptions to this conservation in GH1 family are thio-β-D-glucosides (S-glycosidase, 

3.2.1.147), in which the carboxylate residue functioning as the general acid/base is replaced by a 

glutamine residue (Burmeister et al. 2000). In these enzymes, once the glycosyl enzyme 

intermediate is formed, the glutamine residue only ensures the correct positioning of a water 

molecule, without deprotonating it.  Besides these carboxylate groups in the active site of β-

glucosidases, there are other conserved polar and hydrophobic residues that are respectively 

involved in hydrogen bond interactions to the hydroxyl groups or stacking interactions with the 

pyranoside ring of the glycosyl moiety at the -1 subsite. These conserved residues are not 

directly involved in catalysis, but their interactions with the glycosyl moiety favor the hydrolysis 

of the glycosidic bond mainly through stabilization of the transition state (Marana 2006). 

Although many crystal structures of β-glucosidases in the presence of substrates, inhibitors or 

substrate analogues provide insight into the importance of these non-catalytic highly conserved 

residues, more details on their role in transition state stabilization can be attained by site-specific 

mutagenesis of active site residues. However, such a comprehensive study on the active site of β-

glucosidases is lacking and only the data from a few mutagenesis studies of some individual β-

glucosidases are available (Huber et al. 2001; Kaper et al. 2002; Marana et al. 2002). 

Furthermore, the nature of each mutation dictates the destabilization effect on the hydrolysis 

reaction, and mutation of a given residue to different residues may yield different results. Besides 

mutagenesis, the other approach used to study the general effect of polar interactions at the -1 

glycan subsite is replacing glycone hydroxyls by hydrogen and/or fluorine followed by an 

evaluation of these substitutions using enzyme kinetics (Fernandez et al. 1995; Namchuk and 

Withers 1995). Although these studies have provided data about the relative importance of the 
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glycone hydroxyls to the β-glucosidase activity, they did not contribute to the determination of 

the relative importance of each subsite -1 residue on substrate specificity of β-glucosidases.   

To investigate the role of residues that can form hydrogen bonds to the glycosyl moiety at 

the subsite -1 on the hydrolysis reaction of the glycosidic bond by GH1 β-glucosidases, we 

performed extensive Density Functional Theory (DFT) (Kohn et al. 1996) and hybrid QM-MM 

(ONIOM) (Vreven et al. 2003) calculations to address the stabilizing role of these conserved 

residues along the reaction coordinates in both glycosylation and deglycosylation steps. One of 

the well-studied and highly expressed GH1 β-glucosidases, BGlu1, from rice (Oryza sativa L.) 

was selected for this study. The wild type structure BGlu1 in the absence of ligand was solved to 

2.2Å and the structure when covalently bound to 2-deoxy-2-fluoroglucoside was solved to 1.55Å 

(Chuenchor et al. 2008). Furthermore, the structures of mutant enzyme (E176Q) in the presence 

of different substrates (particularly cellotetraose and cellopentaose) and in intermediate 

complexes were solved to resolutions less than 2.0Å (Chuenchor et al. 2011). These many high 

quality structures of BGlu1 make it a good candidate for computational studies. Glu176 and 

Glu386 of BGlu1 function as general acid/base and nucleophile, respectively. The other residues 

that interact with the glucose moiety at the -1 subsite are Q29, H130, N175, Y315, E440 and 

W441, which form hydrogen bonds to hydroxyl groups or the O5 of glucose. The details of these 

interactions are summarized in Table 1.  Figure S1 displays the schematic representation of polar 

interactions between the BGlu1 active site residues and glucose at subsite -1 (taken from the 

BGlu1 crystal structure, PDB code: 3F5J). In this figure (Figure S1), besides the hydrogen 

bonding residues, residues involved in hydrophobic interactions to cellotetraose are presented, 

particularly Trp433, which forms the platform of the subsite -1 and is in a stacking interaction 

with the glucose moiety at this subsite.  
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Gln29 of BGlu1 is conserved in all GH1 family members. This residue makes bidentate 

hydrogen bonds with O3 and O4 of glucose. Bidentate bonds have been reported to be formed by 

adjacent hydroxyls of glycone moiety either when both are equatorial or when one is equatorial 

and the other is axial. Therefore, GH1 β-glucosidases are able to accommodate substrates 

derived from the glucose and galactose rings and may exhibit β-galactosidase activity as well. 

Glu440 also makes a bidentate bond, in this case to O6 and O4 of glucose. This glutamate is also 

conserved in the GH1 family and only replaced by a serine in GH1 6-phospho β-glucosidase. 

This serine, as well as a lysine and a tyrosine, are interacting with the 6-phosphate group of 6-

phospho β-glucoside (Marana 2006). Glu440 seems to be a key residue in distinguishing β-

glucosidase from β-galactosidase activity within GH1 glycosidases (Marana et al. 2002). The O2 

of the glucose moiety forms a hydrogen bond to Glu386Oɛ1 (nucleophile) and Asn175 Nδ2 in the 

enzyme-substrate complex. In the intermediate complex the hydrogen bond between O2 and 

Glu386Oɛ1 is disrupted and instead O2 moves toward Glu176 Oɛ1 (proton donor) while keeping 

the hydrogen bond to Asn175 Nδ2.  Asn175 also is a highly conserved residue in clan A of 

glycoside hydrolases (superfamily 4/7, excluding GH26), and the asparagine in this position is 

always followed by a proton donor residue. Mutation of this residue in the GH1 family (Kaper et 

al. 2002) and other family of glycoside hydrolases (Roberge et al. 1997) results in major changes 

in substrate specificity and catalytic efficiency. When the Nɛ2 atom of His130 is protonated, it 

forms a hydrogen bond to O3 of glucose at subsite -1 in the enzyme-substrate complex. Site 

directed mutagenesis of this conserved histidine of a GH1 β-galactosidase (Huber et al. 2001) 

showed this residue may promote catalysis by stabilizing the transition state. Tyr315 forms a 

hydrogen bond to both O5 of the pyranoside ring and the nucleophile (Tyr315 Oη – Glu386 

Oε1 2.57 Å) and must be important for keeping the substrate and nucleophile in suitable positions 
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for the nucleophilic attack and is expected to play very significant role in stabilizing the 

oxocarbonium ion-like transition state. This residue is also absolutely conserved in all members 

of GH1 family. The other residue forming a hydrogen bond to glucose in the -1 subsite is 

Trp441, which interacts with O3 of the glucose moiety. In contrast to the highly conserved W433 

in this subsite that is in a stacking interaction with the glucose ring, W441 is not involved in 

hydrophobic interaction with glucose. This tryptophan is conserved in all GH1 β-glucosidases 

and GH1 β-galactosidases but it is replaced by Phe/Ala in other GH1 enzymes.  

Another residue that was considered in our calculations is Asn313. This residue is 

conserved in GH1 members although it is replaced by a Ser in some GH1 6-phospho β-

glucosidases. Asn313 is not in direct polar interaction with the glucose moiety at the -1 subsite 

but makes a water-mediated hydrogen bond to O6 of glucose in the +1 subsite through its main 

chain. This residue is in direct hydrogen bonding distance to both the nucleophile and proton 

donor residues (Asn313 Nδ2 is in 3.11Å and 2.91Å to Glu386 Oε2 and Glu176 Oε1 respectively). 

To compare the effect of this residue (which is in the hydrogen bond network to the catalytic 

residues) with the other residues in direct polar interaction to the glucose moiety, DFT 

calculations were performed including Asn 313 along with the other conserved active site 

residues. Figure 2A illustrates the position of the named residues around the glucose moiety at 

subsite -1. Except for one water molecule that is in hydrogen bonding distance to the oxygen of 

the glycosidic bond, no other water molecule interacts directly with glucose in this subsite 

though some water molecules within 4Å of this glucose have conserved positions in most of the 

GH1 β-glucosidases with solved structures. These water molecules are interacting with 

conserved residues in the -1 subsite, particularly Glu440 (Figure S1), and are also considered in 

our computational calculation. The purpose of this study is to analyze the relative energy 
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contribution of each hydrogen bonding residue to glucose in the active site of β-glucosidases 

during the glycosylation and deglycosylation steps of the hydrolysis reaction. The results of this 

computational study will help to understand and compare the role of key active site residues 

along the reaction coordinate. For that purpose, we have used both minimal and full enzyme 

model and employed QM(DFT) and ONIOM(DFT/AMBER) methods to each model 

respectively to deal with such a large system.  

 

Computational Methods 

Initial protein structure and MD simulations: The model system was based on the 

crystal structure of the Oryza sativa β-glucosidase (Bglu1) (Chuenchor et al. 2011) in complex 

with cellotetraose (CTT) (PDB code: 3F5J) at a resolution of 1.8Å (Chuenchor et al. 2011). This 

structure is of a mutant (E176Q) enzyme–substrate complex, and Q176 was changed back to 

glutamate to generate the actual enzyme-substrate complex for the glycosylation step of the 

hydrolysis reaction, which we will denote as (E.S)g. The reaction of 2-deoxy-2-fluoroglucoside 

with BGlu1 produces a covalent complex (PDB code: 3AHV) that was used to represent the 

covalent intermediate in the reaction sequence. Since this complex represents the reactant for the 

deglycosylation step, we denote it as (E.I)dg. The protonation states of ionizable residues of 

structures were determined using H++ (Gordon et al. 2005) at pH 5.5, the activity optimum pH 

of wild type Bglu1 (Chuenchor et al. 2011). Then structures were added to a box of TIP3P 

waters (Jorgensen et al. 1983) with  no less than 12 Å from the edge of the water box to the 

nearest protein atom, and the net charge of the systems was neutralized by adding Na+/Cl- ions to 

a final concentration of 100mM. Energy minimization using the steepest descents method was 

followed by equilibration at 300K in the NPT ensemble for 500ps. In both steps a large harmonic 
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force constant of 1.0E+6 (KJ mol-1 nm-2) was applied to heavy atoms to restrain the positions of 

heavy atoms of the entire protein, substrate and crystal water molecules within 6Å of the 

substrate. This strategy allowed equilibration of the hydrogen atoms and water molecules 

without any significant change in the position of active site atoms from the original crystal 

structures. The MD simulations were carried out with Gromacs 4.5 (Hess et al. 2008), and the 

Amber FF03 forcefield (Duan et al. 2003) was applied to protein and GLYCAM_06 (Kirschner 

et al. 2008) was used to simulate polysaccharides. Short-range non-bonded interactions were 

truncated at 1.4 nm, and long-range electrostatics were treated using the particle mesh Ewald 

(PME) method (Darden et al. 1993). The bond distances and angles of the solvent were 

constrained using the LINCS algorithm (Hess 2008; Hess et al. 1997) with a coupling time of 

2fs. General preparation steps were common to all systems. Temperature was held constant by 

coupling the system to an external bath at the chosen temperature, using a Berendsen thermostat 

(Berendsen et al. 1984) during equilibration and a Nose-Hoover thermostat (Hoover 1985; Nose 

1984) for MD production.   

Minimal model system and DFT analysis: The first model system for identifying the 

role and energy contribution of each hydrogen bonding residue in the active site of Bglu1 β-

glucosidase consisted of side chains of residues that form hydrogen bonds to the CTT in the -1 

subsite as described in the Introduction. Thus the system included the two catalytic glutamates, 

the proton donor (E176) and the nucleophile (E386). In addition the side chains of Gln29, 

His130, Asn175, Asn313, Tyr315, Glu440, Trp441 and the four crystal water molecules 

interacting with active site conserved residues (Figure 2B) were part of the systems. To reduce 

the computational cost, Trp441 was represented as a pyrrole ring, and Cα atoms of the active site 

amino acid main chain were constrained during the optimization except for Glu386 because its 
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main chain is expected to move slightly in going to the transition state. Furthermore, since Bglu1 

is capable of hydrolyzing cellobiose as well as other soluble cellulose chains with a higher 

degree of polymerization (cellotriose, cellotetraose ...), only the glucose moieties in subsites -1 

and +1 were considered for calculation in the E.S complex for the glycosylation step. For the 

deglycosylation step, the glucose at subsite +1 in the intermediate complex, (E.I)dg, was replaced 

by a water molecule that acts as a nucleophile in the hydrolysis reaction. This water molecule is 

WAT625 in the intermediate-complex structure (PDB:3AHV), which is at a distance of 3.58Å 

from C1 of glucose.  The total number of atoms in glycosylation and deglycosylation steps was 

186 and 165, respectively, during the QM analysis.  

The unrestricted B3LYP method at the DFT level of theory (Lee et al. 1988), in the 

ground state with the 6-31G(d) basis set was used for geometry optimization of  reactants, (E.S)g 

and (E.I)dg, transition states, (TS)g and (TS)dg, and the final product of the glycosylation and 

deglycosylation steps, denoted (E.I)g and (E.P)dg, respectively. The calculation of vibration 

frequencies was also carried out at the same level of theory. To find a good guess for geometries 

at the transition state, we started with a very simple model system including just substrates and 

catalytic residues and the Transit-Guided Quasi-Newton method (Peng et al. 1996), QST3, was 

applied to find the actual transition states in absence all the other active site residues. The 

stabilization of saddle points in the TS was checked with vibration analysis and intrinsic reaction 

coordinate (IRC) methods to verify the transition states are well connected to the reactant and 

product. The geometric parameters of TSs taken from this simplified system was used for 

redundant optimization of restrained structures of the optimized reactant structures of 

glycosylation and deglycosylation steps in the presence of all the other non-catalytic residues 

(minimal system). Then full transition state geometry optimizations were done once these 
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redundant optimized structures and formation of accurate TSs were validated by vibration 

frequency calculation.          

A larger basis set 6-311+G(2df,2pd) was used for single point energy calculations on the 

optimized geometry. It has been demonstrated by other investigators that the 6-311++G(3df,3pd) 

basis set for energy calculation changes the final result by less than 0.5 kcal/mol  relative to the 

6-311+G(2d,2p) basis set (Bras et al. 2008). Considering the time required for computation, the 

basis set selected for energy calculation in this study seems to be reasonably accurate. To 

evaluate the relative energy contribution of each hydrogen bonding residue to the reaction, we 

followed the method suggested by Tian et al. (Tian et al. 2011). In the optimized structures of 

reactants, transition states and products, the residues one by one were replaced by dummy atoms, 

and single-point energy calculations were conducted on each system without further 

optimization. The relative energy contribution (REC) of each residue, e.g. residue i, towards the 

reaction energy profile was evaluated based on the difference between the relative energies of the 

whole system (optimized minimal system with all residues) and that system minus the residue i. 

For example, the REC value for residue i at (TS)g was evaluated by |E'(TS)g-E(TS)g|, where E(TS)g is 

the relative energy of whole system at E(TS)g (TS of glycosylation step) and E'(TS)g is the relative 

energy of the system when residue i was removed. The same calculation was conducted for each 

residue for the deglycosylation step to calculate the REC value of each residue at that step as 

well. Since replacement of the leaving group (glucose) with water molecules could not feasibly 

be modeled by QM calculations, the two steps of glycosylation and deglycosylation were studied 

separately. The relative energy for the glycosylation and deglycosylation steps were calculated 

based on the reactant of each step, (E.S)g and (E.I)dg respectively. All subsequent DFT and 
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hybrid QM-MM calculations (next step) were conducted using the Gaussian 09 package (Frisch 

et al. 2009).        

Full enzyme system and hybrid QM/MM (ONIOM): The equilibrated structures from 

MD simulations were used for the hybrid QM-MM (ONIOM) study (Dannenberg et al. 2006; 

Vreven et al. 2003). The residues with highest REC from the DFT study were selected to be part 

of the high level (quantum mechanical) region of the ONIOM system. A two-layer ONIOM 

(QM:MM) with mechanical embedding was used for geometry optimization. Hydrogen link 

atoms were used to treat QM and MM interface regions.  In geometry optimizations, the higher-

level layer included the glucose moieties at subsite -1 and +1 (including the glycosidic bond 

between subsite +1 and +2), side chains of the two catalytic residues (E176 and E386), side 

chains of N175, Y315, E441, and water molecules, for a total of 107 atom for the glycosylation 

step. The high-level region for the deglycosylation step included all the above residues and water 

molecules, with the glucose residue at subsite +1 being replaced by a water molecule, for a total 

of 87 atoms. This region was treated with density functional theory (DFT) at the unrestricted 

B3LYP/6-31G(d) level for geometry optimization. The rest of the system (including glucose 

moieties of CTT at subsites +2 and +3) was treated at the molecular mechanics level with the 

parm99 (Cheatham et al. 1999) and Glycam_06 (Kirschner et al. 2008) force fields. The 

geometry optimized transition states were located using the method described by Tao et al. (Tao 

et al. 2009). The atoms in the outer shell of the protein were kept frozen and atoms within 15Å of 

the protein core (catalytic residues and substrate) were allowed to move.  

Residues constituting the core of the reaction (E176, E386, glucose -1 and glucose +1 or 

a water molecule) were maintained at a high level while each of other high level region residues, 

including N175, Y315, E441 or water molecules, were transferred one by one to the low level, 
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MM region, and optimization was redone with this new arrangement of high/low level regions. 

The atom number in each ONIOM system that was studied is summarized in Table 2. Single 

point energy calculations of each optimized geometry were calculated at the B3LYP/6-

311+G(2df,2pd) level with electronic embedding incorporation of the partial charges of the MM 

region into the quantum mechanical Hamiltonian (Vreven et al. 2006). The ONIOM-EE energies 

were calculated using EONIOM=Emodel,QM + Ereal,MM + Emodel,MM as described by Morokuma and 

coworkers (Vreven and Morokuma 2006; Vreven et al. 2003).  Geometries were not optimized 

with the electronic embedding scheme due to its high computational cost. The atomic point 

charges were taken from a Mulliken population analysis of the electronic density of the higher-

level region (Cioslowski 1989). File preparation for ONIOM calculations was carried out as 

described (Tao and Schlegel 2010).   

Results and discussion 

β-glucosidases of family 1 of glycoside hydrolases are retaining enzymes with a double 

displacement reaction mechanism that includes glycosylation and deglycosylation steps with the 

reaction proceeding through the formation of a covalent glucosyl-enzyme intermediate (Zechel 

and Withers 2000). As it was mentioned in the Introduction, besides the two main catalytic 

glutamates that function as general acid/base and nucleophile in hydrolysis of the glycosidic 

bond, there are several other highly conserved residues that form polar or hydrophobic 

interactions with the glucose moiety at subsite -1 of the enzyme. While the carbohydrate-

aromatic residue (stacking/π) interactions and their role in binding, specificity and catalysis have 

been studied comprehensively (Payne et al. 2011; Ramirez-Gualito et al. 2009; Williams and 

Davies 2001), computational or experimental studies on the contribution of polar interactions in 

the active site of glycoside hydrolases have not been implemented adequately. To study the roles 
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of the conserved, non-catalytic polar residues along the reaction coordinate of GH1 β-

glucosidases and to investigate their stabilizing effect on two transition states and to find active 

site residues with major effect on the potential energy profile, we performed extensive QM and 

hybrid QM/MM simulations on Bglu1. The availability of several crystal structures makes Bglu1 

an excellent candidate for computational simulations and particularly the study of the 

deglycosylation step. Upon forming the glucosyl-enzyme intermediate of Bglu1, the position of 

some active site residues changes (Supporting information, Figure S2). The most significant 

reorientation occurs for Glu386 (the nucleophile), such that its side chain turns by 60° as it forms 

a covalent bond to atom C1 of glucose. This reorientation of the Glu386 side chain perturbs the 

hydrogen bond made by C2-OH of glucose to Glu386 Oɛ1. It has been shown that this hydrogen 

bond could be involved in glycone ring distortion in the transition state and reduction of the 

energy barrier in the glycosylation step (Bras et al. 2008). The other residues with a minor 

positional shift are E440 and Y315.  

DFT calculations on active site residues in a minimal system: To identify the residues 

with a significant impact on the energy profile along the reaction coordinate of hydrolysis by 

GH1 β-glucosidases, a system containing side chains of the catalytic residues (Glu176: proton 

donor and Glu386, nucleophile), side chains of all hydrogen bonding residues to the glycosyl 

moiety at subsite -1, and a cellobiose as a natural substrate was treated by DFT/B3LYP 

calculations. Density Functional methods have been demonstrated frequently to produce the most 

reliable data relative to other theoretical methods (Bras et al. 2008; Bras et al. 2010b).  The main 

chains of these residues are at least 8Å from the reaction center and may not affect the reaction 

significantly, so they were excluded from calculations (Figure 2 and Figure S1). The results from 

the relative energy contributions (REC) calculations are presented in Figure 3. The enzyme-
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substrate complex, (E.S)g, and glycosyl-intermediate complex, (E.I)dg, were considered as the 

references for glycosylation and deglycosylation, respectively, for calculation of REC values for 

each step. The average values of the REC for each resides in each step of hydrolysis are 

summarized in Table 3. Based on Figure 3 and Table 3, it is clear that Tyr315 plays a major role 

in the energy profile for both glycosylation and deglycosylation. This high-energy contribution 

for Tyr315 looks reasonable since the orientation of this residue makes it possible to form a 

hydrogen bond to the nucleophilic Glu386 Oɛ1 and/or to O5 of the glucose moiety. The analyses 

of geometry optimized structures illustrate that in the enzyme-substrate complex, (E.S)g, as well 

as the enzyme-final product complex, (E.P)dg, the Tyr-OH group is making a hydrogen bond to 

Glu386 Oɛ1 (OH of Tyr315 is 2.62Å to Glu386 Oɛ1 and 3.24Å to O5 for (E.S)g, and 2.75Å to 

Glu386 Oɛ1 and 3.66Å to O5 for (E.P)dg). For the first transition state, (TS)g, Tyr315 still mainly 

keeps the hydrogen bond to Glu386, although it gets closer to O5. A similar orientation for 

Tyr69 in BCX xylanase (in equivalent position to Tyr351in Bglu1) has been reported in the 

transition state of the glycosylation step (Soliman et al. 2009). In the intermediate state and upon 

formation of the covalent bond between Glu386Oɛ1 and C1, and also due to the reorientation of 

the carboxylate group of the nucleophile, Tyr315-OH makes its hydrogen bond to O5 of glucose 

(OH of Tyr315 is in 2.79Å to O5 and in 3.21Å to Glu386 Oɛ1). These distances increase by 

0.12Å in the second transition state, (TS)dg. The maximum REC values for Tyr315 are for (E.I)g 

and (TS)dg, indicating that this residue contributes mainly to the energy profile of hydrolysis by 

making a hydrogen bond to the O5 glucose moiety. The role of this Tyr in activation energies 

will be discussed in next part of this study.   

Glu440 is the next residue with considerably high REC values in both steps of hydrolysis. 

This residue makes bidentate hydrogen bonds to O6 and O4 of glucose at subsite -1 and almost 
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equally and significantly contributes to the energy profile at different steps of hydrolysis (Figure 

3). Interestingly, Gln29 is the other residue with bidentate interactions to glucose and makes 

hydrogen bonds to O3 and O4 of the glucose moiety, but with a very low relative energy 

contribution to the profile. The results are in very good agreement with a site-specific 

mutagenesis study of Gln39 and Glu451 of a GH1 β-glucosidase from Lepidoptera, equivalent to 

Q29 and E440 in Bglu1, where the energy of the non-covalent interaction between the glycone 

equatorial O4 with Glu451 in the transition state was found to be about 60% higher than its 

interaction with Gln39 (Marana et al. 2002). The catalytic specificity of an E451A mutant of this 

enzyme was 4-10 times less than the catalytic specificity of the Q39A mutant on several different 

substrates, comparable to the value of ~5.2 for the average ratio of RECE440 / RECQ29 calculated 

in this study.  As Marana et al. (2002) noted in their publication, the higher energies of the 

hydrogen bonds involving Glu451 (in comparison with Gln39) may result from the fact that 

hydrogen bonds with charged groups (like Glu451) are stronger than those with uncharged ones 

(like Gln39), even if they have similar lengths.  

Another residue with considerable REC values was Asn175 (Figure 3 and Table 3). 

Asn175 displayed its significant role primarily in both transition states, (TS)g and (TS)dg, relative 

to the other enzyme complexes (Figure 3). An explanation for this observation can be made by 

considering the distance between Asn175 Nδ2 and O2 in reactants, transition states and 

intermediates. The Asn175 Nδ2...O2 distance was 2.90Å and 2.96Å in E.S and E.I complexes, 

respectively. In transition states, distortion of the glucose ring at subsite -1 due to the formation 

of oxocarbonium ion, affected the Asn175 Nδ2...O2 separation and reduced the above distances 

to 2.84Å and 2.89Å in (TS)g and (TS)dg, respectively. Although these differences in the hydrogen 

bond distance are not large, it may help to stabilize transition states more than in the other stages. 
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Since Asn175 is involved in the interaction to O2 of the glucose moiety, as expected it plays a 

significant role in specificity determination of GH1 glycosidases toward mannose or glucose. 

Mutation of N206 (equivalent to N175 in Bglu1), in GH1 β-glucosidase CelB, increased the 

specificity for mannosides and reduced hydrolysis rates toward glucose by 10-fold (Kaper et al. 

2002). 

His130 is a residue with a very low REC value (Figure 4). His130 Nε1 makes a hydrogen 

bond to O3 of glucose in the E.S and E.I complexes. By examining all the other structures of 

GH1 enzymes deposited in the protein data bank, we noted that the hydrogen bond made by this 

histidine to O3 is not highly conserved in the GH1 family, while the histidine residue itself 

(equivalent to H130 in Bglu1) is highly conserved at that position in this family. When the 

hydrogen bond is absent, His rotated about its vertical axis such that the orientations of Nδ1 or 

Nε2 of His were not in an appropriate distance to make the hydrogen bond to O3. Examples of 

this orientation of His in GH1 families are β-glucosidase B from Bacillus Polymyxa (Isorna et al. 

2007), a β-glucosidase from Triticeae (Sue et al. 2011; Sue et al. 2006) and Os3BGlu6, a β-

glucosidase from Oryza sativa Japonica (Seshadri et al. 2009). In these enzymes this histidine 

has no direct hydrogen bond to O3 of glucose at subsite -1, or one mediated by water. In this 

orientation histidine with the protonated Nε2 is usually interacting with Oɛ2 of the nucleophilic 

glutamate (Nε2 and Oε2 distance is in average range of ~3.5Å). In some other members this 

histidine is orientated in a way that it interacts with both O3 and O2 simultaneously (Czjzek et al. 

2001). Figure 3 shows even though the hydrogen bond made by His130 of Bglu1 to O3 of 

glucose is maintained during the glycosylation and deglycosylation steps, its effect on the 

potential energy profile of hydrolysis was very small compared to other active site residues. 

However, it seems that depending on the orientation of this histidine in the active site of GH1 
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glucosidases, they may play different roles in the energy profile (Huber et al. 2001). Moreover, 

in addition to its interaction with the glucose moiety in the active site of glucosidases and 

stabilization of the transition state, this histidine may be involved in pH tolerance in different 

glycosidases and keeping the appropriate protonation state of nucleophile and proton donor in 

the hydrolysis reaction by switching between charged and neutral states (Schubert et al. 2007).     

Trp441 is the other residue interacting with O3 of glucose (Figure S1) that has a small 

REC value in the energy profile (Figure 3). This residue in some members of the GH1 family is 

replaced by Phe/Ala or is not hydrogen bonded to O3 (Zouhar et al. 2001), further demonstrating 

the minor effect of the hydrogen bond made by this tryptophan on the reduction of the energy 

barrier in GH1 enzymes. Asn313, which is hydrogen bonded to both catalytic carboxylates 

(Glu176 and Glu386) was also considered in the QM calculations. Figure 3 and Table 3 show 

even though Asn313 is not in direct interaction with the glucose moiety at subsite -1, its average 

contribution to energy profile may be higher or at least of the same level in comparison to 

residues making direct hydrogen bonds to hydroxyl groups of glucose such as His130 and 

especially Gln29 which makes a bidentate hydrogen bond to glucose. This observation suggested 

that some other active site residues such as Asn313 may have their influence on the energy 

profile by polarizing catalytic residues along the reaction coordinates and facilitating hydrolysis. 

The water molecules that were considered in the calculations demonstrated a large REC value in 

the (E.I)g complex (Figure 3). The energy optimized structure of (E.I)g illustrates three of these 

four water molecules attach the leaving glucose (the product of glycosylation step) to the rest of 

system, which is the reason for that large REC value in (E.I)dg. Figure 4 displays the REC value 

from water molecules decomposition. The three water molecules mentioned above had large 

values for the REC while one water molecule that interacts with Glu440 had insignificant energy 
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contribution in all steps. To determine the role of these waters in the potential energy profile they 

were evaluated in the protein environment where all other residue and water molecules were 

considered in the calculation.  

Hybrid QM/MM analyses of selected active site residues in full system. To assess the 

role of each active site residue in the energy profile along the reaction coordinate by GH1 β-

glucosidases, hybrid QM/MM (ONIOM) calculations were conducted. Side chains of Asn175, 

Tyr315, Glu440 (residues with the significant relative energy contribution, Table 3), three water 

molecules, glucose moieties at subsites -1 and +1 of cellotetraose, and side chains of the two 

catalytic residues were selected to be treated in a high level (QM) region and the rest of protein 

and crystal or added water molecules were treated by the AMBER force field (MM). Geometry 

optimizations were performed on this ONIOM system (ONIOM-All) and its subsequent 

partitions (through transferring one by one each non-catalytic residue to the low level region, 

Table 2) for reactants, transition states and products of both glycosylation and deglycosylation 

steps in order to explore if the optimized structures and energy profiles are affected by 

alternative QM/MM partitioning schemes. The final geometry optimized structures from the 

ONIOM-ALL scheme are illustrated in Figure 6 and Figure 7 for glycosylation and 

deglycosylation, respectively and only the atoms in the high-level region are presented. Figure 5 

shows the relative energy profiles plotted based on single point energy calculations at the 

Amber/6-311+G(2df,2pf) level of theory for each of these ONIOM model systems (Table 2). 

This graph illustrates that the energy barriers were very sensitive to different QM/MM 

partitioning schemes and shows how the presence of each residue in the high level region during 

the catalytic reaction affected the energy profile. The two steps of glycosylation and 

deglycosylation were connected by including the ΔG of glucose desolvation from the protein 
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environment to aqueous media, as explained by Bras et al (Bras et al. 2010a). The most dramatic 

change in energy profile in Figure 5 happens in All-Y315, when Tyr315 was removed from the 

high level (QM) region and moved to the low level (MM) region. In particular, the activation 

energy of the deglycosylation step increased by 11.95 Kcal/mol (Table 4). The same trend was 

also observed in the QM study (see above) where in the absence of Tyr315, the activation energy 

of the deglycosylation step increased by ~8.0 Kcal/mol (Figure S4), in agreement with the large 

REC value of Tyr315 in (TS)dg (Figure 4). The other considerable effect of this tyrosine along 

the reaction coordinate is on the polarization of the carboxylate group of the nucleophilic 

glutamate when this residue was transferred to the MM region in ONIOM calculations. As is 

highlighted in Table S6, the length of the CD(Glu386)…Oε2(Glu386) bond was smaller by 

~0.015Å on average when Tyr315 was removed from the high level region relative to the 

equivalent bond length in other ONIOM partitioning. Although the change in bond length is 

small, it still highlights the role of tyrosine in polarization of nucleophilic bond by increasing its 

length. 

Table 4 shows that exclusion of two other non-catalytic active residues (Asn175 and 

Glu440) and waters from the QM region caused an increase in activation energies in both the 

glycosylation and deglycosylation steps. The effect of water molecules on the energy profile of 

glycosylation was near zero, indicating that the value of REC for waters of (E.I)g shown in 

Figure 3, cannot be accurate. As explained before, those four water molecules attached the 

exiting glucose to the rest of system while in the full systems many other water molecules 

interacted with the leaving glucose, which reduced the final energy contribution of those four 

selected waters. Elimination of Asn175 from the high-level region induced destabilization in all 

stages of the reaction, however since the energy of these stages increased relatively by the same 
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amount, Asn175 did not affect the energy barriers significantly. The absence of this residue in 

the high-level region made the intermediate less stabilized than the reactant in the glycosylation 

step by 4.118 Kcal/mol relative to other studied residues (Figure 5). The exclusion of Glu440 

from the QM region had the maximum effect on the energy barrier of the glycosylation step and 

increased it by 2.879 Kcal/mol with small effect on deglycosylation energy barrier (Table 4).  

The extent of positive charge distribution between the C1 (anomeric carbon) and O5 

(oxygen of glucose ring) atoms among different ONIOM partitioning schemes was also 

calculated using the 6-31+G(2df,2pd) basis set based on Mulliken atomic charges to evaluate 

how inclusion of each non-catalytic active site residue influenced the charge variation of C1 and 

O5 at both transition states. Table 4 lists the differences in charges between transition state and 

the reactant for both glycosylation, [(TS)g-(E.S)g], and deglycosylation, [(TS)dg-(E.I)dg], steps in 

each ONIOM partitioning system (more details on the absolute values of atomic charges can be 

found in Table S4-S8). Exclusion of any residue or waters did not influence significantly the 

Δcharges for C1 in any of two steps (Table 4). Δcharges for C1 were on average 0.075 a.u and 

0.124 a.u for glycosylation and deglycosylation respectively. This difference in Δcharges for the 

two steps of hydrolysis was due to the more positive charge on C1 in the (E.S)g complex that 

generated a smaller value for [(TS)g-(E.S)g], that is a plausibly a direct consequence of 

preactivation of the glycan substrate in the active site of glucosidases (Biarnes et al. 2007). This 

preactivation of glucose at the -1 subsite includes both an increase in C1 positive charge and 

distortion of the pyranose ring relative to the 4C1 conformation. O5 of the glucose ring also 

showed a considerable decrease in its negative charge for the two transition states (which is 

apparent from the positive values for differences in charges between transition states and reactant 

for both steps, Table 4). In contrast to a more positive charge on C1 in (TS)dg relative to (TS)g, 
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the decrease of negative charge of O5 in both transition states was almost the same. Interestingly, 

Δcharges for O5 when Tyr315 was excluded from the QM region in the ONIOM system was less 

than when Tyr315 was treated quantum mechanically, particularly in the deglycosylation step, 

again signifying the considerable role of tyrosine in efficient catalysis by interacting with O5 and 

decreasing its negative charge, in good agreement with the results of QM/MM molecular 

dynamics simulations of BCX xylanase  when Tyr69 (in the same position as Tyr315) is mutated 

to Phe in the high level region (Soliman et al. 2009). The role of tyrosine was also reflected in 

the C1-O5 bond length when the difference in the length of this bond between reactant and 

transition states was considered. This Δlength for C1-O5 was always a negative value for any 

combination of QM and MM region in the ONIOM systems (Table 4), indicating the length of 

C1-O5 bond was smaller in transition states relative to reactants for each hydrolysis step, 

demonstrating the partial double bond character of the C1-O5 bond in (TS)g and (TS)dg. However 

the value of Δlength for C1-O5 for glycosylation was smaller by ~0.01Å relative to this value of 

this length for deglycosylation, which can be explained by the shorter length of this bond in the 

distorted conformation (1S3) of  the glucose ring in the (E.S)g complex  (Biarnes et al. 2007; 

Biarnes et al. 2006). In contrast to other ONIOM partitioning, when Tyr315 was excluded from 

the high level region, the length for C1-O5 in (TS)g or (TS)dg did not decrease as observed in the 

other systems when Tyr was included (Table 4 and Table S6, the values can be compared to the 

equivalent values in Table S4, S5, S7 and S8), signifying the role of Tyr in distortion of the 

glucose ring and formation of oxocarbonium-like transition state. Surprisingly, such effects on 

the C1-O5 length were also observed for the ONIOM system excluding Glu440. The system 

excluding Glu440 in the high level region, showed an elongated length for C1-O5 in both (E.S)g 

and (TS)g relative to other systems (Table S7). The other impact of excluding Glu440 on 
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optimized geometries can be observed in the large deviation of the glucopyranose ring 

conformation in the optimized (E.S)g complex from its skew boat conformation (1S3) in crystal 

structure (Table S7, dihedral C5-O5-C1-C2). The distorted conformation of glucose ring in E.S 

complex relative to the relaxed 4C1 structure is mainly due to the geometry of the active site in 

subsite -1 and +1 (Figure S5) and partially a result of the electronic interactions in subsite -1 that 

stabilizes the distorted structure (Biarnes et al. 2007; Biarnes et al. 2006). Deviation from the 

original 1S3 was in other ONIOM partitions as well as minimal systems (QM), most likely due to 

the exclusion from quantum mechanical calculations of aromatic residues such as Trp433 and 

especially Trp358, which are interacting with glucose moieties at -1 and +1 subsites, 

respectively. These aromatic residues have been shown to play a substantial role in ring 

distortion at the −1 site in the enzyme-substrate complex (Payne et al. 2011). However the 

maximum distortion of the ring from the initial 1S3 conformation was observed when Glu440 

was moved to the MM region in the (E.S)g optimized structure. This structure also showed a 

shorter C1-O4 (glycosidic bond) length relative to other optimized structures with Glu440 in 

high-level region. Elongation of the C1-O4 bond in the preactivated conformation of the 

glucopyranose ring in the (E.S)g complex was observed in other studies with a distorted glucose 

ring (Biarnes et al. 2007). All these results together indicate the interactions of this glutamate 

with O6 and particularly O4 of the glucose ring may significantly affect the geometry of glucose, 

including the length of O5-C1 or O4-C1 bond and dihedral angle of C5-O5-C1-C2. These 

deviations from the crystal structure in the geometry optimized (E.S)g conformation in the 

absence of Glu440 in the high level region, possibly can be explained by a contribution of the 

negative charge of Glu440 to stabilize the positive charge on group C1/O5 in the glucose ring in 

both (E.S)g and (TS)g complexes. However more exact explanation on the role of this glutamate 
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in preactivation of (E.S)g and stabilization of (TS)g may need further investigation such as in 

silico mutagenesis.  

The diagram of the energy profile along the reaction coordinates for the ONIOM-All 

system in which the energies were calculated with electrical embedding between QM and MM 

region are compared with the energy profile calculated from a minimal (QM/DFT) system at the 

same level of theory in Figure 8. Although the number of residues hydrogen bonded to the 

glucose moiety that are treated by QM/DFT in the minimal system was more than (twice) the 

number of residues treated in the high level region of full system calculations, the energy barriers 

in the full system (whole protein) calculated in a two layer ONIOM (QM/MM) is less than the 

one in minimal system by 6.58 and 3.97 Kcal/mol for glycosylation and deglycosylation steps, 

respectively. The values of energy barriers in glycoside hydrolysis in other studies cover a vast 

range of values and are highly dependent on the substrates, residues included in high level 

region, theoretical method and basis set used for calculation (Bras et al. 2008; Bras et al. 2010b). 

Additionally, in our study the dynamics of the enzyme were not considered and it is possible that 

the orientation of the active-site residues and crystal water molecules will change in the TS, and 

it may be necessary to use alternative methods such as QM/MM molecular dynamics. The 

activation energy we calculated for glycosylation in the ONIOM-All system (26.71 Kcal/mol) is 

smaller than the energy barrier (31.5 Kcal/mol) for this step calculated by Bras et al. (Bras et al. 

2008) using a functional B3LYP/6-31G(d) method for E. coli β-galactosidase or the one 

calculated for cellobiohydrolase I, 32.6 kcal/mol (Yan et al. 2011), and larger than the one (15.7 

Kcal/mol) calculated by Wang et al. (Wang et al. 2011) for the glycosylation step of β-

glucosidase in complex with laminaribiose in QM/MM Molecular Dynamics (CHARMM2227/ 

B3LYP/6-31G(d,p)). For the deglycosylation step, the value of the energy barrier in DFT 
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B3LYP/6-31+G(d) reported for E. coli β-galactosidase (Bras et al. 2010b) is equal to 23.1 

Kcal/mol, which is close to the one calculated by two layer ONIOM in this study (21.01 

Kcal/mol). The energy barrier of deglycosylation in this study was significantly smaller than the 

one (33.28 Kcal/mol) calculated for cellulase Cel7A from Trichoderma reesei using hybrid 

QM/MM-MD (Li et al. 2010). The atomic distances of critical forming/breaking bonds of 

ligands during transition states in this study are in a good agreement to above-mentioned studies.  

Conclusion 

In this study, a comprehensive and comparative theoretical investigation on the catalytic 

mechanism of GH1 β-glucosidases was carried out by performing MD, QM and QM/MM 

calculations. In the active site of β-glycosidases, in addition to two catalytic residues (two 

glutamates for GH1 glucosidases), there are some highly conserved, non-catalytic polar residues 

that make direct hydrogen bonds to the glucose moiety at subsite -1 or to the oxygen of the 

glycosidic bond. Even though numerous studies have been performed with a number of 

glycosidases through in silico or in vitro mutagenesis to determine the role of these conserved 

active site residues in the energy profile of the hydrolysis reaction, many questions remain 

unanswered. The purpose of this study was to find the relative energy contribution (REC) of 

these polar residues to the potential energy profile of glycosidic hydrolases using a minimal 

system including all residues that form hydrogen bonds to glucose and crystal water molecules 

close to the center of reaction. Using this pure QM calculation we found Tyr315, which is 

hydrogen bonded to both the nucleophilic glutamate and O5 of glucopyranose ring, had the 

maximum REC value. The other residue with a considerable relative energy contribution was 

Glu440, which interacts with O4 and O6. Asn175, which interacts with O2, also presented a 

significant energy contribution in both transition states in the glycosylation and deglycosylation 
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steps. Interestingly, residues such as Gln29 with bidentate bonds to the glucose moiety and 

His130 and Tyr441, which hydrogen bond to O3, contributed very little to the energy profile. 

Based on these results, the interactions involving the subsite -1 and O3 of glucose are less 

significant to the stabilization of transition states and β-glucosidase activity, consistent with 

some other studies based on the method of hydroxyl group substitution (Marana 2006; Namchuk 

and Withers 1995).     

In the next stage of the investigation, residues with high REC values in the QM study 

were further investigated in a two-layer ONIOM (QM/MM) calculation where the side chains of 

Asn175, Tyr315, Glu440 were included in the high level (QM) region along with water 

molecules, the catalytic residues, and the substrate. In agreement with the QM/DFT study, 

excluding Tyr315 in the ONIOM study was found to influence substantially the energy barrier of 

hydrolysis, particularly in the deglycosylation step, increasing it by 11.95 Kcal/mol. Analysis of 

geometry optimized structures at each step in the ONIOM system showed that the absence of 

Tyr315 in the high level region influenced the preactivation of substrate in the enzyme-substrate 

complex. In addition, the length of the C1-O5 (in the ring) was larger, and the C1-O4 (glycosidic 

bond), smaller than the equivalent length of these bonds in the E.S complex when Tyr315 was 

included in the QM region. Exclusion of Tyr315 from the high level region also affected the 

accumulation of positive charge on the C1/O5 group. Another interesting result was observed 

when Glu440 was transferred to the MM region. The energy barrier of the glycosylation step was 

increased by ~3.0 Kcal/mol. In addition, Glu440, interacting with O6 and O4 of the glucose ring, 

influenced the structural properties of the glucose ring, particularly the C1-O5 bond length in the 

E.S complex and transition state. Water molecules that were found in QM/DFT analysis to have 

a large effect on the energy profile in enzyme-intermediate complex in glycosylation due to 
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interaction with the leaving group were found to contribute a minor effect on the energy barriers 

in the hydrolysis reaction in ONIOM calculations.   
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Tables 

Table 1. Distances between the atoms of hydrogen bonding residues of BGlu1 active site 
and corresponding oxygen atom on glucose moiety at subsite -1. 

The values are taken for both enzyme-substrate complex (PDB: 3F5J) and Enzyme-intermediate 

complex (PDB:3AHV).   

 

Glucose binding in β-glucosidase (Bglu1)

  Distance (Å)

Substrate atom Protein atom In E.S complex In Intermediate

Glucose O1 Glu176 O
ɛ1 2.66

a N/A

 Glu176 O
ɛ2 3.51 N/A

 Water691 2.84 N/A

O2 Glu176 O
ɛ1 3.82

b
3.48

b

 Glu386 O
ɛ1 2.71 4.12

c

 Asn175 N
δ2 2.92 2.96

c

 – –  
O3 His130 N

ɛ2 2.84
d 2.91

 Gln29 O
ɛ1 2.73 2.65

 Trp441 N 
ɛ1 3.07 2.89

O4 Gln29N
ɛ2 3.08 2.90

 Glu440 O
ɛ1 2.39 2.63

O5 Tyr315 O
η 2.92 2.90

O6 Glu440O
ɛ2 2.40 2.61

 

a
Adjusted value after mutating back Q176 to glutamate in crystal structure of enzyme-substrate 

complex.    
b
O2 makes hydrogen bond to Glu386 O

ɛ1 
 in ground state enzyme-substrate complex and in 

intermediate complex moves toward Glu176 O
ɛ1

 .  
c 
Adjusted value after substitutioning OH by F2 in intermediate complex. 
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Table 2. Number of residues in minimal system (DFT study) and in the high level region of 
different ONIOM Partitioning schemes employed to full enzyme.  

 

Number of  Atoms in High‐level Residues* 
Glycosylation  Deglycosylation

Minimal System (QM) 185 165 Q29,H130,N175,N313,Y315, 
E440,W441,Waters 

ONIOM‐ALL 107 87 N175,Y315,E440,Waters 
ONIOM‐N175 99 79 Y315,E440,Waters

ONIOM ‐Y315 92 72 N175, E440,Waters

ONIOM‐E440 98 78 N175,Y315,Waters

ONIOM‐Waters 95 75 N175,Y315,E440

 

*E176, E386 and glucose at -1 subsite for glycosylation step and E176, E386 and a nucleophile 

water for deglycosylation step were kept in all DFT or ONIOM systems. Rearrangement or 

deletion of residues was only applied to non-catalytic conserved active site residues as indicated 

in the table. 
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Table 3. Average values of Relative Energy Contribution (REC) for each residues and 
water molecules in glycosylation and deglycosylation steps.  

 

Residue Glycosylation Deglycosylation 

Gln29 0.6744 0.8229

His130 0.4532 1.1818

Asn175 1.8401 2.5477

Asn313 1.4321 1.4249

Tyr315 4.9188 5.7460

Glu440 4.4135 3.3823

Trp441 1.1194 1.2007

Waters 3.9845 1.7903

Average REC 2.3545 2.2621
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Table 4. Relative energies and structural properties of each ONIOM partitioning scheme.  

When a residue is designated indicates that residue was excluded from high level region and is 

transferred to MM region in that partitioning. The absolute structural properties, and charge 

along with relative energies of each ONIOM partitioning can be found in Table S2-S8.         

 

ΔEnergy [Kcal/mol] 
(Relative to ONIOM‐ALL)

ΔLength         
(TS‐reactant) [Å]

ΔDihedral      
(TS‐reactant) 

ΔCharge          
(TS‐reactant)

ONIOM partitioning  Activation 
energy 

Reaction 
energy

O5‐C1 C5‐O5‐C1‐C2  C1  O5 

ONIOM‐ALL Glyc 0.000 0.000 ‐0.092 ‐15.967 0.079 0.134

Deglyc 0.000 0.000 ‐0.104 36.769 0.108 0.111

ONIOM‐N175 Glyc 1.459 4.118 ‐0.091 ‐12.952 0.072 0.105

Deglyc 2.277 1.282 ‐0.100 37.569 0.129 0.121

ONIOM‐Y315 Glyc ‐1.532 ‐6.423 ‐0.084 ‐9.789 0.079 0.094

Deglyc 11.954 3.508 ‐0.079 41.738 0.122 0.050

ONIOM‐E440 Glyc 2.879 ‐1.336 ‐0.092 ‐9.432 0.077 0.108

Deglyc 0.612 2.383 ‐0.104 36.625 0.136 0.112

ONIOM‐Waters Glyc 0.159 ‐0.036 ‐0.092 ‐13.029 0.075 0.098

Deglyc 1.796 1.938 ‐0.099 34.783 0.132 0.111
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Table S1. Relative energies of glycosylation and deglycosylation calculated in minimal 
system (QM/DFT).  

Each residue name indicates that residue is deleted from the whole system and the energies of the 

system in the absence of that residue have been recalculated without further optimization with 

the B3LYP/6-311+G(2df,2pd) theoretical method 

 

Energy: 

Kcal/mol 
Glycosulation  Deglycosylation 

(E.S)
g (TS)

g (E.I)
g

(E.I)
dg

(TS)
dg

(E.P)
dg 

All 0.0000 33.2875 ‐7.3056 0.0000 24.9713 ‐9.9642 
Gln29 0.0000 32.9635 ‐6.2807 0.0000 25.4987 ‐8.8460 
His130 0.0000 32.9289 ‐6.7579 0.0000 23.9228 ‐11.2793 
Asn175 0.0000 30.2846 ‐6.6284 0.0000 21.7283 ‐8.1117 
Asn313 0.0000 34.6373 ‐5.7914 0.0000 28.0155 ‐9.1587 
Tyr315 0.0000 32.5111 ‐16.3668 0.0000 32.8997 ‐6.4007 
Glu440 0.0000 37.9900 ‐3.1812 0.0000 20.7898 ‐12.5474 
Trp441 0.0000 32.9574 ‐9.2144 0.0000 23.4894 ‐10.8837 
Waters 0.0000 32.0598 ‐14.0470 0.0000 26.7643 ‐11.7518 
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Table S2. Relative energies of glycosylation and deglycosylation calculated for ONIOM 
system.  

Each ONIOM partitioning system is minimized independently for each stage of hydrolysis at 

B3YLP/6-31G(d) and final energies are calculated with B3LYP/6-311+G(2df,2pd). (E.S)
g
  and 

(E.I)
dg

 were the references for calculation of relative energies in glycosylation and 

deglycosylation, respectively.    

 

ONIOM 

Partitioning  
Glycosylation  Deglycosylation 

(E.S)
g (TS)

g (E.I)
g

(E.I)
dg

(TS)
dg

(E.P)
dg 

ONIOM‐ALL 0.0000 26.7101 ‐2.6484 0.0000 21.0058 ‐7.4593 
ONIOM‐N175 0.0000 28.1694 1.4693 0.0000 23.2826 ‐6.1770 
ONIOM‐Y315 0.0000 25.1781 ‐9.0717 0.0000 32.9596 ‐3.9512 
ONIOM‐E440 0.0000 29.5889 ‐3.9845 0.0000 21.6178 ‐5.0759 
ONIOM‐Waters 0.0000 26.8693 ‐2.6844 0.0000 22.8018 ‐5.5210 
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Table S3. Structural properties and values of charge variations among geometry optimized 
structures of minimal system (QM) at different stages of reaction.  

 

Atomic Properties Glycosylation  Deglycosylation  Crystal structure  

(reactant) (E.S)
g (TS)

g
(E.I)

g
(E.I)

dg
(TS)

dg
(E.P)

dg 
Charge                 

OE1(Glu176)  ‐0.339 ‐0.511 ‐0.507 ‐0.529 ‐0.648 ‐0.366 ‐0.625

OE2(Glu386)  ‐0.561 ‐0.609 ‐0.404 ‐0.404 0.602 ‐0.633 ‐0.625

O4 (GLC+1 )   ‐0.565 ‐0.517 ‐0.508 ‐ ‐ ‐ ‐0.602

C1(Glc ‐1)  0.403 0.454 0.397 0.420 0.469 0.431 0.324

O5 (GLC‐1 )   ‐0.484 ‐0.396 ‐0.512 ‐0.546 ‐0.362 ‐0.454 ‐0.540 

HE1(Glu176)  0.252 0.271 0.261 ‐ ‐ ‐ 0.481 

O (HOH )   ‐ ‐ ‐ ‐0.504 ‐0.504 0.488 N/A

Length/Å 
O4 (GLC+1 ) … C1(Glc ‐1)               

OE2 (Glu386) … C1 (Glc ‐1)  1.473 1.980 3.411 ‐ ‐ ‐ 1.469 

HE1 (Glu176) ...O4 (Glc+1)  3.071 2.510 1.440 1.441 2.550 3.030 3.180

C5‐O5‐C1‐C2 (Glc ‐1)   1.650 1.065 0.995 ‐ ‐ ‐ ‐

O5 (GLC‐1 ) …C1(Glc ‐1)  ‐2.703 ‐17.706 ‐48.291 ‐49.820 ‐21.005 ‐69.621 ‐16.010

O (HOH ) … C1(Glc ‐1)  1.392 1.291 1.406 1.413 1.301 1.402 1.471 

H (HOH ) …. OE1(Glu176)  ‐ ‐ ‐ 3.310 1.950 1.390 ‐

H (HOH ) … O (HOH )   ‐ ‐ ‐ 1.860 1.580 1.001 ‐
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Table S4. ONIOM-ALL partitioning scheme 

Structural properties and values of charge variations among geometry optimized structures of full 

system (ONIOM-ALL) at different stages of reaction. 

 

Atomic Properties Glycosylation  Deglycosylation 

(E.S)
g

(TS)
g

(E.I)
g

(E.I)
dg

(TS)
dg (E.P)

dg

Charges      

O4 (GLC+1 )   ‐0.558 ‐0.556 ‐0.531 ‐ ‐ ‐

C1(Glc ‐1)  0.433 0.512 0.438 0.386 0.494 0.409

O5 (GLC‐1 )   ‐0.491 ‐0.357 ‐0.521 ‐0.513 ‐0.402 ‐0.534

OE1(Glu176)  ‐0.384 ‐0.565 ‐0.626 ‐0.588 ‐0.616 ‐0.393

HE1(Glu176)* 0.258 0.291 0.260 ‐ ‐ ‐

OE1(Glu386)  ‐0.559 ‐0.573 ‐0.413 ‐0.393 ‐0.610 ‐0.595

O (HOH )* ‐ ‐ ‐ ‐0.668 ‐0.588 ‐0.505

H(HOH )* ‐ ‐ ‐ 0.334 0.340 0.249

Bond/Dihedral             

O4(GLC+1 ) … C1(Glc ‐1)  1.494 2.145 3.004 ‐ ‐ ‐

O4(GLC+1 ) … HE1(Glu176)* 1.642 1.064 1.008 ‐ ‐ ‐

CD(Glu386) … OE2(Glu386) 1.273 1.277 1.358 1.355 1.282 1.250

OE2(Glu386) … C1(Glc ‐1)  2.920 2.458 1.454 1.446 2.511 2.988

HE1(Glu176) ...OE1(Glu176)* 1.005 1.431 1.644 ‐ ‐ ‐

C5‐O5‐C1‐C2 (Glc ‐1)   8.747 ‐7.220 ‐47.310 ‐50.599 ‐13.830 ‐64.483

O5 (GLC‐1 ) …C1(Glc ‐1)  1.383 1.291 1.407 1.418 1.314 1.408

CD(Glu176) … OE1(Glu176) 1.333 1.281 1.274 1.250 1.305 1.335

O (HOH ) … C1(Glc ‐1)* ‐ ‐ ‐ 3.628 1.899 1.397

H (HOH ) …. OE1(Glu176)* ‐ ‐ ‐ 1.766 1.521 1.009

H(HOH ) … O(HOH )* ‐ ‐ ‐ 0.993 1.047 1.644
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Table S5. ONIOM-Asn175 partitioning scheme 

Structural properties and values of charge variations among geometry optimized structures of  

full system excluding Asn175 form high level region of ONIOM calculations (ONIOM-N175) at 

different stages of reaction.  

 

Atomic Properties Glucosulation  Deglucosylation 

(E.S)
g

(TS)
g

(E.I)
g

(E.I)
dg

(TS)
dg (E.P)

dg

Charges 
O4 (GLC+1 )   ‐0.559 ‐0.547 ‐0.530 ‐ ‐ ‐

C1(Glc ‐1)  0.415 0.487 0.436 0.386 0.491 0.404

O5 (GLC‐1 )   ‐0.488 ‐0.359 ‐0.519 ‐0.514 ‐0.392 ‐0.535

OE1(Glu176)  ‐0.370 ‐0.562 ‐0.617 ‐0.592 ‐0.619 ‐0.391

HE1(Glu176)* 0.255 0.290 0.260 ‐ ‐ ‐

OE1(Glu386)  ‐0.556 ‐0.572 ‐0.408 ‐0.394 ‐0.612 ‐0.597

O (HOH )* ‐ ‐ ‐ ‐0.677 ‐0.599 ‐0.498

H(HOH )* ‐ ‐ ‐ 0.337 0.346 0.249

Bond/Dihedral  
O4(GLC+1 ) … C1(Glc ‐1)  1.499 2.098 3.025 ‐ ‐ ‐

O4(GLC+1 ) … HE1(Glu176)* 1.635 1.065 1.008 ‐ ‐ ‐

CD(Glu386) … OE2(Glu386) 1.273 1.275 1.356 1.355 1.282 1.262

OE2(Glu386) … C1(Glc ‐1)  2.940 2.512 1.455 1.448 2.483 2.902

HE1(Glu176) ...OE1(Glu176)* 1.008 1.143 1.647 ‐ ‐ ‐

C5‐O5‐C1‐C2 (Glc ‐1)   7.810 ‐5.142 ‐47.100 ‐50.921 ‐13.352 ‐64.164

O5 (GLC‐1 ) …C1(Glc ‐1)  1.384 1.293 1.407 1.409 1.309 1.409

CD(Glu176) … OE1(Glu176) 1.329 1.281 1.273 1.257 1.296 1.330

O (HOH ) … C1(Glc ‐1)* ‐ ‐ ‐ 3.616 1.939 1.401

H (HOH ) …. OE1(Glu176)* ‐ ‐ ‐ 1.746 1.523 1.014

H(HOH ) … O(HOH )* ‐ ‐ ‐ 0.996 1.044 1.633

 

 

  



153 
 

 

Table S6. ONIOM-Tyr315 partitioning scheme 

Structural properties and values of charge variations among geometry optimized structures of  

full system excluding Tyr315 form high level region of ONIOM calculations (ONIOM-Y315) at 

different stages of reaction.  

 

Atomic Properties Glycosylation  Deglycosylation 

(E.S)
g

(TS)
g

(E.I)
g

(E.I)
dg

(TS)
dg (E.P)

dg

Charges 
O4 (GLC+1 )   ‐0.559 ‐0.569 ‐0.527 ‐ ‐ ‐

C1(Glc ‐1)  0.456 0.535 0.466 0.413 0.507 0.446

O5 (GLC‐1 )   ‐0.476 ‐0.354 ‐0.481 ‐0.473 ‐0.423 ‐0.536

OE1(Glu176)  ‐0.385 ‐0.532 ‐0.625 ‐0.586 ‐0.592 ‐0.393

HE1(Glu176)* 0.260 0.295 0.259 ‐ ‐ ‐

OE1(Glu386)  ‐0.600 ‐0.606 ‐0.399 ‐0.382 ‐0.567 ‐0.609

O (HOH )* ‐ ‐ ‐ ‐0.672 ‐0.562 ‐0.501

H(HOH )* ‐ ‐ ‐ 0.333 0.326 0.247

Bond/Dihedral  
O4(GLC+1 ) … C1(Glc ‐1)  1.500 2.055 2.987 ‐ ‐ ‐

O4(GLC+1 ) … HE1(Glu176)* 1.630 1.125 1.008 ‐ ‐ ‐

CD(Glu386) … OE2(Glu386) 1.254 1.261 1.352 1.346 1.269 1.262

OE2(Glu386) … C1(Glc ‐1)  2.903 2.466 1.463 1.461 2.506 2.888

HE1(Glu176) ...OE1(Glu176)* 1.005 1.313 1.641 ‐ ‐ ‐

C5‐O5‐C1‐C2 (Glc ‐1)   2.516 ‐7.273 ‐49.556 ‐53.229 ‐11.491 ‐64.089

O5 (GLC‐1 ) …C1(Glc ‐1)  1.383 1.299 1.393 1.391 1.312 1.415

CD(Glu176) … OE1(Glu176) 1.333 1.291 1.275 1.251 1.303 1.335

O (HOH ) … C1(Glc ‐1)* ‐ ‐ ‐ 3.656 1.782 1.395

H (HOH ) …. OE1(Glu176)* ‐ ‐ ‐ 1.775 1.459 1.012

H(HOH ) … O(HOH )* ‐ ‐ ‐ 0.993 1.066 1.637
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Table S7. ONIOM-Glu440 partitioning scheme 

Structural properties and values of charge variations among geometry optimized structures of  

full system excluding Glu440 form high level region of ONIOM calculations (ONIOM-E440) at 

different stages of reaction.  

 

Atomic Properties Glycosylation  Deglycosylation 

(E.S)
g

(TS)
g

(E.I)
g

(E.I)
dg

(TS)
dg (E.P)

dg

Charges 
O4 (GLC+1 )   ‐0.553 ‐0.579 ‐0.535 ‐ ‐ ‐

C1(Glc ‐1)  0.434 0.510 0.429 0.380 0.488 0.385

O5 (GLC‐1 )   ‐0.497 ‐0.361 ‐0.519 ‐0.514 ‐0.403 ‐0.535

OE1(Glu176)  ‐0.385 ‐0.550 ‐0.620 ‐0.588 ‐0.612 ‐0.391

HE1(Glu176)* 0.258 0.296 0.266

OE1(Glu386)  ‐0.564 ‐0.574 ‐0.415 ‐0.398 ‐0.606 ‐0.595

O (HOH )* ‐ ‐ ‐ ‐0.665 ‐0.601 ‐0.507

H(HOH )* ‐ ‐ ‐ 0.334 0.348 0.246

Bond/Dihedral  
O4(GLC+1 ) … C1(Glc ‐1)  1.474 2.211 3.040 ‐ ‐ ‐

O4(GLC+1 ) … HE1(Glu176)* 1.693 1.093 1.016 ‐ ‐ ‐

CD(Glu386) … OE2(Glu386) 1.276 1.284 1.373 1.369 1.291 1.272

OE2(Glu386) … C1(Glc ‐1)  2.933 2.337 1.440 1.434 2.415 2.892

HE1(Glu176) ...OE1(Glu176)* 0.997 1.375 1.607 ‐ ‐ ‐

C5‐O5‐C1‐C2 (Glc ‐1)   ‐1.928 ‐11.360 ‐48.469 ‐52.055 ‐15.430 ‐64.230

O5 (GLC‐1 ) …C1(Glc ‐1)  1.389 1.297 1.417 1.419 1.315 1.423

CD(Glu176) … OE1(Glu176) 1.338 1.286 1.277 1.251 1.309 1.341

O (HOH ) … C1(Glc ‐1)* ‐ ‐ ‐ 3.523 1.951 1.388

H (HOH ) …. OE1(Glu176)* ‐ ‐ ‐ 1.752 1.502 1.001

H(HOH ) … O(HOH )* ‐ ‐ ‐ 0.995 1.053 1.725
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Table S8. ONIOM-Waters partitioning scheme 

Structural properties and values of charge variations among geometry optimized structures of  

full system excluding Water molecules form high level region of ONIOM calculations (ONIOM-

Waters) at different stages of reaction.  

 

Atomic Properties Glycosylation  Deglycosylation 

(E.S)
g

(TS)
g

(E.I)
g

(E.I)
dg

(TS)
dg (E.P)

dg

Charges      

O4 (GLC+1 )   ‐0.555 ‐0.547 ‐0.495 ‐ ‐ ‐

C1(Glc ‐1)  0.443 0.518 0.494 0.406 0.504 0.425

O5 (GLC‐1 )   ‐0.493 ‐0.361 ‐0.532 ‐0.511 ‐0.400 ‐0.521

OE1(Glu176)  ‐0.388 ‐0.567 ‐0.643 ‐0.595 ‐0.622 ‐0.389

HE1(Glu176)* 0.259 0.290 0.236 ‐ ‐ ‐

OE1(Glu386)  ‐0.560 ‐0.573 ‐0.430 ‐0.391 ‐0.597 ‐0.594

O (HOH )* ‐ ‐ ‐ ‐0.668 ‐0.579 ‐0.501

H(HOH )* ‐ ‐ ‐ 0.328 0.337 0.249

Bond/Dihedral  
O4(GLC+1 ) … C1(Glc ‐1)  1.492 2.115 2.829 ‐ ‐ ‐

O4(GLC+1 ) … HE1(Glu176)* 1.626 1.059 0.983 ‐ ‐ ‐

CD(Glu386) … OE2(Glu386) 1.272 1.276 1.351 1.349 1.288 1.266

OE2(Glu386) … C1(Glc ‐1)  2.909 2.453 1.465 1.453 2.531 2.904

HE1(Glu176) ...OE1(Glu176)* 1.007 1.442 1.941 ‐ ‐ ‐

C5‐O5‐C1‐C2 (Glc ‐1)   5.401 ‐7.628 ‐43.357 ‐49.158 ‐14.375 ‐63.947

O5 (GLC‐1 ) …C1(Glc ‐1)  1.383 1.291 1.406 1.409 1.310 1.403

CD(Glu176) … OE1(Glu176) 1.332 1.282 1.283 1.249 1.302 1.333

O (HOH ) … C1(Glc ‐1)* ‐ ‐ ‐ 3.425 1.861 1.408

H (HOH ) …. OE1(Glu176)* ‐ ‐ ‐ 1.773 1.541 1.011

H(HOH ) … O(HOH )* ‐ ‐ ‐ 0.993 1.041 1.649
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Figures 

 

Figure 1. Double displacement reaction mechanism of retaining glycosidases including 
members of family 1.  
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Figure 2. Catalytic and non-catalytic polar interactions in the active site of GH1 
glucosidases.  
 
A) Arrangement of hydrogen bonding residues around glucose moiety at subsite -1 in active site 

of BGlu1 (PDB: 3F5J). B) The atoms and their arrangements used for optimization of reactant 

during glycosylation step sing B3LYP/6-31G(d) method. In deglycosylation step, the glucose at 

+1 subsite was replaced with a water molecule. More details on the hydrogen bond made by 

these residues to the substrate are illustrated in Figure S1.    
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Figure 3. Relative Energy Contribution (REC) of the active-site residues to each stage of 
hydrolysis.  
 
The reference for the glycosylation step is the enzyme-substrate complex and for deglycosylation 

is the enzyme-intermediate complex. The energies are calculated using B3LYP/6-

311+G(2df,2pd) level of theory.  

(TS)
g
: transition state of glycosylation, (E.I)

g
: enzyme-intermediate complex as the product of 

glycosylation, (TS)
dg

: transition state of deglycosylation, (E.P)
dg

: enzyme-glucose complex as the 

final product of deglycosylation.      
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Figure 4. Relative Energy Contribution (REC) of the four water molecules  

These four water molecules are standing within 4Å from the glucose in -1 subsite and were 

considered in QM/DFT calculation. Labels are described in Figure 3.      
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Figure 5. Relative energy profiles for hydrolysis reaction by Bglu1 in different OINOM 
partitioning 

Each ONIOM partitioning indicated in Table 2. “All” refers to “ONIOM-ALL” and all the other 

residue name in the legend refer to the exclusion of that residue from the high level region in the 

ONIOM calculations.   
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Figure 6. Optimized geometries for glycosylation step 

Optimized geometry for A) reactant (E.S)
g
, B)transition state (TS)

g
 and C) product (E.I)

g
 of 

glycosylation step calculated using B3LYP/6-31G(d) theoretical method in the ONIOM-ALL 

partitioning scheme. The thick lines refer to the catalytic residues and substrate and thin lines are 

used for non-catalytic residues and water molecules. The distances are in Å.   
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Figure 7. Optimized geometries for deglycosylation step 

Optimized geometry for A) reactant (E.I)
dg

, B)transition state (TS)
dg

 and C) product (E.P)
dg

 of 

deglycosylation step calculated using B3LYP/6-31G(d) theoretical method in the ONIOM-ALL 

partitioning scheme. The thick lines refer to the catalytic residues and substrate and thin lines are 

used for non-catalytic residues and water molecules. The distances are in Å.   
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Figure 8. ONIOM and QM calculations of relative energy for hydrolysis reaction by Bglu1.  

The energy barriers of the minimal system (QM/DFT) are compared with the full protein system 

(ONIOM-ALL) 
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Figure S1. Hydrogen bind making residues in the active site of BGlu1 glucosidase  

Polar interactions between residues in the active site of GH1 β-glucosidase BGlu1 and 

cellotetraose (CTT). The hydrogen bonds are  mainly made by residues to glucose moiety at 

subsite -1 of enzyme. The residues of BGlu1 active site that were considered for DFT 

calculations are highlighted in yellow.   
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Figure S2. Different orientation of some active site residues in E.S and E.I complexes 

The residues with different orientation around the subsite -1 of Bglu1 in enzyme-substrate 

complex (PDB: 3F5J, in white color) and Enzyme-intermediate complex (PDB: 3AHV, in blue 

color).     
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Figure S3. Groups of atoms during geometry optimizations of glycosylation and 
deglycosylation steps.  

Atoms and their arrangements used for optimization of reactant, transition state and product 

during glycosylation and deglycosylation step by DFT/B3LYP(6-31G(d) level of theory. Two 

steps of glycosylation and deglycosylation were studied separately. Each step of glycosylation 

and deglycosylation is simulated independently from other step.     
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Figure S4. Relative energies for minimal system (QM) 

Relative energies of minimal system (QM) plotted based on Table S1. (E.S)
g
  and (E.I)

dg
 were the 

references for calculation of relative energies in glycosylation and deglycosylation respectively.  
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Figure S5. Transition of dihedral angle of glucose moiety during MD simulation of E.S 
complex. 

Monitoring of C5-O5-C1-C2 dihedral angle of glucose at -1 subsite of  Bglu1 during 7ns 

simulation of enzyme-substrate (CTT) complex while the heavy atoms of protein were fixed and 

cellotetraose were let to equilibrated in the active site under GLYCAM_06 force field. The initial 

dihedral angle of C5-O5-C1-C2 (in crystal structure of enzyme-substrate (CTT) complex, PDB: 

3F5J) jumps to ~-12° from its original +29° during enrage minimization of MD simulation in the 

absence of quantum mechanical treatment of active site residues and substrate but with the fixed 

positions of protein’s heavy atoms and crystal waters. During the MD production for 7ns the 

average of -12.93° in this dihedral angle is kept and does not transfer to the relaxed structure of 

glucopyranose ring (
4
C1 conformation with C5-O5-C1-C2 dihedral angle is about -60°). This 

experiments indicates part of disported structure of glucose ring in the enzyme-complex structure 

is due to the shape of binding pocket that prohibits the substrate to take its relaxed conformation.    
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Chapter 6: Conclusions and perspectives 

 

One way of reducing dependence on fossil fuels and their environmental effects is to use 

renewable fuels including cellulosic ethanol. The rate limiting step in lignocellulose conversion 

is the enzymatic hydrolysis of cellulose, especially the initial attack on the highly crystalline and 

insoluble cellulose structures (Haki and Rakshit 2003). Despite recent achievements, further 

developments are still needed to improve the overall economy of the process of converting 

lignocelluloses to ethanol. Using thermostable enzymes in the hydrolysis of lignocellulosic 

material has several potential advantages, including: higher specific activity, higher stability and 

increased flexibility of the process configuration. Therefore carrying out the hydrolysis at higher 

temperature ultimately improves performance, decreases enzyme dosage and hydrolysis time, 

and potentially reduces overall hydrolysis cost (Viikari et al. 2007). In parallel to the discovery 

of various thermostable and highly active endoglucanases and cellobiohydrolases genes from 

bacteria and Archaea, many different molecular strategies have been applied to increase cellulase 

stability and activity, including random mutagenesis (Kim et al. 2002), DNA shuffling and 

directed evolution (Ni et al. 2007), truncation of additional domains or deletion of loops (Meinke 

et al. 1995; Wang et al. 2009), covalent modifications (Filos et al. 2006; Park 1996) and rational 

mutagenesis (Chen et al. 2001; Escovar-Kousen et al. 2004). However, all these techniques came 

with a very wide range of success, and still the low catalytic efficiency of cellulases on different 

substrates, especially crystalline cellulose, as well as the requirement of high thermal conditions 

for hydrolysis remain as big challenges for scientists to achieve commercial cellulases for 

bioethanol production. Nowadays, the availability of a large number of three-dimensional 

structures of glycoside hydrolases solved particularly in complex with different natural or 
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artificial substrates and inhibitors provide a valued source for studying the structural properties 

governing the enzyme stability at elevated temperatures and their involvement (directly or 

indirectly) in the catalytic mechanism of cellulases. In the studies presented in this dissertation, I 

took advantage of the availability of many crystal structures of glycoside hydrolases to study the 

unfolding pathway, structural stability, conformational conservation and catalytic mechanism of 

cellulases with different computational methods. The results from in silico simulations and 

studies were used in design of mutations toward generating cellulases with higher stability and 

activity using in vitro molecular techniques and site-directed mutagenesis. The output of my PhD 

dissertation research can be categorized into the following major sections: 1) MD unfolding 

analysis of endo-β-(1→4) glucan hydrolases from family 5 of glycoside hydrolases at elevated 

temperatures (>300°K), which revealed a considerable correlation between the structural 

flexibility of enzymes and their optimum activity temperatures, OAT (72%).  In the other words, 

the enzymes with a higher level of structural rigidity are more thermally stable.  2) Despite 

numerous studies on parameters that shape protein stability, we are still far from a consensus as 

to how structural context controls the stabilizing effects of any mutation. However, based on 

rational design of stabilizing mutations it has been suggested that thermal stability is very likely 

to be directed by local fluctuation and partial unfolding (partial destabilization/flexibility), which 

may depend on cooperativity in large parts of a protein (Eijsink et al. 2004). Considering this fact 

and also the high flexibility/stability correlation among the members of GH5 family, cellulase C, 

a GH5 enzyme was thermally stabilized by ~5°C via crosslinking a highly flexible subdomain 

through the introduction of a disulfide bond. 3) The stability/activity trade-off, considered to be 

forced by evolution on the proteins, is now challenged by observations that rigidifying regions 

distant from active site can produce a protein that is simultaneously highly active and stable. 
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Similarly, it was observed that rigidifying the flexible subdomain of cellulase C not only 

thermostabilized this enzyme but also doubled its catalytic efficiency. Further analysis of the 

induced fit activation mechanism of cellulase C revealed the existence of cooperation between 

the subdomain and the β3α3 loop in the structure of cellulase. This cooperation converts the 

binding cleft of the enzyme to a tunnel-shaped active site in the presence of the natural substrate. 

4) Based on in vitro and in silico studies, I also demonstrated that an electrostatic interaction 

between deprotonated Glu140 (the acid/base catalytic residue) and protonated His91 in the 

structure of cellulase C in the absence of substrate plays a significant role in preservation of the 

unusual separation of the two catalytic residues in this retaining enzyme. 5) Besides two 

carboxylate groups in the active site of most of glycoside hydrolases, there are other conserved 

polar residues that are involved in hydrogen bond interactions to the hydroxyl groups of the 

glycosyl moiety at the -1 subsite. These conserved residues are not directly involved in catalysis, 

but their interactions with the glycosyl moiety favor hydrolysis of the glycosidic bond mainly 

through stabilization of the transition state. I applied QM and hybrid QM/MM calculations to 

study the catalytic mechanism and the role of these non-catalytic conserved residues in the active 

site of β-glucosidase. A tyrosine which is hydrogen bonded to O5 of the glucose ring and the 

carboxylate group of the nucleophilic residue was found to have the maximum contribution to 

the potential energy profile in both glycosylation and deglycosylation steps. Exclusion of this 

residue from the QM region enormously affects the structural properties of the preactivated 

glucose moiety in enzyme-substrate complex as well as transition states. Interestingly, some 

other highly conserved residues such as a glutamine that forms a bidentate hydrogen bond to O4 

and O3 and a histidine that interacts with the O3 hydroxyl group of the glucose moiety at subsite 

-1 far less significantly influenced the energy profile.  
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Significance: The results obtained from these studies indicate that computational 

methods such as MD, QM and hybrid QM/MM can be used as powerful tools to rationally 

design and engineer cellulases to improve their functionality and activity. Highly flexible regions 

in the protein structure can be revealed by MD simulations. The regions with high fluctuation in 

the protein fold can be considered as the “weak links” that typically initiate protein unfolding at 

elevated temperatures. The highly flexible domains/loops can be targeted for thermal stability 

enhancement by introduction of mutations that increase the local or global rigidity of the protein, 

as was done for cellulase C and resulted its thermal and chemical stabilization. Furthermore, QM 

and QM/MM studies provide detailed insight into the mechanistic characterization of the 

hydrolysis reaction of cellulases and the role of the non-catalytic residues of the active site in the 

energy profile of the reaction, as well as the accurate protonation state of each residue and the 

electrostatic interaction of active site residues to the other layers of amino acids in the protein 

environment.  Inclusion and exclusion of any interaction (hydrogen bond/electrostatic/stacking) 

along the reaction coordinate may influence the energy profile and energy barriers and this effect 

illustrates how a given residue may be mutated to improve the activity of an enzyme.  
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Appendix A: Crystallization and X-ray analysis of H91K mutant of cellulase 

C form C. thermocellum 
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1Department of Biological Systems Engineering, 2Department of Biochemistry 

Virginia Tech, Blacksburg, VA, 24061 

 

Abstract 

The cubic shape crystals of H91K mutant of Cellulase C (39 KD) were prepared in 

presence of PEG 4000 as precipitant using hanging-drop method. The crystals belong to space 

group P212121 with cell edges a = 50.79, b = 83.8 and c = 86.95 Å, with only one molecules in the 

asymmetric unit, and diffract to 1.78 Å resolution using Nova diffractometer system. The 

structure was solved by molecular replacement method. The electron density map was 

discontinued at of loop 95-103 position. The main chain electron maps density for residues 91-93 

and residue 141-142 were observable, while the map of their side chains was not, such as the 

Lys91 side chain. For Lys91 the electron density for Cα, Cγ and Nζ was missing and a weak 

electron density for Cβ was available. 
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Introduction 

In chapter 4, MD simulations of crystal structures of cellulase C (CelC) from C. 

thermocellum illustrated His91 (which is expected to be protonated) to Lysine mutation is able to 

keep the uncommon conformation of Glu140 in the absence of substrate by generating a salt 

bridge between Glu140 and Lys91 (the same salt bridge was confirmed in silico to be formed 

between Glu140 and His91). The kinetics analysis of wild type and mutant (H91K) enzyme 

showed the value of kcat mutant/ kcat wt  is about 1.5. This increase in the activity of the enzyme 

can be explained by lower rigidity of the salt bridge made by Lys91 (with long alkyl chain) and 

Glu140 in comparison to that between His91 (with rigid imidazole ring) and Glu140. Flexibility 

of this ion-pair may facilitate the movement of loop 139-141 to its conformation in presence of 

substrate where Glu140 is in appropriate distance from Glu280 to accomplish hydrolysis. We 

prepared the crystals of the mutant and wild type CelC enzymes in an effort to locate the position 

of these residues in absence of substrate. 

Principle of protein crystallography:  X-ray crystallography can be resembled to a very 

high resolution microscopy. In any kind of microscopy, the details or the level of resolution is 

limited by the wavelength of the electro-magnetic radiation used. For instance, in electron 

microscopy, with the wavelength of <10 nm, the detailed cellular construction and the rough 

shapes of large protein molecules can be observed.  So to obtain atomic level details of 

molecular structures a radiation with a wavelength of around 0.1 nm or 1 Å is require, in other 

words we need to use X-rays. However, while in the light and electron microscopy the diffracted 

beams are focused using lenses or magnets, the physical focus of X-ray diffraction is not possible 

and needs to be done computationally. The diffraction pattern is recorded by an X-ray sensitive 

film (old fashion) or an image plate or a charge-coupled device (CCD) detector.  
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Crystallography provides a map of the distribution of electrons in the molecule, which is 

known as “an electron density map”. X-rays interact with materials through their fluctuating 

electrostatic field which causes speeding up and fluctuation of electron and consequently 

emission of electromagnetic radiation by electron in turn. The intensity of the diffracted X-ray is 

proportional to the charge/mass ratio of the scatterer and by far more intensive (×2000) for 

electrons relative to protons (Sherwood and Cooper 2011). 

Since the diffraction of single molecule is incredibly low and cannot be distinguished 

from the noise level, to add up the scattered waves in phase and raise the signal to a measurable 

level, an ordered three-dimensional array of molecules in the crystal is needed to amplify the 

signal of scattering.  The reflected waves combine in the phase in some orientation 

(constructive), they become cancelled (destructive) in a lot of other directions. That is why the 

diffraction pattern from a crystal is an array of separate spots which are called “reflection”. Each 

atom contributes to the strength of each reflection (McRee and David 1999).  

Phase problem: Based on the Bragg’s Law, the angles for coherent and incoherent 

scattering from a crystal lattice in X-ray crystallography (θ) can be calculated from the distance 

between atomic layers in a crystal (d), and the wavelength of X-ray beam (λ) and an integer (n): 

nλ = 2d sin θ 



182 
 

When, two beams with identical wavelength and phase approach a crystalline solid and 

are scattered off two different atoms within it, the lower beam traverses an extra length of 2d 

sinθ. When this length is equal to an integer multiple of the wavelength of the radiation (nλ), the 

phase shift causes constructive interface. There will be destructive interferences if the length is 

different from nλ. In order to syndicate a diffraction pattern, the amplitudes and phases of 

scattered waves are required for each reflection. The electron density map (ρ) can be obtained 

from solving the following equation, where, intensity is proportional to Value F2 and θ is 

representing the phases.   

	 , , 	∑ ∑ ∑ |	 	| exp 2 	   

Since, only the amplitudes (number of photons provides the intensity that is proportional to the 

square of amplitude of the waves) can be obtained experimentally and all data on relative phase 

angles is vanished (the “phase problem”), the scientists need to deduce it indirectly to solve the 

inverse Fourier transform. While the electron density is mathematical function, then the 

diffraction pattern is the Fourier transform of that function. In other words, by applying the 

Fourier transform to some function, its output can be run through an inverse Fourier transform to 

get the primary function back. In x-ray crystallography, there are several ways to recover the lost 

phase angles. One group is based on the experimental analyses of the phase shifts in all of the 

reflections such as multi-wavelength anomalous diffraction (MAD), multiple isomorphous 

replacements (MIR) and Single wavelength anomalous dispersion (SAD). MAD and SAD 

require data collection at particular wavelengths, often requiring that data be collected at a 

synchrotron where the x-ray wavelength is tunable.  - Another method, molecular replacement 

(MR), uses the known structure of a model or homologous protein as the basis to calculate the 

initial phases for the unknown structure.   Because only a native protein data set is needed for 
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this method, this technique is often used for structure solution, but care must be taken in that the 

initial model can severely bias the solution of the structure (McRee and David 1999). 

Resolution and R factors: The main factor determining the precision of a protein 

structure prepared from the X-ray diffraction data is the resolution. In the ideal conditions, where 

the atoms in the crystal are impeccably oriented and the molecules are ordered in same 

conformation throughout the crystal, the highest resolvable peak in the diffraction pattern will be 

in the position of each atom. In the other words all the phases are constructive in any scattering 

angles. However, proteins are flexible molecules; and there is always some lattice disorder. 

Therefore the scattering angles at which the diffraction patterns begin to cancel out will give the 

maximum possible details out of diffraction pattern. In this case, instead of exact position of 

atoms, a cloud of electron density around atoms is available in electron density map. So the 

resolution is defined by the level of detail where atoms are not resolved from one another 

(Messerschmidt 2007).  

R-factor (Residual factor, Reliability factor, R-value or RWork) compares the agreement 

between observed reflection intensities and intensities calculated from the refined structure  

(Brunger 1992). If square of ‘structure factor’, F, is a value proportional to intensities of 

reflection, the R-value will be defined as, 
	 	| 	| | |

|	 |
. The R-value of 0.6 is considered 

as very bad fit, 0.2 is good for proteins, 0.05 is good for small organic molecules and R-value 

equal to zero presents the perfect fit. The free R-factor, Rfree, is calculated in the same way as R, 

but using only a small set of randomly chosen reflection intensities which were not used during 

refinement. Rfree describes the quality of the structure and usually provides a better and less-

biased measure of refinement progress. Rmerge is a parameter that is often used to assess the 

quality of a data set.  It is a measure of the agreement of multiple measurements of same 
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reflection with each measurement is taken form a different frames of data in a crystallographic 

data set. If Ii is the intensity of each measurement and Ī is the average value of measured 

intensities, Rmerge is defined as	 	 	|		 	Ῑ	|

|	 |
. 

 

Material methods 

Expression and purification: The steps for generating mutant enzyme, cloning of the 

wild type and mutated CelC gene (in pET28a+), expression (in Rosetta-gami2 strains of E.coli), 

purification (using heat treatment and IMAC) and protein assay were explained in details in 

chapter 3 and chapter 4. Table 1 present lists primers were used for production of H91K mutant 

from wild type gene 

His-tag removal and further purifications: Since His-tag (6His) was added to the C-

terminus of CelC gene for purification using IMAC system, before crystallization we needed to 

remove it by protease activity of Thrombin for which a recognition site is located between the 

His-tag and CelC protein. The highest grade human thrombin available from Calbiochem, in 

final concentration of 0.003 unit/μl in TBS buffer, for each 1 mg of recombinant or wild type 

protein was used. The His-tagged protein purified using Ni2+ chelation chromatography and 

desalted using Sephadex G25 (PD-10 column, GE Healthcare, Piscataway, NJ), was subjected 

two second run of desalting to remove the residual Imidazole that used in the Ni-NTA column 

elution buffer. High imidazole may inhibit the protease activity of Thrombin. The cleavage of 

His-tag happened at room temperature and was monitored by SDS-PAGE. The cleaved protein 

from any uncleaved protein and the His-tag containing peptide were separated by running the 

whole mixture through another IMAC column under the same conditions as the first time. The 

flow through of this step (this is expected to be CelC protein without His-tag) was subjected to 
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desalting step. Then PMSF (in final concentration 0.1mM) and benzamidine (in final 

concentration 0.1mg/ml) as serine-protease inhibitors were added to protein solution to prevent 

the star activity of residual thrombin. The assay of CelC final concentration was performed by 

bovine serum albumin as standard using Bio-Rad protein assay kit (Hercules, CA). The IMAC 

purification (which followed a heat treatment step) resulted in the isolation of mutant and wild 

type proteins at about >90% purity. Further purifications of the recombinant proteins were 

achieved by DEAE-Sepharose and gel-filtration chromatographies as explained previously (Han 

et al. 2010).  

Crystallization: Before preparing the crystal structure, the solutions of protein were 

highly concentrated by ultrafiltration at 12,000×g at 4°C using membrane of 5000 k Dalton cut-

off, and the buffer exchanged to be 5mM HEPES buffer (protein activity was found to be stable 

at this low ionic strength) . To find the optimized crystallization buffer we started with the buffer 

conditions used by Dominguez et al. (Dominguez et al. 1994; Dominguez et al. 1995). We 

gradually changed the original conditions to reach the best formation of crystal. The conditions 

used for crystallization are listed in Table 2. The conditions at that we were able to get a good 

crystal structure are highlighted in Table 2. The crystals were grown by hanging-drop vapor 

diffusion methods with the volume of reservoir solution at 300 µl and the 0.6 μl of each buffer 

(reservoir solution ) was mixed with 0.2, 0.3, 0.6, 1.2, 1.8, 2.4 μl of concentrated proteins. So the 

volume of drop was in the range of 0.8-3.0 μl. Growth of crystals was allowed to happen both in 

room temperature and 4°C. And the best results were obtained at room temperature for 2-3 

weeks. The cryogenic loops (Hampton Research, Mounted CryoLoop) were used to mount the 

formed crystal. Accuracy and speed are critical as the crystals were fragile and very sensitive to 

environmental changes. Dehydration quickly leads to crystal quality degradation. The crystals 
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picked by the loop were quickly inserted into cryo-vials precooled and filled with liquid 

nitrogen. The cryo-vials were then clamped with a pair of forceps into a precooled cone and 

dunk it in the liquid nitrogen.  

Data Collection and Processing: Diffraction data of CelC crystals were collected using 

Nova diffractometer system from Agilent Technologies at Crystallography Laboratory in 

Virginia Tech under the supervision of Dr. Nancy Vogelaar. The system is equipped with a 

microsource and special optics to produce a very intense X-ray beam, and has an Onyx CCD 

detector. It is also equipped with a Cryojet system for routine data collections at 100K. Data 

processing was done using the Crysalis program suite. A highly automated package of PHENIX-

1.6.4 (Adams et al. 2010) was used for macromolecular phasing and calculation of initial 

electron density map based on Molecular replacement method using the structure of wild type 

CelC (PDB: 1CEC). Just one copy of the model was positioned by PHENIX into the asymmetric 

unit using molecular replacement. The molecular graphics program of Coot (Emsley and Cowtan 

2004) was used for building and validating the protein structure and optimization of rotamers and 

production of final structure. The quality of the final model was verified using PROCHECK 

(Laskowski et al. 1993) and QMEAN (Benkert et al. 2011).  

 

Results and discussion 

Depending on the precipitant employed generally three groups of crystal were produced. 

The best crystals were cubic shape and dominantly were generated when PEG 4000 were 

employed. The other frequent shape was needle-like crystals produced usually in presence of 

PEG 2000 and multiple thin-plate shape crystals were produced with 5000 and sometime 6000 

PEG. The pictures of cubic and needle-shape crystals are provided in Figure 1. The needle-shape 
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and thin plate-shape crystals were highly fragile and usually got dissolved during the crystal 

mounting process. Therefore, only the cubic crystals were used for x-ray diffraction analyses. 

Details of data collection and processing for the mutant enzyme (CelC-H91K) are provided in 

Table 3. The unit cell is consistent with the presence of one molecules of 39 KD per asymmetric 

unit. Native data has been collected beyond 2.0 Å resolutions (Figure 2). The molecular 

replacement process was very successful for most regions of protein. Figure 3 and Figure 4 

present the results of structural assessment of refined structure using PROCHECK (Laskowski et 

al. 1993) and QMEAN (Benkert et al. 2011). Ramachandran plot shows there is no residue in the 

disallowed region (Figure 4). Unfortunately, no electron density was detectable for side chains or 

even main chains of residue loop 94-103, so the structure was discontinued at this position. The 

Alzari group who solved the wild type structure of CelC and its mutant structure (E140Q) in 

presence of substrate was not able to solve the structure of this loop in any condition 

(Dominguez et al. 1996; Dominguez et al. 1995). The main chain electron map density for 

residues 91-93 and residue 141-142 was observable, while the map of the side chains was not, 

such as Lys91 side chain where electron density for Cα, Cγ and Nζ is missing and a weak 

electron density for Cβ is available. Surprisingly, the electron density for main chain of Glu140 

is very weak and for the side chain the electron density is almost missing and a weak electron 

map can be assigned to the position of Oε1 in hydroxyl group of Glu140. Although by using the 

Autofit rotamer option embedded in Coot (Emsley and Cowtan 2004), the best rotamers of 

Lys91 and Glu140 (Figure 5) assigned in the way that the side chains of these two residues were 

standing in ionic interaction distance (K91-NZ...E140-Oε2,  3.5 Å), but due to the lack of 

electron density in these positions it is hardly possible to say anything on the formation of any 

ionic interaction in this position.      
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Tables 

Table 1. The list of primers used to generate the H91K mutant of CelC. 

 

 Sequence # Tm 

CelC_H91K_Forward 5' GGGGCTTGTGTTGGATATGCATAAGGCTCCCGGG3' 34 79.88 

CelC_H91K_reversed 5'-CCCGGGAGCCTTATGCATATCCAACACAAGCCCC3'  34 79.88 
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Table 2. The list of different buffers used to find the optimized condition for formation of 

crystal structure of H91K mutant enzyme. The highlighted buffers present the buffer 

conditions at which the cubic crystals with the best quality and shape were produced.    

   Buffer conditions 

1  0.1M Tris‐HCl, pH 7.2,  40% (w/v) PEG‐1000  

2  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐1000  

3  0.1M Tris‐HCl, pH 7.2,  40% (w/v) PEG‐1450  

4  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐1450  

5  0.1M Tris‐HCl, pH 7.2,  30% (w/v) PEG‐3350  

6  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐3350  

7  0.1M Tris‐HCl, pH 7.2,  30% (w/v) PEG‐4000 

8  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐4000 

9  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐4000 

10  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐2000+ 0.01% of Ni  

11  0.1M Tris‐HCl, pH 7.2,  30% (w/v) PEG‐2000  

12  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐2000  

13  0.1M Tris‐HCl, pH 7.2,  25% (w/v) PEG‐2000  

14  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐2000  

15  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐3350  

16  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐3350  

17  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐4000 

18  0.1M Tris‐HCl, pH 7.2,  18% (w/v) PEG‐4000 

19  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000 

20  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐4000 

21  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐6000 

22  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐6000 

23  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐6000 

24  0.1M HEPES, pH7.5, 20% (w/v) PEG‐4000 

25  0.1M HEPES, pH7.5, 10% (w/v) PEG‐4000 

26  0.1M HEPES, pH7.5, 10% (w/v) PEG‐6000 

27  0.1M HEPES, pH7.5, 20% (w/v) PEG‐8000 

28  0.1M Cacodylate, pH6.5, 20% (w/v) PEG‐4000 

29  0.1M Cacodylate, pH 6.5,10% (w/v) PEG‐4000 

30  0.1M HEPES, pH7.5, 25% (w/v) PEG‐2000 

31  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000 (25% Glycerol) 

32  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  (15% Glycerol) 

32  0.1M Tris‐HCl, pH 7.2,  22% (w/v) PEG‐2000  
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   Buffer conditions   

33  0.1M Tris‐HCl, pH 7.2,  22% (w/v) PEG‐2000, 3% Glycerol  

34  0.1M Tris‐HCl, pH 7.2,  25% (w/v) PEG‐2000  

35  0.1M Tris‐HCl, pH 7.2,  25% (w/v) PEG‐2000 , 3% Glycerol 

36  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐2000  

37  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐4000  

38  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐4000 + 3% Glycerol 

39  0.1M Tris‐HCl, pH 7.2,  18% (w/v) PEG‐4000  

40  0.1M Tris‐HCl, pH 7.2,  18% (w/v) PEG‐4000 + 3% Glycerol 

41  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐6000  

42  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐6000  

43  0.1M Tris‐HCl, pH 7.2,  20% (w/v) PEG‐6000 + 3% Glycerol  

44  0.1M Cacodylate, pH6.5,  25% (w/v) PEG‐2000 

45  0.1M Cacodylate, pH6.5,  25% (w/v) PEG‐2000 + 3% Glycerol 

46  0.1M Cacodylate, pH6.5,  20% (w/v) PEG‐4000 

48  0.1M Tris‐HCl, pH 7.2,  22% (w/v) PEG‐2000  

49  0.1M Tris‐HCl, pH 7.2,  22% (w/v) PEG‐2000   5% Glycerol  

50  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐2000  

51  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐2000  5% Glycerol 

52  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐2000  

53  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐2000 5% Glycerol  

54  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐4000  

55  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐4000 5% Glycerol 

56  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  

57  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  5% Glycerol  

58  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐6000  

59  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐6000  5% Glycerol  

60  0.1M HEPES, pH7.5, 15% (w/v) PEG‐2000 

61  0.1M HEPES, pH 7.5,  10% (w/v) PEG‐6000  

62  0.1M HEPES, pH 7.5,  10% (w/v) PEG‐6000  5% Glycerol  

63  0.1M Cacodylate, pH 6.5, 15% (w/v)PEG4000   

64  0.1M Cacodylate, pH 6.5, 15% (w/v)PEG4000 5% Glycerol  

65  0.1M Cacodylate, pH 6.5, 10% (w/v) PEG 6000   

66  0.1M Cacodylate, pH 6.5, 10% (w/v) PEG 6000 + 5% Glycerol   

67  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐5000 

68  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐5000   5% Glycerol 

69  0.1M HEPES, pH 7.2,  10% (w/v) PEG‐5000 

70  0.1M Cacadylate, 7.5  10% (w/v) PEG‐5000 

71  0.1M Cacadylate, 7.5  10% (w/v) PEG‐5000 + 5% Glycerol 

72  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000 

73  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  2.5% Glycerol  
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  Buffer conditions 

74  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  5% Glycerol  

75  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  7.5% Glycerol  

76  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000  10% Glycerol  

77  0.1M Cacodylate, pH 6.5,  15% (w/v) PEG‐4000 

78  0.1M Cacodylate, pH 6.5,  15% (w/v) PEG‐4000  2.5% Glycerol 

79  0.1M Cacodylate, pH 6.5,  15% (w/v) PEG‐4000  5% Glycerol  

80  0.1M Cacodylate, pH 6.5,  15% (w/v) PEG‐4000  7.5% Glycerol 

81  0.1M Cacodylate, pH 6.5,  15% (w/v) PEG‐4000  10% Glycerol    

82  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐5000 

83  0.1M Tris‐HCl, pH 7.2,  10% (w/v) PEG‐5000 + 2.5%  Glycerol 

84  0.1M Tris‐HCl, pH 7.2, 10% (w/v) PEG‐5000 + 5% Glycerol 

85  0.1M Tris‐HCl, pH 7.2, 10% (w/v) PEG‐5000 + 10% Glycerol 

86  0.1M Cacodylate, pH 6.5,  10% (w/v) PEG‐5000 

87  0.1M Cacodylate, pH 6.5,  10% (w/v) PEG‐5000 + 5% glycerol 

88  0.1M Tris‐HCl, pH 7.2,  15% (w/v) PEG‐4000 (25% Glycerol) 

89  0.1M Cacodylate, pH 6.5, 15% (w/v)PEG4000 5% Glycerol  

90  0.1M Cacodylate, pH 6.5,  10% (w/v) PEG‐5000 + 5% glycerol 

91  0.1M Cacodylate, pH6.5,  25% (w/v) PEG‐2000 + 3% Glycerol 

92  0.1M Cacodylate, pH6.5,  20% (w/v) PEG‐4000 + 3% Glycerol 
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Table 3. Data collection, phasing, and refinement statistics 

Data Collection Statistics
molecules/asymmetric unit 1
atoms/asymmetric unit 3234
wavelength (Å) 1.0809
space group P 2(1) 2(1) 2(1)
unit cell parameters (Length/Å) a = 50.7957

b = 83.812
c = 86.956

unit cell parameters (Angle/°) α = 90
β = 90
γ = 90

resolution (Å) (last shell) 16.18-1.78
total reflections 30739
unique reflections 48261  (48146)
completeness (%) 85%
redundancy 8.00 (4.9)
average I/σI 24.64 (2.26)
Rmerge (%) 6.2 (41.1)
data cutoff F > 0

Refinement Statistics
resolution range (Å) 16.18-1.78
last shell 1.92-1.78
R-free (%) 22.47
R-work/R-free 86.6
bond lengths, rms deviation (Å) 0.007
bond angles, rms deviation (deg) 1.061
no. of water molecules 379
residue average temperature factor (Å2) 21.53
water molecule temperature factor (Å2) 28.85
Ramachandran analysis 
residues in preferred regions 86.70
residues in additional allowed regions % 13.30
residues in generously allowed regions % 0.00
residues in disallowed regions % 0.00
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Figures 

Figure 1. The crystal forms of H91K mutant CelC (A) Needle-shape (B) cubic-shape  
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Figure 2. A snapshot of X-ray reflection pattern (diffraction image) of mutant CelC crystal. 

Each black spots represents the result of the cooperative scattering (constructive diffraction) 

from the electrons of all atoms contained in the crystal.  
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Figure 3. The Residue Error Plot of final refined structure of mutant CelC. This figure is 

produced based on local QMEAN score (Benkert et al. 2011) for each position in the model. The 

most reliable parts are in blue and unreliable regions are in red.  
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Figure 4. Ramachandran plot of final refined structure of CelC mutant. This plot is 

produced using PROKECK (Laskowski et al. 1993) 
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Figure 5. Electron density map of mutant CelC. The positions of Lys91 and Glu140 are 

illustrated. Map level at 0.22e/Å3 (Sigma = 1.42).  
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Header of Coot final refined structure. 

REMARK Date 2010-12-15 Time 21:32:47 EST -0500 (1292466767.99 s) 
REMARK PHENIX refinement 
REMARK  
REMARK ****************** INPUT FILES AND LABELS ****************************** 
REMARK Reflections: 
REMARK   file name      : AutoBuild_run_4_/TEMP0/exptl_fobs_phases_freeR_flags.mtz 
REMARK   labels         : ['FP,SIGFP'] 
REMARK R-free flags: 
REMARK   file name      : AutoBuild_run_4_/TEMP0/exptl_fobs_phases_freeR_flags.mtz 
REMARK   label          : FreeR_flag 
REMARK   test_flag_value: 1 
REMARK Model file name(s):  
REMARK   /home/badieyan/phenix-1.6.4-
486/1cec/SB3a/autobuild/AutoBuild_run_4_/TEMP0/EDITED_composite_model_5.pdb 
REMARK  
REMARK ******************** REFINEMENT SUMMARY: QUICK FACTS ******************* 
REMARK Start: r_work = 0.2600 r_free = 0.2775 bonds = 0.008 angles = 1.084 
REMARK Final: r_work = 0.1946 r_free = 0.2247 bonds = 0.007 angles = 1.061 
REMARK ************************************************************************ 
REMARK  
REMARK ****************** REFINEMENT STATISTICS STEP BY STEP ****************** 
REMARK leading digit, like 1_, means number of macro-cycle                      
REMARK 0    : statistics at the very beginning when nothing is done yet         
REMARK 1_bss: bulk solvent correction and/or (anisotropic) scaling              
REMARK 1_xyz: refinement of coordinates                                         
REMARK 1_adp: refinement of ADPs (Atomic Displacement Parameters)               
REMARK 1_wat: ordered solvent update (add / remove)                             
REMARK 1_occ: refinement of occupancies                                         
REMARK ------------------------------------------------------------------------ 
REMARK  R-factors, x-ray target values and norm of gradient of x-ray target 
REMARK  stage     r-work r-free  xray_target_w  xray_target_t 
REMARK    0    :  0.3068 0.3165   3.255628e+00   3.312453e+00 
REMARK    1_bss:  0.2600 0.2775   3.190524e+00   3.251919e+00 
REMARK    1_xyz:  0.2562 0.2820   3.184580e+00   3.266504e+00 
REMARK    1_adp:  0.2579 0.2825   3.192054e+00   3.272806e+00 
REMARK    1_occ:  0.2559 0.2783   3.188149e+00   3.267107e+00 
REMARK    2_bss:  0.2559 0.2784   3.191316e+00   3.269946e+00 
REMARK    2_xyz:  0.2117 0.2422   3.037732e+00   3.153145e+00 
REMARK    2_adp:  0.2040 0.2375   3.009353e+00   3.138092e+00 
REMARK    2_occ:  0.2037 0.2362   3.008313e+00   3.136777e+00 
REMARK    3_bss:  0.2032 0.2355   3.004860e+00   3.135155e+00 
REMARK    3_xyz:  0.1934 0.2298   2.973800e+00   3.116141e+00 
REMARK    3_adp:  0.1930 0.2291   2.972596e+00   3.113710e+00 
REMARK    3_occ:  0.1928 0.2286   2.972121e+00   3.112991e+00 
REMARK    3_bss:  0.1946 0.2247   2.971104e+00   3.100789e+00 
REMARK ------------------------------------------------------------------------ 
REMARK  stage     k_sol   b_sol     b11     b22     b33     b12     b13     b23 
REMARK    0    :  0.000   0.000   0.000   0.000   0.000   0.000   0.000   0.000 
REMARK    1_bss:  0.400  39.536  -1.354   2.315  -0.961   0.000  -0.000  -0.000 
REMARK    1_xyz:  0.400  39.536  -1.354   2.315  -0.961   0.000  -0.000  -0.000 
REMARK    1_adp:  0.400  39.536  -1.354   2.315  -0.961   0.000  -0.000  -0.000 
REMARK    1_occ:  0.400  39.536  -1.354   2.315  -0.961   0.000  -0.000  -0.000 
REMARK    2_bss:  0.373  20.126  -1.350   2.347  -0.997   0.000  -0.000  -0.000 
REMARK    2_xyz:  0.373  20.126  -1.350   2.347  -0.997   0.000  -0.000  -0.000 
REMARK    2_adp:  0.373  20.126  -1.350   2.347  -0.997   0.000  -0.000  -0.000 
REMARK    2_occ:  0.373  20.126  -1.350   2.347  -0.997   0.000  -0.000  -0.000 
REMARK    3_bss:  0.348  27.666  -1.321   2.355  -1.034   0.000  -0.000  -0.000 
REMARK    3_xyz:  0.348  27.666  -1.321   2.355  -1.034   0.000  -0.000  -0.000 
REMARK    3_adp:  0.348  27.666  -1.321   2.355  -1.034   0.000  -0.000  -0.000 
REMARK    3_occ:  0.348  27.666  -1.321   2.355  -1.034   0.000  -0.000  -0.000 
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REMARK    3_bss:  0.342  31.487  -1.348   2.370  -1.021   0.000  -0.000  -0.000 
REMARK ------------------------------------------------------------------------ 
REMARK  stage     <pher>    fom   alpha         beta 
REMARK    0    :  31.023 0.7531  0.0892      194.058 
REMARK    1_bss:  28.302 0.7823  0.0907      133.603 
REMARK    1_xyz:  28.988 0.7746  0.0901      138.473 
REMARK    1_adp:  29.333 0.7709  0.0905      141.687 
REMARK    1_occ:  29.134 0.7728  0.0908      136.380 
REMARK    2_bss:  29.370 0.7698  0.0898      135.028 
REMARK    2_xyz:  24.639 0.8210  0.0899      100.000 
REMARK    2_adp:  24.067 0.8267  0.0903       94.066 
REMARK    2_occ:  24.036 0.8270  0.0904       93.570 
REMARK    3_bss:  23.976 0.8276  0.0913       93.382 
REMARK    3_xyz:  23.423 0.8334  0.0910       90.003 
REMARK    3_adp:  23.373 0.8339  0.0911       89.363 
REMARK    3_occ:  23.357 0.8341  0.0912       89.192 
REMARK    3_bss:  22.914 0.8388  0.0913       87.145 
REMARK ------------------------------------------------------------------------ 
REMARK  stage       angl   bond   chir   dihe   plan   repu  geom_target 
REMARK    0    :   1.084  0.008  0.079 15.663  0.005  4.117   8.4939e-02 
REMARK    1_bss:   1.084  0.008  0.079 15.663  0.005  4.117   8.4939e-02 
REMARK    1_xyz:   1.068  0.007  0.080 15.586  0.004  4.117   8.2792e-02 
REMARK    1_adp:   1.068  0.007  0.080 15.586  0.004  4.117   8.2792e-02 
REMARK    1_occ:   1.068  0.007  0.080 15.586  0.004  4.117   8.2792e-02 
REMARK    2_bss:   1.068  0.007  0.080 15.586  0.004  4.117   8.2792e-02 
REMARK    2_xyz:   1.070  0.007  0.078 15.715  0.005  4.116   7.5174e-02 
REMARK    2_adp:   1.070  0.007  0.078 15.715  0.005  4.116   7.5174e-02 
REMARK    2_occ:   1.070  0.007  0.078 15.715  0.005  4.116   7.5174e-02 
REMARK    3_bss:   1.070  0.007  0.078 15.715  0.005  4.116   7.5174e-02 
REMARK    3_xyz:   1.061  0.007  0.078 15.711  0.005  4.115   7.3097e-02 
REMARK    3_adp:   1.061  0.007  0.078 15.711  0.005  4.115   7.3097e-02 
REMARK    3_occ:   1.061  0.007  0.078 15.711  0.005  4.115   7.3097e-02 
REMARK    3_bss:   1.061  0.007  0.078 15.711  0.005  4.112   7.6132e-02 
REMARK ------------------------------------------------------------------------ 
REMARK                       Maximal deviations: 
REMARK  stage       angl   bond   chir   dihe   plan   repu       |grad| 
REMARK    0    :   8.154  0.091  0.381 85.345  0.042  2.369   8.1571e-02 
REMARK    1_bss:   8.154  0.091  0.381 85.345  0.042  2.369   8.1571e-02 
REMARK    1_xyz:   9.026  0.046  0.395 84.471  0.034  2.346   5.8782e-02 
REMARK    1_adp:   9.026  0.046  0.395 84.471  0.034  2.346   5.8782e-02 
REMARK    1_occ:   9.026  0.046  0.395 84.471  0.034  2.346   5.8782e-02 
REMARK    2_bss:   9.026  0.046  0.395 84.471  0.034  2.346   5.8782e-02 
REMARK    2_xyz:   8.881  0.050  0.368 85.501  0.035  2.269   5.0605e-02 
REMARK    2_adp:   8.881  0.050  0.368 85.501  0.035  2.269   5.0605e-02 
REMARK    2_occ:   8.881  0.050  0.368 85.501  0.035  2.269   5.0605e-02 
REMARK    3_bss:   8.881  0.050  0.368 85.501  0.035  2.269   5.0605e-02 
REMARK    3_xyz:   7.167  0.045  0.364 84.557  0.039  2.252   5.7909e-02 
REMARK    3_adp:   7.167  0.045  0.364 84.557  0.039  2.252   5.7909e-02 
REMARK    3_occ:   7.167  0.045  0.364 84.557  0.039  2.252   5.7909e-02 
REMARK    3_bss:   7.167  0.045  0.364 84.557  0.039  2.151   5.8468e-02 
REMARK ------------------------------------------------------------------------ 
REMARK            |-----overall-----|---macromolecule----|------solvent-------| 
REMARK   stage    b_max  b_min  b_ave  b_max  b_min  b_ave  b_max  b_min  b_ave 
REMARK    0    :  93.13   7.05  21.53  90.70   7.94  20.12  50.08  10.38  28.97 
REMARK    1_bss:  92.67   6.59  21.07  90.14   6.50  21.21  43.07   9.33  26.34 
REMARK    1_xyz:  92.67   6.59  21.07  90.14   6.50  21.21  43.07   9.33  26.34 
REMARK    1_adp:  90.75   7.99  20.17  90.35   6.71  21.42  43.28   9.54  26.55 
REMARK    1_occ:  90.75   7.99  20.17  90.35   6.71  21.42  52.20   6.38  30.85 
REMARK    2_bss:  90.70   7.94  20.12  91.44   6.72  21.58  57.49   8.76  29.19 
REMARK    2_xyz:  90.70   7.94  20.90  91.44   6.72  21.58  57.49   8.76  29.19 
REMARK    2_adp:  90.14   6.50  21.66  91.39   6.67  21.53  46.61   8.71  28.85 
REMARK ------------------------------------------------------------------------ 
REMARK  stage        Deviation of refined 
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REMARK               model from start model 
REMARK                max      min     mean 
REMARK    0    :    0.000    0.000    0.000 
REMARK    1_bss:    0.000    0.000    0.000 
REMARK    1_xyz:    0.250    0.002    0.050 
REMARK    1_adp:    0.250    0.002    0.050 
REMARK    1_occ:    0.250    0.002    0.050 
REMARK    2_bss:    0.250    0.002    0.050 
REMARK    2_xyz:    0.333    0.002    0.033 
REMARK    2_adp:    0.333    0.002    0.033 
REMARK    2_occ:    0.333    0.002    0.033 
REMARK    3_bss:    0.333    0.002    0.033 
REMARK    3_xyz:    0.487    0.001    0.031 
REMARK    3_adp:    0.487    0.001    0.031 
REMARK    3_occ:    0.487    0.001    0.031 
REMARK    3_bss:    0.487    0.001    0.031 
REMARK ------------------------------------------------------------------------ 
REMARK  stage  number of ordered solvent 
REMARK      0    :                0 
REMARK      1_bss:                0 
REMARK      1_xyz:                0 
REMARK      1_adp:                0 
REMARK      1_occ:                0 
REMARK      2_bss:                0 
REMARK      2_xyz:              276 
REMARK      2_adp:              276 
REMARK      2_occ:              276 
REMARK      3_bss:              276 
REMARK      3_xyz:              393 
REMARK      3_adp:              393 
REMARK      3_occ:              393 
REMARK      3_bss:              379 
REMARK ------------------------------------------------------------------------ 
REMARK MODEL CONTENT. 
REMARK  ELEMENT        ATOM RECORD COUNT   OCCUPANCY SUM 
REMARK        C                     1845         1845.00 
REMARK       Se                        7            4.03 
REMARK        S                        5            5.00 
REMARK        O                      910          910.00 
REMARK        N                      467          467.00 
REMARK    TOTAL                     3234         3231.03 
REMARK ----------------------------------------------------------------------- 
REMARK r_free_flags.md5.hexdigest c664007d5157a2f84b7cd58dff42ff2b 
REMARK  
REMARK IF THIS FILE IS FOR PDB DEPOSITION: REMOVE ALL FROM THIS LINE UP. 
REMARK   3 
REMARK   3 REFINEMENT. 
REMARK   3   PROGRAM     : PHENIX (phenix.refine: 1.6.4_486) 
REMARK   3   AUTHORS     : Adams,Afonine,Chen,Davis,Echols,Gopal, 
REMARK   3               : Grosse-Kunstleve,Headd,Hung,Immormino,Ioerger,McCoy, 
REMARK   3               : McKee,Moriarty,Pai,Read,Richardson,Richardson,Romo, 
REMARK   3               : Sacchettini,Sauter,Smith,Storoni,Terwilliger,Zwart 
REMARK   3 
REMARK   3  REFINEMENT TARGET : ML 
REMARK   3   
REMARK   3  DATA USED IN REFINEMENT. 
REMARK   3   RESOLUTION RANGE HIGH (ANGSTROMS) : 1.780    
REMARK   3   RESOLUTION RANGE LOW  (ANGSTROMS) : 16.185   
REMARK   3   MIN(FOBS/SIGMA_FOBS)              : 0.03   
REMARK   3   COMPLETENESS FOR RANGE        (%) : 85.28  
REMARK   3   NUMBER OF REFLECTIONS             : 30739      
REMARK   3   
REMARK   3  FIT TO DATA USED IN REFINEMENT. 
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REMARK   3   R VALUE     (WORKING + TEST SET) : 0.1962 
REMARK   3   R VALUE            (WORKING SET) : 0.1946 
REMARK   3   FREE R VALUE                     : 0.2247 
REMARK   3   FREE R VALUE TEST SET SIZE   (%) : 5.04   
REMARK   3   FREE R VALUE TEST SET COUNT      : 1549       
REMARK   3   
REMARK   3  FIT TO DATA USED IN REFINEMENT (IN BINS). 
REMARK   3   BIN  RESOLUTION RANGE  COMPL.    NWORK NFREE   RWORK  RFREE 
REMARK   3     1 16.1855 -  3.9420    1.00     3281   175  0.1691 0.1699 
REMARK   3     2  3.9420 -  3.1363    0.99     3144   165  0.1812 0.2057 
REMARK   3     3  3.1363 -  2.7420    0.98     3050   163  0.2011 0.2440 
REMARK   3     4  2.7420 -  2.4923    0.96     3005   160  0.2037 0.2538 
REMARK   3     5  2.4923 -  2.3142    0.96     2960   158  0.2002 0.2399 
REMARK   3     6  2.3142 -  2.1781    0.94     2915   152  0.1998 0.2635 
REMARK   3     7  2.1781 -  2.0693    0.93     2866   154  0.2075 0.2351 
REMARK   3     8  2.0693 -  1.9794    0.91     2802   146  0.2176 0.2506 
REMARK   3     9  1.9794 -  1.9033    0.80     2456   130  0.2304 0.2749 
REMARK   3    10  1.9033 -  1.8377    0.61     1893    99  0.2389 0.2951 
REMARK   3    11  1.8377 -  1.7803    0.27      818    47  0.2651 0.3525 
REMARK   3   
REMARK   3  BULK SOLVENT MODELLING. 
REMARK   3   METHOD USED        : FLAT BULK SOLVENT MODEL 
REMARK   3   SOLVENT RADIUS     : 1.10     
REMARK   3   SHRINKAGE RADIUS   : 0.83     
REMARK   3   GRID STEP FACTOR   : 4.00     
REMARK   3   K_SOL              : 0.342    
REMARK   3   B_SOL              : 31.487   
REMARK   3   
REMARK   3  ERROR ESTIMATES. 
REMARK   3   COORDINATE ERROR (MAXIMUM-LIKELIHOOD BASED)     : 0.20     
REMARK   3   PHASE ERROR (DEGREES, MAXIMUM-LIKELIHOOD BASED) : 22.91    
REMARK   3   
REMARK   3  OVERALL SCALE FACTORS. 
REMARK   3   SCALE = SUM(|F_OBS|*|F_MODEL|)/SUM(|F_MODEL|**2) : 0.0958       
REMARK   3   ANISOTROPIC SCALE MATRIX ELEMENTS (IN CARTESIAN BASIS). 
REMARK   3    B11 : -1.3484         
REMARK   3    B22 : 2.3695          
REMARK   3    B33 : -1.0211         
REMARK   3    B12 : 0.0000          
REMARK   3    B13 : -0.0000         
REMARK   3    B23 : -0.0000         
REMARK   3   
REMARK   3  R FACTOR FORMULA. 
REMARK   3   R = SUM(||F_OBS|-SCALE*|F_MODEL||)/SUM(|F_OBS|) 
REMARK   3   
REMARK   3  TOTAL MODEL STRUCTURE FACTOR (F_MODEL). 
REMARK   3   F_MODEL = FB_CART * (F_CALC_ATOMS + F_BULK) 
REMARK   3    F_BULK = K_SOL * EXP(-B_SOL * S**2 / 4) * F_MASK 
REMARK   3    F_CALC_ATOMS = ATOMIC MODEL STRUCTURE FACTORS 
REMARK   3    FB_CART = EXP(-H(t) * A(-1) * B * A(-1t) * H) 
REMARK   3     A = orthogonalization matrix, H = MILLER INDEX 
REMARK   3     (t) = TRANSPOSE, (-1) = INVERSE 
REMARK   3   
REMARK   3  STRUCTURE FACTORS CALCULATION ALGORITHM : FFT 
REMARK   3   
REMARK   3  DEVIATIONS FROM IDEAL VALUES. 
REMARK   3                 RMSD     MAX  COUNT 
REMARK   3   BOND      :  0.007   0.045   2932 
REMARK   3   ANGLE     :  1.061   7.167   3959 
REMARK   3   CHIRALITY :  0.078   0.364    401 
REMARK   3   PLANARITY :  0.005   0.039    512 
REMARK   3   DIHEDRAL  : 15.711  84.557   1092 
REMARK   3   MIN NONBONDED DISTANCE : 2.151  
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REMARK   3   
REMARK   3  ATOMIC DISPLACEMENT PARAMETERS. 
REMARK   3   WILSON B : None 
REMARK   3   RMS(B_ISO_OR_EQUIVALENT_BONDED) : 3.35 
REMARK   3   ATOMS          NUMBER OF ATOMS 
REMARK   3                    ISO.  ANISO.  
REMARK   3    ALL         :   3234       0 
REMARK   3    ALL (NO H)  :   3234       0 
REMARK   3    SOLVENT     :    379       0 
REMARK   3    NON-SOLVENT :   2855       0 
REMARK   3    HYDROGENS   :      0       0 
REMARK   3 
CRYST1   50.684   83.590   86.930  90.00  90.00  90.00 P 21 21 21 
SCALE1      0.019730  0.000000  0.000000        0.00000 
SCALE2      0.000000  0.011963  0.000000        0.00000 
SCALE3      0.000000  0.000000  0.011504        0.00000 
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