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ABSTRACT 

Enzymes are essential biological molecules and widely used in industry. 

Therefore, investigating the underlying mechanisms how enzyme activity is 

changed by mutations may have widespread clinical and industrial applications. 

One major factor related with enzyme activity is enzyme flexibility because 

enzyme motion which reflects residual vibrations and conformational changes 

locally and globally is involved in its catalysis. However, the tool for enzyme 

flexibility analysis is few and incomplete.  

In this study, an elastic body model was proposed to analyze the flexibility 

changes of enzyme caused by substrate binding. This model adapted a 

mechanical concept to explain residual force and torque of enzyme. The 

residual forces were obtained using substrate-free and -bound structures of the 

enzymes by Hook`s law, 𝐹 = −𝑘𝑥, and the torques were calculated by the 

summation of the force vectors. In order to validate this model, the data on 

bacteriophage T4 lysozyme, HIV-1 protease, and Candida antarctica lipase B 

were analyzed. Elastic body model pointed out several meaningful regions for 

enzyme motion, inhibition, and dimerization as high forced or bended regions. 

Specifically, the forced region from the elastic body model analysis overlapped 

with the mutated region of the activity-enhanced mutants of bacteriophage T4 

lysozyme. In this study, various reported mutants of bacteriophage T4 

lysozyme were analyzed to investigate the relationship between enzyme 
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activity and flexibility. The activity-enhanced mutants of bacteriophage T4 

lysozyme demonstrated a tendency for mutations to localize to the edge of 

helices and to involve substitutions to flexible amino acids such as glutamic 

acid and aspartic acid. Additionally, the mutated residues showed increased 

flexibility in B-factor analysis. Using elastic body model, the phenomena of 

activity increase was interpreted as increase of mobility when enzyme changed 

to be flexible. 

Candida antarctica lipase B, an industrially useful enzyme, was chosen to 

validate the strategy that introduction of flexible amino acids in forced region 

can enhance enzyme activity. The activity of C. antarctica lipase B was 

improved by mutation of the area surrounding the active site. The edges of four 

helices surrounding the active site were changed to flexible amino acids. Two 

mutants, V139E and I255E showed enhanced specific activity for p-nitrophenyl 

caprylate hydrolysis. The highly forced helix and near loop, 139-150, including 

residue V139 identified in elastic body model analysis was focused as next 

targets for mutagenesis to enhance enzyme activity. The forced residues were 

substituted to the flexible amino acids, and V139S, A141E, V149S and A151D 

showed enhanced activity among eight target mutations. The loop extended 

mutants by adding glycine in both edges of the helix 139-146 were created to 

provide more flexible helix motion. The extension in A146 which is the C-

terminal edge of the helix in contact with the helix 268-287 resulted in activity 

enhancement. These findings suggest that flexibility modulation may be a 
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feasible mean to enhance enzyme activity for clinical and industrial 

applications.  
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INTRODUCTION 
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1.1 Backgrounds 

Enzyme is biologically useful inside living things and also industrially 

important in daily life. It is because enzyme deals with the catalysis of the 

useful reactions for industry such as food processing (Guzmanmaldonado and 

Paredeslopez 1995), paper industry (Bajpai 1999), detergent industry (Ito et al. 

1998), and etc. Enzyme application is widening even to energy field 

(Somerville 2006). Nowadays, enzyme processes have been spotlighted as an 

alternative, replacing petroleum refining using limited resources (Wandrey et al. 

2000; Kamm and Kamm 2004). The process employing enzyme could generate 

not only biofuels such as diesel, butanol, ethanol and hydrogen for vehicle but 

also several chemicals. Enzyme processes have many advantages such as high 

selectivity (region-, chemo-, and stero-), easy product separation, no by-product 

formation, reaction under mild conditions, and so on.  

The catalysis mechanism is known as chemical reaction between enzyme 

catalytic residues in active site and substrate (s) since Fischer postulated lock-

and-key analogy the selective catalytic function of enzyme (Fischer 1894). 

However, enzyme mechanism which is the reduction of activation energy could 

not be explained only by chemical reaction. The enzymes show the different 

degrees of catalytic activities and binding affinities even though they have 

same catalytic residues and similar active site structures.  
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Koshland proposed an induced-fit model to explain the structural change in 

enzyme active site when substrate binds and a product is released (Koshland 

1958). Since then, enzyme is regarded as flexible molecule during catalysis 

step and even at native state. The flexible motion of enzyme was revealed 

through researches using NMR, dynamics simulation and several structure of 

same enzyme in X-ray crystallography. Enzyme flexible motion has been 

thought to be related with catalysis mechanism, but not understood well (Kraut 

et al. 2003). In recent study on dynamics in dyhydrofolate dehydrogenase from 

Escherichia coli, Benkovic`s group proved that the dynamics was directly 

associated with enzyme activity by activity decrease when dynamics decreases 

(Bhabha et al. 2011).  

In enzyme engineering field, the enzyme is easily modified by mutation 

technology. However, the purpose has been focused on its specificity change 

like enantioselectivity (Schmidt et al. 2006) and newly created activity which 

was not the original function of enzyme (Bornscheuer and Kazlauskas 2004) 

and its stability in high temperature (Abraham et al. 2005) or in organic solvent 

(Park et al. 2012) even though enhanced activity of enzyme is quite important 

in industry. More often than not, point mutation designed for increased stability 

and functional changes in a enzyme results in decreased its activity.  

At this point which the process employing enzyme is spotlighted, the 

search for the effective enzyme is really important. However, enzymes utilized 
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in industry were almost natural one, not modified by mutations. Finding new 

enzyme is difficult due to its expression and assay (Uchiyama and Miyazaki 

2009). Activity enhancement of well-known enzyme by mutation is, therefore, 

advantageous. There has been an old unanswered question: there is a general 

strategy to develop enzyme with increased activity through protein engineering. 

The answer is unclear because the strategies are not abundant now. However, it 

was often observed that mutants by directed evolution or by rational design for 

other purpose like thermostability sometimes showed enhanced activity (Wang 

et al. 2001; Horsman et al. 2003; Wymer et al. 2001). This means that the 

activity of the wild enzyme was not reached the maximum value yet. Thus, the 

activity enhancement is possible by mutations at this point. Moreover, the 

enzyme created by catalytic residues insertion in common scaffold protein 

showed no activity or very low activity (Dwyer et al. 2004 and 2008; 

Rothlisberger et al. 2008). This observation means that the other part of enzyme, 

not active site, is also involved in enzyme catalysis. After the scaffold design, 

directed evolution method was taken as a strategy to obtain higher activity of 

mutant for newly created activity (Rothlisberger et al. 2008).  

In enzyme engineering field, the data of enzymes were accumulated by a 

lot of experiment. The data could give us an insight to enhance enzyme activity. 

Enzyme flexibility is one assumable factor enabling enzyme activity increase. 

Because of weak but a lot of interactions between amino acids in enzyme 



5 

 

structure, enzyme has flexible structure and amino acids could move in solvent 

restricted by connected amino acids. And this motion is related to enzyme 

catalysis process. The investigation of enzyme flexibility effect on enzyme 

activity is needed for enzyme engineering to enhance enzyme activity.    
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 TABLE 1.1  Newly created activity of enzymes 

Activity Descriptions Reference 

Triose phosphate 
isomerization 

Introduction of active site in riobose-bining protein 

Article has been retracted due to lack of reproducibility 

(Impurity problem) 

Dwyer et al. 2004 and 2008 

o-succinylbenzoate 
synthesis 

D297G mutant of L-Ala-D/L-Glu epimerase from 

E. coli 

Activity: 2.5 × 10−3 s−1 

Schmidt et al. 2003 

Kemp elimination 
Active site motif and scaffold design 

Activity: under 0.29 s−1 (kuncat = 1.16 × 10−6 s−1) 
Rothlisberger et al. 2008 

Retro-aldol reaction 
Active site motif and scaffold design 

Activity: 0.5×10−3~9.3×10−3 min−1 (kuncat = 3.9 × 10−7 min−1) 
Jiang et al. 2008 
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TABLE 1.2 Activity-decreased mutants in several enzyme engineerings 

Obejective of  
enzyme engineering 

Enzyme Mutants  
(relative activity compared to wild type (%))  

References 

Thermostability 
increase 

Bacillus subtilis 
lipase A 

A38V (35), A75V (6), G80A (29), A105V (26), 

A146V (28), and G172A(26) 

Abraham et al. 2005 

pH optimum shift Bacillus circulans 
xylanase 

S84V (95), A115S (95), A115I (45), A115T (83), 

A115Y (53), and A115W (53) 

Kim et al. 2008 

Stability increase in 
organic solvent 

Candida antarctica  

lipase B 

D223E (64), D265E (109), N97Q (97), N264Q 

(64), and N292Q(116) 

Park et al. 2012 
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1.2 Research Objectives 

In this research, enzyme flexibility was highlighted as the factor for 

enzyme activity enhancement. Enzyme flexibility is closely related with 

enzyme activity. However, few attempts have been made to increase the 

enzymatic activity by modulating enzyme flexibility. The study on enzyme 

flexibility and activity is still limited to general understanding of catalysis 

mechanism. In order to investigate the effect of enzyme flexibility on enzyme 

activity, the new tool for analysis of enzyme flexibility was proposed, the 

reported data of activity-enhanced mutants was analyzed, and the proposed 

model and elucidated strategy was applied to the model enzyme.  

 

This research focused on; 

 

 The development of method to enhance enzyme activity, 

 The investigation of relationship between enzyme activity and enzyme 

flexibility, and 

 Enzyme activity enhancement via enzyme flexibility modulation.  

 

Elastic body model considering mechanics when substrate binds to enzyme 

active site was proposed. In order to investigate the relationship between 

enzyme activity and flexibility, the activity data of bacteriophage T4 lysozyme 
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mutants were collected and analyzed in several points of view including 

enzyme mechanical point of view using elastic body model. The mechanical 

analysis using elastic body model revealed that enzyme flexibility modulation 

in the forced region could enhance enzyme activity. Using this strategy, C. 

antarctica lipase B, an industrially useful enzyme especially bioenergy field, 

was modified to have enhanced activity. The overall scheme of this research is 

depicted in Figure 1.1. 



10 

 

 

 

FIGURE 1.1  Overall scheme of this research 
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FIGURE 1.2  Objective of this research 
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CHAPTER 2 

 

LITERATURE SURVEY 
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2.1 Enzyme Activity 

The activity is a distinguishing feature of enzyme from other proteins. The 

defect in enzyme activity causes the disease because enzyme is essential in 

living organisms. Therefore, the research of enzyme activity has been focused 

on the function and active site structure of newly found enzyme in biochemistry 

and pharmacology (Keiser et al. 2007). The inhibitor design is common method 

making the medicines to prevent binding of original substrate to the target 

enzyme (Tonello et al. 2002).  

Now, enzyme is heavily utilized in industry and the product cost is closely 

connected to the enzymatic activity. Therefore, the improvement of widely 

used enzyme is necessary. In this chapter, the literature has been searched for 

the understanding of enzyme activity and the factors for activity enhancement. 

And the possibility of activity enhancement by protein engineering was gauged.  

 

2.1.1 Definition of enzyme activity 

Enzyme activity means how fast enzyme catalyzes the substrate in a given 

reaction. Enzyme activity is expressed as units. The one enzyme unit is the 

amount of enzyme mass which catalyze one μmole of substrate per one minute 

(Nomenclature Committee of the International Union of Biochemistry 1979).  

Specific activity of enzyme is the amount of product formed by one 

milligram of enzyme per one minute and expressed as μmole∙ min−1·mg−1. 
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Generally, specific activity is measured under the condition that the substrate 

concentration is high enough to saturate all enzyme active sites in a reaction 

media. It is because turnover number is another expression of enzyme activity.  

Turnover number is the term used in enzyme kinetics which investigates 

how enzyme binds substrate and turns it into a product. In enzyme kinetics, 

enzyme reaction in simple case is divided into two stages. The first stage is 

substrate binding and formation of Michaelis complex. Then, enzyme catalyzes 

the reaction step that releases the product. Even the assumption is simple, the 

fluctuating rate of enzyme is quite similar with enzyme catalysis and the 

mathematical equation explains the behavior of enzyme well. In Michaelis-

Menten kinetics, the rate to make product is increased by increase of substrate 

concentration and the saturation is occurred when there is no free enzyme. In 

this point, the maximum velocity is expressed as Vmax. Turnover number, also 

termed kcat, is calculated by Vmax / (the amount of enzymes) so that it means the 

number of substrate molecules handled by one active site per unit time, 

commonly per minute. Thus, turnover number could be calculated as (specific 

activity when substrate is enough to saturate enzyme active site) / (molecular 

weight of the enzyme). Because turnover number is measured after active site 

saturated, it is considered to be related to enzyme dynamics. Turnover number 

ranges about from 10-5 to 103 ( / min).  
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Generally, enzyme activity means catalytic activity so as to turnover 

number. However, Michaelis-Menten constant (KM) is often used to explain the 

binding of substrate to the enzyme in former step. For the kinetics of one 

molecule of enzyme, both term are important to explain enzyme`s ability 

regardless of substrate concentration. The efficiency of the enzyme is expressed 

as kcat / KM. The value expressing catalytic efficiency is important for 

specificity of enzyme but, in here, the activity term is restricted to kcat of 

enzyme.  

 

2.1.2 Mechanism of enzyme catalysis 

Enzyme lowers the activation energy of the reaction which it involves in. 

Due to the complex enzyme structure and deformation of enzyme and substrate, 

there are several explanations for enzyme catalysis mechanism.  

Induced-fit model proposes that the initial interaction between enzyme and 

substrate in native state induces the conformational change of enzyme and this 

conformational change may make the stronger binding of substrate to enzyme 

(Koshland 1958). Alternatively, transition state structure could bind to enzyme 

stably by this model (Fersht et al. 1988). That is to say, the native or transition 

state structure stabilization leads lowering the activation energy. However, 

some enzymes do not take induced-fit mechanism (Herschlag 1988). Moreover, 

induced-fit model could not explain the real reason why activation energy 
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barrier lowered. Now, the mechanism how the enzyme lowers the activation 

energy barrier has been tested as experiments and simulations considering 

molecular level of substrate and enzyme. 

Bond strain is one derived principle of induced-fit. By conformational 

change, bond could be distorted, rotated, polarized, or electronically relaxed in 

substrate or subtle part of enzyme (Belasco and Knowles 1980; Clarkson et al. 

1997). Therefore, the reactions could occur easily. However, large bond strain 

is not expectable because enzyme is relatively large and flexible molecule. 

Moreover, bond strain could not explain the transition state stabilization 

appropriately. It is rather substrate destabilization (Deng et al. 1992). 

Chorismate mutase is important enzyme in the research for enzyme catalysis 

mechanism. Energy change measure during catalysis step (Andrews et al. 1973; 

Hur and Bruice 2003(1) and 2003(2)) or extensive computational simulations 

like QM/MM (Quantum mechanical/Molecular mechanics) (Ranaghan et al. 

2003) have been used for the research. Especially, bond strain had been 

explained as the mechanism of this enzyme. However, it is still unclear that 

main reason of activation energy lowering is whether transition state 

stabilization or not.  

Due to enzyme structure deformation, proximity and orientation could be 

changed in the substrate and side chain of catalytic residues (Robertus et al. 

1972). The chemically reacted groups are closed geometrically and the reaction 
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occurs easily. This explanation is more useful especially for two substrates in 

one reaction.  

Commonly, catalytic residues work for proton donor and acceptor. These 

acid/base reactions have the effect of activating nucleophile and electrophile 

groups, or stabilizing leaving group so that the transitions state could be 

stabilized. Asp, Glu, His, Cys, Tyr and Lys near active site have a role for 

functional group for acid/base catalysis. Especially, histidine often comes in 

proton donation or acceptance both because pKa is almost neutral pH. In serine 

protease, histidine in the active site accepts the proton from serine and serine as 

nucleophile attacks the peptide bond of substrate (Hedstrom 2002). This 

catalytic machinery is often placed at the bottom of the active site with 

oxyanionhole. In C. antarctica lipase B, Ser105 donates the proton to the basic 

Asp187 and His224 pair and attacks the substrate as nucleophile. Then, the 

intermediate is stabilized by hydrogen bonds between oxyanion of substrate 

and residues, Gln106 and Thr40 (Uppenberg et al. 1994).  

Catalytic residues form the ionic bond or covalent bond with substrate. 

Ionic bonding is formed by charged amino acids like Asp, Glu, Lys and Arg, as 

well as metal ions. Thermolysin is one of thermostable peptidases which 

contains zinc ion. This metal ion is indispensable for catalysis because carbonyl 

oxyanion in the intermediate is stabilized by this zinc ion (Matthews 1988). In 

CalB, the intermediate is stabilized also by covalent bonding with Ser105, not 
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only oxyanionhole formation (Uppenberg et al. 1994). In case of aldolase, Lys 

in the active site forms Schiff base with substrate covalently (Kobes and 

Dekker 1971). Ionic interaction or covalent interaction with substrate or 

intermediate could make transition state stable.   

Alternatively, enzyme dynamics is asserted to explain enzyme catalysis 

mechanism. Enzyme dynamics is broadly accepted as requisite to substrate 

recruiting, chemical transformations, and product release. The dynamic 

knockout mutant of dihydrofolate reductase in E. coli showed decreased 

activity (Bhabha et al. 2011). However, the real reason how the dynamics 

lowers activation energy is still questionable. As a result, several disputes 

continue. The controversial issues will be addressed in the next chapter.  

One representative concept is electrostatic reorganization. Electrostatic 

reorganization has been considered as main reason of lowering activation 

energy barrier in computational simulation field. Warshel and coworkers 

pointed out that enzyme active site already has partial dipoles while the solvent 

must pay much energy for reorienting its dipoles during the reaction (Warshel 

and Levitt 1976). Thus, the reaction in enzyme has lower energetic penalty than 

the reference reaction in solution. The concept is related to Marcus`s 

reorientation theory, however, it is different from that active site already has 

dipoles. They used QM/MM including empirical valence bond model to 

calculate the energy (Shurki and Warshel 2003; Adamczyk et al. 2011).  
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These factors have been tested by experiment and simulation, however, the 

real reason of the activation energy reduction could not be explained by one 

major factor. These several assumptions could be categorized by transitions 

stated stabilization and ground stated destabilization thermodynamically. 

Above all, transition state stabilization is major theory to explain the 

mechanism of enzyme catalysis. Because there is an active site in enzyme, the 

transition state can be stabilized by straining the shape of substrate to transition 

state conformation or charge neutralization of transition state conformation. 

The possibility to meet two substrates also increases in the presence of enzyme. 

And the orientation of substrate could be fixed by the organization of functional 

groups of catalytic residues. Differently, there is an explanation using ground 

state destabilization. The contribution of this effect is known relatively small 

but this explanation is only supplement of transition state stabilization which is 

incomplete to elucidate enzyme catalysis mechanism at the present time. The 

reaction entropy is thought as factor for ground state destabilization.  

The principle of ground state stabilization is hard to explain at this point. It 

is because the dynamics could not be explained in the existing forcefield 

exactly. The real effect of bond strain or orientation change must be analyzed 

not only atomic interactions but also the forces caused by dynamics in catalysis 

step.  
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FIGURE 2.1  Mechanism of enzyme catalysis 
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FIGURE 2.2 The transition state stabilization in CalB
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2.1.3 Factors affecting enzyme activity 

There have been various ways to increase enzyme activity which are 

broadly divided into two. One is the optimization of environment and the other 

is modifying enzyme molecule itself, mutation.  

Because enzyme activity is affected by its environment such as temperature, pH, 

and the presence of inhibitor or activator, the circumstance optimization is 

necessary for enzyme reaction. Enzyme is temperature-sensitive due to its weak 

structure. Heat raises the reaction rates, however, the reaction temperature 

could not be higher than its limited temperature in enzyme reactions. Because 

enzyme does acid/base catalysis, it has pH optimum. The appropriate 

temperature and pH must be maintained for the efficient reaction rate. 

Sometimes, substrate or product inhibits the enzyme so that the control of 

substrate concentration could be a kind of circumstance engineering (Qureshi et 

al. 1992; Ghose and Tyagi 1979). Sometimes, cofactors are needed for enzyme 

activity. The representative cofactors are NAD+ and metals. They bind to the 

enzyme and affect on enzyme activity. In several reactions using 

oxidoreductase, the concentration of NAD+ could be the bottleneck of the 

reaction (Schroer et al. 2010). 

The representative circumstance modification is solvent engineering. By 

adding some solvent in reaction media, enzyme activity could be increased. In 

many lipases in organic solvent, little amount of water does a role of lubricant 
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and increase its activity. For the alternative solvent, ionic liquids are also used. 

Penicillium expansum lipase activated and stabilized (5.2-fold activation and 

1.4-fold stabilization) in the presence of [choline][Ac] and [NHMe3][MeSO3] 

(Lai et al. 2011). Ionic liquid is a salt in the liquid state. The stability in ionic 

liquid is easily explained by solvent hydrophobicity, however, the main reason 

of activity enhancement is obscure.    

The additives also have a role to enhance activity. When drying for storage 

after acquisition of enzyme, the additives like maltodextrin or sugars are added 

frequently and this addition was known to protect the thermal denaturation. But 

it is unclear whether the additives really enhance enzyme activity or enzyme 

stability is enhanced so that survived enzymes show the activity.  

Immobilization technique could enhance enzyme activity. Lipase is an 

interfacial enzyme so that the hydrophobicity modulation of the support for the 

immobilization often changes its activity. Entrapment of lipase using 

nanoporous sol-gel glass leads 88-folds of activity (Zhang et al. 2008). 

 

2.1.4 Enzyme engineering for activity enhancement 

Enzyme engineering could be the method to increase enzyme activity. 

Actually, enzyme engineering for enzyme activity has been focused on the 

acquisition of new function by modification of active site. Therefore, the 

docking simulation was generally used for activity modification with the 
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purpose of substrate or transitions state conformation stabilization. Site-

directed mutagenesis of catalytic residues often leads the specificity change 

(Branneby et al. 2003). 

The data from some directed evolution experiments showed enhanced 

activity in original function of the enzyme even though they did not intend 

activity enhancement (Jung et al. 2003; Shibamoto et al. 2004; Wang et al. 

2007; Fujii et al. 2005; Kauffmann and Schmidt-Dannert 2001; VanKampen et 

al. 2000; Shibamoto et al. 2004). Though the changed residues were not located 

at the active site in many cases, the activity of mutants increased. Circular 

permutation of C. antarctica lipase B enhanced its activity about 26-folds for p-

nitrophenol butyrate (pNB) hydrolysis (cp289) and about 170-folds for 6,8-

difluoro-4-methylumbellifery (DiFMU) octanoate hydrolysis (cp283) (Qian et 

al. 2007). Both regions were distant from catalytic residues. The activity-

enhanced mutants of bacteriophage T4 lysozyme were analyzed to be far from 

active site, too (Table 4.1). The topic will return later in chapter 4.   

The enzyme activity is determined by its three-dimensional structure. The 

enzyme is mostly larger than its substrate but only 2-4 catalytic residues in 

active site crevice were involved in catalysis step. However, the activity change 

by the mutation in other parts, not active site, implies that the active site 

chemistry is not only mechanism in enzyme catalysis. Other larger part must be 

considered as possible factor to help the catalysis.  
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TABLE 2.1 Circumstance engineering for enzyme activity enhancement 

Method Enzyme Reaction type Remarks Reference 

Optimization of reaction 
condition 

  
Most of enzyme is assayed 
under optimum temperature 
and pH. 

 

The control of substrate or 
product concentration 

 

 ABE fermentation 
 Ethanol 

fermentation using 
Saccharomyces 
cerevisiae 

The enzyme involved in the 
process making fermentation 
product were inhibited by 
substrate or product so that 
optimal feeding was needed. 

Qureshi et al. 
1992; 
Ghose and Tyagi 
1979 

The control of cofactor 
concentration 

Oxidoreductases  
The concentration of 
cofactor could be a limiting 
factor of the process. 

Schroer et al. 
2010 

Solvent 
engineering 

Adding 
organic 
solvent 

Lipases 
 Biodiesel 

production 
Adding tert-butanol in media 
increased lipase activity. 

Chen and Wu, 
2003; Li et al., 
2006; Royon et 
al., 2007 

Adding 
water  

Lipases  Alcoholysis 
 Hydrolysis 

A little amount of water 
acted like lubricant of 
enzyme in organic solvent.  

Leonard et al. 
2007 
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TABLE 2.1 Circumstance engineering for enzyme activity enhancement (continued) 

Method Enzyme Reaction type Remarks Reference 

 Ionic liquid 
Penicillium 
expansum lipase Hydrolysis 5.2-fold activation Lai et al. 2011 

Adding additives   Dextrins; sugar; amino acids; 
glycerol 

Triantafyllou et 
al. 1997 

Immobilization 

Lipases  
Entrapment using 
nanoporous sol–gel glass 
lead 88-folds of activity 

Zhang et al. 2008 

Lipases  
Hydrophobic support was 
used to enhance lipase 
activity. 

Palomo et al. 
2005 
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TABLE 2.2 Activity-enhanced cases in enzyme engineering 

Type of reaction Enzyme Method Remarks Refernece 

Hydrolysis 

Pseudomonas 
fluorescens lipase Error prone PCR N8S, S14G and W72R Jung et al. 2003 

Rhizopus oryzae 
lipase Error prone PCR 

V95D, I53V, P96S, 
F196Y, Q128H and 
Q197L 

Shibamoto et al. 2004 

Penicillium 
expansum lipase 

Site-directed 
mutagenesis R182K Wang et al. 2007 

Candida antarctica 
lipase B Circular permutation 

(random) 

cp289 (23-fold for pNB 
hydrolysis); cp283 
(170-fold for DiFMU 
octanoate hydrolysis) 

Qian et al. 2007 

Amide-hydrolysis 
Pseudomonas 
aeruginosa lipase 

Error prone PCR and 
site-directed 
Mutagenesis 

F207S and A213D Fujii et al. 2005 

Phospholipase 

Bacillus 
thermocatenulatus 
lipase 

Error prone PCR H15P and L184P Kauffmann and 
Schmidt-Dannert 2001 

Staphylococcus 
aureus lipase 

Error prone PCR and 
DNA shuffling 

L179F, K282E, K300N, 
S358T VanKampen et al. 2000 

Methanolysis 
Rhizopus oryzae 
lipase Error prone PCR K138R Shibamoto et al. 2004 
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2.2 Enzyme Flexibility 

2.2.1 Enzyme activity and dynamics 

For a long time, the dynamics of enzyme has been considered as one factor 

linked with catalysis mechanism. Protein conformational movements are 

necessary to enzyme function. 

The hyperthermophilic and mesophilic homologs of adenylate kinase 

showed the difference in residual flexibility in lid structure as measured by 

NMR relaxation which mobility is rate-limiting step in the reaction (Wolf-Watz 

et al. 2004). The hyperthermophilic homolog showed reduced catalytic activity 

at ambient temperature and the lid-opening rate also decreased.  

It was thought that high activity of psychrophilic enzymes in low 

temperature is obtained by their high flexibility. The residues containing the 

psychrophilic enzymes showed high B-factor globally. Molecular dynamics 

simulation also showed increased RMSD in psychrophilic enzyme compared to 

its mesophilic counterpart (Brandsal et al. 1999). Especially, the clustered 

around the active site or the specificity pocket showed increased flexibility 

(Lonhienne et al. 2000; Papaleo et al. 2006).  

It is known that the flexibility of loop is important to enzyme activity. In 

spite of distant loop from active site, the missing motion of the loop made the 

enzyme inactive (Watt et al. 2007). NMR relaxation method found out that 

there was a cluster distant from active site but related to enzyme motion in 
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ribonuclease A (RNase A). His48 was selected as crucial residue for the 

flexible loop 1 motion because it was located at the center of the cluster and the 

previous researches suggested the involvement in conformational change 

(Hammes and Walz 1969; Markley 1975). The mutant H48A showed decreased 

activity while the kinetic isotope effect was same with wild type. Likewise, the 

flexible loop 1 (12 residues) in RNase A was replaced to 6-residue loop from 

RNase A homologue, eosinophil cationic protein (Doucet et al. 2009).. The 

backbone of the mutant was similar with that of wild type, however, the 

millisecond motion identified in wild type as involved in an important 

conformational change was not detected in NMR. Also, binding of product 

analogue resulted in only minor chemical shift in contrast to wild type.  

Similary, the NMR relxation showed the dynamics of dihydrofolate 

reductase from E. coli (ecDHFR) was important for the enzyme activity 

(Benkovic and Hammes-Schiffer 2003). The timescales of dynamics in enzyme 

complexes and the timescales of substrate turnover step were similar. However, 

dynamic knockout mutant of ecDHFR (Bhabha et al. 2011) causes controversy 

(Adamczyk et al. 2011; Loveridge et al. 2012). They asserted that the protein 

movement is related to the chemical reactions. The NMR relaxation of 

N23PP/S148A was shown in the residues 13, 116, 121 and 149 which 

represented the dynamics of flexible loop was gone. The conversion rate from 

closed conformation to occluded conformation was decrease 14 sec-1 in 
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N23PP/S148A (220 sec -1 in wild type). However, it was argued that reduced 

rate constant was caused by changes to the electrostatic preorganization within 

the active site using computational study (Adamczyk et al. 2011). The kinetic 

isotope effect on kcat also showed that there was no change in hydride transfer 

step in N23PP/S148A of ecDHFR (Loveridge et al. 2012).  

 

2.2.2 Enzyme dynamics and motion 

The motions by internal dynamics were divided into three; the vibration of 

individual amino acids including all atoms of side chains, the movement of 

amino acids group like helix and sheet, and domain motion. The time scale of 

these movements ranges from 10-15-10-1s for the vibration of atoms, 10-9-1s for 

the group movement, and 10-7-104s for the domain movement (Brooks et al. 

1998). Among these movements, the group movement, also called as the rigid 

body movement, maybe related to the catalysis mechanism because time-scale 

is similar with the kcat.  

The motions are different from each other enzymes because networks of 

interactions inside enzymes are different from each other. Although the 

movement is known to be important in substrate uptake or product release, it is 

unclear whether enzyme dynamics can accelerate the chemical steps in 

enzymatic reactions or not. 
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2.2.3 Variables representing enzyme flexibility 

Since the enzymatic flexibility often provides non-specific and vague 

notion, several terms have been utilized for it. 

The most representative variable is B-factor, also termed Debye-Waller 

factor. B-factor is calculated in X-ray crystallography data.  In condensed 

matter physics, it describes the attenuation of X-ray scattering by thermal 

motion. The unit is Å2. The B-factor describes the vibration of atoms. Atoms 

with low B-factor are usually located in ordered and rigid structure, while 

atoms with high B-factor in disordered or flexible structure. The B-factor of 

each atom is indicated in the PDB file.  

The spin relaxation in NMR also has been used to assess the dynamics and 

mobility of proteins. The spin removal of some residues within the protein 

represents that the residues moves so as to fast indirection of spin means more 

mobile and flexible atom. NMR relaxation could check fast ps and ns motions 

as well as slower microsecond to ms (Bracken 2001).  

In computational simulations, RMSD (root mean square deviation or 

distance) and RMSF (root mean square fluctuation) are commonly used as the 

variables of the mobility of enzyme residues, that is to say enzyme flexibility. 

Most of atoms composing the enzyme are moved during dynamics simulation. 

After given number of generations finished, the average distance between 

original one and moved one is measured to obtain the RMSD. Easily, two 
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similar structures are superimposed, then the distance between atoms is 

measured. Generally, the distance between Cα is used for flexibility 

measurement in proteins. RMSF is averaged value of RMSD taken over time so 

that it is more convincing than RMSD when comparing residual flexibility.  
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2.3 Future prospective 

Evolutionary evidence showed that the change to increase enzyme activity 

is still remained (Bar-Even et al. 2011). The dataset of turnover number follows 

a normal distribution. Interestingly, the fast enzymes (enzymes showing high 

turnover number) were mostly involved in the primary metabolic pathway. This 

represents that survival enzymes are evolved in priority. In this regards, the 

other enzymes, not involved in the primary metabolic pathway, could be 

improved in the activity point of view in evolution. It is needed for enzyme 

engineers to investigate the features of highly active enzymes.  

The tools for measurement of real mechanical forces in enzymes are not 

delicate just yet. However, they measure real forces. It is not the prediction 

which computational simulation or mutation use. The measurement of force or 

dynamics in small molecules has depended on florescence and optical tweezers 

(Asbury et al. 2003 and 2004; Mori et al. 2007). Recently, AFM (atomic force 

microscopy) started to measure the force in enzyme and proved that the adding 

force to substrate changed the reaction rate (Alegre-Cebollada et al. 2010). At this 

point, it is not sophisticated enough to deal with individual residues or atoms. 

Nevertheless, this will be powerful tool to prove catalysis mechanism and to 

engineer enzymes by the development of technology.  

It is necessary to quantify the contributions of motion to enzyme activity. 

Moreover, that conformational motion transfers energy to chemical coordinate 
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is the implicit assumption. Dynamics is vague term, but exists. The real reason 

why or how enzyme has dynamics has to be proved tangibly.  
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CHAPTER 3 

 

ELASTIC BODY MODEL DEVELOPMENT TO 

ANALYZE MECHANICAL FORCES WHEN 

SUBSTRATE BOUNDS TO ENZYME 
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3.1 Introduction 

Current issue in enzymes is the relation between enzyme dynamics and its 

catalytic activity (Bhabha et al. 2011; Loveridge et al. 2012). However, the 

mechanics for understanding enzyme dynamics is mostly restricted only to 

computer simulation. Calculating forces inside enzymes is not easy because 

various and complex interactions take place between hundreds of residues. 

Many computational methods are able to analyze the forces in an enzyme 

structure based on fairly objective point of view by calculating the enzyme's 

intrinsic energy using mathematical functions. Nevertheless, these methods 

vary in terms of their energy functions, and their parameters and those 

functions often have been mended with heuristic terms such as the penalty and 

probability. Results are shown as scores of several various conformations; 

hence, the analysis is limited for understanding of enzyme dynamics and 

selection of target sites for enzyme engineering is confused. The computational 

approach for enzyme is powerful but still incomplete. Nonetheless, the research 

on the mechanics of substrate binding and product release are insufficient 

despite the fact that this phenomenon is necessary for enzymes to catalyze 

reactions. Although the molecular docking simulation can calculate the energy 

during the substrate binding process, this is simply a computational prediction 

and the result is restricted only at the active site.  
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Rational design of enzyme has received attention recently based on 

accumulated knowledge of enzyme structure. It is because mutation numbers 

are reduced so that works become easier and simpler without time consuming 

and laborious experiment. In most cases of rational design, the enzyme 

structure and its residual interactions are concerned to select amino acids to be 

mutated. However, it has not been easy to determine appropriate target sites 

even though enzyme structure was well revealed. It is because various and 

complex interactions are entangled between hundreds of residues and those 

interactions are not easily calculated.  

In this study, elastic body model was proposed as a novel method to obtain 

the residual forces of an enzyme by substrate binding. This is the first approach 

to explain enzyme catalysis using mechanical concept during substrate binding. 

According to the induced fit model (Koshland 1958; Koshland 1995), the 

enzyme conformation is changed due to substrate docking, after which it 

returns to its original conformation after releasing the product, thus resembling 

an elastic body. The forces of elastic bodies are calculated using Hooke`s law, 

F =  −𝑘𝑥. In a spring, F is the restoring force exerted by the material, k is the 

spring constant that represents the spring rigidity, and x is the displacement of 

the end of the spring from its equilibrium position. Two conformations of the 

spring fit into the two structures of the enzyme before and after catalysis. Not 

only elastic body, but also general materials are deformed by the force and their 
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rigidity is expressed as Young`s modulus. For this reason, the F= -kx formula 

was applied to the enzymes, and this method was termed the elastic body 

model. The reciprocal of the B-factor was used as the rigidity factor, and the 

deformation distance was employed for x. 

F = −𝑘𝑥 ∝ 
1

(B−factor)
 · (deformation distance)  (3. 1)
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FIGURE 3.1 Change of coordinate by substrate binding 

(3. 2) 
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3.2 Methods 

3.2.1. The factors for elastic body model 

An elastic body model assumes that substrate binding causes residual force 

in an enzyme. The B-factor of Cα was used as the factor of flexibility such that 

the reciprocal value denotes the rigidity of the residue. This value is not an 

exact constant but may be proportional to k. In general mechanics using Hook`s 

law, k value is estimated by applying force to the matter. For example, the 

spring constant could be calculated as the external force of gravity due to 

weight divided by deformation distance of the spring. However, the force 

applied to enzyme by substrate could not be measured exactly at present so that 

the exact k value could not be obtained in enzymes. Therefore, the forces have 

relative values within an enzyme. In elastic body, k is dependent to temperature. 

Higher temperature, k decreases. The B-factor is the Debye-Waller factor, also 

known as the temperature factor representing the degree of elastic scattering. It 

is dependent on the scattering vector q of residues in X-ray crystallography 

caused by the thermal motion of the atoms. The distance factor was the 

deformation distance; this is calculated from an easily accessible program, 

DaliLite (Holm and Park 2000), provided at the EBI website. It furnished the 

superimposed form of two PDB files. Two punctual coordinates of residues 

were obtained after the superimposition of the substrate-free and -bound forms 

of the PDB files followed by the calculation of the deformation distances. 
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Because the deformation distance has direction with its value, the forces are 

expressed as vectors. The direction of force vector is defined as the direction of 

deformation distance. 

 

3.2.2 Used structures 

For the bacteriophage T4 lysozyme, 2LZM and 148L were used as two 

forms, one the apo form and the other the holo form. 2HB4 and 2BPZ were 

used for the analysis of the HIV-1 protease. 1TCA and 1LBS were used for the 

analysis of C. antarctica lipase B (CalB). 1XNB and 1BVV were used for the 

analysis of Bacillus circulans xylanase. 1CEO and 1CEN were used for the 

analysis of Clostridium thermocellum endoglucanase.  

 

3.2.3 Torque calculation at the helix edge 

It is possible for the helix to move bodily; hence, residues of the same helix 

can move together even when they have different forces. Therefore, it is 

necessary to show the collective forces three-dimensionally. Accordingly, the 

torques at the edges of each helix were calculated under the assumption that 

one helix is one body. 

The torque at the helix edge was calculated as the sum of the cross of the 

residual distance (r) and the force (F) from elastic body model. 

 torque�������������⃗  = ∑   r ���⃗    F ��⃗   (3. 3)  
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TABLE 3.1  The methods to explain enzyme forces 
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FIGURE 3.2 Torque calculation in helix edge 
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3.3 Results and Discussion 

3.3.1 Model validation  

In order to validate elastic body model, three enzymes, bacteriophage T4 

lysozyme, HIV-1 protease, and C. antarctica lipase B were analyzed from a 

mechanical point of view. The motions of T4L and HIV-1 protease were 

broadly researched because these enzymes have small structure size (164 and 

99 amino acids each) so that the data from NMR or X-ray crystallography was 

a lot. Moreover, the structure of wild-type and various mutants were already 

investigated due to their easy expression. Especially, HIV-1 protease is the 

AIDS drug target. Hence, the dynamics of this enzyme has been a topic of 

much research, with various ligand-docked pdb files. CalB is relatively bigger 

than other two enzymes (317 amino acids), but is one of the most famous 

enzymes in the bioenergy field so that the flexibility of this enzyme was 

researched well. Moreover, the flexibility change was supposed to be the main 

reason of the activity increase of several mutants in previous literatures. 

 

3.3.1.1 Bacteriophage T4 lysozyme 

The important factor in the T4L analysis was that the hinge motion was 

detected by the summation of forces. Table 3.3 shows the torque values at the 

edge of the helix as calculated from each helix residue force. Arg80 has the 

greatest torque value, indicating that the greatest turning force is created by 
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substrate binding in this region. Helix 60-80 is a region that is already known; 

it shows hinge-bending in T4L (Faber and Matthews 1990; Mahaourab et al. 

1997). Additionally, DynDom(Hayward and Lee 2002), a program which is 

used to determine the hinge region of a protein using network modeling, found 

Arg80 as a hinge. The axis of the turning force in helix 60-80 is visualized in 

Figure 3.4 from 60 to 80, the magnitudes of the torques gradually increase 

while the directions of the torques do not change much. It was considered that 

Glu62 and Glu64, highly forced residues, renders helix 60-80 rotated on the 

axis of the calculated torques during bending motion. Glu62 and Glu64 are 

connected to Arg52 and 60Lys, respectively, with electrostatic interaction.  

Therefore, the rigid structure of near Glu62 and Glu64 is supposed.   

The torque calculation and visualization using the elastic body model can 

allow the enzyme motion by substrate binding to be predicted. 

 

3.3.1.2 HIV-1 protease 

2BPZ, used as the structure of enzyme-substrate complex in this analysis, 

has 3IN, N-(2(S)-cyclopentyl-1(R)-hydroxy-3(R)methyl)-5-((2(S)-tertiary-

butylamino-carbonyl)-4-(N1-(2)-(N-methylpiperazinyl)-3-chloro-pyrazinyl-5-

carbonyl)-piperazino)-4(S)-hydroxy-2(R)-phenylmethyl-pentanamide as the 

inhibitor in its active site. The residual forces arising from this ligand binding 

were calculated by the elastic body model. The top 10% of forced residues are 
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listed in Fig. 3. Gly49-Gly52 is shown as the highest forced region of the HIV-

1 protease in the analysis. This region is the flap region of the HIV-1 protease. 

This Gly-rich region (48Gly-49Gly-50Ile-51Gly-52Gly) showed a curved 

shape and was located at the top of the active site. Additionally, the NMR 

(Schiffer and Scott 2000), NM (Liu et al. 2008), and MD (Trylska et al. 2007; 

Carloni et al. 2002) simulation results noted this region as having high mobility 

and thus being an important site for substrate binding. The MD simulation 

particularly denoted this region as a flap which is open before substrate binding 

and closed after substrate binding. Thr4-Leu5 was also selected as a forced 

region. It is supposed that this force comes from the dimerization of two 

monomers, as a monomer in the inhibitor free-form and a dimer in the 

inhibitor-bound form were used for this analysis. In the structure of the 

inhibitor-bound form, 2BPZ, a Thr4-Leu5 region is located at the bottom of the 

enzyme, overlapped with another monomer. Another forced region, Leu97-

Phe99, is also located in this region and is assumed to be forced by the 

dimerization process as well. Thr4-Leu5 is also an interesting spot for substrate 

binding and product release (Midner et al. 1994). It was reported that autolysis 

at sites Leu5-Trp6 lose its activity, specifically showing a decrease in the kcat 

value. The MD simulation showed that homodimer formation, which is 

essential for protease activity, became difficult after autolysis at sites Leu5-

Trp6. Val82 (Otto et al. 1993), also a forced site in this analysis, is another 

interesting point in that the normal HIV-1 protease loses its activity due to an 
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inhibitor, whereas mutation at this site to Ala decreases the sensitivity of the 

inhibitor. Thus, Val82 is an important site for inhibitor binding. For these 

reasons, it is inferred that the elastic body model can select the important 

residues for substrate binding. 

 

3.3.1.3 Candida antarctica lipase B 

1LBS, used as the structure of enzyme-substrate complex in this analysis, 

has HEE, N-hexylphosphonate ethyl ester, as the substrate in its active site. In 

the analysis of CalB, the site having the greatest torque value was Ala287. The 

helix containing this edge site is known as a hot spot of CalB (Lutz et al. 2007). 

Circular permutation of this helix showed dramatically enhanced activity. The 

helix 268-287 is located at the entrance to the active site; hence, the substrate 

can be prevented from going into the active site. This region is often referred to 

as lid region of CalB. It was simply a prediction that the circular permutation 

solved the blocking problem by cutting the barrier helix. The elastic body 

model analysis also explains why the circular permutants have enhanced 

activity. The torque value for each residue increases from the residue 268 to 

287. Ala287 has the largest torque value in the protein. This implies that helix 

268-287 has a strong tendency to rotate in the right-handed direction around 

axis of these torques when substrate binding. The largest bending motion in this 
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helix implies that the helix 268-287 could be a barrier to the substrate from 

binding at the active site. 

From a residual standpoint, the residue 288 of CalB, the next residue of 

helix 268-287, was shown as a forced region by substrate binding. And the 

helix 139-146 and the near loop 147-150 were shown as forced regions. Helix 

139-146 is also located at the entrance to the active site, neighboring helix 268-

287. It is assumed that the C-terminus region of helix 268-287, the C-terminus 

region of helix 139-146, and near loop 147-150, shown in Figure 4B, hold up 

the substrate, which causes force to arise. As it happened, the region 136-152 

was found as dynamical region of CalB by computational modeling and the 

activation of this region using chemical ligand achieved the enhancement of 

catalytic activity (Agarwal et al. 2012).  
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TABLE 3.2 The residual forces in bacteriophage T4 lysozyme 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

1 MET 2.24x10-2 -0.385 21 THR 3.65 x10-2 0.350 41 ALA 2.20 x10-2 -0.406 
2 ASN 1.23 x10-1 4.88 22 GLU 5.20 x10-2 1.16 42 ALA 1.84 x10-2 -0.5916 
3 ILE 4.94 x10-2 1.02 23 GLY 3.28 x10-2 0.158 43 LYS 1.65 x10-2 -0.6916 
4 PHE 7.11 x10-2 2.16 24 TYR 2.94 x10-2 -0.0189 44 SER 1.54 x10-2 -0.751 
5 GLU 2.27 x10-2 -0.369 25 TYR 4.59 x10-2 0.844 45 GLU 4.09 x10-2 0.580 
6 MET 2.27 x10-2 -0.366 26 GLU 3.08 x10-2 0.0560 46 LEU 1.76 x10-2 -0.633 
7 LEU 1.48 x10-2 -0.781 27 ILE 1.21 x10-2 -0.920 47 ASP 1.76 x10-2 -0.637 
8 ARG 1.74 x10-2 -0.646 28 GLY 3.68 x10-2 0.370 48 LYS 2.24 x10-2 -0.383 
9 ILE 2.34 x10-2 -0.329 29 ILE 2.48 x10-2 -0.259 49 ALA 1.80 x10-2 -0.614 
10 ASP 8.94 x10-3 -1.09 30 GLY 1.16 x10-2 -0.950 50 ILE 1.77 x10-2 -0.629 
11 GLU 2.42 x10-2 -0.290 31 HIS 7.11 x10-3 -1.18 51 GLY 1.81 x10-2 -0.611 
12 GLY 2.35 x10-2 -0.326 32 LEU 1.09 x10-2 -0.983 52 ARG 1.75 x10-2 -0.638 
13 LEU 3.38 x10-2 0.210 33 LEU 1.39 x10-2 -0.826 53 ASN 1.24 x10-2 -0.907 
14 ARG 2.49 x10-2 -0.252 34 THR 2.25 x10-2 -0.381 54 THR 1.40 x10-2 -0.820 
15 LEU 2.28 x10-2 -0.364 35 LYS 3.98 x10-2 0.523 55 ASN 8.41 x10-3 -1.11 
16 LYS 3.34 x10-2 0.189 36 SER 3.01 x10-2 0.0159 56 GLY 1.70 x10-2 -0.668 
17 ILE 3.03 x10-2 0.0268 37 PRO 3.34 x10-2 0.189 57 VAL 2.20 x10-2 -0.404 
18 TYR 3.46 x10-2 0.251 38 SER 6.60 x10-2 1.89 58 ILE 1.79 x10-2 -0.620 
19 LYS 3.43 x10-2 0.237 39 LEU 4.02 x10-2 0.544 59 THR 4.58 x10-2 0.836 
20 ASP 3.56 x10-2 0.305 40 ASN 2.20 x10-2 -0.404 60 LYS 4.08 x10-2 0.579 
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TABLE 3.2 The residual forces in bacteriophage T4 lysozyme (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

61 ASP 2.71 x10-2 -0.136 81 ASN 2.41 x10-2 -0.297 101 ASN 2.91 x10-2 -0.0319 
62 GLU 5.95 x10-2 1.55 82 ALA 2.56 x10-2 -0.215 102 MET 1.31 x10-2 -0.870 
63 ALA 3.30 x10-2 0.170 83 LYS 3.76 x10-2 0.409 103 VAL 1.73 x10-2 -0.648 
64 GLU 6.14 x10-2 1.65 84 LEU 3.98 x10-2 0.524 104 PHE 1.50 x10-2 -0.768 
65 LYS 1.70 x10-2 -0.666 85 LYS 1.66 x10-2 -0.689 105 GLN 1.66 x10-2 -0.686 
66 LEU 3.75 x10-2 0.406 86 PRO 1.69 x10-2 -0.673 106 MET 3.71 x10-2 0.384 
67 PHE 7.61 x10-3 -1.16 87 VAL 2.22 x10-2 -0.393 107 GLY 4.21 x10-2 0.645 
68 ASN 2.75 x10-2 -0.120 88 TYR 2.57 x10-2 -0.213 108 GLU 4.62 x10-2 0.859 
69 GLN 5.43 x10-2 1.28 89 ASP 3.02 x10-2 0.0232 109 THR 3.38 x10-2 0.209 
70 ASP 1.73 x10-2 -0.649 90 SER 9.50 x10-2 3.41 110 GLY 3.16 x10-2 0.0946 
71 VAL 1.09 x10-2 -0.985 91 LEU 7.69 x10-2 2.46 111 VAL 2.02 x10-2 -0.500 
72 ASP 1.20 x10-2 -0.929 92 ASP 5.09 x10-2 1.10 112 ALA 1.71 x10-2 -0.661 
73 ALA 1.93 x10-2 -0.547 93 ALA 3.98 x10-2 0.524 113 GLY 2.46 x10-2 -0.271 
74 ALA 1.30 x10-2 -0.873 94 VAL 3.29 x10-2 0.162 114 PHE 2.67 x10-2 -0.162 
75 VAL 5.82 x10-3 -1.25 95 ARG 9.27 x10-3 -1.07 115 THR 3.83 x10-2 0.448 
76 ARG 2.48 x10-2 -0.259 96 ARG 1.91 x10-2 -0.557 116 ASN 1.95 x10-2 -0.534 
77 GLY 3.31 x10-2 0.172 97 ALA 2.59 x10-2 -0.200 117 SER 3.27 x10-2 0.155 
78 ILE 8.69 x10-3 -1.10 98 ALA 2.19 x10-2 -0.412 118 LEU 8.38 x10-3 -1.12 
79 LEU 1.25 x10-2 -0.899 99 LEU 7.46 x10-2 2.34 119 ARG 1.99 x10-2 -0.513 
80 ARG 1.02 x10-2 -1.02 100 ILE 4.82 x10-2 0.965 120 MET 1.24 x10-2 -0.904 
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TABLE 3.2 The residual forces in bacteriophage T4 lysozyme (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

121 LEU 1.53 x10-2 -0.756 141 GLN 7.33 x10-2 2.28 161 TYR 1.60 x10-2 -0.717 
122 GLN 9.95 x10-3 -1.03 142 THR 8.14 x10-2 2.69 162 LYS 1.09 x10-2 -0.985 
123 GLN 5.81 x10-3 -1.25 143 PRO 5.64 x10-2 1.39     
124 LYS 2.68 x10-2 -0.153 144 ASN 6.61 x10-2 1.90     
125 ARG 5.58 x10-3 -1.26 145 ARG 4.02 x10-2 0.547     
126 TRP 1.18 x10-2 -0.938 146 ALA 3.54 x10-2 0.297     
127 ASP 2.07 x10-2 -0.474 147 LYS 4.07 x10-2 0.570     
128 GLU 2.51 x10-2 -0.246 148 ARG 3.71 x10-2 0.383     
129 ALA 1.87 x10-2 -0.576 149 VAL 9.57 x10-3 -1.05     
130 ALA 1.63 x10-2 -0.700 150 ILE 1.09 x10-2 -0.984     
131 VAL 3.87 x10-2 0.465 151 THR 4.54 x10-2 0.815     
132 ASN 5.07 x10-2 1.10 152 THR 1.21 x10-2 -0.923     
133 LEU 2.38 x10-2 -0.310 153 PHE 2.25 x10-2 -0.378     
134 ALA 2.22 x10-2 -0.397 154 ARG 9.29 x10-3 -1.07     
135 LYS 7.44 x10-2 2.33 155 THR 2.42 x10-2 -0.292     
136 SER 6.46 x10-2 1.82 156 GLY 4.22 x10-2 0.647     
137 ARG 5.55 x10-2 1.34 157 THR 4.31 x10-2 0.694     
138 TRP 4.76 x10-2 0.930 158 TRP 3.19 x10-2 0.113     
139 TYR 3.82 x10-2 0.440 159 ASP 1.66 x10-2 -0.686     
140 ASN 8.17 x10-2 2.71 160 ALA 2.22 x10-2 -0.395     
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TABLE 3.3 The torque values in bacteriophage T4 lysozyme 

Residue No. Relative 
torque value 

Residue No. Relative 
torque value  

3 0.768 108 0.383 

11 1.18 113 0.879 

39 1.21 115 0.484 

50 1.58 123 0.646 

60 1.65 126 1.58 

80 6.52 134 0.979 

82 0.940 137 0.687 

90 0.202 141 0.783 

93 0.964 143 0.770 

106 2.53 155 2.60 
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TABLE 3.4  The residual forces in HIV-1 protease 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

1 PRO 2.59 x10-2 0.578 21 GLU 1.77 x10-2 0.0219 41 ARG 2.56 x10-2 0.556 
2 GLN 2.44 x10-2 0.472 22 ALA 1.19 x10-2 -0.378 42 TRP 1.93 x10-2 0.126 
3 ILE 1.58 x10-2 -0.108 23 LEU 1.26 x10-2 -0.329 43 LYS 3.41 x10-3 -0.952 
4 THR 2.84 x10-2 0.746 24 LEU 9.01 x10-3 -0.572 44 PRO 1.22 x10-2 -0.358 
5 LEU 3.36 x10-2 1.10 25 ASP 1.80 x10-2 0.0411 45 LYS 1.03 x10-2 -0.486 
6 TRP 2.48 x10-2 0.500 26 THR 1.91 x10-2 0.115 46 MET 4.55 x10-3 -0.875 
7 LYS 1.41 x10-2 -0.225 27 GLY 2.36 x10-2 0.419 47 ILE 1.63 x10-2 -0.0795 
8 ARG 1.90 x10-2 0.110 28 ALA 2.45 x10-2 0.485 48 GLY 2.05 x10-2 0.208 
9 PRO 5.37 x10-3 -0.819 29 ASP 1.99 x10-2 0.170 49 GLY 8.48 x10-2 4.58 

10 LEU 1.29 x10-2 -0.304 30 ASP 1.63 x10-2 -0.0763 50 ILE 7.48 x10-2 3.90 
11 VAL 1.13 x10-2 -0.417 31 THR 1.23 x10-2 -0.346 51 GLY 6.63 x10-2 3.32 
12 THR 1.42 x10-2 -0.222 32 VAL 6.47 x10-3 -0.745 52 GLY 4.13 x10-2 1.63 
13 ILE 1.07 x10-2 -0.458 33 LEU 7.34 x10-3 -0.685 53 PHE 2.50 x10-2 0.515 
14 LYS 5.28 x10-3 -0.825 34 GLU 5.78 x10-3 -0.791 54 ILE 1.78 x10-2 0.0252 
15 ILE 8.85 x10-3 -0.583 35 GLU 6.85 x10-3 -0.719 55 LYS 1.58 x10-2 -0.107 
16 GLY 1.24 x10-2 -0.338 36 MET 1.19 x10-2 -0.376 56 VAL 4.06 x10-3 -0.908 
17 GLY 1.30 x10-2 -0.298 37 ASN 1.53 x10-2 -0.144 57 ARG 8.87 x10-3 -0.581 
18 GLN 6.81 x10-3 -0.721 38 LEU 5.52 x10-3 -0.809 58 GLN 1.14 x10-2 -0.409 
19 LEU 1.54 x10-2 -0.140 39 PRO 6.45 x10-3 -0.746 59 TYR 1.51 x10-2 -0.159 
20 LYS 1.67 x10-2 -0.0510 40 GLY 9.78 x10-3 -0.520 60 ASP 2.04 x10-2 0.203 
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TABLE 3.4  The residual forces in HIV-1 protease (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

61 GLN 1.19 x10-2 -0.374 81 PRO 2.31 x10-2 0.388 
62 ILE 5.93 x10-3 -0.782 82 VAL 3.94 x10-2 1.49 
63 LEU 4.45 x10-3 -0.882 83 ASN 2.65 x10-2 0.615 
64 ILE 3.94 x10-3 -0.916 84 ILE 2.38 x10-2 0.434 
65 GLU 8.73 x10-3 -0.591 85 ILE 9.98 x10-3 -0.506 
66 ILE 9.77 x10-3 -0.520 86 GLY 1.67 x10-2 -0.0498 
67 CYS 1.07 x10-2 -0.455 87 ARG 1.09 x10-2 -0.443 
68 GLY 1.35 x10-2 -0.266 88 ASN 6.38 x10-3 -0.751 
69 HIS 1.20 x10-2 -0.369 89 LEU 8.95 x10-3 -0.576 
70 LYS 9.44 x10-3 -0.543 90 LEU 1.08 x10-2 -0.450 
71 ALA 5.15 x10-3 -0.835 91 THR 1.03 x10-2 -0.482 
72 ILE 6.03 x10-3 -0.774 92 GLN 2.19 x10-2 0.304 
73 GLY 1.29 x10-2 -0.307 93 ILE 2.43 x10-2 0.468 
74 THR 1.19 x10-2 -0.375 94 GLY 2.34 x10-2 0.407 
75 VAL 1.25 x10-2 -0.334 95 CYS 2.01 x10-2 0.185 
76 LEU 9.92 x10-3 -0.510 96 THR 2.34 x10-2 0.405 
77 VAL 7.90 x10-3 -0.647 97 LEU 3.65 x10-2 1.30 
78 GLY 3.65 x10-3 -0.937 98 ASN 5.53 x10-2 2.57 
79 PRO 6.49 x10-3 -0.743 99 PHE 6.89 x10-2 3.50 
80 THR 2.02 x10-2 0.188     
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TABLE 3.5  The torque values in HIV-1 protease 

Residue No. Relative 
torque value 

Residue No. Relative 
torque value 

10 0.358 52 1.35 

15 0.524 66 1.67 

18 0.409 69 0.511 

24 0.774 77 0.741 

32 0.0215 84 0.0960 

33 0.0126 85 0.0899 

43 2.03 86 0.0945 

49 0.196 91 0.278 
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TABLE 3.6  The residual forces in C. antarctica lipase B 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

1 LEU 3.13 x10-2 -0.115 21 THR 2.47 x10-2 -0.452 41 GLY 4.21 x10-2 0.443 
2 PRO 1.17 x10-2 -1.12 22 CYS 2.13 x10-2 -0.629 42 THR 1.97 x10-2 -0.712 
3 SER 3.33 x10-2 -0.0127 23 GLN 1.31 x10-2 -1.05 43 THR 2.20 x10-2 -0.592 
4 GLY 2.12 x10-2 -0.635 24 GLY 2.27 x10-2 -0.559 44 GLY 2.02 x10-2 -0.686 
5 SER 1.28 x10-2 -1.07 25 ALA 2.96 x10-2 -0.204 45 PRO 1.56 x10-2 -0.923 
6 ASP 1.63 x10-2 -0.888 26 SER 3.41 x10-2 0.0310 46 GLN 1.43 x10-2 -0.989 
7 PRO 1.63 x10-2 -0.889 27 PRO 2.53 x10-2 -0.426 47 SER 3.40 x10-2 0.0232 
8 ALA 1.34 x10-2 -1.04 28 SER 3.31 x10-2 -0.0207 48 PHE 3.58 x10-2 0.120 
9 PHE 1.59 x10-2 -0.909 29 SER 2.18 x10-2 -0.602 49 ASP 2.90 x10-2 -0.234 

10 SER 2.84 x10-2 -0.264 30 VAL 3.92 x10-2 0.294 50 SER 1.42 x10-2 -0.997 
11 GLN 1.84 x10-2 -0.779 31 SER 6.06 x10-2 1.40 51 ASN 2.33 x10-2 -0.526 
12 PRO 8.02 x10-3 -1.31 32 LYS 3.49 x10-2 0.0723 52 TRP 4.47 x10-2 0.575 
13 LYS 3.49 x10-2 0.0697 33 PRO 4.57 x10-2 0.628 53 ILE 3.03 x10-2 -0.167 
14 SER 2.90 x10-2 -0.234 34 ILE 1.91 x10-2 -0.745 54 PRO 4.05 x10-2 0.360 
15 VAL 2.08 x10-2 -0.656 35 LEU 1.75 x10-2 -0.828 55 LEU 4.98 x10-2 0.842 
16 LEU 2.87 x10-2 -0.248 36 LEU 2.34 x10-2 -0.520 56 SER 3.65 x10-2 0.153 
17 ASP 3.60 x10-2 0.128 37 VAL 2.44 x10-2 -0.469 57 THR 2.73 x10-2 -0.318 
18 ALA 4.00 x10-2 0.334 38 PRO 1.72 x10-2 -0.843 58 GLN 2.01 x10-2 -0.689 
19 GLY 2.84 x10-2 -0.265 39 GLY 5.03 x10-2 0.866 59 LEU 1.58 x10-2 -0.914 
20 LEU 1.56 x10-2 -0.922 40 THR 4.23 x10-2 0.455 60 GLY 2.82 x10-2 -0.275 
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TABLE 3.6  The residual forces in C. antarctica lipase B (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

61 TYR 2.90 x10-2 -0.232 81 GLU 3.14 x10-2 -0.107 101 VAL 4.75 x10-2 0.722 
62 THR 2.74 x10-2 -0.313 82 TYR 2.51 x10-2 -0.434 102 LEU 1.88 x10-2 -0.760 
63 PRO 2.81 x10-2 -0.282 83 MET 1.39 x10-2 -1.01 103 THR 4.34 x10-2 0.512 
64 CYS 4.79 x10-2 0.740 84 VAL 2.91 x10-2 -0.226 104 TRP 2.93 x10-2 -0.217 
65 TRP 2.22 x10-2 -0.586 85 ASN 3.21 x10-2 -0.0729 105 SER 1.87 x10-2 -0.763 
66 ILE 3.30 x10-2 -0.0249 86 ALA 4.19 x10-2 0.435 106 GLN 3.58 x10-2 0.115 
67 SER 3.82 x10-2 0.242 87 ILE 3.93 x10-2 0.301 107 GLY 1.57 x10-2 -0.920 
68 PRO 2.46 x10-2 -0.462 88 THR 3.90 x10-2 0.281 108 GLY 3.59 x10-2 0.123 
69 PRO 2.42 x10-2 -0.480 89 ALA 3.00 x10-2 -0.181 109 LEU 3.11 x10-2 -0.126 
70 PRO 2.01 x10-2 -0.694 90 LEU 5.35 x10-2 1.03 110 VAL 2.86 x10-2 -0.254 
71 PHE 1.88 x10-2 -0.759 91 TYR 5.35 x10-2 1.03 111 ALA 3.14 x10-2 -0.109 
72 MET 1.06 x10-2 -1.18 92 ALA 4.13 x10-2 0.401 112 GLN 2.02 x10-2 -0.688 
73 LEU 2.22 x10-2 -0.582 93 GLY 3.91 x10-2 0.286 113 TRP 3.93 x10-2 0.300 
74 ASN 3.88 x10-2 0.273 94 SER 1.26 x10-2 -1.08 114 GLY 4.11 x10-2 0.393 
75 ASP 1.38 x10-2 -1.02 95 GLY 4.24 x10-2 0.458 115 LEU 3.21 x10-2 -0.0711 
76 THR 2.00 x10-2 -0.699 96 ASN 3.89 x10-2 0.276 116 THR 3.25 x10-2 -0.0525 
77 GLN 2.43 x10-2 -0.475 97 ASN 1.21 x10-2 -1.11 117 PHE 1.28 x10-2 -1.07 
78 VAL 5.49 x10-3 -1.45 98 LYS 6.39 x10-3 -1.40 118 PHE 1.70 x10-2 -0.850 
79 ASN 1.85 x10-2 -0.772 99 LEU 3.69 x10-2 0.176 119 PRO 2.71 x10-2 -0.330 
80 THR 1.78 x10-2 -0.808 100 PRO 3.43 x10-2 0.0411 120 SER 3.12 x10-2 -0.122 
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TABLE 3.6  The residual forces in C. antarctica lipase B (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

121 ILE 2.95 x10-2 -0.209 141 ALA 7.93 x10-2 2.36 161 SER 6.15 x10-2 1.44 
122 ARG 2.55 x10-2 -0.416 142 GLY 1.37 x10-1 5.34 162 ALA 3.33 x10-2 -0.0117 
123 SER 3.15 x10-2 -0.104 143 PRO 9.71 x10-2 3.28 163 LEU 1.94 x10-2 -0.727 
124 LYS 3.71 x10-2 0.184 144 LEU 3.40 x10-2 0.0258 164 THR 2.71 x10-2 -0.330 
125 VAL 2.81 x10-2 -0.277 145 ASP 7.02 x10-2 1.89 165 THR 4.12 x10-2 0.395 
126 ASP 1.53 x10-2 -0.938 146 ALA 5.44 x10-2 1.08 166 ALA 3.46 x10-2 0.0534 
127 ARG 3.71 x10-2 0.186 147 LEU 8.17 x10-2 2.49 167 LEU 3.74 x10-2 0.200 
128 LEU 2.06 x10-2 -0.665 148 ALA 9.84 x10-2 3.35 168 ARG 3.36 x10-2 0.00302 
129 MET 6.13 x10-2 1.43 149 VAL 7.47 x10-2 2.12 169 ASN 5.49 x10-2 1.11 
130 ALA 5.66 x10-2 1.19 150 SER 1.34 x10-1 5.19 170 ALA 3.52 x10-2 0.0843 
131 PHE 3.49 x10-2 0.0718 151 ALA 1.13 x10-1 4.10 171 GLY 2.69 x10-2 -0.339 
132 ALA 5.46 x10-2 1.09 152 PRO 3.10 x10-2 -0.129 172 GLY 1.93 x10-2 -0.736 
133 PRO 1.32 x10-2 -1.05 153 SER 9.66 x10-3 -1.23 173 LEU 2.05 x10-2 -0.671 
134 ASP 3.06 x10-2 -0.148 154 VAL 6.97 x10-2 1.867 174 THR 3.05 x10-2 -0.153 
135 TYR 1.43 x10-2 -0.992 155 TRP 4.15 x10-2 0.414 175 GLN 2.07 x10-2 -0.659 
136 LYS 1.93 x10-2 -0.732 156 GLN 3.81 x10-2 0.236 176 ILE 2.61 x10-2 -0.380 
137 GLY 2.42 x10-2 -0.483 157 GLN 4.05 x10-2 0.358 177 VAL 2.66 x10-2 -0.355 
138 THR 2.87 x10-2 -0.250 158 THR 4.79 x10-2 0.740 178 PRO 1.65 x10-2 -0.877 
139 VAL 8.05 x10-2 2.42 159 THR 4.04 x10-2 0.354 179 THR 2.86 x10-2 -0.252 
140 LEU 6.81 x10-2 1.79 160 GLY 9.37 x10-2 3.11 180 THR 1.77 x10-2 -0.814 
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TABLE 3.6  The residual forces in C. antarctica lipase B (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

181 ASN 1.64 x10-2 -0.884 201 SER 4.08 x10-2 0.374 221 VAL 4.25 x10-2 0.464 
182 LEU 5.04 x10-2 0.872 202 SER 3.05 x10-2 -0.156 222 ILE 5.13 x10-2 0.919 
183 TYR 8.14 x10-2 2.47 203 TYR 2.77 x10-2 -0.298 223 ASP 5.05 x10-2 0.877 
184 SER 3.18 x10-2 -0.0861 204 LEU 2.66 x10-2 -0.355 224 HIS 4.87 x10-2 0.783 
185 ALA 6.08 x10-2 1.41 205 PHE 3.03 x10-2 -0.165 225 ALA 2.74 x10-2 -0.318 
186 THR 5.32 x10-2 1.02 206 ASN 2.88 x10-2 -0.242 226 GLY 3.96 x10-2 0.313 
187 ASP 3.31 x10-2 -0.0232 207 GLY 3.05 x10-2 -0.156 227 SER 4.17 x10-2 0.423 
188 GLU 4.00 x10-2 0.333 208 LYS 2.37 x10-2 -0.508 228 LEU 3.76 x10-2 0.213 
189 ILE 5.70 x10-2 1.21 209 ASN 3.28 x10-2 -0.0364 229 THR 2.96 x10-2 -0.200 
190 VAL 2.35 x10-2 -0.518 210 VAL 3.58 x10-2 0.120 230 SER 1.22 x10-2 -1.10 
191 GLN 2.52 x10-2 -0.428 211 GLN 2.81 x10-2 -0.279 231 GLN 2.34 x10-2 -0.522 
192 PRO 5.22 x10-2 0.964 212 ALA 1.77 x10-2 -0.818 232 PHE 2.09 x10-2 -0.651 
193 GLN 6.52 x10-2 1.63 213 GLN 4.35 x10-2 0.513 233 SER 3.86 x10-2 0.260 
194 VAL 4.33 x10-2 0.506 214 ALA 2.29 x10-2 -0.547 234 TYR 3.53 x10-2 0.0902 
195 SER 4.02 x10-2 0.346 215 VAL 1.49 x10-2 -0.959 235 VAL 1.49 x10-2 -0.962 
196 ASN 2.61 x10-2 -0.383 216 CYS 1.77 x10-2 -0.817 236 VAL 4.62 x10-2 0.656 
197 SER 5.37 x10-2 1.04 217 GLY 2.59 x10-2 -0.393 237 GLY 4.71 x10-2 0.699 
198 PRO 4.31 x10-2 0.493 218 PRO 3.42 x10-2 0.0367 238 ARG 3.06 x10-2 -0.152 
199 LEU 6.16 x10-2 1.45 219 LEU 2.67 x10-2 -0.353 239 SER 1.70 x10-2 -0.854 
200 ASP 5.90 x10-2 1.31 220 PHE 2.95 x10-2 -0.206 240 ALA 1.34 x10-2 -1.04 
 



60 

 

TABLE 3.6  The residual forces in C. antarctica lipase B (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

241 LEU 1.15 x10-2 -1.14 261 LEU 1.43 x10-2 -0.990 281 ALA 1.77 x10-2 -0.818 
242 ARG 8.99 x10-3 -1.26 262 PRO 1.89 x10-2 -0.752 282 ALA 4.05 x10-2 0.361 
243 SER 1.14 x10-2 -1.14 263 ALA 3.60 x10-2 0.127 283 ALA 2.82 x10-2 -0.274 
244 THR 7.25 x10-3 -1.35 264 ASN 4.02 x10-2 0.346 284 ALA 3.90 x10-2 0.284 
245 THR 8.71 x10-3 -1.28 265 ASP 2.50 x10-2 -0.439 285 ILE 3.44 x10-2 0.0446 
246 GLY 6.43 x10-3 -1.40 266 LEU 3.11 x10-2 -0.126 286 VAL 3.42 x10-2 0.0373 
247 GLN 6.19 x10-3 -1.41 267 THR 4.23 x10-2 0.455 287 ALA 2.93 x10-2 -0.215 
248 ALA 1.52 x10-2 -0.945 268 PRO 6.05 x10-2 1.39 288 GLY 9.24 x10-2 3.04 
249 ARG 2.41 x10-2 -0.486 269 GLU 5.42 x10-2 1.07 289 PRO 4.32 x10-2 0.501 
250 SER 3.54 x10-2 0.0965 270 GLN 6.65 x10-2 1.70 290 LYS 5.64 x10-2 1.18 
251 ALA 3.53 x10-2 0.0930 271 LYS 5.79 x10-2 1.26 291 GLN 5.41 x10-2 1.06 
252 ASP 2.26 x10-2 -0.565 272 VAL 8.44 x10-2 2.62 292 ASN 5.03 x10-2 0.867 
253 TYR 2.28 x10-2 -0.554 273 ALA 6.48 x10-2 1.61 293 CYS 6.33 x10-2 1.53 
254 GLY 2.21 x10-2 -0.590 274 ALA 5.60 x10-2 1.16 294 GLU 4.79 x10-2 0.741 
255 ILE 2.50 x10-2 -0.440 275 ALA 5.85 x10-2 1.29 295 PRO 3.94 x10-2 0.305 
256 THR 2.38 x10-2 -0.500 276 ALA 1.37 x10-2 -1.02 296 ASP 2.59 x10-2 -0.391 
257 ASP 2.11 x10-2 -0.642 277 LEU 5.48 x10-2 1.10 297 LEU 2.28 x10-2 -0.550 
258 CYS 2.62 x10-2 -0.380 278 LEU 4.75 x10-2 0.721 298 MET 9.52 x10-3 -1.24 
259 ASN 2.79 x10-2 -0.289 279 ALA 3.56 x10-2 0.110 299 PRO 2.14 x10-2 -0.622 
260 PRO 3.45 x10-2 0.0507 280 PRO 2.00 x10-2 -0.697 300 TYR 1.69 x10-2 -0.858 
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TABLE 3.6  The residual forces in C. antarctica lipase B (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

301 ALA 1.87 x10-2 -0.766 
302 ARG 2.04 x10-2 -0.675 
303 PRO 2.96 x10-2 -0.203 
304 PHE 2.15 x10-2 -0.619 
305 ALA 2.84 x10-2 -0.263 
306 VAL 2.63 x10-2 -0.374 
307 GLY 3.33 x10-2 -0.0136 
308 LYS 1.06 x10-2 -1.18 
309 ARG 1.61 x10-2 -0.898 
310 THR 3.35 x10-2 -0.000340 
311 CYS 6.14 x10-2 1.44 
312 SER 1.02 x10-2 -1.20 
313 GLY 1.63 x10-2 -0.889 
314 ILE 1.34 x10-2 -1.04 
315 VAL 6.84 x10-3 -1.38 
316 THR 3.88 x10-3 -1.53 
317 PRO 1.33 x10-2 -1.05 
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TABLE 3.7 The torque values in C. antarctica lipase B

Residue No. Relative  
torque value 

Residue No. Relative  
torque value  

13 0.338 146 1.22 
18 0.501 152 0.261 
20 0.219 156 0.654 
22 0.0903 162 1.10 
33 0.278 169 0.326 
37 0.696 179 1.41 
44 1.23 183 0.279 
57 0.200 207 0.513 
62 0.846 211 0.774 
66 0.462 212 0.391 
68 0.154 216 0.344 
70 0.107 226 2.20 
76 3.92 242 0.590 
93 1.81 250 0.156 
99 0.558 252 0.167 
104 1.41 255 0.170 
106 1.74 257 0.135 
117 0.564 268 1.60 
119 0.252 287 12.1 
121 0.184 302 0.210 
125 1.94 304 0.177 
131 1.33 309 0.0134 
139 0.580 310 0.0181 
141 0.314 313 0.0213 
142 0.590 314 0.0240 
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FIGURE 3.3 The residual forces in bacteriophage T4 lysozyme 
(A) The residual forces of T4L are illustrated as vectors in the Cα backbone. (B) The amino acids at a highly forced region (top 
10%) are expressed in red.  
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FIGURE 3.4 Torque vectors in helix 60-80 of bacteriophage T4 lysozyme 
(The torque vectors are visualized in amino acid 60-80 of T4L. This helix has 
turning force in the right-handed direction with the expressed axis.) 
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FIGURE 3.5  The forced region of HIV-1 protease 
( The forced region of HIV-protease is listed (top 10%). The apo form (green) 
and holo form (blue) are superimposed.) 
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FIGURE 3.6  Torque vectors in helix 268-287 in C. antarctica lipase B 
(A) The torque vectors are expressed as blue arrows in helix 268-287 of CalB. This helix has turning force in the right-handed 
direction with the expressed axis. (B) Helix 268-287 and helix 139-146 are expressed in red. In the elastic body model analysis, 
helix 139-146 and its near loop 147-150 were forced regions and helix 268-287 was determined to be a strongly turning region. 
Therefore, these two helices were thought to hold the substrate. (substrate: N-hexylphosphonate ethyl ester) 
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3.3.2 The mechanics of enzymes analyzed by elastic body model 

Using elastic body model, several enzymes were analyzed and meaningful 

outcome in enzyme mechanics were described in this part.  

 

3.3.2.1 Bacteriophage T4 lysozyme 

The residual forces of T4L were calculated and arrayed in Fig. 1A. Fig. 1B 

shows the top 10% of the highly forced residues in T4L in red. Most of the 

forced residues in this enzyme are located in the loop region between two 

helices. Ser 90 and Leu91 are located at the loop between helix 82-90 and helix 

93-106. The Asn140-Asn144 residues are located in the loop and helix edge 

region between helix 137-141 and helix 143-155. The Lys135-Arg137 residues 

are also located in the loop and helix edge region between helix 126-134 and 

helix 137-141. Ser38 is located at the edge of helix 39-50. Asn2 and Phe4 are 

located at the N-terminus region. Due to the relatively low B-factor, even in 

flexible terminal region, Asn2 and Phe4 were analyzed as highly forced regions. 

Glu62 and Glu64 are located inside of helix 60-80, which is the longest helix in 

this enzyme. It also has hinge motion. Glu62 and Glu64 are connected to Arg52 

and 60Lys, respectively, with electrostatic interaction, assuming that force 

arises. 

Among the forced residues, it was often observed that the mutation of the 

residues gave activity enhancement to the enzyme. S38D, T115E, K60P and 
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N144D were them. In here, we had an insight that enzyme activity could be 

enhanced by flexibility modulation of forced region in enzymes. The details of 

analysis and applications will be described in chapter 4 and 5. 

 

3.3.2.2 Bacillus circulans xylanase 

The forces in all residues and the torque values in edges of one helix and 

several sheets were calculated. The forced residues of top 10% were S31, G34, 

F36, T67-L68, V81-V82, Y113, A115, S117-D119, R122, W129-S130, Q167, 

and A170. These residues were distributed in major two part of enzyme that 

one was thumb and another was palm. The motion of thumb in BCX was 

previously known to do crucial role in its catalysis. The force in thumb region 

was thought to arise by big value of deformation distance due to flexible amino 

acids in this part. The palm of BCX is the border part between two sheets in 

1XNB. The border is disappeared so that two sheets are connected to one long 

sheet in 1BVV structure which is substrate-bound form of BCX. However, the 

deformation distance between 1XNB and 1BVV was not big as thumb region. 

And the amino acid composition was not flexible much as thumb region. 

Therefore, the force in palm region was thought to arise by small value of B-

factor which means rigid residues.  

The most bending region by substrate binding was R49 which is C-terminal 

edge of one sheet in palm region. R49 was detected as the hinge of BCX in 
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DynDom program, too. R49 as hinge residue was previously investigated by 

kinetic analysis and Vmax (kcat) change was shown by mutations. The cation-pi 

interaction between W42 and R49 may give a role for the R49 and the sheet 

containing it to be bended in palm region of BCX by substrate binding.  

 

3.3.2.3 Clostridium thermocellum endoglucanase 

Based on elastic body model analysis, residual forces and torque in edges 

were calculated. One catalytic residue, E140 which was replaced to Gln in PDB 

structure 1CEN and 1CEO, had an extraordinary force value compared to other 

residues. The assumable reason was the highest deformation distance of Q140 

when substrate binding.  

Q140 has the extraordinary force value due to its big deformation distance.  

As hinges, 272 and 305, the C-terminal edge residues of the helix 255-272 and 

helix 289-305, were selected as the residues showing high torque vales. These 

residues were located at the border region between two domains of this enzyme. 
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TABLE 3.8 The activity-enhanced mutants of bacteriophage T4 lysozyme 
 

 
Mutants Relative activity(%) % force 

T115E 370 129 

S38D 320 222 

K60P 175 137 

N144D 160 222 
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TABLE 3.9  The residual forces in B. circulans xylanase 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

1 ALA 1.76x10-2 0.797 21 GLY 1.07 x10-2 -0.202 41 GLY 7.82 x10-3 -0.609 
2 SER 1.11 x10-2 -0.136 22 SER 7.45 x10-3 -0.661 42 TRP 7.40 x10-3 -0.669 
3 THR 4.66 x10-3 -1.06 23 GLY 6.76 x10-3 -0.762 43 THR 7.97 x10-3 -0.588 
4 ASP 4.59 x10-3 -1.07 24 GLY 7.60 x10-3 -0.640 44 THR 4.73 x10-3 -1.05 
5 TYR 6.84 x10-3 -0.749 25 ASN 8.82 x10-3 -0.466 45 GLY 1.39 x10-2 0.261 
6 TRP 1.96 x10-3 -1.45 26 TYR 6.18 x10-3 -0.844 46 SER 1.12 x10-2 -0.125 
7 GLN 9.77 x10-3 -0.330 27 SER 4.16 x10-3 -1.13 47 PRO 8.04 x10-3 -0.577 
8 ASN 1.11 x10-2 -0.135 28 VAL 1.09 x10-2 -0.163 48 PHE 1.38 x10-2 0.254 
9 TRP 1.36 x10-2 0.217 29 ASN 1.11 x10-2 -0.144 49 ARG 9.53 x10-3 -0.364 

10 THR 1.01 x10-2 -0.286 30 TRP 5.49 x10-3 -0.944 50 THR 1.55 x10-2 0.495 
11 ASP 1.02 x10-2 -0.261 31 SER 3.15 x10-2 2.79 51 ILE 1.07 x10-3 -1.58 
12 GLY 8.22 x10-3 -0.551 32 ASN 1.16 x10-2 -0.0715 52 ASN 8.79 x10-3 -0.470 
13 GLY 1.27 x10-2 0.0882 33 THR 9.39 x10-3 -0.383 53 TYR 1.34 x10-2 0.190 
14 GLY 1.57 x10-2 0.514 34 GLY 2.00 x10-2 1.14 54 ASN 1.87 x10-2 0.947 
15 ILE 1.09 x10-2 -0.173 35 ASN 1.24 x10-2 0.0519 55 ALA 9.34 x10-3 -0.391 
16 VAL 9.47 x10-3 -0.372 36 PHE 2.06 x10-2 1.22 56 GLY 1.36 x10-2 0.217 
17 ASN 8.39 x10-3 -0.527 37 VAL 6.87 x10-3 -0.745 57 VAL 1.89 x10-2 0.976 
18 ALA 1.12 x10-2 -0.131 38 VAL 1.37 x10-2 0.233 58 TRP 1.34 x10-2 0.189 
19 VAL 8.14 x10-3 -0.563 39 GLY 1.00 x10-2 -0.291 59 ALA 7.06 x10-3 -0.718 
20 ASN 9.30 x10-3 -0.396 40 LYS 5.06 x10-3 -1.01 60 PRO 8.18 x10-3 -0.557 
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TABLE 3.9  The residual forces in B. circulans xylanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

61 ASN 1.31 x10-2 0.144 81 VAL 2.76 x10-2 2.22 101 ASP 4.04 x10-3 -1.15051 
62 GLY 5.60 x10-3 -0.927 82 VAL 1.92 x10-2 1.02 102 GLY 8.47 x10-3 -0.51576 
63 ASN 8.15 x10-3 -0.562 83 ASP 1.16 x10-2 -0.0682 103 GLY 1.06 x10-2 -0.21001 
64 GLY 1.73 x10-2 0.743 84 SER 7.04 x10-3 -0.721 104 THR 6.75 x10-3 -0.76224 
65 TYR 1.51 x10-2 0.435 85 TRP 1.42 x10-2 0.309 105 TYR 1.87 x10-3 -1.46241 
66 LEU 6.95 x10-3 -0.733 86 GLY 1.23 x10-2 0.0295 106 ASP 6.63 x10-3 -0.77977 
67 THR 1.94 x10-2 1.05 87 THR 1.10 x10-2 -0.155 107 ILE 1.52 x10-2 0.44587 
68 LEU 2.31 x10-2 1.58 88 TYR 8.35 x10-3 -0.533 108 TYR 1.13 x10-2 -0.11595 
69 TYR 1.22 x10-2 0.0172 89 ARG 1.04 x10-2 -0.243 109 THR 1.41 x10-2 0.291807 
70 GLY 1.07 x10-2 -0.192 90 PRO 1.39 x10-2 0.265 110 THR 1.05 x10-2 -0.22558 
71 TRP 4.32 x10-3 -1.11 91 THR 7.40 x10-3 -0.670 111 THR 1.44 x10-2 0.331121 
72 THR 5.36 x10-3 -0.961 92 GLY 1.55 x10-2 0.487 112 ARG 1.59 x10-2 0.542604 
73 ARG 1.69 x10-2 0.697 93 THR 1.29 x10-2 0.113 113 TYR 2.35 x10-2 1.64015 
74 SER 1.08 x10-2 -0.178 94 TYR 1.30 x10-2 0.130 114 ASN 1.44 x10-2 0.329892 
75 PRO 4.02 x10-3 -1.15 95 LYS 1.16 x10-2 -0.0638 115 ALA 2.14 x10-2 1.336739 
76 LEU 1.29 x10-2 0.121 96 GLY 1.81 x10-2 0.868 116 PRO 1.76 x10-2 0.792696 
77 ILE 1.27 x10-2 0.0909 97 THR 1.16 x10-2 -0.0626 117 SER 3.17 x10-2 2.811895 
78 GLU 6.84 x10-3 -0.749 98 VAL 1.11 x10-2 -0.134 118 ILE 4.51 x10-2 4.7412 
79 TYR 1.11 x10-2 -0.133 99 LYS 1.42 x10-2 0.311 119 ASP 4.68 x10-2 4.984375 
80 TYR 4.08 x10-3 -1.15 100 SER 6.60 x10-3 -0.783 120 GLY 4.30 x10-2 4.433761 
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TABLE 3.9  The residual forces in B. circulans xylanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

121 ASP 1.64 x10-2 0.628 141 ASN 1.17 x10-2 -0.0589 161 GLY 7.00 x10-3 -0.727 
122 ARG 1.93 x10-2 1.03 142 ALA 9.47 x10-3 -0.372 162 SER 8.92 x10-3 -0.451 
123 THR 1.73 x10-2 0.753 143 THR 9.77 x10-3 -0.329 163 ASN 3.91 x10-3 -1.17 
124 THR 1.89 x10-2 0.983 144 ILE 1.30 x10-2 0.130 164 TRP 1.76 x10-3 -1.48 
125 PHE 1.43 x10-2 0.326 145 THR 1.27 x10-2 0.0963 165 ALA 3.78 x10-3 -1.19 
126 THR 4.30 x10-3 -1.11 146 PHE 1.90 x10-2 0.992 166 TYR 1.57 x10-2 0.521 
127 GLN 1.02 x10-2 -0.269 147 THR 5.97 x10-3 -0.875 167 GLN 1.94 x10-2 1.06 
128 TYR 1.23 x10-2 0.0382 148 ASN 1.01 x10-2 -0.281 168 VAL 5.38 x10-3 -0.959 
129 TRP 2.00 x10-2 1.14 149 HIS 1.30 x10-2 0.128 169 MET 8.21 x10-3 -0.554 
130 SER 3.58 x10-2 3.40 150 VAL 1.23 x10-2 0.0359 170 ALA 2.27 x10-2 1.52 
131 VAL 1.24 x10-2 0.0434 151 ASN 4.57 x10-3 -1.08 171 THR 9.68 x10-3 -0.342 
132 ARG 9.05 x10-3 -0.432 152 ALA 1.29 x10-2 0.117 172 GLU 1.81 x10-2 0.870 
133 GLN 1.27 x10-2 0.0922 153 TRP 1.20 x10-2 -0.00965 173 GLY 1.71 x10-2 0.725 
134 SER 1.44 x10-2 0.333 154 LYS 9.70 x10-3 -0.340 174 TYR 1.74 x10-2 0.766 
135 LYS 5.00 x10-3 -1.01 155 SER 1.04 x10-2 -0.232 175 GLN 1.28 x10-2 0.104 
136 ARG 3.97 x10-3 -1.16 156 HIS 6.04 x10-3 -0.864 176 SER 1.58 x10-2 0.532 
137 PRO 9.30 x10-3 -0.397 157 GLY 1.32 x10-2 0.160 177 SER 1.91 x10-2 1.01 
138 THR 1.79 x10-2 0.829 158 MET 9.75 x10-3 -0.333 178 GLY 2.91 x10-3 -1.31 
139 GLY 8.12 x10-3 -0.566 159 ASN 5.09 x10-3 -1.000 179 SER 1.07 x10-2 -0.200 
140 SER 1.50 x10-2 0.425 160 LEU 8.42 x10-3 -0.523 180 SER 1.07 x10-2 -0.196 
 



74 

 

TABLE 3.9  The residual forces in B. circulans xylanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

181 ASN 7.62 x10-3 -0.637 
182 VAL 1.13 x10-2 -0.115 
183 THR 8.45 x10-3 -0.518 
184 VAL 8.71 x10-3 -0.481 
185 TRP 1.01 x10-2 -0.275 
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TABLE 3.10 The torque values in B. circulans xylanase 

Residue No. Relative 
torque value 

Residue No. Relative 
torque value 

2 0.892 86 0.0902 

10 0.691 96 0.0647 

15 0.359 100 0.349 

21 0.266 103 1.24 

25 0.572 113 0.531 

31 0.189 125 0.765 

35 0.223 131 0.481 

38 0.170 141 0.379 

49 1.70 146 0.331 

60 1.02 147 0.283 

63 0.327 154 0.199 

66 0.510 163 0.417 

68 0.140 168 0.151 

73 0.317 170 0.432 

77 0.229 174 0.293 

81 0.128 178 0.391 

84 0.136 184 0.132 
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TABLE 3.11 The residual forces in C. thermocellum endoglucanase 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

1 MET 6.13 x10-3 -0.00597 21 SER 7.54 x10-3 0.295 41 GLY 8.14 x10-3 0.422 
2 VAL 4.24 x10-3 -0.407 22 LYS 7.66 x10-3 0.321 42 PHE 6.09 x10-3 -0.0147 
3 SER 5.20 x10-3 -0.204 23 GLU 6.58 x10-3 0.0903 43 ASP 6.78 x10-3 0.132 
4 PHE 6.93 x10-3 0.165 24 HIS 7.83 x10-3 0.355 44 HIS 6.85 x10-3 0.148 
5 LYS 6.06 x10-3 -0.0210 25 PHE 5.66 x10-3 -0.106 45 VAL 1.64 x10-3 -0.961 
6 ALA 6.62 x10-3 0.0990 26 ASP 4.01 x10-3 -0.456 46 ARG 7.03 x10-3 0.186 
7 GLY 5.12 x10-3 -0.221 27 THR 6.21 x10-3 0.0107 47 LEU 7.52 x10-3 0.291 
8 ILE 7.42 x10-3 0.268 28 PHE 8.40 x10-3 0.477 48 PRO 9.70 x10-3 0.755 
9 ASN 1.00 x10-2 0.818 29 ILE 4.37 x10-3 -0.381 49 PHE 9.05 x10-3 0.616 

10 LEU 6.03 x10-3 -0.0277 30 THR 4.61 x10-3 -0.328 50 ASP 7.79 x10-3 0.347 
11 GLY 1.11 x10-2 1.04 31 GLU 4.42 x10-3 -0.369 51 TYR 4.21 x10-3 -0.413 
12 GLY 9.41 x10-3 0.693 32 LYS 2.79 x10-3 -0.716 52 PRO 1.72 x10-3 -0.944 
13 TRP 7.18 x10-3 0.217 33 ASP 4.64 x10-3 -0.324 53 ILE 5.00 x10-3 -0.245 
14 ILE 9.77 x10-3 0.769 34 ILE 6.08 x10-3 -0.0170 54 ILE 3.61 x10-3 -0.542 
15 SER 8.35 x10-3 0.467 35 GLU 6.77 x10-3 0.130 55 GLU 2.96 x10-3 -0.680 
16 GLN 7.40 x10-3 0.264 36 THR 3.80 x10-3 -0.501 56 SER 1.08 x10-3 -1.08 
17 TYR 1.21 x10-2 1.26 37 ILE 4.22 x10-3 -0.413 57 ASP 2.89 x10-3 -0.695 
18 GLN 1.50 x10-2 1.89 38 ALA 4.07 x10-3 -0.444 58 ASP 6.90 x10-3 0.158 
19 VAL 9.52 x10-3 0.715 39 GLU 1.70 x10-3 -0.948 59 ASN 8.80 x10-3 0.562 
20 PHE 5.17 x10-3 -0.210 40 ALA 6.98 x10-3 0.175 60 VAL 5.50 x10-3 -0.140 
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TABLE 3.11 The residual forces in C. thermocellum endoglucanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

61 GLY 2.73 x10-3 -0.730 81 TYR 4.15 x10-3 -0.428 109 PRO 1.36 x10-3 -1.02 
62 GLU 3.77 x10-3 -0.508 82 ASN 6.10 x10-3 -0.0113 110 ASN 1.52 x10-3 -0.987 
63 TYR 3.97 x10-3 -0.465 83 LEU 5.40 x10-3 -0.161 111 GLN 3.69 x10-3 -0.525 
64 LYS 4.67 x10-4 -1.21 84 GLY 6.51 x10-3 0.0756 112 GLN 3.52 x10-3 -0.560 
65 GLU 1.78 x10-3 -0.932 85 LEU 1.17 x10-2 1.19 113 LYS 5.89 x10-4 -1.18 
66 ASP 2.94 x10-3 -0.684 86 VAL 9.87 x10-3 0.790 114 ARG 3.59 x10-3 -0.546 
67 GLY 2.54 x10-3 -0.769 87 LEU 6.28 x10-3 0.0269 115 PHE 4.09 x10-3 -0.441 
68 LEU 3.22 x10-3 -0.625 88 ASP 5.21 x10-3 -0.201 116 VAL 2.55 x10-3 -0.766 
69 SER 6.38 x10-3 0.0482 89 MET 9.52 x10-3 0.716 117 ASP 5.03 x10-3 -0.240 
70 TYR 9.17 x10-3 0.641 90 HIS 7.72 x10-3 0.332 118 ILE 4.74 x10-3 -0.302 
71 ILE 5.47 x10-3 -0.146 91 HIS 7.86 x10-3 0.364 119 TRP 3.56 x10-3 -0.552 
72 ASP 2.49 x10-3 -0.780 92 ALA 2.72 x10-3 -0.731 120 ARG 2.57 x10-3 -0.763 
73 ARG 2.58 x10-3 -0.760 93 PRO 1.77 x10-3 -0.933 121 PHE 4.24 x10-3 -0.408 
74 CYS 3.59 x10-3 -0.547 94 GLY 4.93 x10-3 -0.262 122 LEU 3.16 x10-3 -0.638 
75 LEU 6.79 x10-3 0.134 103 SER 1.01 x10-2 0.835 123 ALA 6.83 x10-3 0.143 
76 GLU 4.77 x10-3 -0.295 104 THR 5.78 x10-3 -0.0795 124 LYS 4.60 x10-3 -0.331 
77 TRP 6.53 x10-3 0.0791 105 LEU 2.96 x10-3 -0.679 125 ARG 7.97 x10-3 0.386 
78 CYS 3.10 x10-3 -0.651 106 PHE 2.54 x10-3 -0.770 126 TYR 2.16 x10-3 -0.850 
79 LYS 5.82 x10-3 -0.0716 107 GLU 1.95 x10-3 -0.895 127 ILE 2.23 x10-3 -0.836 
80 LYS 5.00 x10-3 -0.246 108 ASP 2.22 x10-3 -0.837 128 ASN 1.81 x10-3 -0.924 
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TABLE 3.11 The residual forces in C. thermocellum endoglucanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

129 GLU 3.57 x10-3 -0.551 149 TRP 7.89 x10-3 0.369 169 LEU 4.27 x10-3 -0.402 
130 ARG 8.19 x10-3 0.434 150 ASN 8.68 x10-3 0.538 170 TYR 6.01 x10-3 -0.0312 
131 GLU 7.15 x10-3 0.211 151 LYS 5.97 x10-3 -0.0407 171 ILE 3.76 x10-3 -0.510 
132 HIS 7.13 x10-3 0.206 152 LEU 1.01 x10-2 0.849 172 GLY 6.34 x10-3 0.0381 
133 ILE 1.01 x10-2 0.844 153 MET 3.36 x10-3 -0.596 173 GLY 7.32 x10-3 0.249 
134 ALA 7.54 x10-3 0.294 154 LEU 1.44 x10-3 -1.00 174 ASN 7.13 x10-3 0.206 
135 PHE 8.08 x10-3 0.409 155 GLU 4.58 x10-3 -0.336 175 ASN 1.25 x10-2 1.34 
136 GLU 1.15 x10-2 1.14 156 CYS 3.47 x10-3 -0.573 176 TYR 1.20 x10-2 1.25 
137 LEU 6.83 x10-3 0.144 157 ILE 1.81 x10-3 -0.925 177 ASN 7.42 x10-3 0.270 
138 LEU 8.96 x10-3 0.598 158 LYS 1.37 x10-3 -1.02 178 SER 4.56 x10-3 -0.339 
139 ASN 2.60 x10-2 4.23 159 ALA 5.97 x10-3 -0.0403 179 PRO 3.98 x10-3 -0.464 
140 GLN 7.06 x10-2 13.7 160 ILE 4.64 x10-3 -0.322 180 ASP 5.28 x10-3 -0.187 
141 VAL 1.14 x10-2 1.11 161 ARG 2.02 x10-3 -0.881 181 GLU 5.43 x10-3 -0.154 
142 VAL 3.00 x10-3 -0.67 162 GLU 4.67 x10-3 -0.317 182 LEU 3.83 x10-3 -0.496 
143 GLU 5.02 x10-3 -0.24 163 ILE 6.26 x10-3 0.0211 183 LYS 2.79 x10-3 -0.717 
144 PRO 2.79 x10-3 -0.716 164 ASP 4.92 x10-3 -0.264 184 ASN 3.20 x10-3 -0.630 
145 ASP 5.81 x10-3 -0.0732 165 SER 3.72 x10-3 -0.519 185 LEU 4.93 x10-3 -0.260 
146 SER 1.06 x10-2 0.955 166 THR 4.77 x10-3 -0.296 186 ALA 6.93 x10-3 0.166 
147 THR 5.14 x10-3 -0.215 167 MET 8.23 x10-3 0.442 187 ASP 4.42 x10-3 -0.370 
148 ARG 4.17 x10-3 -0.423 168 TRP 6.92 x10-3 0.163 188 ILE 6.05 x10-3 -0.0225 
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TABLE 3.11 The residual forces in C. thermocellum endoglucanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

189 ASP 4.15 x10-3 -0.428 209 LYS 2.98 x10-3 -0.676 229 TYR 4.20 x10-3 -0.416 
190 ASP 1.69 x10-3 -0.950 210 ALA 7.12 x10-3 0.205 230 GLU 4.25 x10-3 -0.405 
191 ASP 5.87 x10-3 -0.0601 211 HIS 5.68 x10-3 -0.102 231 GLY 6.62 x10-3 0.0988 
192 TYR 4.20 x10-3 -0.417 212 TRP 4.04 x10-3 -0.450 232 ILE 4.20 x10-3 -0.417 
193 ILE 4.21 x10-3 -0.414 213 SER 4.41 x10-3 -0.372 233 GLU 4.08 x10-3 -0.443 
194 VAL 3.63 x10-3 -0.538 214 GLU 3.46 x10-3 -0.575 234 GLU 4.58 x10-3 -0.336 
195 TYR 5.08 x10-3 -0.228 215 SER 5.28 x10-3 -0.186 235 PHE 8.99 x10-3 0.603 
196 ASN 3.52 x10-3 -0.560 216 ALA 5.17 x10-3 -0.211 236 VAL 6.90 x10-3 0.157 
197 PHE 6.43 x10-3 0.0585 217 MET 8.58 x10-3 0.516 237 LYS 6.18 x10-3 0.00552 
198 HIS 3.87 x10-3 -0.486 218 ALA 9.21 x10-3 0.649 238 ASN 7.96 x10-3 0.383 
199 PHE 7.21 x10-3 0.224 219 TYR 6.94 x10-3 0.167 239 ASN 5.06 x10-3 -0.233 
200 TYR 2.64 x10-3 -0.748 220 ASN 2.95 x10-3 -0.682 240 PRO 1.02 x10-2 0.860 
201 ASN 5.70 x10-3 -0.0975 221 ARG 7.53 x10-3 0.292 241 LYS 1.27 x10-2 1.40 
202 PRO 3.10 x10-3 -0.650 222 THR 4.87 x10-3 -0.273 242 TYR 1.65 x10-2 2.20 
203 PHE 5.91 x10-3 -0.0516 223 VAL 3.32 x10-3 -0.604 243 SER 6.58 x10-3 0.0911 
204 PHE 8.88 x10-3 0.581 224 LYS 4.65 x10-3 -0.321 244 PHE 7.58 x10-3 0.304 
205 PHE 6.55 x10-3 0.0831 225 TYR 9.71 x10-3 0.756 245 MET 6.30 x10-3 0.0300 
206 THR 3.15 x10-3 -0.640 226 PRO 8.72 x10-3 0.546 246 MET 4.80 x10-3 -0.289 
207 HIS 9.11 x10-3 0.629 227 GLY 4.49 x10-3 -0.355 247 GLU 1.77 x10-2 2.45 
208 GLN 4.48 x10-3 -0.357 228 GLN 1.17 x10-2 1.18 248 LEU 4.93 x10-3 -0.261 
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TABLE 3.11 The residual forces in C. thermocellum endoglucanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

249 ASN 7.51 x10-3 0.287 269 ARG 4.12 x10-3 -0.433 289 LEU 2.00 x10-3 -0.885 
250 ASN 5.67 x10-3 -0.103 270 GLU 7.27 x10-3 0.236 290 GLU 2.91 x10-3 -0.691 
251 LEU 6.06 x10-3 -0.0208 271 LYS 5.99 x10-3 -0.0362 291 SER 4.28 x10-3 -0.399 
252 LYS 6.93 x10-3 0.164 272 LYS 3.35 x10-3 -0.597 292 ARG 7.27 x10-3 0.238 
253 LEU 4.09 x10-3 -0.440 273 LYS 2.51 x10-3 -0.777 293 ILE 7.74 x10-3 0.338 
254 ASN 5.86 x10-3 -0.0627 274 CYS 3.83 x10-3 -0.496 294 LYS 9.54 x10-3 0.721 
255 LYS 7.23 x10-3 0.229 275 LYS 3.40 x10-3 -0.586 295 TRP 3.99 x10-3 -0.461 
256 GLU 3.82 x10-3 -0.497 276 LEU 5.66 x10-3 -0.107 296 HIS 8.44 x10-3 0.486 
257 LEU 1.14 x10-2 1.12 277 TYR 4.32 x10-3 -0.390 297 GLU 6.49 x10-3 0.0718 
258 LEU 4.34 x10-3 -0.386 278 CYS 1.04 x10-2 0.908 298 ASP 8.98 x10-3 0.602 
259 ARG 5.56 x10-3 -0.128 279 GLY 7.62 x10-3 0.311 299 TYR 2.42 x10-3 -0.796 
260 LYS 6.85 x10-3 0.148 280 GLU 4.79 x10-3 -0.292 300 ILE 7.25 x10-3 0.233 
261 ASP 8.58 x10-3 0.515 281 PHE 4.15 x10-3 -0.426 301 SER 1.47 x10-2 1.82 
262 LEU 4.95 x10-3 -0.257 282 GLY 1.25 x10-2 1.35 302 LEU 7.23 x10-3 0.229 
263 LYS 2.92 x10-3 -0.689 283 VAL 5.26 x10-3 -0.190 303 LEU 8.23 x10-3 0.441 
264 PRO 6.31 x10-3 0.0319 284 ILE 1.07 x10-2 0.971 304 GLU 4.87 x10-3 -0.275 
265 ALA 2.19 x10-3 -0.845 285 ALA 8.05 x10-3 0.403 305 GLU 7.58 x10-3 0.303 
266 ILE 4.18 x10-3 -0.420 286 ILE 8.27 x10-3 0.449 306 TYR 5.74 x10-3 -0.0885 
267 GLU 1.76 x10-3 -0.936 287 ALA 6.40 x10-3 0.0523 307 ASP 5.17 x10-3 -0.210 
268 PHE 1.98 x10-3 -0.889 288 ASP 2.23 x10-3 -0.835 308 ILE 4.68 x10-3 -0.314 
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TABLE 3.11 The residual forces in C. thermocellum endoglucanase (continued) 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

No. Amino 
acid 

Relative 
force 

Standardized 
value 

309 GLY 1.10 x10-2 1.04 329 PRO 7.88 x10-3 0.366 
310 GLY 1.41 x10-2 1.70 330 VAL 3.81 x10-3 -0.499 
311 ALA 1.47 x10-2 1.81 331 SER 8.14 x10-3 0.422 
312 VAL 1.50 x10-2 1.87 332 GLN 6.80 x10-3 0.138 
313 TRP 9.18 x10-3 0.643 333 GLU 3.78 x10-3 -0.507 
314 ASN 7.38 x10-3 0.259 334 LEU 5.52 x10-3 -0.136 
315 TYR 7.47 x10-3 0.281 335 VAL 3.66 x10-3 -0.530 
316 LYS 4.08 x10-3 -0.441 336 ASN 4.53 x10-3 -0.346 
317 LYS 8.13 x10-3 0.420 337 ILE 7.56 x10-3 0.299 
318 MET 3.16 x10-3 -0.638 338 LEU 4.88 x10-3 -0.271 
319 ASP 7.49 x10-3 0.284 339 ALA 1.20 x10-3 -1.06 
320 PHE 5.00 x10-3 -0.246 340 ARG 6.10 x10-3 -0.0119 
321 GLU 5.92 x10-3 -0.0499     
322 ILE 7.18 x10-3 0.218     
323 TYR 5.20 x10-3 -0.203     
324 ASN 3.20 x10-3 -0.630     
325 GLU 7.26 x10-3 0.234     
326 ASP 1.32 x10-2 1.50     
327 ARG 3.51 x10-3 -0.56     
328 LYS 7.71 x10-3 0.331     
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TABLE 3.12  The torque values in C. thermocellum endoglucanase 
 

Residue No. Relative 
torque value 

Residue No. Relative 
torque value 

21  0.248 28  0.252 

31  0.196  40  0.227 

51  0.0316  53  0.00924 

65  0.556  80  0.363  

109  0.257 125  0.406 

147  0.437 163  0.740 

174  0.0534  177  0.0232 

179  0.0739 184  0.0878  

203  0.0310  206  0.0846 

214  0.117 219  0.0997 

232  0.0995  238  0.100 

240  0.490 248  0.194  

255  0.269  272  0.807 

289  0.203 305  0.877 

332  0.0709 338  0.179 
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FIGURE 3.7 The forced region of B. circulans xylanase 
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FIGURE 3.8 The bending region of C. thermocellum endoglucanase 
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3.3.3 Activity-related mutants in forced region 

Interesting thing was that the activity-increased mutants of several mutants 

were shown in the spot of the forced region in elastic body model analysis 

(Table 3.8). 

Reaction rate can be increased when enzyme catalyzes substrate frequently 

that would lead enzyme activity enhancement. Also, activity increase is 

believed to be obtained by activation energy decrease. Then, how rapid reaction 

rate and activation energy decrease can be related with each other? One 

assumption could be activity-enhanced mutants have more stable transition 

state than wild type. But mutation in non-active site is not easy to lead active 

site deformation by itself. And the other possible assumption is enzyme motion 

transfers thermal energy to substrate so that activated substrate molecules can 

be produced. If the latter is right, it is inferred that more flexible enzyme could 

make more activation energy decrease because flexible enzyme can transfer 

energy well.  

The force from elastic body model can be converted to energy term if the 

oscillating movement of enzyme is true, and the energy would give activation 

energy decrease for the reaction which enzyme catalyze. But the kind of 

enzyme movement is not exact and k term is not real k instead that is used for 

proportional to real k value in elastic body model. For these reasons, we cannot 

use elastic body model for calculating the energy yet.  
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In this study, only torques was calculated using residual forces. But the 

residual forces can be broadly used to understand enzyme and to calculate other 

factors also. 
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3.4 Conclusion 

Elastic body model was proposed and applied to analyze enzyme flexibility. 

In bacteriophage T4 lysozyme, HIV-1 protease, and C. antarctica lipase B, this 

model selected mechanically important residues to affect catalyzing substrates, 

inhibition of catalysis, and dimerization. Therefore, elastic body model which 

hypothesize enzyme`s elastic body motion by force from substrate binding was 

feasible to analyze mechanics of enzyme.  

Furthermore, elastic body model was used to analyze the mechanics that 

would not be known because of the lack of the experiments using NMR or the 

incomplete simulation for several other enzymes. The important thing the 

model found is that the forced regions in elastic body model analysis was 

related with enzyme activity. In chapter 4, the flexibility analysis would be 

performed to investigate the relation to enzyme activity. 
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CHAPTER 4 

 

FLEXIBILITY ANALYSIS OF ACTIVITY-

ENHANCED MUTANTS OF BACTERIOPHAGE 

T4 LYSOZYME
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4.1 Introduction 

Enzyme mutants with altered activity are often created by coincidence or 

by enzyme design, whether intended or not (Abraham et al. 2005; Joo et al. 

2010; Joo et al. 2011; Kim et al. 2012). However, the general mechanism of 

activity increase or decrease by mutation is poorly understood, and attempts to 

increase activity are rare. Because enzyme structure is complex, enzyme 

engineering to enhance activity is considered a challenge to be dealt with 

individually, not generally.   

Investigating the mechanisms underlying how mutations modulate enzyme 

activity may be important to the development of new approaches for enzyme 

optimization. Enzyme catalysis occurs via chemical reactions inside the active 

site pocket. Catalytic residues are involved in the reaction and coordination of 

substrate-induced structure, and electrostatic interactions between substrate and 

enzyme residues in the active site carry out enzyme catalysis. A mutation can 

change the active site structure, and consequently the interactions between 

substrate and enzyme residues. Mutations directly in the active site often have 

harmful effects on activity or alter substrate specificity. However, mutants with 

altered activity are observed frequently even when the mutation does not 

directly touch active site residues. Because mutation of one amino acid has the 

possibility to impact the overall structural reconstruction of the enzyme, an 

amino acid substitution far from the active site still has the possibility to change 
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activity. Therefore, enzyme activity cannot be examined solely by chemistry at 

the active site. Since the induced-fit model was proposed (Koshland 1958), 

enzyme flexibility has also been considered to be a factor determining enzyme 

activity. The enzyme undergoes conformational motions for catalysis. Thus, a 

mutation can change activity by changing this motion. Several lines of evidence 

have demonstrated that the restriction of motion by a decrease in flexibility 

induces decreased enzyme activity (Bhabha et al. 2011; Hammes-Schiffer and 

Benkovic 2006). 

Recently, experimental data from enzymes have accumulated, and the 

analysis of this data may help to deduce the main reasons for mutation-induced 

activity changes. In this study, we investigated the characteristics of activity-

changed mutants of bacteriophage T4 lysozyme (T4L) that have been described 

in several reports (Alber et al. 1988; Dao-pin et al. 1991; Daopin et al. 1991; 

Daopin et al. 1991; Daopin et al. 1991; Dixon et al. 1992; Gassner et al. 1996; 

Gray et al. 1987; Grutter et al. 1987; Hardy and Poteete 1991; Hurley et al. 

1992; Karpusas et al. 1989; Kuroki et al. 1999; Nicholson et al. 1988; 

Nicholson et al. 1992; Perry and Wetzel 1984; Pjura et al. 1993; Pjura et al. 

1993; Sauer et al. 1992; Shoichet et al. 1995). T4L was selected as model 

enzyme due to the clear reports of activity data from a high number of mutants. 
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4.2 Materials and methods 

4.2.1 Collection of the activity data for T4L mutants 

Most of the activity data from the bacteriophage T4 lysozyme mutants were 

obtained by keyword search from the Protein Mutant Database (Nishikawa et al. 

1994; Kawabata et al. 1999). Other published data were also added to the data 

set. The mutants were categorized according to their activities as enhanced 

(more than 120% of wild-type activity), maintained (between 80% and 120% of 

wild-type activity), or decreased (less than 80% of wild-type activity) because 

turbidity assay method was noted to have ±20% error range.  

 

4.2.2 Prediction of electrostatic interaction  

The activity-enhanced mutants of T4L were analyzed using the PIC 

(Protein Interaction Calculator) web server (Tina et al. 2007). The ionic 

interaction between charged residues within a distance of 6 Å was checked in 

the wild-type and mutant enzymes. Mutation prediction program and Proton 

adds program of the WHAT IF interface were used to carry out in silico 

mutation of mutants lacking PDB (Protein Data Bank) structures (Vriend 1990). 

 

4.2.3 Flexibility analysis 

The PDB structure B-factor was used for flexibility analysis. The B-factor, 

or Debye-Waller factor, describes the attenuation of X-ray scattering by 



92 

 

thermal motion, and thus has been widely used to express the flexibility of each 

atom. B-factor values of the Cα atom were standardized to have an equal 

average (0) and distribution (1) at each structure.  

B′ =
B − μ(B)

σ(B)
      (4.1) 

Here, 'B is the normalized B-value, B  is the B-factor value of the Cα 

atom, )(μ B  is the average value of the B-factors, and )(σ B  is the standard 

deviation of the B-factors. An increased 'B  value indicates an increase in 

flexibility. 
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TABLE 4.1  Activity data of bacteriophage T4 lysozyme mutants 

Mutants Activity (%) Mutation location Reference 
Activity enhanced (≥120%)   

K16E 142 On sheet 
Daopin et al. 
1991(3); Kuroki et al. 
1999 

S38D 320 Near edge Nicholson et al. 1988 

N40D 124 Near edge Pjura and Matthews 
1993 

K60P 175 Edge Nicholson et al. 1992 

G113E 165 Edge Pjura et al. 1993 

T115E 370 Edge Daopin et al. 1991(2) 

R119E 169 On helix Daopin et al. 1991(3) 

Q123E 280 Edge Daopin et al. 1991(2) 

N144D 160 Near edge Nicholson et al. 1992 

K147E 120 On helix Daopin et al. 1991(3) 

N163D 193 C-terminal lobe Pjura and Matthews 
1993 

Activity maintained (≥80%, <120%)  

I3C 98 N-terminal edge Perry and Wetzel 
1984 

R14K 106 Edge Pjura et al. 1993 

A41D 105 On helix Pjura et al. 1993 

Q69P 88 On helix Sauer et al. 1992 

D72P 57 On helix Sauer et al. 1992 

A74P 66 On helix Sauer et al. 1992 

L84M 104 On helix Gassner et al. 1996 

L91M 96 Loop Gassner et al. 1996 

A93P 90 Edge Nicholson et al. 1992 

A93T 105 Edge Pjura and Matthews 
1993 

A98V 80 On helix Daopin et al. 1991(1) 

L99M 90 On helix Gassner et al. 1996 

I100M 105 On helix Gassner et al. 1996 

V111F 86 On helix Hurley et al. 1992 

V111I 87 On helix Hurley et al. 1992 

G113A 80 Edge Nicholson et al. 1992 

L118M 98 On helix Gassner et al. 1996 
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R119H 105 On helix Pjura et al. 1993 

L121M 87 On helix Gassner et al. 1996 

A129V 100 On helix Karpusas et al. 1989 

L133F 100 Near edge Karpusas et al. 1989 

L133M 106 Near edge Gassner et al. 1996 

K135E 104 Near edge Daopin et al. 1991(3) 

N144E 115 Near edge Daopin et al. 1991(2) 

T151S 86 On helix Pjura and Matthews 
1993 

T152S 94 On helix Daopin et al. 1991(1) 

F153M 87 On helix Gassner et al. 1996 

R154E 90 Near edge Daopin et al. 1991(3) 

T157I 90 Loop Grutter et al. 1987 

Activity decreased (<80%)    
E11D 16 Edge (C.R.) Kuroki et al. 1999 

E11M 0 Edge (C.R.) Shoichet et al. 1995 

E11A 0 Edge (C.R.) Shoichet et al. 1995 

E11H 0 Edge (C.R.) Shoichet et al. 1995; 
Kuroki et al. 1999 

E11N 0 Edge (C.R.) Shoichet et al. 1995; 
Kuroki et al. 1999 

D20E 1 Edge (C.R) Kuroki et al. 1999 

D20N 1 Edge (C.R) Shoichet et al. 1995; 
Kuroki et al. 1999 

D20T 0 Edge (C.R.) Shoichet et al. 1995; 
Kuroki et al. 1999 

D20S 0 Edge (C.R.) Shoichet et al. 1995; 
Kuroki et al. 1999 

D20A 0 Edge (C.R.) Shoichet et al. 1995; 
Kuroki et al. 1999 

E22K 40 Loop Pjura et al. 1993 

T26S 75 On sheet Pjura and Matthews 
1993 

G30A 0 Loop Shoichet et al. 1995 

G30F 0 Loop Shoichet et al. 1995 

D72P 60 On helix Sauer et al. 1992 

A74P 67 On helix Sauer et al. 1992 

I78M 70 On helix Gassner et al. 1996 

R80K 44 Edge Pjura et al. 1993 

M102K 35 On helix Dao-pin et al. 1991 
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M102L 77 On helix Hurley et al. 1992 

V103M 70 On helix Gassner et al. 1996 

Q105A 33 Near edge Pjura and Matthews 
1993 

Q105E 19 Near edge Pjura et al. 1993 

Q105G 18 Near edge Pjura et al. 1993 

S117V 5 On helix Shoichet et al. 1995 

S117I 1 On helix Shoichet et al. 1995 

S117F 10 On helix Shoichet et al. 1995 

N132M 40 On helix Shoichet et al. 1995 

N132F 40 On helix Shoichet et al. 1995 

N132I 20 On helix Shoichet et al. 1995 

L133D 4 Near edge Dao-pin et al. 1991 

V149C 67 On helix Daopin et al. 1991(1) 

G156D 50 Near edge Gray and Matthews 
1987 

(C.R.: catalytic residue.) 
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FIGURE 4.1 The edge of helix 
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4.3 Results  

4.3.1 Tendencies of activity-enhanced mutants of T4L 

The activity-enhanced mutants of T4L demonstrated a tendency for 

mutated residues to be Glu and Asp, and for mutation sites to localize to the 

“edges” of helix structures. Here, the edge is defined as the end residue of a 

helix or sheet. Near edge is defined as the just next residue of edge. By contrast, 

activity-maintained or decreased mutants did not demonstrate any special 

tendencies. Ten of eleven mutants were Asp or Glu, and 7 of the 11 mutation 

sites were located at edges or near edges. Among the set, eighteen mutation 

sites were an edge, and 14 of these demonstrated enhanced or maintained 

activity. Therefore, mutations at edges appeared to be beneficial from the 

perspective of activity.  

 

4.3.2 The change of electrostatic interaction 

Glu and Asp are negatively charged residues; hence, electrostatic 

interaction was predicted initially as a factor influencing activity enhancement. 

However, the distances from the mutated sites to the catalytic residues were 

greater than 10 Å in most activity-enhanced mutants, which is too far to 

directly cause a change in pI value. Mutations induced few newly prompted 

electrostatic interactions. Q123E demonstrated an interaction with R119 and 

R125, and N144D interacted with K147 and R148. By contrast, most mutants 
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lost electrostatic interactions, particularly D61-K65 and R8-E64, which are 

located far from mutated sites. Moreover, a change in the consistent attraction 

or repulsion force between substrate and active site residues in the mutants was 

not predicted. 

The substrate of T4L is a component of the E. coli cell wall, (NAM-NAG)-

LAla-DGlu-DAP-DAla (NAM, N-acetyl/muramic acid; NAG, N-

acetyl/glucosamine; and DAP, diaminopimelic acid). The net charge of the 

substrate changes from -3 to +1 as pH decreases. The pKa of α-carboxyl group 

of Glu is 4.6, the carboxyl group of the terminal Ala is 4.5, the ε-carboxyl 

group of DAP is 3.75, and the ε-amino group of DAP is 10.2. At pH 7, the 

carboxyl group of Glu or Asp is negatively charged, and a repulsion force could 

arise upon substrate binding to mutants carrying Glu. The mechanism which 

force (attraction or repulsion) and how it affects enzyme catalysis are unknown, 

but the attraction force between enzyme and substrate is generally regarded as 

the main factor underlying enzyme catalysis. Moreover, this repulsion force 

was expected to act only in mutants G113E and T115E, in which mutated sites 

were located near the DAP structure of the substrate. Therefore, activity 

enhancement was assumed not to result from a change of intra-electrostatic 

interaction in T4L mutants or a change in the interaction between the substrate 

and mutant enzymes. 
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4.3.3 Flexibility change of activity-enhanced mutants 

Glu and Asp are not only negatively charged but also flexible residues. 

They have high B-factor values and frequently demonstrate structural disorder. 

The amino acids in Figure 4.2 were arranged according to flexibility (Radivojac 

et al. 2004). The flexible amino acids Glu, Asp, and Pro were observed in 

activity-enhanced mutants. Lys is the most flexible amino acid in the literature, 

but no mutation to Lys was reported among activity-enhanced mutants. 

Activity-maintained and decreased groups did not demonstrate any tendency 

concerning the flexibility of amino acids.  

Flexibility analysis was performed in 8 activity-enhanced mutants of T4L for 

which structures were available as PDB files. In the flexibility analysis using 

standardized B-factor, 4 of 8 mutants demonstrated an increased B’-factor, 

representing increased flexibility at the changed region. Notably, four of five 

mutants with changes at the edges except G113E which PDB structure was 

none, S38D, K60P, T115E and Q123E, demonstrated an increased B’-factor 

compared to wild-type T4L. A decrease in B’-factor was observed only at 

N144D, but the degree of decrease was small.  
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4.3.4 The tendency of location of activity-enhanced mutants in elastic body 

model analysis 

It was found that the activity-enhanced mutants of T4L underwent changes 

in a relatively forced region. The activity-enhanced mutants of T4L have a 

tendency in which mutated sites are located at the helix edges and mutated 

residues are flexible residues, Glu and Asp. Among the highly activated 

mutants of T4L, T115E (Daopin et al. 1991), S38D (Nicholson et al. 1988), 

Q123E (Daopin et al. 1991), K60P (Nicholson et al. 1992) and N144D 

(Nicholson et al. 1988) were selected for further analysis because they were 

recorded as activity-enhanced mutants in more than half of the articles in the 

literature and their structures were known. Among the five activity-enhanced 

mutants, four were located in relatively forced regions compared to the average 

force of all amino acids. Upon an investigation, the changed residues were 

mostly located in the upper and boundary region of the enzyme if the active site 

crevice is open at the top. It appeared that force occurred in the correct 

direction to deform the outside active site pocket by substrate binding. 

Four mutants of the five show an increased B’-factor value at the changed 

residues themselves. K60P, activity-enhanced at about 75%, was not changed 

to a flexible amino acid but proline known as rigid amino acid. Moreover, the 

changed location was not in the upper region of the enzyme. Although proline 

is known as a rigid amino acid, the ∆B`-factor of the 60th residue was found to 
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have increased. K60 was located at the bottom of the enzyme and at one edge 

of helix 60-80.  

The increased B’ value indicates an increase in the flexibility. If the same 

amount of force or energy is held in one amino acid, the deformation distance 

will be increased when the B-factor increases under the assumption of the 

elastic body model. 
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TABLE 4.2  Analysis of activity-enhanced T4L mutants 

Mutation 
location Mutants PDB  

code ∆B’-factor 

Distance from catalytic 
residues (Å) 

From E11 From D20 

Edge  
or  
near edge 

S38D 1L19 0.9 22.28 13.93 

N40D None  23.2 16.3 

K60P 1L56 0.57 14.44 18.97 

G113E None  22.32 21.58 

T115E 1L37 0.82 25.23 25.80 

Q123E 1L38 0.17 29.54 33.70 

N144D 1L20 -0.06 11.9 15.3 

On sheet K16E 1L42 -0.10 14.2 9.8 

On helix 

R119E 1L44 -0.13 27.20 29.72 

K147E 1L46 -0.08 14.36 18.56 

C-terminal 
lobe N163D None  15.78 23.69 
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TABLE 4.3  The change of electrostatic interaction within 6 Å in activity-enhanced mutants 
(X: interaction removed) 
WT K16E S38D N40D 

(in silico) 

K60P G113E  

(in silico) 

T115E R119E Q123E N144D K147E N163D 

(in silico) 

R8-E64 X X  X  X X X X X  

D10-R145            

D10-R148            

E11-R145            

E22-R137            

H31-D70            

E45-K48            

R52-E62            

K60-E64    X        

D61-K65 X X  X  X X X X X  
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TABLE 4.3  Continued 

WT K16E S38D N40D 

(in silico) 

K60P G113E  

(in silico) 

T115E R119E Q123E N144D K147E N163D 

(in silico) 

D72-R76            

R80-E108            

K85-D89            

D89-R96            

D92-K124            

D92-R95            

R125-E128            

D127-R154            

D159-K162 X   X     X X  

Newly prompted 
electrostatic 
interaction 

  D40-K43     R119-E123 
E123-R125 

D144-K147 
D144-R148 
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FIGURE 4.2 Tendency of activity-enhanced mutants in bacteriophage T4 
lysozyme 
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FIGURE 4.3 The mutation sites of activity-enhanced mutants in 
bacteriophage T4 lysozyme 
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FIGURE 4.4 Substrate-bound form of bacteriophage T4 lysozyme 
(PDB: 148L) The mutated Glu residue of G113E, T115E, and K135E could 
interact with the substrate DAP region because they are located nearby. Two 
carboxyl groups of the mutant enzyme and DAP give rise to a repulsion force. 
(DAP structure is shown as spheres; red sphere: O atom, blue sphere: N atom, 
white sphere: C atom.)  
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4.4 Discussion 

Generally, enzyme activity is thought to be related to enzyme flexibility 

since the proposal of the induced-fit model because enzyme activity is the 

frequency of enzyme catalysis and enzyme catalysis results from enzyme 

motion and its regulation. While this phenomenon is widely accepted, the 

mechanism underlying how flexibility affects enzyme activity is unknown. 

Upon investigation, the changed residues of activity-enhanced mutants in T4L 

were mostly flexible residues, Glu or Asp, predominantly located at helix edges 

and in the upper and boundary region of the enzyme if the active site crevice is 

open at the top. Figuratively speaking, the mutated site appeared as the petal 

edge of a flower with the active site inside it. It is interesting that the feature of 

activity-enhanced T4L is similar to some psychrophilic enzymes in the point 

which clustered around the active site or the specificity pocket is more flexible 

(Papaleo et al. 2006; Papaleo et al. 2008; Brandsdal et al. 1999). Due to 

increased flexibility in specificity pocket, anionic salmon trypsin was observed 

to have significantly enlarged pocket when inhibitor binding by dynamics 

simulation (Brandsdal et al. 1999). There was a report to explain the possibility 

that the flexible part of active site pocket had conformational change when 

inhibitor binding (Shieh et al. 2011). Since T4L induces substrate distortion 

during catalysis (Kuroki et al. 1993), a flexible enzyme can hold substrate 

effectively, thus leading to activity enhancement of flexible mutants. Moreover, 
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the common absence of electrostatic interaction (D61-K65 and R8-E64) in 

activity-enhanced T4L mutants may indicate that breaking this interaction 

renders the mutant enzyme more freely mobile than the wild type, leading to 

activity enhancement. If a repulsion force between mutant enzyme (G113E and 

T115E) and substrate leads to activity enhancement, this finding would indicate 

that strategies using docking simulation to generate enzyme activity are 

unsuitable for activity enhancement. Recently, the involvement of enzyme 

dynamics in the enzyme catalysis step was verified (Bhabha et al. 2012). The 

flexibility decrease of E. coli mutant dihydrofolate reductase brought about 

decreased enzyme activity. By contrast, flexibility modulation of enzymes may 

be a feasible means to enhance enzyme activity. Our findings suggest that 

flexibility increase at the helix edges may be a feasible means to enhance 

enzyme activity for clinical and industrial application. 
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4.5 Conclusion 

The dataset composed by mutants of bactiophage T4 lysozyme were 

analyzed in mechanical point of view by doing B-factor analysis and elastic 

body model analysis. Activity-enhanced mutants had a tendency which is to be 

flexible amino acids like Glu or Asp and is to be located in the edges of helices 

surrounding active site entrance. Moreover, these regions were analyzed as 

forced region in elastic body model. 

Enzyme flexibility is thought to be related to enzyme activity conceptually, 

but the relationship between enzyme flexibility and activity has not been 

elucidated clearly. Even engineering studies have not attempted to enhance the 

enzyme activity using enzyme flexibility modulation thus far. This analysis of 

activity-enhanced mutants represents the first step in the effort to understand 

the relationship between enzyme activity and flexibility. 
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CHAPTER 5 

 

ACTIVITY ENHANCEMENT OF CANDIDA 

ANTARCTICA LIPASE B BY FLEXIBILITY 

MODULATION 
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5.1 Introduction 

The strategies have been developed for the enhancement of stability in high 

temperature or organic solvent such as strengthening of intra molecular 

interactions and control of rigidity, while those for the enhancement of original 

activity do not (Joo et al. 2010; Joo et al. 2011; Kim et al. 2012). Most of the 

previous researches about enzyme activity were focused on docking simulation 

of substrate or its derivative on transition state to the active site and the strategy 

is being developed for energy minimization of binding state. However, this 

strategy could not be applied broadly to enzyme engineering because the active 

site of enzyme is different from each other. Moreover, this strategy may be not 

the way to enhance enzyme activity because enzyme activity is the ability 

catalyzing the reactions and is expressed as the degree of product releasing to 

the active site (kcat).  

In chapter 4, the activity enhanced mutants of T4L were investigated to 

reveal the reason of activity enhancement. And it was found out that these 

mutants showed the tendency to be located at the edge of helices in the area of 

active site surroundings and be flexible amino acids. According to induced fit 

theory, an enzyme is rather flexible. Because the catalysis of an enzyme is 

performed through a dynamic process, a more flexible or more mobile enzyme 

would be considered as a more active enzyme. According to recent evidence, 

the high flexibility of psychrophilic enzymes was considered as evidence of 
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their possible adaptation to obtain high mobility and thus to be active at low 

temperature (Russell 2000). Moreover, it was reported that a mutant which 

loses its flexible motion underwent conformational fluctuation change and the 

kcat value showed a considerable decrease, which represented the reduction of 

the enzyme activity (Bhabha et al. 2011).  

Even though the mechanism why the flexible amino acids in active site 

surroundings made activity increment is not revealed, it was needed to know 

that this strategy could be applied to other enzyme not only T4L. In order to 

figure out the possibility of this strategy, we choose lipase B of C. antarctica 

(CalB) as a model enzyme and performed site-directed mutagenesis. 

In the case of CalB, attempts were made to explain the relationship 

between the flexibility and the activity level of the enzyme. In case of circular 

permutation of Lutz group, they hypothesized that newly created termini by 

circular permutation made new active site binding pocket and would change the 

accessibility and flexibility of enzyme (Qian and Lutz 2005; Qian et al. 2007; 

Qian et al. 2009). As a result, circular permutants having new termini in the cap 

region of CalB, 135-155 and 267-288, did not lose their activity and some of 

them showed enhanced activity. Most active mutant was 10-fold specific for p-

nitrophenyl butyrate hydrolysis and 175-fold specific for 6,8-difluoro-4-

methylumbelliferyl octanoate. The molecular dynamics simulation of Pleiss 

group observed that rigid core did not show flexibility change much in organic 
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solvent whereas the regions of 139-150 and 266-289 which form the entrance 

to the active site and three surface loops like 26-30, 92-97 and 215-222 showed 

solvent-dependent flexibility change (Trodler and Pleiss 2008). There was the 

hypothesis that the decrease of enzyme activity on organic solvent was related 

with the decrease of enzyme flexibility (Klibanov 1997; Broos et al. 1995; 

Clark 2004). This concept leads to the target sites selection for the engineering 

to enhance activity.  

Accordingly, these locations were focused to obtain enhanced activity of 

CalB when mutated. These locations were also the areas surrounding active site. 

A change to more flexible amino acid was considered as the target mutation.  
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5.2 Materials and methods 

5.2.1 Cloning of the CalB  

In order to produce CalB in E. coli, the Skp gene was fused with CalB gene 

(Hong et al. 2012). XhoI and XbaI restriction enzymes were used for the 

digestion of the amplified CalB gene and pPICZαA. The AAAAGA sequence 

was added to the 5’ end of the CalB sequence during PCR amplification to 

insert a Kex2 cleavage site. The CalB expressed in this variant shows a nearly 

native structure (PDB code: 1TCA) because pPICZαA has no His-tag, the N-

terminal sequence of the multi-cloning site was deleted by XhoI digestion, and 

the Kex2 cleavage site was optimized. The α-sequence of the pPICZαA vector 

would cause the expressed CalB to be secreted into the media. 

 

5.2.2 Mutation of CalB 

The Modified QuikChangeTM site-directed mutagenesis method was used to 

mutate the CalB gene (Zheng et al. 2004). For the insertion mutation, overlap 

extension PCR was used. All primers were synthesized at Cosmogenteck 

(Daejeon, Korea), and the mutant genes were confirmed by sequencing. 

 

5.2.3 Transformation 

5~10µg of the pPICZαA-CalB recombinant vector was linearized by 

digestion with SacI and then transformed into the Pichia pastoris X-33 strain 
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using an electro-pulse or chemical shock. In order to select multi-copied 

transformants, the cells were spread on YPDS plates containing 1000 to 2000 

µg/ml of zeocin. 

 

5.2.4 Lipase expression and purification 

A preculture of X-33 bearing the CalB gene was prepared by the inoculum 

of one colony to 5 ml of BMGY (buffered glycerol-complex medium; 1 % 

yeast extract, 2 % peptone, 100 mM potassium phosphate having pH 6.0, 1.34 % 

YNB, 4X10-5 % biotin, 1 % glycerol) in a 50 ml baffled flask. The flask was 

incubated for 16 hours at 30 °C on a shaking incubater at 250 rpm, and the 

preculture was inoculated into 100 ml of BMMY (buffered methanol-complex 

medium; identical to BMGY except for the use of 0.5 % methanol instead of 1 % 

glycerol) as the second round of the culturing and induction of CalB starting 

with methanol in the medium. Methanol was added each day to maintain the 

concentration at 0.5 %, and temperature was maintained at 30 °C. After 4 to 7 

days, the cell-free medium was obtained by centrifugation (8000 rpm, 20 min, 

4 °C), after which the medium was dialyzed by a phosphate buffer of 0.05 M, 

pH 6.0, and then concentrated by Amicon Ultra (Millipore, Ireland) with a 30 

kDa cut-off membrane. Cation exchange chromatography was used for 

purification (Trodler et al. 2008). 
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5.2.5 Activity assay 

The activity of CalB was assayed by a hydrolysis reaction of para-

nitrophenyl esters. The amount of the product, para-nitrophenol, was measured 

by a Cary 50 UV/Vis spectrophotometer (Varian, CA, USA) at 405 nm. The 

temperature was maintained at 30 °C. Enzyme purity was verified by 10 % 

SDS-PAGE and enzyme concentration was determined by Bradford assay. 

Skp-fused CalB expressed in E .coli was assayed using para-nitrophenyl 

acetate (pNPA) as a substrate. 20 μl of the purified enzyme solution was added 

to 180 μl of the assay solution (162 μl solution A (45 ml 0.05 M phosphate 

buffer (pH 6.0) +1 ml triton-100 (2 %)) + 18 μl solution B (50 ml ethanol+10 

mM pNPA)). The molar extinction coefficient was 13.8 mM-1·cm-1. This 

experiment was only for pre-screening of activity enhanced mutants. The 

results are reported as the mean values of duplicate measurements. 

CalB expressed in P. pastoris was assayed using para-nitrophenyl 

caprylate (pNPC) as a substrate. In the pNPC assay, 33.33 mM of pNPC in 

acetonitrile was used for solution B. 100 μl of the purified enzyme solution was 

added to 900 μl of the assay solution (810 μl solution A + 90 μl solution B). 

The molar extinction coefficient was 16.3 mM-1·cm-1. For the kinetic assay, 

amounts of 0, 0.25, 0.5, 1, 2, and 3 mM (final concentration) of the pNPC 

solution were used. All kinetic parameters presented in this study are the mean 
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values derived from triplicate measurements. For the regression of kinetic data, 

the kinetics module of SigmaPlot (Systat Software, San Jose, CA) was used. 

 

5.2.6 The simulation of enzyme flexibility 

The PDB file, 1TCA, was used for the structure of CalB. As part of this 

process, in silico mutants were created and hydrogen was added to the PDB 

structure of the wild type and the mutants at the WhatIf server (Vriend 1990). 

The FRODAN dynamics, provided by FlexWeb (http://flexweb.asu.edu/), was 

employed to analyze the residual flexibility of CalB wild type and its in silio 

mutants. The FRODAN (Framework Rigidity Optimizaed Dynamics Algorithm) 

module can predict flexible motion of conformers quickly and accurately 

without heavy simulation (Thorpe et al. 2001). 1000 conformers were 

generated in each structure and final RMSD values were compared. 

 

5.2.7 Docking simulation 

Discovery Studio v3.5.0 with CHARMM forcefield purchased from 

Accelrys® was used throughout the process of docking simulation. The 

structure for the wild type CalB (PDB code: 1TCA) and the structures for the 

mutants were predicted based on the wild type structure by in silico mutation. 

The structures of the wild type and mutants were then energy-minimized to 

revise the structures for the most energetically stable conformations. The 
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minimization parameters include steepest descent followed by conjugated 

gradient of 1000 steps, RMS gradient of 0.1 and distance-dependent dielectrics 

as implicit solvent model. All other parameters followed the standard provided 

by Accelrys®. With pNPC molecule as a ligand and the energy-minimized 

structures as receptors, flexible docking was performed where Ser105, Asp187, 

His224 and Thr40 were selected as flexible residues so that their side chains 

adapt stable conformations upon the ligand binding. Ser105, Asp187, His224 

are the catalytic residues of CalB, while the hydroxyl group of Thr40 side chain 

is known to stabilize the oxyanion formed on the carbonyl group of the 

substrate during transition state. The ligand-receptor complex with the lowest 

binding energy was selected for each of the wild type and mutants in order to 

comparatively analyze the modeling and experimental results. 

 

5.2.8 Measurement of methanol tolerance 

The stability of enzymes was determined by measuring the residual activity 

in triplicate after incubation in 50 % methanol solution at 30 °C.  
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TABLE 5.1 Mutation primers 

Mutants Primers 

V139E 
Forward: 5’ggc acc gaa ctc gcc ggc cct ctc 3’ 
Reverse: 5’ggc gag ttc ggt gcc ctt gta gtc 3’ 

I255E 
Forward: 5’c tat ggc gag acg gac tgc aac cct c 3’ 
Reverse: 5’gtc cgt ctc gcc ata gtc tgc act ac 3’ 

V139S 
Forward: 5’ggc acc tct ctc gcc ggc cct ctc 3’ 
Reverse: 5’ggc gag aga ggt gcc ctt gta gtc 3’ 

A141E 
Forward: 5’gtc ctc gaa ggc cct ctc gat gca ctc gcg gtt agt 3’ 
Reverse: 5’c atc gag agg gcc ttc gag gac ggt gcc ctt gta 3’ 

P143S 
Forward: 5’ctc gcc ggc tct ctc gat gca ctc gcg agt 3’ 
Reverse: 5’c atc gag aga gcc ggc gag gac ggt gcc ctt gta 3’ 

L147D 
Forward: 5’ctc gat gca gac gcg gtt agt gca ccc tcc gta t 3’ 
Reverse: 5’act aac cgc gtc tgc atc gag agg gcc ggc ga 3’ 

A148G 
Forward: 5’gat gca ctc ggt gtt agt gca ccc tcc gta t 3’ 
Reverse: 5’tgc act aac acc gag tgc atc gag agg gcc ggc gag 3’ 

V149D 
Forward: 5’ca ctc gcg gat agt gca ccc tcc gta tgg cag caa a 3’ 
Reverse: 5’a ggg tgc act atc cgc gag tgc atc gag agg gc 3’ 
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TABLE 5.1 Mutation primers (continued) 

Mutants Primers 

V149S 
Forward: 5’ca ctc gcg tct agt gca ccc tcc gta tgg cag caa a 3’ 
Reverse: 5’a ggg tgc act aga cgc gag tgc atc gag agg gc 3’ 

A151D 
Forward: 5’gcg gtt agt gac ccc tcc gta tgg cag caa 3’ 
Reverse: 5’a tac gga ggg gtc act aac cgc gag tgc atc 3’ 

138TG1V 
Forward: 5’ttt gcg ccc gac tac aag ggc acc gga gtc ctc gcc ggc cct ctc gat 3’ 
Reverse: 5’tcc ggt gcc ctt gta gtc ggg cgc aaa ggc cat 3’ 

138TG2V 
Forward: 5’ttt gcg ccc gac tac aag ggc acc gga gga gtc ctc gcc ggc cct ctc gat 3’ 
Reverse: 5’tcc ggt gcc ctt gta gtc ggg cgc aaa ggc cat 3’ 

138TG3V 
Forward: 5’ttt gcg ccc gac tac aag ggc acc gga gga gga gtc ctc gcc ggc cct ctc gat 3’ 
Reverse: 5’tcc ggt gcc ctt gta gtc ggg cgc aaa ggc cat 3’ 

146AG1L Forward: 5’ctc gcc ggc cct ctc gat gca ggt ctc gcg gtt agt gca ccc tcc 3’ 
Reverse: 5’acc tgc atc gag agg gcc ggc gag gac ggt gcc ctt gta 3’ 

146AG2L Forward: 5’ctc gcc ggc cct ctc gat gca ggt ggt ctc gcg gtt agt gca ccc tcc 3’ 
Reverse: 5’acc tgc atc gag agg gcc ggc gag gac ggt gcc ctt gta 3’ 

146AG3L Forward: 5’ctc gcc ggc cct ctc gat gca ggt ggt ggt ctc gcg gtt agt gca ccc tcc 3’ 
Reverse: 5’acc tgc atc gag agg gcc ggc gag gac ggt gcc ctt gta 3’ 
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5.3 Results and Discussions 

5.3.1 Mutations of the edges of helices located at the active site entrance 

5.3.1.1 The selection of the target mutations of CalB 

Target sites for CalB engineering were selected as the edge residues of the 

helices, 139-146, 212-216, 255-257 and 268-287, located in the upper and 

boundary region of the enzyme.  

It was reported that mutants of CalB by circular permutation showed 

increased activity. The “cutting” at the location of residue Nos. 135-155 and 

267-288 lead to the proper expression of circular permutants and increased the 

activity of the mutants (Qian and Lutz 2005). The reason for the activity 

enhancement was considered by the authors to be a change of the flexibility 

and active site accessibility (Qian et al. 2007). A molecular dynamics 

simulation was also used to analyze the flexibility of CalB (Trodler and Pleiss 

2008). This attempt revealed that CalB has regions for which the flexibility can 

be changed depending on the type of organic solvent. These regions were a 

short helix and near its loop (residue No. 139-150), a long helix and near its 

loop (residue No. 266-289), and one loop and near its helix edge (residue No. 

215-222). The RMSDs in these regions, representing the flexibility of each 

residue, decreased when CalB was in a hydrophobic organic solvent. Generally, 

the enzyme activity decreased significantly when the enzymes were in an 

organic solvent (Klibanov 1997; Broos et al. 1995; Clark 2004). The decrease 
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in the flexibility is thus considered as a probable reason for the decrease in the 

activity level. These regions were located in the areas surrounding the active 

site. It was therefore assumed that the surrounding residues of the active site 

participated in the flexible motion. We expected that the increased flexibility of 

these regions would enhance the activity of CalB as it led to more flexible 

motion for catalysis. 

Target sites for mutation of CalB were selected as helix edges. The 

introduction of flexible amino acids often causes structural disorder (Radivojac 

et al. 2004). However, it was thought that the change of the edge region does 

not have a great effect on the overall structure of the enzyme even when the 

secondary structure was changed by the mutation. Thus, target sites were 

selected as the edge residues of the helices. The residues involved were 139-

146, 212-216, 255-257 and 268-287.  

Glu and Asp were selected as the flexible amino acids as they typically 

have a high B-factor (Radivojac et al. 2004; Bhaskaran and Ponnuswamy 1998). 

The B-factor is also known as the temperature factor. It represents the degree of 

elastic scattering caused by the thermal motion of the atom. Therefore, a region 

showing a high B-factor is believed to be a flexible region in a protein. There 

were several cases in which the choosing of an amino acid having a high B-

factor and then changing to other amino acids increased the degree of stability 

(Reetz et al. 2006; Reetz et al. 2009). Conversely, changing to amino acid 
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having a high B-factor was attempted to increase local flexibility of enzyme in 

this study. Residue 257 is an Asp residue, flexible one; therefore, it was 

excluded from the sites targeted for mutation. V139E, A146D, A212D, C216D, 

I255E, P268D and A287D were selected as the target mutations (Fig. 1 (c)). A 

residue having a volume similar to that of the original residue was selected 

when D or E selected.  

 

5.3.1.2 Activity-enhanced mutants of CalB  

Among the seven mutants, five mutants, V139E, A146D, A287D, C216D 

and I255E, were expressed as soluble in E. coli. In addition, three of them, 

V139E, C216D and I255E, showed enhanced activity in pNPA assay (Table 1). 

However, CalB expressed in E. coli was not original structure but Skp-fused 

and His-tagged in N-terminus so that the reason of activity increase in mutants 

could be arguable. Moreover, it appeared to have lost the ability to hydrolyze 

substrate with a long carbon chain such as pNPC. And the expression level was 

too low to assay exact specific activity. It was necessary to obtain the original 

form of CalB and its mutants and the expression system to get large amount of 

CalB enzyme was needed.  

To obtain the original form without a fusion partner and a His-tag, wild-

type, V139E and I255E were expressed in P. pastoris. CalB expression in P. 

pastoris is a well-known system which produces a large amount of soluble 
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fraction. C216D was excluded in the expression because one disulfide bond 

would be broken by this mutation, which could lead to a loss of stability.  

The specific activity of V139E and I255E was 9.9 U/mg and 8.1 U/mg, 

respectively, while that of wild type was 2.3 U/mg for pNPC hydrolysis. In 

kinetic assay, V139E and I255E both showed Vmax and kcat value by 5.4 fold 

and 3.5 fold, respectively. The KM value was nearly identical in both mutants. 

V139E and I255E showed increased activity for pNPC hydrolysis. Though 

number of mutants was two, small number of cases, the change to the flexible 

amino acid at the edges of helices located in the area surrounding the active site 

was effective in causing an activity enhancement of CalB. The application to 

other enzymes would support the relevance of this strategy. Also, it was 

indicated that the CalB expression in E. coli was feasible for pre-screening the 

activity-enhanced mutants.  

 

5.3.1.3 The flexibility of activity-enhanced mutants 

The catalytic efficiency of V139E and I255E was increased as well by 4.1 

fold and 3.8 fold, respectively. It was discovered that the kcat value was the 

major factor to contribute to enhance the catalytic efficiency. The kcat value 

refers to how rapidly a catalyst works. Considering the catalysis of an enzyme 

is performed by the dynamics in many cases, a more flexible or more mobile 

enzyme could lead a more active enzyme. The fact that V139E and I255E 
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showed an increase in their kcat values could imply that an activity 

enhancement was achieved by the increase in the flexibility and via the 

dynamics. 

The FRODAN dynamics results also showed the overall increase of the 

flexibility in both mutants. The RMSD change (RMSDmutant – RMSDwild type) 

was obtained by FRODAN dynamics analysis so that a positive value denotes 

an increase in the flexibility. Moreover, the mutated sites were also increased in 

terms of flexibility in the simulation. The regions 139-150 and 266-289, the 

common regions for the “cutting” of circular permutants, and the region for 

which the flexibility changed depending on the type of organic solvent, showed 

increased flexibility in both mutants.  

 

5.3.1.4 The stability of V139E and I255E in methanol solvent 

The stability test of two mutants in methanol solvent was performed. The 

use of CalB was frequent in organic solvent, especially, methanol was 

representative solvent used as one substrate for biodiesel production using 

CalB. The stability in presence of methanol is important in enzymatic 

production of biodiesel because methanol causes the deactivation of enzyme.  

The stability of both mutants was slightly decreased. The half-life of wild 

type and both mutants was about 3 days on 50% methanol solvent at 30 °C. 

The degree of stability decrease was negligible.  



127 

 

TABLE 5.2  pNPA assay of CalB mutants expressed in E. coli  
(O: activity enhanced, X: activity decreased, - : not expressed; the test was duplicated.)   

Surrounding 
helix 

Enzyme Specific activity (U/mg) 
Activity 
enhancement 

 
WT 10.66 ± 0.16 

 

139-146 
V139E 12.20 ± 0.20 O 

A146D 3.74 ± 0.96 X 

268-287 
P268D - - 

A287D 6.79 ± 0.09 X 

212-216 
A212D - - 

C216D 12.32 ± 0.32 O 

255-257 
I255E 18.18 ± 0.28 O 

D257 - - 
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TABLE 5.3  pNPC assay of V139E and I255E expressed in P. pastoris  

(Relative activity is the percentage ratio of kcat and relative catalytic efficiency is  
thepercentage ratio of kcat/ KM when those of wild type are 100%.) 
 

 

 

 

 

 

 

 

 

 

 

 

 
kcat 

(/min) 
KM 
(μM) 

kcat 
/ KM 

(/μM·min) 

Relative 
activity 

(%) 

Relative catalytic 
efficiency (%) 

WT 62 879 0.070 100 100 

V139E 331 1154 0.287 536 408 

I255E 217 823 0.264 352 377 
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FIGURE 5.1 The hotspots for activity enhancement of CalB in lituratures 
and target sites for mutation. (a) The “cutting” by circular permutation at Nos. 
135-155 and 267-288 showed proper expression and increased activity. (b) A 
molecular dynamics simulation showed that the flexibility of Nos. 139-150, 
215-222 and 266-289 was dependent on the types of organic solvents. (c) 
Target sites of the mutation 
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FIGURE 5.2 Kinetics of the wild types (●), V139E (▲) and I255E (■) 
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FIGURE 5.3 Flexibility analysis of V139E and I255E using FRODAN  
dynamics  
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FIGURE 5.4 Stability of wild type (●), V139E ( ) and I255E (■) on 
methanol solvent 
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5.3.2 Mutations at the forced region 

5.3.2.1 The mutation target selection  

In order to get an insight about relation between enzyme flexibility and 

activity, the mutations of forced regions in elastic body model analysis. Change 

to Glu and Asp residues were quite successful but the reason is unclear. The 

reason why forced region occurred and the way how exactly forced region be 

changed to unforced, are not unclear but sure thing is these region have to be 

changed to make activity-enhanced mutants. 

In the analysis in chapter 3, the helix 139-146 and the near loop 147-150 

were shown as forced regions. Helix 139-146 is located at the entrance to the 

active site, neighboring helix 268-287. It is assumed that the C-terminus region 

of helix 268-287, the C-terminus region of helix 139-146, and near loop 147-

150 hold up the substrate, which causes force to arise. The substrate in used 

pdb structure in elastic body model was N-hexyl phosphonate ethyl ester which 

was located at the large pocket of active site. The substrate used in the 

experiment was pNPC which was also located at the large pocket of active site. 

Among amino acids in helix 139-151, 7 residues were selected as targets as 

others were already flexible ones. Gly, Ser, Glu, Asp and Lys are known as 

flexible amino acids because they have higher B-factor and make region 

disordered easily. Among 35 in silico mutants, the most flexibility-increased 

eight targets in mutated site itself or in whole forced part were selected for the 
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experiments. They were V139S, A141E, P143S, L147D, A148G, V149D, 

V149S and A151D. 

 

5.3.2.2 Activity-enhanced mutants of CalB 

In the case of the mutation to flexible amino acids in forced region, the 

experiment was based on the results of increased flexibility in the forced region. 

Even though all eight mutants showed increased flexibility in FRODAN 

simulation, the activity enhancement was obtained only for four mutants, 

V139S, A141E, V149S and A151D. Three mutants, L147D, A148G and 

V149D showed slightly decreased activity and the only one, P143S, showed 60% 

of the activity compared with wild type. Most of the mutations induced the 

increased or slightly decreased activity so that the strategy was thought to be a 

good fit. For the other four which showed a decline in their activity, largely two 

reasons seem to be appropriate to explain. A simulation could be one of the 

errors. Flexibility simulation using FRODAN dynamics clustered the close 

residues to rigid body for simplifying the dynamics and performs a kind of 

network modeling with the energy cut-off. Thus, the results of simulation could 

not guarantee the real increase in flexibility. Another reason could be the 

structural defects by mutation. All the mutation changes the protein structure 

partially or as a whole. In particular, the orientation of side chain could be 

changed easily even if the change in backbone is not significant. However, it is 
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impossible to know geometrical change of enzyme in detail by computational 

prediction.   

Even though the objective of the mutations was kcat increase, most of 

mutants showed decreased KM which means substrate affinity was increased. 

This may be caused by the mobility increase of helix 139-146. The helix could 

be a barrier to uptake substrate or to release product so that the force arises. 

Docking simulation resulted that the binding energy in all mutants decreased. 

Except A148G which had increased KM value, the result was appropriate to 

interpret the decreased KM value in other mutants.
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TABLE 5.4 Flexibility calculation of in silico mutants using FRODAN dynamics  

(Value 1 : (RMSDmutant – RMSDWT)in changed residue, Value 2 : (RMSDmutant – RMSDWT)in helix 5 )

 
V139  A141  P143  A147  A148  V149  A151  

G  
0.064  0.664  0.602  0.116  0.725 0.129 0.631 

-0.838  4.909  5.593  3.906  6.467 1.48 7.267 

S  
0.483  0.634  0.692  0.202  0.103 0.755 0.312 

10.559  3.664  5.823  2.152  2.102 6.595 7.621 

D  
0.245  0.206  0.167  0.669  0.459 0.64 0.636 

4.703  1.631  0.211  4.995  4.839 7.864 7.944 

E  
0.063  0.758  0.53  0.232  0.125 0.369 0.04 

3.64  8.419  4.644  3.343  2.751 0.063 6.67 

K  
0.01  0.245  0.682  0.015  0.591 0.283 0.312 

-0.992  0.945  5.363  2.555  4.173 1.422 7.621 
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TABLE 5.5 Binding energy of pNPC to CalB and its mutants 

 

 Binding energy (kcal / mol) Relative KM value (%) 

Wild type -38.04 100 

V139S -41.69 92 

A141E -40.90 86 

P143S -38.84 92 

L147D -42.03 87 

A148G -40.45 112 

V149D -40.58 85 

V149S -40.21 84 

A151D -41.94 53 
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FIGURE 5.5 pNPC assay of V139S, A141E, P143S, L147D, A148G, V149D, V149S and A151D 
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FIGURE 5.6 The forced helix and its connected loop, 139-151 

  

V139 

A151 

A287 
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FIGURE 5.7  pNPC docked CalB
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5.3.3 Mutations for loop extension of forced helix 139-151 

5.3.3.1 The mutation target selection 

Gly residue introduction was designed to lengthen the loops connected to 

the forced helix 139-146. The objective was to make the forced helix more be 

mobile so that the uptake of substrate or the release of product became easier.  

The one to three Gly residue (s) was (were) inserted between 138Thr and 

139Val or between 146Ala and 147Leu. The mutants were called 

as 138TG1
139V, 138TG2

139V, 138TG3
139V, 146AG1

147L, 146AG2
147L, and 146AG3

147L.  

 

5.3.3.2 Activity-enhnaced mutants of CalB 

The insertion of one and two glycine residues between Ala146 and Leu147 

led activity enhancement. This region was in contact with the C-terminus edge 

of the helix 268-287 which showed the highest torque value. Therefore, it was 

assumed that the extension by glycine adding resulted to loosen the helix. 

However, one more glycine adding in same part showed the decrease of 

activity. In energy minimization process, the calculated energy of whole 

enzyme increased by one and two glycine adding. However, 146AG3
147L 

showed similar energy with wild type.  

The insertion of glycine residue (s) between Thr138 and Val139 showed 

decreased activity. The region seemed to have harmful effect in its activity for 

motion when loop extended while C-terminus edge showed increased activity 
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when the loop extended. in silico mutants created by glycine insertion showed 

the structural defects globally so that dynamics simulation was not performed 

as the further step. However, the calculated energy during minimization process 

made be possible to predict the flexibility change of the mutants. The 

minimized-energy of site-directed mutants was similar with that of wild-type. 

However, the insertion mutants had drastically increased energy. The values 

increased in AG1L and AG2L serially and then decreased to the level of wild 

type. The activity of the mutants also showed similar pattern which was 

increased then decreased. In cases of glycine insertion in other side, between 

Thr138 and Val139, all three mutants showed decreased activity. The energy 

value of TG1L was increased but more glycine adding made the energy level 

become similar with that of wild type.  
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TABLE 5.6 Calculated energy of in silico glycine inserted mutants in 

minimization process  

 Energy  

(kcal / mol) 

Relative activity (%) 

Wild type -6756 100 

TG1V -4920 39.5 

TG2V -6144 33.6 

TG3V -6302 48.5 

AG1L -4817 124.3 

AG2L 1723 158.0 

AG3L -6249 79.2 
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FIGURE 5.8 pNPC assay of 146AG1
147L, 146AG2

147L, 146AG3
147L, 138TG1

139V, 138TG2
139V, and 138TG3

139V 
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FIGURE 5.9 The extended loop of CalB by insertion mutations

V139 

A151 
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5.4 Conclusion 

Flexibility modulation of the active site entrance may be a feasible means 

of enhancing enzyme activity. The mutants of CalB, V139E and I255E showed 

enhanced activity by about 3-5 folds. And it was found out that the reason of 

activity enhancement was the flexibility increase based on the fact of kcat 

increase in kinetic study. The stability decrease on methanol solvent was 

negligible on both mutants so that the industrial application of these mutants 

was expected. 
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CHAPTER 6 

 

OVERALL DISCUSSION AND 

RECOMMENDATIONS 
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In the first part, elastic body model was proposed as a new mechanical 

concept to analyze enzyme flexibility. The model could be an alternative 

method to analyze enzymes which is dissimilar to other analytical methods all 

in computational simulation. Other methods estimate various types of 

interaction networks, while elastic body model uses observed phenomenon that 

is deformed structure by substrate binding and analyzed the phenomenon 

excluding the interactions such as hydrophobic interaction, hydrogen bonding, 

ionic interaction, etc. Thus, elastic body model is simple to calculate and could 

be more accurate than other methods. However, we need two PDB structures 

that one is substrate-free form and the other is substrate-bound form. The easier 

method to get enzyme crystals especially for substrate-bound form and the 

easier access of X-ray beam could be helpful for elastic body model to be 

applied well. Of course, the expected B-factor and RMSDs could be applied in 

elastic body model under the assumption which the expectation is correct. In 

here, only force and torque by summation of forces were used for flexibility 

analysis. But this model could be applied in various. The energy calculation 

with the concept of elastic body model could be useful to solve the mechanism 

of enzyme catalysis.  

In the second part, the tendencies of activity-enhanced mutants were 

investigated to get an insight how enzyme obtain enhanced activity using 

bacteriophage T4 lysozyme. The tendencies were that the mutated residues 
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were almost flexible amino acids like Glu or Asp and that the mutation 

locations were the edges of helices surrounding the active site entrance. The 

region was overlapped with forced region in elastic body model analysis. But 

still, the direct evidence was not obtained to prove the relation between enzyme 

activity and flexibility. More NMR data is needed and the computational 

simulation has to be developed to the level to simulate whole steps of catalysis. 

In the third part, C. antarctica lipase B was improved in its activity by 

flexibility modulation. The mutants in forced region showed enhanced activity. 

The reason was estimated as the flexibility increase by simple dynamics, 

FRODAN. However, it was just prediction but was not real. Therefore, the 

accurate dynamics simulation or the measurement of the flexibility is further 

needed. Moreover, the kcat value was checked only for pNPC hydrolysis. The 

broad substrate spectrum for various reactions would enhance the standing of 

the strategy. 

Up till now, new mechanical model has been proposed and applied to 

enzyme activity enhancement. There is no need to emphasize the significance 

of the understanding enzyme catalysis. However, the real happening during 

enzyme catalysis is not fully investigated yet. Enzyme catalysis is closely 

related to enzyme flexibility. Elastic body model could help the understanding 

of enzyme catalysis. Overall, the mechanical concept was appropriate to 

explain enzyme flexibility and its effect on enzyme activity. Still, there is the 
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gap between fundamental understanding in catalysis mechanism of enzyme and 

the enzyme engineering. Even though the enzyme structure could be obtained 

by X-crystallography or NMR, the motion during catalysis is unclear and the 

mechanism how the motion affects enzyme catalysis is unclear, too. In order to 

fill the gap, the mechanical sight would be helpful to understand whole steps of 

enzyme catalysis in biochemistry field.  

AFM investigated that the reaction rate was dependent on the force by 

substrate binding by several hundreds of piconewtons to substrate increased 

catalysis ratio (Alegre-Cebollada et al. 2010). If the force arising by substrate 

binding were measured in experiment, real k value could be obtained, thus, the 

energy of one enzyme could be calculated from elastic body model. Gaussian 

network model estimates the value k in the process of dynamics prediction 

using PDB structure, unsubstantiated yet 

(http://ignm.ccbb.pitt.edu/GNM_Online_Calculation.htm). The abundant 

kinetic data organized in BRENDA (BRaunschweig ENzyme Database; 

http://www.brenda-enzymes.org/) could make be possible the comparison of 

several kcat values with estimated energy by their conformations change. The 

relation between energy by substrate binding energy and kcat value will explain 

the mechanism how enzyme dynamics affects the enzyme activity. 

Until the mechanism is clear, the data accumulation is needed for the 

enzyme engineers to state the relation between enzyme flexibility and activity. 
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The multiple mutations in forced regions could be more effective that one site-

directed mutagenesis for activity enhancement. In addition, directed evolution 

restricted in forced area could decrease the labor of original random 

mutagenesis method and increase the possibility to obtain better mutant. 

Considering the structural defect by mutation, the directed evolution seems to 

be better than the multiple-site mutagenesis.  

The mutants of activity-enhanced T4L and V139E and I255E mutants of C. 

antarctica showed increased or similar activity compared with wild type. 

Generally, activity-stability trade-off effect is mentioned in enzyme 

engineering field that is to say activity decreases with increasing stability. 

However, the mutants in this research proved that some residues are much 

tolerant of mutations. The strategy, change of forced region to be flexible, 

would be a good way to obtain enhanced activity without the stability loss.
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국문초록 

효소는 유용한 생체 물질임과 동시에 산업적으로 널리 쓰일 수 있다. 

그러므로 돌연변이에 의한 효소의 활성 변화 원리를 이해하는 것은 의학 

및 산업에서 광범위한 응용으로 이어질 수 있다. 효소의 활성과 관련이 

있는 주요 요인으로 효소의 유연성을 꼽을 수 있다. 효소의 움직임은 

잔기들의 진동과 더불어 국소적인 또는 전체적인 구조 변동에 의해 

결정되는데, 이러한 움직임이 효소의 촉매 작용에 관여하고 있기 때문이다. 

그러나 효소의 유연성 분석을 위한 방법이 많지 않고, 있다 해도 

불확실하다. 

이 연구에서는 효소가 기질 결합할 때 나타나는 유연성 변화를 

분석하기 위하여 탄성체 모델 (elastic body model)을 제시하였다. 이 

모델은 효소에 역학적 개념을 도입하여 효소의 잔기에 작용하는 힘과 

토크(torque)를 해석하였다. 기질이 없는 구조와 붙어 있는 구조 두 

상태에 후크의 법칙 (Hook`s law) 𝐹 = −𝑘𝑥을 도입하여 효소의 잔기 힘을 

구하였고, 이 힘 벡터(vector)의 합을 통하여 토크를 계산하였다. 이 

모델을 입증하기 위하여 박테리오파아지 T4 리소자임 (bacteriophage T4 

lysozyme), HIV-1 프로테아제 (HIV-1 protease), 칸디다 안타르카티카 

리파아제 B (Candida antarctica lipase B)의 자료를 분석하였다. 효소 



169 

 

탄성체 모델은 효소의 움직임, 효소 반응의 저해, 이합체화에 중요한 여러 

부위를 힘이 많이 걸리는 부위 혹은 구부러지는 부위로 찾아내었다.  

특히 탄성체 모델 분석에서 힘이 걸린 부위와 박테리오파아지 T4 

리소자임의 활성 증대 돌연변이체의 변이 부분에 겹치는 부분이 있다는 

것을 확인하였다. 이 연구에서는 효소의 활성과 유연성 관계를 조사하기 

위하여 보고된 박테리오파아지 T4 리소자임 돌연변이체들을 분석하였다. 

박테리오파아지 T4 리소자임의 활성 증대 돌연변이체는 헬릭스 (helix) 

구조의 끝에 변이가 일어난 경향성이 나타났으며, 유연성이 높은 

아미노산인 글루타민산이나 아스파르트산으로 치환된 경향성이 나타났다. 

B-factor 분석 결과, 변이된 잔기들은 유연성이 증가한 것으로 나타났다. 

효소 탄성체 모델을 이용하여 효소의 활성 증대 현상이 효소가 유연성을 

띄게 변하여 증가된 움직임에 의한 것이라고 해석되었다. 

힘이 걸린 부분에 유연성이 높은 아미노산을 도입하여 활성을 

증대시키는 전략을 입증하기 위하여 산업적으로 유용한 효소인 칸디다 

안타르크티카 리파아제 B 를 선택하였다. 이 효소의 활성 부위를 둘러싸고 

있는 지역에 변이를 일으켰을 때 활성이 높아졌다. 활성 부위를 둘러싸는 

네 개의 헬릭스 끝 부분을 유연성이 높은 아미노산으로 바꾸었다. 

V139E 와 I255E 두 개의 변이체가  p-니트로페닐 카프릴레이트 (p-

nitrophenyl caprylate) 가수분해 반응에서 증가된 활성을 나타냈다. 
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탄성체 모델 분석에서 V139E 를 포함하고 있는 힘이 높게 걸리는 

헬릭스와 주변 루프 (loop) 139-150 를 찾았고, 이 부분을 효소의 활성을 

증대시키기 위한 다음 돌연변이 표적으로 삼았다. 힘이 걸린 잔기들을 

유연성이 높은 아미노산으로 치환한 결과, 여덟 개의 표적 돌연변이체 중 

V139S, A141E, V149S, A151D 가 증대된 활성을 나타내었다. 또한 

헬릭스 139-146 이 더 유연하게 움직이게 하기 위하여 헬릭스 양쪽 끝에 

글리신 잔기를 추가한 루프 연장 돌연변이체를 만들었다. 헬릭스 268-

287 과 맞닿아 있는 헬릭스 C-말단 쪽 A146 의 연장이 활성을 

증가시켰다. 이 결과는 효소의 의학 및 산업적인 응용시 효소의 유연성 

조절을 통해 효소의 활성을 증가시킬 수 있는 가능성을 제시하였다.  
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박테리오파아지 T4 리소자임, 칸디다 안타르크티카 리파아제 B, 힘이 걸

린 잔기, 루프 연장  
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