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ABSTRACT 

 

Cellulases are a broad class of enzymes responsible for decomposing lignocellulosic 

biomass. These enzymes have several industrial applications, most notably in the production of 

2
nd

 generation biofuels from cellulosic feedstock. However, current degradation technologies 

involving cellulase cocktails are not sufficiently optimized for economical biofuel production on 

an industrial scale. Thus, there is significant incentive to further understand and improve the 

enzymatic degradation of cellulose by cellulase enzymes. In this thesis, constant pH molecular 

dynamics simulations (CpHMD), classical molecular dynamics (MD), docking calculations and 

kinetic modeling were utilized to evaluate the fundamental interactions impacting cellulose 

degradation by the cellobiohydrolase Cel7B from Melanocarpus albomyces (Ma). 

Presented in this thesis is an extensive evaluation of the ionizable residues in α-Conotoxin by 

both CpHMD and 
1
H NMR, which serves as a validation of the computational pKa prediction 

procedures used in the subsequent thesis chapters.  The procedures established in the study of α-

Conotoxin were then utilized in the simulations of active site residues in Ma Cel7B.  The pKa 

values of active site residues predicted by the simulations support the role of Glu217 as the 

catalytic acid-base and Glu212 as the catalytic nucleophile. In addition to predicting pKa values, 

the simulations identified significant charge correlations and hydrogen bonding networks that are 

critical to hydrolysis of the glycosidic bond. The results from the CpHMD simulations were then 

incorporated into a kinetic model, which further supports the hypothesis that hydrogen bonding 

and charge coupling are needed to achieve an optimal activity near the experimental active pH of 

Ma Cel7B.  

Beyond residue pKa values and their influence on the observed enzymatic rate, standard MD 

and CpHMD simulations were used to evaluation protein dynamics and loop flexibility.  

Investigation of peripheral loops enclosing the active site revealed structural fluctuations that are 

likely crucial to the binding and threading of the cellulose polymer substrate, as well as 

contributing to the pH and temperature tolerance of Ma Cel7B. It was found that the protonation 

of several residues on adjacent peripheral loops are responsible for the observed loop 

fluctuations and overall conformation in the free enzyme. Simulations with substrate bound in 

the active site reveal significant changes in the conformation and fluctuation patterns of several 

peripheral loop regions. The substrate induced response of the loop regions secures the cellulose 
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polymer in the catalytic tunnel, creating an environment that is conducive for hydrolysis of the 

glycosidic bond. Similar loop fluctuations and dynamics are also observed when a free enzyme 

resides on a cellulose microfibril, indicating the role of the peripheral loops in guiding substrate 

into the catalytic tunnel. 

To further probe enzyme-substrate interactions on the hydrolysis of cellulose, the 

confirmation of the sugar ring at the catalytic site was investigated under different residue 

protonation environments. In general, the results indicate the highly charge coupled active site 

effectively modulates the formation of the catalytically active skewed-boat confirmation, and 

clearly identifies the protonation states of active site residues as the major contributing factor to 

the formation of the skewed boat configuration. 

The results presented in this thesis provide insights into molecular-level interactions that lead 

to the observed enzyme characteristics of Ma Cel7B, and indicate computational methods can be 

used to gain valuable insights into the protonation environment and specific residue pKa values 

that are crucial to the hydrolysis reaction performed by family 7 cellulase enzymes.  
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CHAPTER 1  

INTRODUCTION 

1.1 Background and motivation 

Lignocellulosic biomass, the most commonly occurring natural polymer on earth, is the 

primary carbon source for many organisms in the biosphere.
1
 In nature, biological organisms 

utilize several enzymes for the purpose of decomposing this recalcitrant material. Nature has 

evolved an efficient mixture of cellulase enzymes consisting of endoglucanases, 

cellobiohydrolases, and -glucosidases, which work synergistically to hydrolyze cellulose, as 

shown in Figure 1.1.
2,3

 Endoglucanases are responsible for disrupting the crystalline structure of 

cellulose by randomly hydrolyzing -1,4-glycosidic bonds thereby creating additional exposed 

reducing and non-reducing cellulose polysaccharide chains. The cellobiohydrolases act on the 

reducing and non-reducing ends of exposed polysaccharide chains in a processive manner 

releasing predominantly disaccharides, while the -glucosidases hydrolyze the soluble 

disaccharides to glucose.  

 
Figure 1.1 Schematic representation of cellulose degradation by cellulase enzymes. 

 

While important to the overall carbon flow in the bio-sphere, cellulase enzymes also have 

several industrial applications, including use in the paper, pulp, textile, detergent, food, 

pharmaceutical, and fuel industries.
3,4

 In particular, the use of cellulase cocktails for the 

production of bio-fuel from lignocellulosic biomass has shown great promise as an alternative  to 

fossil fuel based petroleum products.
5,6

 However, cellulase enzymes are plagued by several 

limitations including high reactor resonance times and a narrow range of optimal process 

conditions that adversely impact the economic viability of biofuel production.
7
 Thus, there is 



2 

 

significant economic incentive to engineering cellulase enzymes with enhanced properties for 

biofuel production as well as use in a variety of industries.
8-10

  

Family 7 cellobiohydrolases from fungal organisms have received considerable attention as 

these cellulases are often secreted in large amounts and efficiently breakdown cellulose. Under 

consideration in the present thesis is the family Cel7 cellobiohydrolase Cel7B from the 

thermophilic ascomycete fungus Melanocarpus albomyces. Ma Cel7B is a single module 

cellobiohydrolase that has been produced at high levels in the Trichoderma reesei (Tr) 

production host, and shows optimal catalytic activity at 65 °C and a pH ~6.
11-13

 The industrial 

importance of thermophilic cellulases stems from the fact that cellulose swells under high 

temperatures, making it easier to breakdown.
14

 Beyond temperature tolerance, tolerance to mild 

pH conditions is desirable as this requires less costly process condition as compared to acidic 

conditions, and is conducive to applications in pulp and textile industries.
15

 Furthermore, 

thermophilic cellulases have been shown to retain activity in ionic liquid (IL) solvent mixtures, 

which is of interest as IL’s have been shown to have enhanced cellulose solvation properties as 

compared to pure H2O.
16,17

  Overall, Ma Cel7B possess several properties that are desirable to 

industrial applications. Thus, it is of interest to gain a fundamental understanding of the 

molecular-level interactions leading to the macroscopic properties of this enzyme, which is 

crucial to the ultimate goal of engineering cellulases with improved temperature and pH 

tolerance, as well as increased overall activity.   

 

1.2 Previous research on cellulase enzymes 

The advantageous properties of fungal family Cel7 cellulase enzymes for industrial 

applications have resulted in research endeavors aimed at understanding the catalytic mechanism 

at a molecular-level. In general, it is thought that the overall cellulose degradation by 

cellobiohydrolases consists of the following steps; (1) adsorption onto a cellulose microfibril, (2) 

surface diffusion to find a free cellulose chain end, (3) threading of a free cellulose chain into the 

active site tunnel, (4) formation of active complex, (5) hydrolysis of glycosidic bond to produce 

cellobiose, (6) cellobiose product expulsion, and (7) threading of another cellobiose to reform 

active complex (i.e. processive action).
18
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Focusing on the binding and threading of a cellulose polymer into the active site tunnel, 

crystal structures of Tr Cel7A with glucose polymers of various lengths have identified a total of 

9 cellulose binding sites along the ~50 Å long active tunnel (Figure 1.2). The entrance to the 

active tunnel has been designated as the -7 sub-site, and the active site designated between the -1 

and +1 sub-sites.
19

 It has been shown that clusters of aromatic residues lining the active tunnel at 

the substrate binding sites (i.e. sites -7 to -2) play an important role in the binding and processive 

action of the enzyme.
20,21

 Ma Cel7B has a similar overall structure to the catalytic domain of Tr 

Cel7A (Figure 1.3), including 9 binding sites with a similar numbering scheme proposed along 

the active tunnel, although only crystal structures with 4-glucose oligomers are available for Ma 

Cel7B.
11

 

Figure 1.2 Schematic representation of the crystal structure of the catalytic domain of Tr Cel7A 

with a cellulose strand bound in sub-sites -7 to +2.
19

  

 

It has been observed that loops enclosing the active site of cellulase enzymes are important to 

substrate binding and the enzymatic mode of action (i.e., cellobiohydrolase vs. endocellulase).
22-

27
 In cellobiohydrolases with an exo-processive mode of action, there exists the presence of long 

distal loops that form an enclosed tunnel, presumably to secure a cellulose polymer for 

processive action and prevent the substrate from re-annealing to the microfibril surface, while in 

endo-cellulases the loops are typically shorter, resulting in a more open active site groove 

structure. The importance of loops enclosing the active site to the processive action is supported 

by several kinetic studies that revealed deletion of the distal forming loops resulted in a 

significant drop in exo-type activity.
25,26

 Furthermore, several experimental studies have revealed 

these loops can undergo substantial conformational rearrangements, particularly in the presence a 

cellulose substrate.
27,28
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Figure 1.3 Crystal structure of the catalytic domain of left) Tr Cel7A (PDB ID: 1CEL)

19
 and 

right) Ma Cel7B (PDB: 2RFW).
11

 The catalytic residues Glu212 and Glu217 are depicted in 

licorice representation.   

 

Focusing on the catalytic site, it has been well established that family 7 cellobiohydrolases 

hydrolyze cellulose utilizing a double displacement net retaining mechanism, Figure 1.4.
11,29,30

 

Crystallography studies of Tr Cel7A indicate that Glu212 and Glu217 function as the catalytic 

nucleophile and acid-base, Figure 1.4.
31

 This is supported by kinetic studies on Glu212Gln and  

 

Figure 1.4 Schematic representation of glycosidic bond hydrolysis through a double 

displacement mechanism proposed to be utilized by family Cel7 cellobiohydrolases such as Ma 

Cel7B.  
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Glu217Gln mutants of Cel7A, which relative to the wild-type (WT) enzyme, were found to have 

activities of 1/2000 and 1/370 of the WT, respectively. Furthermore, kinetic studies of an 

Asp214Gln mutant were found to have 1/85 of the WT activity.
29,32

 Given that crystal structures 

show Glu212 and Asp214 in close proximity (i.e., hydrogen bonding distance) it has been 

hypothesized that Asp214 plays an important secondary role in the mechanism by controlling the 

protonation and orientation of the nucleophile Glu212.
29,31

 Similar to Tr Cel7A, the active site of 

Ma Cel7B also contains Glu212, Asp214, and Glu217, with the crystal structures indicating that 

Glu212 serves as the catalytic nucleophile and Glu217 is the base (Figure 1.3).
11

 

There have been studies aimed at improving the pH and temperature tolerance of cellulase 

enzymes that have seen some success. A recurring mutation that has been shown to shift the pH 

profile of cellulase enzymes to higher pH values is the addition of a histidine residue to either the 

active site or to loops enclosing the active site.
15,33-35

 Beyond the addition of histidine residues is 

has been shown that modification of ion interactions between carboxylate residues on the loops 

enclosing the active site have been shown to modify the pH profile of cellulases.
36,37

 Mutations  

of loops overhead have also been shown to improve the temperature tolerance of cellulase 

enzymes, often through introduction of additional di-sulphide bonds.
38-41

     

The above experimental studies have provided promising results towards identifying key 

catalytic residues and functional characteristics of cellulases, as well as tuning cellulases to 

optimal process conditions. However, pH and temperature tolerance improvements have been 

limited to < 2 pH units and < 15 °C, and there has yet to be a substantial improvement in the 

activity of cellulase enzymes past that of the wild-type Tr Cel7A. Thus, there remains a 

significant incentive to design cellulases with enhanced properties for industrial application. This 

endeavor requires additional molecular-level understanding of factors limiting the catalytic rate 

of cellulase enzymes and the underlying energetics involved in the various steps of enzymatic 

hydrolysis.   

Currently, biochemists and engineers are focused on understanding and improving cellulase 

efficiency with an increased involvement from the computational/theoretical fields.
18

 A major 

advance in our molecular-level understanding of cellulase enzymes has come from molecular 

dynamics simulations, which have allowed for insights into the complex, heterogeneous catalysis 

performed by cellulase enzymes that can be difficult to study experimentally. Molecular 

dynamics simulations have been used in the identification of unique enzyme characteristics and 
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energetics involved in the initial binding of a cellulose polymer to the catalytic domain, as well 

as expulsion of a cellobiose product.
22,42,43

 Several hybrid quantum mechanical/molecular 

mechanical (QM/MM) studies have also been used to determine the free energy of the two step 

retaining mechanism of family Cel7 cellobiohydrolases, as well as revealing energetics 

associated with sugar ring conformational changes occurring at the active site of family Cel7 

cellobiohydrolases.
44,45

  In general, these studies have provided important molecular-level 

insights into the catalytic domain of cellulases, however elucidation of the full reaction 

coordinate for threating of a cellulose polymer and processive hydrolysis, and identification of 

the overall rate limiting step for cellulose degradation by cellulase enzymes, remains in-

complete.
18

  

A computation technique that is particularly relevant to the present discussion of cellulase 

enzymes is constant pH molecular dynamics (CpHMD).
46,47

 CpHMD allows for the investigation 

of the impact of protein conformation and dynamics on ionizable residue protonation states 

under different solution pH environments. This technique allows for the prediction of residue 

pKa values that may be shifted significantly from bulk water behavior due to the electrostatic 

environment present within proteins, which can be difficult to obtain experimentally. 

Furthermore, insight into how dynamic motions impact residue protonation can be crucial to 

understanding biological systems and reaction mechanisms at the molecular-level. As shown in 

Figure 1.4, several steps of the double displacement retaining hydrolysis reaction mechanism 

utilized by cellulase enzymes involve proton transport with ionizable residues. As such, it is 

expected the ionization state of the catalytic residues and the surrounding environment play an 

important role in catalysis. Beyond the catalytic site, it is expected the protonation of residues on 

loops enclosing the active site may alter the structure and dynamics of these loops,
48

 which in 

turn may impact substrate binding and the threading the substrate into the active site. As 

mentioned above, obtaining experimental data on the protonation of specific residues in a 

complex system such as cellulase enzymes is difficult; making CpHMD an ideal tool to gain an 

enhanced molecular-level understanding of residue pKa values and pH coupled dynamical 

motions.
46,47
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1.3 Scope and organization of thesis 

The present thesis focuses on the use of CpHMD, as well as docking, classical MD, and 

kinetic modeling, to investigate the fundamental molecular-level interactions related to residue 

protonation that leads to the observed enzyme characteristics of Ma Cel7B. In particular, the 

primary goals of this thesis consist of the following: 

 Evaluate the use of CpHMD methods to accurately predict pH dependent residue 

protonation and pKa values in biomolecular systems (Chapter 3). 

 Utilize CpHMD simulations to investigate residue protonation and charge correlations 

involving the catalytic residues and nearby residues in the active site of Ma Cel7B that are 

important to the hydrolysis reaction. Incorporate the results into a kinetic model to 

determine if the protonation behavior predicted by the CpHMD simulations results in an 

activity profile that reproduces experimental trends, and identify specific residue 

interactions that have significant impacts on the kinetic profile (Chapter 4). 

 Utilize CpHMD simulations to investigate structural fluctuations of loops enclosing the 

active site of Ma Cel7B, and identify charge correlations that may drive these fluctuations. 

Use docking studies to further investigate the function of overhead loops in substrate 

binding and threading of a cellulose polymer into the active tunnel (Chapter 5). 

 Utilize CpHMD studies to investigate substrate confirmation at the catalytic active site. 

Determine if residue protonation impacts substrate confirmation, and potential correlations 

between solution pH and substrate confirmation. Use classical MD simulations with 

various active site protonation permutations to further investigate ring confirmation under 

long time, static residue protonation states and explicit solvent conditions (Chapter 6). 

In general, the present studies indicate that CpHMD methodology can be used to gain 

valuable protonation data and specific residue pKa values that are crucial to the study of the 

hydrolysis reaction performed by cellulase enzymes. Furthermore, the protonation data and 

resulting impact on enzyme features is useful for future simulations and experimental studies 

aimed at determining the reaction coordinate and/or mechanism(s) for the enzymatic hydrolysis 

of cellulose, in addition to the rate limiting step for the overall hydrolysis process. 

The thesis is organized in the following format:     
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 Chapter 2 provides background and theory on the various computational methods 

invoked in the present studies 

 Chapter 3 presents work entitled “pKa Determination of Histidine Residues in α-

Conotoxin MII Peptides by 
1
H NMR and Constant pH Molecular Dynamics 

Simulations”. This work is published in the Journal of Physical Chemistry B. This 

manuscript does not consider cellulase enzymes; however it does provide an initial 

examination of the ability of CpHMD simulations to reproduce experimental NMR data. 

 Chapter 4 presents work entitled “Computational Evaluations of Charge Coupling and 

Hydrogen Bonding in the Active Site of a Family 7 Cellobiohydrolase”. This work is 

currently under review in the Journal of Chemistry B. This study used conventional 

CpHMD and pH-replica exchange simulations to evaluate residue protonation and charge 

correlations that are thought to play a crucial role in the hydrolysis of cellulose by family 

Cel7 cellobiohydrolases. Furthermore, we modified a previously reported kinetic model 

to incorporate the charge coupling seen in the CpHMD simulations, and utilized pKa 

values from the CpHMD studies in the kinetic model to evaluate the resulting activity-pH 

profile. 

 Chapter 5 presents work entitled “Dynamic Fluctuations of Loops Enclosing the Catalytic 

tunnel of a family Cel7 Cellobiohydrolase”. This manuscript is in preparation for 

publication, and describes pH dependent loop fluctuations observed in CpHMD studies of 

Ma Cel7B that are thought to be crucial to substrate binding and catalysis. 

  Chapter 6 presents ongoing work aimed at investigating the confirmation of the glucose 

substrates in the catalytic tunnel of Ma Cel7B. The CpHMD simulations of Ma Cel7B are 

utilized to investigate the pH dependence of ring confirmations. In addition, classical MD 

simulations with all available protonation permutations for the four residues in the active 

site of Ma Cel7B were evaluated. These simulations allowed for the investigation of the 

impact of various static protonation schemes on substrate orientation. 

 Chapter 7 highlights the main conclusions of this thesis and provides directions for future 

work. 

 Appendix A contains the supplemental information for the manuscript under review in 

chapter 4. 
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CHAPTER 2  

METHODS AND THEORY 

2.1 Docking calculations 

Automated docking calculations are an efficient tool for predicting biomolecule complexes 

and resulting interactions between ligands and macromolecule targets.  Here, AutoDock 4.2 was 

used to perform docking calculations, which allows for select bonds to be rotatable and thus 

torsional space to be sampled.
1
 The docking calculations presented in this thesis use a 

Lamarckian Genetic Algorithm for conformational searching, and a semi-empirical force field to 

evaluate the free energy of bound configurations.
1-3

 The force field includes six pair wise terms 

and an estimate for loss of entropy from binding: 

 
   (      

            
   )  (      

            
   )  (      

            
      )           (2.1) 

 
where M corresponds to the macromolecule and L corresponds to the ligand. The six pair wise 

interaction terms are evaluated in two steps; the first is the transition of the macromolecule and 

ligand from unbound states to the confirmation of the bound state, and the second evaluates the 

intermolecular interactions between the two molecules in the bound state.  

The pair wise potential (V) is given by the summation of the following terms accounting for 

van der Waals, hydrogen bonding, and electrostatic interactions, as well as the entropy lost due 

to desolvation:
4
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where the various terms utilize weighting constants (W) to calibrate the free energy based on 

experimentally determined binding constants. The first term accounts for van der Waals 

interactions based on a standard Lennard-Jones potential that includes an attractive force at large 

distances and a repulsive force at short distances. The variable r represents the distance between 

atoms i and j, while the coefficients A and B control the location and depth of the potential well 

and are taken from the Amber force field.
5
 The second term in Equation 2.2 accounts for 

directional H-bonding for atoms i and j separated by a distance r, where the parameters C and D 

are assigned to give specific well depths and distances for hydrogen bonds with oxygen, 
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nitrogen, and sulfur, and E(t) provides the directionality based on the angle t from ideal H-

bonding geometry.
2,6,7

 The third term is a standard coulombic potential for electrostatic 

interactions, where atoms i and j are represented by point charge q and separated by a distance r, 

and e(rij) is a function to incorporate solvent screening effects (see section 2.3 for further 

description of implicit solvent).
8
 The last term in Equation 2.2 is a desolvation potential based on 

the volume of atoms (V) blocking a given atom from the solvent. The potential is weighted by a 

solvation parameter (S) and an exponential distance weighting factor ().
9
  

The second main component of docking calculations is sampling of different docked 

confirmations, which is achieved through the use of a Lamarckian genetic algorithm that 

efficiently samples different docking poses. The genetic algorithm mimics Darwinian genetics, 

in which solutions are randomly mutated, and superior mutants are then chosen to make more 

copies. Thus, the behavior of the algorithm is determined by not only the input, but a set of 

solutions determined by random alterations.
10

 In the present docking calculations, a Lamarckian 

(i.e. hybrid) genetic algorithm is utilized, in which a local optimization is applied to each new 

solution or offspring to move it to a local optima before addition to the total population and 

subsequent mutations to the preferred variants.
2
 

   

2.2 Molecular dynamic simulations 

Molecular dynamic experiments involve the dynamical, time dependent motions of atoms. 

Interactions between atoms are described by a potential function (V), while the propagation of 

atoms through time is determined by solving Newton’s equation of motion:     

 

                                              
  

   
   

    

  
                                                                      (2.3) 

 
where F is the force, V is the potential, m is the mass, and r is the position for each particle i in 

the system. Typically, molecular dynamics simulations do not consider bond breaking and 

forming, and instead are used to evaluate structural fluctuations and conformational 

rearrangement.
11

 Therefore, the potential term is often evaluated classically based on molecular 

mechanic interactions (i.e., bonded and nonbonded terms). Here, the sander module of the amber 

simulation package was used to conduct molecular dynamic simulations.
12,13

  

The basic form of amber force fields consists of the following: 
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In Equation 2.4, the first three terms are the bonded energy terms for covalently bonded atoms. 

The first term accounts for the stretching of a covalent bond, with b0 corresponding to the 

equilibrium bond length and Kb the stretching force constant. The second term accounts for 

energy resulting from bond bending, where t0 is the equilibrium bond angle, and Kt is the angle 

force constant. The final bonding term accounts for the allowable torsions (twisting) between 

two non-bonded atoms connected through intermediate bonded atoms, and can vary depending 

on the bond order. In general, Vn represents the dihedral force constant for bond order n and is in 

the form of a fourier series,  is the phase angle, and  is the dihehedral angle between 4 

connected atoms.
13-15

  The final term accounts for non-bonded interactions, which are evaluated 

in a pairwise fashion over all atoms within a certain distance cut-off. The pairwise interactions 

include van der Waals interactions, which account for weak attraction forces at large distances 

and repulsive forces at small separations. The Lennard-Jones potential utilizes coefficients A and 

B that correspond to the repulsive and attractive forces, respectively, and determine the location 

and the depth of the potential well. The final non-bonded term accounts for coulombic 

interactions between two atoms represented by point charges qi, qj and separated by distance r. 

Details on on methods used for the parameterization of MD force fields can be found in citations 

5, 14, 16, and 17.
5,14,16,17

   

 

 2.3 Constant pH molecular dynamics simulations 

Constant pH molecular dynamics allows for the evaluation of residue protonation through the 

time course of a simulation trajectory.  Several different methods and underlying algorithms for 

evaluating protonation states exist, while the CpHMD method implemented in amber will be 

presented here.
18

 In the CpHMD method developed by Mongan et. al. the protonation states are 

sampled periodically at a predefined time interval using a Monte Carlo algorithm.
19

  Between 

each Monte Carlo step, dynamic motions of atoms are evaluated using the same basic principles 

as discussed above in section 2.2. The accept/reject criterion for the Monte Carlo algorithm relies 

on the transition free energy for the residue under consideration changing protonation states and 

is given by: 
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                                   (          )                                                (2.5) 

 
where kB is the Boltzmann constant, T is the temperature in Kelvin, pH is the negative log of the 

solvent hydronium concentration, pKa,ref is the pKa of the reference compound, Gelec,ref is the 

electrostatic component of the free for the reference compound, and Gelec, is the electrostatic 

component of the free energy in the protein environment. Accurate determination of the non-

electrostatic component (i.e. bonding terms) for the free energy change of the bond 

breaking/forming involved in changing protonation states requires cumbersome ab initio 

calculations. However, the non-electrostatic component can be assumed to be similar regardless 

of the electrostatic environment.
19,20

 Thus, a blocked dipeptide of the ionizable residue in bulk 

water with a known pKa is utilized as a reference compound to cancel the non-electrostatic 

portion of the transition free energy. This leaves only the electrostatic contribution to the 

difference between bulk water and a given protein environment, which can be evaluated 

classically using the typical non-bonded potential described in Equation 2.4. 

Solvent effects (i.e. charge shielding) are a crucial component of evaluating electrostatic 

interactions impacting the protonation of residues. Explicit solvent such as that discussed above 

(section 2.2) can require addition of the order of 10
4
 water molecules, which greatly increases the 

cost of the simulations. Furthermore, changing protonation states requires a solvent equilibration 

period following the change in residue charge, further increasing the computational cost.
21

 

Therefore, to maintain computational efficiency, the CpHMD method implemented into amber 

utilizes an implicit solvent model. Specifically, a modified Generalized Born model of the 

following form:
22
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where rij is the distance between atoms, and Ri and Rj are the effective born radii of atoms i and j, 

respectively.  

The effective born radii corresponds to the degree of burial of a residue (i.e. solvent 

accessible area), which for an isolated ion is equal to the van der Waals radius, and increases for 

residues buried within a protein. The smoothing function f
GB

 is of the form: 

 



16 
 

                                                    [   
         ( 

   
 

     
)]

 

 

                                       (2.7) 

 
Evaluation of the effective born radii is an important aspect of the GB solvent model, and where 

current efforts to improve implicit models are often focused. Expressions for the effective born 

radii utilized in the present modified Generalized Born model and further discussions on this 

topic can be found in reference 22.
22

 

 

2.4 pH-replica exchange simulations 

Replica Exchange simulations are a family of techniques which allow for significant 

improvement of conformational sampling, helping to avoid the ‘trapping’ in local energy 

minima’s that can plague conventional molecular dynamical simulations. In general, an 

expanded ensemble of simulations are run in different simulation windows across an external 

thermodynamic ladder, and trajectories are allowed to periodically swap between different 

simulation windows.   Here, a replica-exchange technique developed by Jason Swails et. al. was 

utilized to allow for enhanced sampling of protonation behavior resulting in an accelerated 

convergence to a predicted residue pKa value as compared to conventional CpHMD 

simulations.
23,24

 In the replica exchange method developed by Swails et. al, each replica is 

simulated at a different pH value, and adjacent replicas in the pH ladder swap the protonation 

states of the respective ionizable residues. Acceptance of swaps between replicas is determined 

by the following Monte Carlo exchange probability: 

 

                                            {      [    (     )(       )]}                          (2.8) 

 
where i and j correspond to different replicas, N is the number of titratable protons present in 

each replica, and pH is the negative log of the hydronium concentration in the replica prior to an 

exchange attempt.    

      

2.5 Kinetic-pH model 

A previously published mechanistic-electrostatic model was utilized to examine the overall 

kinetic-pH profile resulting from pKa predictions from the CpHMD simulations.
25

 The basic 

premise of this model is based on the idea that the pH dependence of enzymes is due to the pKa 
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value of the catalytic residues and the surrounding supporting residues. Thus, enzymatic catalysis 

can only occur when catalytic residues adopt the correct protonation states (i.e. active form), 

while loss or gain of a proton to the active site leads to the inactive form.  Such a kinetic 

mechanism is depicted in Scheme 2.1, where EH(n-m) is the active form of the enzyme: 

 

Scheme 2.1: Depiction of a kinetic mechanism based on the protonation state of the catalytic 

residues. Original image taken from Olivera-Nappa et. al.
25

 

 

In the above scheme, the acid dissociation is considered to be much faster than the kinetic steps, 

and can thus be assumed to be in equilibrium. Solving for the initial reaction rate, the resulting 

equation can be written in the typical Michaelis-Menten form: 
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Focusing on the two catalytic residues in cellulase enzymes such as Ma Cel7B, it is assumed 

that to be in the active form, one of the catalytic residues needs to be protonated to act as the 

acid-base, and the other un-protonated to act as the nucleophilic base. Considering only these 

two catalytic residues, the above reaction scheme and resulting Michaelis-Menten parameters 

that sufficiently describe the reaction rate are 1) protonated acid-base and un-protonated 

nucleophile is the active form, 2) loss of a proton from the acid-base leads to the inactive form, 

and 3) the addition of a proton to the nucleophile leads to inactive form.  

While the simplicity of the above model for describing the activity-pH profile is appealing, 

there are other factors that affect the pH profile that are not taken into account by the this simple 

kinetic model. Most notably, the active site of cellulases have other ionizable residues in the 
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vicinity of the active site that are in close contact with the catalytic residues.  These secondary 

residues need to be accounted for to accurately describe the pH profile due to charge coupling 

and hydrogen bonding with the active site residues. Many enzymes such as Ma Cel7B possess an 

Asp residue that resides between the catalytic glutamate residues, and a nearby His residue that is 

found to hydrogen bond with the central Asp residue. Thus, a schematic representation of a 

coupled reaction that accounts for the ioniziation of all four residues in the active site can be 

described by Scheme 2.2. 

 

Scheme 2.2: Depiction of a kinetic mechanism in which four ionizable residues contribute to the 

pH dependent mechanism. Original image taken from Olivera-Nappa et. al.
25

 

 

In general, the resulting expressions for (kcat)app and (kcat/KM)app  for the mechanism in 

Scheme 2.2 can be written in the following form: 
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where FN(i) is the active fraction of the global ionization state, KN(i) is the global equilibrium 

constant for the unbound enzyme, Kl(i) is the global ionization constant for the bound enzyme, N 

corresponds to the number of protons, and i corresponding to the number of ionizable residues.  

The global ionization constants and active fractions can be written in terms of individual 

residue ionization constants. This activity model allows for incorporation of hydrogen bonding 

(coupling) between residues. That is to say, if a protonated Glu217 is an active form of the 

catalytic site, and Glu217 is hydrogen bonded to a nearby His residue, then a protonated His 

residue hydrogen bonded to an unprotonated Glu217 can also be considered to be an active form 

of the catalytic site. Expressions for the various terms in Equation 2.11 and 2.12 in terms of 

individual residue equilibrium ioniziation constants, and further modification of the model to 

include hydrogen bonding effects seen in the present CpHMD simulations, can be found in the 

methods section of Chapter 4.   
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Abstract 

α-Conotoxin MII (α-CTxMII) is a potent and selective peptide antagonist of neuronal 

nicotinic acetylcholine receptors (nAChRs). Studies have shown that His9 and His12 are 

significant determinants of toxin binding affinity for nAChR, while Glu11 may dictate 

differential toxin affinity between nAChR isoforms. The protonation state of these histidine 

residues and therefore the charge on the -conotoxin may contribute to the observed differences 

in binding affinity and selectivity. In this study, we assess the pH dependence of the protonation 

state of His9 and His12 by 
1
H NMR spectroscopy and constant pH molecular dynamics 

(CpHMD) in α-CTxMII, α-CTxMII[E11A], and the triple mutant, α-CTxMII[N5R:E11A:H12K]. 

The E11A mutation does not significantly perturb the pKa of His9 or His12, while 
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N5R:E11A:H12K results in a significant decrease in the pKa value of His9. The pKa values 

predicted by CpHMD simulations are in good agreement with 
1
H NMR spectroscopy, with a 

mean absolute deviation from experiment of 0.3 pKa units. These results support the use of 

CpHMD as an efficient and inexpensive predictive tool to determine pKa values and structural 

features of small peptides critical to their function.  

 

3.1 Introduction 

Conotoxins are small cysteine rich peptides isolated from the venom of predatory marine 

snails of the genus Conus.
1
 There are approximately 500 species of cone snail, each with a 

peptide rich venom.
2
 Conotoxins are categorized based on species of origin, sequence 

commonality, cysteine pattern, cystine connectivity, and target receptor. These peptides have 

been extensively studied for over thirty years because they are among the most potent and 

selective molecular probes for biological receptors.
3-5

 Here we focus on α-conotoxin MII (α-

CTxMII), a 16 amino acid peptide with the sequence GCCSNPVCHLEHSNLC, and disulfide 

bonds from Cys2 to Cys8 and Cys3 to Cys16 (Figure 3.1).  

α-CTxMII has been identified as a potent antagonist of nicotinic acetylcholine receptors 

(nAChRs) with an IC50 of 0.5 nM.
6
 nAChRs are heteropentameric members of the ligand-gated 

ion channel superfamily that regulate release of the neurotransmitter dopamine. To date, ten 

different - subunit combinations of nAChRs have been characterized.
7-10

 Pentameric nAChRs 

in the brain consist of 6423 and 623 containing nAChRs, and specifically, it is the 

6423 containing nAChRs on nerve cells that are degraded in Parkinson’s patients.
11, 12

 

Unfortunately, the 6 subunit is highly homologous to the 3 subunit, which is found throughout 

the body, making development of an effective molecular probe able to distinguish between the 

two channels difficult.
13

  

Native -CTxMII inhibits 62 subunits, however it also binds with similar affinity to 32 

subunits. Experiments have shown various mutations of -CTxMII can drastically alter the 

selectivity and the potency of the peptide towards certain nAChR subunit combinations.
13, 14

 

Specifically of interest here, is an E11A mutation of -CTxMII, which was found to show a 50-

fold preference for binding to the 62 subunit pair over the 32 subunit pair.
13

 Subsequent 

studies of the E11A mutant have confirmed the ability of the mutant to differentiate between 

nAChRs containing the 62 combination in the striatum of mouse, monkey, and humans.
11

  In 
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fact, the E11A mutant aided in the discovery that it is specifically the 6423 containing 

nAChRs on nerve cells that are degraded in Parkinson’s patients.
11, 12

 α-CTxMII[E11A] 

represent a first generation molecular probe for identifying different subunit containing nAChRs. 

This peptide played an important role in identifying the specific nAChR subunit combination 

that degrade in PD, and is a good candidate for future studies such as building a model for ligand 

screening and the development of diagnostic compounds and therapeutic drugs for PD. However, 

many obstacles remain, including identification of the underlying interactions leading to subunit 

specificity.  

It is well known that the functionality of many biological systems is highly dependent on pH. 

At an atomistic level, this pH dependence is due to the changing protonation state of ionizable 

residues, which alters the electrostatic environment and possibly the structure and dynamics of 

the system. It has been shown that -CTxMII has a higher binding affinity under more acidic 

conditions, and that binding activity is significantly decreased at pH’s above 7.
14

 The typical 

bulk water pKa of a histidine imidazole ring is ~6, thus the dependency of -CTxMII potency on 

pH is thought to be due to histidine protonation. This study also showed an H12A mutation 

reduced the potency of the peptide by >2700 fold (IC50 ~10,000 nM) in its ability to act as an 

antagonist to the 32 nAChRs expressed in Xenopus oocytes.
14

 Furthermore, circular dichroism 

studies of the H12A analog confirmed the molecular scaffold of -CTxMII[H12A] was 

conserved to a pH of 8.9, indicating the protonation of His12 is responsible for the pH 

dependence of -CTxMII binding to nAChR’s.
14

  

His12 protonation may also be related to the altered binding selectivity seen in -

CTxMII[E11A].  Analysis of the electronic environment surrounding His12, based on the protein 

data base (PDB) structures of -CTxMII (PDB accession number 1M2C), reveals that the 

imidazole ring of His12 is in close proximity (4.08 Å) to the neighboring carboxylate of Glu11.
15

 

In the structure of -CTxMII[E11A], the carboxylate neighboring the imidazole ring of His12 is 

absent, resulting in a modification of the electrostatic topography of the peptide.
16

 This alteration 

of the electrostatic topography may be responsible for the selectivity of -CTxMII[E11A] for 

62 over 32 containing nAChRs. However, what is not known is whether the selectivity of -

CTxMII[E11A] is due to the pKa shifts of the nearby histidine residues in positions 9 and 12, the 

overall charge in the electronic environment, or a combination of the two factors.  



24 

 

In the current study, 1D 
1
H NMR experiments and constant pH molecular dynamics 

simulations (CpHMD) were utilized to examine the protonation behavior of ionizable residues in 

native -CTxMII and two analogues; -CTxMII[E11A] and α-CTxMII[N5R:E11A:H12K]. This 

study allowed for the evaluation of protonation behavior of -CTxMII as relevant to binding to 

nAChRs, including the hypothesis that the protonation of His12 is responsible for the pH 

dependence seen previously in -CTxMII. Incorporation of the -CTxMII analogues allowed 

this study to evaluate the use of site-directed mutations to manipulate the pKa of ionizable 

residues in small peptides such as -CTxMII. Specifically, the Glu11 to Ala11 mutant was 

investigated to determine the effect on the pKa of His12, and if perturbed His12 protonation 

could be responsible for the altered binding selectivity seen in this peptide. The Glu11 to Ala11, 

Asn5 to Arg5, and His12 to Lys12 mutant was created to assess the impact of these mutations on 

the pKa of His9. Furthermore, the Asn5 to Arg5 and His12 to Lys12 mutations ensure an 

electropositive nature at either end of the -helix, which is essential for peptide-receptor binding, 

was retained under physiological pH. This evaluation of -CTxMII[N5R:E11A:H12K] 

represents the first time this mutant has been reported. Finally, this study allowed for the 

evaluation of the accuracy of this CpHMD method for predicting pKa values and other structural 

features of small peptides such as α-CTxMII.  

 

               

Figure 3.1: Peptide structures for A) -CTxMII, B) -CTxMII[E11A], and C) -

CTxMII[N5R:E11A:H12K]. 

 

3.2 Methods 

Similar system preparation protocols and methodology were implemented for all α-CTxMII 

variants presented in this paper unless otherwise noted.  
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3.2.1 Materials  

Properly folded, high purity (>95%) α-CTxMII peptides were purchased from CS Bio Co. 

(Menlo Park, CA), 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (98%), D2O (99.9%), 

NaOD (99.5%), and DCl (99.8%) were purchased from Cambridge Isotope Laboratories. 

Standard solutions for pH calibrations were obtained from Fisher and Ricca Chemical Company. 

Buffering compounds were purchased from Acros Organics or Fisher and were of the highest 

purity available. 

 

3.2.2 NMR spectroscopy 

 High-resolution one-dimensional proton (1D 
1
H) and TOtal Corrleation SpectroscopY 

(TOCSY) spectra were acquired for 1.7 mM samples of α-CTxMII in 90% H2O and 10% D2O at 

15°C on a Bruker Avance III NMR spectrometer at 14.1 T field strength using a TXI indirect 

detection probe. High-resolution 1D 
1
H NMR spectra were acquired with the transmitter set to 

the solvent resonance, and a sweep width of 12200 Hz. TOCSY spectra were obtained with the 

transmitter set to the solvent resonance, a 7200 Hz spectral width, and a 60 ms mixing time. The 

H2O resonance was manually selected for each sample and minimized using pre-saturation. 

Spectra were processed using Bruker Topspin (v. 2.1) software. 

 

3.2.3 NMR titrations 

Peptide samples were titrated in excess of twelve steps over a pH range of 2-10. An IQ 240 

pH meter was used with an ISFET micro pH probe (IQ Scientific Instruments) to measure pH 

values before and after the acquisition of 1D 
1
H spectra. Teflon tubing (4 mm O.D.) attached to a 

10 μL auto pipetter was used to add 1-3 μL aliquots of concentrated (0.1-1.1 M) NaOD or DCl 

directly into the samples. The pH of each sample was also taken after the spectrum was acquired, 

and spectra were accepted only for differences of < 0.03 pH units before and after NMR 

analysis.
17

  

 

3.2.4 Constant pH molecular dynamics  

The theoretical background for constant pH molecular dynamics (CpHMD) has been 

extensively reported in the literature and therefore will only be briefly discussed here.
18, 19

 The 

benefits of CpHMD simulations include the explicit coupling of protein conformations and the 
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protonation states of ionizable amino acids during a molecular dynamics (MD) simulation. The 

CpHMD method utilized here models protein dynamics with the AMBER parm99SB force field 

while the solvent is represented with the Generalized-Born (GB) implicit solvent model.
20-23

 

Protonation states for the ionizable amino acid residues are sampled periodically using the Monte 

Carlo method, with the protonation transition free energy, G, used as the Metropolis 

accept/reject criterion. The transition free energy is calculated according to Equation 3.1: 

 

                                            
, ,

ln10
B a ref e e ref

G k T pH pK G G                                 (3.1) 

 
where kB is the Boltzmann constant, T is temperature in Kelvin, pH is the specified solvent pH, 

pKa,ref is the pKa of the reference compound, Ge is the electrostatic component of the 

protonation transition energy, and Ge,ref is the electrostatic component of the protonation 

transition energy of the reference compound. 

The starting configurations for the CpHMD simulation of  α-CTxMII utilized NMR 

structural data and protonation states (PDB accession number 1M2C).
15

 The two mutants, α-

CTxMII[E11A] and α-CTxMII[N5R:E11A:H12K], were created using the α-CTxMII NMR 

structure and the site-directed mutagenesis tool in the Swiss PDB Viewer program.
24

 Upon 

creating the relevant mutations, the Swiss PDB Viewer was used to identify the most 

energetically favorable side chain rotamer orientations and the new structure files were saved in 

the PDB format. The α-CTxMII and two mutant α-CTxMII PDBs were then used with the LEAP 

program in AMBER11 to create topology and coordinate files.
25

 All systems were described by 

the parm99SB force field with the ionizable residues described by the constant pH force field as 

implemented in the AMBER11 code.
25

 The solvent was described in an implicit fashion using 

the modified Generalized-Born solvent model (igb = 2),
23

 with a salt concentration of 0.1 M, and 

a non-bonded cutoff of 30 Å. The Monte Carlo algorithm used to determine the protonation state 

of the ionizable residues during the CpHMD simulation was performed every 5 time steps (10 fs) 

with a global simulation time step of 2 fs. The length of bonds to hydrogen atoms were 

constrained using the SHAKE algorithm and the temperature was maintained at 300 Kelvin by 

use of Langevin dynamics with a collision frequency of 2 ps
-1

.
18, 25, 26

 After the systems were 

created, each of the three α-CTxMII systems  were subjected to 4000 steps of geometry 

optimization using the steepest descent algorithm. Each optimized system was then used to 

create a pH titration experiment. The pH titration experiment consisted of 13 separate 
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simulations, one simulation for each pH value between 3.0 and 9.0 separated by 0.5 pH units. 

The three pH titration experiments (a total of 39 individual simulations) were equilibrated for 10 

nanosecond (ns) followed by 60 ns of data collection in the canonical ensemble.  

 

3.2.5 Determination of pKa values 

The pKa of ionizable amino acid residues were independently determined by NMR 

experiments and computational simulations. Both methods used the creation of titration curves to 

approximate residue pKa values through the use of the Henderson-Hasselbalch (H-H) equation 

(Equation 3.2):  

 

                                                         (
  

  
)                                                         (3.2) 

 
In NMR experiments, the chemical shift of the labile proton, δH is observed to change in 

response to alteration of the pH. For the purpose of calculating the pKa value of a particular 

ionizable residue, a method similar to that described by Silverstein was used, where the chemical 

shift is converted into the fraction of protonated species, α, according to Equation 3.3:
27

 

 

                                                 
  

       
                                                                             (3.3) 

 
 

where Δδ is the difference between the chemical shift for the fully deprotonated species and the 

observed chemical shift at a given pH value       deprotonated obs , and ΔδTotal is the 

chemical shift between the protonated and unprotonated species      Total protonated deprotonated . 

Substitution of Equation 3.3 into Equation 3.2 yields the following modified H-H equation 

(Equation 3.4): 

 

                                                        (
   

 
)                                                                (3.4) 

 
To determine the pKa of the histidine residues Equation 3.4 was fit to the NMR data. In the 

case of the CpHMD data, a direct fit of the fractional protonated values was performed (i.e. the  

in Equation 3.4 was replaced with the percent protonated). In both cases, Equation 3.4 was fit 

using an iterative algorithm that optimizes the pKa value by minimizing a built-in scoring 

function. The scoring function for this procedure was the root-mean squared (RMS) error 



28 

 

between the observed chemical shift and the theoretical chemical shift at a specific pH and pKa 

value as determined by the H-H equation.   

To determine if the H-H equation is an appropriate assumption for this system, the titration 

data can also be fit to the standard hill equation, which accounts for interactions between 

ionizable residues. The standard hill equation can be written as: 

 

                                                          (
  

  
)                                                        (3.5) 

 
In Equation 3.5, n is the hill coefficient, which is 1 for a residue that follows ideal H-H behavior. 

To determine n, the log10([1-]/) was plotted vs. pH for each set of titration data, and the slope 

of the line was determined by performing a least squares regression to the linear portion of the 

data 
18, 28

. To determine the significance level at which the resulting hill coefficient differs from 

1, a p-value was calculated for each titration curve, with p < 0.05 taken to indicate statistically 

significant none H-H behavior.
18

    

In addition to the previously described H-H fitting procedure, an averaging method was also 

used to determine the pKa from CpHMD simulation data. This method, as previously described in 

the literature, involves averaging the pKa values from all simulations in which the calculated pKa 

is within two pKa units of the pH.
18

  

 

3.3 Results and discussion 

3.3.1 NMR 

 High-resolution 1D 
1
H NMR spectra of α-CTxMII and analogs have been acquired at pHs 

ranging from 2-10 (Figure 3.2), while titration curves (Figure 3.3) and subsequent pKa values and 

hill coefficients (Table 3.1) have been created for the histidine residues using Equation 3.4 and 

Equation 3.5, respectively. The titration plots shown in Figure 3.3 indicate the H-H equation 

accurately represents the protonation behavior of the histidine residues, with small to moderate 

deviations from ideal behavior.  All proteins are expected to have some degree of none H-H 

behavior due to interactions between ionizable residues, even small peptides such as α-CTxMII. 

Significant charge coupling is typically characterized by a hill coefficient that differs from 1 by 

>0.3,
18, 28-30

 or a p-value < 0.005.
18

 As Table 3.1 shows, all residues were found to have a hill 

coefficient within + 0.22 of 1, and a p-value > 0.7, indicating the H-H equation is a reasonable 

assumption for this system.    
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Figure 3.2  Representative high resolution 1D 
1
H NMR spectra of A) -CTxMII, B) -

CTxMII[E11A], and C) -CTxMII[N5R:E11A:H12K].  The pH value is shown for each 

spectrum, and the His12 C2H proton is labeled with an “x”, while the His9 C2H proton resonance 

is labeled with an “*”.  In all cases, the spectra are stacked from low pH (bottom) to high pH 

(top). 
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Figure 3.3 Titration curves produced from 1D 

1
H NMR titration experiments. The plots depict 

A) -CTxMII B) -CTxMII[E11A] and C) -CTxMII[N5R:E11A:H12K] with His12 () and 

His9 (). The fitted H-H curve is shown as a solid line. 

 

The pKa values in Table 3.1 reveal His9 and His12 in native -CTxMII have similar pKa 

values of 6.61 and 6.52, respectively, while in the α-CTxMII[E11A] mutant, the pKa of His9 

shows a small decrease of 0.13 and the pKa of His12 shows a small increase of 0.28. However, 

these small shifts in pKa are consistent with thermal fluctuations, and thus do not constitute a 

significant deviation. In the -CTxMII[N5R:E11A:H12K] peptide, a more significant shift is 
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observed for the pKa of His9, which is approximately 0.9 pKa units lower than the pKa of His9 in 

α-CTxMII.  

 

Table 3.1: Comparison of pKa values, hill coefficients, and p-values obtained from 
1
H NMR 

experiments and CpHMD simulations. Standard deviations are shown in parantheses. For 

pKaAVG, standard deviations were obtained by splitting each simulation trajectory into three 20 ns 

sub-trajectories. 

 

 

Previous studies have shown that a positively charged quaternary nitrogen plays an important 

role in the binding of nicotine and acetylcholine to nAChR’s.
31-33

 Likewise, studies have 

indicated that positively charged histidine residues in -CTxMII play an important role in the 

binding activity. Specifically, a study on the effect of pH on the potency of native -CTxMII 

acting on 32 subunits found that -CTxMII was more potent under acidic conditions (pH=5.5) 

than physiological conditions (pH=7.2), and was ineffective under basic conditions (pH=8.9).
14

 

The effect of pH on toxin potency indicated that the protonation of one or both histidine residues 

plays an important role in the binding activity, which is supported by the current titration 

experiments. The pKa of His9 and His12 were found to be ~6.5, which corresponds to the 

histidines being 91% protonated at a pH=5.5, 20% protonated at a pH=7.2, and 0.3% protonated 

at a pH=8.9. Thus, protonation and potency correlate well at various pH values, supporting the 

hypothesis that positively charged histidine residues are necessary for binding of -CTxMII to 

nAChR’s. Several studies have shown that alanine substitution at His12 has a significantly larger 

impact on toxin binding affinity than at His9, suggesting that the protonation state of His12 is the 

major factor affecting toxin potency.
13, 14

 However, due to the similar pKa value of His9 and 

His12, the current pKa results do not rule out the protonation of His9 as a contributing factor to 

the observed pH dependence of -CTxMII potency.  
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Although results seen here support the importance of His12’s protonation state, the pKa 

values of His12 (and His9) are similar in the -CTxMII and -CTxMII[E11A] peptides. Thus, it 

does not appear that Glu11 has a substantial effect on the observed pKa of His12, indicating 

factors other than His12 protonation are responsible for the selectivity seen in the -

CTxMII[E11A] mutant. A possible contribution to the change in selectivity could be the 

disruption of the -helical content in the -CTxMII[E11A] mutant. However, 
1
H NMR 

structural data show the -helical content in the E11A mutant is highly conserved, making it 

likely the removal of the negatively charged Glu11 itself causes the altered selectivity. In 

addition, it is possible that the small shift (+0.3) in the pKa of His12 in -CTxMII[E11A], or 

other factors involving His12, are responsible for the altered selectivity.  

This study represents the first reporting of the -CTxMII[N5R:E11A:H12K] analogue. The 

N5R and H12K mutations ensure either end of the -helix, which spans from Asn5 to Ser13, 

retains a positively charged nitrogen under physiological pH conditions. As discussed above, a 

quaternary, positively charged nitrogen atom has been shown to play a crucial role in the binding 

of nicotine and acetylcholine to nAChR’s, and a positively charged His12 seems to play an 

important role in the binding of -CTxMII. Thus, it is hypothesized this peptide may have an 

increased potency under physiological conditions, while also retaining the binding selectivity 

seen in the -CTxMII[E11A] peptide. Interestingly, we found the pKa of the remaining His9 in 

-CTxMII[N5R:E11A:H12K] to be 5.8, a decrease of ~0.8 from the -CTxMII value. This is a 

much larger pKa shift than was seen in -CTxMII[E11A], and provides an example of 

manipulating the protonation state of a histidine residue within small peptides. 

 

3.3.2 CpHMD 

3.3.2.1 pKa predictions and Hendserson-Hasselbach behavior 

CpHMD simulations were performed on -CTxMII, -CTxMII[E11A], and -

CTxMII[N5R:E11A:H12K] over a pH range of 3 to 9 in increments of 0.5. Titration curves 

showing the percent protonation for residues that were titrated (residues allowed to have 

dynamic protonation states during the CpHMD simulations) as a function of pH, as well as the 

H-H fitted curve, are shown in Figure 3.4. The simulation results indicate that all residues follow 
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nearly ideal H-H behavior, in agreement with the 
1
H NMR titration experiments, Figure 3.3. 

Given that all residues in these systems have a large degree of solvent exposure, it is expected 

that nearly ideal H-H behavior will be observed with relatively minor shifts in the observed pKa 

value as compared to their typical bulk water values. 

Table 3.1 provides both the NMR derived pKa values and the predicted pKa values obtained 

from the CpHMD simulations. As described in the methods section, two separate procedures 

were utilized to predict the pKa values; the first (pKaHH), involves fitting the H-H equation to 

percent protonation data at various pH’s, while the second (pKaAVG) involves averaging pKa 

values from simulations in which the pKa is within 2 units of the  pH value.
18

 To evaluate the 

accuracy of either method as compared to the experimentally determined pKa values, the mean 

absolute deviation (MAD) between the computational and experimental values was computed. It 

is found that for pKaHH the MAD is 0.4, while the MAD for pKaAVG is 0.3, indicating good 

agreement between both methods. Given the slightly better agreement between the experimental 

data and the averaging technique, the pKaAVG value will be used in the remainder of the 

discussions in this manuscript.  

Our reported MAD value of 0.3 for pKaAVG is encouraging given that an average error from 

experiment of 0.82 was reported in the validation of this CpHMD method, and subsequent 

studies have reported average errors from experiment on the order of 1 pKa unit or greater.
18, 34, 35

 

The relatively small MAD values reported here are believed to be due to several factors 

including the small size of the peptide, high solvent exposure for the protonatable residues, and 

the long simulation time (70 ns) that was used to sample the various protonation states. The 

small size of the peptide favorably impacts the accuracy of the CpHMD method by reducing the 

complexity of residue interactions within the peptide while also enabling the possibility of 

sufficiently sampling the various side chain orientations and collective peptide motions. The high 

solvent exposure of the peptide ensures that the predicted pKa values will not depend on complex 

hydrophobic (i.e. buried environments) and therefore should be easier to predict than those for a 

larger more complex protein.
35

 The use of simulations that are >3 times longer than typically 

employed for CpHMD ensured sufficient sampling of the various side chain conformations and 

protonation states.
18

 



34 

 

                             

Figure 3.4 Titration curves produced from CpHMD simulations. The graphs depect A) -

CTxMII, B) -CTxMII[E11A] and C) -CTxMII[N5R:E11A:H12K] with His12 (), His9 (), 

and Glu11 (■). The fitted H-H curve for each residue is shown as a solid line. 

 

Beyond looking at the overall average deviation from experiment, the calculated pKa values 

of specific residues were also in good agreement with experiment. As noted above, the 1D 
1
H 

NMR titration experiments show similar pKa values for His9 (6.61) and His12 (6.52) in -

CTxMII. The CpHMD simulations also reveal similar pKa values, with calculated values of 6.5 

and 6.7 for His9 and His12, respectively. It is noted that the relative order for the predicted pKa 

values are flipped in the CpHMD simulations, with His9 having a lower pKa than His12, while 
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the NMR studies indicate His9 has the higher pKa. However, given the standard deviations and 

the MAD value reported in Table 3.1, it is not expected that the CpHMD method would be able 

to resolve between these two closely related pKa values. Thus, within statistical error, the 

individual pKa values of His9 and His12 from the CpHMD simulation can be considered to be 

approximately equivalent and in agreement with the experimental findings.  

In the -CTxMII[E11A] peptide, 
1
H NMR experiments show the pKa of the histidine 

residues to be similar to the -CTxMII peptide, with the pKa of His9 and His12 determined to be 

6.48 and 6.80, respectively. Taking into account the standard deviation of the reported CpHMD 

pKa values, the CpHMD calculated pKa values of 6.2 and 6.4 for His9 and His12, respectively, 

can be considered to be consistent with experiment. The largest pKa shift was seen in the triple 

mutant -CTxMII[N5R:E11A:H12K], where 
1
H NMR experiments show the pKa of His9 shifted 

from the -CTxMII value of 6.61 to 5.77, a decrease of ~0.8 pKa units. The CpHMD simulations 

show the pKa of His9 shifting from 6.5 to 5.9, a result that is statistically significant and in 

agreement with the direction of the shift reported in the NMR data, although with a slightly 

smaller magnitude.  

It is also of interest to examine the convergence of the calculated pKa values along the 

simulation trajectory. Figure 3.5 shows the difference between the calculated pKaAVG and the 

experimental pKa along the time course of the simulation trajectory. Inspection of Figure 3.5 

reveals that nearly all calculated pKa values quickly converge to near their experimental value, ± 

0.3 pKa units. One exception is His9 in -CTxMII[N5R:E11A:H12K], which takes the entire 70 

ns simulation to move from a difference ~0.8 to ~0.2 from the experimental pKa. This indicates 

that, even in the case of small peptides such as -CTxMII, simulation times longer than the 20 ns 

originally proposed for this method, may be required to obtain accurate results.
18

 However, 

utilizing CpHMD coupled with other MD techniques has been shown to reduce simulation 

convergence times.
28, 29, 36, 37

 In particular, pH replica exchange simulations, such as the one 

recently developed and implemented into Amber by Roitberg et. al., allows for enhanced 

conformation and protonation state sampling, and has been shown to produce pKa values in good 

agreement with experiment with the advantage of faster convergence times.
36
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Figure 3.5 Time evolution of the calculated pKaAVG value.for -CTxMII-His9 (), -CTxMII-

His12 (*), -CTxMII[E11A]-His9 (+), -CTxMII[E11A]-His12 (■), and -

CTxMII[N5R:E11A:H12K]-His9 (). 

 

The above discussions reveal good correlation between pKa calculations from CpHMD 

simulations and NMR titration experiments. CpHMD simulations can also be used to investigate 

other factors relating to residue protonation, such as proton tautomerism. A breakdown of the 

proton tautomerism for the histidine residues in the various peptides at pH=7 (around 

physiological pH range) is shown in Table 3.2. The table shows that in the case of -CTxMII, 

His12 prefers the epsilon nitrogen (N singly protonated state, while in -CTxMII[E11A], 

His12 shows no preference for the N or delta nitrogen (N singly protonated state. This 

difference in preference for the N or N protonation state appears to be due to the stabilizing 

interaction of the  protonated His12 and Glu11 in -CTxMII, and the increased fluctuation 

between the N and N in the absence of the stabilizing Glu11 in the -CTxMII[E11A] mutant.
13

 

However, other features of Glu11 and His12 indicate there is limited interaction between the two 

residues. This includes the average distance between the two residues remaining relatively 

unchanged across the various pH trajectories (data not shown), as well as the pKa and other 

structural features involving His12 remaining similar in -CTxMII and -CTxMII[E11A] 

(discussed further below). Thus, it is difficult to determine the exact cause of the observed 

tautomer prefence in the simulations.  It is found that His9 does not show a clear trend across the 

different systems, which is most likely due to the larger separation distance between the side 

chains of His9 and Glu11 as compared to the separation distance between His12 and Glu11. 
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Table 3.2: Breakdown of the proton tautomer distribution for histidine residues in the various 

peptides at pH=7. HIP indicates a doubly protonated immidazole ring, while HID and HIE 

indicate singly prototonated immidazole with the excess proton residing on the  nitrogen and  

nitrogen, respectively. 

                                

3.3.2.2 Structural dynamics 

CpHMD simulations can be used to probe the connection between structure, dynamics and 

the protonation state of ionizable residues. As an initial validation step, structural features of the 

CpHMD simulations were compared to previously published 
1
H NMR structural data of -

CTxMII and -CTxMII[E11A]. NMR data for -CTxMII was collected at pH=3.3 (PDB 

accession number 1M2C), while data for -CTxMII[E11A] was collected at pH=3.
15, 16

 

Therefore, simulation trajectories for -CTxMII at pH=3.5 and -CTxMII[E11A] at pH=3 were 

used for evaluation.  

An initial comparison of the backbone RMSD of the -CTxMII and -CTxMII[E11A] 

simulation trajectories and 
1
H NMR structures were computed using a plug-in in the Virtual 

Molecular Dynamics (VMD) code.
38

 For the -CTxMII peptide, the average RMSD between the 

14 reported NMR structures was 1.4  0.4 Å
2
, while the RMSD for the CpHMD trajectory was 

2.1  0.4 Å
2
, and the RMSD between the 

1
H NMR and CpHMD simulation trajectory was 2.0  

0.4 Å
2
. For the -CTxMII[E11A] system, the backbone RMSD for the 19 reported NMR 

structures was 0.8  0.1 Å
2
, while the CpHMD simulation trajectory was 2.2  0.2 Å

2
, and the 

RMSD between the two methods was 2.0  0.2 Å
2
. These results indicate good agreement in the 

overall structural characteristics between the tens of structures reported by 
1
H NMR and the 

millions of structures predicted by the CpHMD simulations, indicating the CpHMD simulations 

accurately capture the experimentally observed structural fluctuations in these peptides.   

We further compared the use of NMR and CpHMD in their determinations of specific 

residue orientation distributions.. The 1 and2 angles of the ionizable residue of His12 in -

CTxMII and -CTxMII[E11A] were computed for the simulation trajectories and the 
1
H NMR 
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data. When evaluating the orientation of histidine amino acids, 1 is defined as the dihedral 

involving N-Cα-Cβ-C and indicates the rotation about the Cα-C atoms, while2 is the dihedral 

involving Cα-Cβ-C-N and indicates the rotation about the Cβ-C atoms.
39

 Results for -CTxMII 

and -CTxMII[E11A] at the acidic pH values used in the RMSD calculations are shown in 

Figure 3.6. The figure indicates a large portion of the 1 and2 angles sampled in the simulations 

are similar to those seen in the 
1
H NMR structures, although the simulations sample a broader 

range of dihedral angles. Figure 3.6 also reveals that both the 
1
H NMR titration experiments and 

the CpHMD simulations predict little change in the dihedral distribution of His12 in -CTxMII 

and -CTxMII[E11A] peptides, which similar to the pKa findings, indicates Glu11 does not have 

a substantial effect on His12. 

The above discussion, while indicating similar 1 and 2 distribution between CpHMD and 

1
H NMR, were conducted at pH values well below the physiological pH. The 1 and 2 angles 

for His12 in -CTxMII and -CTxMII[E11A] at pH=7 are also shown in Figure 3.6. The figure 

indicates the overall distribution pattern is similar between acidic and physiological pH, although 

more local minima are observed at physiological pH, indicating an increased flexibility of the 

side chains. Specifically, in -CTxMII at an acidic pH, His12 resides predominantly at a 1 value 

of around -70, with minor distributions at near -170 and 70. Near physiological pH, the 

distribution of 1 values at ~-170 and 70 are more pronounced. At a physiological pH, the 

increased flexibility is likely due to His12 transitioning to a neutral protonation state, which 

results in reduced charge-charge and hydrogen bonding interactions with the surrounding 

environment. 

CpHMD simulations were also utilized to analyze structural features of the newly reported -

CTxMII[N5R:E11A:H12K] peptide. The structural stability as indicated by the RMSD of this 

peptide at an acidic pH=3 was found to be 2.5  0.7 Å. This result shows that the overall 

structural fluctuations of -CTxMII[N5R:E11A:H12:K] are slightly higher than the other two 

peptides, although the RMSD still indicates the peptide is stable. Analysis of the dihedral angle 

of the remaining His9 at a pH=3 and pH=7 indicate it follows a similar trend as histidine residues 

in -CTxMII and -CTxMII[E11A]. This includes a major 1 distribution at around -170, and 

sampling a broader 1 and 2 range around physiological pH. These results indicate that the three 

mutations have resulted in a stable peptide with a modified histidine pKa. Beyond showing the 
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ability to manipulate residue pKa while also retaining overall structural features, this peptide may 

serve as a good experimental probe for the role of His9 protonation in binding and specificity to 

nAChRs.  

 

 

Figure 3.6 Plots showing His12 1 (horizontal axis) and 2 (vertical axis) in A) -CTxMII at 

acidic pH, B) -CTxMII[E11A] at acidic pH, C) -CTxMII at neutral pH, and D) -

CTxMII[E11A] at neutral pH.  

 

 

3.3.2.3 Charge Dynamics 

In addition to the structural features, CpHMD simulations allow for the inspection of residue 

charge states over the simulation trajectory, which enables the possibility to evaluate charge 

dynamics and various charge-charge interactions. To evaluate possible dynamical charge 

interactions in the various peptides, the charge of ionizable residues in 2 ns increments over the 

entire simulation trajectory at a pH of 7 were computed, and are displayed in Figure 3.7. 

Inspection of the figure indicates that in -CTxMII, the protonation state of the His9 and His12 

residues are highly dynamic, while in the E11A mutant this dynamic nature is less pronounced. 

This observation may be related to the altered selectivity of -CTxMII[E11A] at physiological 

pH, and indicates the presence of Glu11 enables this dynamic charge-charge interaction by 
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offsetting any net accumulated positive charge. Another implication of these results is when the 

pH is such that the histidine residues can adopt multiple protonation states (pH~ pKa ), it appears 

His9 and His12 prefer to reside in opposite protonation states. Thus, it is expected that mutation 

of either of these residues to an amino acid with a high pKa would lead to a suppression of the 

pKa for the remaining His residue. As discussed above, the pKa reduction is observed in the -

CTxMII[N5R:E11A:H12:K] peptide, where the pKa of His9 is ~0.8 lower than the value seen in 

-CTxMII, although it is likely the N5R mutation also contributed to the reduced His pKa. 

 

                                     
Figure 3.7: Percent protonation for the various -CTxMII peptides at pH=7. The graphs depict 

A) -CTxMII, B) -CTxMII[E11A], and C) -CTxMII[N5R:E11A:H12K] with residue 12 (), 

residue 9 (), and residue 11 (■). 
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3.4 Conclusion 

1D 
1
H NMR titration experiments and CpHMD simulations have been performed on -

CTxMII, and the two mutant peptides -CTxMII[E11A] and -CTxMII[N5R:E11A:H12K]. The 

1D 
1
H NMR results indicate His9 and His12 have pKa values of 6.61 and 6.52, respectively, and 

follow nearly ideal bulk water H-H behavior. It is found that mutation of Glu11 to Ala11 has 

little effect on the pKa of His12, indicating it is the removal of Glu11 itself that is responsible for 

the altered nAChR selectivity seen in this peptide. In -CTxMII[N5R:E11A:H12K], the pKa of 

the remaining His9 drops by ~0.8, providing an initial means of manipulating the protonation 

behavior of histidine residues in small peptides such as -CTxMII[E11A], and a good candidate 

for future studies examining the role of His9 protonation in nAChR binding . Furthermore, the 

introduction of positively charged residues on either side of the -helix is hypothesized to 

promote favorable binding properties, including a positively charged nitrogen on residue 12 (e.g. 

His12). 

The CpHMD predictions are in good agreement with the 1D 
1
H NMR titration results, with 

an overall MAD of 0.3, as well as showing strong similarity to previously published structural 

data. In general, the agreement with experiment is attributed to the small size of the peptide, the 

high solvent exposure of ionizable residues, and the long time simulations used to sufficiently 

sample various peptide conformations. The CpHMD simulations were also able to accurately 

capture relative pKa behavior of individual residues, including the finding that an E11A mutation 

has little effect on the pKa of His12, and the pKa of His9 is reduced in the -

CTxMII[N5:E11A:H12:K] mutant. The CpHMD simulations also show good agreement with 

previously published structural data of -CTxMII and -CTxMII[E11A], and reveal that the 

newly reported -CTxMII[N5:E11A:H12:K] is structurally stable and possesses similar 

characteristics as the -CTxMII and -CTxMII[E11A] peptides. 

Overall, the study reported here investigated the protonation behavior of -CTxMII and two 

analogues, giving further details on the role of histidine protonation in experimentally observed 

binding trends, as well as providing an initial examination of modifying histidine protonation. 

The use of CpHMD is shown to accurately and quickly predict pKa values in small peptides, as 

well as exploring dynamic structural and charge features of these peptides. 
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Abstract 

Solution pH and the pKa values of ionizable residues are critical factors known to influence 

enzyme catalysis, structural stability, and dynamical fluctuations.  Presented here is an 

exhaustive computational study utilizing long time constant pH molecular dynamics, pH-replica 

exchange simulations, and kinetic modeling to evaluate pH dependent conformations, charge 

dynamics, residue pKa values, and the catalytic activity-pH profile for cellobiohydrolase Cel7B 

from Melanocarpus albomyces. The predicted pKa values are in good agreement with available 

experimental data, and support the role of Glu212 as the catalytic nucleophile and Glu217 as the 

acid-base residue.  The presence of a charge correlated active site and an extensive hydrogen 

bonding networks is found to be critical in enabling favorable residue orientations for catalysis, 

and shuttling excess protons around the active site.  Clusters of amino acids are identified that act 

in concert to effectively modulate the optimal pH for catalysis while elevating the overall 
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catalytic rate with respect to a non-coupled system.  The work presented here demonstrates the 

complex and critical role of coupled ionizable residues to the proper functioning of 

cellobiohydrolase Cel7B, functionally related glycosyl hydrolases, and enzymes in general. The 

simulations also support the use of the CpHMD for the accurate prediction of residue pKa values 

and to evaluate the impact of pH on protein structure and charge dynamics.  

 

4.1 Introduction 

Lignocellulosic biomass is the primary carbon source for many organisms and is 

decomposed, in part, by the cellulase family of enzymes.
1
 The widespread use of cellulase 

enzymes in the animal kingdom highlights their vital importance to the overall carbon flow in the 

biosphere. Cellulase enzymes also have several industrial applications, including use in the 

paper, pulp, textile, detergent, food, and fuel industries.
2
 In particular the use of cellulase 

cocktails for the production of biofuel and fine chemicals from lignocellulosic biomass feedstock 

shows great promise as a petroleum alternative.
3
 Thus, there are significant economic and 

environmental incentives to understanding these ubiquitous enzymes.   

Cellulase enzymes have a wide range of pH optima although they share similar active site 

structural features.
4
 A common recurring motif is the presence of two acidic residues that are 

instrumental to the catalytic reaction. Although cellulase enzymes share this catalytic dyad the 

composition of the surrounding residues varies. In particular the composition of ionizable 

residues in close proximity to the catalytic dyad and residing on the loop regions surrounding the 

catalytic tunnel/groove have been shown to impact cellulase pH optima
5-10

 as well as the 

temperature stability.
6,11-14

 A recurring mutation is the addition of a histidine residue, which has 

been shown to increase the optimal pH of the enzyme.
5-8

 Kinetic modeling has been used to 

evaluate the role of histidine residues near the active site that may couple with the catalytic 

dyad.
15

   This charge coupling and hydrogen bonded approach has identified histidine as a 

critical proton source/sink that results in an increase in the overall kcat and kcat/KM values in 

addition to shifting the pH optimum to more alkaline conditions. The altering of the local active 

site environment through the addition or removal of ionizable residues is believed to modulate 

the ability of the enzyme to prime the active site dyad for catalysis. Yet, missing is a molecular-

level understanding of the various possible ionizable residue interactions, charge coupling, 

hydrogen bonding, and their ability to act in concert or in supportive roles for the efficient 
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transfer/transport of an excess proton.  A thorough knowledge of the active site ionizable residue 

interactions would greatly benefit our understanding of how enzymes utilize ionizable residues 

or groups of ionizable residues to transport protons and conduct catalysis. 

A promising model system to evaluate the complex residue interactions that facilitate 

catalysis is Melanocarpus albomyces (Ma) Cel7B due to its optimal pH residing at ~6, and the 

presence of a histidine in close proximity to the catalytic dyad. Ma Cel7B is a single module, 

thermophilic cellobiohydrolase that possesses two glutamates functioning as the catalytic 

nucleophile and acid-base residues, Figure 4.1.
16

 The catalytic dyad is supported by an aspartate 

that resides between the nucleophile and acid-base residues.  The central position of this residue 

has led to the hypothesis that this residue plays an important secondary role in the catalytic 

mechanism, likely by controlling the protonation and orientation of the nucleophile.
16-19

 The 

active site also possesses an auxiliary histidine, which is too far away to directly interact with the 

acid-base.  It is hypothesized that this histidine influences the active site through charge 

coupling/hydrogen bonding with the central aspartate, and/or as a proton donor/acceptor.
16,18,20

 

As opposed to other glycosyl hydrolases that have a histidine within hydrogen bonding of the 

catalytic acid-base residue, the active site of Ma Cel7B provides the opportunity to evaluate 

alternate central and auxiliary residues that may impact the catalytic rate and optimal pH. This 

active site also enables the evaluation of extended charge coupling and hydrogen bonding 

networks, which likely play an important role in the catalytic event and thus impact the overall 

cellulose degradation rate by cellulase enzymes. 

Computational simulations have made a significant impact on obtaining molecular-level 

details pertaining to ligand binding and the mechanism of enzymatic catalysis for several 

macromolecule systems including cellulases.
21-31

 A computational technique that is particularly 

relevant to the study of enzymes is constant pH molecular dynamics (CpHMD).
32,33

 CpHMD 

allows for the explicit coupling of ionizable residue protonation states with dynamic protein 

motions and various conformations across a range of pH environments. Given that several steps 

of the retaining hydrolysis reaction mechanism (Figure 4.1) involve the transport of protons, the 

ionization state of the catalytic residues and the surrounding environment play a critical role, as 

indicated by recent CpHMD on Cel6A and Cel7A.
34

 Due to the difficulty in obtaining 

experimental data on the protonation of specific residues in a complex system such as a cellulase 
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enzyme, CpHMD is an ideal computational tool to gain an enhanced molecular-level 

understanding of residue pKa values and pH coupled dynamical motions.
32,34,35

  

 

                                     
 

Figure 4.1 Catalytic retaining mechanism (top) and the orientation of Glu212, Asp214, Glu217, 

and His228 with respect to the ligand in the active site of Ma Cel7B (bottom). 

 

In this study, we report on an exhaustive computational study that utilizes CpHMD 

simulations, replica-exchange molecular dynamic simulations, and kinetic modeling to evaluate 

the role of pH, residue pKa values, and dynamical fluctuations on the ability of Ma Cel7B to 

decompose cellulose.  The CpHMD method enables the accurate description of microscopic 



48 

 

residue protonation features and the resulting macroscopic pH dependence of Ma Cel7B. These 

insights provide an efficient means for future studies aimed at designing novel cellulase enzymes 

(i.e. improved pH tolerance). The protonation data and the impact of pH on the enzyme activity 

illuminates molecular-level  detail  pertaining to the reaction mechanism that are crucial to the 

ultimate goal of rationally designing tailored cellulases. In particular, it is found that modulating 

the protonation of His228 is a promising route to tuning the pH profile and overall catalytic rate 

of Ma Cel7B and other family 7 cellulases with a similar active site topology. The CpHMD 

simulations also provide insight into different residue orientations seen in X-ray crystal 

structures, and indicate that residue protonation is responsible for the flexibility seen in the 

crystal structures of Ma Cel7B.  

 

4.2 METHODS 

4.2.1 Structure Preparation.   

The crystal structure of cellobiohydrolase I from Melanocarpus albomyces (PDB ID: 2RFW) 

was used as the starting configuration for all free enzyme CpHMD simulations.
16

 For the 

substrate bound enzyme simulations, AutoDock 4.2 and AutoDockTools (ADT) were used to 

conduct docking calculations with the cellulase enzyme as the macromolecule and a 10-glucose 

oligomer as the ligand.
16,36

 The cellulase macromolecule was modified by removing all 

crystallographic waters followed by 1000 steps of steepest-descent and 1000 steps of conjugated 

gradient energy minimization using the UCSF Chimera package.
37

 The resulting macromolecule 

structure and the 10-glucose oligomer ligand were modified in ADT by adding polar hydrogens, 

merging all non-polar hydrogens, and adding Gasteiger charges. The ligand was allowed to 

contain a total of 24 active torsions, while the macromolecule was kept rigid. The grid-box 

created in ADT (Figure A1 in supporting information) was sufficiently large to encompass the 

active tunnel of the cellulase (i.e. sub-sites -7 to +3, see Figure 4.2 for numbering scheme), with 

a grid spacing of 0.375 Å and an overall box dimension 21x24x47 Å
3
. 

The docking calculations used the standard Autodock force field and Lamarckian Genetic 

Algorithm (LGA) to search for the best docked ligand conformers. The docking experiment 

consisted of 100 independent LGA runs with a population size of 150 and a random initial 

geometry for the ligand. The maximum number of energy evaluations was chosen as 25,000,000 

with the maximum number of generations set to 1000. The maximum number of top individuals 
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that automatically survived was set to 1, mutation rate was set to 0.02, crossover rate was 0.8, 

translational step size was set to 2 Å, and the quaternions and torsion step size was set to 50
o
. 

The conformation with the lowest energy was saved for subsequent simulations of the substrate 

bound enzyme system. Further analysis and verification of the suitability of the substrate bound 

enzyme structure can be found in Section 1 of the Supplemental Information. 

The free enzyme pdb from the Ma Cel7B crystal structure and substrate bound enzyme pdb 

generated from Autodock were used in the creation of input files for the AMBER12 program.
38

 

In both systems, the protein was modeled through the use of the parm99SB force field with the 

ionizable residues described by the constant pH force field as implemented in the AMBER12 

code.
33,38

 In the substrate bound enzyme system, the glucose oligomer was described by the 

glycam06 force field
39

 while the solvent was modeled in an implicit fashion using the modified 

generalized-Born solvent model, a salt concentration of 0.1 M, and a non-bonded cutoff of 30 

Å.
40

 Both the free enzyme and substrate bound enzyme systems were subjected to 4000 steps of 

minimization using the steepest descent algorithm. 

 

4.2.2 CpHMD Simulations.   

It is well established that family 7 cellobiohydrolases (i.e. Ma Cel7B) hydrolyze cellulose 

utilizing a double displacement net retaining mechanism, Figure 4.1.
16,19,41

 In the current 

CpHMD simulations, 17 residues in the active site tunnel of Cel7B were allowed to titrate 

(Figure 4.2) over a pH range encompassing the optimal catalytic pH of Ma Cel7B (i.e. pH ≈ 6). 

Given that the bulk water pKa for many of these residues (i.e. Lys and Tyr) are >10, it is not 

expected that all residues will titrate in the pH range under investigation. However, the 

electrostatic environment present in proteins can significantly alter the pKa of amino acids and 

therefore without a priori knowledge of the pKa in the enzyme environment, all titratable 

residues along the active site tunnel were investigated.
32,42-45

 The incorporation of ionizable 

residues that contain ring structures is further supported by recent work indicating that aromatic 

residues lining the active site tunnels/grooves of cellulase enzymes are important for substrate 

binding and processive action.
46-50

  Thus, all ionizable residues (i.e. Asp, Glu, His, Tyr, & Lys) 

in the active tunnel that may interact with the cellulose substrate, or impact the protonation state 

of the catalytic residues, were allowed to accept or donate protons for all simulations across the 

pH range under consideration.  
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Figure 4.2 Ionizable residues and structure for Ma Cel7B (top) without substrate and (bottom) 

substrate bound enzyme system. Ionizable residues (multi-colored) and the glucose oligomer 

(green) are shown in licorice representation. The various substrate binding sites are labeled -7 

through +3. 

 

In the CpHMD simulations, the Monte Carlo algorithm used in the determination of the 

ionizable residue’s protonation state was performed every 2 time steps, where the global 

simulation time step was 2 fs. Hydrogen atoms were constrained using the SHAKE algorithm, 

and the temperature was maintained at 300 K using Langevin dynamics with a collision 

frequency of 2 ps
-1

.
38

 The pH titration experiment consisted of 11 independent simulations; one 

simulation for each pH value between 3.0 and 8.0 separated by 1 pH unit, as well as 5 additional 

independent simulations at pH=6 (active pH) with starting configurations taken from the pH=3, 

4, 5, 7, and 8 trajectories. The various simulations comprising the two different pH titration 

experiments, one with a 10-glucose oligomer substrate bound to Ma Cel7B and one without 

substrate, were each run for 75 ns (5ns equilibration and 70 ns data collection) in the canonical 

ensemble (NVT). The total CpHMD simulation time of both systems was over 1.6 s, with ~1 s 

of simulation at Ma Cel7B’s most active pH (i.e. pH=6).    
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4.2.3 pH-Replica Exchange Simulations  

pH-replica exchange simulations were performed in Amber12 using the method developed 

by Itoh et. al. and implemented into Amber by Swails et. al.
51,52

 The pH-replica exchange 

method utilizes the same underlying Generalized Born implicit solvation technique as the 

original CpHMD method implemented in Amber,
33

 allowing for use of identical starting 

structures and simulation parameters as described above. In this method, solution pH is swapped 

between replicas to more efficiently sample the phase space of each pH value for the large 

system.
51-53

 A pH-replica exchange interval of 1000 steps was used to enhance the protonation 

state sampling, which is line with previous pH-replica exchange simulations that have used 

exchange intervals ranging from 400 to 4000 steps.
34,51,53

 An identical pH range as used in the 

conventional CpHMD simulations was sampled in the pH replica-exchange simulations (pH 3-8 

with an interval of 1 pH unit), with simulation times of 12 ns per pH trajectory conducted in the 

canonical ensemble.  

 

4.2.4 Determination of pKa values   

In the CpHMD simulations, the % protonation of ionizable residues was evaluated for each 

pH trajectory, allowing for the data to be directly fit to the modified Henderson-Hasselbalch 

equation (i.e. Hill equation)
53,54

: 

                                                     
 

loga

A
pH pK n

HA

    .                                         (4.1) 

In Equation 4.1, pH is the measure of the proton concentration in a particular simulation, pKa 

is the acidity constant for the species of interest, n represents the deviation from the ideal bulk 

water titration behavior (i.e. a slope of 1), and [A
-
]/[HA] is the ratio of un-protonated to 

protonated species. Equation 4.1 was fit using an iterative algorithm that optimizes the pKa and n 

values by minimizing a scoring function as outlined in McDougal et. al.
55

 The scoring function 

for this procedure was the root-mean-squared (RMS) error between the % protonation from the 

CpHMD simulations and the theoretical % protonation for a specific pKa and pH value using 

Equation 4.1.
55

 Two independent pKa values were obtained from the two CpHMD techniques; 

pH-Replica Exchange and Conventional CpHMD. It is noted that for pKa values calculated using 

data from the conventional CpHMD technique (pKa2), the protonation data from all the pH=6 
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trajectories were averaged into a single pH=6 data point for subsequent fitting with the Hill 

equation.  

The determination of pKa values from the pH-replica exchange simulations (pKa1) used 

scripts available from the Amber Update website. The resulting pKa values were used in the 

kinetic model described below in section 2.5. In addition to evaluating the overall residue pKa 

value, the kinetic model utilized in this study requires knowledge of residue sub-pKa values. 

Sub-pKa’s are described as the pKa for a particular residue when the other ionizable residues are 

in specific protonation schemes (e.g. the sub-pKa of Glu217 when Glu212, Asp214, and His228 

are protonated).
15

 The evaluation of the overall sub-pKa values were obtained from the CpHMD 

data using the same iterative fitting procedure described above with the input data parsed by the 

appropriate constraints (i.e. correct protonation of other residues).  

In addition to individual pKa values the ‘average active site’ pKa for the free enzyme and 

enzyme with substrate was evaluated. To determine the average active site pKa, the protonation 

of Glu212, Asp214, Glu217, and His228 at each pH were averaged. The average active site 

protonation at each pH was then converted to a fraction protonated using linear interpolation, 

similar to how the chemical shift of a labile proton in 
1
H NMR experiments is converted to 

fraction protonated.
55,56

 The data was then fit to the Hill equation to determine the average active 

site pKa value.        

 

4.2.5 Kinetic Model   

To relate the microscopic simulation results (i.e. individual residue pKa and sub-pKa values) 

to the macroscopic apparent activity-pH profile of the cellulase enzyme, the kinetic-pH model 

developed by Olivera-Nappa et. al. was utilized.
15

 This model allows for evaluation of the 

experimentally observable apparent catalytic rate coefficient (kcat,app) as a function of proton 

concentration (i.e. pH) and residue pKa values predicted by the CpHMD simulations. A further 

advantage of this kinetic model is its flexibility in describing various ionizable residues that 

contribute or may contribute to the overall apparent rate of the catalytic reaction. Here, the model 

of Olivera-Nappa et. al. was modified to consider a total of five active site protonation 

permutations. Model 1 is the most basic description, and only considers the ionization of the 

catalytic nucleophile and acid-base residues, Glu212 and Glu217, respectively. Model 2 includes 

the residues in Model 1 in addition to the central Asp214. Model 3 adds the auxiliary His228 to 
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the residues in Model 2. Model 4 is a perturbation of Model 3 that includes hydrogen bonding 

(i.e. coupled protonation states) effects between the catalytic acid-base Glu217 and the central 

Asp214, while Model 5 is a perturbation of Model 3 that includes hydrogen bonding between 

Glu217, Asp214, and the auxiliary His228.  

Presented here are the equations for kcat, kcat/KM, the various equilibrium constants, and the 

active fraction components.  A complete derivation of the Michaelis-Menten parameters is found 

in Olivera-Nappa et. al.
15

 The resulting expressions for (kcat)app and (kcat/KM)app for an enzyme 

with R ionizable residues in the active site are as follows:         
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                                                                              (4.3) 

 
where H

i
 is the proton concentration in the i

th
 state, ki is the rate constant for glycosylation (first 

irreversible step), kp is the rate constant for deglycosylation (second step), FN(i) is the active 

fraction for the free enzyme that has i protons, FI(j) is that active fraction for the substrate bound 

enzyme  that has j protons, while KN(i) and KI(j) are the acid dissociation constants for an 

unbound system with i protons and a substrate bound enzyme system with j protons, 

respectively. Expressions for the complete acid dissociation constants of the various models 

under consideration are given in Table 4.1, while expressions for the active protonation fraction 

are given in Table 4.2. 

The acid-dissociation equilibrium constants used in the model were calculated using the pH-

replica exchange results. The conventional CpHMD results were used for determination of the 
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Table 4.1 Expressions for Global Fraction Equilibrium constants used in the kinetic model. 
Model 1  Model 2 & 4  Model 3 & 5 
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Table 4.2 Expressions for Global active fraction protonated used in the kinetic models. 
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sub-pKa values (i.e. Ka(chn)) as the long-time trajectories allow for the evaluation of factors (i.e. 

the protonation of other residues) impacting the protonation of the residue under consideration at 

a given pH. The input values for the kinetic rate constants (i.e. ki,kp, and ks) were taken from 

Olivera-Nappa et. al.
15,57

   

 

4.3 Results and Discussion 

4.3.1 Comparison of pKa values from pH-replica exchange vs. conventional CpHMD.  

In the CpHMD simulations, 10 residues residing within the active groove (Tyr109, Tyr145, 

Tyr171, Asp35, Asp173, Asp214, Asp262, Glu212, Glu217, and His228) and 7 residues residing 

on surrounding loops (Tyr247, Tyr 370, Asp179, Asp198, Asp367, Asp368, and Lys181) were 

allowed to have dynamic protonation states. The predicted pKa values and hill coefficients for 

the ionizable residues in the free enzyme and substrate bound enzyme systems are shown in 

Table 4.3. The pKa values predicted by the pH-replica exchange (pKa1) and conventional 

CpHMD (pKa2) methodologies show reasonable agreement (i.e. difference of <1 pKa units) for 

all residues under consideration with the exception of Glu212 and His228 in the free enzyme 

simulations. It is noted that several residues on the loops overhead (i.e. Asp198, Asp367, and 

Tyr370) show significant differences in the pKa values predicted by the conventional CpHMD 

and pH-replica CpHMD. The differences in the pKa values for residues in the overhead loops are 

due to the differences in the various loop conformations sampled between the long time CpHMD 

simulations and the pH-replica exchange simulations. In a previous computational study, it was 

also found that loops enclosing the active groove of cellobiohydrolases possess significant 

fluctuations.
34

 Results involving overhead loops will be discussed in a forthcoming manuscript.  

It is expected that where discrepancies occur, the enhanced sampling afforded by replica 

exchange simulations will lead to more accurate predictions of residue pKa values.
51-54

 

Examination of Table 4.3 and the titration curves in Figure A2-A5 of the supporting information 

reveal that the replica exchange protonation data has less scatter than the conventional CpHMD 

simulations. Therefore, pKa predictions from the pH-replica exchange simulations are used for 
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comparison to experimental trends involving active site residues as well as for the input values 

for the kinetic model described in section 3.4. It is noted that the comparison of pH-replica 

exchange and conventional CpHMD presented here highlights the significant sampling 

advantage of the pH-replica exchange method over non-biased sampling (i.e. pH-replica 

exchange simulations were conducted for ~140 ns while the conventional CpHMD has ~1.6 μs 

of simulation data).   

 

Table 4.3 Calculated pKa values and hill coefficients, for ionizable residues in the free enzyme 

and substrate bound enzyme system. pKa1 and n were calculated using data from the pH-replica 

exchange simulations, while pKa2 was calculated using data from the conventional CpHMD 

simulations. 

 

 

4.3.2 Replica exchange pKa predictions 

In the free enzyme system, three tyrosine residues inside the active tunnel (Tyr109, Tyr145, 

and Tyr171) remain protonated across the pH range sampled, which is not surprising given the 

high pKa value for these residues in bulk water. Additionally, two aspartic acid residues (Asp35 

and Asp262) at either end of the active site tunnel remain un-protonated, indicating these 

residues may have a depressed pKa as compared to Asp’s bulk water behavior.  At the catalytic 

center (sub-sites -1, +1), the calculated pKa values of the acid-base Glu217, nucleophile Glu212, 

and central Asp214, were all  found to be near the bulk water pKa of these residues. Thus, the 
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simulations indicate the catalytic Glu residues remain un-protonated or negatively charged near 

the active pH of Ma Cel7B, which likely aids in binding a cellulose oligomer in the active site by 

forming strong hydrogen bonding interactions with the hydroxyl groups of the sugar rings. 

Beyond the three carboxylic acid residues, His228 was found to have a pKa of 6.4, which is 

again near its bulk water behavior and indicates that at Ma Cel7B’s active pH this residue will be 

close to its isoelectric point and may function as a proton donor/acceptor in the active site. Using 

the method described in section 2.3, an average ‘active site pKa’ was found to be equal to 4.8. 

Thus, the pH replica-exchange simulations indicate that dynamic protonation behavior present at 

the active site is most pronounced ~1 pH unit below the optimal catalytic pH of Ma Cel7B. 

Although the pKa values of residues clustered near the active site were found to be near their 

bulk water values, examination of the residue’s hill coefficients (Table 4.3) show several 

residues deviate significantly from the ideal Henderson-Hasselbalch titration behavior.  Most 

notably, the hill coefficient of Asp214 was found to be <0, indicating a large degree of coupling 

between this residue and the enzyme environment.  

Similar to the free enzyme, the predicted pKa values of residues in the active tunnel of the 

enzyme with substrate bound indicate that Tyr109, Tyr145, and Tyr171 remain in a protonated 

state while Asp35 and Asp262 remain un-protonated. The presence of the glucose oligomer is 

found to induce significant shifts in the pKa of several acidic residues near the catalytic -1 and 

+1 sites. Specifically, Asp173 and Glu212 have lower pKa values as compared to the free 

enzyme system. Although the pKa of Asp173 and Glu212 are decreased relative to the free 

enzyme and bulk water values, the pKa of Asp214 and Glu217 are increased by 1.9 and 1.7 pKa 

units, respectively. The pKa shifts for the catalytic residues Glu212 and Glu217 induced by the 

presence of the substrate is in agreement with the proposed catalytic mechanism. The presence of 

an un-protonated Glu212 supports the hypothesis that this residue functions as a nucleophile, 

while the titration behavior of Glu217 indicates this residue may function as the acid-base 

residue at pH=6, as shown in Figure 4.3.
16,18,19

 Furthermore, the residues in the active site were 

found to collectively titrate with an ‘active site pKa’ equal to 5.9. Thus, the pH replica-exchange 

simulations with a substrate bound indicate the dynamic protonation behavior present in the 

active site is most pronounced at an elevated pH compared to the free enzyme, and near the 

optimal pH of Ma Cel7B. Similar to the free enzyme, the hill coefficients shown in Table 4.3 



59 

 

indicate significant environmental coupling in several residues, with Asp214 again having the 

largest deviation from ideal protonation behavior.  

 

 

Figure 4.3  Titration curves representing protonation data acquired from pH-replica exchange 

simulations for a) Glu217  b) Glu212  c) His228  d) Asp 214. Data from the free enzyme 

simulations (○) with the fitted Hill equation represented as a dotted line, data from the substrate 

bound enzyme simulations (•) with the fitted hill equation represented as a solid line. 

 

The predicted pKa values indicate the pH replica-exchange simulations are capturing a 

substrate induced pKa shift of the critical catalytic residues. Inspection of Table 4.3 reveals that 
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the presence of substrate in the catalytic tunnel results in pKa values that support the purported 

catalytic mechanism of Ma Cel7B and are more conducive for catalysis near the active pH of Ma 

Cel7B. Specifically, the catalytic nucleophile Glu212 remains un-protonated across all 

trajectories of the substrate bound enzyme, while the catalytic acid-base titrates with a pKa=5.8, 

which is near the Ma Cel7B optimal catalytic pH ~6. It is noted that previous CpHMD and 

experimental studies have shown the presence of substrate can induce significant shifts in the 

pKa of catalytic residues.
5,34

  Along with the residue pKa values, calculated hill coefficients 

indicate that Asp214 and His228, and to a minor extent Glu217, are strongly interacting with 

their environment resulting in non-ideal Henderson-Hasselbalch titration behavior.  

 

4.3.3 Active site charge coupling  

Complex environments, such as proteins, typically possess ionizable groups with shifted pKa 

values when compared to a bulk water environment. It is also common to see varying degrees of 

non-Henderson-Hasselbalch behavior for ionizable residues in complex environment.
32,34,43,45,58

 

These shifts and non-ideal behavior are due to the myriad of interactions, with the most notable 

being the electrostatic interactions between residues, particularly ionizable residues that change 

molecular charge over a broad pH range.  Furthermore, available structural data from X-ray 

crystallography studies have indicated an extensive hydrogen bonding network that likely exists 

in the active site of Ma Cel7B and other family 7 cellulases with a similar active site 

topology.
5,16-19

 The presence of stable hydrogen bonding networks has been shown to modulate 

the pKa of ionizable residues and the resulting catalytic activity. A prominent example is the 

Asp214Asn mutation in Trichoderma reesei (Tr) Cel7A that disrupts the hydrogen bonding 

between Asp214 and Glu212, resulting in a decrease in the reaction rate as compared to the wild-

type activity.
16-19

  These experimental observations have led to the hypothesis that Asp214 plays 

an important secondary role in the reaction by controlling the protonation and orientation of the 

nucleophile Glu212. An auxiliary His228 also reside in close proximity to Asp214, creating an 

environment with significant electrostatic interactions between these four ionizable residues.
18

  

To evaluate the charge coupling and hydrogen bonding characteristics of the active site, long 

time conventional CpHMD simulations have been utilized to illuminate the complex interactions 

between residue protonation states at a given pH. The use of twelve 75 ns simulations at pH=6, 

which equates to nearly a s of simulation time at the active pH of Ma Cel7B, allowed for the 
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investigation of charge interactions and long-time conformational changes relevant to the 

hydrolysis mechanism utilized by Ma Cel7B. To probe the various charge interactions, an 

ionizable residue charge correlation analysis was performed for the free enzyme and substrate 

bound enzyme simulations on the long-time conventional CpHMD simulations at pH=6 (Figure 

4.4). In Figure 4.4, a positive correlation between two residues indicates that if the first residue 

changes protonation, the second residue is likely to adopt the same protonation as the first, and a 

negative correlation indicates the second residue is likely to adopt the opposite protonation state 

as the first residue.       

The correlation matrix for Ma Cel7B in the absence of substrate indicates the protonation of 

the catalytic nucleophile Glu212 is significantly anti-correlated with the central auxiliary 

Asp214. It was also observed that the average distance between the carboxylate oxygens of 

Glu212 and Asp214 were 8.0 ± 2.1 Å when Glu212 is protonated and Asp214 is unprotonated, 

and 3.7 ± 1.0 Å when the residues adopt the opposite protonation states. Thus, the simulations  

support the hypothesis that Glu212 and Asp214 are hydrogen bonded and may share a proton 

when Glu212 is unprotonated and Asp214 is protonated. 

 

 

Figure 4.4 Charge correlation matrix for (top left) free enzyme and (bottom right) substrate 

bound enzyme obtained by conventional CpHMD simulations at pH=6.     

 

Glu212 is also anti-correlated with Asp173, which it shares a hydrogen bond with when 

Glu212 is protonated.  The ability of Glu212 to change orientation between Asp214 and Asp173 

depending on its protonation states indicates an extended charge coupled and hydrogen bonded 
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network that facilitates a stabilized orientation away from the active site when Glu212 is 

protonated and a stabilized orientation towards the active site when Glu212 is unprotonated.   

In addition to the correlation with Glu212, Asp214 is also found to be negatively correlated 

to the acid-base Glu217. The correlation between the residues over the various long-time 

simulations indicate the protonation of the two catalytic residues (i.e., acid/base and nucleophile) 

oscillate their protonation states in unison, with the central auxiliary Asp214 adopting the 

opposite protonation state and serving to stabilize the charges on the catalytic glutamates. The 

dynamic protonation interaction involving the catalytic residues is intriguing given previous 

computational studies that have indicated the protonation of the glycosidic bond and subsequent 

nucleophilic attack occur in a concerted step in cellobiohydrolases that utilize a net retaining 

mechanism.
30,31

 Furthermore, a 
13

C NMR study of a xylanase, which performs a similar 

hydrolysis reaction as cellulase, have shown that mutating the nucleophile Glu leads to a 

substantial shift in the pKa of the acid-base Glu, revealing a strong coupling between these two 

residues.
58,59

 Another critical component of the active site is the auxiliary His228, which shows 

charge coupling with the Glu212-Asp214-Glu217 triad. The correlation analysis indicates that 

the auxiliary His228 is positively correlated with the auxiliary Asp214 residue, thereby 

contributing a stabilizing positive charge to the active site when Glu212 and Glu217 are un-

protonated. Similar to His228, the auxiliary Asp173 is found to be positively correlated to 

Asp214, creating an extended charge coupled active site. 

In the case where a 10-glucose oligomer is occupying the active site tunnel of Ma Cel7B, it is 

observed that Glu212 remains in a un-protonated state, which strongly indicates its role in the 

nucleophilic portion of the reaction. The static protonation of Glu212 means there is no longer a 

charge correlation between Glu212 and Asp214, although the protonation of Asp214 shows 

similar protonation-position dependence as seen in the free enzyme. The charge correlation and 

distance evaluation reveals that when Asp214 is protonated, it creates a stable hydrogen bond 

with Glu212. As was seen in the free enzyme case there is an anti-correlation between the 

protonation state of Asp214 and Glu217, although the magnitude of the correlation is decreased 

when compared to the free enzyme system.  

In addition to the Glu212-Asp214-Glu217 catalytic triad, a moderate correlation is seen 

involving the auxiliary His228 in the substrate bound enzyme simulations. Analysis of the 

orientation of His228 shows that it orients the imidazole ring toward the catalytic site (i.e. 
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Asp214) when protonated, resulting in an average distance of 2.9 + 0.3 Å between the epsilon or 

delta nitrogen of His228 and the closest carboxylic oxygen of Asp214. The anti-correlated 

protonation state and favorable hydrogen bonding distance between Asp214 and His228 strongly 

indicates that His228 is capable of donating a proton directly to Asp214. When His228 is un-

protonated, the distance between the epsilon or delta nitrogen of His228 and the closest 

carboxylic oxygen of Asp214 increases to 5 + 1 Å, indicating that the system is no longer 

hydrogen bonded. The disruption of the hydrogen bonding network between His228 and Asp214 

may indicate that once a proton is transferred from His228 to Asp214 the probability of the back 

transfer of the proton is decreased through the change in His228’s orientation. This would in 

effect place the proton on Asp214, which due to the charge coupling would mean Glu217 would 

be capable of accepting the excess proton from Asp214. The resulting protonation distribution in 

the active site would then be primed for the initial proton transfer event between Glu217 and the 

glycosidic oxygen of the substrate.  

These results indicate His228 may be responsible for harboring a proton to transfer to the 

active site, which is intriguing given that experimental and theoretical studies have shown 

histidine residues near the active site likely act as a proton source for the catalytic acid-base at 

pH’s above the typical bulk water pKa of carboxylate residues.
5,6,15,60

 The correlation involving 

His228, Glu217 and Asp214 indicates this triad works together to shuffle protons from His228 

(of family Cel7 cellulases) to the acid-base residue.  It is hypothesized that the protonation of 

His228 plays an important role in the pH-profile of cellulase and the overall catalytic rate.  

Interestingly, although the residue topology surrounding the catalytic Glu217 is very similar 

between Ma Cel7B and Tr Cel7A, an aspartic acid residue residing ~5 Å behind His228 in Tr 

Cel7A (Asp259) is not present in Ma Cel7B.  The swapping of an Asp for an Asn residue alters 

the electrostatic environment and may impact the protonation state of His228 thereby shifting the 

optimum pH of Ma Cel7B as compared to Tr Cel7A. It is also noted that loops enclosing the 

active site tunnel have been shown to play an important role in cellulase activity, and may play a 

significant role in the pH and temperature tolerance of cellulase enzymes.
13,34,61,62

  

 

4.3.4 Active site residue-substrate interactions 

While residue-residue interactions are critical to the proper functioning of enzymes, it is also 

beneficial to examine the dependence of a residue’s protonation state on their orientation relative 
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to the substrate. The long time conventional CpHMD simulations reveal the protonation of the 

catalytic acid-base Glu217 was found to have a strong dependence on its position relative to the 

substrate’s glycosidic bond residing between sub-site -1 and +1. When Glu217 is protonated the 

average distance from the carboxylate oxygen’s on Glu217 to the glycosidic oxygen at the 

catalytic site is 4.8 ± 0.7 Å and 5.5 ± 0.9 Å, respectively. When Glu217 is un-protonated, the 

average distance between both carboxylate oxygens and the glycosidic bond decreases to 3.6 ± 

0.5 Å, which corresponds to Glu217 rotating towards the glycosidic oxygen after it has lost a 

proton and forming two almost identical oxygen-oxygen interactions.  

Unlike Glu217, the nucleophile Glu212 remains un-protonated in the substrate bound 

enzyme simulations. A geometric evaluation reveals that Glu212’s orientation relative to the 

substrate has a similar correlation to the position and protonation state of Glu217 and Asp214 as 

seen in the free enzyme. It is observed that when Asp214 is un-protonated, and thus Glu217 is 

likely to be protonated, Glu212 resides in an orientation away from the active site, with its 

carboxylate oxygen in close hydrogen bonding distance (~2 Å) to the hydroxyl group of the 

sugar ring at the -1 sub-site. When Asp214 is protonated and Glu217 is unprotonated, the 

nucleophile Glu212 moves towards the anomeric carbon of the substrate. These dynamic 

motions involving the catalytic Glu212 and Glu217 residues illustrate a concerted motion in 

which, following the de-protonation of Glu217 (and thus protonation of the glycosidic bond), 

Glu212 moves towards the anomeric carbon consistent with a nucleophilic attack, and Glu217 

rotates towards the glycosidic bond  to stabilize the resulting covalent glycosyl-enzyme 

intermediate. This type of protonation dependence has been observed in a 
13

C NMR study of a 

xylanase, which performs a similar hydrolysis reaction as a cellulase. In the xylanase study, the 

pKa of the carboxylate acid-base was determined to be 6.7 when no substrate was present, and 

4.2 in a trapped covalent glycosyl-enzyme intermediate.
58

 Additionally, as previously discussed, 

computational studies have indicated that the protonation of the glycosidic bond and the 

nucleophilic attack that forms the covalent glycosyl-enzyme intermediate occur in a concerted 

step.
30,31

  

In the reporting of the Ma Cel7B crystal structure, Parkkinen et. al. comment on a large 

degree of flexibility in the active site residues when a glucose oligomer substrate is present. It is 

also noted that this crystal structure was obtained at pH=6, which together with current CpHMD 

results at pH=6, indicates the flexibility seen in the crystal structure may be related to the 
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protonation of the active site residues.
16,63

 For example, in the Ma Cel7B with cellobiose (PDB 

ID: 2RFY) it is found that Glu217 adopts two different orientations. One orientation has the 

carboxylate oxygen of Glu217 4.6 Å from the glycosidic bond (1/4 crystal structures) and the 

other orientation has Glu217’s carboxylate oxygen 2.4-2.7 Å from the glycosidic bond (3/4 

crystal structures). These two distinct orientations are similar to the protonation dependence of 

Glu217 on its position relative to the glycosidic bond seen in the CpHMD simulations. These 

observations indicate that the protonation of Glu217 may be responsible for the different 

orientations seen in the crystal structure. It is also interesting to note that assuming the 

geometries correspond to the protonation state of Glu217; the average protonation of Glu217 in 

the substrate bound enzyme crystal structures would be 25%, which is nearly identical to the 

27% predicted for Glu217 in the CpHMD substrate bound enzyme simulations. 

 

4.3.5 Relative free energies of active site protonation states 

The results discussed thus far have focused on individual pKa values, protonation correlation, 

and geometric factors that are hypothesized to impact the protonation state of a given residue. 

This analysis has provided insights into possible movement of an excess proton among the active 

site residues. To examine the relative favorability of the resulting protonation schemes and to 

gain additional insight into the collective protonation behavior of active site residues, the free 

energy for the various protonation schemes is required. The long time conventional CpHMD 

simulations for the free enzyme and substrate bound enzyme at pH=6 were analyzed to 

determine the relative occurrence (i.e. number density) at each possible protonation scheme 

involving the main four residues in the catalytic site; Glu212, Asp214, Glu217, and His228. The 

probability of each protonation scheme sampled was then used to determine the relative free 

energy of each possible active site protonation scheme. 

Figure 4.5 shows the relative free energy of the observed protonation schemes and the 

possible proton transfer pathways for the catalytically active substrate bound enzyme. The 

substrate bound enzyme simulations can energetically access only five of the sixteen possible 

protonation configurations involving the four active site residues. The lowest relative free energy 

configuration occurred when Asp214 is in a protonated state and the remaining three residues 

adopt an unprotonated state. The only other protonation scheme that is within kT is when 

Glu217 is protonated and all other residues are unprotonated (catalytically active form). The 
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other three protonation schemes are at energy differences that are larger than kT from the lowest 

energy protonation scheme, meaning the differences are above thermal fluctuations (i.e. 300 K).  

 

 
Figure 4.5 Relative free energies of sampled protonation schemes in the substrate bound enzyme 

long time CpHMD simulations at pH=6. Black lines indicate pathways for direct proton transfer 

between schemes while the grey lines indicate proton transfer with the bulk environment. The 

standard deviation was calculated from block averaging and was <0.1 kcal/mole. 

 

Evaluation of the free energy between the various catalytically active protonation states and 

the correlation between the various ionizable residues indicates a probable pathway for the active 

site to become ‘primed’ for the catalytic reaction. This ‘priming’ event is found to be dependent 

on the presence of a histidine residue near the active site, which likely acts as a proton source for 

the catalytic acid-base at pH’s above the typical bulk water pKa of carboxylate residues. This 

hypothesis is supported by the charge correlations and geometric analysis in addition to the free 

energy evaluation. The geometric analysis revealed that when His228 is protonated, it resides in 

an orientation pointed towards the active site (i.e. Asp214), while the correlation matrix indicates 

the residue is negatively correlated to Asp214 and positively correlated to Glu217. The free 

energy analysis, Figure 4.5, indicates that the protonation schemes involving a doubly protonated 

His228 has a higher relative free energy as compared to those with a singly protonated His228, 

again supporting the idea that a protonated His228 will deprotonate thereby donating a proton 

into the catalytic site. The correlation and geometric analysis indicates the proton likely moves to 

Asp214, which from the free energy diagram is the lowest free energy configuration. Given the 

relatively small energy difference (0.59 kcal/mol), and that the geometric and charge correlations 
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indicate a relationship between the protonation and orientation of Asp214 and Glu217 states, it is 

hypothesized that the proton can utilize the His228-Asp214 dyad to transfer a proton to the acid-

base Glu217. It is noted that after the initial protonation of Glu217, there is a small difference in 

free energy between a singly protonated Glu217 and a protonated Glu217 and His228. Thus, it is 

possible the catalytic cycle involves His228 becoming protonated, and subsequently pointing 

towards Asp214, while Glu217 is still protonated. This then leads to an increased likelihood that 

Asp214 becomes protonated and thus Glu217 deprotonates performing the hydrolysis reaction. 

Regardless of the path taken, the resulting protonation scheme following hydrolysis is either a 

singly protonated Asp214, or a completely un-protonated catalytic cite, in which case His228 can 

become protonated and the cycle can be repeated. 

 

4.3.6 Kinetic modeling  

The results discussed thus far provide insight into the molecular-level interactions impacting 

the protonation behavior of key catalytic residues in Ma Cel7B. Of great interest is the ability to 

relate the molecular-level results to macroscopic observables such as the kinetic pH profile. 

Using the kinetic model developed by Olivera-Nappa et. al., the protonation states (i.e. pKa and 

sub-pKa values) of ionizable residues calculated by CpHMD simulations are utilized in various 

versions of the kinetic model to identify the impact of a highly coupled active site on the 

enzymatic rate.
15

 The most basic model, model 1, for the cellulase kinetic-pH profile involves 

only the pKa of the catalytic Glu’s (i.e. Glu212 and Glu217).  This model is then modified to 

incorporate the pKa of the central Asp214 or the central Asp214 and auxiliary His228, model 2 

and 3, respectively. Model 2 was further modified to include hydrogen bonding effects between 

Glu217 and Asp214 (model 4), and model 3 was further modified to include hydrogen bonding 

effects between His228, Asp214, and Glu217 (model 5).  

 

4.3.6.1 Kinetic pH profiles  

The kinetic pH profiles for both kcat and kcat/KM are evaluated due to the different states of 

the enzyme that each parameter or combination of parameters represents. The kcat, which is the 

first-order rate constant, indicates information about the bound enzyme species including the 

substrate bound enzyme, intermediate bound enzyme, and the product bound enzyme while the 
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kcat/KM is the second-order rate constant and indicates information about the free enzyme.
64

 The 

kinetic pH profiles for kcat and kcat/KM for the various kinetic models is shown in Figure 4.6. The  

 
 

Figure 4.6 Results of kinetic model utilizing predicted pKa values from replica-exchange pH 

simulations with model 1 (circle), model 2 (cross), model 3 (*), model 4 (triangle), and model 5 

(square) for the (top) apparent catalytic rate coefficient and (bottom) kcat/Km. 

 

kinetic models indicate an optimum apparent rate coefficient for the bound enzyme (i.e. kcat) that 

ranges from pH ~ 5 to ~ 6.5 and an optimum pH for the free enzyme (i.e. kcat/Km) that ranging 

from pH ~4 to ~6.  In general, the incorporation of hydrogen bonding causes a basic shift in the 

pH range for kcat and kcat/KM. In particular, hydrogen bonding involving Glu217, Asp214, & 

His228 causes a significant pH shift in the optimal kcat pH to a value of ~6.5. This shift places 

the pH optimum value in excellent agreement with the optimal experimental activity of Ma 

Cel7B (pH=6) and other Ma cellulases (pH=6-8).
16,65

 It is also noted that incorporation of 

hydrogen bonding between all three residues leads to a substantial increase in the overall optimal 
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kcat and kcat/KM values. Olivera-Nappa et. al. also found a slight basic shift in the optimum pH 

and increase in the overall values in the kinetic model with hydrogen bonding to His, while the 

results reported here indicate significant shifts when hydrogen bonding to both Asp214 and 

His228 is considered.
15

 In the study of glycosyl hydrolase enzymes by Olivera-Nappa et al., the 

histidine investigated for charge coupling was adjacent to Glu217 and therefore the two residues 

could directly hydrogen bond.  In Ma Cel7B, His228 resides ~5-7 Å away from Glu217, with 

Asp214 blocking direct interactions between the two residues, as shown in Figure 4.1. Thus, it is 

necessary to consider the ionization state and hydrogen bonding involving both the central 

Asp214 and auxiliary His228.  The kinetic results utilizing the predicted pKa’s of these residues, 

charge coupling, and hydrogen bonding indicates a significant enhancement of the kcat and 

kcat/KM values illuminating the importance of all three residues acting in concert for efficient 

catalysis.      

The results of the kinetic model show that utilizing the pKa values and hydrogen bonding 

effects predicted by the CpHMD simulations results in a pH profile near the experimentally 

observed optimal catalytic pH of Ma Cel7B, which is encouraging given the pKa’s used are 

based solely on CpHMD simulation predictions and did not require experimental inputs.  In the 

original report of the kinetic model, the authors utilized experimental pKa values from different 

enzymes and organisms, and made estimates of sub-pKa values based on the available 

experimental information.
15,58,66

 What we report here is the evaluation of all relevant parameters 

from computational calculations and their subsequent use in multiple versions of the charge 

coupled hydrogen bonding kinetic model in an effort to unravel the complex interactions 

necessary for efficient catalysis in Ma Cel7B. 

 

4.3.6.2 Sensitivity Analysis 

Sensitivity analysis of model 5 (i.e. including hydrogen bonding between Glu217, Asp214, 

and His228) for the pKa values of Glu217, Asp214, and His228 were evaluated and are reported 

in Figure 4.7. As expected, the results indicate shifts in the pKa of Glu217 (Figure 4.7a) and 

Asp214 (Figure 4.7b) impact both the pH value and magnitude of the optimal cellulase activity, 

although the shifts are somewhat limited. The finding that the pKa of the Glu217 has a less than 

expected impact on the activity-pH profile can be attributed to its hydrogen bonding with other 

ionizable residues.  This extended network is found to help modulate the impact of a changing 
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pH on the protonation of the Glu217 residue. The idea that the pKa of the individual acid-base is 

not the dominant contributor to the optimal pH for cellulase activity is also supported by 

previous results by Bu et. al.
24

 The predicted pKa of the catalytic acid-base in Tr Cel7A was 

found to be elevated as compared to the predicted pKa of the acid-base in Ma Cel7B in the 

present simulations, despite Tr Cel7A having a decreased optimal pH as compared to Ma Cel7B.   

Beyond the catalytic Glu217 and Asp214, sensitivity analysis of the auxiliary His228 pKa 

indicates this residue has a substantial impact on the pH and magnitude of the optimal activity.  

Specifically, Figure 4.7c indicates that an increase in the pKa of His228 leads to a significant 

basic shift and broadening of the pH profile, as well as a substantial increase in the magnitude of 

the catalytic pH. As discussed above, previous studies have indicated His residues near the 

catalytic acid-base likely serve as a proton source for the acid-base residue at pH’s above the 

typical bulk water pKa of Glu. Here, the kinetic model indicates that the pKa of His228 in Ma 

Cel7B and related family Cel7 cellulase’s may have a significant impact on both the optimal pH 

and overall catalytic activity.   

Although His228 resides at a further distance from the catalytic acid-base residue than 

histidine residues previously identified with elevated pH profiles in cellulase enzymes, it is in 

close proximity to the catalytic nucleophile and central Asp. This position ideally situates His228 

to introduce a proton to the active site through Asp214.  The unique role of His228 and its 

position further away from the active site opens new possibilities for mutation studies to 

modulate the activity and optimal pH of family Cel7 cellulases.  Instead of introducing additional 

His residues near the catalytic acid-base residue, mutations aimed at impacting the pKa of 

His228 is hypothesized to have a large impact on the activity and optimal pH.  The benefit of 

these mutations is that they would be further from the catalytic residues, reducing the risk of 

adversely impacting the acid-base, nucleophile, and central Asp’s pKa values and crucial active 

site residue dynamics. 

 

4.4 Conclusions 

pH-replica exchange, long time conventional CpHMD, and kinetic modeling studies have 

been conducted on the cellobiohydrolase Ma Cel7B to obtain molecular level insights into its 

cellulase activity, which were further compared with experimental results. The results indicate 
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Figure 4.7 Sensitivity analysis of model 5 for a) Ka, in enzyme with substrate b) Kc in enzyme 

with substrate and c) Kh in free enzyme. Original pK (solid line), 2 pK units below original pK 

(□), 1 pK unit below original pK (Δ), 1 pK unit above original pK (+), and 2 pK units above 

original pK (○). 

 

pKa values predicted for the active site by pH-replica exchange and CpHMD show reasonable 

agreement with each other, although pH-replica exchange simulations yielded a better fit to the 

hill equation. It was found that the presence of substrate shifts the pKa values for the catalytic 
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Glu212 and Glu217, and supports the role of these residues as the catalytic nucleophile and acid-

base residue, respectively.  

The deviation of the hill coefficient from 1 for several residues in addition to charge 

correlation analysis indicate a highly charge coupled active site.  Most notably, it was found that 

the central Asp acts as a stabilizing influence on the nucleophile and acid-base residue in the 

substrate bound enzyme system. Apart from the three carboxylate residues, the protonation of the 

auxiliary His was found to have charge correlation and orientation dependence with the other 

active site residues. This finding indicates that His228 plays an important role in shuffling a 

proton around the active site for the hydrolysis reaction.  

The CpHMD simulations also provide insight into the flexibility seen in the active site 

residues of the crystal structure of Ma Cel7B. In particular, two distinct confirmations of the 

acid-base residue were observed in various crystal structures of Ma Cel7B with substrate bound 

in the active site, while the CpHMD simulations indicate these two confirmations correspond to 

two different residue protonation states.  The dynamic protonation and residue orientation seen in 

the CpHMD provides insights into the relationship between the collective motion of active site 

residues and residue protonation, and how a highly coupled active site transfers a proton from the 

auxiliary His, through the central Asp to the catalytic acid-base for the subsequent catalytic 

event.  

Using the pKa values predicted by the pH-replica exchange simulations, a previously 

published kinetic model was utilized and further modified to incorporate hydrogen bonding 

effects between the central Asp, acid-base residue, and the auxiliary His. Kinetic modeling 

suggests that charge coupling and hydrogen bonding between Glu217, Asp214, and His228 is 

necessary to achieve a kinetic-pH profile with an optimum near the catalytic pH of Ma Cel7B. 

Sensitivity analysis reveals that the pKa of His228 has the most significant impact on the optimal 

pH and resulting catalytic rate. Thus, in agreement with the CpHMD simulations, the kinetic 

modeling results indicate His228 plays an important role in shuttling a proton for the hydrolysis 

reaction in a concerted motion with the protonation and orientation of other active site residues. 

Overall, the results indicate that protein engineering studies aimed at modifying the protonation 

of His228 may have a substantial impact on optimal pH and overall cellulase activity.  
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CHAPTER 5 

COMPUTATIONAL EVALUATION OF THE DYNAMIC FLUCTUATIONS IN LOOPS 

ENCLOSING THE CATALYTIC TUNNEL OF A FAMILY 7 CELLOBIOHYDROLASE 

Abstract 

The size and character of the peripheral loops enclosing the active site for cellulase enzymes 

is believed to play a major role in dictating many critical enzymatic properties from temperature 

and pH stability to the catalytic activity and processivity. For many cellulases, it is observed that 

a fully enclosed active site forms a tunnel that is more conducive to cellobiohydrolase activity 

and the ability to processively move along the substrate while a more open active site groove is 

indicative of endoglucanase activity. Reported here are long time constant pH molecular 

dynamics (CpHMD) and classical MD simulations that investigate the role of dynamic 

fluctuations, substrate interactions, and residue pKa values for peripheral loops enclosing the 

active site of Melanocarpus albomyces Cel7B. Several highly flexible loop regions in the free 

enzyme have been identified that impact the overall dynamical motions of the enzyme. Charge 

interactions between Asp198 and Asp367, which reside on two adjacent loops, were found to 

influence the overall loop conformations and dynamics. In the presence of a substrate the 

protonation of Asp367, Asp198, and Tyr370 were found to stabilize substrate binding and 

control the clamping down of two peripheral loops onto the active site containing the substrate. 

The substrate induced response of the loop regions results in the securing of the cellulose 

polymer in the catalytic tunnel and the creation of an environment that is conducive for 

hydrolysis of the glycosidic bond. 

 

5.1 Introduction 

Loops enclosing the active site tunnel/groove of cellulase enzymes have been implicated in 

influencing enzymatic activity,
1-6

 and dictating if a cellulose enzyme has endo- or exo-type 

activity.
2-4

 It has been shown that the presence of long distal loops enclosing the active site that 

form a stable tunnel are indicative of exocellulases (similar to loops I-IV in Figure 5.1), while 

shorter loop regions that result in a more open active site groove are typical of endocellulases. 
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The importance of these loops to endo- and exo- activity has been verified by kinetic 

experiments that deleted 15 residues in a distal forming loop of the exocellulase Cel6B from 

Cellulomonas fimi, which resulted in a significant drop in exo-type activity accompanied by a 

significant enhancement of endo-type activity.
4
  In addition, a protein engineering study 

involving Trichoderma reesei (Tr) Cel7A showed introduction of an additional disulfide bond to 

a loop corresponding to loop II in Cel7B does not significantly impact enzyme activity, while 

deletion of residues corresponding to loop II resulted in a substantial drop in exo-type activity.
5
 

Loops enclosing the active of cellulase enzymes have also been shown to play a role in the pH 

and temperature profile of enzymatic activity
7-10

 while neutron scattering experiments have 

revealed Tr Cel7A possesses increased flexibility at the enzymes catalytically optimum pH (pH 

= 4.2).
11

  

 

Figure 5.1 Crystal Structure of Ma Cel7B. Top) Loops enclosing the active site are colored 

orange and labeled I-VI, while the docked glucose oligomer is represented in green licorice 

format. Bottom) Residues on the peripheral loops allowed to have dynamic protonation in the 

CpHMD simulations are labeled and represented in licorice format.  
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In a recently published CpHMD study of Tr Cel7A and Tr Cel6A, Bu et. al. reported an 

increased fluctuation pattern involving loops corresponding to loop II, III, and V in Figure 5.1, 

with the fluctuations involving loop II fond to be particularly pH dependent.
12

 This observation 

led the authors to hypothesize that fluctuations involving these loop regions correspond to the 

observed flexibility trends in the scattering experiment.
12

 We have previously reported on 

CpHMD studies of Melanocarpus albomyces (Ma) Cel7B,
13

 which focused on charge 

correlations and dynamic interactions involving residues at the catalytic site. Given that previous 

studies have indicated loops enclosing the active site are crucial to cellulase activity, it is of 

interest to utilize long time CpHMD simulations of Ma Cel7B to analyze geometric and charge 

correlations to determine if pH dependent fluctuations involving loops enclosing the active site 

are observed, and any additional insights the simulations may provide on the role of overhead 

loops in cellulase functionality and adsorption to a cellulose microfibril.  

5.2 Methods 

5.2.1 Docking of substrate to Ma Cel7B  

Two systems were considered in the current simulation studies, a free cellulase enzyme 

system and a cellulase enzyme with a 10-glucose oligomer bound in the active site. For both the 

free enzyme and the substrate bound enzyme systems, the crystal structure of cellobiohydrolase I 

from Melanocarpus albomyces (PDB ID: 2RFW) was used as the starting configuration for all 

simulations.
14

 To obtain the substrate-enzyme complex, AutoDock 4.2 and AutoDockTools 

(ADT) were used to conduct docking calculations with the cellulase enzyme as the 

macromolecule and the 10-glucose oligomer as the ligand.
14,15

 The crystal structure of the Ma 

Cel7B macromolecule was modified by removing all waters and energy minimization of 1000 

steps steepest descent and 1000 steps conjugated gradient in UCSF Chimera.
16

 A standard 

autodock protocol of adding polar hydrogens, merging non-polar hydrogens, and adding 

Gasteiger charges was followed. The grid-box was sufficiently large to encompass the active 

groove and all binding sub-sites, and had overall dimensions of 21x214x47 Å
3
, with a grid 

spacing of 0.375 Å. The standard autodock force field was used to compute binding energies, 

while the Lamarckian Genetic Algorithm (LGA) was used to search for the best docked 

confirmations.
17

 The docking experiment consisted of 100 independent LGA runs with a 
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population size of 150. The confirmation with the lowest energy was used for subsequent 

simulations of the substrate bound enzyme complex.        

 

5.2.2 Docking of Ma Cel7B to cellulose microfibril   

AutoDock 4.2 and AutoDockTools (ADT) were used to conduct docking calculations with 

the Ma Cel7B as the ligand and an 8x8x20 glucose unit cellulose microfibril as the 

macromolecule.
14,15

 The cellulase ligand was modified by removing all crystallographic waters 

followed by 1000 steps of steepest-descent and 1000 steps of conjugated gradient energy 

minimization using the UCSF Chimera package.
16

 The resulting ligand structure and the 

microfibril macromolecule were modified in ADT by adding polar hydrogens, merging all non-

polar hydrogens, and adding Gasteiger charges. Rigid docking (i.e., no flexible torsion angles) 

was employed due to the large size of both ligand and macromolecule. 

To sufficiently evaluate the different faces of the cellulose microfibril eight different docking 

calculations were performed; four with the grid box centered over the different edges of the 

microfibril (i.e. 1, 3, 5, & 7 in Figure 5.2) and four with the grid box centered over the different 

faces of the microfibril (i.e. 2, 4, 6, & 8 in Figure 5.2). To ensure the docking calculations were 

converged the calculations were run in duplicate with different random number seeds. The grid-

box created in ADT had dimensions of 100 x 102 x 82 Ǻ, and was sufficient in size to 

encompass the microfibril portion under consideration while allowing for enzyme re-orientation.  

An example of the grid box used for side 2 of the fibril is shown in Figure 5.2. Similar docking 

parameters as used for docking calculations between the 10-glucose oligomer and Ma Cel7B 

were utilized for docking calculations between Ma Cel7B and the cellulose microfibril. 

 

5.2.3 CpHMD simulations  

The free enzyme pdb from the Ma Cel7B crystal structure and the substrate bound enzyme 

complex pdb generated from Autodock were used in the creation of the topology and coordinate 

files for simulations in AMBER12.
18

 In both systems, the protein was modeled through the use 

of the parm99SB force field,
19

 the cellulose oligomer was modeled through the glycam06 force 

field,
20

 and the ionizable residues described by the constant pH force field as implemented in the  

AMBER12 code
21,22

. The solvent was described in an implicit fashion using the modified 

generalized-Born solvent model, with a salt concentration of 0.1 M and a non-bonded cutoff of 
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30 Å.
23

 Both the free enzyme and substrate bound systems were minimized in amber using 4000 

steps of the steepest descent algorithm. 

 

Figure 5.2 (Top) Side view of the microfibril used in docking calculations, with the numbered 

sides corresponding to the different grid box placement for each set of calculations. (Bottom) 

Example of Grid box for side 2 with a representative docking pose between the microfibril and 

Ma Cel7B. 

 

 

17 residues lining the active tunnel of Ma Cel7B were allowed to have dynamic protonation 

behavior, as shown in Figure 5.1. The titration experiments consisted of simulations over a pH 

range of 3-8 in increments of 1 pH unit, as well as 5 repeats at pH=6 (active pH) with input 

coordinates taken from the pH=3, 4, 5, 7, and 8 trajectories. Each simulation trajectory was run 

for 75 ns at 300 K, with the first 5 ns used as an equilibration period. Hydrogen atoms were 
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restrained using the SHAKE algorithm,
24

 allowing for use of a 2 fs global simulation time step, 

while the Monte Carlo algorithm used to sample protonation states of the 17 ionizable residues 

was performed every 2 time steps.    

5.2.4 Classical MD simulations  

Classical MD simulations were also performed on the free enzyme, enzyme with substrate 

bound, and the enzyme absorbed onto a microfibril under explicit solvent conditions. The 

starting structures for the free enzyme and substrate bound enzyme were identical to those used 

in the CpHMD simulations, while the most common docking pose seen on edge 1 of the 

cellulose microfibril was used as the starting configuration for the enzyme adsorbed onto a 

microfibril simulations. The protein was again described by the parm99 force field,
19

 while the 

cellulose oligomer and microfibril were descried by the glycam06 force field,
20

 and the explicit 

solvent was modeled using the TIP3P force field.
25

 The systems were again subject to energy 

minimization consisting of 4000 steps in the steepest descent algorithm. All systems were 

allowed to equilibrate for 1 ns at 300 K and a pressure of 1 atm in the iso-thermal iso-baric 

(NPT) ensemble, followed by 70 ns of data collection at 300 K in the canonical (NVT) ensemble. 

In the NPT and NVT simulations the global simulation time step was 2 ps, the temperature was 

maintained at 300 K using Langevin dynamics with a collision frequency of 2 ps
-1

, and the 

length of all hydrogen atoms were constrained using the Shake algorithm.
24

 During the NPT 

ensemble, isotropic position scaling was used to maintain the pressure at1 atm. 

 

5.3 Results and Discussion 

5.3.1 Free Enzyme System.  

To investigate of fluctuations involving the peripheral loops enclosing the active site of Ma 

Cel7B, the residue root mean square fluctuation (RMSF) of the free enzyme at pH=4, 6, & 8 was 

evaluated, Figure 5.3. Inspection of Figure 5.3 reveals several residue segments corresponding to 

the peripheral loops enclosing the active site, which have high flexibility in the free enzyme 

system. Most notably, residue segment 380-388 (loop III in Figure 5.1) and segment 397-407 

(loop V in Figure 5.1), possess large RMSF values across the various pH trajectories. In CpHMD 

studies of the structurally similar Trichoderma reesei (Tr) Cel7A, the authors also observed a 

large degree of flexibility across multiple pH trajectories involving similar loops.
12

 For Tr Cel7A 
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the authors also reported a significant increase in flexibility involving residues corresponding to 

loop II in Figure 5.1 at the enzyme’s active pH (i.e. pH=5). In the current CpHMD studies of Ma 

Cel7B, a slight increase involving fluctuations of loop II (residue segment 245-252) are observed 

at the active pH=6, although the effect is not as pronounced as seen in Tr Cel7A. The smaller 

increase in fluctuations observed for Ma Cel7B as compared to Cel7A is most likely due to the 

fact that thermophilic enzymes are more rigid than non-thermophilic enzymes.
26-28

 It has been 

shown in Tr Cel7A that the protonation of Asp 257 at the base of loop II is a major contributing 

factor the pH dependent fluctuations of loop II.  

 

 

Figure 5.3 RMSF plots from the long time CpHMD simulations of Left) Free enzyme system 

and Right) substrate bound enzyme system for Top) pH=4 Middle) pH=6 and Bottom) pH=8. 

 

Interestingly, in Ma Cel7B, Asp257 resides in near proximity to an Asp residue that is not 

present in Tr Cel7A (i.e. Asp259). In our previous reporting of CpHMD studies focused on the 

active site of Ma Cel7B, the presence of Asp259 was identified as a possible contributing factor 

to the increased pH profile of Ma Cel7B as compared to Tr Cel7A by altering the protonation of 

His228 at the active site. Given that Bu et. al. identified the protonation of Asp257 as influencing 

the flexibility of loop II, it appears likely the presence of Asp259 in Ma Cel7B may alter the pH 
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profile by not only impacting the protonation of His228, but also by altering the pH at which 

loop II possesses increased flexibility.   

It is also noted that loop VI near the exit of the active groove tunnel also shows a large 

degree of fluctuations in the pH=6 and 8 simulations for the free enzyme systems. It is 

hypothesized that fluctuations involving this loop may aid in product expulsion following the 

catalytic hydrolysis reaction, as has previously been seen in simulations of Cel7A.
29

 

In addition to the presence of flexible loop regions it is informative to evaluate the large scale 

interactions between loop regions enclosing the active site of Ma Cel7B. The correlation of 

residue motions was probed by a mass weighted position-position correlation of residues residing 

on peripheral loops I, II, III, IV, V, and 6 at pH=4, 6, and 8 (Figure 5.4). In the free enzyme 

system, correlation between loops is found to be the most pronounced at the active pH of Ma 

Cel7B (i.e. pH=6). A significant anti-correlation is observed between loops I, II and III, IV, 

which reside on adjacent sides of the active groove.  This correlation patter indicates these loops 

fluctuate in a correlated motion that corresponds to the loops ‘opening/closing’ in a breathing 

motion that is most pronounced at the enzymes active pH. The opening of loops II and IV at the 

active pH has also been observed in a previous computational study of Tr Cel7A. Thus, it 

appears the pH induced breathing motion of the peripheral loops enclosing the active site, and 

the increase in distance between these loops corresponding to a more ‘open’ active site region, is 

a trait shared by several, if not all, cellulase enzymes.   

To further evaluate the pH dependence of fluctuations involving loops enclosing the active 

site, the residue protonation and its dependence on geometric orientation was evaluated. In the 

long time CpHMD simulations, the pKa of Asp367 on loop IV and Asp198 on loop I were found 

to be 6.1 and 5.8, respectively, indicating a dynamic protonation near the active pH of Ma 

Cel7B. Evaluation of the distance between Asp367 and Asp198 at pH=6 reveals that when 

Asp198 is protonated and Asp367 is un-protonated, the average distance between their closest 

carboxylate oxygens is 4.4 ± 1.8 Å, which indicates these two residues are hydrogen bonded. 

However, when the opposite protonation states are adopted, the average distance increases to 8.8 

± 2.1 Å, creating a more open active site region. Thus, it appears the charge of Asp198 and 

Asp367 play an important role in the structure and dynamics of the loops enclosing the active 

site tunnel, and play a role in the increased anti-correlation in the motion of loop I and IV seen at 

the active pH. 
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To further investigate charge interactions involving residues on the peripheral loops 

overhead, an ionizable residue charge correlation analysis was performed for the free enzyme 

 
Figure 5.4 Position correlations between peripheral loops enclosing the active site. Left) Free 

enzyme and Right) substrate bound enzyme for Top) pH=4 Middle) pH=6 and Bottom) pH=8.   

 

and substrate bound enzyme simulations on the long-time conventional CpHMD simulations at 

pH=6 (Figure 5.5). Inspection of the charge correlations from the long time CpHMD simulations 

indicate the protonation states of residues on the loops surrounding the active site tunnel are 

coupled to each other, the active site, and the corresponding flexibility of the loop regions. 

Specifically, Asp367 on loop III and Asp198 on Loop I are negatively correlated with each other, 

in agreement with the distance dependent protonation results discussed above. Furthermore, 

Asp367 was found to possess positive correlation with the active site glutamates (i.e. Glu212 and 

Glu217) and negative correlation with the central Asp214.  This correlation pattern indicates that 

these two Asp, although residing a significant distance away from the catalytic active site (i.e. 
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Asp173, Glu212, Asp214, Glu217, and His228), are part of an extended charge coupled 

environment. 

Figure 5.5 Charge correlation matrix for free enzyme obtained by conventional CpHMD 

simulations at pH=6. 

 

Overall, evaluation of structural fluctuations in the long time CpHMD simulations of the free 

enzyme indicate several interesting trends involving the peripheral loops enclosing the active 

site. Specifically, it was found that loops III and V are highly flexible across all pH trajectories, 

while the flexibility of loop II is slightly enhanced at the enzyme’s active pH. Position-position 

correlations involving loops I, II, III and IV indicate the dynamic motions of loops on adjacent 

sides of the active site tunnel are anti-correlated, indicating the groove adopts a more open 

structure at the active pH. These results support previous findings involving structural 

fluctuations of Tr Cel7A, indicating that these dynamical peripheral loop fluctuations are 

conserved within family Cel7 cellulases.  

Beyond supporting previous computational studies, the current studies are also in agreement 

with previous experimental findings. Most notably, it has been shown that carboxylate 

interactions on loops enclosing the active site of cellulase enzymes likely play an important role 

in both the pH and temperature profile of these enzymes.
7,9

 As discussed above, dynamic charge 

interactions between Asp198 and Asp367 seem to play an important role in driving the observed 

loop fluctuations in the simulations, indicating charge interactions between these residues play a 

role in both thermophilic temperature and alkaline pH profile of Ma Cel7B. It is also of interest 

to note that Asp198 in Ma Cel7B is not present in Tr Cel7A, indicating this residue may be 

involved in the increased temperature and pH profile of Ma Cel7B as compared to Tr Cel7A.
14,30
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5.3.2 Substrate Bound Enzyme System  

In the case of the substrate bound enzyme system, Figure 5.3 indicates fluctuations involving 

loop III and V are slightly decreased as compared to the free enzyme, although the fluctuations 

are still significant, similar to previous computational studies of family Cel7 cellulases.
12

 It does 

appear that residue segment 365-375, which corresponds to loop IV in Figure 5.1, has slightly 

decreased fluctuations as compared to the free enzyme, indicating this loops reduction in 

flexibility when it clamps down in the presence of a substrate. The clamping of loop IV can 

further be seen by comparing the average distance of Tyr370 (resides at the tip of loop IV) to 

Asp214 (active site) in the substrate bound enzyme simulations as compared to the free enzyme 

simulation at pH=6 trajectories. In the free enzyme, the average distance between Tyr370 and the 

active site was found to be 19.6 + 2.1 Ǻ, while in the enzyme complex, this distance decreases to 

13.5 + 1.5 Ǻ. It was also observed that the distance between Asp367 and Asp198 was 4.9 + 1.7 

Ǻ in the substrate bound enzyme simulations, while in the free enzyme this distance ranged from 

~5 to 9 Ǻ. Thus, it appears loop IV adopts a closed orientation resulting in the loop clamping 

over a cellulose substrate. Examination of the position-position correlations in Figure 5.4 

supports this hypothesis as the substrate bound enzyme simulations do not possess the degree of 

correlations as seen in the free enzyme simulations. This again indicates a reduction in the 

dynamic motions involving overhead loops in the enzyme complex, and in particular, an absence 

of the breathing motion seen at the active pH of the free enzyme simulations.  

Investigation of the protonation behavior of residues on the peripheral loops reveals trends 

that are related to the structural fluctuations. Asp367 was found to remain un-protonated across 

all pH trajectories in the long time CpHMD simulations, which is expected given loop IV 

remains in a closed orientation in the substrate bound enzyme simulations. Furthermore, the free 

enzyme results discussed above revealed a protonated Asp198 corresponds to a closed loop III 

confirmation, while the long time CpHMD simulations of the substrate bound enzyme indicate 

Asp198 has a pKa equal of 6.2, a slight increase as compared to the free enzyme.  

In addition to the Asp198, Asp367 charge interactions, Tyr370 on loop III is also observed to 

be involved in the decreased fluctuations involving loop III and IV in the substrate bound 

enzyme simulations. In the enzyme-complex trajectories, the pKa of Tyr370 was found to be 4.7, 

a decrease of >6 relative to the typical bulk water behavior of Tyr, indicating this residue is 

partially un-protonated at the active pH of Ma Cel7B. This decrease in pKa allows Tyr370 to 
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adopt a negative charge and form strong electrostatic interactions with residues on adjacent loops 

(i.e. loops I and II). It is also noted that Trp366, Asp367, Asp368, His369, Tyr370, Met373, and 

Trp375 on loop IV reside at distances in close proximity to the cellulose substrate (<5 Å), 

indicating residue substrate interactions that also likely contribute to the decreased loop 

fluctuations.  

The results involving loops enclosing the active groove support previous experimental 

studies focused on the role of these loops in cellulase activity. It is thought the presence of long 

distal loops enclosing the active site of exo-cellulase enzymes function to secure the substrate in 

the tunnel during processive action.
2,4,5,30

 As the results above indicate, when a substrate is 

present in the active groove, loops I, II, & IV reside in orientations in close contact with the 

cellulose substrate, stabilizing the substrate in the active site. Several X-ray crystallography 

studies have shown the presence of a substrate induces conformational changes of the peripheral 

loops overhead of cellulase enzymes, most notably a closing of two loops around the active 

site.
6,31

 Again, the presence of a substrate causes loop IV to clamp shut, and remain in close 

contact with the adjacent loop I and II. Furthermore, structural data of Tr Cel7A show Tyr247 on 

loop II in close contact with Tyr370 on the adjacent loop IV, effectively enclosing the active site 

tunnel over the catalytic site, and leading to the hypothesis that hydrogen bonding occurs 

between the two Tyr residues.
5,30

  In the simulations reported here, it was found that the 

clamping of loop IV was coupled with a drastic drop in the pKa of Tyr370, indicating hydrogen 

bond interactions between the un-protonated oxygen of Tyr370 and the hydroxyl group of 

Tyr247.  

 

5.3.3 Enzyme with Microfibril 

 The above results from the long time CpHMD simulations provide insights into dynamic 

loop fluctuations related to cellulase functionality. To further probe the possible role loops 

enclosing the active site play in substrate binding, docking calculations with Ma Cel7B as the 

docking ligand and a cellulose microfibril as the macromolecule were conducted. The docking 

studies indicate a clear preference for the enzyme to bind to specific regions of the cellulose 

microfibril (Figure 5.6). The docked enzyme showed a strong preference for the edges of the 

microfibril, and interestingly, the enzyme showed a preference for the edges 1 & 5 over edges 3 

& 7.     
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Figure 5.6 Histogram showing the number of docking results on the various sides of the 

cellulose microfibril. 

 

While preference of the enzyme for certain regions of the microfibril is informative, more 

relevant to the discussion of the overhead peripheral loops is the orientation of the enzyme on the 

microfibril. Figure 5.7 shows the most common conformation for enzyme poses at edge 1 of the 

cellulose microfibril. The docking poses reveals that the enzyme sits on the microfibril with an 

off centered orientation of the active site tunnel to the microfibril. Thus, the docking calculations 

indicate the enzyme orients to have loops on a specific side of the catalytic groove interacting 

with the microfibril, which has been observed in previous computation studies of Tr Cel7B.
1,32

 

The preferred interactions contain loops III, IV, and V, which showed high flexibility in the free 

enzyme CpHMD simulations. Also, it appears residue segments 95-105 (colored red and labeled 

Wedge I) act to ‘scoop’ a cellulose polymer into to the active groove, similar to that seen in MD 

studies of Tr Cel7B.
32

  It is found that several aromatic residues reside in this protein region, 

including Phe94, His98, and Tyr100, which is interesting given aromatic interactions have been 

shown to be important to substrate binding in cellulase enzymes.
33,34

 In particular, Tyr100 at the 

tip of this loop likely plays an important role in the initial recognition of a cellulose substrate.  

It is also interesting to note that in the docking pose shown in Figure 5.7, the catalytic site is 

24 Å from the microfibril surface. Thus, it appears necessary for the loops in direct contact with 

the microfibril (loop V) to re-orient themselves such that they are no longer between the catalytic 

groove and the cellulose fibril. Beyond orienting the loops on the surface of the microfbril, such 

a reorientation also allow the active site to move closer to the microfibril. As discussed above, 
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loops III and V, and to an extent loop IV, are highly flexible in the free enzyme. Given the 

docking results with the cellulose microfibril, it appears the fluctuations of these loops may aid 

in substrate binding (i.e. attachment to a free glucose polymer on a micrfibril surface).  

 

 

Figure 5.7 The most common docked orientation of Ma Cel7B on a cellulose microfibril. The 

catalytic residues are shown in a licorice representation, while peripheral loop regions are 

colored orange. Other residue segments that have significant initial interactions with the 

microfibril are colored red.   

 

To further evaluate the role of peripheral loop fluctuations in binding to a microfibril surface, 

MD simulations using the docking pose shown in Figure 5.7 were conducted. Figure 5.8 shows 

pdb snapshots along the trajectory of the enzyme-microfibril simulations and classical MD 

simulations of the free enzyme. In the case of the enzyme-micrfibril system, it is seen that loop V 

reorients such that it moves away from the active site as compared to the free enzyme 

simulations. Thus, interactions with the microfibril and further increasing the fluctuations of loop 

V allow this loop to reorient and the active site to move closer to the microfibril surface. 

Interestingly, loops I and II also have different conformations relative to the free enzyme system, 

and seem to move to reside in a more closed orientation over the active site. Thus, the 

simulations indicate the presence of a microfibril induces a concerted motion of the peripheral 

loops overhead. Specifically, loop V moves to a more open orientation consistent with allowing 

the active site to move closer to the microfibril, while the adjacent loops I and II form a more 

closed orientation, consistent with securing an incoming free cellulose polymer from the 

microfibril into the active site.            

Overall, investigation of docking possess and molecular dynamic simulations of Ma Cel7B 

with a cellulose microfibril reveal some interesting trends related to peripheral loop fluctuations. 
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Figure 5.8 Trajectory snapshots from classical MD simulations of the Top) free enzyme and 

Bottom) enzyme sitting on a microfibril. All structures were aligned to the original crystal 

structure of Ma Cel7B.     

 

It is found that the enzyme has a strong preference for the edge of a microfibril as compared to 

the face, while the orientation of the most common docked enzyme pose places loops that are 

highly flexible in the CpHMD simulations in direct contact with the microfibril. Furthermore, 

classical MD simulations of the free enzyme and the enzyme sitting on the microfibril surface 

indicate the presence of the microfibril induces significant conformational changes to the 

overhead peripheral loops. Specifically, loop V moves out and away from the active such that it 

no longer impedes the active site from moving closer to the microfibril surface. Furthermore, the 

adjacent loops I and II orient such that the active site is more enclosed and can stabilize an 

incoming cellulose polymer for processive action on the microfibril surface. 
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5.4 Conclusions 

CpHMD, classical MD, and docking studies have been performed on Ma Cel7B to 

investigate the role of peripheral loops enclosing the active site to cellulase activity. The long 

time conventional CpHMD simulations allow for investigation of loop fluctuations and the 

impact of loop orientation on residue protonation at a given pH. In agreement with recently 

published CpHMD studies on Tr Cel7A, it was found that loops III and V enclosing the active 

site possess substantial structural fluctuations across various pH trajectories, while loop II has 

slightly increased flexibility at the active pH.
12

 These findings support the hypothesis that 

fluctuations of these loops are responsible for the pH dependent cellulase flexibility seen in a 

recent neutron scattering study, and likely play a role in the pH dependence of cellulases.
11

 This 

is further supported by the fact that Ma Cel7B possess an Asp residue at position 198 on loop I 

and His at position 369 on loop VI, which are not present in Tr Cel7A, indicating a difference in 

charge interactions in loops enclosing the active site contribute to the elevated pH profile of Ma 

Cel7B.  

In simulations where a substrate is bound in the active site, significant fluctuations remain 

involving loops III and V, while fluctuations involving loop IV are decreased. The protonation of 

Asp367, Asp198, and Tyr370, which have direct interactions between loop residues and the 

substrate, are found to contribute to the decreased fluctuations of loop IV. In general, the 

orientations of loop I, II, and IV in the substrate bound enzyme simulations allow these loops to 

stabilize the substrate in the active site, which is likely crucial to processive hydrolysis of a 

cellulose oligomer. 

The role of peripheral loops enclosing the active site for binding of Ma Cel7B to the 

microfibril were investigated through docking studies and MD simulations. It was found that the 

cellulase enzyme prefers certain edges over the faces of the cellulose microfibril, while the most 

common docking pose and subsequent MD found  the enzyme oriented such that loops that are 

flexible in the CpHMD studies form initial interaction with the microfibril. The MD simulations 

of the enzyme sitting on the microfibril also revealed that loop V re-orients away from the active 

site, while the adjacent loops I and II form a more enclosed tunnel over the active site. It is 

hypothesized that the concerted motion of loop I, II and V allow the catalytic site to move closer 

to the microfibril surface, and secure an incoming cellulose polymer from the microfibril surface 

into the catalytic tunnel. 
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CHAPTER 6 

COMPUTATIONAL EVALUATION OF SUBSTRATE CONFORMATION IN THE ACTIVE 

SITE TUNNEL OF A FAMILY 7 CELLOBIOHYDROLASE 

Abstract 

The configuration of the glucose sugar ring in the active site tunnel of family 7 

cellobiohydrolases is hypothesized to be critical for the hydrolysis of the glycosidic bond 

residing between subsites -1 and +1. The ability of the enzyme to efficiently hydrolyze the 

glucose oligomer substrate has been linked to the formation of the skewed boat (e.g., 
2
S0, 

1
S5, 

and 
1
S3) configuration at the -1 sub-site. However, a molecular-level understanding of how the 

enzyme environment facilitates the shifting of the stability between the boat and skewed boat 

configuration is unknown.  Presented here is a comprehensive analysis of the protonation states 

of the active site residues in the presence of a 10-glucose oligomer. Constant pH Molecular 

dynamics and classical molecular dynamics have been employed to systematically evaluate the 

role of the various active site protonation schemes and their impact on the configuration of the 

sugar rings at each sub-site from -7 to +2. It is found that the protonation state of the highly 

charge coupled active (Glu212, Asp214, Glu217, and His228) effectively modulates the 

formation of the catalytically active skewed boat configuration. This observation clearly 

identifies the protonation states of the active site residues as the major contributing factor to the 

formation of the skewed boat configuration.  

6.1 Introduction 

The hydrolysis of cellulose by cellulase enzymes is believed to depend on the enzymes 

ability to induce ring distortion of the substrate at the catalytic -1 sub-site. Evidence for ring 

distortion at the catalytic site has been observed in x-ray crystal structures of substrate bound 

complexes and in both ab initio calculations and molecular dynamics (MD) simulations.
1-7

 The 

distortion of the glucose ring at the catalytic site is thought to place the anomeric carbon in a 

position that is more conducive for attack by the catalytic nucleophile at the -1 sub-site, and 

alleviates steric clashes that the enzyme would experience during the removal of the leaving 

group sugar from the active site.
6
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Previous computational studies have shown that while a glucose ring in the standard chair 

conformation (i.e., 
4
C1) is the most energetically favorable in vacuum and aqueous 

environments,
8,9

 interactions in the catalytic groove of cellulase enzymes allows for the a skewed 

ring conformation to be energetically favorable.
2,10

 The determination of the potential of mean 

force (PMF) from CpHMD simulations of Cel6A and Cel7A from Trichoderma reesei (Tr) have 

shown that a skewed conformation at the catalytic site is more thermodynamically favorable at 

the catalytic pH, while at other pH’s the standard chair conformation is often more favorable.
10

 

These results indicate the protonation state of residues near the catalytic site play an important 

role in controlling the configuration of the glucose ring at the catalytic -1 sub-site. 

Given the results of previous CpHMD studies on Tr Cel6A and Tr Cel7A,
10

 it is of interest to 

analyze the CpHMD simulations of Ma Cel7B in complex with a 10-glucose oligomer to 

determine if a similar pH dependent distortion is observed. Therefore, classical MD simulations 

of Ma Cel7B with a 10-glucose oligomer bound to the active site and exploring all possible 

protonation permutations of the four main active site residues (i.e., Glu212, Asp214, Glu217, and 

His228) was conducted.  The MD simulations of the twenty-four protonation schemes, as shown 

in Table 6.1, allowed for the identification of specific protonation states that resulted in ring 

distortions favorable to catalysis, and provided further verification of results seen in the CpHMD 

simulations with static protonation states under long time, explicit solvent conditions. 

 

6.2 Methods 

6.2.1 Structure preparation CpHMD simulations 

Details on the docking calculations used to prepare the substrate bound enzyme structure and 

CpHMD methodology can be found in section 2 of chapter 4.  

 

6.2.2 Classical MD Simulations  

Classical MD simulations were performed for 24 different protonation schemes of the active 

site residues Glu212, Asp214, Glu217, and His228 (Table 6.1). All simulations were performed 

in Amber12, with a similar protocol used for all simulation trajectories.
11

 Following creation of 

the substrate bound enzyme structure in Autodock (see section 2 of chapter 3), the systems were 

solvated with the TIP3P water model such that 10 Å of water resided between the enzyme and 

the simulation box boundary.
12

 The protein was described by the parm99SB force field, and the 
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Table 6.1 List of the different protonation permutations investigated in the classical MD 

simulations. Simulations 1H-8H were repeated for Group I, Group II, and Group III. An H 

indicates a protonated residue while a * represents an unprotonated residue.  

 

glucose oligomer was described by the glycam06 force field.
11,13,14

  All systems were subjected 

to 1000 steps of geometry optimization using the steepest descent algorithm, followed by an 

equilibration simulation for 5 ns in the iso-baric iso-thermal (NPT) ensemble. The equilibrated 

systems were then subjected to 40 ns of data collection in the canonical ensemble (NVT). In all 

simulations, the temperature was maintained at 300 K using Langevin dynamics with a collision 

frequency of 2 ps
-1

, and the length of all hydrogen atom bonds were constrained using the Shake 

algorithm, which allowed for the use of a 2 fs time step.  During the NPT ensemble, isotropic 

position scaling was used to maintain the pressure at 1 atm. 

 

6.2.3 Ring Conformation Analysis  

The Cremer-Pople description of sugar ring puckering coordinates was used to describe 

glucose ring conformations.
15

 In total, 3 parameters, , , and q, are needed to describe the  

Cremer-Pople  puckering coordinates, as shown in Figure 6.1.
16

 The  , , and q parameters were 

determined for each configuration of the simulation spaced 2 ps apart for the various simulated 

protonation trajectories. 
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Figure 6.1 Spherical (Top) and planer (Bottom) representation of the Cremer-Pople ring 

puckering coordinates. Images were taken from the online Cremer-Pople calculator created by 

Shinya Fushinobu. (http://www.ric.hi-ho.ne.jp/asfushi/) 

 

6.3 Results and Discussion 

6.3.1 Ring conformation in Classical MD simulations  

As shown in Table 6.1, MD simulations were performed for every possible protonation 

permutation of Glu212, Asp214, Glu217, and His228 in the active site of Ma Cel7B, leading to a 

total of 24 different simulations. These simulations allow for the determination of how different 

static protonation schemes impact the conformation of the glucose rings at the active site under 

long time, explicit solvent conditions. The azimuthal angle, , is a distinguishing parameter for a 

sugar ring describing the shifting from the standard 
4
C1 chair conformation (=0) to the various 

skewed and boat orientations (=90), Figure 6.1. The calculation of  for all glucose rings along 

the active groove (i.e. -7 to +2) was conducted to determine which protonation schemes cause a 

shift from the standard 
4
C1 chair conformation, if the shift occurs at the expected -1 catalytic sub-

site, and if the resulting conformation corresponds to a skew boat. 

Figure 6.2 shows the percentage of the simulation trajectory that glucose rings along the 

active groove adopt an orientation with 80 < < 100 (i.e. within 10 of the value needed for 

various skew and boat orientations). It is found that the glucose ring at the catalytic -1 sub-site 

has the most significant percentage of time in which  is near 90. Furthermore, there appears to 
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be interesting correlations involving the protonation of active site residues and the orientation of 

the glucose ring at the -1 sub-site, indicating residue protonation has a substantial impact on 

glucose ring configuration. From the various simulations it appears a singly protonated His228 is 

more likely to result in a skewed glucose ring at the catalytic site than a doubly protonate 

His228. In chapter 4 of this thesis it was hypothesized that His228 acts as the primary proton 

source for the hydrolysis reaction. The protonation-conformation results reported here indicate 

that after a proton is transferred from a double protonated His228 to the catalytic site (i.e. His228 

becomes singly protonated), the glucose substrate at the -1 sub-site has an increased probability 

of shifting into a skew boat orientation and therefore become primed for hydrolysis. Several 

protonation schemes involving the catalytic residues result in a skew boat configuration. 

Analysis of the single protonated His228 simulations indicates that a single proton residing on 

the  nitrogen of His228 and a protonated Glu217, Group II 3H, leads to the glucose at sub-site -

1 remaining in a skewed orientation for ~95% of the simulation. The Glucose rings at other sub-

sites largely remain with a ~0, indicative of the standard chair conformation, although certain 

protonation schemes lead to the glucose rings at the -2 and -3 sub-sites adopting conformations 

in the skew orientation range.     

To further investigate the exact orientation at the catalytic -1 sub-site, the  and q values for 

orientations when  is ~90 were investigated, Table 6.2. From Table 6.2 it is found that when 

the -1 sub-site resides at  ~90,  is in the range of 150-160 and q is in the range of 0.65-0.7, 

indicative of a 
2
S0 ring conformation. Therefore, when the glucose ring at the -1 sub-site 

transitions from the standard chair to a skewed orientation, it largely resides in a 
2
S0 

conformation.  Exceptions include Group I 8H, which resides in the 
5
S1, Group III 3H, which 

resides in the 
2,5

B, and Group II 1H, which resides in the B3,0 configurations.        

In chapter 4 of this thesis, it was found that the most energetically favorable protonation 

schemes at pH=6 involved a protonated Asp214 and singly protonated His228, a singly 

protonated His228 and a protonated Glu217, and a doubly protonated His228 and a protonated 

Glu217. In the present classical MD simulations, 2/3 of these protonation schemes led to a 

skewed orientation for a majority of the simulation trajectory. 

Overall, the classical MD simulations indicate different protonation schemes involving active 

site resides can have an impact on glucose ring orientation at the catalytic site. Several of these  
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Figure 6.2 Percentage of the classical simulation trajectories that the  Cremer-Pople parameter 

resides between 80 and 100 glucose rings along the various binding sites. 

 

Table 6.2 Average  and q values when 80 <  < 100 for the glucose ring at the -1 sub-site 
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protonation schemes were found to be some of the most energetically favorable in our previous 

reporting on CpHMD studies of Ma Cel7B. Together with the charge correlations from the 

CpHMD results, several of the protonation schemes can be deemed to be catalytically active, 

including schemes where a singly protonated Asp214 or singly protonated Glu217 is present. 

 

3.2 Ring Conformation in CpHMD Simulations   

To further investigate the conformation of glucose substrates in the active site, it was decided 

to analyze the previously reported long time conventional CpHMD simulations to determine if 

the orientation of the ring in the active site is pH dependent. Figure 6.3 shows the percentage of 

the simulation trajectory that  resides near 90 for the pH=3, 6, & 8 simulations. Similar to the 

classical MD simulations, it is found that the glucose ring at the -1 sub-site spends the most 

significant amount of time with  indicative of a skewed conformation. Interestingly, the pH=6 

trajectory does have an increased percentage of the trajectory residing in a skewed orientation 

relative to the none-catalytic pH trajectories, in line with previous computational studies 

indicating a skewed orientation is more favorable at the catalytic pH of cellulases.
10

 It is noted 

that in the CpHMD simulations, the percentage of the simulation trajectory spent with a skewed 

orientation is not as great as that seen in certain classical MD simulations, which is likely due to 

dynamic residue protonation leading to greater fluctuations in the ring orientation.    

 

 

Figure 6.3 Percentage of the CpHMD simulation trajectories that the  Cremer-Pople parameter 

resides between 80 and 100 glucose rings along the various binding sites  

 

To evaluate the relative stability of ring conformations sampled at the catalytic site in the 

CpHMD simulations, the potential mean force (PMF) as a function of the puckering coordinates 
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Figure 6.4 to Figure 6.1 indicate the ring conformation falls into two minima; one at the 
4
C1 ring 

conformation, and one around the 
2
S1-B3,0 conformation. It is seen that the energy minima for the 

skewed conformation is ~1.5 kcal/mol lower than the chair conformation. Thus, the CpHMD 

simulations indicate the orientation of the substrate at the catalytic site is highly dynamical, with 

the skewed orientation being slightly energetically favorable to the standard chair conformation 

typically seen in bulk water. It is noted that in previous CpHMD studies of Tr Cel7A, a similar 

energy difference was observed between a chair and skewed orientation at the active pH (i.e. 

pH=5).
10

  

 

 

Figure 6.4 Two-dimensional contour representation of the PMF (kcal/mol) as a function of  and 

 for the substrate at the catalytic site at pH=6. 

 

6.4 Conclusions 

CpHMD and classical MD simulations have been performed on the cellobiohydrolase Ma 

Cel7B to investigate the impact of residue protonation on substrate conformation. Classical MD 

simulations with different protonation permutations of active site residues indicate residue charge 

can have a significant impact on the orientation of the substrate at the catalytic site. In general, 

the substrate is observed to reside in either a standard 
4
C1 conformation that is stable in bulk 

water, or a 
2
S1-B3,0 orientation that is favorable for hydrolysis. Several protonation schemes lead 

to a skewed orientation; most notably, a singly protonated His228 and protonated Glu217, which 

is ‘primed’ for protonation of the glycosidic bond by Glu217. It is also observed that several 

trajectories involving a protonated His228 or a protonated Asp214 lead to a skewed orientation. 
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As discussed in Chapter 4, charge correlations indicate His228 can transfer a proton through 

Asp214 to the catalytic Glu217. 

In the long time CpHMD simulations, it is seen that a skewed orientation is sampled more 

often at the catalytic pH than at other pH trajectories. Evaluation of the PMF as a function of ring 

puckering coordinates at the active pH of Ma Cel7B reveals a skewed orientation resides at a 

minimum ~ 1.5 kcal/mol lower than the standard chair conformation minimum, which is similar 

to previous findings involving Tr Cel7A.
10

 Thus, while the protein environment leads to the 

skewed orientation being slightly more energetically favorable, the dynamic protonation states 

cause the ring orientation to constantly sample between the two states.  

Overall, the computational studies performed here indicate residue protonation can have a 

significant impact on the orientation of the substrate orientation. It has long been recognized that 

ring puckering is a crucial step in the hydrolysis of oligosaccharides by cellulase enzymes. The 

results seen here indicate the highly charge coupled active site effectively modulates the 

formation of the catalytically active skewed-boat conformation, which clearly identifies the 

protonation states of the active site residues as the major contributing factor to the formation of 

the skewed boat configuration. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

Constant pH molecular dynamics (CpHMD), classical molecular dynamics (MD), docking 

calculations, and kinetic modeling have been used to investigate the fundamental molecular-level 

interactions that lead to the observed enzyme characteristics of Melanocarpus albomyces (Ma) 

Cel7B. Specifically, this work focused on 1) Evaluating the use of CpHMD to accurately predict 

residue protonation in biomolecuar systems 2) Utilizing CpHMD to investigate residue 

protonation and charge correlations of catalytic residues, and incorporating the results into a 

kinetic model 3) Utilizing CpHMD, MD, and docking studies to evaluate structural fluctuations 

of peripheral loops overhead as related to substrate binding and threading 4) Utilizing CpHMD 

and MD to determine the impact of residue protonation on the conformation of the substrate at 

the catalytic -1 sub-site. 

It was found that CpHMD accurately reproduced experimental 
1
H NMR of α-conotoxin MII 

peptides,
1
 indicating CpHMD is a suitable technique for examining residue protonation in 

cellulase enzymes, which are difficult to determine experimentally. Protonation data from our 

CpHMD studies on the active site of Ma Cel7B support the role of Glu212 as the catalytic 

nucleophile and Glu217 as the catalytic acid-base, and verify that Asp214 controls the 

protonation and orientation of the nucleophile Glu212.
2,3

 Furthermore, a significant degree of 

charge coupling was observed between the catalytic residues and the nearby Asp214 and His228 

residues, indicating an extensive hydrogen bonding network that influences the protonation of 

catalytic residues and thus impacts the hydrolysis reaction performed by Ma Cel7B. The pKa 

values and charge coupling predicted by the CpHMD simulations were incorporated into a 

kinetic model,
4
 which indicated that hydrogen bonding is necessary to achieve a kinetic profile 

with an optimal pH near the experimental catalytic pH of Ma Cel7B. Furthermore, the 

protonation of His228 was identified as having a substantial impact on the optimal pH and 

overall cellulase activity, in line with experimental studies showing His residues in the active site 

impact the pH profile of cellulases.
5,6

 Furthermore, the proximity of His228 to Glu212, Asp214, 

and Glu217, and the observed concerted motion and charge correlation involving these residues 
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indicate modifying the protonation of His228 is a promising route for future protein engineering 

studies aimed at tuning the activity and pH profile of family Cel7 cellobiohydrolases.  

It has been shown that peripheral loops enclosing the active site of cellulase enzymes play an 

important role in enzymatic activity, pH profile, and temperature stability.
7-10

 In the present 

simulations, it was found loops III and V in Figure 4.1 were highly flexible across various pH 

trajectories, while at the active pH, increased flexibility was observed involving loop II. The 

fluctuations involving these loops are similar to computational results seen involving the 

structurally similar Tr Cel7A,
11

 and indicate these loop fluctuations are likely responsible for pH 

dependent flexibility seen in neutron scattering experiments.
12

 In the presence of a bound 

oligosaccharide substrate, loop III and V remain flexible, while loops I, II, and IV clamp down 

over the substrate. The clamping of loops over the substrate is consistent with crystal structures 

of substrate bound cellulase systems.
13-15

 The protonation of Asp198, Asp367, and Tyr370 were 

identified as influencing the fluctuation patterns seen in the free and substrate bound enzyme 

simulations. MD simulations of the enzyme adsorbed onto a microfibril indicate loop V remains 

highly flexible and orients away from the active site, allowing the microfibril to be more 

accessible to the catalytic groove. In simulations with the microfibril, it was also observed that 

loops I, II, and IV clamp in a motion consistent with these loops securing an incoming polymer 

from the microfibril. 

Finally, substrate conformation has been shown to be a critical factor in the hydrolysis of 

cellulose by cellulase enzymes.
15,16

 Performing classical MD simulations with different active 

site protonation permutations revealed residue charges can have a significant impact on the 

preferred substrate orientation. In general, the different protonation schemes led to either a 

standard chair conformation, which has been found to be favorable in bulk water,
17,18

 or a 

skewed-boat conformation, which has been shown to be favorable for enzymatic hydrolysis.
15,19

 

Evaluation of ring conformation in the CpHMD simulations indicate the same two conformations 

as being energetically favorable, with the dynamic residue protonation causing the sugar ring to 

sample between the chair and skewed conformation. Evaluation of the PMF along the ring 

puckering coordinates at the active pH revealed the skewed boat to be slightly energetically 

favorable, with a free energy ~1.5 kcal/mol lower than the chair conformation, which is in 

agreement with previous work conducted on Tr Cel7A.
11

 Overall, these results indicate the 

highly charge coupled active site effectively modulates the formation of the catalytically active 
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skewed-boat conformation, and clearly identifies the protonation states of the active site residues 

as the major contributing factor to the formation of the skewed boat configuration. 

 

 7.2 Future Work 

The results discussed in the present manuscript have provided insight into the molecular-

level interactions impacting cellulases, particularly those related to residue protonation. Direction 

of future work should address the following issues: 

 Our CpHMD simulations and activity-pH model of Ma Cel7B indicate the computational 

methodology is able to reproduce experimental activity trends. It would be of interest to extend 

these studies to other enzymes with significantly different activity profiles, which would further 

validate the use of such computational techniques for evaluating molecular interactions leading 

to observed enzymatic characteristics. Furthermore, our computational studies led to the 

hypothesis that the protonation of His228 may have a substantial impact on the optimal pH and 

overall catalytic rate. As such, mutations aimed at altering the protonation of His228 should be 

performed, followed by the above simulation and kinetic modeling protocol to examine the 

resulting predicted activity profile. Promising mutants could then be evaluated experimentally to 

confirm the resulting impact on enzymatic activity. 

 Evaluation of peripheral loops indicated that fluctuations and the orientation of these 

loops likely play an important role in substrate binding and threading of a cellulose polymer into 

the active site. However, complete elucidation of the reaction coordinate for threading a cellulose 

polymer and processive hydrolysis action remains incomplete.
20

 Therefore, further simulations 

utilizing advanced sampling techniques are needed to determine the overall mechanism and rate 

limiting step for threading and processive action. Also, we have performed preliminary 

simulations of thermophilic cellulases in different ionic liquid mixtures, and found that 

alterations to enzyme fluctuations may relate to the decreased activity of certain enzymes in ionic 

liquids. Thus, it is of interest to further evaluate how ionic liquid mixtures impact peripheral 

loops in Ma Cel7B and other cellulases, and determine if this can be used as an efficient tool for 

predicting cellulase activity in ionic liquid mixtures.   

Finally, further analysis is needed to identify specific interactions leading to the alteration of 

substrate conformation at the active site. In particular, Molecular Mechanic/Poisson-Boltzmann 

Surface Area Analysis (MM/PBSA) can be used to determine to the relative energies of different 



107 

 

active site protonation schemes, while MM/PBSA coupled with alanine scanning can identify 

specific interactions that trigger the formation of a skewed-boat substrate orientation. Given that 

the methodologies discussed thus far rely on classical treatment of the bond bending and 

stretching involved in ring conformation change, it is necessary to evaluate results using a 

quantum mechanical/molecular mechanical (QM/MM) methodology. Such an approach would 

help validate findings seen from the MD and MM/PBSA calculations, as well as gain a more 

quantitative description of the free energy profile for pH dependent ring puckering in an enzyme 

environment. 

 

7.3 Chapter 7 references 

 

 (1) McDougal, O. M.; Granum, D. M.; Swartz, M.; Rohleder, C.; Maupin, C. M. 

Journal of Physical Chemistry B 2013, 117, 2653. 

 (2) Parkkinen, T.; Koivula, A.; Vehmaanpera, J.; Rouvinen, J. Protein Science 2008, 

17, 1383. 

 (3) Stahlberg, J.; Divne, C.; Koivula, A.; Piens, K.; Claeyssens, M.; Teeri, T. T.; 

Jones, T. A. Journal of Molecular Biology 1996, 264, 337. 

 (4) Olivera-Nappa, A.; Andrews, B. A.; Asenjo, J. A. Biotechnology and 

Bioengineering 2004, 86, 573. 

 (5) Becker, D.; Braet, C.; Brumer, H.; Claeyssens, M.; Divne, C.; Fagerstrom, B. R.; 

Harris, M.; Jones, T. A.; Kleywegt, G. J.; Koivula, A.; Mahdi, S.; Piens, K.; Sinnott, M. L.; 

Stahlberg, J.; Teeri, T. T.; Underwood, M.; Wohlfahrt, G. Biochemical Journal 2001, 356, 19. 

 (6) Boer, H.; Koivula, A. European Journal of Biochemistry 2003, 270, 841. 

 (7) Yuchun, L.; Beckham, G. T.; Himmel, M. E.; Crowley, M. T.; Chu, J.-W.  Journal 

of Physical Chemistry B, 2013; Vol. 117, p 10750. 

 (8) Lin, Y. C.; Silvestre-Ryan, J.; Himmel, M. E.; Crowley, M. F.; Beckham, G. T.; 

Chu, J. W. Journal of the American Chemical Society 2011, 133, 16617. 

 (9) Meinke, A.; Damude, H. G.; Tomme, P.; Kwan, E.; Kilburn, D. G.; Miller, R. C.; 

Warren, R. A. J.; Gilkes, N. R. Journal of Biological Chemistry 1995, 270, 4383. 

 (10) von Ossowski, I.; Stahlberg, J.; Koivula, A.; Piens, K.; Becker, D.; Boer, H.; 

Harle, R.; Harris, M.; Divne, C.; Mahdi, S.; Zhao, Y. X.; Driguez, H.; Claeyssens, M.; Sinnott, 

M. L.; Teeri, T. T. Journal of Molecular Biology 2003, 333, 817. 

 (11) Bu, L.; Crowley, M. F.; Himmel, M. C.; Beckham, G. T.  Journal of Biological 

Chemistry, 2013. 

 (12) Pingali, S. V.; O'Neill, H. M.; McGaughey, J.; Urban, V. S.; Rempe, C. S.; 

Petridis, L.; Smith, J. C.; Evans, B. R.; Heller, W. T. Journal of Biological Chemistry 2011, 286, 

32801. 

 (13) Varrot, A.; Schulein, M.; Davies, G. J. Journal of Molecular Biology 2000, 297, 

819. 

 (14) Varrot, A.; Schulein, M.; Davies, G. J. Biochemistry 1999, 38, 8884. 



108 

 

 (15) Zou, J. Y.; Kleywegt, G. J.; Stahlberg, J.; Driguez, H.; Nerinckx, W.; Claeyssens, 

M.; Koivula, A.; Teerii, T. T.; Jones, T. A. Structure with Folding & Design 1999, 7, 1035. 

 (16) Sulzenbacher, G.; Driguez, H.; Henrissat, B.; Schulein, M.; Davies, G. J. 

Biochemistry 1996, 35, 15280. 

 (17) Csonka, G. I.; Elias, K.; Csizmadia, I. G. Chemical Physics Letters 1996, 257, 49. 

 (18) Appell, M.; Strati, G.; Willett, J. L.; Momany, F. A. Carbohydrate Research 

2004, 339, 537. 

 (19) Barnett, C. B.; Wilkinson, K. A.; Naidoo, K. J. Journal of the American Chemical 

Society 2010, 132, 12800. 

 (20) Beckham, G. T.; Bomble, Y. J.; Bayer, E. A.; Himmel, M. E.; Crowley, M. F. 

Current Opinion in Biotechnology 2011, 22, 231. 

 

 



109 
 

APPENDIX A 

CHAPTER 4 SUPPLEMENTAL INFORMATION

A.1 Verification of enzyme complexed to a 10-glucose substrate 

 

Figure A1: Grid box used for the docking calculations of a 10-glucose ligand to the 

Melanocarpus albomyces (Ma) Cel7B macromolecule. Substrate binding sites are labeled -7 to 

+3, and residues allowed to have dynamic protonation are shown as licorice.   

 

Visual inspection of the enzyme-substrate in the Visual Molecular Dynamics (VMD) 

package showed the docked substrate lining the active groove of the cellulase enzyme from the -

7 to the +3 sub-sites .
1
  It was found that the glycosidic bond at the -1, +1 sub-site points towards 

the carboxylic oxygen of the acid-base Glu217 at a distance of 3.1 Å, and the nucleophile 

Glu212 points towards the anomeric carbon of the sugar ring at sub-site -1 at a distance of 4.9 Å. 

This substrate orientation is similar to that seen at the -1,+1 sub-site of available structural data 

of Melanocarpus albomyces (Ma) Cel7B and similar family Cel7 cellulases complexed to 

substrates, and is conducive to the hydrolysis mechanism of Ma Cel7B (Figure 1).
2,3

  

Furthermore, a kink in the docked substrate at the -2,-3 sub-site has been previously observed in 
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structural x-ray data of Trichoderma reesei (Tr) Cel7A complexed to 6 glucose-unit oligomer.
4
 

Overall, the agreement with available experimental structural data indicates the docking 

calculations produced an enzyme-substrate complex suitable for subsequent molecular dynamics 

(MD) simulations. 

A.2 Residue titration curves 

 

 

Figure A2: Titration curves produced by replica exchange (left) and conventional CpHMD 

(right) for enzyme-substrate complex active site residues. For a given system, if a residue titrated 

in either method, both titration curves are shown. 
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Figure A3: Titration curves produced by replica exchange (left) and conventional CpHMD 

(right) for free enzyme active site residues. For a given system, if a residue titrated in either 

method, both titration curves are shown. 
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Figure A4: Titration curves produced by replica exchange (left) and conventional CpHMD 

(right) for free enzyme overhead loops. For a given system, if a residue titrated in either method, 

both titration curves are shown. 
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Figure A5: Titration curves produced by replica exchange (left) and conventional CpHMD 

(right) for enzyme-substrate complex overhead loops. For a given system, if a residue titrated in 

either method, both titration curves are shown. 
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