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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

SCHOOL OF CHEMISTRY 

Doctor of Philosophy 

DEVELOPMENT AND APPLICATION OF A QM/MM METHOD FOR FREE 

ENERGY CALCULATIONS 

MICHAEL CARTER 

In this thesis, a simplified Quantum Mechanics/Molecular Mechanics (QM/MM) 

method has been developed, which incorporates Density Functional Theory (DFT) and 

Free Energy Perturbation (FEP) to calculate QM/MM corrections for classically 

obtained MM free energies. This method has been applied to the calculation of 

hydration free energies and protein-ligand binding free energies. The hydration free 

energy study showed that for small organic compounds the QM/MM method could 

perform as well as standard MM. Further analysis highlighted that implementing 

QM/MM appeared to over-polarise for compounds with hydrogen bonding moieties.  

This over-polarisation was caused by the embedding technique utilised. Hence, the 

embedding strategy was adapted to utilize a Gaussian blurring approach, which 

enabled the minimisation impact of this over-polarisation. For the protein-ligand 

studies three proteins were investigated; COX-2, neuraminidase and CDK2. The results 

from these studies showed that the QM/MM method obtain less accurate results than 

conventional MM. This has been attributed to several factors, including; too simplistic 

embedding techniques leading to over polarisation for extremely polar protein-ligand 

systems (neuraminidase) and poor agreement for protein-ligand systems with small 

pocket sizes. Also, GCMC simulations have identified that erroneous system setup for 
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CDK2 is the root cause of extremely poor correlation in both MM and QM/MM free 

energy studies. 
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1 Introduction 

Understanding how drug molecules bind to target biomolecules is an integral part of 

modern drug design. The number of protein structures available via the Protein 

DataBank (PDB) has grown exponentially over the past 20 years with over 90,000 

structures available today [1]. Allied to the growth in protein structure availability has 

been the growth in computing power. These changes have seen atomistic computer 

simulations of biomolecular systems become increasingly popular with pharmaceutical 

companies and academic associations [2]. 

 

1.1 Free Energy Calculations 

Many methods and algorithms have been developed to simulate biomolecular systems 

and obtain relevant thermodynamic properties (i.e. binding free energies). The 

accurate calculation of protein-ligand binding is still a major challenge in modern 

computational drug design. The prediction of such binding free energies is not only 

important for the design of new therapeutic compounds, but is also a valuable tool in 

other areas of research such as the role of catalysts in reaction mechanisms [3, 4] and 

the action of molecules on inorganic surfaces [5]. More approximate methods like 

docking [6] allow for the prediction of how a drug molecule binds in a target 

biomolecules binding site, but such methods do not allow for the accurate prediction 

of binding free energies, this problem is commonly referred to as the ‘docking 

problem’ [7]. Thermodynamically rigorous methods, including Thermodynamic 

Integration (TI) [8] and Free Energy Perturbation (FEP) [9] offer much greater accuracy 

when calculating binding free energies, at a much higher computational cost. These 
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methods exploit free energy cycles to calculate the relative binding free energies of 

drug molecules via alchemical perturbations between different drug compounds. With 

such improved methods and computing resources, many examples of lead 

optimization guided by free energy calculations have been reported [10, 11, 12], 

suggesting that these methodologies are becoming commonplace within the drug 

design process. 

 

1.2 Limitations of Free Energy Simulations in drug design 

Most current free energy methods use classical MM forcefield Hamiltonians, such as 

AMBER99 [13], Generalised Amber ForceField (GAFF) [14], Optimised Parameters for 

Liquid Simulations (OPLS) [15] and GROMOS [16]. Although classical forcefields provide 

a relatively accurate description of protein-ligand interactions they often neglect the 

polarization of a ligand by its environment (protein, solvent, cofactors and ions). This 

can have a large effect when considering complex electronic environments, such as 

protein-ligand systems. One possible approach to correct this is to include polarization 

terms within the forcefields to create polarizable forcefields [17], however, work in 

this area is very limited and greater development is needed before this is can be 

considered a viable solution. Another common approach is to use exaggerated point 

charges to overestimate dipole moments within a ligand and thus incorporate 

solvation effects implicitly [18]. 

A more general approach is to use combined classical non-polarizable 

forcefields, and to correct the free energies obtained using QM or QM/MM 

approaches. Many studies have used a similar approach for enzymatic reaction 

mechanisms [19, 20] and free energy studies. [21, 22, 23]. In this thesis we shall 
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describe the use of a simplified MM→QM/MM method which incorporates Density 

Functional Theory (DFT) and FEP to obtain QM/MM corrections for classically (MM) 

obtained free energies of hydration and protein-ligand binding free energies.  
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2 Computational Methods 

2.1 Introduction 

With ever increasing computational power, it is now possible to simulate complex 

processes including protein folding [24], membrane formation [25] and cell membrane 

permeation [26], simulations which 10 years ago would not have been possible. The 

following sections outline the basic principles behind molecular modelling. Owing to 

the huge numbers of studies and methods available in the literature, it is impossible to 

fully, or even partially, explain all of the methods in this vast and ever expanding field. 

As such, there are excellent introductory sources which go further into the finer point 

of these methods, such as Molecular Modelling: Principles and Applications by Leach 

[27] and Computer Simulation of Liquids, by Allen and Tildesley [28]. In the following 

sections we shall focus on aspects of molecular modelling relevant to the work 

presented here. 

 

2.2 Statistical Mechanics 

Statistical mechanics links thermodynamic observables of large-scale systems to the 

microscopic properties of the constituent particles of the system. Statistical mechanics, 

using the laws derived by Boltzmann, allow for the precise calculation of entropy based 

upon the number and population of microstates in the system. 
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2.2.1 Boltzmann Distribution 

The following derivation is taken from pages 510-511 of Physical Chemistry by Atkins 

[29]. The Boltzmann distribution is fundamental to statistical mechanics. It describes 

the population of energy states within a system. Consider a system containing N 

particles where each particle can exist in a given energy state, ε0, ε1, where ε0 is the 

lowest energy state. The instantaneous configuration of the system fluctuates with 

time, yet some configurations are more likely than others. Critically, the total energy of 

each configuration must be the same. The likelihood of any one of these states can be 

expressed numerically as the configurational weight of the configuration (eq. 2.1): 

 

 

      
          

  

 

(2.1) 

Where    is the population of energy state    etc…. A question which arises is whether 

there is a dominant configuration which in turn controls the observed system 

properties. To go about answering this question, two constraints must be applied: 

 

        

 

 

 

(2.2) 

      

 

 

 

(2.3) 

 Equations 2.2 and 2.3 ensure that any configuration in the system will have the 

same total energy,  , as well as the same number of particles. 
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 In order to obtain the most likely configuration, we must differentiate W with 

respect to all of the populations in the system subject to the constraints. This achieved 

using Langrange multipliers. This gives the condition for the most probable 

configuration as: 

 

     

   
           

 

(2.4) 

In equation 2.4,   and   are both constants. The solution to this equation can be 

estimated by Sterling’s approximation: 

 

              

 

(2.5) 

Combining equation 2.5 with equation 2.1 gives: 

 

         
          

  

 

(2.6) 

               

 

  

 

(2.7) 

                         

 

 

 

(2.8) 

We can now estimate a solution to equation 2.4: 
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(2.9) 

 

     

   
        

 

(2.10) 

Putting this result into equation 2.4, we obtain: 

 

                 

 

(2.11) 

Hence, the most probable population of the state of energy     is: 

 

             

 

(2.12) 

Using constraint 2.3, we obtain: 

 

       

 

          

 

 (2.13) 

 

Rearranging equations 2.12 and 2.13, produces the Boltzmann distribution: 

 

 
             

      

       
 

(2.14) 
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2.2.2 The Molecular Partition function  

The probability distribution,  , which is the probability of a component of the system 

having and energy,   , of the canonical ensemble is related to equation 2.14 and the 

Boltzmann equation: 

 

 
          

 

    
             

 

(2.15) 

The denominator of equation 2.14 is known as the molecular partition function,  , and 

this plays the role of a normalisation constant in equation 2.15. 

 

          

 

                  (2.16) 

 
This equation contains all the information regarding the thermodynamics of a system 

of non-interacting particles. Knowledge of the partition function allows the calculation 

of all of the thermodynamic properties of a system. Hence, the partition function is of 

critical importance. Such properties which can be calculated include the Helmholtz free 

energy, A, and the pressure, p: 

 

            (2.17) 

 
        

    

  
 

 
 

(2.18) 

 

In equations 2.17 and 2.18,    is the Boltzmann constant, equal to 1.38 x10-23 J.K-1. T is 

the temperature of the system and V the volume of the system.  
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In the limit of a quantised energy states, equation 2.16 can be used to define 

the partition function. However, when dealing with a continuum of states, equation 

2.16 is replaced by an integral which considers the 6 dimensional space, known as 

phase space. 

 

 
       

 

  
 

 

   
                         

 

(2.19) 

 

In equation 2.19,    and    are the momenta and positions of each of the N particles. 

  is Planck’s constant, equal to 6.63 x 10-34 J.s, and the N! term arises from the fact that 

all particles are indistinguishable. 

The partition function can be adapted to introduce the notion of interacting 

particles through the concept of ensembles. An ensemble can be thought of as a large 

collection of replica systems, where each replica in the ensemble could be 

representative of the true state of the system. An example of an ensemble is the 

canonical ensemble. This ensemble can be thought of as a collection of identical 

systems which are in thermal contact with each other, allowing the exchange of energy 

between each system but keeping the temperature, volume, and number of particles 

in each system constant.  

 

2.3 Molecular Mechanics - Empirical Forcefields 

From analysis of the partition function, it can be seen that the energy of the system of 

the system must be calculated. This is commonly achieved from splitting the energy 

contributions into two parts; the kinetic and potential energy. The kinetic energy of the 
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system can be found analytically from the masses and velocities of the particles, using 

equation 2.20. 

 

 
    

 

 
    

(2.20) 

 

In equation 2.20,   is the mass of the particle and   the velocity of the particle. The 

potential energy of the system cannot be found this way. There are two commonly 

used techniques to calculate the potential energy of the system; classically via 

Molecular Mechanics (MM) and though the use of Quantum Mechanics (QM) (section 

2.4). MM typically finds the potential energy of the system as a function of the co-

ordinates of the system. 

The total potential energy of a system can be thought of as a sum of all of the 

intra and inter-molecular contributions within the system: 

 

                                                         

 

(2.21) 

      and        are typically represented by harmonic potentials: 

 

 
        

 

 
        

 

     

 

 

(2.22) 

 
         

 

 
        

 

      

 

 

(2.23) 
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In equations 2.22 and 2.23,   is the force constant,   the bond length,   is the angle 

and      and     are the equilibrium bond length and angle respectively. 

The dihedral energy is modelled as a cosine series: 

 

                             

         

 

 

(2.24) 

In equation 2.24,   is the multiplicity of the function (the number of minima as the 

bond is rotated through 360o).   is the phase angle, which determines the point where 

the dihedral energy is at its lowest value.   is the dihedral angle, whilst    is the 

amplitude of the cosine function and represents the force constant. 

The inter-molecular contributions are made up of two parts; electrostatic 

(coulombic potential) and dispersive and repulsive terms (Lennard-Jones potential).  

 

 
            

    

       
        

   

   
 

  

   
   

   
 

 

  

    

 

 

(2.25) 

In equation 2.25,   and   represent intermolecular atom pairs, with    and    atomic 

partial charges on atoms   and  .     and     are the Lennard-Jones well depth and 

collision diameter for atoms   and  , with     the inter-atomic distance.  

The parameters used within forcefields have been derived differently, meaning 

that the combination of different forcefields is not advised. For example, the GAFF 

obtains it parameters through a combination of empirical and QM means [30]. Partial 

charges are typically obtained using high lever quantum theory such as Hartree-Fock 

calculations, whilst bond lengths are typically obtained by a combination of 
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experimental methods (X-ray crystallography) and high level ab-intio calculations. A 

similar procedure is used to obtain the parameters for the angle bending and torsional 

terms. In comparison, the GROMOS forcefield is purely empirical, with non-bonded 

terms parameterised to fit experimental properties such as the free enthalpy of 

hydration. Bonded terms are parameterised purely against crystallographic and 

spectroscopic data [31]. 

 

2.3.1 Polarizable Forcefields 

Polarizable forcefields aim to capture the changes in polarisation that classical fixed-

charge MM forcefields neglect. Due to the complex nature of polarisation there are 

several methods available to include it within a forcefield.  

For example, one of the first polarizable forcefields ENZYMIX [32] was based upon 

an induced dipole model. Other efforts to include polarization have focused on point 

charge models, where classical MM forcefields, including CHARMM [33] and AMBER 

[13], use exaggerated charges to include polarisation effects. More recent advances 

have seen polarizable potentials based upon distributed multipoles become very 

popular. Several potentials, AMEOBA [34], SIBFA [35] and ORIENT [36], have been 

designed to utilise this multipole based approach. Despite these recent advances in 

polarisable MM forcefields, their application to drug design has been limited due to 

the success of classical MM forcefields at describing biomolecular systems. However, 

given the extensive development of polarizable forcefields in the past few years, it is 

believed that polarizable potentials will become routinely used within computational 

simulations, particularly on systems where standard MM forcefields fail [17]. 
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2.4 Quantum Mechanics 

Quantum Mechanics (QM) differs from MM as it uses wave functions (Ψ) to describe 

the behaviour of electrons. QM methods are generally much more accurate than MM 

methods as they explicitly consider electrons. This means that QM methods can be 

used to study very polar systems with a high degree of accuracy. The pitfalls of QM lie 

in its computational expense. The following sections shall briefly describe the 

background of QM for a more detailed description into QM the textbooks 

“Introduction to Advanced Electronic Structure Theory” by Szabo and Ostlund [37], 

“Molecular Electronic Theory” by Helgaker, Jorgensen and Olse [38], and “Molecular 

Quantum Mechanics” by Atkins and Friedman [39] are recommended. 

 

2.4.1 Schrödinger Equation 

The main aim of QM methods applied to simple chemical problems0 is to find an 

approximate solution to the non-relativistic time-independent Schrödinger Equation, 

equation 2.26. 

 

               

 

(2.26) 

In equation 2.26,   is the Hamiltonian operator for a system of nuclei and electrons 

described by position vectors    and   , respectively.   is the energy of the system at 

state  . For a molecular coordinate system containing two nuclei (A and B) and two 

electrons (i and j), the distance between the ith electron and the Ath nucleus is 

                  ; the distance between the ith electron and jth electron is 

            , and the distance between the Ath nucleus and the Bth nucleus is 
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            . The Hamiltonian of a system containing N electrons and M Nuclei is 

given by: 

 

 
     

 

 

 

   

  
    

 

   
  

     
  

   

 

   

 

   

 

   

    
 

   

 

   

 

   

    
    

   

 

   

 

   

 
(2.27) 

 

In equation 2.27,    is the ratio of the mass of nucleus A to the mass of an electron, 

and    is the atomic number of nucleus A. The Laplacian operators   
  and   

  involve 

differentiation with respect to the coordinates of the ith electron and the Ath nucleus 

[37]. The first term in equation 2.27 is the operator for the kinetic energy of the 

electrons; the second term is the operator for the nuclear energy; the third term 

represents the coulomb attraction between the electrons and nuclei; the fourth and 

fifth terms describe the repulsion between electrons and between nuclei, respectively. 

 

2.4.2 Born-Oppenheimer approximation  

The Born-Oppenheimer (BO) approximation [40] is fundamental to quantum 

chemistry. The approximation focusses on distinguishing the nuclei and electrons. 

Since the nuclei in our system are much heavier than electrons, they move at a much 

slower rate. Therefore, to a good approximation, one may consider the electrons in a 

molecule to be moving in a field of fixed nuclei. Within this approximation, the second 

term in equation 2.27, the kinetic energy of the nuclei, can be neglected and the last 

term in equation 2.27, the repulsion between nuclei, can be considered a constant. 

The remaining terms in equation 2.27 are called the electronic Hamiltonian, equation 

2.28:  
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(2.28) 

 

The following derivation is taken from Molecular Quantum Mechanics by from Atkins 

and Friedman [39]. The solution to a Schrödinger equation involving the electronic 

Hamiltonian is given by equation 2.29:  

 

                        

 

(2.29) 

In equation 2.29,       is the electronic wave function, which can be described as:  

 

                          

 

(2.30) 

Equation 2.30 describes the motion of the electrons and explicitly depends on the 

electronic coordinates,   , but depends parametrically on the nuclear coordinates,   , 

as does the electronic energy      in equation 2.29:  

 

                          

 

(2.31) 

A parametric dependence means that, for different arrangements of the nuclei;      is 

a different function of electronic coordinates. The nuclear coordinates do not appear 

explicitly in      . The total energy of the system for fixed nuclei must also include the 

constant nuclear repulsion:  
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(2.32) 

Equations 2.28 and 2.32 constitute the electron problem; the solutions to this problem 

shall be described in the next sections. 

 

2.4.3 Pauli Exclusion Principle 

The electronic Hamiltonian, equation 2.28, depends only on the spatial coordinates of 

electrons. To fully describe an electron it is necessary, in addition, to specify its spin. 

This can be done in the context of non-relativistic theory by introducing two spin 

functions      and     , corresponding to spin up and down respectively. In this new 

formalisation an electron is described not only by the three spatial coordinates   but 

also by a spin coordinate  . These collective four coordinates are described as follows: 

 

          

 

(2.33) 

The wave function for an N-electron system is then a function of   ,   ,…,     Which is 

typically written as               [39]. 

A more satisfactory theory can be obtained, if the following additional 

requirement is placed upon the wave function : “A many-electron wave function must 

be antisymmetric with respect to the interchange of the coordinate x (both space and 

spin) of any two electrons” [37]. 
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                                             (2.34) 

 

The requirement stated by equation 2.34 is sometimes called the anitsymmetry 

principle, is a very general statement of the more familiar Pauli exclusion principle. It is 

an independent fact of QM. Thus the exact form of the wave function not only has to 

satisfy the Schrödinger equation, it must also be antisymmetric in the sense of 

equation 2.34.  

 

2.4.4 Slater Determinants 

For a two electron case in which both spin orbitals,    and    are occupied with one 

electron, with electron one in    and electron two in   , the following is obtained: 

 

     
                        (2.35) 

 

In equation 2.35,     
   is the many-electron wave function termed the Hartree product, 

with electron one being described by the spin orbital   , and electron two by the spin 

orbital    [37]. On the other hand, if electron one occupies    and electron two 

occupies   , the following is obtained: 

 

     
                        (2.36) 

 

Each of these Hartree products (equations 2.35 and 2.36) clearly distinguishes 

between electrons; however, the wave function obtained does not, and which satisfies 
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the requirement of the anitsymmetry principle by taking into account the appropriate 

linear combination of these two Hartree products: 

 

                                              (2.37) 

 

The factor       is a normalisation factor. The minus sign ensures          is 

antisymmetric with respect to the interchange of the coordinates of electrons one and 

two [37]. 

The antisymmetric wave function of equation 2.37 can be written as a 

determinant: 

 

 
                 

            

            
  

(2.38) 

 

Equation 2.38 is called a Slater determinant. For a system of N-electrons the 

generalization of equation 2.38 is: 

 

 

                   
 
    

                       

                        

                                   
                       

   

(2.39) 

 

In equation 2.39,      
 

  is the normalisation factor. This Slater determinant has N 

electrons occupying N spin orbitals (             without specifying which electron is 

in which orbital. The rows of an N-electron Slater determinant are labeled by 
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electrons: first row   , second row   , etc., and the columns are labeled by spin 

orbitals: first column   , second column   , etc. Interchanging the coordinates of two 

electrons corresponds to interchanging two rows of the Slater determinant, which 

changes the sign of the determinan [37]. Hence Slater determinants meet the 

requirement of the anitsymmetry principle. It is convenient to introduce a short-hand 

notation for a normalised Slater determinant, which includes the normalisation 

constant and only shows the diagonal elements of the determinant: 

 

                                      (2.40) 

 

If the electron labels are ordered           , in equation 2.40, then this can be 

further shortened to: 

 

                          (2.41) 

 

2.4.5 Hartree-Fock Approximation 

The following derivation is taken from by Introduction to Advanced Electronic 

Structure Theory by Szabo and Ostlund. [38] The simplest antisymmetric wave 

function, which can be used to describe the ground state of an N-electron system, is a 

single slater determinant: 

 

                  (2.42) 
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The variation principle states that the best wave function of this functional form is the 

one which gives the lowest possible energy: 

 

               (2.43) 

 

In equation 2.43,   is the full electronic Hamiltonian,    is the energy of the wave 

function,   . By minimizing    with respect to the choice of spin orbitals, the Hartree-

Fock (HF) equation can be derived (equation 2.45), which determines the optimal 

energy for the spin orbitals     .  

 

                    (2.44) 

 

In equation 2.44,      is an effective one-electron operator, called the Fock operator, 

which has the following form: 

 

 

        
 

 
  

    
  

   

 

   

         
(2.45) 

 

In equation 2.45,     is the average potential experienced by the ith electron due to 

the presence of the other electrons. The essence of the HF approximation is to replace 

the complex many-electron problem by a one-electron problem in which electron-

electron repulsion is treated in an average way.  

 The HF potential       , or alternatively the ‘field’ seen by the ith electron, 

depends on the spin orbitals of the other electrons. Thus the HF equation (equation 
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2.45) is non-linear and must be solved iteratively. The procedure for solving the HF 

equation is called the self-consistent-field (SCF) method.  

 The basic premise behind the SCF method is simple. By taking an initial guess at 

the spin orbitals, it is possible to calculate the average field     ) seen by each 

electron and then solve the eigenvalue equation (equation 2.44) for a new set of spin 

orbitals. Using these new spin orbitals, new fields are calculated, this procedure is 

repeated until self-consistency is reached (i.e., until the fields no longer change and 

the spin orbitals used to construct the Fock operator are the same as its 

eigenfunctions).  

 

2.4.6 Density Functional Theory 

Density functional theory (DFT) is a theory of correlated many-body systems. It has 

become one of the most important tools for calculation of electronic structure in 

condensed matter, and is increasingly used for quantitative studies of molecules and 

other finite systems. 

The huge success of the approximate local density (LDA) [41] and generalised-

gradient approximation (GGA) [42] functionals within the Kohn-Sham approach has led 

to widespread interest in DFT as one of the most promising approaches for accurate, 

practical methods in theory of materials. 

2.4.6.1 Hohenberg-Kohn Theorems 

The modern formulation of DFT originated from Hohenberg and Kohn (HK). The 

approach of HK was to formulate DFT as an exact theory of many body systems [42]. 
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The formulation applies to any system of interacting particles in an external potential 

        , including any problem of electrons and fixed nuclei. 

DFT is based upon two theorems first proved by HK [43], stated below.  

 Theorem I: For any system of interacting particles in an external potential 

        , the potential          is determined uniquely, except for a constant, 

by the ground state density      . 

 Corollary I: Since the Hamiltonian is fully determined, except for a constant 

shift of the energy, it follows that the many-body wave functions for all states 

(ground and excited) are determined. Therefore all properties of a system are 

completely determined given only the ground state density      . 

 Theorem II: A universal functional      in terms of density      can be 

defined, valid for any external potential         . For any particular         , 

the exact ground state energy of the system is the global minimum value of this 

functional, and the density      that minimises the functional is the exact 

ground state density      . 

 Corollary II: The functional      alone is sufficient to determine the exact 

ground state energy and density. In general, excited states of the electrons 

must be determined by other means. 

 

2.4.6.2 Kohn-Sham Density Functional Theory 

The Kohn-Sham (KS) approach is to replace the difficult many-body system obeying the 

Hamiltonian (equation 2.27) with a different auxiliary system that can be solved more 

easily [44]. Since there is no unique option for choosing the simpler auxiliary system, 
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this is an approach that rephrases the problem. The approach of KS construction of the 

auxiliary system rests upon two assumptions: 

 

1. The exact ground state density can be represented by the ground state density 

of an auxiliary system of non-interacting particles. This is termed “non-

interacting-V-representability;” although there are no rigorous proofs for real 

systems of interest, we will proceed assuming its validity.  

2. The auxiliary Hamiltonian is chosen to have the usual kinetic operator and an 

effective local potential (    
 ) acting on an electron of spin   at point  . The 

local form is not essential, but is an extremely useful simplification that is often 

taken as the defining characteristic of the KS approach. The external potential 

         is assumed to be spin independent.  

 

The actual calculations are performed on the auxiliary independent-particle system 

defined by the auxiliary Hamiltonian: 

 

 
     

    
 

 
          

(2.46) 

 

In equation 2.46,     
  is the auxiliary Hamiltonian and       is the auxiliary potential. 

At this point the form of       is not specified and the expressions must apply for all 

      in some range. For a system of          independent electrons obeying 

the Hamiltonian, the ground state has one electron in each of the    orbitals   
     

with the lowest eigenvalues   
  of the Hamiltonian (equation 2.46). The density of the 

auxiliary system is given by sums of squares of the orbitals for each spin state: 
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(2.47) 

 

The independent-particle kinetic energy    is defined as: 

 

 

      
 

 
      

       
  

  

    

  
 

 
      

  

    

     
       

(2.48) 

 

The classical Coulomb interaction energy of the electron density       interacting with 

itself is given by: 

 

 
              

 

 
        

         

       
 

(2.49) 

 

 The KS approach to full interacting many-body problem is to rewrite the HK 

expression for the ground state energy functional as: 

 

 
                                                     

(2.50) 

 

In equation 2.50,         is the external potential due to the nuclei and any other 

external fields,     is the interaction between the nuclei and        the exchange-

correlation functional. Hence the sum of these terms     ,         , and     forms a 

neutral grouping that is well defined. The independent-particle kinetic energy    is 

given explicitly as a functional of the orbitals; however,    must be a unique functional 
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for each spin state   of the density        by application to the independent-particle 

Hamiltonian (equation 2.47). 

 All of the many-body effects of exchange and correlation are grouped into the 

exchange-correlation energy    . Therefore the KS approach explicitly separates out 

the independent-particle kinetic energy and the long range Hartree terms, the 

remaining exchange-correlation functional        can reasonably be approximated as 

a local or nearly local functional of the density. This means that the energy     can be 

expressed as: 

 

 
                             

(2.51) 

 

In equation 2.51,             is the energy per electron at point   that depends only 

upon the density        in some vicinity of point  .  

 

2.4.7 Basis Sets  

To consider performing a closed shell calculation we must give some consideration to 

basis sets. If each molecular orbital,     , is represented as a linear combination, it is 

possible to obtain the following: 

 

 
                

 

 
(2.52) 

 

As the wave function should be a single valued, finite, continuous, and quadratically 

integrable, the basis functions      selected should also have these properties. For a 
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basis set of size  , there are 
 

 
       one-electron integrals and 

 

 
        

         two-electron integrals [37]. Even if   is small, it can easily seen that the 

number of integrals is rather large; this leads to a need for large amounts of 

computational resources. Therefore, it is clear that the basis set needs to have a 

reasonable size (smaller is better). However, the basis set must not be so small as to 

affect the accuracy adversely; it must be sufficiently flexible to describe the distortion 

resulting from molecule formation.  

 

2.4.7.1 Slater Type Orbitals – Minimal Basis Sets 

The solution of the Schrodinger equation for hydrogen-like atoms suggests the use of 

atomic orbitals with the functional form: 

 

                         (2.53) 

 

In equation 2.53, the radial variation consists of a power   multiplied by an exponent. 

A 1s function depends on     , a 2p function are      , a 3d function on       , and 

so on. The angular part in   and   is as spherical harmonic         . The exponent   is 

an adjustable parameter.  

This type of function is usually normalised and is then called a Slater-type 

orbital (STO). It is possible to construct a basis set for a many-electron atom by taking 

one or more STOs of the correct symmetry for each occupied orbital. STOs are used as 

basis functions for most accurate calculations on atoms and small molecules. The 

problem is that the many-center two electron integrals are extremely expensive to 
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compute. This is a major problem for larger molecules and was the major reason for 

the introduction of alternative types of basis functions. 

 

2.4.7.2 Gaussian Type Orbitals (GTO) – Pople Basis Sets & Correlation Consistent Basis Sets 

The Cartesian Gaussian orbitals of the form            
, first suggested by Boys [46], 

have proved extremely useful in ab initio calculations of polyatomic molecules. The 

product of two GTOs is another GTO so that many-center two-electron integrals 

reduce to a much simpler form. With GTOs all s-functions are taken to behave as 

     
. Similarly, all pz GTOs behave as       

 and all dxy GTOs behave as        
  

[37]. 

The main disadvantage of the Gaussian function is that it does not resemble 

the form of real atomic orbital wave functions. This defect may be overcome through 

the use of multiple Gaussian functions, however this introduces in the calculation as it 

becomes very difficult to get an iterative process to converge with a very large number 

of basis functions.  

However, a method has been found to reduce the number of variables in the 

SCF calculation with very little loss of accuracy. Instead of allowing all the coefficients 

of the basis function to expand freely, certain coefficients are fixed relative to one 

another, forming groups of Gaussian functions, each know as a ‘contracted Gaussian’ 

or CGTO. The molecular orbital can be expressed as: 

 

 
                

 

 
(2.54) 



Michael Carter                                                                                   PhD Thesis 

 42  

   

In equation 2.54,      is a small contraction of Gaussians of the same type on the same 

center. In this way, a large basis set may be broken up into a much smaller number of 

groups.  

 

2.5 Sampling Phase Space 

MM and QM allow us to calculate the interaction energies between atoms in a system, 

but they do not allow us to sample the phase space of the system. There are two major 

methods which are used to sample the phase space of systems; Monte Carlo (MC) and 

Molecular Dynamics (MD). These methods are explained in the following sections. 

 

2.5.1 Monte Carlo 

MC simulations are an example of a stochastic technique which is used to sample 

properties of a system. Attempting to calculate the properties of a system by averaging 

over every configuration is impossible, so a method for sampling the states which 

make the largest contribution to the partition function is required. This can be 

achieved by generating a Markov chain of configurations, whereby each new 

configuration is generated by a random change in the preceding configuration. Such 

changes are typically made through making a change to the Cartesian coordinates of 

one or more particles in the system. A problem with this method is that a huge portion 

of the phase space does not make an important contribution to the partition function. 

Hence, a method is needed to sample the states which contribute most to the partition 

function.  
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A method for sampling the most relevant states to the partition function was 

developed by Metropolis [46]. The Metropolis algorithm is detailed below: 

 

1. Start in state i and attempt to move to state j with a probability pij  

2. Accept this move with probability αij = min(1,  ), where   is the ratio of the 

probability density, π, of the states i and j  

3. If the move is accepted, then state i becomes state j. Else i=i 

4. Measure the property of interest, and return to 1 

 

It is crucial that in the Metropolis MC algorithm that detailed balance is preserved. 

That is, the probability of moving from i to j, before weighting by πi and πj is the same 

as the probability of moving from j to I [47]. When this is obeyed, the acceptance test 

for the move from state i to j is: 

 

   

  
  

            

            
 

(2.55) 

 

In equation 2.55,   is the configurational integral of the system, and is proportional to 

the potential energy part of the partition function. Fortunately it can be seen that the 

two configurational integrals in equation 2.19 cancel, as this parameter cannot be 

determined for large systems since it is a 6 dimensional integral. 

This leaves the acceptance test as equation 2.56: 
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(2.56) 

When performing a simulation, a move is performed and the energy of the new 

configuration is calculated and the move is accepted or rejected according to the 

Metropolis acceptance criterion, detailed below: 

 

1. If the energy of the new configuration is lower than that of the preceding 

configuration then the new state is automatically accepted. 

2. If the energy of the new configuration is higher than that of the preceding 

configuration, a random number between 0 and 1 is chosen. The Boltzmann 

factor of the two configurations is calculated and compared to the random 

number. If the random number is less than the Boltzmann factor the new 

configuration is accepted, else the preceding configuration is retained and 

counted again in the overall average. 

 

A procedure such as this ensures that only configurations which make the largest 

contribution to the partition function are included in the running average. Once the 

simulation has finished, the properties of interest are found by averaging over all of 

the accepted configurations using equation 2.57: 

 

 

     
 

 
      

 

   

 

 

(2.57) 



Michael Carter                                                                                   PhD Thesis 

 45  

In equation 2.57,   is the number of configurations and    the Cartesian coordinates 

of that particular configuration. MC simulations can be performed in at least three 

different ensembles, each with their own acceptance tests: 

 

 Canonical ensemble (NVT): constant temperature, number of particles and 

volume. Equation 2.57 shows the acceptance test for this move. 

 Isothermal-Isobaric ensemble (NPT): constant temperature, pressure and 

number of particles. Equation 2.58 shows the acceptance test for this move. 

 

 
                   

              

   
     

  

  
    

(2.58) 

 

In equation 2.58,   is the pressure of the system, with    and    denoting the new 

and original volumes of the system respectively. N is the number of molecules in the 

system. 

 

 Grand-Canonical ensemble (μVT): constant chemical potential, volume and 

temperature. The acceptance test for the Grand-Canonical ensemble shall be 

discussed in a later section (section 6.3.2). 

 

2.5.2 Molecular Dynamics 

In contrast to the stochastic MC technique, MD is deterministic, meaning that the 

preceding configurations can be found from the current configuration. In MD, the 

n+1th configuration is found by integrating Newton’s laws of motion. A “trajectory” is 
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found during a MD simulation, which tracks the positions and velocities of the particles 

as a function of time. This trajectory is based upon Newton’s second law of motion, 

     and the resultant differential equations: 

 

     

   
  

   

  
 

 

(2.59) 

Given an initial starting configuration and velocities, all details relating to the trajectory 

can be found at any point in space. Since the movement of one atom in the system will 

affect the velocity and position of other atoms in the system, integrators are used in 

MD to help calculate the new positions and velocities. Although these integrators are 

extremely efficient they require a large number of computations to be performed in 

parallel, meaning that running an MD simulation requires significantly more 

computational power than a MC simulation due to the large number of forces which 

must be calculated. Although, this can be seen as a potential drawback to using MD, it 

does allow efficient sampling of extremely large systems to be performed, something 

which can be very difficult for MC simulations to achieve.  

 

2.6 Free Energy Simulations 

For the canonical ensemble, the free energy of the system is expressed as the 

Helmholtz function, A, as in equation 2.17. Free energy is integral to chemistry, since it 

is the driving force behind most, if not all, chemical processes. Thus it can be seen as a 

highly desired quantity to obtain, although this can be extremely difficult for systems 

with a large number of particles. As shown in equation 2.19 the partition function Q is 
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a 6 dimensional integral, and evaluating this integral for large systems becomes an 

impossible task. Methods such as MC and MD can only sample the low energy regions 

of space, and any attempts to sample the large number of degrees of freedom which 

contribute to Q becomes computational intractable. As such, methods have been 

devised which allow the calculation of relative free energies between two systems; a 

calculation which is much easier to perform [48]. Such approaches are generally 

classified into two distinct categories; rigorous methods and approximate methods. 

 

2.6.1 Rigorous Methods 

Free Energy Perturbation 

According to Zwanzig [49] the free energy difference between two states, A and B, can 

be expressed as:  

 

 
                   

  

   
    

 

(2.60) 

In equation 2.60,      represents the ensemble average over system A and    

represents the energy change between states B and A. A is termed the reference state, 

whilst B is known as the perturbed state. One potential problem with this method is 

caused if state A and B do not overlap well in phase space. If this is the case, a 

simulation run at a potential,   , would not sample enough relevant configurations of 

   which would result in a large value of   . Equation 2.60 highlights that this results 

in the exponent becomes very small – resulting in small numbers counting to the 

overall system average. The rare occasions where    is small has a disproportionate 
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effect on the convergence of the average term, making the overall calculated free 

energy unreliable without performing very long simulations. A solution is to link states 

A and B via the use of a coupling parameter, λ, which introduces intermediate states. 

For the example above, state A would correspond to λ=0, whereas state B represents 

λ=1.  

In the free energy perturbation approach (FEP), the simulation is broken into 

multiple λ windows between the two end states. Each window is defined by a specific λ 

value, and the free energy of that reference state is calculated. The energy between 

each λ window is found, and the utilized by equation 2.61: 

 

 

                  
   

   
   

 

   

 

 

(2.61) 

In equation 2.61,     refers to the free energy difference between the states λ + Δλ 

and λ, where Δλ is the interval between two successive λ windows. 

 

Thermodynamic Integration 

While FEP directly uses equation 2.61 to calculate the difference in free energy along 

the λ coordinate, TI takes a different approach. Instead of calculating the difference in 

energy between neighboring λ values, it calculates the rate of change of free energy, 

with respect to each λ, across a λ trajectory. The free energy gradients are then 

integrated to give the relative free energy change as in equation 2.62: 
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(2.62) 

 

Finite Difference Thermodynamic Integration 

In the finite difference thermodynamic integration (FDTI) approach, a combination of 

FEP and TI is used. Instead of calculating the partial derivative of the free energy 

gradient, the finite difference approach is used to calculate the gradient.  

 

 
      

  

  
  

   

   

    

 

(2.63) 

The simulation is broken up into multiple λ windows and, for each value of λ, the free 

energy is computed over a small interval, typically as low as λ+0.001 [50], using FEP. 

The total free energy change is then obtained via integrating over all the computed 

values.  Therefore, FDTI is very similar to FEP. In FEP, the perturbed states are the 

neighbouring λ windows, whilst in FDTI the perturbed states are Δλ above and below 

each λ window.  

 

Replica Exchange Thermodynamic Integration 

The replica exchange thermodynamic integration (RETI) method can be considered as a 

combination of TI with the Hamiltonian replica exchange method [51, 52]. The λ co-

ordinate scales the forcefield terms linearly, leading to a system which has a different 
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Hamiltonian at each λ value. Within RETI, the co-ordinates between neighbouring λ 

values are periodically swapped according to the following Metropolis test: 

 

 
                

 

   
                                

 

(2.64) 

In equation 2.64, A and B are two neighbouring λ windows and   and   are replicas of 

the system at those λ values. RETI has been applied to the calculation of relative 

binding free energies of small “drug-like” molecules to proteins, and has been shown 

to enhance the sampling of phase space. Since configurations of different λ windows 

are passed across the λ-coordinate, it has been observed that better free energy 

convergence can also be obtained [48]. 

 
 

2.6.2 Approximate Free Energy Methods  

Whereas rigorous free energy methods take into account the intermediate λ states 

between our endpoints, λ=0 and λ=1, approximate methods typically only take into 

account the end points of the simulation. As a result of this approximate free energy 

methods are typically much faster than more rigorous methods, despite the increase in 

computational efficiency; the accuracy of such methods is typically significantly poorer.  

One of the most widely used approximate methods is the Molecular Mechanics / 

Generalised Born (Poisson Boltzmann) Surface Area (MM/GB (PB)SA) methods. In 

MM/GB(PB)SA the two end points are simulated using MD or MC and the free energy 

is calculated using equation 2.65: 
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(2.65) 

In equation 2.65,        is the difference in the MM energy between the complex 

and the isolated protein and ligand.        is found as the difference in the solvation 

energy between the complex and its individual components, although it usually 

extremely challenging to calculate the non-polar contribution to the solvation free 

energy [53]. The methods also require the calculation of an entropic term to calculate 

the change in binding free energy, although this is often difficult to estimate. This term 

is commonly ignored when considering structurally similar ligands, since it is assumed 

that the change in entropy between structurally similar ligands binding to the same 

receptor is sufficiently small enough to ignore [54]. The results obtained using these 

methods are typically much less accurate than those obtained via more rigorous 

methods. Despite this, MM/GB(PBSA) methods have been utilised in the re-scoring of 

docked protein-ligand complexes [53]. 

Another end-point approach is the GCMC method [55, 56], which shall be 

discussed at length in section 6.3.2. 

 

2.7 Conclusions 

In this chapter, a brief overview of statistical mechanics was presented. As all of the 

key quantities which we would like to calculate from a molecular simulation, such as 

free energy, can be derived from the molecular partition function, the target for many 

computational methods is to try and calculate this property. Owing to the extremely 

complex nature of the partition function, direct calculation is impossible, and thus 

various methods have been devised to calculate the relative free energy difference 
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between two systems. Sampling methods such as MD allow us to look at large systems 

as it is easily parallelised, although it is often limited in its ability to perform novel 

sampling schemes, unlike MC. Using TI to investigate the relative binding free energy 

between two inhibitors is a rigorous approach to produce accurate estimates. 

Although it has known that purely MM representation of protein-ligand systems can 

lead to large errors in these free energy estimates, due to the lack of polarisation 

terms within conventional MM forcefields. This drawback means it is unlikely that 

pharmaceutical companies would screen lead compounds using such methods. The 

inclusion of QM or QM/MM corrections in free energy simulations could lead to 

improved accuracy within such calculations, and is a matter which will be addressed in 

this study. 
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3 QM/MM – Background and Review 

 

3.1 Introduction 

Hybrid QM/MM approaches were first introduced to the study of enzymatic processes 

by Warshel and Levitt in 1976 when they applied their methodology to calculate the 

dielectric, electrostatic and steric stabilization via the carbenium ion within the 

lysozyme enzyme [57]. This seminal research was recently recognized and awarded the 

Nobel Prize for Chemistry in 2013, the first Nobel Prize for a computational paper in 

the awards distinguished history. Since this, various QM/MM models have been 

developed, with multiple QM being combined with many classical MM forcefields. The 

development of specialized QM/MM softwares and codes, including ONIOM [58] and 

PUPIL [59] demonstrate the importance of QM/MM, and its ever growing popularity as 

a tool for describing large biomolecular systems. The following sections shall discuss 

the methodological issues with QM/MM, its historical development, and its use in 

computational chemistry; with a particular focus of QM/MM free energy studies. 

 

3.1.1 The QM/MM method 

This section will focus on the QM/MM method, describing how a QM/MM hybrid 

system is constructed and the methodologies developed to couple the two different 

systems. 
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3.1.1.1 QM – MM Partition 

The basic premise of all QM/MM methods is to treat the part of the system which 

undergoes the most important electronic changes using QM, whilst the rest of the 

system is described using MM (Figure 3.1). 

 

 

Figure 3.1: A depiction of a hybrid QM/MM system for Tamiflu bound to N9-Neuraminidase. 

The grey caged region around Tamiflu represents our QM region, with the protein (ribbons) 

and water (red dots) making up the MM part of the system. This figure was generated using 

VMD v1.8.6. 

 

The MM region is described using a classical MM forcefield, while within the QM 

region, which is typically polarized by the MM environment, electronic properties and 

reaction mechanisms can be studied. QM methods, such as ab-initio Hartree-Fock (HF), 

Density Functional Theory (DFT), and semi-empirical methods have all been combined 
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with classical forcefields for QM/MM simulations [60, 61]. The overall QM/MM 

Hamiltonian (      ) for such a system can be described as a combination of the 

MM Hamiltonian of choice (   ) and QM Hamiltonian of choice (   ) equation 3.1: 

 

        
          (3.1) 

 

3.1.1.2 QM/MM Energy Expressions 

To obtain a QM/MM description of the system the MM and QM Hamiltonians must be 

combined. Two main approaches exist to do this; these are known as additive and 

subtractive QM/MM schemes. An additive scheme, equation 3.2, requires an MM 

calculation of the outer MM region (   ), a QM calculation of the inner QM region 

(   ), and explicit treatment of QM/MM coupling terms (       –                 ). 

 

        
                   –                  

 

(3.2) 

The QM/MM coupling terms normally include bonded terms across the QM – MM 

boundary, non-bonded, van der Waals (VDW) and electrostatic terms. In contrast, 

subtractive schemes, equation 3.3, require an MM calculation of the entire system 

(                 ), a QM calculation of the inner QM region (   ), and an MM 

calculation of the inner QM region (                      ). The QM/MM energy 

(      ) is then obtained by simply summing and subtracting to avoid double 

counting. 
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(3.3) 

In such a scheme, the QM/MM interactions are handled at the MM level of theory. 

This can lead to complications in regard to electrostatic interactions which will typically 

involve atomic point charges interacting in both the MM and QM regions. Such 

drawbacks make subtractive schemes less attractive than additive schemes in QM/MM 

applications [59]. Despite this, it is important to note the implementation and 

generalization of subtractive schemes is often easier and faster due to the lack 

complex QM/MM coupling terms.  

 

3.1.2 QM/MM Electrostatic Interactions 

 

As mentioned above, QM/MM coupling terms include terms to couple the 

electrostatics, bonded and VDW components of our MM and QM systems. Of these 

terms, it is often the electrostatic coupling which is considered the most important. 

The electrostatics can be coupled through the use of three different embedding 

techniques; mechanical embedding, electrostatic embedding, and polarized 

embedding. 

 

3.1.2.1 Mechanical Embedding 

Mechanical embedding (ME), much like a subtractive scheme, considers the QM/MM 

electrostatics at the MM level of theory and both the QM and MM environments 

remain un-polarized. To apply ME an MM calculation is performed on the entire 
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system followed by a vacuum QM calculation on the QM region (Figure 3.2). The 

resultant energies can either be added or subtracted dependent upon the QM/MM 

energy scheme employed. 

 

Figure 3.2: A ME type QM/MM system with a full MM simulation (A) combined with a QM 

vacuum (B) calculation. This figure was generated using VMD v1.8.6. 

 

The original integrated molecular orbital molecular mechanics (IMOMM) method 

developed by Morokuma et al. [62, 63, 64], which is also referred to as the two layer 

ONIOM(MO:MM) method is an example of a method employing ME. 

Such a simple treatment for the QM/MM electrostatic coupling has drawbacks. 

First, it requires accurate MM parameter sets for both the MM and QM regions. This 

can be very difficult for the QM region as this region typically undergoes significant 

electronic changes. Second, such a scheme neglects the potential polarisation of the 

QM region via the atomic charges of the MM region. It is possible to consider deriving 

the atomic charges for the QM region dynamically as the reaction progresses. 

However, this would increase the computational effort needed considerably, making 

such methods rather unattractive. 
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3.1.2.2 Electrostatic Embedding 

In contrast to an ME scheme, Electrostatic Embedding (EE) allows the QM charge 

density to be polarized via the atomic charges of the surrounding MM environment. To 

implement EE an MM calculation of the entire system is followed by a QM calculation 

on the QM region with the atomic charges of the MM region embedded in this 

calculation (Figure 3.3).  

 

Figure 3.3: An EE approach with a full MM simulation (A) combined with a QM/MM calculation 

(B) with embedded point charges (red and white spheres). This figure was generated using 

VMD v1.8.6. 

 

This is a much better approximation than ME as the QM charge density can adjust 

based on the MM environment. The cost of this improved QM/MM representation is a 

more complicated implementation and increased computational cost. 

This problem of improving the embedding scheme within a QM/MM system 

was tackled by Morokuma et al. with their three layered ONIOM method [65]. This 

method attempts to overcome the drawbacks of a ME two-layer ONIOM(MO:MM) [62] 

by introducing a buffer (middle) layer, which is treated by an appropriate lower-level 

QM theory (e.g., semi-empirical molecular orbital theory), which is computationally 
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less expensive than the method used for the innermost primary subsystem. One can 

label such a treatment as QM1:QM2:MM or QM1/QM2/MM. The second QM layer is 

designed to allow a consistent treatment of the polarization of the active center by the 

environment. The new treatment does improve the description of the QM/MM 

system, but, as with ME, it does not solve the problem completely, since the QM 

calculation for the first layer is still performed in the absence of the rest of the atoms 

from the system. 

Another issue is in ascertaining the best EE strategy to polarize the QM region. 

In principle, the MM and QM regions will polarize each other until their charge 

distributions are self-consistent; this is usually computed using an iterative scheme 

[66] or by an extended Lagrangian scheme [67]. Ideally, an EE scheme should include 

this self-consistently, but usually the charge distribution of the MM region is 

considered frozen for a given set of MM nuclear co-ordinates. Schemes that relax this 

constraint are known as polarizable embedding (PE) schemes (Figure 3.4).   
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Figure 3.4: A PE scheme with a full MM simulation (A), combined with a QM/MM simulation (B) 

with embedded point charges (red and white spheres), combined with a further QM/MM 

simulation (C) to calculate the back polarisation of our MM point charges (red and white 

spheres) via the now polarised QM ligand. This figure was generated using VMD v1.8.6. 

 

However, self-consistency is difficult to achieve, because it requires a polarizable MM 

force field [68, 69], which has the flexibility to respond to perturbation by an external 

electric field. Such flexibility is not available in today’s most popular MM force fields, 

although research to develop a polarizable force field has received much attention [70, 

71]. Moreover, the use of a self-consistent embedding scheme also brings additional 

complications to the treatment of the boundary between the QM and MM regions. It 

also increases the computational effort, since iterations are required to achieve self-

consistent polarization of the MM and QM regions. Thus, in most EE implementations, 

the QM region is polarized by the MM, but the MM is not back polarized by the now 

polarized QM region. Early examinations on the self-consistent embedding scheme 

were carried out by Thompson and Schenter [72] and Bakowies and Thiel [73]. Their 

treatments are based on models that describe the mutual polarization of QM and MM 

fragments via the use of the reaction field [74, 75] theory, with the difference that the 

response is generated by a discrete reaction field (atomic polarizabilities) rather than a 
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continuum. Their results suggest that the polarization of the MM region by the 

polarized QM region can be crucial in applications involving a charged QM region that 

generates large electric fields. 

 

3.1.3 Boundary Treatment 

If a substrate is covalently bonded to the enzyme, or if the inclusion of parts of the 

enzyme environment (waters, ions, and cofactors) are desirable for other reasons, 

special techniques are needed for the treatment of the QM/MM border region as it is 

essential to avoid half-filled orbitals within the QM region, which would arise if the 

bonds were simply truncated (Figure 3.5). 

 

Figure 3.5: An example of boundary treatment in QM/MM. On the left hand side we have a 

classical MM description of protein (ribbons) and ligand (licorice). On the right hand side we 

show how in QM/MM description the cutting of non-polar bonds of key binding site residues 

may be necessary to improve the QM/MM description of our system. This figure was 

generated using VMD v1.8.6. 

 

It is often the case that non-polar bonds are cut, to limit the complexity of capping the 

cut bond, as any cap would severely affect polarity of a polar bond [76]. There are two 
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general approaches which have been developed to deal with this problem; link atoms 

and local orbitals. 

 

3.1.3.1 Link Atoms 

The link atom (LA) approach use ‘link atoms’ to cap the dangling bond at the ‘frontier 

atom’ of the QM region (Figure 3.6). The link atom is usually a hydrogen atom [77], or 

a parameterized atom, for example, a one free valence atom in the ‘connection atom’, 

[78], ‘psuedobond’ [79], and ‘quantum capping potential’ [80] schemes. These 

schemes involve a parameterized semiempirical Hamiltonian [78] or a parameterized 

effective core potential [79, 80], adjusted to mimic the properties of the cut bond.  

 

Figure 3.6: The link atom approach where a cut bond is capped by a H or CH3 (red sphere) [78]. 

This figure was generated using VMD v1.8.6. 

 

3.1.3.2 Local Orbitals 

The second type of boundary treatment consists of methods that use local orbitals 

(LOs). In such a scheme a hybrid sp3 / sp2 orbital containing one electron is placed 

along the QM – MM partition (Figure 3.7).  
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Figure 3.7: A local orbital approach [82, 83] to capping cut bonds in QM/MM where the bond 

is capped by a sp3/sp2 orbital (blue and red ovals). This figure was generated using VMD v1.8.6. 

 

This is theoretically satisfying as the cut bond is dealt with at the QM level of theory 

and there is no need for the addition of another atom to the system as in the LA 

approach. Examples of such methods include the Local Self Consistent Field (LSCF) 

approach [81, 82], where the bonds connecting the QM and MM regions are 

represented by a set of strictly localized bond orbitals (SLBOs) that are generated by 

calculations on small model compounds. The SLBOs are excluded from the SCF 

optimization to prevent them interfering with other QM basis functions. Another 

approach is the Generalized Hybrid Orbital (GHO) approach [83, 84]. In this approach a 

set of four sp3 hybrid orbitals are assigned to each of the MM boundary atoms. The 

hybridization is determined from the local geometry of the three MM atoms to which 

the boundary atom is bonded. The hybrid orbital that is directed towards the QM 

‘frontier atom’ is known as the active orbital, while the other three are termed 

auxiliary orbitals. All four hybrid orbitals are included in the QM calculations, but only 

the active orbital participates in the SCF optimizations. 
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3.1.3.3 Link Atoms or Local Orbitals? 

Both boundary treatment methods have their strengths and weaknesses. The LA 

approach is straightforward, easy to implement and is widely used. However, it does 

introduce artificial atoms that are not present in the original biomolecular system. This 

makes defining the QM/MM energy of the system difficult, whilst also presenting 

complications within the SCF optimizations [83]. In addition to this it is easy to 

generate unphysical polarization between the QM ‘frontier atom’ and the LA due to 

the nearby point charge on the MM ‘boundary atom’. For example, when cutting a 

C C bond the MM ‘boundary atom’ charge is around 0.5Å from the LA. At such short 

distances special treatments are needed to ensure MM charges near the boundary 

avoid this unphysical polarization [85, 86].  

 

3.2 QM/MM – Applications  

QM/MM methods are used to simulate a variety of chemical processes including 

reaction paths, [87] reaction mechanisms [88] and free energy studies [89]. The 

following sections shall discuss these different uses for QM/MM simulations, with 

particular focus on QM/MM free energy studies. 

 

3.2.1 Reaction Paths, Stationary Points, and Reaction Mechanisms 

In chemical reactions it is common to consider the path a reaction takes from reactants 

to products. Generally this reaction path (also known as a reaction co-ordinate) can be 

studied via computational methods. The application of QM/MM to such reactions can 

give insights into reaction mechanisms, the nature of transition state structures and 

the accurate assessment of the energies involved in such processes. 
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The first QM/MM study of an enzyme from Warshel and Levitt [57] 

demonstrated how QM/MM can be applied to understand enzymatic reactions, their 

transition states and the energies associated with these processes. They applied their 

QM/MM method to study the stability of the oxacarbenium ion intermediate formed 

in the cleavage of a glycosidic bond by lysozyme. It was found that electrostatic 

stabilization was an important factor in formation of the carbenium ion intermediate 

and that steric factors such as the strain of the substrate binding to lysozyme did not 

contribute significantly. 

This seminal study of reaction mechanisms gave a platform for many more 

studies into enzymatic reactions, such as in the work of Mulholland et al. who have 

used QM/MM methods to study the reaction mechanisms in many enzymes; including 

cytochrome P450 [90, 91] where many studies have been performed to understand 

not only the activation barriers of enzyme catalysis, [92] but also the reaction 

mechanism for benzene hydroxylation via cytochrome P450 [91]. In other work they 

have also used QM/MM methods to understand inhibitor binding in fatty acid amide 

hydrolase [93] and the formation of a covalent intermediate in hen egg white lysozyme 

[94].  

 

3.2.2 QM/MM – Free Energy Studies 

There are many different approaches proposed and utilised within the literature to 

solve the problem of computing accurate QM/MM free energies for chemical reactions 

in solutions including enzymatic reactions [95]. A general approach within these 

methodologies is to use a fast but less accurate method to sample phase space and use 
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this sampling to estimate high level QM/MM free energies with a modest number of 

QM/MM calculations. 

For example, in the quantum mechanical free energy (QM-FE) approach 

developed by Jorgensen et al. [96], a reaction pathway for atoms in the QM region is 

calculated in a vacuum. Free energies for the interaction between the QM and MM 

atoms are then calculated along the reaction pathway via performing MM FEP or TI 

calculations where electrostatic interactions between the QM and MM atoms are 

defined via point charge interactions. In the implementation by Jorgensen et al.; and 

later by Kollman et al. [97], the point charges used to represent QM atoms were 

derived in a vacuum. Jorgensen et al. used this method to study organic reactions in 

solution; Kollman et al. then extended the method to that of enzymatic reactions, 

including amide hydrolysis in trypsin [98] and methyl transfer by catechol O-

methyltransferase [99].  

In other work Yang et al. applied their QM/MM free energy method (QM/MM – 

FE) to the enzymes triosephosphate isomerase, [87] enolase [100] and 4-

oxalocrotonate tautomerase [101]. The QM/MM – FE approach is an improvement 

upon the QM – FE approach as the QM/MM optimized reaction pathway and the QM 

derived energies and point charges are obtained via QM/MM calculations. In this 

approach the QM region is polarized via the surrounding MM environment. This 

approach was also adopted by Ishida and Kato to study acylation by serine proteases 

[102]. 

An alternative is the ab initio QM/MM approach (QM(ai)/MM) developed by 

Warshel et al. [103]. In this method MD simulations are used to sample phase space 

with a reference potential given by the empirical valence bond (EVB) method [104]. 
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The use of umbrella sampling ensured that the entire reaction pathway was sampled 

and a potential of mean force (PMF) could be calculated from it. The changes in free 

energy between the system described by the reference potential and by DFT were 

calculated with FEP; in this way a high level QM/MM PMF can be obtained. In principle 

this methodology is exact with respect to how free energy changes are calculated. 

However, in practice the free energy for the protonated and deprotonated states of an 

aspartic acid surface residue of the bovine pancreatic trypsin inhibitor and a buried 

lysine residue in a hydrophobic pocket of the T4-lysozyme mutant did not converge 

due to large fluctuations of the difference between the reference potential and the 

high level QM/MM potential, although the electrostatic interactions did converge well 

[103]. Hence, Warshel et al. used more approximate methods, such as semi-empirical 

QM calculations, to calculate the free energy difference between the systems 

described using EVB and by high level QM/MM method [103].  

In work similar to Warshel et al., Roux et al. use FEP in their ab initio/classical 

free energy perturbation (ABC – FEP) approach, which they used to calculate the 

hydration energies of water and Na+ and Cl- ions at different physical conditions [105]. 

In this approach, only solute-solvent interaction energies are perturbed to the QM 

level.  

Schofield and Bandyopadhyay developed a similar approach termed the 

molecular mechanics-based importance function (MMBIF) method [106]. They also 

used a MM reference potential to sample the phase space and to calculate high level 

QM/MM energies for a set of configurations. Based on two sets of energies they 

utilised a Metropolis-Hastings algorithm to generate a QM/MM canonical ensemble 

from which QM/MM free energies could be calculated.   
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More recently, Senn et al. developed a method which can be considered a 

combination of the QM/MM – FE method and the approach taken by Warshel et al. 

[107]. In this method the reaction pathway was optimized using QM/MM and a 

selected number of configurations for the QM region along the reaction pathway. 

Based on calculated point charges for the QM region, classical MM – QM interaction 

energies were calculated between subsequent fixed QM configurations along the 

reaction pathway. The QM/MM free energy change for each QM configuration was 

then calculated, and a high level QM/MM PMF was obtained. With this approach, Senn 

et al. obtained a converged PMF for the methyl transfer reaction in catechol O-

methyltransferase. Consistent with results by Warshel and coworkers, they showed 

that the electrostatic interaction energies between the QM region and the MM region 

can be converged to high accuracy. 

 In addition, Reddy et al. implemented a QM/MM-FEP based approach to 

calculate free energies of hydration for a small set of organic molecule and to calculate 

the binding free energies of a set of five Cyclin Dependent Kinase 2 (CDK2) inhibitors 

[108, 109]. This work utilises the ME based approach to embed their MM system into 

their QM/MM representation. The results obtained from these studies showed little to 

no improvement on results obtained from purely classical simulations. This is not a 

significant surprise as the embedding technique neglects polarization of the QM ligand 

via the MM point charges. However, these studies highlighted the need for extended 

simulation time to achieve appropriate convergence of QM/MM free energies when 

sampling the full QM/MM Hamiltonian.  

 In contrast to some of the previously described methods, which sample the full 

QM/MM Hamiltonian, there are several methods which use QM/MM to provide 
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corrections for classical (MM) free energies. Woods et al. first published work in this 

area, where upon performing a conventional MM FEP between two systems, they then 

utilised QM/MM to calculate MM→QM/MM free energies, which were used as 

corrections for the MM free energies [110]. In this work they also implemented a 

Metropolis-Hastings acceptance criterion to build the QM/MM ensemble. This works 

by implementing a Metropolis-Hastings acceptance criterion to select snapshots from 

their endpoints of their MM ensemble that ensure the intramolecular energy of the 

QM region within MM snapshot is suitable for the QM/MM ensemble. The QM/MM 

system was represented as with a QM region (solute) with the rest of the system 

described via MM point charges, hence they employed EE within their QM/MM 

representation. This methodology was tested on a set of water (TIP3P and TIP4P) to 

methane. The MM results from this study showed excellent agreement between 

calculated and experimental value for this perturbation. The QM/MM results from this 

study showed poorer agreement with experiment, with an error ≈ 2kcal.mol-1, for each 

combination of force field type (OPLS all-atom / OPLS united-atom) with different 

water models (TIP3P and TIP4P).  

In a similar fashion, Beierlein et al. [111] implemented an MM→QM/MM FEP 

approach. Unlike Woods et al., this method does not employ a Metropolis-Hastings 

acceptance criterion to build the QM/MM ensemble. Instead, all snapshots generated 

from each endpoint of a classical MM free energy calculation are used to build the 

QM/MM ensemble. This method was used to calculate the relative hydration free 

energy of methane → TIP4P – water and to calculate the relative binding free energy 

for a cyclooxygenase 2 (COX-2) ligand. For the hydration free energy study, the MM 

and QM/MM results followed a very similar pattern to Woods et al., with QM/MM 
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calculated free energies giving slightly poorer agreement with experiment when 

compared to classical MM calculated free energies. The protein-ligand binding free 

energy of the COX-2 inhibitor produced QM/MM free energies which showed 

increased accuracy with experiment when compared to classically obtained MM 

binding free energies.  

 

3.3 Conclusions 

This section has highlighted the importance of QM/MM for understanding chemical 

and biological phenomena. The extensive methodological development of QM/MM 

has led to a wealth of methods combining different QM and MM approaches to 

understand a wide range of problems. The application of QM/MM has extended from 

biological systems to combat issues with inorganic surfaces to excited state 

spectroscopy. In particular, the application of QM/MM to calculate free energies has 

been scrutinised here, with QM/MM methods ranging from highly accurate ab-initio 

based calculations to more approximate QM/MM models were discussed. The focus of 

this thesis shall now turn to the application of our QM/MM method to calculate free 

energies. 

 

 

 

 

 

 

 



Michael Carter                                                                                   PhD Thesis 

 71  

4 Methodology: The MM→QM/MM – Free Energy 

Perturbation Approach 

The MM→QM/MM method described by Beierlein et al. [111] was used for the free 

energy simulations reported in this thesis. This method employs a modified 

thermodynamic cycle perturbation approach, which first uses the MC/RETI [51, 52] 

technique to sample the MM free energy landscape and provide free energies for 

alchemical perturbations. Configurations from the endpoints of the sampled λ-

coordinate are then used as input for DFT based QM/MM single point energy 

calculations. The desired energies are extracted from the MM and QM/MM data and 

placed into the Zwanzig equation to extract MM→QM/MM-FEP corrected free 

energies. The pathway independence of the calculated MM→QM/MM-FEP corrected 

free energies is tested through the use of charge perturbations. 

 This theory has been applied extensively to the calculation of hydration free 

energies (section 4.1) and protein-ligand free energies (section 4.2). 

 

4.1 Hydration Free Energies 

Owing to its simplicity, the calculation of hydration free energies has been used to test 

and validate free energy methodologies [112, 113]. Today, the prediction of hydration 

free energies remains of critical importance for testing and developing force fields and 

new methods. The free energy of hydration corresponds to the free energy of 

transferring a compound from well-defined reference state (gas) to another (aqueous) 

[114]. In addition, as the interaction of a solute with its environment in the gaseous 
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state is effectively zero, only interactions between the solute with the aqueous 

environment need to be considered. 

Therefore, to calculate the hydration free energy between two end point states 

(λ=0 and λ=1) we must construct a free energy cycle (Figure 4.1) where both endpoints 

are simulated in both aqueous and gaseous states: 

 

 

Figure 4.1: A MM hydration free energy cycle for perturbing benzene to aniline. This figure was 

generated using VMD v1.8.6. 

 

As free energy is a state function, the cycle shown in Figure 4.1 must close, no matter 

how we travel around the cycle (equation 4.1). Crucially this enables us to extract free 

energies of interest. For this particular example, we want to know the free energy 

difference of perturbing benzene into aniline. If we close our free energy cycle we 

obtain:  
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                                                      (4.1) 

 

In equation 4.1,             corresponds to the free energy of hydration for the 

λ=0 state (benzene),             is the free energy of hydration for the λ=1 state 

(aniline) and            and             denote the free energy differences 

between the two endpoints. Rearranging equation 4.1 yields: 

 

                                                      (4.2) 

 

                                                                 (4.3) 

 

where          is the free energy difference between our two end states (A and B) 

using the RETI method, equations 2.62 and 2.64. From equations 4.2 and 4.3, it is clear 

that via the alchemical perturbation between λ=0 and λ=1 in both explicit solvent and 

in vacuum we can obtain            and             respectively, which will enable 

the prediction of the relative MM hydration free energy change between λ=0 and λ=1. 

Subsequently, configurations are taken from each endpoint of the classical MM 

simulation (λ = 0 and λ = 1) and use these as inputs for DFT – QM/MM single point 

energy calculations. In the QM/MM representation of our system, any waters within 

the MM cut-off distance are represented as point charges around the DFT defined 

ligand. Hence, EE is used to allow our QM region (our ligand) to become polarized by 

our MM charges (Figure 4.2). 
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Figure 4.2: The EE approach used in this QM/MM method, where MM point charges (red and 

white spheres) are embedded around the QM ligand (benzene). This figure was generated 

using VMD v1.8.6. 

 

Performing DFT – QM/MM single point energy calculations enables the addition of 

QM/MM legs to the thermodynamic cycle which reflect the free energy difference 

between a classical MM and a QM/MM representation of the system (Figure 4.3). 

  

 

Figure 4.3: A MM→QM/MM hydration free energy cycle for perturbing benzene to aniline. 

This figure was generated using VMD v1.8.6. 
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The MM perturbation free energy ∆G2 is calculated by RETI in the classical MM part of 

the protocol. The corresponding gas phase free energy change between the two 

endpoints of our perturbation is ∆G6.  ∆G1 and ∆G3 describe the difference in the 

solute-solvent interaction between a QM/MM and a pure MM representation of the 

system. These two correction terms are calculated using the formulation of the 

Zwanzig equation, equation 4.7. These free energies represent FEP energies for the 

transition MM→QM/MM, which is done in a single step (i.e. without intermediate λ 

states). From Figure 4.3 we can deduce the MM→QM/MM correction terms 

             and              : 

 

                                             (4.4) 

 

                                         (4.5) 

 

                                      

                                 

(4.6) 

 

The MM→QM/MM correction terms (   and    ) are calculated for each endpoint of 

our perturbations (λ = 0 and λ = 1) using the Zwanzig equation: 
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(4.7) 

In equation 4.7,          is the total energy as obtained from a QM/MM calculation 

with background charges that polarise the QM wavefunction (the solute serves as the 

QM part, the background charges as MM part of the QM/MM system).         is the 

single point energy of the solute (the QM part) in vacuum,             is the sum of all 

Coulomb interactions of the background charges.                   is the Coulomb 

solute-solvent interaction energy as obtained from the MM part of the protocol. 

Therefore, the solute-solvent energy for an MM treatment of the system is subtracted 

from the corresponding solute-solvent interaction energy as obtained from QM/MM. 

Unlike standard FEP implementations no intermediate λ states between MM 

and QM/MM representations of the system, and the phase space is only sampled using 

the MM Hamiltonian. Normally, the phase space would also be sampled using the 

QM/MM Hamiltonian, and would calculate           , which should be similar in 

value as           . Therefore, the approach taken here is an approximation which 

uses a simple post-processing of classically obtained MM ensembles by selecting a 

certain percentage of configurations for QM/MM single point calculations.  

As our approach neglects any QM/MM sampling, we subsequently check the 

pathway-independence of the free energies obtained. This is achieved through the use 

of charge perturbation pathways (Figure 4.4) where the original MM charges are 

perturbed using an arbitrary scaling factor (SF). 
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Figure 4.4: A charge perturbation free energy cycle for benzene to aniline, where the charges 

on each solute are scaled by a SF and the response measured in both MM and QM/MM. This 

figure was generated using VMD v1.8.6. 

 

The free energy for the perturbation from original to perturbed charges within the MM 

ensemble (     and     ) should be cancelled out via the free energy change in the 

QM/MM ensemble (     and     ): 

 

                (4.8) 

 

                (4.9) 

 

If the resultant free energies from our charge perturbed MM (    and     ) and 

QM/MM (    and     ) simulations equal the original QM/MM corrections (   and 

   ) in equations 4.8 and 4.9, then our calculations have met the minimum condition 

to ensure our calculations are working correctly. Furthermore, this validation will also 
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reveal if our QM/MM ensemble gives internally consistent results, which again can be 

considered as a minimum requirement for our simulations.  

 

4.2 Protein-Ligand Binding Free Energies 

Of particular interest in the field of drug design is the ability to predict the strength and 

specificity with which a molecule binds to a target macromolecule. Many drug 

molecules function by binding to the active site of a particular enzyme so strongly that 

the natural substrate for the enzyme cannot bind and as a result some particular 

biological pathway is stalled. Multiple algorithms exist [115, 116] which concern the 

placement of drug molecules into the active site of enzymes. This process is commonly 

termed ‘docking’. These algorithms can reproduce experimentally known binding 

modes with very good efficiency [117], unfortunately they tend to obtain a poor 

relationship between predicted and experimental binding affinities [118]. Hence, more 

rigorous free energy techniques are needed to obtain accurate protein-ligand binding 

affinities. In recent years, multiple studies have shown that with the use of rigorous 

free energy methods, one can obtain protein-ligand binding affinities that are within 

±1 kcal.mol-1 of experimentally observed affinities [11, 12, 13]. 

To calculate the protein-ligand binding free energy between two end point 

states (λ=0 and λ=1) we must construct a free energy cycle (Figure 4.5) where both 

endpoints are simulated in both bound and unbound (aqueous) states: 
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Figure 4.5: A MM protein-ligand binding free energy cycle. This figure was generated using 

VMD v1.8.6. 

 

As free energy is a state function, the cycle shown in Figure 4.5 must close, no matter 

how we travel around the cycle. Crucially this enables us to extract free energies of 

interest. If we close our protein-ligand binding free energy cycle we obtain:  

 

                                                          (4.10) 

 

In equation 4.10,              corresponds to the binding free energy for the λ=0 

state,              is the binding free energy for the λ=1 state and               

and            denote the free energy changes between the two endpoints. 

Rearranging equation 4.10 yields: 

 

                                                          (4.11) 
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(4.12) 

 

where          is the free energy difference between our two end states (A and B) 

using the RETI method, equations 2.62 and 2.64. From equations 4.11 and 4.12, it is 

clear that via the alchemical perturbation between λ=0 and λ=1 in both bound and free 

states enables               and            to be obtained respectively, which will 

enable the prediction of the relative MM protein-ligand binding free energy change 

between λ=0 and λ=1,          . 

As with the hydration free energies, configurations from each endpoint of the 

classical MM simulation (λ = 0 and λ = 1) are used as inputs for DFT – QM/MM single 

point energy calculations. In the QM/MM representation of the system any protein 

residues and waters within the MM cut-off distance are represented as point charges 

around the DFT/QM defined ligand. Hence, this method uses EE electrostatic to allow 

the QM region (our ligand) to become polarized via the MM charges (Figure 4.6). 

 

 

Figure 4.6: The EE approach used in our protein-ligand binding free energy cycle. Where the 

MM environment is embedded using point charges around our QM solute. This figure was 

generated using VMD v1.8.6. 
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Performing DFT – QM/MM single point energy calculations enables us to add 

additional legs to our thermodynamic cycle which reflect the free energy difference 

between a classical MM and a QM/MM representation of the system (Figure 4.7). 

 

 

Figure 4.7: A MM→QM/MM free energy cycle for a protein-ligand system. This figure was 

generated using VMD v1.8.6. 

 

In figure 4.7,     denotes the free energy change for bound leg of the MM free energy 

simulation,    corresponds to the free energy change for free (aqueous) leg of the 

MM free energy simulation.     and     are the QM/MM correction free energies for 

the λ=0 and λ1 bound states respectively.     and     are the QM/MM correction 

free energies for the λ=0 and λ1 free states respectively. From Figure 4.7 we can 

deduce the MM→QM/MM correction terms               and               : 

 

                                            (4.13) 
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                                          (4.14) 

 

                                        

                                  

(4.15) 

 

The MM→QM/MM bound leg correction terms (   and    ) are calculated for each 

endpoint of the perturbations (λ = 0 and λ = 1) using the Zwanzig equation described 

below: 

 

           

           
                                                                

  
    

 

(4.16) 

 

In equation 4.16,          is the total energy as obtained from a QM/MM calculation 

with background charges that polarizes the QM wave function (the solute serves as the 

QM part, the background charges as MM part of the QM/MM system).         is the 

single point energy of the solute (the QM part) in vacuum,             is the sum of all 

Coulomb interactions of the background charges.                                 is the 

Coulomb solute-solvent and solute-protein interaction energies as obtained from the 

MM part of the protocol. Therefore, the solute-solvent/solute protein energy for an 

MM treatment of the system is subtracted from the corresponding solute-

solvent/solute protein interaction energy as obtained from QM/MM in the exponential 
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term of the Zwanzig equation. The MM→QM/MM free leg correction terms (   and 

   ) are calculated for each endpoint of the perturbations (λ = 0 and λ = 1) using the 

Zwanzig equation described previously for the hydration free energies (equation 4.7). 

As this approach neglects any QM/MM sampling, we subsequently check the 

pathway-independence of the free energies obtained. This is achieved through the use 

of charge perturbation pathways (Figure 4.8) where the original MM charges are 

perturbed using an arbitrary SF. 

 

Figure 4.8: A charge perturbation free energy cycle for a protein-ligand system. This figure was 

generated using VMD v1.8.6. 

 

The free energy for the perturbation from original to perturbed charges within the MM 

ensemble for the bound (     and     ) and free (     and     ) legs should be 
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cancelled out via the free energy change to the QM/MM ensemble for the bound 

(     and     ) and free (     and     ) legs repectively: 

 

                (4.17) 

 

                (4.18) 

 

                (4.19) 

 

                (4.20) 

 

4.3 Conclusions  

In this chapter, an outline of the thermodynamic process which allows the calculation 

of both MM→QM/MM hydration free energies and protein ligand binding free 

energies has been described. The calculation of QM/MM correction terms will allow 

the correction of classically obtained MM free energies and is hoped to produce more 

accurate free energy estimates. The methodology presented here is, however, very 

approximate as phase space is only sampled using our MM Hamiltonian. This 

approximation allows the method to be very fast, but it does mean that the reverse 

transformations between states cannot be performed, which conventional methods 

that do sample phase space with the QM/MM Hamiltonian can. As this method lacks 
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QM/MM sampling, charge perturbations are performed to ensure the pathway-

independence of the free energies obtained.  
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5 Hydration Free Energy Study - Small Neutral Organic 

Molecules  

 

5.1 Introduction 

The calculation of hydration free energies has become a standard test for MM 

forcefields. A number of studies [119, 120, 121] have investigated the calculation of 

hydration free energies based on alchemical free energy calculations. Here we present 

a study into the calculation of MM→QM/MM relative hydration free energies for a 

dataset of 110 small organic molecules. This dataset was taken from a study by Mobley 

and co-workers, where a molecular dynamics based approach was used to calculate 

absolute hydration free energies for 504 small neutral organic molecules [122]. This 

study was performed using the MD package AMBER with the GAFF [14]/AM1-BCC 

[125] methods used for parameterisation of the solute within a box of TIP4P water 

molecules. In this original study the authors reported an R2 = 0.94 between calculated 

and experimental absolute hydration free energies. Furthermore, they were also able 

to identify poorly performing functional groups and propose adjusted MM parameter 

sets to correct for these systematic errors. Hence, we chose to use a subset of 

structurally similar molecules from these data to understand any limitations in our 

QM/MM methodology at predicting hydration free energies, by comparing the results 

of our QM/MM hydration free energy study with our MM results and those reported 

within the literature we aim to understand any limitations in our QM/MM method 

compared to readily available MM methods, for example GAFF, which are well 
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parameterized for this particular problem. Furthermore, this study will also serve as an 

essential yardstick in this methods applicability to drug design. 

 

5.1.1 Methods 

Dataset 

The 114 compounds chosen for this study exhibit a wide range of functional groups 

including, alcohols, alkyl-halides, amines, carboxylic acids, aldehydes, amides, ethers, 

esters, thioethers, thiols, cyanos, ketones, alkanes and alkenes for both aliphatic and 

aromatic molecules. To calculate hydration free energies for these compounds the MC 

simulation package ProtoMS v2.2 was used [123]. Within ProtoMS it is possible to 

calculate the relative hydration free energies for alchemical perturbations between 

structurally related compounds. Therefore, it was necessary to first constructed 

perturbation webs (Figure 5.1) of structurally related compounds to calculate the 

MM→QM/MM relative hydration free energies for each perturbation. 

 

Figure 5.1: An example of perturbation web from the dataset of 114 compounds chosen for 

this hydration free energy study. In this example benzene is being perturbed to multiple 

toluene based molecules.  
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A total of 110 MM→QM/MM relative hydration free energies were calculated utilising 

7 different perturbation webs. Each web is directed back to one of four reference 

molecules; methane, cyclopentane, cyclohexane and benzene. The absolute 

MM→QM/MM hydration free energies are calculated by annihilating these reference 

compounds (section 5.1.3) then using the free energies obtained from these 

annihilations to move back through our perturbation webs. A full list of each branch of 

our perturbation web can be found in Supporting Information 1 Figures 1.1 – 1.11. 

 

Ligand setup 

The mol2 structures for all 114 compounds were downloaded from 

http://pubs.acs.org/doi/suppl/10.1021/ct800409d. The hydrogen atoms are already 

assigned to these molecules. The ligands were parameterised using the GAFF forcefield 

[14] and partial atomic charges were derived from the AM1-BCC method [124] as 

implemented in the AMBER 10 suite. To relax the geometry of each ligand we 

minimised each structure in the SANDER module of the AMBER 10 suite with a 

Generalised Born model. The minimised ligand structures were solvated in a 40 x 40 x 

40Å3 TIP4P [125] water box using the LEaP module in AMBER.  

 

Monte Carlo Simulation Protocol 

The bond angles and torsions for the ligands were sampled during the simulation, with 

aromatic ring structures being the only exception. The bond lengths of the ligand were 

constrained. A 12 Å based cut-off from the ligands centre of mass was employed in all 

simulations.  
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For simulation in the aqueous state, solvent moves were attempted with a 

probability of 85.28%, and solute moves with a probability of 15.72.%. Replica 

exchange moves between adjacent values of λ were attempted every 200000 moves. 

The solvent was equilibrated for 20 million moves to remove any bad contacts with the 

solute. The system was then equilibrated at one state (the end state with the larger 

solute) for 10 million further moves where solute and solvent moves were attempted. 

The resulting configuration was distributed over the 16 values for the coupling 

parameter λ (0.00, 0.06, 0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 0.75, 0.82, 

0.88, 0.94, and 1.00) to allow smooth transition between the two end states. The 

system was then equilibrated for 10 million moves before collecting statistics for 40 

million moves. All simulations were performed within the NPT ensemble. 

 

QM Single Point Energy Protocol  

Configurations from the endpoints (λ=0 and  λ=1) of the classical free energy 

simulations were selected and used as input for DFT-QM/MM single point energy 

calculations with Gaussian 09 [126]. One QM single point energy calculation with 

background charges representing the solvent within the cut-off (Gaussian keyword 

‘CHARGE’) were performed every 100000th MM MC moves, with symmetry operations 

disabled (Gaussian keyword ‘NoSymm’). This gave a total of 400 QM/MM single points 

for each solute perturbation. Gaussian calculations with embedded background 

charges allow a polarisation of the QM wave function via the MM charges; however no 

back polarisation of the MM part via the polarised QM wave function was considered.  
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The QM energies were computed using the B3LYP and BLYP hybrid density functionals 

calculations with a range of basis sets; 6-31G*, 6-31G(d,p), 6-31G++, AUG-cc-pVDZ and 

AUG-cc-pVTZ, as implemented in Gaussian 09. 

 

As the ligands were flexible it was necessary to compute the QM vacuum single point 

energies for each snapshot used. This was performed in Gaussian 09, but without the 

use of the ‘CHARGE’ and ‘NoSymm’ keywords, which are only necessary if embedding 

MM point charges in our calculation.  

 

The QM vacuum energies were computed using the B3LYP and BLYP hybrid density 

functionals calculations with a range of basis sets; 6-31G*, 6-31G(d,p), 6-31G++, AUG-

cc-pVDZ and AUG-cc-pVTZ, as implemented in Gaussian 09. 

 

5.1.2 Results and Discussion – MM – RETI Results  

The initial MM hydration free energy calculations were performed and analysed to 

compare our results to those from experiment and to results published in the previous 

MM study on this system. When comparing the results to those obtained in previous 

work (Figure 5.2) we found an excellent agreement (R2 = 0.98) between our calculated 

MM relative hydration free energies and data generated from the Mobley et al. study 

[122]. The relevant free energies are summarised in Table 1.1 of Supporting 

Information 1. 

 



Michael Carter                                                                                   PhD Thesis 

 91  

 

Figure 5.2: MM-RETI versus data generated by Mobley et al. [122] relative hydration free 

energies. The ideal correlation (1 to 1) is shown by the red line, whilst the actual correlation is 

shown via the black line. The error bars shown are calculated from four independent MM-RETI 

simulations using standard error. 

 

The coefficient of determination (R2) for our computed free energies compared to data 

from Mobley et al. is 0.98. This agreement is very good, however there are three small 

outliers between the two datasets. These are for long chained compounds which can 

form intra-molecular hydrogen bonds. It is suspected that our choice of MC is cauing 

these small discrepancies as these compounds do become locked into conformations 

which are highly energetically favourable when using MC rather than MD as Mobley et 

al. used. It is common to also compute the Mean Unsigned Error (MUE) for our 

calculated data versus experiment. This enables us to analyse the predictive error 

across the entire dataset. The MUE is calculated as follows: 
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(5.1) 

 

In equation 5.1,   is the number of observations with a predicted value,   , and an 

experimental value   . For this dataset a MUE of 0.14 kcal.mol-1 is obtained. This 

excellent agreement is not unexpected as the two datasets use identical forcefields, 

charge models and water models for each system studied.  

When comparing the results to experimental data [122] (Figure 5.3) an excellent 

agreement (R2 = 0.92) between our calculated MM relative hydration free energies and 

experiment was found. The relevant free energies are summarised in Table 1.1 of 

Supporting Information 1. 

 

Figure 5.3: MM-RETI versus experimental [122] relative hydration free energies. The ideal 

correlation (1 to 1) is shown by the red line, whilst the actual correlation is shown via the black 

line. The error bars shown are calculated from four independent MM-RETI simulations using 

standard error. 
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The coefficient of determination (R2) for our computed free energies compared to 

experiment is 0.92. For this dataset a MUE of 0.64 kcal.mol-1 is obtained. This good 

agreement is not unexpected as MM forcefields, like GAFF, are parameterised very 

accurately for these types of small organic molecules.  

The free energy gradients for each perturbation were analysed (Figure 5.4) to 

ensure a smooth transition across the reaction co-ordinate (λ). 

 

Figure 5.4: A set of free energy gradients for several perturbations, including; cyclohexane  

piperidine, methane  ethane, and piperidine  piperazine. The error bars shown are 

calculated from four independent MM-RETI simulations using standard error. 

 

Analysis of these free energy gradients shows that we do obtain smooth transition 

between the two end states of each system studied, which gives us confidence that 

the free energies obtained during this study are precise.  

To compare the MM-RETI results with experiment is a standard method to draw 

conclusions regarding the MM method employed here. However, the experimental 
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data used by Mobley et al. [122] was experimental data collected prior to 2009. A 

more comprehensive collection of experimental small molecule hydration free 

energies was obtained from Prof. Peter Guthrie, the curator of multiple hydration free 

energy test sets [127]. A comparison between these two sets of experimental data for 

the 110 relative hydration free energies that were computed is shown in Figure 5.5. 

 

Figure 5.5: Comparison of Guthrie’s experimental [127] versus Mobley’s experimental data 

[122]. The error bars shown are taken from Guthrie’s dataset, no error bars are shown for 

Mobley’s dataset as no errors are provided with this experimental dataset. 

 

This comparison shows that the two sets of experimental data show a coefficient of 

determination equal to 0.85 with a slope of nearly 1. This analysis suggests that a 

coefficient of determination between the MM-RETI calculated relative hydration free 

energies and experiment of 0.92 for Mobley et al. [122] and 0.85 for Guthrie [127] 

(Table 5.1) is as accurate as two independent experimental datasets and hence the 

results from the MM-RETI free energy study cannot be expected to perform any better 

than this. The comparison of our free energies to both experimental datasets is shown 

below (Table 5.1). 
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 R2 Slope MUE (kcal.mol-1) 

MM vs. Guthrie 0.85 0.85 0.81 

MM vs. Mobley 0.92 0.94 0.64 

Table 5.1: Comparison of coefficient of determination (R2), slopes and MUE for MM-RETI 

results versus Guthrie [127] and Mobley [122] experimental datasets. 

 

Despite the excellent agreement between our computed MM free energies and 

experiment, there are several noticeable outliers. If a value of ≥1 kcal.mol-1 is taken 

between the computed hydration free energies and Guthrie’s experimental free 

energies to be the definition of an outlier; then 30 of the 110 perturbations fall into 

this category (Figure 5.6).  

 

Figure 5.6: Outliers from the MM-RETI hydration free energy study when compared to 

Guthrie’s experimental data [127]. 
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Investigation of the outliers highlights the poor performance of MM forcefields for 

polar compounds. This is indicative of the lack of accuracy due to the neglect of 

polarisation terms within standard MM forcefields and hence it is hoped that the 

MM→QM/MM free energies can improve the predicted hydration free energies for 

such compounds.  

 

5.1.3 MM→QM/MM Results 

Configurations from the endpoints of the classical simulations were then used as input 

for DFT-QM/MM single point energy calculations in Gaussian 09. The resulting 

QM/MM correction free energies were calculated and the overall QM/MM relative 

hydration free energies were determined. Comparing these results to Guthrie’s 

experimental data (Figure 5.7) shows a similar agreement to the classically obtained 

results; however, there are a far greater number of outliers. The relevant free energies 

are summarised in Table 1.2 of Supporting Information 1. 

 

 

 



Michael Carter                                                                                   PhD Thesis 

 97  

 

Figure 5.7: MM→QM/MM free energies versus Guthrie experimental data [127]. The red line 

represents ideal correlation (1 to 1), whilst the black line represents the actual correlation. The 

error bars shown are calculated from four independent simulations using standard error. 

 

The coefficient of determination (R2) is equal to 0.85 with a MUE of 0.86 kcal.mol-1. A 

summary of the results compared to both experimental datasets is shown below 

(Table 5.2). 

 R2 Slope MUE (kcalmol-1) 

QM/MM vs. Guthrie 0.85 1.06 0.86 

QM/MM vs. Mobley 0.85 1.13 0.83 

Table 5.2: Comparison of coefficient of determination (R2), slopes and MUE for MM→QM/MM 

results versus Guthrie [127] and Mobley [122] experimental datasets. 

 

This pattern of QM/MM relative hydration free energies producing good correlation, 

but with a larger number of outliers was consistent across the multiple number of DFT 
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functional / basis set combinations that were attempted to reproduce Guthrie’s 

experimental data (Table 5.3). 

QM Theory R2 Slope MUE (kcalmol-1) 

B3LYP/6-31G(d,p) 0.89 1.10 0.87 

B3LYP/6-311G++ 0.89 1.11 0.86 

B3LYP/AUG-cc-pVDZ 0.88 1.09 0.88 

B3LYP/AUG-cc-pVTZ 0.87 1.07 0.89 

BLYP/6-31G* 0.85 1.07 0.85 

BLYP/6-31G(d,p) 0.83 1.13 0.88 

BLYP/6-311G++ 0.84 1.17 0.86 

BLYP/AUG-cc-pVDZ 0.89 1.06 0.84 

BLYP/AUG-cc-pVTZ 0.90 1.07 0.83 

Table 5.3: Comparison of coefficient of determination (R2), slopes, and MUE for several 

combinations of DFT functional and basis sets for the 110 calculated relative QM/MM 

hydration free energy results compared to Guthrie experimental data [127]. 

 

Identification of the outlier perturbations showed that they all had similar properties; 

first they are mostly involved polar ligands, and secondly most have the ability to form 

hydrogen bonds with the solvent. Analysis into the QM/MM correction free energies 

was performed for several perturbation types: non-polar  non-polar, non-polar  

polar, and polar  polar (Figure 5.7).  
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Figure 5.7: QM/MM energy breakdown for the hydration free energies of several 

perturbations, including; methane  ethane, cyclohexane  piperidine and piperidine  

piperazine. G1 (blue bar) is the QM/MM correction free energy for λ=0, MM is the MM-RETI 

free energy (red bar), G3 (blue bar) is the QM/MM correction free energy for λ=1 and QM/MM 

is the MM→QM/MM free energy (red bar). 

 

It is clear that for a perturbation involving two non-polar species (methane  ethane) 

there are only very small QM/MM correction free energies for both endpoints. This 

leads to a negligible difference in free energy between MM and QM/MM 

representations of the system. For a non-polar  polar case (cyclohexane  

piperidine) there is a small QM/MM correction free energy equal to -0.35 kcal.mol-1 for 

the non-polar cyclohexane, but a significant QM/MM correction free energy of -1.12 

kcal.mol-1 was obtained for the polar piperidine. This leads to difference of -0.77 

kcal.mol-1 between MM and QM/MM. For the polar  polar example (piperidine  
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piperazine) there are large and significant QM/MM correction free energies for both 

piperidine (-1.11 kcal.mol-1) and piperazine (-2.77 kcal.mol-1). This appears to indicate 

that this QM/MM approach is leading to large negative corrections for polar solutes. 

Investigation of the snapshots from each of these perturbations showed that TIP4P 

waters could be in very close proximity (< 2 Å) to ligands with H-bonding capabilities. 

Although this is fine in the MM ensemble, when we convert these snapshots into 

QM/MM we simply electrostatically embed the TIP4P waters as point charges. These 

MM charges very close to our ligand lead QM wavefunction to become overpolarized 

via the embedded MM charges. This in turn leads to the snapshots producing large 

MM  QM/MM corrections, which is the main driving force behind the outliers in our 

MM  QM/MM free energies. This is what our method intends to do, polarise the QM 

wavefunction via the MM environment, however in such cases it appears that this 

polarisation is too strong. This phenomenon has been identified in other QM/MM free 

energy studies [128, 129]. In studies by Beierlein et al. [111] and Woods et al. [110], 

this problem of overpolarization of the QM region via embedded MM charges was 

identified for the very simple perturbation of methane  TIP4P – water. These results 

were also corroborated calculations using the QM/MM method presented in this 

thesis (Table 5.4). 
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 MM  

(kcal.mol-1) 

QM/MM-CH4 
(kcal.mol-1) 

QM/MM-TIP4P 
(kcal.mol-1) 

QM/MM 
(kcal.mol-1) 

Woods et al. -8.90 (0.1) -0.28 (0.01) -1.38 (0.03) -10.0 (0.1) 

Beierlein et al. -8.88 (0.1) -0.17 (0.01) -2.03 (0.04) -10.74 (0.08) 

This Thesis -8.88 (0.1) -0.02 (0.01) -1.39 (0.07) -10.25 (0.09) 

Table 5.4: Comparison of MM and QM/MM free energies for the methane  TIP4P water 

perturbation from several studies 

 

Having identified the embedding of the MM region within the QM/MM calculations as 

the main issue with the overall QM/MM corrections obtained, this leaves one 

remaining question: Can this overpolarisation of the QM/MM system via embedded 

charges be quantified? The simple answer is yes, it is possible to obtain the volume of 

the excess charge density that is generated by having an embedded charge close to a 

polar ligand compared to the ligand in vacuo. To do this the density of the ligand with 

and without the embedded MM point charges had to be calculated. Once this was 

performed, this density with embedded MM point charges was simply subtracted the 

density obtained in vacuo. The results showed that for polar ligands had a considerably 

larger density difference compared to non-polar ligands. 

 

QM/MM Density Calculation Method 

A set of QM/MM snapshots were taken and used for the QM/MM density calculations, 

which were performed using the cubegen utility in Gaussian 09. To use cubegen a 

formatted checkpoint file must be generated. This formatted checkpoint file is then 

converted into a .cube file using cubegen where density=scf was used to generate our 
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density plots. The two cube files (solvated and vacuum) were then subtracted from 

each other using a Python script. 

 

QM/MM Density Calculation Results 

In Figure 5.8 the density excess for two ligand snapshots is compared; one polar 

(piperazine – from piperidine  piperazine perturbation), and one non-polar (ethane – 

from methane  ethane perturbation). For the piperazine snapshot a volume density 

excess of 7.17Å3 compared to just 0.017Å3 for ethane. From this analysis it is clear that 

polar ligands have their density affected far greater than that for non-polar ligands; the 

large amount of electron density excess identified for the polar ligands leads to greater 

polarization effect felt by the QM ligand via the MM charges. This generally gives 

highly favourable QM/MM snapshots, which show a large free energy difference 

between the MM and QM/MM representations of each snapshot. This leads to large 

QM/MM free energy corrections for polar ligands and hence leading to poor 

agreement with experiment.    
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Figure 5.8: Density excess plots. Where A represents the MM system where the waters are 

interacting with the ligands. B represents the QM/MM density excess, which shows the density 

being sucked from the QM ligand to the nearby point charges. This plot was generated using a 

contour level of 0.5. 

 

Previous studies [130, 131] have also shown this density excess for polar solutes, 

leading to poor QM/MM correction free energies. This suggests that a more elegant 

embedding strategy is needed for such polar ligands in order to avoid this problem; 

such a technique shall be described in section 5.2. 

 

5.1.4 Validation - Charge Perturbations 

As this QM/MM approach neglects any QM/MM sampling, the pathway-independence 

of the free energies obtained is a subsequently checked. This is achieved through the 

use of charge perturbation pathways. These calculations were performed on several 

examples and two are shown below (Figures 5.9 – 5.10) 
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Figure 5.9: Charge perturbation free energies for cyclohexane at several scaling factors. The 

red line represents the QM/MM free energy, the blue line the MM-RETI free energy and the 

green line is the MM→QM/MM free energy. The error bars shown are calculated from four 

independent simulations using standard error. 

 

Figure 5.10: Charge perturbation free energies for piperidine at several scaling factors. The red 

line represents the QM/MM free energy, the blue line the MM-RETI free energy and the green 

line is the MM→QM/MM free energy. The error bars shown are calculated from four 

independent simulations using standard error. 



Michael Carter                                                                                   PhD Thesis 

 105  

In Figures 5.9 – 5.10 the sums of the charge perturbed free energy cycles are generally 

small (small slopes of the green fitted lines). However, if the free energies are pathway 

independent, the mean values of these sums calculated over all scale factors must be 

equal to that of the non-charge perturbation MM→QM/MM free energies. For 

cyclohexane (Figure 5.9) the average MM→QM/MM free energy is -0.38 (0.16) 

kcal.mol-1 which is very similar to the non-charge perturbed value of -0.32 (0.11) 

kcal.mol-1. This is repeated for piperidine (Figure 5.10), where the average 

MM→QM/MM free energy is -1.12 (0.21) kcal.mol-1, which again is highly similar to 

the non-charge perturbed value of -1.05 (0.23) kcal.mol-1. This pattern was observed 

for all the charge perturbations studied here, suggesting that our free energies are 

pathway independent and internally consistent. This suggest that our QM/MM method 

produces reliable QM/MM free energies for the hydration free energy dataset studied. 

 

5.1.5 Conversion of Relative Hydration Free Energies to Absolute Hydration Free 

Energies 

To convert the relative hydration free energies into absolute free energies it was 

necessary to annihilate the starting points of the perturbation webs (methane, 

benzene, cyclohexane and cyclopentane). This was performed through the use of soft-

core parameters [132, 133] which enable us to soften the Lennard-Jones and 

coulombic interactions of a solute with its surrounding environment.  

 This is performed using equations 5.2 [132] and 5.3 [133], where soft-core 

parameters δ and α are added to the Lennard-Jones and Coulomb equations. 
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(5.3) 

 

If the suitable values are chosen (an excellent guide on how to choose soft-core 

parameters was published by Simmerling et al. [133]) for these parameters (δ and α), 

the solute will be annihilated and the absolute hydration free energy computed. This 

free energy was then used to go back through our perturbation webs to obtain the 

absolute hydration free energies for each compound. 

 

Soft-core Annihilation protocol 

The bond angles and torsions for the ligands were sampled during the simulation, with 

aromatic ring structures being the only exception. The bond lengths of the ligand were 

constrained. A 12 Å based cut-off from the ligands centre of mass was employed in all 

simulations. A range of soft-core parameters were tested in order to assess which 

were best for each individual ligand, we choose to simulate with an n value of 6 

(equations 5.2 and 5.3). Replica exchange moves were attempted every 200000 moves. 

The solvent was equilibrated for 20 million moves to remove any bad contacts with the 

solute. The system was then equilibrated at one state (the end state with the larger 

solute) for 10 million further moves where solute, and solvent moves were attempted. 

The resulting configuration was distributed over the 16 values for the coupling 

parameter λ (0.00, 0.06, 0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 0.75, 0.82, 
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0.88, 0.94, and 1.00) and equilibrated for 10 million moves before collecting statistics 

for 40 million moves.  

 

Soft-core Annihilation – Results 

The results of the soft-core annihilations are shown below (Figure 5.11) along with the 

combination of soft-core parameters used for each ligand. The results are very 

accurate when compared with Guthrie’s experimental data. The relevant free energies 

are summarised in Table 1.3 of Supporting Information 1. 

 

Figure 5.11: MM-RETI free energies for annihilation of methane, benzene, cyclohexane and 

cyclopentane compared to experimental data [127]. The soft-core parameters utilised are also 

shown. The error bars shown were calculated from four independent simulations using 

standard. 

 

Using these data it was possible to retrieve the QM/MM absolute binding free energies 

for the entire dataset (Figure 5.12) via moving back through the perturbation webs to 

account for these annihilations. 
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Figure 5.12: QM/MM absolute hydration free energies versus Guthrie experimental [127] 

absolute hydration free energies. The error bars shown were calculated from four independent 

simulations using standard error. 

 

The results from this show an encouraging coefficient of determination of 0.85, if we 

compare this to the 0.84 achieved by Mobley et al. [122] we can see that our 

MM→QM/MM method performs comparably to standard MM techniques. This is an 

excellent result, which is made better as standard MM is parameterised for this exact 

problem, whereas this QM/MM method is not. There is one large outlier, piperazine 

from the piperidine  piperazine perturbation, however, this has been identified in 

MM in this study and in the study by Mobley et al. as an outlier and in the previous 

QM/MM study into relative hydration free energies this perturbation was identified as 

a large outlier due to the highly polar nature of both end states. 
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5.2 MM→QM/MM - Adapted Electrostatic Embedding  

As mentioned previously, a more elegant charge embedding approach is needed to 

accurately describe polar ligands in this QM/MM method. Investigation of the 

literature found several approaches to deal with this issue [134, 135, 136, 137], 

however most of these involved costly QM calculations which are unfeasible for our 

system size. However, work from Brooks et al. in which they developed a Gaussian 

‘blurring’ method where a point charge is delocalised using a Gaussian shape function 

[138] appeared to show promise.  

The idea behind this is that by smoothing the charge it will lessen the impact of 

bare charges which are close to the QM region, and hence causing overpolarisation of 

the QM region. The interaction between the delocalised MM charge ( ) with charge    

and the QM nucleus ( ) with charge    at the distance     is given by equation 5.4: 

 

 
     

    

   
     

   

 
  

(5.4) 

 

where σ is the Gaussian blur width and     is an error function. In this method a blur 

width is applied to any MM point charge, a low blur value (< 1.0 Å) enables the 

electrostatic coupling to disappear, whereas a high blur value (>1000 Å) recovers point 

charge behaviour. This methodology was tested by Brooks et al. [138] on several small 

organic molecules, where the MM and QM regions were partitioned across the 

molecule. Energetics of this system, including rotational barriers, proton affinities and 

deprotonation energies were then computed using CHARMM (MM) and GAMESS (QM) 

using RHF/6-31G* and the results were compared to two link atom approaches; the 
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single link atom approach and the double link atom approach [138]. The results of this 

study showed that the Gaussian blur technique could produce more accurate results 

than either standard (unscaled) link atom approaches.  

 

5.2.1 Gaussian Blurring – Test Case  

This method was initially tested against the simple transformation of methane  

TIP4P water. As mentioned earlier, this perturbation is over-polarised at the TIP4P 

water end state using point charge embedded QM/MM. Therefore, this is an ideal test 

case to understand if the Gaussian blur technique can be applied here. 

 

Gaussian Blur Protocol 

Gaussian input files were converted into GAMESS-UK format via a simple bash script. 

The background charges were embedded into the QM/MM calculation through the use 

of the keyword bq, and these charges were blurred though the use of the keyword 

blur, where the blur factor was also given. We tested at a range of blur values, 

including; 0.5 Å, 0.75 Å, 0.8 Å, 0.9 Å and 1.0 Å. 

 

Gaussian Blur – Results 

The results from the Gaussian blur test case are shown below in Figures 5.13 – 5.14. 
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Figure 5.13: QM/MM correction energy versus Gaussian blur width for methane end point of 

methane  TIP4P water perturbation. All Gaussian blur values shown here are in Å. 

 

 

Figure 5.14: QM/MM correction energy versus Gaussian blur width for TIP4P water end point 

of methane  TIP4P water perturbation. All Gaussian blur values shown here are in Å.. 

 

These individual blur studies show we can control the overall QM/MM correction with 

Gaussian blur width. However, which blur factor gives the best results? Figure 5.15 

shows that a Gaussian blur width between 0.8 – 1.0 Å gives rise to a QM/MM free 

energy which is within experimental error for this perturbation. 
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Figure 5.15: MM→QM/MM versus Gaussian blur width for methane TIP4P water. The red 

box represents the experimental error reported by Guthrie [127] for this perturbation. 

 

In addition, when applying a Gaussian blur of 1000 Å the same result was obtained as 

previously produced (Table 5.4) using Gaussian 09. Therefore, because of this 

encouraging result, it was decided to extend this test set to analyse how this technique 

would perform on a range of functional groups. 

 

5.2.2 Gaussian Blur – Extended Dataset  

The extended dataset contained an additional 59 perturbations from the Mobley 

dataset. For a full list of the perturbations chosen please refer to Supporting 

Information 1, Figure 1.12. Each of the endpoints from these perturbations was 

subjected to the Gaussian blur technique described above, at two smearing values of 

0.95 Å and 1.0 Å. The original MM-RETI and QM/MM free energies are shown in 

Figures 5.16 – 5.17.  
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Figure 5.16: MM-RETI relative free energies versus Guthrie’s experimental [127] relative 

hydration free energies for extended dataset. The red line represents ideal correlation (1 to 1) 

and the black line represents the actual correlation. The error bars shown are calculated from 

four independent MM-RETI simulations using standard error. 

 

Figure 5.17: MM→QM/MM relative hydration free energies versus Guthrie’s experimental 

[127] relative hydration free energies for extended dataset. The red line represents ideal 

correlation (1 to 1) and the black line represents the actual correlation. The error bars shown 

are calculated from four independent simulations using standard error. 
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Gaussian Blur Extended Dataset Results 

The results from both Gaussian blur widths of 0.95 Å and 1.0 Å are shown below 

(Figures 5.18 – 5.19). The relevant free energies are summarised in Tables 1.4 and 1.5 

of Supporting Information 1. 

 

Figure 5.18: MM→QM/MM Gaussian blur (1.0 Å) versus Guthries ‘s experimental [127] relative 

hydration free energies. The red line represents ideal correlation (1 to 1) and the black line 

represents the actual correlation. The error bars shown are calculated from four independent 

simulations using standard error. 
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Figure 5.19: MM→QM/MM Gaussian blur (0.95 Å) versus Guthrie’s experimental [127] relative 

hydration free energies. The red line represents ideal correlation (1 to 1) and the black line 

represents the actual correlation. The error bars shown are calculated from four independent 

simulations using standard error. 

 

The coefficient of determination for both of the Gaussian blur widths studied is 0.79, 

which is very similar to the original QM/MM study of 0.86. The large difference is in 

the slope which shifts from around 1 in the original QM/MM study to 0.7 using the 

Gaussian blur technique. This suggests that the application of the Gaussian blur does 

reduce the impact of the point charges, and in fact under-polarises the results for most 

of this extended dataset. This indicates that this method does not work for all of the 

perturbations studied. It also highlights that we cannot simply apply a standard 

Gaussian blur width to a wide range of compounds containing different functionalities, 

which in turn have different polarisation associated with them. Further investigation is 

needed to fully understand the impact of Gaussian blur widths upon the calculated 

QM/MM hydration free energies for compounds containing different functional 
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groups. It is hoped that future work in this area can provide a useful set of rules for 

different compound types as currently knowledge a priori is needed to use this method 

and this is not ideal. 

 

5.3 Conclusions 

This study focussed on using the QM/MM method presented here to calculate 

QM/MM corrected hydration free energies for 110 small organic molecules. The 

results from the MM free energy study showed excellent agreement to experimental 

and previously published data. The results from the QM/MM corrected hydration free 

energy study also show very good agreement with experimental data. Yet, several 

caveats were identified that affect the accuracy of our final QM/MM corrected free 

energies. In particular outliers all shared several common features; they all involve 

polar species with the ability to hydrogen bond to the aqueous environment. Further 

analysis showed that the main driving force behind these results is the embedding 

scheme utilised within this method. As this method uses snapshots purely from an MM 

ensemble a close hydrogen bond (between our ligand and water) within the MM 

ensemble can lead to significant density ‘leeching’, where the embedded MM point 

charge pulls density from the QM ligand, in the QM/MM representation. This issue 

leads to overpolarisation of the QM region.  

This study into the QM/MM method’s ability to accurately calculate QM/MM 

corrected relative hydration free energies showed great promise with QM/MM 

performing as well as MM, which is very surprising as MM forcefields are 

parameterised for this exact problem; however, identification of structurally similar 

outliers has exposed the need for a more elegant embedding strategy when placing 
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the MM system into the QM/MM calculations. A Gaussian blur technique was also 

identified and tested, which enables the user to blur the embedded MM point charges 

using a Gaussian distribution. This method shows great promise in being able to negate 

the over-polarisation effects of the conventional QM/MM implementation, however 

knowledge is needed a priori as to whether this “smearing” is needed.  
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6 Calculation of QM/MM Relative Binding Free Energies 

for 9 CycloOxygenase 2 inhibitors 

 

 

6.1 Biological Relevance 

Prostanoids are a subclass of eicosanoids consisting of the prostaglandins, the 

thromboxanes, and the prostacyclins. The biosynthesis of prostanoids is induced in 

different pathological conditions, including inflammatory diseases [139], neurological 

disorders [140, 141] and cancer [142]. Since the early 1980’s two cyclo-oxgenases 

enzymes, cyclo-oxygenase 1 (COX-1) and Cyclo-Oxygenase 2 (COX-2), have been 

identified as integral to the production of prostanoids as they are responsible for the 

production of prostaglandin (H2), which is the rate-limiting step in the production of 

prostanoids. Prostanoid biosynthesis is inhibited by non-steroidal anti-inflammatory 

drugs (NSAIDs) that are widely prescribed as analgesics and anti-inflammatory agents 

[141]. Their mechanism of action involves inhibition of COX-1 and COX-2 isoenzymes 

[143]. COX-2, but not COX-1, is characterized by an accessible side pocket that is an 

extension to the hydrophobic channel [144]. The inhibition of COX-2 is thought to 

mediate the therapeutic action of NSAIDs, while the inhibition of COX-1 can lead to 

unwanted side effects, particularly within the gastrointestinal tract [145]. 

Since the discovery of COX-2 several classes of inhibitors have been designed 

[141]. These inhibitor sets can generally be classed as first generation COX-2 inhibitors 

and second generation COX-2 inhibitors. The first class of COX-2 inhibitors designed for 

treatment of rheumatoid arthritis, osteoarthritis and for pain relief include rofecoxib 
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and celecoxib which are diaryleterocyclic derivatives containing phenylsulphone and 

phenylsulphonamide moieties (Figure 6.1).  

 

 

Figure 6.1. Structures of two first class derivative COX-2 inhibitors; Celecoxib and Rofecoxib. 

 

Previous efforts have been made within our group to predict the relative binding free 

energies for 9 celecoxib based derivatives to the COX-2 enzyme (Figure 6.2) [146]. The 

results from this study showed a correlation (R2) of 0.83 between 

MM(AMBER99/GAFF/AM1-BCC)-RETI calculated binding free energies and 

experimental data.   
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Figure 6.2. Perturbation network for the set of COX-2 ligand perturbations studied here. 

 

This dataset was chosen for this study to understand if our QM/MM method could 

match or even out-perform classical methods for predicting binding free energies, for 

which, in this case, MM MM(AMBER99/GAFF/AM1-BCC)-RETI already gives very good 

correlation. 

 

6.2 System Preparation 

Protein – ligand setup 

The PDB structure of murine COX-2 (PDB code 1CX2) [147] was selected as a starting 

point for this study. In this structure the polar hydrogen atoms had already been 

assigned by the crystallographers. Non-polar hydrogen atoms were added to this 

structure using the Reduce software package [148]. Previous theoretical studies [146] 

have shown that the sulphonamide conformation in celecoxib of this COX-2 crystal 

structure is incorrect. As was done previously, the N—S—C—C torsion around this 

functional group was rotated to interact favourably with neighbouring residues and a 
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nearby haem group was removed as it did not have any direct interactions with the 

binding site. The protein was parameterised using the AMBER99 force field [13], 

inhibitors were parameterised with the GAFF force field [14] and the partial atomic 

charges were derived using the AM1-BCC method [124], as implemented in the AMBER 

10 suite. To avoid bad steric clashes, the protein-ligand complex (1CX2/ligand 2) was 

minimised in the SANDER module of AMBER 10 using generalised Born force field to 

represent the solvent. The backbone of the protein was subsequently fixed for Monte 

Carlo simulations, which were performed using a modified version of ProtoMS2.2 [123]. 

To reduce computational cost, only protein residues that contained one heavy atom 

within 15 Å of any representative ligand atom were retained. The resulting protein 

scoop contained 155 residues. The ligands were modelled in the binding site based 

upon the binding mode predicted by the docking program GOLD [116], the binding 

modes for each ligand were generated by Michel et al. [146] in the previous binding 

free energy for this protein-ligand dataset. Crystallographic waters were retained and 

the complex was hydrated by a sphere of TIP4P [125] water molecules of 22 Å radius 

and centered on the geometric centre of each ligand studied. To prevent evaporation, 

a half-harmonic potential with a 1.5 kcal.Å-2 force constant was applied to water 

molecules whose oxygen atom distance to the ligands centre of geometry was greater 

than 22 Å. A similar sphere of water was used for the unbound state. 

 

Monte Carlo Simulation Protocol  

The bond angles and torsions for the side chains of residues within 10 Å of any ligand 

heavy atom and all bond angles and torsions of the ligand were sampled during the 

simulation, with ring structures being the only exception. The bond lengths of the 
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residues and ligand were constrained. The total charge of the system was brought to 

zero by neutralising lysine residues 511 and 532 lying in the outer ‘frozen’ part of the 

scoop. The neutralised lysines were then re-modelled using the AMBER99 forcefield. A 

10 Å residue based cut-off was employed in all simulations.  

 

For simulation in the bound state, solvent moves were attempted with a probability of 

71.28%, protein side-chain movements with a probability of 24.08% and solute moves 

with a probability of 4.64%. In the unbound state, solvent moves were attempted 

99.07% of the time. Replica exchange moves were attempted every 200000 moves. 

The solvent was equilibrated for 20 million moves to remove any bad contacts with the 

solute. The system was then equilibrated at one state (the end state with the larger 

solute) for 20 million further moves where solute, protein, and solvent moves were 

attempted. The resulting configuration was distributed over the 16 values for the 

coupling parameter λ (0.00, 0.06, 0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 

0.75, 0.82, 0.88, 0.94, and 1.00) and equilibrated for 10 million moves before collecting 

statistics for 640 million moves (bound) and 320 million moves (free).  

 

QM Single Point Energy Protocol  

Configurations from the endpoint (λ=0 and  λ=1) of the classical free energy 

simulations were selected and used as input for DFT-QM/MM single point energy 

calculations with Gaussian 09 [126]. One QM single point energy calculation with 

background charges representing the solvent and protein residues within our cut-off 

(Gaussian keyword ‘CHARGE’) were performed every 100000th MM/MC moves, with 

symmetry operations disabled (Gaussian keyword ‘NoSymm’). This gave a total of 6400 
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QM/MM single points for each solute perturbation in the bound state and 3200 

QM/MM single points for each solute perturbation in the free state. Gaussian 

calculations with embedded background charges allow a polarisation of the QM wave 

function via the MM charges, however no back polarisation of the MM part via the 

polarised QM wave function was considered.  

 

The QM energies were computed using the B3LYP hybrid density functional 

calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

As our ligands were flexible we needed to compute the QM vacuum energies for each 

snapshot used. This was carried out in Gaussian 09, but without the use of the 

‘CHARGE’ and ‘NoSymm’ keywords, which are only necessary if embedding MM point 

charges in our calculation.  

 

The QM vacuum energies were again computed using the B3LYP hybrid density 

functional calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

6.3 Results & Discussion 

6.3.1 MM – RETI Results  

The calculated relative binding free energies of 9 celecoxib derivatives are shown in 

Figure 6.3. The coefficient of determination (R2) between predicted and experimental 

binding free energies [146] is 0.79. The mean unsigned error (MUE) is equal to 0.79  

kcal.mol-1, this is within “chemical accuracy”. The relevant free energies are 

summarised in Tables 2.1 and 2.3 of Supporting Information 2. 
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Figure 6.3. MM-RETI results versus experimental data [146]. The red line represents the ideal 

(1 to 1) correlation and the black line represents the best fit. The error bars shown are 

calculated from four independent simulations using standard error. 

 

To ensure smooth transition between the two end states (λ=0 and λ=1) the free energy 

gradients for each perturbation were studied (Figure 6.4).  

 

Figure 6.4. Free energy gradients for free (blue line) and bound (red line) for the ligand 7 to 

ligand 5 perturbation. The error bars shown are calculated from four independent simulations 

using standard error. 
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These show that for both the free and bound legs of our free energy simulations the 

transition across our reaction co-ordinate is very smooth. This indicates that the free 

energies obtained from our simulations are precise. 

To analyse the statistical uncertainty in our free energy simulations we 

calculated the hysteresis for closing a binding free energy cycle for a set of 4 COX-2 

perturbations (7→8, 9→8, 10→9 and 10→7). For the free legs of our simulations 

(Figure 6.5) the hysteresis was found to be extremely small at just -0.17 (0.46) 

kcal.mol-1 suggesting little statistical uncertainty.  

 

 

Figure 6.5. MM-RETI free leg hysteresis for four COX-2 perturbations. The standard errors for 

each step are shown in the brackets. 

 

For the bound legs (Figure 6.6) the hysteresis rises to -0.69 (0.18) kcal.mol-1, which 

implies that our bound legs contain a higher statistical uncertainty than our free legs, 

however this is still a very reasonable value.  
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Figure 6.6. MM-RETI bound leg hysteresis for four COX-2 perturbations. The standard errors 

for each step are shown in the brackets. 

 

The overall hysteresis for closing the cycle for binding free energies is small at just 0.51 

(0.49) kcal.mol-1, as illustrated in Figure 6.7. Such hysteresis is an important indicator 

of the statistical uncertainty in these calculations; however, hysteresis of ≈1kcal.mol-1 

over four simulations is notably small [11]. 

 

 

Figure 6.7. MM-RETI total hysteresis for four COX-2 perturbations. The standard errors for 

each step are shown in the brackets. 
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To futher quantify our calculated binding free energies, we calculated the Predictive 

Index (  ) [149], which enables ranking of our inhibtors. For a set of experiemental 

values,     , and corresponding precited scores     , the index is as follows: 

 

 
            

    

      

    

  
(6.1) 

 

where 

                  (6.2) 

 

and 

 

      

                              

                               

                  

  

 

(6.3) 

     and      refer to the predicted and experimental binding free energy of reference 

compound 1, whereas      and      are the predicted and experimental binding free 

energies of the 9 other COX-2 celecoxib derivatives. This index ranges from -1 to +1, 

depending on how well the predicted binding free energies track the rank order of 

experimentally obtained binding free energies: +1 arises from perfect prediction, -1 

arises from predictions which are always wrong, and 0 arises from predictions which 

are completely random. This function includes a weighting term that depends upon 

the difference between experimentally obtained binding free energies. It is also 

common to use an unweighted predictive measure, known as Kendalls Tau (  ) [150],  

this index is as follows: 
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(6.4) 

where     is calculated as in equation 6.3 and     is calculated as in equation 6.2.  

The calculated    is 0.88, denoting an excellent ability for the MM-RETI free 

energy simulations to rank the 10 celeoxib inhibitors according to their potency. The    

is 0.56, indicating that without experimental weighting the ranking of our compounds 

worsens. These results are in excellent agreement with previously published results 

from Michel et al. [146], which is encouraging as both stuides used the same 

forcefields and charge models. Price and Jorgensen [11] also studied this system and 

reported results with slightly better agreement with experimenal data, with a MUE of 

0.4 kcal.mol-1 and a correlation of 0.96 and a    of 0.96. This improvement may have 

been cause by their use of a different forcefield (OPLS/AA and CM1A atomic partial 

charges versus AMBER99/GAFF and AM1-BCC atomic partial charges). Furthermore, 

within our simulations no water molecules were included within the COX-2 binding site, 

and depending on the perturbation stuided one or two water molecules were present 

in the study of Price et al. There is no structural evidence to support the presence of 

water molecules in this buried hydrophobic pocket, and Price et al. could not rule out 

the possibility that these waters were an artefact of the protocol used to generate the 

watercap for their simulations (see Section 6.3.2 for futher details). Despite these 

differences the overall predictivity of both methods used is very similar.  

 In addition to Price et al., a recent study utilising funnnel metadynamics by 

Limongelli et al. [151] suggested that there is a water present in the hydrophobic 
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pocket of COX-2. Their evidence for the presence of this water was obtained from 

structural analysis of NSAID’s by Selinksky et al. [143] where four inhibitors (ibuprofen, 

methyl flurbiprofen, alclofenac and flurbiprofen) were crystalised with COX-2. This 

study showed that there could be a water molecule bridging interactions between 

SER530 and TYR385 in the COX-2 binding site for this set of inhibitors. To investigate 

the possibility that this water should have been included in our free energy simulations 

we performed Grand Canonical Monte Carlo (GCMC) on the COX-2 binding site. 

 

6.3.2 Grand Canonical Monte Carlo - Analysis of Waters within COX-2 Binding Site 

To simulate a system where the number of particles can vary, it is necessary to utilise 

the GCMC technique. Orginally formulated by Adams in 1974 [55, 56], the GCMC 

technique is capable of predicting the location of molecules in both biological and 

inorganic systems. In contrast to traditional MC and MD simulations, GCMC utilises the 

μVT ensemble which allows the number of molecules in the system to fluctuate as a 

function of the applied chemical potential (μ). As such, the methodology is ideally 

suited to investigating systems where the number of molecules is unknown, such as an 

apo/pseudo-holo binding site. In a GCMC simulation the moves associated with the 

canonical ensemble are permitted, alongside three unique moves associated with the 

μVT ensemble. The first type of move is a particle creation move, whereby the number 

of molecules in the system increases by one. The second move type involves particle 

deletion, whereby the number of molecules in the system decreases by one. The final 

move type is a localised transition move, whereby the inserted molecule(s) are allowed 

to translate and rotate around the system. The acceptance tests for these moves are 

shown in equations (6.5, 6.6, 6.7). 
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(6.7) 

In the above equations,   is the number of particles in the simulation and   is the 

Adams parameter (  =   /    + ln   ).    is the expected number of particles in the 

system given the volume of the simulation region and is equal to   v where    is the 

number density of the particle and v the simulation volume [152].    is the excess 

chemical potential,    is the Boltzmann constant and    the change in energy 

between the new and old states. Historically,   has been used for simualtions instead 

of  , for computational simplicity [153]. No explanation has been given for this 

parameter, although one possible explanation is that it allows the simulation results to 

be compared to the expected number of molecules in the bulk,   . Since B and μ0 differ 

by a constant, performing a simulation at constant   is equivalent to performing a 

simulation at a constant chemical potential,   . 

 

 



Michael Carter                                                                                   PhD Thesis 

 131  

GCMC- COX-2 simulation protocol 

Insertion and deletion attempts were accepted using the Metropolis tests described 

above. The GCMC simulation was performed on a pseudo-holo structure of COX-2 

where ligand 1 was removed from the COX-2 binding site prior to the GCMC 

simulations. 

No formal hardwall region is applied in the GCMC simulations. Although other 

(bulk) water molecules are prohibited from entering the defined GCMC region, protein 

atoms are allowed to occupy the same region as the GCMC simulation. As a result a 

13.4 x 8.0 x 10.5 Å3 grid was defined around the binding site to obtain suffcient 

sampling of the binding site region. Each B value was simulated for 40 million MC 

moves. At the end of each simulation the average population across the entire 

simlulation was recorded. The decoupling free energy of the water was found using 

equation 6.8. 

 

 
              

    

      
  

(6.8) 

 
In equation 6.8,      is found by intially recording the population at a set B value. This 

population is converted into a localised concentration by dividing by the simulation 

volume, and then converting this into a molar concentation using Avogadro’s number. 

      , as shown in equation 6.9, is related to the B value of the simulation and is found 

using the following. 

 

                               (6.9) 
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In equation 6.9,    is the expected number of particles in the system given the volume 

of the simulation region and is equal to    , where    is the number density of the 

particle and v the simulation volume [153]. 

After calculating      , the binding free energy of the waters was found using 

equation 6.10. 

 

                      (6.10) 

 

For each the COX-2 binding site, 9 B values (4, 0, -4, -8, -12, -14, -16, -18, and -20) were 

simulated to allow for a reliable estimate of the binding free energy. The free energy of 

hydration,       was taken to be +6.4 kcal.mol-1. [155]  

For the GCMC simulations, solvent moves were attempted with a probability of 

47.6%, protein side-chain moves with a probability of 6.2%. Insertion and deletions 

were attempted with an equal probability of 0.8%, with translations and rotations of 

the GCMC waters attempted with a probability of 44.6%.  

 

GCMC COX-2 Results & Discussion 

The results of our GCMC simulations on the pseudo-holo stucture of COX-2 are shown 

in Table 6.1.  
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Biasing 
Potential 

Chemical Potential 
(μ) 

Binding Free Energy 
(kcal.mol-1) 

No. of Waters 

4 0.14 6.53 23.56 

0 -2.24 4.16 21.34 

-4 -4.63 1.77 18.72 

-8 -7.01 -0.61 14.45 

-12 -9.40 -2.99 9.21 

-14 -10.59 -4.19 3.15 

-16 -11.78 -5.38 2.56 

-18 -12.97 -6.57 2.17 

-20 -14.16 -7.76 0.03 

 

Table 6.1. GCMC results for COX-2 binding site. Results are shown for 9 biasing potentials 

along with the number of waters present at each bias and the associated chemical potentials 

and binding free energies of said waters. 

 

These results suggest that as the biasing potential is increased the number of water 

molecules present in the COX-2 binding site decreases, until at a biasing potential of     

-20 and a corresponding free energy of -7.76 kcal.mol-1 almost no waters occupy the 

binding site over the course of the simulation.  

 To understand the implications of these results the binding site and associated 

GCMC waters were visualised at different biasing potentials. At a bias of -12 roughly 9 

GCMC waters are present in the binding site (Figure 6.8). 
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Figure 6.8. Depicts the hydration of the COX-2 binding site at a biasing potential of -12. A 

shows the 9 waters without any ligand bound, whereas B has ligand 5 superimposed to 

highlight how the COX-2 inhibtors mirror these water interactions. 

 

The GCMC waters (labelled 1-9) occupy several parts of the binding site. Waters 1 and 

2 occupy the buried hydrophobic pocket region which Price and Jorgensen and  

Limongelli et al. suggest could help bridge interactions between the ligand and COX-2 

binding site residues. Waters 3-9 occupy the solvent exposed region of the COX-2 

binding site. At this biasing potential the binding free energy of these waters is -2.99 

kcal.mol-1 . With such a weak binding free energy it is unclear whether these waters 

would be present or displaced upon ligand binding. To further investigate this 

possibility the COX-2 binding site was visualised at a higher biasing potential of -16 

(Figure 6.9), which has a corresponding binding affinity of  -5.38 kcal.mol-1 for any 

GCMC  waters that are present.  
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Figure 6.9. Depicts the hydration of the COX-2 binding site at a biasing potential of -20. A 

shows the 3 waters without any ligand bound, whereas B has ligand 5 superimposed to 

highlight how the COX-2 inhibtors mirror these water interactions. 

 

It is clear that at this higher bias only three of the previous nine GCMC waters are 

present. All of these GCMC waters are in the solvent exposed region around, which is 

occupied by the sulphonamide moeity of the celeoxib–based COX-2 inhibtor. 

Importantly, no waters are present in the hydrophobic pocket, suggesting that if this 

region is occupied by water they would be displaced upon ligand binding. This 

phonomena is common upon ligand binding as it enables a gain in entropic energy as 

the displaced waters would return to the bulk. The results of this GCMC investigation 

suggest that there should not be waters present in the hydrophobic pocket of COX-2 

and that any which are there would be easily displaced by the binding of celeoxib-

based COX-2 inhibtors. 
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 Ideally we would also have performed a GCMC simulation upon a holo COX-2 

structure to understand if there is any chance that the COX-2 ligands could stabilse 

these water molecules. Unfortunately this is outside the scope of this study, but future 

attempts to perform these simulations would help to shed more light on the hydration 

patterns within the COX-2 binding site. 

 

6.3.3 MM→QM/MM-FEP Results  

The calculated relative MM→QM/MM-FEP binding free energies of 9 celecoxib 

derivates is shown in Figure 6.10. The coefficeint of determination (R2) between 

predicted and experimental binding free energies [146] is 0.49. The MUE is equal to 

1.88 kcal.mol-1, which is over 1 kcal.mol-1 worse than for the MM-RETI calculated 

binding free energies. The relevant free energies are summarised in Table 2.2 and 2.3 

of Supporting Information 2. 

 

Figure 6.10. MM→QM/MM results versus experimental data [146]. The red line represents the 

ideal (1 to 1) correlation and the black line represents the actual correlation. The error bars 

shown were derived from four independent simulations using standard error. 
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In addition to the loss of accuracy the    for the MM→QM/MM-FEP binding free 

energies falls to 0.08, and the    becomes -0.33. This indicates that when applying our 

QM/MM corrections to our classically obtained binding free energies our results 

become random compared to experimental data.  

As with our MM-RETI results the hysteresis for closing a binding free energy 

cycle for a set of 4 COX-2 perturbations (7→8, 9→8, 10→9 and 10→7) was calculated. 

For the free legs of our MM→QM/MM binding free energy study (Figure 6.11) the 

hysteresis is 0.77 (1.06) kcal.mol-1 this over a 0.5 kcal.mol-1 increase from the MM 

values of -0.17 (0.46). It is also important to note that the error estimate has also 

increased by 0.6 kcal.mol-1. This indicates that applying our QM/MM corrections leads 

to higher statistical undertainty and larger errors than  compared to standard MM. 

 

 

Figure 6.11. MM→QM/MM free leg hysteresis for four COX-2 perturbations. The standard 

errors for each step are shown in the brackets. 

 

The trend of increased uncertainty continues when considering the bound legs of our 

MM→QM/MM binding free energy study (Figure 6.12). The hysteresis in the bound 

legs is -0.94 (0.92) kcal.mol-1 which again is an increase from the hysteresis shown in 
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the MM free energy study of -0.69 (0.18) kcal.mol-1. More noticeable is the increase in 

the error estimate for the bound leg hysteresis which has increased by 0.74 kcal.mol-1. 

 

 

Figure 6.12. MM→QM/MM bound leg hysteresis for four COX-2 perturbations. The standard 

errors for each step are shown in the brackets. 

 

Combining the free and bound legs leads to the overall hysteresis for this free energy 

cycle (Figure 6.13). The overall MM→QM/MM hysteresis is -1.71 (1.48) kcal.mol-1 

which is an increase >1 kcal.mol-1 compared to the hysteresis for MM of -0.51 (0.49) 

kcal.mol-1. 

 

Figure 6.13. MM→QM/MM total hysteresis for four COX-2 perturbations. The standard errors 

for each step are shown in the brackets. 
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This large change in hysteresis between MM and MM→QM/MM suggests that we are 

introducing a large amount of statistical uncertainty, also known as simulation ‘noise’, 

through applying our QM/MM corrections. 

To understand the changes in accuracy between our MM and MM→QM/MM-

FEP binding free energies, in particular those perturbations circled (red circles) in 

Figure 6.10, we need to analyse the energies produced for each leg of our protein-

ligand binding free energy cycle.  

 For ligand 10 (R=H), ligand 9 (R=F), and ligand 7 (R=OH) the breakdown of MM 

and QM/MM energies is shown below (Figures 6.14 – 6.16). 
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Figure 6.14. MM→QM/MM free energy breakdown for ligand 1  ligand 10 perturbation. G1 

refers to the QM/MM bound leg correction for ligand 1 and G7 refers to the QMM free leg 

correction for ligand 1. G3 is the QM/MM bound leg correction for ligand 10 and G5 the 

QM/MM free leg correction for ligand 10. The QM/MM and MM free energies are also shown, 

along with the overall QM/MM correction for this perturbation. The error bars shown are 

computed from four independent simulations using standard error. 
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Figure 6.15. MM→QM/MM free energy breakdown for ligand 1  ligand 9 perturbation. G1 

refers to the QM/MM bound leg correction for ligand 1 and G7 refers to the QMM free leg 

correction for ligand 1. G3 is the QM/MM bound leg correction for ligand 9 and G5 the 

QM/MM free leg correction for ligand 9. The QM/MM and MM free energies are also shown, 

along with the overall QM/MM correction for this perturbation. The error bars shown are 

computed from four independent simulations using standard error. 
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Figure 6.16. MM→QM/MM free energy breakdown for ligand 1  ligand 7 perturbation. G1 

refers to the QM/MM bound leg correction for ligand 1 and G7 refers to the QMM free leg 

correction for ligand 1. G3 is the QM/MM bound leg correction for ligand 7 and G5 the 

QM/MM free leg correction for ligand 7. The QM/MM and MM free energies are also shown, 

along with the overall QM/MM correction for this perturbation. The error bars shown are 

computed from four independent simulations using standard error. 

 

Ligands 10, 9, and 7 follow the same trend by which the QM/MM correction free 

energies show that each of these ligands are less favoured in the COX-2 binding site 

and more favoured in aqueous solution when compared to the reference ligand (ligand 

1). For the bound state QM/MM corrections, this trend may be caused by the size of 

the pocket into which we are perturbing in the COX-2 binding site. This pocket (Figure 

6.17) is a small hydrophobic pocket between TRP384 and TYR385.  
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Figure 6.17. The structure of COX-2 (1CX2) and the hydrophobic pocket in which all 

perturbations are directed. The COX-2 inhibitor (ligand 7) is shown (thick licorice) key binding 

site residues TRP384 and TYR385 are shown (thin licorice) and the secondary structure. is also 

shown (orange ribbons) The size of this pocket is shown by three 2 Å3 spheres (red spheres). 

 

Ligand 1 contains a methyl in the R position which is able to fit into this hydrophobic 

pocket leading to a favourable QM/MM correction equal to -2.23 kcal.mol-1. For 

ligands 10, 9 and 7 the R group is perturbed to a H, F, and OH respectively. All of these 

changes are to less hydrophobic substituents, which do not ‘fit’ as well as the original 

methyl into this pocket. Owing to this the substituted R groups are further from the 

protein residues, and hence further from the point charges in our QM/MM 

representation. This could be leading to our QM ligands becoming less polarised by the 

protein environment, and hence a lower QM/MM correction is obtained for these 

perturbations. For example, ligand 10 obtains a bound QM/MM correction of -0.69 

kcal.mol-1 with ligand 9 and 7 obtaining a QM/MM correction of -1.12 kcal.mol-1 and -

1.61 kcal.mol-1 respectively. These changes in QM/MM energy for the bound state 
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suggests that the size of the perturbed group plays a crucial role in determining the 

overall MM→QM/MM binding free energy for each ligand. 

In the free states ligands 10, 9, and 7 have R groups which can interact more 

strongly, or simply allow water molecules to be closer to the ligand than the methyl 

group of ligand 1. As was shown in the hydration free energy study, close contacts 

between water molecules and polarisable groups in our QM ligand can lead to a 

greater polarisation effect on our QM ligand, leading to larger QM/MM corrections for 

these ligand molecules. If we consider the QM/MM correction for the free energy of 

hydration of our reference ligand -0.77 kcal.mol-1 then we can see that ligands 10 and 9 

obtain slightly more favourable QM/MM energies of  -1.53 kcal.mol-1 and -1.35 

kcal.mol-1 respectively. In the case of ligand 7, this change is much more dramatic with 

a QM/MM correction of -3.05 kcal.mol-1 for the free state. This indicates that polar 

substituents in position R will obtain a much more favourable QM/MM correction in 

the free state. This supports previous hydration free energy results, which suggest that 

polar QM compounds become highly polarised by the MM environment (partial 

charges), leading to large QM/MM corrections for such ligands.   

 In contrast, ligand 6 (CF3) shows more favourable QM/MM corrections for both 

bound and free states when compared to ligand 1 (Figure 6.18).  
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Figure 6.18. MM→QM/MM free energy breakdown for ligand 1  ligand 6 perturbation. G1 

refers to the QM/MM bound leg correction for ligand 1 and G7 refers to the QMM free leg 

correction for ligand 1. G3 is the QM/MM bound leg correction for ligand 6 and G5 the 

QM/MM free leg correction for ligand 6. The QM/MM and MM free energies are also shown, 

along with the overall QM/MM correction for this perturbation. The error bars shown are 

computed from four independent simulations using standard error. 

 

 

The QM/MM correction for the bound state is equal to -3.66 kcal.mol-1, which is the 

largest QM/MM correction for this dataset, and it is also 1.40 kcal.mol-1 more negative 

than the reference ligand. This could be an artefact of the slightly polar nature of the 

OH of TYR385 interacting with the polar hydrophobic fluorine of the CF3 (Figure 6.19).  
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Figure 6.19. Interactions between ligand 6 (thin licorice) and key binding site residues TRP384 

and TYR385 (thin licorice) taken from a representative snapshot of this simulation. 

 

This could imply that our QM/MM approach can capture the ‘polar-hydrophobicity’ of 

fluorine, although more observations are needed before any such conclusion can be 

drawn.  

 In contrast to these poor results, there are some successes in this dataset. For 

example, ligand 2 (R=CH2CH3) performs well in both MM and MM→QM/MM free 

energy studies. Analysis of the energetic components of this perturbation highlights 

the minor change between MM and QM/MM representations of our system (Figure 

6.20).  
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Figure 6.20. MM→QM/MM free energy breakdown for ligand 1  ligand 2 perturbation. G1 

refers to the QM/MM bound leg correction for ligand 1 and G7 refers to the QMM free leg 

correction for ligand 1. G3 is the QM/MM bound leg correction for ligand 2 and G5 the 

QM/MM free leg correction for ligand 2. The QM/MM and MM free energies are also shown, 

along with the overall QM/MM correction for this perturbation. The error bars shown are 

computed from four independent simulations using standard error. 

 

 

It is clear to see that for the bound and free QM/MM corrections for ligand 2, -2.47 

kcal.mol-1 and -0.77 kcal.mol-1, there is very little change compared to the reference 

compound, -2.23 kcal.mol-1 and -0.71 kcal.mol-1. These small corrections can be 

attributed to the non-polar nature of the R group as this produces a QM/MM 

correction which only slightly prefers the bound state and shows very similar values in 

the free state when compared to the reference compound.  
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Therefore, we can see from our results that very small non-polar changes to 

our ligand can lead to good MM→QM/MM corrections. Unfortunately, it appears that 

any change involving large differences in polarisation appear to perform poorly. This 

could indicate several problems: first, the results could be suffering due to inaccuracies 

in the forcefield. Second, the sampling of the system may not be sufficient or the single 

step QM/MM approach taken here may not be accurate enough to capture the 

subtleties of each ligand interactions with the COX-2 binding site. Lastly, it may 

indicate the need to include key binding site residues in the QM/MM representation of 

the system in order to accurately capture the changes in polarisation and other key 

interactions of each differing R group with this region. 

 

6.4 Protein-ligand Charge Perturbations 

As this QM/MM approach neglects any QM/MM sampling, the pathway-independence 

of the free energies obtained must be investigated. This is achieved through the use of 

charge perturbation pathways (see section 4.2). For COX-2, three compounds were 

selected to perform charge perturbations (Figure 6.21). 

 

Figure 6.21. Three COX-2 ligands chosen for charge perturbation analysis. 
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Monte Carlo Simulation Protocol 

Generating alternative pathways by scaling solute charges up or down can be used to 

validate the pathway independence of calculated free energies. Alternative 

configurations were generated by performing RETI [51, 52] calculations in which the 

solute charges were scaled up. For protein-ligand systems the charges of the solute- 

environment interactions were scaled, while the charges used for the solute internal 

energy computation remained at their un-scaled level (λ=0). 16 λ windows (0.00, 0.06, 

0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 0.75, 0.82, 0.88, 0.94, and 1.00) were 

used to ensure smooth transition between the two end states. The following charge 

scale factors were investigated: 1.01, 1.05, 1.07, 1.10, 1.15, 1.20 (N.B. 1.00 implies a 

simulation with non-perturbed charges). 10 million equilibration moves were 

performed before collecting statistics for 320 million moves in the bound legs and 160 

million in the free legs, with each free energy simulation repeated 4 times. The RETI 

values shown are the mean of these four repeats and the standard error for these 

different runs is also shown.  

 

QM/MM Single Point Energy Protocol  

As with the ‘normal’ perturbations, configurations from the endpoint (λ=0 and  λ=1) of 

the classical free energy simulations were selected and used as input for DFT-QM/MM 

single point energy calculations with Gaussian 09 [126]. One QM/MM single point 

energy calculation was performed every 100000th MC move. Therefore we took 3200 

QM/MM configurations for the bound legs and 1600 QM/MM configurations for the 

free legs per repeat. In total we performed 12800 QM/MM single point energy 
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calculations for our bound legs (at λ=0 and λ=1) and 6400 QM/MM single point energy 

calculations for the free legs (at λ=0 and λ=1). 

 

The QM energies were computed using the B3LYP hybrid density functional 

calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

Results & Discussion 

The free energies obtained from the charge perturbations for COX-2/ligand 10 are 

shown in Figures 6.22 – 6.23.  

 

 

Figure 6.22. Charge perturbation results for ligand 10 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 
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Figure 6.23. Charge perturbation results for ligand 10 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were computed 

from four independent simulations using standard error. 

 

In Figures 6.22 – 6.23, the sums of the charge perturbed free energy cycles are 

generally small (small slopes of the green fitted lines). However, if the free energies 

are pathway independent, the mean values of these sums calculated over all scale 

factors must be equal to that of the non-charge perturbation MM→QM/MM free 

energies. The relevant free energies are summarised in Tables 2.4 and 2.5 in 

Supporting Information 2. The above condition is not fulfilled by ligand 10 in the free 

state. For ligand 10 in the free legs the average free energy of cycle closure is -0.57 

(0.26) kcal.mol-1. Comparing this value to the original MM→QM/MM free energy of -

1.58 (0.29) kcal.mol-1 it is clear that our cycle does not obtain the same value. For the 

bound state of ligand 10 the above condition is fulfilled. Ligand 10 obtains an average 

free energy cycle closure of -0.61 (0.15), which is very similar to the original 
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MM→QM/MM free energy of -0.73 (0.31) kcal.mol-1. The poor agreement for ligand 10 

in the free state would suggest that additional sampling is needed in order to obtain 

more precise results for this ligand in the aqueous phase.  

The free energies obtained from the charge perturbations for COX-2/ligand 9 

are shown in Figures 6.24 – 6.25.  

 

Figure 6.24. Charge perturbation results for ligand 9 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 
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Figure 6.25. Charge perturbation results for ligand 9 in the bound legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 

 

In Figures 6.24 – 6.25, the sums of the charge perturbed free energy cycles are 

generally small (small slopes of the green fitted lines). However, if the free energies 

are pathway independent, the mean values of these sums calculated over all scale 

factors must be equal to that of the non-charge perturbation MM→QM/MM free 

energies. The relevant free energies are summarised in Tables 2.6 and 2.7 in 

Supporting Information 2. The above condition is fulfilled by ligand 9 in the free state. 

For ligand 9 in the free legs the average free energy of cycle closure is -0.81 (0.26) 

kcal.mol-1. Comparing this value to the original MM→QM/MM free energy of -1.38 

(0.25) kcal.mol-1 it is clear that our cycle does. For the bound state of ligand 9 the 

above condition is fulfilled. Ligand 9 obtains an average free energy cycle closure of -

1.38 (0.25), which is very similar to the original MM→QM/MM free energy of -1.07 

(0.36) kcal.mol-1.  
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The free energies obtained from the charge perturbations for COX-2/ligand 7 

are shown in Figures 6.26 – 6.27. 

 

Figure 6.26. Charge perturbation results for ligand 7 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 
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Figure 6.27. Charge perturbation results for ligand 7 in the bound legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 

 

In Figures 6.26 – 6.27 the sums of the charge perturbed free energy cycles are 

generally small (small slopes of the green fitted lines). However, if the free energies 

are pathway independent, the mean values of these sums calculated over all scale 

factors must be equal to that of the non-charge perturbation MM→QM/MM free 

energies. The relevant free energies are summarised in Tables 2.8 and 2.9 in 

Supporting Information 2. The above condition is not fulfilled by ligand 7 in the free 

state. For ligand 7 in the free legs the average free energy of cycle closure is -2.24 (0.28) 

kcal.mol-1. Comparing this value to the original MM→QM/MM free energy of -3.09 

(0.28) kcal.mol-1 it is clear that our cycle does not obtain the same value. For the bound 

state of ligand 7 the above condition is again not fulfilled. Ligand 7 obtains an average 

free energy cycle closure of -0.88 (0.24), which is not similar to the original 

MM→QM/MM free energy of -1.62 (0.26) kcal.mol-1. The poor agreement for ligand 7 
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in the free and bound states would suggest that additional sampling is needed in order 

to obtain more precise results for this ligand in both the aqueous and bound free 

energy legs. 

 

6.5 Conclusions 

The aim of this study was to understand if we could apply a simple and fast QM/MM 

method to obtain accurate MM→QM/MM binding free energies for a set of COX-2 

inhibitors. The results from this study suggest that application of the QM/MM method 

employed to correct classically obtained MM free energies leads to large inaccuracies 

between MM→QM/MM calculated free energies and experiment. Unfortunately any 

good QM/MM corrected free energies appear to be fortuitous, suggesting that either 

the sampling of our system was not performed for long enough or that our single step 

QM/MM approach may not be accurate enough to capture the subtleties of the ligand 

interactions with the COX-2 binding site. This hypothesis is supported via the charge 

perturbation study, which suggests that the pathway independence of the 

MM→QM/MM free energies is not maintained for several of the examples studied. 

Again, this problem could potentially be remedied by extending the sampling of the 

system; however, due to the already extensive sampling of the system it can be 

suggested that increasing the sampling may not be the best route to take due to the 

large timescales involved in enhancing this process. These poor results could also have 

been caused by inaccuracies in the forcefield used to describe our protein. This could 

imply that the inclusion of key binding site residues as part of the QM region in the 

QM/MM representation of the system could be needed in order to more accurately 

capture the changes in polarisation and other key interactions of each differing R 
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group with this region. However, this would lead to greater difficulties due to the 

complex nature of such QM/MM coupling schemes.  
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7 Calculation of QM/MM Binding Free Energies for 9 

Neuraminidase Inhibitors 

 

7.1 Biological Relevance 

The impact of the influenza virus is felt every year, with over 20% of the world’s 

population contracting the virus every winter [155]. Recent cases, including both swine 

and avian flu outbreaks, have heightened the awareness to the life threatening nature 

of a pandemic flu outbreak. Although vaccination is the primary treatment for 

influenza, there are a number of likely situations which make vaccination inadequate 

and effective anti-viral drugs would become essential to minimize the impact of any 

influenza outbreak. This situation is made more complex due to influenza’s ability for 

antigenic drift, which would lead to a significant loss of potency for any pre-designed 

vaccines [156]. This makes anti-viral agents an important area of research for a rational 

approach to treat epidemic influenza and a critical area of planning for any influenza 

pandemics. 

Currently there are four anti-viral drugs on the market for the treatment of 

influenza; the adamantanes (adamantine and rimantadine) and the newer class of 

neuraminidase inhibitors zanamivir (Relenza) and osteltamivir (Tamiflu) (Figure 7.1). 

The adamantanes interfere with the viral uncoating inside the cell [155]. They are only 

effective against influenza A and are associated with several toxic side effects and with 

rapid emergence of drug resistant strains [157]. 
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Figure 7.1. Structures for two neuraminidase inhibitors, Oseltamivir (Tamiflu) from Roche and 

Zanamivir (Relenza) from GlaxoSmithKline. 

 

The newer class of neuraminidase inhibitors interfere with the release of progeny 

influenza virus from infected host cells. This process prevents infection of new host 

cells and thereby halts the spread of infection in the respiratory tract. In contrast to 

the adamantane inhibitors, the neuraminidase inhibitors are associated with very little 

toxicity and are far less likely to promote drug resistant strains of influenza [158]. 

Previous efforts have been made within our group to predict the relative binding 

free energies for 9 neuraminidase inhibitors (Figure 7.2) [146]. The results from this 

study showed a correlation (R2) of 0.79 between MM(AMBER99/GAFF/AM1-BCC)-RETI 

calculated binding free energies and experimental data.   
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Figure 7.2. Perturbation network for the set of neuraminidase inhibitors studied here. The 

boxed and circled numbers denote the nature of Rpol. The boxed numbers are guanadinium 

based inhibitors, whereas the circled numbers are for ammonium based inhibitors. The 

corresponding R, R, represent the R groups at Rcis and Rtrans. 

 

7.2 System Preparation 

Protein – ligand setup 

The PDB structure of N9 neuraminidase (PDB code 1BJI) [159] was selected as a 

starting point for this study. Hydrogen atoms were added to this structure using the 

Reduce software package [148]. The protonation states of histidines were determined 

via visual inspection. The protein was parameterised using the AMBER99 force field, 

[13] inhibitors were parameterised with the GAFF force field [14] and the partial 

atomic charges were derived using the AM1-BCC method [124], as implemented in the 

AMBER 10 suite. To avoid bad steric clashes, the protein-ligand complex (1BJI/ligand 

20) was minimised in the SANDER module of AMBER 10 with a generalised Born 

solvent model. The backbone of the protein was subsequently fixed for Monte Carlo 
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simulations, which were performed using a modified version of ProtoMS2.2 [123]. To 

reduce computational cost, only protein residues that contained one heavy atom 

within 15 Å of any representative ligand atom were retained. The resulting protein 

scoop contained 145 residues. The ligands were modelled in the binding site based 

upon the binding mode predicted by the docking program GOLD [116], the binding 

modes for each ligand were generated by Michel et al. [146] Crystallographic waters 

were retained and the complex was hydrated by a sphere of TIP4P [125] water 

molecules of 22 Å radius and centred on the geometric centre of the ligand. To prevent 

evaporation, a half-harmonic potential with a 1.5 kcal.Å-2 force constant was applied to 

water molecules whose oxygen atom distance to each ligands centre of geometry was 

greater than 22 Å. A similar sphere of water was used for the unbound state. 

 

Monte Carlo Simulation Protocol 

The bond angles and torsions for the side chains of residues within 10 Ǻ of any ligand 

heavy atom and all bond angles and torsions of the ligand were sampled during the 

simulation, with ring structures being the only exception. The bond lengths of the 

residues and ligand were constrained. The total charge of the system was brought to 

zero by neutralising lysine residues 273 and 432 lying in the outer ‘frozen’ part of the 

scoop. The neutralised lysines were then re-modelled using the AMBER99 forcefield. A 

10 Å residue based cut-off was employed in all simulations.  

 

For simulation in the bound state, solvent moves were attempted with a probability of 

76.21%, protein side-chain movements with a probability of 21.79% and solute moves 

with a probability of 6.42%. In the unbound state, solvent moves were attempted 
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99.06% of the time. Replica exchange moves were attempted every 200000 moves. 

The solvent was equilibrated for 20 million moves to remove any bad contacts with the 

solute. The system was then equilibrated at one state (the end state with the larger 

solute) for 20 million further moves where solute, protein, and solvent moves were 

attempted. The resulting configuration was distributed over the 16 values for the 

coupling parameter λ (0.00, 0.06, 0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 

0.75, 0.82, 0.88, 0.94, and 1.00) and equilibrated for 10 million moves before collecting 

statistics for 640 million moves (bound) and 320 million moves (free).  

 

QM/MM Single Point Energy Protocol  

Configurations from the endpoint (λ=0 and  λ=1) of the classical free energy 

simulations were selected and used as input for DFT-QM/MM single point energy 

calculations with Gaussian 09 [126]. One QM single point energy calculation with 

background charges representing the solvent and protein residues within our cut-off 

(Gaussian keyword ‘CHARGE’) were performed every 100000th MM MC moves, with 

symmetry operations disabled (Gaussian keyword ‘NoSymm’). This gave a total of 6400 

QM/MM single points for each solute perturbation in the bound state and 3200 

QM/MM single points for each solute perturbation in the free state. Gaussian 

calculations with embedded background charges allow a polarisation of the QM wave 

function via the MM charges, however no back polarisation of the MM part via the 

polarised QM wave function was considered.  

 

The QM energies were computed using the B3LYP hybrid density functional 

calculations with the 6-31G* basis set, as implemented in Gaussian 09. 
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As the ligands were flexible we needed to compute the QM vacuum energies for each 

snapshot used. This was performed in Gaussian 09, but without the use of the 

‘CHARGE’ and ‘NoSymm’ keywords, which are only necessary if embedding MM point 

charges in our calculation.  

 

The QM vacuum energies were again computed using the B3LYP hybrid density 

functional calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

7.3 Results & Discussion 

7.3.1 MM – RETI Results 

The calculated relative MM-RETI binding free energies for the series of 9 

neuraminidase inhibitors are shown in Figure 7.3. The coefficient of determination (R2) 

between predicted and experimental binding free energies [146] is 0.79. The relevant 

free energies are summarised in Tables 3.1 and 3.3 of Supporting Information 3. 
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Figure 7.3. MM-RETI results versus experimental data [146]. The red line represents the ideal 

(1 to 1) correlation and the black line represents the best fit. The error bars shown were 

computed from four independent simulations suing standard error. 

 

The MUE is equal to 2.63 kcal.mol-1, which is relatively large. This discrepancy is caused 

by the the binding free energies of two potent inhibitors, 18 and 20, being 

overestimated. If these compounds are excluded, the MUE drops to 1.58 kcal.mol-1. 

Despite this, the predictions for the dataset do accurately follow experimentally 

observed trends with the    equal to 0.92. The    is 0.78, again showing that an 

unweighted ranking of our calculated binding free energies still accurately captures 

experimentally observed trends.  

To ensure smooth transitions between the two end states (λ=0 and λ=1) the 

free energy gradients for each perturbation were studied (Figure 7.4). 

 



Michael Carter                                                                                   PhD Thesis 

 165  

 

Figure 7.4. Free energy gradients for both free (blue line) and bound (red line) for the ligand 11 

to ligand 12 perturbation. The error bars shown were computed from four independent 

simulations using standard error. 

 

These show that for both the free and bound legs of the free energy simulations the 

transition across the reaction co-ordinate is very smooth. This indicates that the free 

energies obtained from the simulations are precise. 

To analyse the statistical uncertainty in the free energy simulations the 

hysteresis for closing a binding free energy cycle for a set of 4 neuraminidase 

perturbations (12→14, 14→20, 19→20 and 12→19) was calculated. For the free legs 

(Figure 7.5) the hysteresis is very large at 3.15 (1.93) kcal.mol-1. This shows that there 

is a high level of statistical uncertainty for the free legs of the MM-RETI free energy 

cylcles.  
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Figure 7.5. MM-RETI free leg hysteresis for four neuraminidase perturbations. The 

standard errors for each step are shown in the brackets. 

 

The high level of uncertainty shown in the free legs is mirrored in the bound legs 

(Figure 7.6). The hysteresis is 2.89 (1.59) kcal.mol-1 which is very large.  

 

Figure 7.6. MM-RETI bound leg hysteresis for four neuraminidase perturbations. The 

standard errors for each step are shown in the brackets. 

 

When combining the free and bound legs the overall hysteresis for these four 

pertubations is obtained (Figure 7.7). 
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Figure 7.7. MM-RETI total hysteresis for four neuraminidase perturbations. The 

standard errors for each step are shown in the brackets. 

 

The hysteresis for closing this binding cycle is small at just -0.36 (2.50) kcal.mol-1, as 

illustrated in Figure 7.7. This is a notably small value, indicating that the statistical 

uncertainty in our free energy simualtions is low. This is a fortunate result as these 

errors indicate that this value can vary significantly. However, it is important to note 

the large hysteresis in the free and bound legs individually, which indicates that there 

is  favourable error cancellations when combining them into a overall free energy cycle.   

A difficulty arises in the perturbation of compound 13 into compound 16, 

where the ammonium is perturbed into a guanadinium. Crystallographic evidence 

suggests that the bulkier guanadinium group of 16 must expel a cyrstallographic water 

that is present when 13 is bound to neuraminidase (Figure 7.8) [160]. 
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Figure 7.8. The displacement of a water molecule when perturbing Rpol from ammonium to 

guanadinium (red sphere on right hand side). 

 

This would require the annihilation of the crystallographic water prior to the 

perturbation of 13 to 16. Such free energy simulations require a more elaborate 

treatmeant that is outside of the scope of the free energy calculations performed here. 

However, this system was studied by Michael Bodnarchuk using GCMC to calculate the 

binding affinities for waters bound to the holo form of Neuraminidase with an identical 

forcefield and protein motion used in this study [154]. The authors reported a binding 

affinity of -5.4 (1.1) kcal.mol-1  for this water within the neuraminidase binding site. 

This value was subsequently added to all of the necessary calculated protein-ligand 

binding free energies. 

 

7.3.2 MM→QM/MM–FEP Results 

The calculated relative MM→QM/MM binding free energies for the series of 

neuraminidase inhibitors is shown in Figure 7.9. The coefficient of determination (R2) 

between predicted and experimental binding free energies [146] was 0.79. The 
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relevant free energies are summarised in Tables 3.2 and 3.3 of Supporting Information 

3. 

 

Figure 7.9. MM→QM/MM results versus experimental data [146]. The red line represents the 

ideal (1 to 1) correlation and the black line represents the actual correlation. The error bars 

shown were computed from four independent simulations using standard error. 

 

The mean unsigned error (MUE) is equal to 3.59 kcal.mol-1, which is over 1  kcal.mol-1 

greater than the MUE for the MM-RETI calculated binding free energies. This 

discrepancy is caused by the MM→QM/MM binding free energies of two potent 

inhibitors, 18 and 20, which are futher overestimated in QM/MM compared to MM 

calculated free energies. If these compounds are excluded the MUE drops to 2.15 

kcal.mol-1. Despite this, the predicitons for the dataset do accurately follow 

experimaentally observed trends with the    equal to 0.92. The    is 0.78, again 

showing that an unweighted ranking of our calculated binding free energies still 

accurately captures experimentally observed trends.  
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As with our MM-RETI results the hysteresis for closing a binding free energy 

cycle for a set of 4 neuraminidase perturbations (12→14, 14→20, 19→20 and 12→19) 

was calculated. For the free legs of the MM→QM/MM binding free energy study 

(Figure 7.10) the hysteresis is 3.67 (2.23) kcal.mol-1 this over a 0.5 kcal.mol-1 increase 

from the MM values of 3.15 (1.93). This indicates that applying the QM/MM 

corrections leads to higher statistical undertainty and larger errors compared to 

standard MM. 

 

Figure 7.10. MM→QM/MM free leg hysteresis for four neuraminidase perturbations. The 

standard errors for each step are shown in the brackets. 

 

When considering the bound legs of the MM→QM/MM binding free energy study 

(Figure 7.11) the hysteresis in the bound legs is 2.50 (3.70) kcal.mol-1 which is a slight 

decrease in the hysteresis shown in the MM free energy study of 2.89 (1.59) kcal.mol-1. 

More noticeable is the increase in the error estimate for the MM→QM/MM bound leg 

hysteresis which has increased by 2.11 kcal.mol-1. 
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Figure 7.11. MM→QM/MM bound leg hysteresis for four neuraminidase perturbations. The 

standard errors for each step are shown in the brackets. 

 

Combining the free and bound legs leads to the overall hysteresis for this free energy 

cycle (Figure 7.12). The overall MM→QM/MM hysteresis is -1.17 (3.82) kcal.mol-1 

which is an increase 0.81 kcal.mol-1 compared to the hysteresis for MM of   -0.36 (2.50) 

kcal.mol-1. 

 

 

Figure 7.12. MM→QM/MM total hysteresis for four neuraminidase perturbations. The 

standard errors for each step are shown in the brackets. 
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This change in hysteresis between MM and MM→QM/MM suggests that the addition 

of the QM/MM corrections to the classically obtained free energies introduces 

statistical uncertainty. It also highlights the increased error estimations in the 

MM→QM/MM free energies, which is again indicative of adding ‘noise’ to the 

simulations through the use of QM/MM corrections. 

To understand the changes in accuracy between our MM and MM→QM/MM-

FEP binding free energies, in particular those perturbations circled (red circles) in 

Figure 7.9, analysis into the energies produced for each leg of the protein-ligand 

binding free energy cycle is needed.  

The QM/MM corrections calculated for this dataset were very large, and much 

larger than for other datasets studied. For ligand 20 (Figure 7.13) it is clear that the size 

of the QM/MM corrections can lead to large changes between MM and 

MM→QM/MM binding free energies. 
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Figure 7.13. MM→QM/MM free energy breakdown for ligand 11  ligand 20 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 11 and G7 refers to the QMM free leg correction for 

ligand 11. G3 is the QM/MM bound leg correction for ligand 20 and G5 the QM/MM free leg 

correction for ligand 20. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 

 

The QM/MM corrections for ligand 20 in the bound and free legs are -11.62 kcal.mol-1 

and -13.11 kcal.mol-1 respectively. These corrections are considerably larger than those 

for the reference compound (ligand 11), whose QM/MM corrections are -7.24 

kcal.mol-1  (bound) and -9.77 kcal.mol-1  (free). The overall QM/MM correction for this 

perturbation is -1.15 kcal.mol-1. This makes our MM→QM/MM binding free energy 

equal -15.07 kcal.mol-1 which is further from the experimental value of -6.51 kcal.mol-1 

than our MM-RETI value of -13.92 kcal.mol-1. This is not a very surprising result as the 
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MM-RETI simulations displayed over-polarised results for this dataset which lead to 

inaccurate results and by performing the QM/MM corrections it appears that the 

QM/MM adds to this over-polarisation effect, causing the MM→QM/MM results to 

become more inaccurate when compared to experiment. This is particularly prevelant 

in the free legs of the QM/MM simulations. This trend of large QM/MM corrections for 

free states is observed across all of the ligands studied here.  

 In addition to ligand 20, there is also a large negative shift between MM and 

MM→QM/MM for ligand 18 (Figure 7.14). 

 

Figure 7.14. MM→QM/MM free energy breakdown for ligand 11  ligand 18 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 11 and G7 refers to the QMM free leg correction for 

ligand 11. G3 is the QM/MM bound leg correction for ligand 18 and G5 the QM/MM free leg 

correction for ligand 18. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 
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The QM/MM corrections for the bound and free legs of ligand 18 are -11.91 kcal.mol-1 

and -10.94 kcal.mol-1 which again show a large negative increase from the reference 

compound. The main driving force behind these changes is thought to be the 

perturbation of the ammonium group to guanadinium as this group forms a salt bridge 

to an aspartic acid (ASP325) within the neuraminidase binding site. This large shift in 

binding group is also thought to be the reason for the QM/MM binding free energy 

correction being more negative than that of the free state. This could also be caused 

by the extensive interactions between the large phenyl group and the neuraminidase 

binding site (Figure 7.15).  

 

Figure 7.15. Interactions of large phenyl based inhibitor 19 (thick licorice) with neuraminidase 

(1BJI) binding site. Key binding site residues are shown in licorice and the secondary structure 

is shown as purple ribbons.  

 

These large shifts in QM/MM corrections give an overall QM/MM correction of -3.5 

kcal.mol-1 causing the overall MM→QM/MM binding free energy to become -15.06 

kcal.mol-1 which is far more negative than the original MM-RETI free energy value of     

-11.66 kcal.mol-1. Much like ligand 20, this large negative shift in binding free energy 
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leads to our MM→QM/MM becoming less accurate compared to experimental data 

for ligand 18 (-6.51 kcal.mol-1). 

 The assumption that the large phenyl substituent can lead to large negative 

QM/MM corrections, especially for the bound legs, is strengthened when investigating 

the results of ligand 19 (Figure 7.16). 

 

Figure 7.16. MM→QM/MM free energy breakdown for ligand 11  ligand 19 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 11 and G7 refers to the QMM free leg correction for 

ligand 11. G3 is the QM/MM bound leg correction for ligand 19 and G5 the QM/MM free leg 

correction for ligand 19. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 

 

The QM/MM correction for the bound and free states are -11.45 kcal.mol-1 and -13.52 

kcal.mol-1 respectively. This gives an overall QM/MM correction of -0.21 kcal.mol-1. 
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This small correction value can be attributed to this perturbation consisting of the 

addition of a non-polar group.  

 The addition of a guanadinium group to the ligands also shows consistency in 

giving a large negative shift in free energy between MM and MM→QM/MM. For 

example, ligand 16 (Figure 7.17) the ammonium group is replaced by a guanadinium, 

which leads to a large negative shift in free energy between MM and MM→QM/MM. 

 

Figure 7.17. MM→QM/MM free energy breakdown for ligand 11  ligand 16 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 11 and G7 refers to the QMM free leg correction for 

ligand 11. G3 is the QM/MM bound leg correction for ligand 16 and G5 the QM/MM free leg 

correction for ligand 16. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four indepnedent simulations using standard error. 

 



Michael Carter                                                                                   PhD Thesis 

 178  

The QM/MM corrections for the bound and free states are -8.40 kcal.mol-1 and -9.05 

kcal.mol-1 respectively. This gives and overall QM/MM correction of -1.65 kcal.mol-1. 

This shifts our MM-RETI free energy of -6.65 kcal.mol-1 to -8.30 kcal.mol-1 for 

MM→QM/MM. As is the case for all observations in this dataset the MM→QM/MM 

shifts the binding free energy further from the experimental value (-5.54 kcal.mol-1) 

than MM-RETI predicted binding free energies. 

Therefore, the QM/MM free energy study into 9 neuraminidase inhibitors has 

highlighted the difficulty in obtaining accurate free energies for extremely polar 

proteins with very polar ligands. Despite the dataset maintaining the    between MM 

versus experiment and QM/MM versus experiment, there is a large rise in MUE which 

suggests that application of QM/MM corrections introduces a large amount of error 

into the predicted binding free energies. These errors arise in both the free and bound 

legs of our free energy calculations, but are particularly prevalent in the free legs. This 

is due to the extremely complex polarisation associated with neuraminidase and its 

inhibitors. The 9 inhibitors studied here are zwitterionic which leads to very large 

QM/MM corrections being obtained in this study. In fact, very few studies have 

attempted to describe zwitterions using QM/MM and none have attempted to 

perform free energy calculations utilising them [161]. Ideally, the Gaussian Blurring 

technique described in Section 5.2 would be used here to understand if this could 

potentially minimise the impact of embedding the MM environment in our QM/MM 

simulations. Unfortunately, this is outside of the scope of this current study, but future 

work is suggested to follow this route for such polar systems. 
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7.4 Protein-ligand Charge Perturbations 

As this QM/MM approach neglects any sampling of the QM/MM state, the pathway-

independence of the free energies obtained is subsequently checked. This is achieved 

through the use of charge perturbation pathways. For neuraminidase, three 

compounds were selected to perform charge perturbations (Figure 7.18). 

 

Figure 7.18. Three neuraminidase inhibitors chosen for charge perturbation simulations 

 

Monte Carlo Simulation Protocol 

Generating alternative pathways by scaling solute charges up or down can be used to 

validate the pathway independence of calculated free energies. Alternative 

configurations were generated by performing RETI calculations in which the solute 

charges were scaled up. For protein-ligand systems the charges of the solute- 

environment interactions were scaled, while the charges used for the solute internal 

energy computation remained at their un-scaled level (λ=0). 16 λ windows (0.00, 0.06, 

0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 0.75, 0.82, 0.88, 0.94, and 1.00) were 

used to ensure smooth transition between the two end states. The following charge 

scale factors were investigated: 1.001, 1.005, 1.007, 1.01, 1.015, 1.02 (N.B. 1.00 implies 

a simulation with non-perturbed charges). 10 million equilibration moves were 

performed before collecting statistics for 320 million moves in the bound legs and 160 
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million in the free legs, with each free energy simulation repeated 4 times. The RETI 

values shown are the mean of these four repeats and the standard error for these 

different runs is also shown.  

 

 

QM/MM Single Point Energy Protocol  

As with the ‘normal’ perturbations, configurations from the endpoint (λ=0 and  λ=1) of 

the classical free energy simulations were selected and used as input for DFT-QM/MM 

single point energy calculations with Gaussian 09 [126]. One QM/MM single point 

energy calculation was performed every 100000th MC move. Therefore we took 3200 

QM/MM configurations for the bound legs and 1600 QM/MM configurations for the 

free legs per repeat.  

 

The QM energies were computed using the B3LYP hybrid density functional 

calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

Results & Discussion 

The free energies obtained from the charge perturbations for neuraminidase/ligand 11 

are shown in Figures 7.19 – 7.20.  
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Figure 7.19. Charge perturbation results for ligand 11 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 

 

Figure 7.20. Charge perturbation results for ligand 11 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were computed 

from four independent simulations using standard error. 

 

In Figures 7.19 – 7.20. the sums of the charge perturbed free energy cycles are 

generally large (small slopes of the green fitted lines). However, if the free energies are 
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pathway independent, the mean values of these sums calculated over all scale factors 

must be equal to that of the non-charge perturbation MM→QM/MM free energies. 

The relevant free energies are summarised in Tables 3.4 and 3.5 in Supporting 

Information 3. The above condition is not fulfilled by ligand 11 in the free state. For 

ligand 11 in the free legs the average free energy of cycle closure is -7.99 (0.27) 

kcal.mol-1. Comparing this value to the original MM→QM/MM free energy of -9.68 

(0.33) kcal.mol-1 it is clear that our cycle does not obtain the same value. For the bound 

state of ligand 11 the above condition is fulfilled. Ligand 11 obtains an average free 

energy cycle closure of -7.26 (0.29), which is very similar to the original MM→QM/MM 

free energy of -7.18 (0.32) kcal.mol-1. The poor agreement for ligand 11 in the free 

state would suggest that additional sampling is needed in order to obtain more precise 

results for this ligand in the aqueous free energy leg. 

The free energies obtained from the charge perturbations for 

neuraminidase/ligand 12 are shown in Figures 7.21 – 7.22.  
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Figure 7.21. Charge perturbation results for ligand 12 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 

 

Figure 7.22. Charge perturbation results for ligand 12 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were computed 

from four independent simulations using standard error. 

 

In Figures 7.21 – 7.22. the sums of our charge perturbed free energy cycles are 

generally large (small slopes of the green fitted lines). The relevant free energies are 
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summarised in Tables 3.6 and 3.7 in Supporting Information 3. The above condition is 

fulfilled by ligand 12 in the free state. For ligand 12 in the free legs the average free 

energy of cycle closure is -10.11 (0.27) kcal.mol-1. Comparing this value to the original 

MM→QM/MM free energy of  -9.41 (0.29) kcal.mol-1 it is clear that our cycle does 

obtain the same value. For the bound state of ligand 12 the above condition is fulfilled. 

Ligand 12 obtains an average free energy cycle closure of -8.25 (0.26), which is very 

similar to the original MM→QM/MM free energy of -7.82 (0.36) kcal.mol-1.  

The free energies obtained from the charge perturbations for 

neuraminidase/ligand 13 are shown in Figures 7.23 – 7.24.  

 

 

Figure 7.23. Charge perturbation results for ligand 13 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were computed from four 

independent simulations using standard error. 
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Figure 7.24. Charge perturbation results for ligand 13 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were computed 

from four independent simulations using standard error. 

 

In Figures 7.23 – 7.24 the sums of our charge perturbed free energy cycles are 

generally large (small slopes of the green fitted lines). The relevant free energies are 

summarised in Tables 3.8 and 3.9 in Supporting Information 3. The above condition is 

fulfilled by ligand 13 in the free state. For ligand 13 in the free legs the average free 

energy of cycle closure is -9.25 (0.28) kcal.mol-1. Comparing this value to the original 

MM→QM/MM free energy of -9.42 (0.31) kcal.mol-1 it is clear that our cycle does 

obtain a similar value. For the bound state of ligand 13 the above condition is not 

fulfilled. Ligand 13 obtains an average free energy cycle closure of -8.89 (0.25), which 

shows over 1 kcal.mol-1 difference to the original MM→QM/MM free energy of -7.72 

(0.26) kcal.mol-1. The poor agreement for ligand 13 in the bound state would suggest 

that additional sampling is needed in order to obtain more accurate results for this 

ligand in the bound free energy leg. 
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7.5 Conclusions 

The aim of this study was to assess the applicability of the QM/MM method when 

applied to a set of neuraminidase inhibitors. The results from this study showed that 

although the application of the QM/MM method maintained the    between 

MM→QM/MM calculated free energies and experiment, in general, the 

MM→QM/MM calculated free energies showed a higher MUE when compared to the 

classically obtained MM binding free energies. These errors could be a product of 

several problems; first, the forcefield used in this study could be describing these 

systems poorly. Several other neuraminidase studies e.g. by Woods et al. [162] and 

Bonnet and Bryce [163] appear to support this assumption as such polar systems can 

lead to large errors between predicted and experimental binding free energies. Second, 

the simulations may not have sampled enough, although due to the already extensive 

sampling performed here performing more would lead to a greater computational cost, 

a point which this methodology tries to avoid. Lastly, the single-step QM/MM 

approach employed may not be sufficient to fully describe the protein-ligand 

interactions within this system. This is supported by the charge perturbation results 

which show poor free energy cycle closure for several protein-ligand examples. Ideally, 

the Gaussian blurring technique describe in section 5.2 would have been applied to 

these highly polar neuraminidase systems, but unfortunately this is outside the scope 

of this current study. Future work will be to apply the Gaussian blurring technique to 

such protein-ligand examples to understand if this can improve the prediction of 

MM→QM/MM binding free energies for extremely polar protein-ligand complexes. It 

is also noticable that the MM binding free energies also show large errors due to the 

highly polarised nature of neuraminidase. This indicates that more advanced 
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forcefields, i.e. polarisable forcefields which can adjust partial charge parameters for 

the solute/protein/solvent atoms based upon the interactions they share with each 

other, may be needed to aid in the description of such polar targets. 
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8 Calculation of QM/MM Binding Free Energies for 18 

Cyclin Dependent Kinase 2 Inhibitors 

 

8.1 Biological Relevance 

There are over 500 different kinases within the human body [164], with each kinase 

responsible for different cellular processes. Cyclin Dependent Kinases (CDKs) such as 

CDK2 are protein kinases involved in critical cellular processes such as cell 

proliferation, whose activity relies on associated cyclin subunits. When CDK2 is bound 

to cyclin E an activated form of the kinase is produced which promotes cell 

proliferation. Human cancers typically have an over expression of cyclin E, leading to 

an overabundance of CDK2 and hence promoting tumour development [165]. 

Therefore, by targeting CDK2 via drug therapy the enzyme can be deactivated, leading 

to suppression of tumour growth [165]. 

A noticeable problem with kinase based drug therapy lies in the fact that 60% of 

kinases share over 85% sequence similar [166]. For example, there are 13 recognised 

CDKs (CDK1-13) with highly similar structural and sequence properties. As a result 

careful design of inhibitors is required for each individual target; otherwise undesirable 

side effects could occur, whereby other structurally related kinases can also be 

affected by the inhibitor. This problem is ideally suited to computational approaches, 

since simulating inhibitor effects in silico is advantageous over performing expensive in 

vivo experiments. Ligand binding studies have been performed upon CDK2 previously, 

but the similarity in activities between the inhibitors meant that reliable predictions 

were not achievable [167]. It has been noted that ligand-kinase complexes typically 
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contain an unusual interaction; an aromatic CH⇢O hydrogen bond. This interaction is 

thought to be weak, yet it is found in most structures [168]. 

Understanding such interactions could help to accurately predict the binding free 

energy of inhibitors to kinases. To examine this problem, QM/MM simulations were 

performed to predict the binding free energies for a range of CDK2 inhibitors (Figure 

8.1) 

 

 

Figure 8.1. Perturbation network for the set of CDK2 perturbations studied here. The circled 

numbers represent ligands with a methyl at position R6, the squared numbers represent 

perturbations with a mono-methylated amino at position R6 and the diamond numbers 

represent perturbations with an amino group at position R6. The R,R,R represent substituents 

at positions R3, R4 and R5. 

 

The binding free energies for these inhibitors was previously calculated by Michel et al. 

[146], with very poor agreement between for both MM(AMBER99/GAFF/AM1-BCC)-
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RETI (GB solvent model) and MM(AMBER99/GAFF/AM1-BCC)-RETI (explicit TIP4P 

solvent model) calculated binding free energies and experimental results. Therefore 

this study is aimed towards investigating how our QM/MM method performs on a 

dataset which MM finds extremely challenging. 

 

8.2 System Preparation 

Protein – ligand setup 

The PDB structure of human CDK2 extracted from a CDK2/cyclin A complex (PDB code 

2C5P) [169] was selected as a starting point for this study. Hydrogen atoms were 

added to this structure using the Reduce software package [148]. The protonation 

states of histidines were determined via visual inspection. The protein was 

parameterised using the AMBER99 force field [13], inhibitors were parameterised with 

the GAFF force field [14] and the partial atomic charges were derived using the AM1-

BCC method [124], as implemented in the AMBER 10 suite. To avoid bad steric clashes, 

the protein-ligand complex (2C5P/ligand 32) was minimised in the SANDER module of 

AMBER 10 with a generalised Born solvent model. The backbone of the protein was 

subsequently fixed for Monte Carlo simulations, which were performed using a 

modified version of ProtoMS2.2 [123]. To reduce computational cost, only protein 

residues that contained one heavy atom within 15 Å of any representative ligand atom 

were retained. The resulting protein scoop contained 115 residues. The ligands were 

modelled in the binding site based upon the binding mode predicted by the docking 

program GOLD [116], the binding modes for each ligand were generated by Michel et 

al. [146] Crystallographic waters were retained and the complex was hydrated by a 

sphere of TIP4P [125] water molecules of 22 Å radius and centred on the geometric 
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centre of the ligand. To prevent evaporation, a half-harmonic potential with a 1.5 

kcal.Å-2 force constant was applied to water molecules whose oxygen atom distance to 

each ligands centre of geometry was greater than 22  Å. A similar sphere of water was 

used for the unbound state. 

 

Monte Carlo Simulation Protocol 

The bond angles and torsions for the side chains of residues within 10 Å of any ligand 

heavy atom and all bond angles and torsions of the ligand were sampled during the 

simulation, with ring structures being the only exception. The bond lengths of the 

residues and ligand were constrained. The total charge of the system was brought to 

zero by neutralising lysine residues 6, 34, and 56 lying in the outer ‘frozen’ part of the 

scoop. The neutralised lysines were then re-modelled using the AMBER99 forcefield. A 

10 Å residue based cut-off was employed in all simulations.  

 

For simulations in the bound state, solvent moves were attempted with a probability 

of 73.4%, protein side-chain movements with a probability of 21.11% and solute 

moves with a probability of 5.49%. In the unbound state, solvent moves were 

attempted 99.06% of the time. Replica exchange moves were attempted every 200000 

moves. The solvent was equilibrated for 20 million moves to remove any bad contacts 

with the solute. The system was then equilibrated at one state (the end state with the 

larger solute) for 20 million further moves where solute, protein, and solvent moves 

were attempted. The resulting configuration was distributed over the 16 values for the 

coupling parameter λ (0.00, 0.06, 0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 
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0.75, 0.82, 0.88, 0.94, and 1.00) and equilibrated for a further 10 million moves before 

collecting statistics for 640 million moves (bound) and 320 million moves (free).  

 

QM Single Point Energy Protocol  

Configurations from the endpoint (λ=0 and λ=1) of the classical free energy simulations 

were selected and used as input for DFT-QM/MM single point energy calculations with 

Gaussian 09 [126]. One QM single point energy calculation with background charges 

representing the solvent and protein residues within our cut-off (Gaussian keyword 

‘CHARGE’) were performed every 100000th MM/MC moves, with symmetry operations 

disabled (Gaussian keyword ‘NoSymm’). This gave a total of 6400 QM/MM single 

points for each solute perturbation in the bound state and 3200 QM/MM single points 

for each solute perturbation in the free state. Gaussian calculations with embedded 

background charges allow a polarisation of the QM wave function via the MM charges, 

however no back polarisation of the MM part via the polarised QM wave function was 

considered.  

 

The QM energies were computed using the B3LYP hybrid density functional 

calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

As the ligands were flexible we needed to compute the QM vacuum energies for each 

snapshot used. This was performed in Gaussian 09, but without the use of the 

‘CHARGE’ and ‘NoSymm’ keywords, which are only necessary if embedding MM point 

charges in our calculation.  
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The QM vacuum energies were again computed using the B3LYP hybrid density 

functional calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

8.3 Results & Discussion 

8.3.1 MM - RETI Results 

The calculated relative binding free energies of 17 CDK2 inhibitors are shown in Figure 

8.2. The coefficient of determination (R2) between predicted and experimental binding 

free energies [146] was very poor at just 0.07. The MUE is equal to 4.55 kcal.mol-1, 

which is extremely disappointing. The    also showed a lack of correlation to 

experimentally observed trends with a value of -0.35, and a    value of -0.05, 

indicating that our results are at worse than random, and in most cases wrong. The 

relevant free energies are summarised in Tables 4.1 and 4.3 of Supporting Information 

4. 

 

Figure 8.2. MM-RETI results versus experimental data [146]. The red line represents the ideal 

(1 to 1) correlation and the black line represents the actual correlation. The error bars shown 

were computed from four independent simulations using standard error. 



Michael Carter                                                                                   PhD Thesis 

 194  

 

Several factors make this series of CDK2 inhibitors difficult to predict. First, there are 

twice as many compounds studied as in previous protein-ligand studies, making this 

study more challenging due to the additional complexity of the data. Second, the span 

of experimental binding free energies is smaller (≈5 kcal.mol-1) than for COX-2 (≈6 

kcal.mol-1) and neuraminidase (≈7 kcal.mol-1). Lastly, half of the compounds within this 

dataset have a binding free energy within 1 kcal.mol-1 of our reference molecule 21.  

To ensure smooth transition between the two end states (λ=0 and λ=1) the free 

energy gradients for each perturbation were studied (Figure 8.3).  

 

 

Figure 8.3. Free energy gradients for both free (blue line) and bound (red line) for the ligand 21 

to ligand 26 perturbation. The error bars shown were computed from four independent 

simulations using standard error. 

 

These show that for both the free and bound legs of the free energy simulations the 

transition across the reaction co-ordinate is very smooth. This indicates that the free 

energies obtained from these simulations are precise. 
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To analyse the statistical uncertainty in the free energy simulations the 

hysteresis for closing two binding free energy cycles for a set of 3 CDK2 perturbations 

(21→23, 23→26 and 21→26) was calculated. For the free legs of the simulations 

(Figure 8.4) the hysteresis was found to be extremely small at just -0.38 (0.51) 

kcal.mol-1 suggesting little statistical uncertainty. 

 

Figure 8.4. MM-RETI free leg hysteresis for three CDK2 perturbations. The standard errors for 

each step are shown in the brackets. 

 

For the bound legs (Figure 8.5) the hysteresis is 0.04 (0.48), which implies that the 

bound legs exhibit little statistical uncertainty, much like our free legs.  

 

Figure 8.5. MM-RETI bound leg hysteresis for three CDK2 perturbations. The standard errors 

for each step are shown in the brackets. 
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The hysteresis for closing both binding cycles is small at just 0.43 (0.81) kcal.mol-1 as 

illustrated in Figure 8.6. 

 

Figure 8.6. MM-RETI total hysteresis for three CDK2 perturbations. The standard errors for 

each step are shown in the brackets. 

 

This is a notably small value, indicating that the statistical uncertainty in the free 

energy simualtions is low. 

 

8.3.2 MM→QM/MM–FEP Results 

The calculated relative MM→QM/MM-FEP binding free energies of 17 CDK2 inhibitors 

is shown in Figure 8.7. The coefficient of determination (R2) between predicted and 

experimental binding free energies [146] is 0.06. The MUE is equal to 5.38 kcal.mol-1, 

which is just under 1 kcal.mol-1 worse than for the MM-RETI calculated binding free 

energies. The relevant free energies are summarised in Table 4.2 and 4.3 of Supporting 

Information 4. 
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Figure 8.7. MM→QM/MM results versus experimental data [146]. The red line represents the 

ideal (1 to 1) correlation and the black line represents the actual correlation. The error bars 

shown were computed from four independent simulations using standard error. 

 

In addition to the poor correlation and large MUE the    for the MM→QM/MM 

binding free energies is -0.45, and the    becomes -0.18. This indicates that by applying 

the QM/MM corrections to the classically obtained MM binding free energies causes 

the predictive nature to remain poor, much like the already poor MM-RETI free 

energies. 

As with the MM-RETI results the hysteresis for closing a binding free energy 

cycle for a set of 3 CDK2 perturbations (21→23, 23→26 and 21→26) was calculated. 

For the free legs of the MM→QM/MM binding free energy study (Figure 8.8) the 

hysteresis is 0.65 (0.61) kcal.mol-1 this is a small increase from the MM values of            

-0.38 (0.51). This indicates that applying the QM/MM corrections a slightly higher 

statistical undertainty and larger errors are produced compared to standard MM. 
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Figure 8.8. MM→QM/MM free leg hysteresis for three CDK2 perturbations. The standard 

errors for each step are shown in the brackets. 

 

The trend of a slightly increased uncertainty continues when considering the bound 

legs of our MM→QM/MM binding free energy study (Figure 8.9). The hysteresis in the 

bound legs is 0.06 (0.64) kcal.mol-1 which is a small increase in the hysteresis shown in 

the MM free energy study of 0.04 (0.48) kcal.mol-1.  

 

 

Figure 8.9. MM→QM/MM bound leg hysteresis for three CDK2 perturbations. The standard 

errors for each step are shown in the brackets. 
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Combining the free and bound legs leads to the overall hysteresis for this free energy 

cycle (Figure 8.10). The overall MM→QM/MM hysteresis is -0.59 (1.13) kcal.mol-1 

which is an insignificant increase compared to the hysteresis for MM of 0.43 (0.81) 

kcal.mol-1 as this is an absolute value so the change of sign is insignificant.  

 

 

Figure 8.10. MM→QM/MM total leg hysteresis for three CDK2 perturbations. The standard 

errors for each step are shown in the brackets. 

 

This small change in hysteresis between MM and MM→QM/MM suggests that by 

performing QM/MM corrections very little statistical uncertainty is produced when 

compared to a purely MM approach.  

To understand the changes in accuracy between our MM and MM→QM/MM-

FEP binding free energies we need to analyse the energies produced for each leg of the 

protein-ligand binding free energy cycle. The perturbations are directed into three 

areas (R3, R4, and R5).  

 The perturbations at position R3 are all of the type HCl/F, all of these 

perturbations show a similar trend of obtaining more favourable QM/MM bound state 
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corrections and less favourable QM/MM free state corrections. For example, ligand 25 

(Figure 8.11) the bound QM/MM correction is -0.62 kcal.mol-1 which is slightly more 

favourable than the reference compounds -0.35 kcal.mol-1. Whereas, the free QM/MM 

correction is less favourable at 0.32 kcal.mol-1 compared to the reference compounds   

-0.44 kcal.mol-1. 

 

Figure 8.11. MM→QM/MM free energy breakdown for ligand 21  ligand 25 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 21 and G7 refers to the QMM free leg correction for 

ligand 21. G3 is the QM/MM bound leg correction for ligand 25 and G5 the QM/MM free leg 

correction for ligand 25. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 

 

This combination of QM/MM corrections leads to a largely negative overall 

MM→QM/MM binding free energy for ligand 25 compared to MM. This does not 
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agree with experimental data (0.24 kcal.mol-1), and it appears that the QM/MM 

correction obtained is not sufficient to correct for the extremely poor MM-RETI 

predicted binding free energy, a trend which is seen throughout this CDK2 dataset for 

perturbations in the R3 position. 

 In the R4 position there is a greater variance in perturbations attempted as also 

the perturbation of the methyl group into amino or mono-methylated amino 

substituents is performed. These additional changes lead to quite substantial 

differences in QM/MM corrections obtained. For example, ligand 29 (Figure 8.12) 

shows highly favourable QM/MM correction for both the bound and free states 

compared to the reference compound.  
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Figure 8.12. MM→QM/MM free energy breakdown for ligand 21  ligand 29 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 21 and G7 refers to the QMM free leg correction for 

ligand 21. G3 is the QM/MM bound leg correction for ligand 29 and G5 the QM/MM free leg 

correction for ligand 29. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 

 

The QM/MM corrections for ligand 29 are -2.41 kcal.mol-1 (bound) and -1.05 kcal.mol-1 

(free). These differences are most likely caused by the polar nature of the OH, leading 

to a greater interaction between the ligand and polar residues on the edge of the CDK2 

binding site, and also water molecules in the free state. This leads to an 

MM→QM/MM binding free energy which has a large negative shift compared to MM.  

Comparing the results of ligand 29 to ligand 31 (Figure 8.13) the results of 

performing the same perturbation (H  OH) with the addition of perturbing the 
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methyl group to a mono-methylated amino gives a more favourable QM/MM in both 

free and bound legs when compared to the reference compound.  

 

Figure 8.13. MM→QM/MM free energy breakdown for ligand 21  ligand 31 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 21 and G7 refers to the QMM free leg correction for 

ligand 21. G3 is the QM/MM bound leg correction for ligand 31 and G5 the QM/MM free leg 

correction for ligand 31. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 

 

The additional perturbation in ligand 31 leads to bound and free QM/MM corrections 

of -3.34 kcal.mol-1 and -1.25 kcal.mol-1 respectively. Again, this leads to large negative 

shift in the overall MM→QM/MM binding free energy. As with ligand 29 the MM 

prediction is much more negative than the experimental value. Hence, the 

MM→QM/MM binding free energy is shifted further from the experimental result. 
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This suggests that for perturbations in position R4 that the MM free energies are highly 

inaccurate and any QM/MM corrected free energies appear to make the free energies 

obtained worse. 

 As with perturbations in the R4 position, perturbations in the R5 position also 

have a greater possibility for change. For example, ligand 30 (Figure 8.14) we calculate 

the QM/MM corrections for the bound and free states are more favourable than those 

of the reference compound.  

 

Figure 8.14. MM→QM/MM free energy breakdown for ligand 21  ligand 30 perturbation. 

The error bars shown were computed from four independent simulations. G1 refers to the 

QM/MM bound leg correction for ligand 21 and G7 refers to the QMM free leg correction for 

ligand 21. G3 is the QM/MM bound leg correction for ligand 30 and G5 the QM/MM free leg 

correction for ligand 30. The QM/MM and MM free energies are also shown, along with the 

overall QM/MM correction for this perturbation. The error bars shown are computed from 

four independent simulations using standard error. 
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The QM/MM corrections for bound and free states are -3.21 kcal.mol-1 and -1.82 

kcal.mol-1 respectively. These values are very similar to the same perturbation in the R4 

position (ligand 29). Similar to ligand 29, our overall QM/MM correction is negative, 

but as our MM-RETI value (-4.7 kcal.mol-1 ) was already very inaccurate and too 

negative compared to experimental data (0.35) kcal.mol-1 this leads to an 

MM→QM/MM binding free energy which is even less accurate than MM. 

 For the CDK2 dataset it is possible for the QM/MM method used to show some 

improvement on the original MM-RETI calculated binding free energies, particularly for 

the perturbations in the R3 position involving HCl/F. However, owing to the large 

inaccuracies between the calculated MM-RETI and experimental data, these 

corrections are too small to have any statistical significance when comparing the 

MM→QM/MM results to experimental data. For more polar perturbations, particularly 

in the R4 and R5 positions, it is clear that the QM/MM corrections are leading to less 

accurate results when compared to our already very inaccurate MM-RETI calculated 

values. From investigation of literature sources we identified a study from Heady et al. 

who had identified a potentially key water molecule within the CDK2 binding site 

[170]. The identification of this water could have large implications on this study, as 

within this work no waters were placed in this region of the binding site. Therefore, to 

understand if this water could be bound to the CDK2 inhibitor GCMC simulations were 

performed on the CDK2 binding site.  

 

8.4 Grand Canonical Monte Carlo – CDK2 binding site 
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The GCMC simulation was performed on a holo structure of CDK2 where each ligand 

was bound to the protein during the GCMC simulation. Insertion and deletion attempts 

were accepted using the Metropolius tests described in section 6.3.2. 

 

GCMC Simualtion protocol 

No formal hardwall region is applied in the GCMC simulations. Although other (bulk) 

water molecules are prohibited from entering the defined GCMC region, protein atoms 

are allowed to occupy the same region as the GCMC simulation. As a result a 14 x 10 x 

5 Å3 grid was defined around the binding site to obtain suffcient sampling of the 

binding site region. Each B value (see section 6.3.2 for definition of Adams parameter B) 

was simulated for 40 million MC moves. At the end of each simulation the average 

population across the entire simlulation was recorded.  

For each the CDK2 protein-ligand system, 7 B values (4, 0, -4, -8, -12, -16, and -

20) were simulated to allow for a reliable estimate of the binding free energy. The free 

energy of hydration of water,       was taken to be +6.4 kcal.mol-1 [154]. 

 

Results & Discussion 

The results from the GCMC study of CDK2 are shown below in Figure 8.16 – 8.18, with 

titration curves and images of hydration patterns at biasing potentials of 4 and -20 

displayed. 
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Figure 8.16. Titration curve and images of hydration patterns at biasing potentials of 4 (A) and 

-20 (B) for ligand 30 in complex with CDK2. 

 

Figure 8.17. Titration curve and images of hydration patterns at biasing potentials of 4 (A) and 

-20 (B) for ligand 32 in complex with CDK2. 

 

Figure 8.18. Titration curve and images of hydration patterns at biasing potentials of 4 (A) and 

-20 (B) for ligand 34 in complex with CDK2. 

 

In Figures 8.16 – 8.18 it is clear that at a high B-value (4) there are 10-12 water 

molecules present within the CDK2 binding site. Most of these appear in the solvent 

exposed region (left hand side of A), which is a region that is well sampled in the 

previous protein-ligand binding free energy simulations. In each of the examples there 
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are two waters in the region that Heady et al. suggest that water should be located to 

bridge interactions between the CDK2 ligand and binding site residues (right hand side 

of A). At a lower B-value (-20), there are just one/two water molecules present in the 

CDK2 binding site. One of these one is in the solvent exposed region (left hand side of 

B), which again is a region we sample well in the previous CDK2 protein-ligand binding 

free energy simulations. Of greater interest is the water molecule in the region of 

space identified by Heady et al. as the region where water can bridge interactions 

between the CDK2 ligand and protein (right hand side of B). At this biasing potential 

the binding free energy of this water is ≈ -8 kcal.mol-1 indicating that this water is 

strongly bound.  

The results from our GCMC simulations corroborate the study of Heady et al. 

[170] that there is a key water molecule bridging interactions between the CDK2 ligand 

and key binding site residues. This indicates that the system setup of our CDK2 study 

may well be incorrect, and hence this could be a reason for the poor results shown in 

the MM-RETI binding free energy study.  In turn, any impact from this water molecule 

in MM will have a significant impact on the QM/MM corrections obtained for the 

bound state of perturbations within this dataset. Unfortunately further investigation 

into this is outside the scope of this study, however it is hoped that future work will 

reveal the true significance of water molecules within the CDK2 binding site on 

calculated binding free energies. 

 

8.5 Protein – Ligand Charge Perturbations 

As this QM/MM approach neglects any sampling of the QM/MM ensemble, the 

pathway-independence of the free energies obtained is validated. This is achieved 
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through the use of charge perturbation pathways. For CDK2, three compounds were 

selected to perform charge perturbations (Figure 8.19). 

 

Figure 8.19. Three CDK2 ligands selected for charge perturbation simulations. 

 

Monte Carlo Simulation Protocol 

Generating alternative pathways by scaling solute charges up or down can be used to 

validate the pathway independence of calculated free energies. Alternative 

configurations were generated by performing RETI calculations in which the solute 

charges were scaled up. For protein-ligand systems the charges of the solute- 

environment interactions were scaled, while the charges used for the solute internal 

energy computation remained at their un-scaled level (λ=0). 16 λ windows (0.00, 0.06, 

0.12, 0.19, 0.26, 0.33, 0.40, 0.47, 0.54, 0.61, 0.68, 0.75, 0.82, 0.88, 0.94, and 1.00) were 

used to ensure smooth transition between the two end states. The following charge 

scale factors were investigated: 1.01, 1.05, 1.07, 1.10, 1.15, 1.20 (N.B. 1.00 implies a 

simulation with non-perturbed charges). 10 million equilibration moves were 

performed before collecting statistics for 320 million moves in the bound legs and 160 

million in the free legs, with each free energy simulation repeated 4 times. The RETI 

values shown are the mean of these four repeats and the standard error for these 

different runs is also shown.  
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QM/MM Single Point Energy Protocol  

As with the ‘normal’ perturbations, configurations from the endpoint (λ=0 and  λ=1) of 

the classical free energy simulations were selected and used as input for DFT-QM/MM 

single point energy calculations with Gaussian 09. One QM/MM single point energy 

calculation was performed every 100000th MC move. Therefore 3200 QM/MM 

configurations for the bound legs and 1600 QM/MM configurations for the free legs 

were used per repeat.  

 

The QM energies were computed using the B3LYP hybrid density functional 

calculations with the 6-31G* basis set, as implemented in Gaussian 09. 

 

Results & Discussion 

The free energies obtained from the charge perturbations for CDK2/ligand 21 are 

shown in Figures 8.20 – 8.21.  
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Figure 8.20. Charge perturbation results for ligand 21 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were generated from four 

independent simulations using standard error. 

 

 

Figure 8.21. Charge perturbation results for ligand 21 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were generated 

from four independent simulations using standard error. 
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In Figures 8.20 – 8.21. the sums of our charge perturbed free energy cycles are 

generally small (small slopes of the green fitted lines). However, if the free energies 

are pathway independent, the mean values of these sums calculated over all scale 

factors must be equal to that of the non-charge perturbation MM→QM/MM free 

energies. The relevant free energies are summarised in Tables 4.4 and 4.5 in 

Supporting Information 4. The above condition is just fulfilled by ligand 21 in the free 

state. For ligand 21 in the free legs the average free energy of cycle closure is 0.28 

(0.29) kcal.mol-1. Comparing this value to the original MM→QM/MM free energy of -

0.35 (0.31) kcal.mol-1 it is clear that our cycle just fails to agree. For the bound state of 

ligand 21 the above condition is fulfilled. Ligand 21 obtains an average free energy 

cycle closure of -0.34 (0.26), which is very similar to the original MM→QM/MM free 

energy of -0.24 (0.29) kcal.mol-1. The less satisfactory agreement for ligand 21 in the 

free state would suggest that additional sampling is needed in order to obtain more 

accurate results for this ligand in the aqueous free energy leg. 

The free energies obtained from the charge perturbations for CDK2/ligand 22 are 

shown in Figures 8.22 – 8.23.  
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Figure 8.22. Charge perturbation results for ligand 22 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were generated from four 

independent simulations using standard error. 

 

 

Figure 8.23. Charge perturbation results for ligand 22 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were generated 

from four independent simulations using standard error. 
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In Figures 8.22 – 8.23 the sums of our charge perturbed free energy cycles are 

generally small (small slopes of the green fitted lines). However, if the free energies 

are pathway independent, the mean values of these sums calculated over all scale 

factors must be equal to that of the non-charge perturbation MM→QM/MM free 

energies. The relevant free energies are summarised in Tables 4.6 and 4.7 in 

Supporting Information 4. The above condition is fulfilled by ligand 22 in the free state. 

For ligand 22 in the free legs the average free energy of cycle closure is -0.27 (0.23) 

kcal.mol-1. Comparing this value to the original MM→QM/MM free energy of -0.72 

(0.32) kcal.mol-1 it is clear that our cycle obtains a similar value. For the bound state of 

ligand 22 the above condition is fulfilled. Ligand 22 obtains an average free energy 

cycle closure of 0.16 (0.25), which is very similar to the original MM→QM/MM free 

energy of 0.22 (0.22) kcal.mol-1.  

The free energies obtained from the charge perturbations for CDK2/ligand 23 

are shown in Figures 8.24 – 8.25.  
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Figure 8.24. Charge perturbation results for ligand 23 in the free legs. The red line represents 

the QM/MM free energies, the blue line shows the MM-RETI results and the green line shows 

the combined MM→QM/MM free energies. The error bars shown were generated from four 

independent simulations using standard error. 

 

 

Figure 8.25. Charge perturbation results for ligand 23 in the bound legs. The red line 

represents the QM/MM free energies, the blue line shows the MM-RETI results and the green 

line shows the combined MM→QM/MM free energies. The error bars shown were generated 

from four independent simulations using standard error. 
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In Figures 8.24 – 8.25 the sums of our charge perturbed free energy cycles are 

generally small (small slopes of the green fitted lines). The relevant free energies are 

summarised in Tables 4.8 and 4.9 in Supporting Information 4. The above condition is 

fulfilled by ligand 23 in the free state. For ligand 23 in the free legs the average free 

energy of cycle closure is -0.38 (0.32) kcal.mol-1. Comparing this value to the original 

MM→QM/MM free energy of -0.33 (0.27) kcal.mol-1 it is clear that our cycle does 

obtain a similar value. For the bound state of ligand 23 the above condition is not 

fulfilled. Ligand 23 obtains an average free energy cycle closure of -0.24 (0.32), which is 

not similar to the original MM→QM/MM free energy of -1.05 (0.21) kcal.mol-1. The 

poor agreement for ligand 23 in the bound state would suggest that additional 

sampling is needed in order to obtain more precise results for this ligand in the bound 

free energy leg. 

 

8.6 Conclusions 

The aim of this study was to understand if applying the simplistic QM/MM method 

could produce more accurate MM→QM/MM binding free energies for a set of CDK2 

inhibitors. The results from the MM binding free energy study were extremely poor 

and any attempt to perform QM/MM corrections to these classically obtained free 

energies led to no improvement. Further analysis into poor performance of the free 

energy studies identified that the system setup was incorrect and a key water 

molecule that bridges interaction between the inhibitors and CDK2 was not present in 

this free energy study. This water was found to bind extremely favourably in GCMC 

calculations on the CDK2 binding site. Therefore, current work aims to perform free 
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energy simulations with this water present to ascertain if the addition of this can lead 

to an increase in accuracy between predicted and experimental binding affinities.  
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9 Conclusions & Future Perspectives 

9.1 Conclusions 

Here is presented the development and application of a simplified QM/MM method 

for the calculation of hydration free energies and protein-ligand free energies.  

In the hydration free energy study (Section 5) it was seen that this QM/MM 

method can perform as well as conventional MM. We also identified that the QM/MM 

method causes large over-polarisation for several compounds, most noticeably those 

with hydrogen bonding moieties. This is caused by close contacts between the 

embedded MM point charges and the QM ligand leading to charge exchange between 

our QM ligand and MM point charges, and hence the QM ligand becoming over-

polarised. The impact of this can be minimised with the adaption of this method to 

include a Gaussian Blurring technique (section 5.2). However, knowledge of the extent 

of over-polarisation is needed a priori in order for the application of this technique to 

show improvement on the conventional QM/MM approach. It is believed that further 

investigation into this and other similar methods could yield a more powerful and 

diverse QM/MM method, which would be able to deal with more polar systems.  

For the protein-ligand binding free energy studies many different conclusions can 

be drawn depending upon the target protein system. For example with COX-2 (section 

6), it was found that the QM/MM corrected free energies showed a loss of accuracy 

and precision compared to conventional MM. This is believed to be caused by the 

small size of the COX-2 pocket into which all of the perturbations are directed causing 

close contacts to form between the larger QM ligands and our embedded protein 

point charges; these close contacts have a similar effect to close contacts found in 
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solution. Therefore, it would be advisable for such protein-ligand complexes to include 

these key binding site residues as part of the QM region in order to increase the 

accuracy in the description of the QM/MM system. 

In contrast, for neuraminidase (section 7) the extremely polar nature of the 

ligands and binding site lead to very large negative QM/MM corrections in both the 

bound and free legs of the free energy simulations. This leads to a large negative shift 

in most of the free energies calculated; despite this the correlation is preserved 

between MM and QM/MM calculated binding free energies and experiment. The MUE 

increase shows the large amount of over-polarisation experienced in our QM/MM 

simulations. It is believed that performing a Gaussian Blurring approach to 

Neuraminidase protein-ligand complexes would be the best route to minimising the 

impact of these large QM/MM corrections.  

CDK2 (section 8) fails to show any correlation between either MM or QM/MM 

calculated binding free energies and experiment. GCMC analysis (section 8.1.3) into 

this has shown that key binding site waters were not present in the free energy study 

presented here. It is hoped that future work including this key water will give improved 

results for both MM and QM/MM, yet it does show that if MM completely fails to 

predict binding free energies than our QM/MM method will not be able to improve on 

this. 

Therefore, after applying our QM/MM method to several different case studies it 

is possible to conclude that for hydration free energies of small organic molecules this 

method performs well. A Gaussian Blurring approach was also have also implemented, 

which enables us to adjust the embedding strategy for polar ligands. It has also been 

shown that the application of the QM/MM method to calculate protein-ligand free 
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energies generally leads to a loss of accuracy and precision, when compared to MM. 

This could be indicative that the single-step QM/MM approach taken here is too 

simplistic for such systems. This theory is supported by the charge perturbations which 

do show convergence errors in the calculated free energies for protein-ligand systems. 

However, it is believed that this could be mitigated by the inclusion of key binding site 

residues as part of the QM region, and also by the use of more sophisticated 

embedding techniques, such as the Gaussian Blurring technique which was applied to 

the hydration free energy study. It is also thought that including a way to sample the 

QM/MM ensemble and so avoid doing the MM→QM/MM perturbation in one step. 

This could be done using the approach of Woods et al. [110] where they simulate using 

MM and accept the configurations using a Metropolis-Hastings acceptance test to 

create a more expensive QM/MM ensemble. 

 

9.2 Future Perspectives  

The future work in this area has several possibilities which need to be explored in 

order to obtain a QM/MM method capable of producing more accurate free energies, 

particularly for protein-ligand systems.  

Firstly, the embedding of the MM environment into QM/MM must be 

investigated further. Studies within this thesis (sections 6, 7 and 8) have shown the 

need for a more elegant embedding strategy that standard EE when using this method. 

This could be adapted using the Gaussian blurring technique (section 5.2) as was done 

for the hydration free energy study within this work. Alternatively, it could be of 

promise to invest in polarisable MM potentials [17] and hence give rise to a practical 

PE strategy. This could also be achieved through the use of well parameterized 
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reference potentials, i.e. the approached taken in EVB theory [104] or MMBIF [106], 

which could be iteratively updated, such as in the work of Thompson and Schenter 

[72], and Bakowies and Thiel [73]. 

Secondly, within this work no coupling of the Lennard-Jones between MM and 

QM regions of the systems studied was considered. This means that it is possible to 

explore the possibility of including dispersion within the QM/MM simulations to 

ascertain if this can benefit this QM/MM method. Studies from Mulholland et al. have 

shown that activation barriers can be shifted by as much a 5 – 10 kcal.mol-1 when 

including dispersion effects when calculating activation barriers for cytochrome P450 

reaction mechanisms [91, 92, 93].  

Lastly, it appears that for protein-ligand systems that important binding site 

residues should be included as part of the QM region within QM/MM simulations. This 

would involve the use of LA’s [77, 78, 79, 80] or GHO’s [81, 82, 83, 84], which would 

make the coupling of the QM and MM subsystems more complex. However, it is 

believed that the use of a more complex coupling scheme combined with dispersion 

and more elegant embedding strategies is needed to produce free energies with a 

greater degree of accuracy.  

Overall there are several challenges that remain to produce a QM/MM method 

that can be as versatile and generally applicable as conventional MM forcefields. This 

thesis has shown that QM/MM can produce results that are very comparable to MM 

for hydration free energies. It has also been highlighted that for more complex 

systems, such as protein-ligand systems, QM/MM struggles to achieve the same 

accuracy as standard MM forcefields. Many suggestions have been included in this 
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work as to how QM/MM methods can be improved to enable them to achieve and 

hopefully exceed the accuracy of MM forcefields in the future. 
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Figure 1.1: Phenol based perturbations 

 

Figure 1.2: Pyridine based perturbations 
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Figure 1.3: Aniline based perturbations 

 

 

Figure 1.4: Toluene based perturbations 
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Figure 1.5: Methane based perturbations 

 

 

Figure 1.6: Ethane based perturbations 
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Figure 1.7: Propane based perturbations 

 

 

Figure 1.8: Butane based perturbations 
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Figure 1.9: Pentane based perturbations 

 

 

Figure 1.10: Cyclohexane based perturbations 
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Figure 1.11: Cyclopentane based perturbations 

 

Small Molecule Study – MM-RETI Results 

Pert ΔΔGhyd 

(kcal.mol
-1

) 

Error Exp  

(Guthrie) 

(kcal.mol
-1

) 

Exp  

(Mobley) 

(kcal.mol
-1

) 

1 -4.63 0.12 -5.75 -5.76 

2 2.15 0.16 1.32 2.43 

3 0.54 0.18 0.74 0.01 

4 -1.81 0.21 -1.27 -1.36 

5 0.54 0.18 -0.01 0.39 

6 -0.13 0.22 0.37 0.26 

7 -2.14 0.28 -1.41 -2.01 

8 -2.79 0.19 -1.85 -1.91 

9 -0.10 0.09 0.09 -0.26 
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10 -4.12 0.28 -1.16 -4.45 

11 -3.27 0.18 -1.16 -2.41 

12 -2.53 0.14 -2.95 -3.24 

13 0.44 0.13 0.06 0.42 

14 -1.80 0.15 -4.04 -3.96 

15 -0.09 0.06 -0.08 0.26 

16 0.30 0.15 0.15 0.32 

17 -4.75 0.23 -4.63 -5.22 

18 0.41 0.11 -0.33 0.55 

19 0.88 0.11 0.58 0.96 

20 -1.81 0.19 -1.21 -1.57 

21 -1.58 0.14 -1.47 -1.72 

22 4.33 0.18 2.94 4.49 

23 0.16 0.15 0.80 0.18 

24 0.19 0.09 0.03 -0.01 

25 -0.42 0.14 -0.01 -0.19 

26 -3.26 0.19 -4.63 -4.81 

27 -4.90 0.12 -5.81 -5.24 

28 4.18 0.16 4.69 3.85 

29 0.36 0.13 -0.45 0.42 
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30 0.13 0.07 0.09 0.04 

31 -4.74 0.25 -4.77 -4.85 

32 -0.12 0.04 -0.15 -0.09 

33 -0.11 0.05 0.07 0.10 

34 0.02 0.05 0.11 0.07 

35 0.04 0.06 0.27 0.14 

36 -6.59 0.16 -6.54 -6.21 

37 -0.54 0.12 -1.97 -1.24 

38 4.46 0.09 5.31 4.92 

39 -0.13 0.10 -0.85 -0.24 

40 -0.24 0.09 -0.71 -0.69 

41 -0.33 0.14 -0.92 -0.74 

42 -4.11 0.14 -5.66 -5.02 

43 -4.14 0.16 -6.28 -4.74 

44 -0.13 0.07 -0.60 -0.21 

45 -1.20 0.10 -1.23 -0.92 

46 -1.43 0.11 -2.82 -1.78 

47 -0.31 0.09 0.56 0.24 

48 -0.59 0.11 -0.44 -0.28 

49 -2.82 0.08 -4.15 -3.31 
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50 3.40 0.14 4.35 3.92 

51 -0.10 0.12 1.50 0.06 

52 -6.49 0.21 -7.07 -6.96 

53 -2.37 0.14 -3.19 -2.56 

54 -0.17 0.11 -0.64 -0.16 

55 -1.40 0.11 -1.89 -1.56 

56 0.01 0.06 0.54 0.41 

57 0.05 0.04 0.72 0.64 

58 -6.52 0.14 -4.68 -5.96 

59 2.64 0.17 1.25 1.94 

60 -2.48 0.14 -1.94 -2.11 

61 0.41 0.09 0.32 0.62 

62 -0.72 0.12 -2.65 -1.34 

63 -0.88 0.11 0.22 0.34 

64 0.30 0.17 -0.55 -0.14 

65 -4.36 0.11 -4.06 -3.98 

66 3.16 0.15 3.92 3.44 

67 -2.98 0.19 -3.42 -3.77 

68 0.09 0.14 1.42 0.04 

69 -3.84 0.12 -1.89 -3.33 
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70 0.11 0.04 0.34 0.18 

71 0.05 0.03 0.00 0.21 

72 -2.43 0.21 -3.55 -2.74 

73 -0.18 0.13 0.41 0.72 

74 -2.41 0.18 -3.11 -3.34 

75 -1.83 0.11 -2.66 -3.13 

76 4.83 0.19 4.45 4.80 

77 0.01 0.09 0.09 0.07 

78 -1.63 0.09 -2.28 -1.93 

79 0.25 0.06 -0.45 -0.17 

80 -0.48 0.17 0.26 -0.11 

81 -2.91 0.18 -4.12 -3.24 

82 0.92 0.12 1.54 0.18 

83 -3.67 0.14 -3.13 -2.01 

84 0.16 0.04 -0.23 -0.09 

85 -0.11 0.09 -1.29 -0.66 

86 -1.44 0.17 -2.35 -1.74 

87 0.32 0.12 -0.09 -0.24 

88 -4.40 0.19 -3.98 -4.46 

89 0.01 0.12 1.82 0.16 
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90 -3.09 0.17 -4.16 -2.82 

91 -6.19 0.21 -6.38 -6.44 

92 2.61 0.18 2.16 2.31 

93 -2.97 0.22 -0.94 -1.52 

94 -2.41 0.23 -0.78 -1.91 

95 -2.11 0.18 -0.94 -1.52 

96 -6.31 0.21 -6.34 -5.13 

97 -5.04 0.17 -2.80 -2.94 

98 -2.75 0.24 -2.06 -2.82 

99 2.48 0.21 2.11 2.57 

100 2.41 0.18 1.94 2.57 

101 0.20 0.10 0.47 0.15 

102 -6.12 0.11 -7.16 -6.08 

103 -6.89 0.14 -7.71 -6.93 

104 -3.77 0.10 -4.68 -4.12 

105 0.06 0.09 0.19 0.31 

106 0.10 0.04 0.37 0.24 

107 0.26 0.06 0.40 0.33 

108 -6.43 0.14 -6.31 -5.98 

109 0.49 0.11 0.79 0.44 
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110 -5.97 0.18 -6.67 -6.41 

Table 1.1: MM-RETI relative hydration free energy results. ΔΔGhyd is the free energy difference 

between the two end states of each perturbation. Two experimental datasets (Guthrie and Mobley) are 

also reported. The errors shown were calculated from four independent simulations using standard 

error. 

 

Small Molecule Study – MM→QM/MM-FEP Results 

Pert ΔG1 

(kcal.mol
-1

) 

Error ΔG2 

(kcal.mol
-1

) 

Error ΔG3 

(kcal.mol
-1

) 

Error ΔΔGhyd 

MM→QM/MM 

(kcal.mol
-1

) 

Error Exp  

(Guthrie) 

(kcal.mol
-1

) 

1 0.29 0.09 -4.63 0.12 -1.23 0.19 -5.56 0.23 -5.75 

2 -1.27 0.18 2.15 0.16 -1.52 0.22 1.16 0.28 1.32 

3 -1.36 0.11 0.54 0.18 -0.77 0.09 0.6 0.16 0.74 

4 -0.86 0.09 -1.81 0.21 -1.96 0.19 -2.91 0.31 -1.27 

5 -1.29 0.22 0.54 0.18 -1.74 0.28 0.27 0.34 -0.01 

6 -1.54 0.18 -0.13 0.22 -1.63 0.11 -0.22 0.28 0.37 

7 -1.60 0.27 -2.14 0.28 -2.41 0.21 -2.86 0.35 -1.41 

8 0.31 0.06 -2.79 0.19 -1.59 0.16 -4.69 0.20 -1.85 

9 -1.57 0.13 -0.10 0.09 -2.07 0.14 -0.60 0.17 0.09 

10 -1.73 0.24 -4.12 0.28 -1.89 0.18 -4.28 0.21 -1.16 

11 -1.85 0.22 -3.27 0.18 -2.36 0.23 -0.15 0.25 -1.16 

12 -1.48 0.20 -2.53 0.14 -1.29 0.21 -2.53 0.18 -2.95 

13 -1.25 0.13 0.44 0.13 -0.91 0.16 0.78 0.11 0.06 

14 -1.82 0.17 -1.80 0.15 -2.82 0.22 -2.80 0.16 -4.04 
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15 -1.62 0.16 -0.09 0.06 -1.73 0.13 -0.20 0.10 -0.08 

16 -1.98 0.25 0.30 0.15 -2.11 0.24 0.17 0.19 0.15 

17 0.28 0.03 -4.75 0.23 -0.74 0.08 -5.77 0.09 -4.63 

18 -0.73 0.11 0.41 0.11 -1.49 0.21 -0.35 0.17 -0.33 

19 -0.68 0.14 0.88 0.11 -0.69 0.07 0.87 0.09 0.58 

20 -0.58 0.13 -1.81 0.19 -1.52 0.19 -2.75 0.14 -1.21 

21 -1.61 0.17 -1.58 0.14 -1.71 0.22 -1.68 0.16 -1.47 

22 -0.93 0.18 4.33 0.18 -1.88 0.28 3.64 0.23 2.94 

23 -0.86 0.12 0.16 0.15 -0.50 0.08 0.52 0.09 0.80 

24 0.30 0.07 0.19 0.09 0.31 0.06 0.20 0.05 0.03 

25 0.29 0.04 -0.42 0.14 0.25 0.03 -0.46 0.04 -0.01 

26 0.27 0.07 -3.26 0.19 -0.80 0.17 -4.33 0.11 -4.63 

27 0.16 0.02 -4.90 0.12 -1.63 0.26 -6.69 0.14 -5.81 

28 -1.52 0.27 4.18 0.16 0.58 0.07 5.12 0.17 4.69 

29 0.52 0.10 0.36 0.13 0.64 0.11 0.48 0.10 -0.45 

30 0.28 0.07 0.13 0.07 0.17 0.06 0.02 0.04 0.09 

31 0.18 0.05 -4.74 0.25 -0.89 0.14 -5.81 0.17 -4.77 

32 -0.20 0.04 -0.12 0.04 -0.29 0.07 -0.21 0.04 -0.15 

33 -0.29 0.09 -0.11 0.05 -0.39 0.08 -0.21 0.06 0.07 

34 -0.39 0.11 0.02 0.05 -0.48 0.05 -0.07 0.06 0.11 

35 -0.47 0.12 0.04 0.06 -0.57 0.15 -0.06 0.09 0.27 

36 -0.18 0.06 -6.59 0.16 -1.20 0.24 -7.61 0.14 -6.54 

37 -1.09 0.19 -0.54 0.12 -1.43 0.21 -0.88 0.16 -1.97 
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38 -1.65 0.27 4.46 0.09 -0.06 0.07 6.05 0.11 5.31 

39 -0.12 0.02 -0.13 0.10 -0.33 0.12 -0.34 0.08 -0.85 

40 -0.33 0.09 -0.24 0.09 -0.72 0.13 -0.63 0.08 -0.71 

41 -0.69 0.16 -0.33 0.14 -0.88 0.09 -0.53 0.11 -0.92 

42 -0.91 0.19 -4.11 0.14 -1.23 0.23 -4.43 0.17 -5.66 

43 -1.24 0.21 -4.14 0.16 -2.64 0.27 -5.54 0.21 -6.28 

44 -0.27 0.04 -0.13 0.07 -1.14 0.17 -1.00 0.07 -0.60 

45 -1.03 0.18 -1.20 0.10 -1.16 0.13 -1.33 0.11 -1.23 

46 -0.26 0.01 -1.43 0.11 -0.89 0.11 -2.06 0.07 -2.82 

47 -0.93 0.19 -0.31 0.09 -0.62 0.13 0.00 0.09 0.56 

48 -0.71 0.21 -0.59 0.11 -1.12 0.24 -1.00 0.21 -0.44 

49 -1.09 0.28 -2.82 0.08 -1.31 0.19 -3.04 0.18 -4.15 

50 -1.34 0.18 3.40 0.14 -1.54 0.14 3.20 0.15 4.35 

51 -1.46 0.15 -0.10 0.12 0.07 0.09 1.43 0.11 1.50 

52 0.09 0.01 -6.49 0.21 -2.28 0.21 -8.86 0.16 -7.07 

53 0.06 0.04 -2.37 0.14 -1.41 0.23 -3.84 0.13 -3.19 

54 -0.33 0.11 -0.17 0.11 -0.98 0.21 -0.82 0.17 -0.64 

55 -1.13 0.22 -1.40 0.11 -1.50 0.13 -1.77 0.14 -1.89 

56 -0.36 0.05 0.01 0.06 -0.42 0.14 -0.05 0.07 0.54 

57 -0.45 0.14 0.05 0.04 -0.33 0.09 0.17 0.08 0.72 

58 -0.36 0.11 -6.52 0.14 -0.83 0.10 -6.99 0.10 -4.68 

59 -0.87 0.18 2.64 0.17 -1.39 0.13 2.12 0.14 1.25 

60 -1.41 0.24 -2.48 0.14 -1.77 0.25 -2.87 0.23 -1.94 
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61 -1.69 0.29 0.41 0.09 -0.97 0.13 1.13 0.15 0.32 

62 -0.32 0.06 -0.72 0.12 -1.17 0.15 -1.57 0.09 -2.65 

63 -1.21 0.21 -0.88 0.11 -0.69 0.13 -0.36 0.14 0.22 

64 -0.72 0.08 0.30 0.17 -0.51 0.05 0.51 0.07 -0.55 

65 -0.55 0.13 -4.36 0.11 -1.12 0.21 -4.93 0.15 -4.06 

66 -1.15 0.25 3.16 0.15 -1.67 0.28 2.64 0.24 3.92 

67 -1.72 0.29 -2.98 0.19 -1.91 0.27 -3.17 0.26 -3.42 

68 -1.68 0.23 0.09 0.14 0.13 0.05 1.90 0.11 1.42 

69 0.15 0.04 -3.84 0.12 -0.98 0.09 -4.97 0.07 -1.89 

70 -0.45 0.14 0.11 0.04 -0.58 0.08 -0.02 0.06 0.34 

71 -0.61 0.13 0.05 0.03 -0.73 0.09 -0.07 0.05 0.00 

72 -0.52 0.11 -2.43 0.21 -1.21 0.22 -3.12 0.17 -3.55 

73 -1.23 0.23 -0.18 0.13 -2.43 0.27 -1.38 0.24 0.41 

74 -0.50 0.08 -2.41 0.18 -2.10 0.25 -4.01 0.16 -3.11 

75 -2.12 0.23 -1.83 0.11 -3.28 0.31 -2.99 0.29 -2.66 

76 -3.28 0.29 4.83 0.19 -1.29 0.19 6.82 0.19 4.45 

77 -1.35 0.17 0.01 0.09 -1.18 0.13 0.18 0.10 0.09 

78 -0.51 0.16 -1.63 0.09 -0.85 0.10 -1.97 0.09 -2.28 

79 -0.91 0.19 0.25 0.06 -1.17 0.17 -0.01 0.11 -0.45 

80 -1.21 0.27 -0.48 0.17 -1.52 0.25 -0.79 0.24 0.26 

81 -1.52 0.28 -2.91 0.18 -1.81 0.29 -3.20 0.27 -4.12 

82 -1.85 0.22 0.92 0.12 -0.22 0.04 2.55 0.10 1.54 

83 -0.25 0.04 -3.67 0.14 -2.12 0.23 -5.54 0.08 -3.13 
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84 -0.58 0.09 0.16 0.04 -0.57 0.08 0.17 0.05 -0.23 

85 -0.67 0.11 -0.11 0.09 -0.77 0.14 -0.21 0.09 -1.29 

86 -0.51 0.07 -1.44 0.17 -1.56 0.27 -2.49 0.15 -2.35 

87 -1.58 0.13 0.32 0.12 -1.67 0.33 0.23 0.26 -0.09 

88 -1.71 0.27 -4.40 0.19 -1.81 0.37 -4.50 0.34 -3.98 

89 -1.83 0.23 0.01 0.12 0.49 0.11 2.33 0.13 1.82 

90 0.51 0.07 -3.09 0.17 -2.21 0.27 -5.81 0.14 -4.16 

91 -0.57 0.21 -6.19 0.21 -1.57 0.18 -7.19 0.17 -6.38 

92 -1.59 0.28 2.61 0.18 -2.03 0.33 2.17 0.25 2.16 

93 -2.05 0.21 -2.97 0.22 -1.03 0.15 -1.95 0.19 -0.94 

94 -0.56 0.08 -2.41 0.23 -1.21 0.18 -3.06 0.13 -0.78 

95 -1.21 0.17 -2.11 0.18 -1.71 0.21 -2.61 0.18 -0.94 

96 -0.57 0.11 -6.31 0.21 -1.95 0.22 -7.69 0.16 -6.34 

97 -1.90 0.22 -5.04 0.17 -4.09 0.34 -7.23 0.21 -2.80 

98 -1.87 0.19 -2.75 0.24 -3.94 0.33 -4.80 0.26 -2.06 

99 -3.76 0.26 2.48 0.21 -3.68 0.31 2.56 0.29 2.11 

100 -3.54 0.28 2.41 0.18 -2.10 0.15 3.85 0.14 1.94 

101 -0.57 0.05 0.20 0.10 -0.72 0.08 0.05 0.06 0.47 

102 -0.68 0.13 -6.12 0.11 -2.27 0.23 -7.71 0.11 -7.16 

103 -2.22 0.24 -6.89 0.14 -2.94 0.27 -7.61 0.18 -7.71 

104 -0.55 0.06 -3.77 0.10 -2.27 0.32 -5.98 0.13 -4.68 

105 -2.21 0.25 0.06 0.09 -2.10 0.23 0.17 0.11 0.19 

106 -2.11 0.24 0.10 0.04 -2.28 0.27 -0.07 0.16 0.37 
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107 -0.59 0.04 0.26 0.06 -0.66 0.14 0.19 0.09 0.40 

108 -0.66 0.10 -6.43 0.14 -1.97 0.19 -7.74 0.11 -6.31 

109 -1.92 0.21 0.49 0.11 -1.77 0.17 0.64 0.14 0.79 

110 -0.55 0.08 -5.97 0.18 -2.19 0.16 -7.74 0.12 -6.67 

Table 1.2: MM→QM/MM relative hydration free energy results. ΔG1 is the QM/MM correction 

for λ=0 for each perturbation. ΔG3 is the QM/MM correction for λ=1 for each perturbation. ΔG2 

is the MM relative free energy change between the two endstates of each perturbation. ΔΔGhyd 

is the MM→QM/MM free energy difference between the two end states of each perturbation. One 

experimental dataset (Guthrie) is also reported. The errors shown were calculated from four 

independent simulations using standard error. 
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Small Molecule Study – Dual Topology Annihilations – MM-RETI Results 

 

Pert δ σ ΔΔGhyd 

(kcal.mol
-1

) 

Error Exp  

(Guthrie) 

(kcal.mol
-1

) 

1 1.5 1.0 -0.74 0.25 -0.86 

2 1.0 2.0 1.45 0.29 1.23 

3 1.5 1.0 1.83 0.21 1.20 

4 1.5 1.5 2.17 0.32 1.99 

Table 1.3: MM-RETI absolute hydration free energies for our perturbation web starting points. 

δ, and σ are the soft-core parameters utilised for each annihilation. ΔΔGhyd is the free energy 

difference between the two end states of each perturbation. One experimental dataset (Guthrie) is also 

reported. The errors shown were calculated from four independent simulations using standard error.   

 

 

 

 

 



Michael Carter                                                                                   PhD Thesis 

 254  

 

Gaussian Blurring Dataset 
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Small Molecule Study – MM→QM/MM – ‘Gaussian Blur’ = 1.0 

Pert ΔG1 

(kcal.mol
-1

) 

Error ΔG2 

(kcal.mol
-1

) 

Error ΔG3 

(kcal.mol
-1

) 

Error ΔΔGhyd  

(MM→QM/MM) 

‘Gaussian Blur’ 1.0 

(kcal.mol
-1

) 

Error Exp 

(Guthrie) 

(kcal.mol
-1

) 

1 -0.03 0.15 -8.88 0.04 0.70 0.35 -9.17 0.28 -8.32 

2 1.89 0.21 -5.04 0.08 2.76 0.38 -4.17 0.32 -2.80 

3 0.02 0.13 3.4 0.12 0.66 0.19 4.04 0.18 4.35 

4 0.07 0.09 -2.48 0.03 2.14 0.34 -0.41 0.27 -1.94 

5 0.03 0.10 -2.43 0.05 0.04 0.06 -2.42 0.05 -3.55 

6 0.01 0.05 -6.19 0.09 2.50 0.26 -3.70 0.19 -6.38 

7 -0.06 0.03 -6.43 0.15 3.78 0.33 -2.59 0.19 -6.31 

8 2.15 0.37 -2.79 0.11 1.65 0.22 -3.29 0.21 -1.85 

9 1.01 0.21 -4.14 0.05 2.72 0.33 -2.43 0.29 -6.28 

10 2.28 0.28 -6.49 0.06 2.54 0.38 -6.23 0.22 -7.07 

11 0.49 0.19 -2.98 0.08 0.42 0.13 -3.05 0.11 -3.42 

12 0.82 0.23 -1.83 0.07 0.41 0.18 -2.24 0.11 -2.66 

13 2.21 0.28 -3.09 0.03 4.39 0.37 -0.91 0.27 -4.16 

14 0.00 0.01 -1.58 0.02 0.50 0.13 -1.08 0.09 -1.47 

15 2.02 0.29 -4.9 0.01 2.69 0.35 -5.57 0.25 -5.81 

16 1.58 0.33 -1.81 0.13 2.46 0.41 -0.93 0.32 -1.27 

17 3.21 0.31 -1.8 0.15 2.89 0.28 -2.12 0.22 -4.04 

18 1.76 0.25 -3.26 0.17 2.03 0.31 -2.99 0.26 -4.63 

19 2.42 0.22 -2.53 0.09 3.53 0.36 -1.42 0.27 -2.95 
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20 3.21 0.31 0.36 0.21 2.30 0.18 -0.55 0.22 -1.16 

21 -0.04 0.29 -6.52 0.21 1.62 0.31 -4.86 0.26 -4.68 

22 0.23 0.17 -0.13 0.01 -0.24 0.14 -0.60 0.09 -0.85 

23 0.00 0.05 -0.12 0.02 -0.04 0.05 -0.16 0.03 -0.15 

24 -0.03 0.09 4.46 0.02 0.26 0.19 4.75 0.10 5.31 

25 0.95 0.22 0.54 0.04 -0.01 0.05 -0.42 0.09 -1.97 

26 -0.56 0.27 -4.36 0.05 -0.08 0.08 -3.88 0.11 -4.06 

27 2.36 0.11 0.41 0.03 2.64 0.38 0.69 0.17 0.32 

28 -0.03 0.15 0.02 0.01 -0.03 0.08 0.02 0.09 0.11 

29 -0.02 0.09 0.01 0.01 -0.03 0.09 0.00 0.07 0.54 

30 -0.05 0.12 3.16 0.03 0.64 0.22 3.85 0.13 3.92 

31 1.57 0.27 2.64 0.09 0.22 0.12 1.29 0.14 1.25 

32 -0.22 0.29 0.3 0.14 -0.39 0.29 0.13 0.21 -0.55 

33 -0.02 0.10 -1.82 0.18 -0.78 0.17 -2.62 0.13 -2.65 

34 -0.29 0.18 -0.31 0.02 -0.13 0.09 -0.15 0.10 0.56 

35 -0.27 0.16 -0.59 0.05 1.11 0.26 0.79 0.15 -0.44 

36 0.00 0.06 -1.43 0.04 -0.19 0.09 -1.62 0.07 -2.82 

37 -0.02 0.08 -0.13 0.01 -0.39 0.18 -0.50 0.09 -0.60 

38 -0.02 0.09 -0.11 0.01 -0.03 0.06 -0.12 0.05 0.07 

39 -0.30 0.21 -1.2 0.12 0.12 0.22 -0.78 0.18 -1.23 

40 1.09 0.28 -2.82 0.15 -0.43 0.27 -4.34 0.19 -4.15 

41 0.05 0.15 0.05 0.01 0.09 0.14 0.09 0.09 0.00 

42 -0.21 0.18 -0.48 0.04 -0.11 0.19 -0.38 0.12 0.26 
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43 0.02 0.09 0.11 0.03 -0.10 0.09 -0.01 0.07 0.34 

44 0.00 0.06 -1.63 0.11 2.63 0.36 -1.83 0.23 -2.28 

45 -0.03 0.11 0.04 0.01 -0.07 0.15 0.00 0.09 0.27 

46 2.56 0.21 0.25 0.02 -0.52 0.27 -2.83 0.16 -0.45 

47 -0.31 0.12 -2.91 0.22 -0.21 0.19 -2.81 0.16 -4.12 

48 -0.09 0.07 -0.18 0.01 -0.91 0.27 -1.00 0.15 0.41 

49 -0.10 0.09 -0.11 0.01 -0.09 0.09 -0.10 0.06 -1.29 

50 -0.60 0.23 -4.4 0.1 -0.02 0.03 -3.82 0.14 -3.98 

51 -0.36 0.16 0.32 0.06 -0.46 0.22 0.22 0.13 -0.09 

52 2.69 0.31 2.61 0.07 0.54 0.12 0.46 0.18 2.16 

53 0.69 0.21 -2.97 0.04 2.12 0.31 -1.54 0.18 -0.19 

54 -0.01 0.09 0.16 0.03 -0.05 0.04 0.12 0.07 -0.23 

55 0.01 0.04 -1.44 0.11 -0.24 0.04 -1.69 0.08 -2.35 

56 -0.10 0.17 0.26 0.11 0.00 0.10 0.36 0.12 0.40 

57 0.05 0.09 0.1 0.05 0.18 0.12 0.23 0.09 0.37 

58 -0.06 0.07 -5.97 0.18 1.71 0.27 -4.20 0.12 -6.67 

59 -0.07 0.09 -3.77 0.16 -0.09 0.07 -3.79 0.09 -4.68 

60 -0.08 0.10 0.06 0.01 0.24 0.16 0.38 0.08 0.19 

Table 1.3: MM→QM/MM relative hydration free energy results. ΔG1 is the QM/MM correction 

for λ=0 for each perturbation. ΔG3 is the QM/MM correction for λ=1 for each perturbation. ΔG2 

is the MM relative free energy change between the two endstates of each perturbation. ΔΔGhyd 

is the MM→QM/MM free energy difference between the two end states of each perturbation. One 

experimental dataset (Guthrie) is also reported. The errors shown were calculated from four 

independent simulations using standard error. 
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Small Molecule Study – MM→QM/MM – ‘Gaussian Blur’ = 0.95 

Pert ΔG1 

(kcal.mol
-1

) 

Error ΔG2 

(kcal.mol
-1

) 

Error ΔG3 

(kcal.mol
-1

) 

Error ΔΔGhyd  

(MM→QM/MM) 

‘Gaussian Blur’  

 0.95 

(kcal.mol
-1

) 

Error Exp 

(Guthrie) 

(kcal.mol
-1

) 

1 0.01 0.15 -8.88 0.04 0.91 0.35 -7.98 0.28 -8.32 

2 2.11 0.21 -5.04 0.08 3.17 0.38 -3.98 0.32 -2.8 

3 0.16 0.13 3.4 0.12 0.74 0.19 3.98 0.18 4.35 

4 0.19 0.09 -2.48 0.03 2.35 0.34 -0.32 0.27 -1.94 

5 0.05 0.10 -2.43 0.05 0.12 0.06 -2.36 0.05 -3.55 

6 0.04 0.05 -6.19 0.09 2.73 0.26 -3.5 0.19 -6.38 

7 -0.03 0.03 -6.43 0.15 4.00 0.33 -2.4 0.19 -6.31 

8 2.26 0.37 -2.79 0.11 1.82 0.22 -3.23 0.21 -1.85 

9 1.22 0.21 -4.14 0.05 3.01 0.33 -2.35 0.29 -6.28 

10 2.44 0.28 -6.49 0.06 2.83 0.38 -6.1 0.22 -7.07 

11 0.59 0.19 -2.98 0.08 0.42 0.13 -3.15 0.11 -3.42 

12 1.05 0.23 -1.83 0.07 0.73 0.18 -2.15 0.11 -2.66 

13 2.39 0.28 -3.09 0.03 4.65 0.37 -0.83 0.27 -4.16 

14 0.00 0.01 -1.58 0.02 0.52 0.13 -1.06 0.09 -1.47 

15 2.12 0.29 -4.9 0.01 2.92 0.35 -5.7 0.25 -5.81 

16 1.69 0.33 -1.81 0.13 2.55 0.41 -0.95 0.32 -1.27 

17 3.49 0.31 -1.8 0.15 2.91 0.28 -2.38 0.22 -4.04 

18 1.87 0.25 -3.26 0.17 2.16 0.31 -2.91 0.26 -4.63 
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19 2.62 0.22 -2.53 0.09 3.79 0.36 -1.36 0.27 -2.95 

20 3.55 0.31 0.36 0.21 -2.68 0.18 -0.51 0.22 -1.16 

21 -0.02 0.29 -6.52 0.21 1.80 0.31 -4.7 0.26 -4.68 

22 0.26 0.17 -0.13 0.01 -0.21 0.14 -0.6 0.09 -0.85 

23 0.02 0.05 -0.12 0.02 -0.02 0.05 -0.16 0.03 -0.15 

24 0.09 0.09 4.46 0.02 0.28 0.19 4.65 0.10 5.31 

25 1.16 0.22 0.54 0.04 0.12 0.05 -0.5 0.09 -1.97 

26 -0.52 0.27 -4.36 0.05 0.05 0.08 -3.79 0.11 -4.06 

27 2.58 0.11 0.41 0.03 2.62 0.38 0.45 0.17 0.32 

28 -0.01 0.15 0.02 0.01 -0.01 0.08 0.02 0.09 0.11 

29 -0.01 0.09 0.01 0.01 -0.01 0.09 0.01 0.07 0.54 

30 0.09 0.12 3.16 0.03 0.72 0.22 3.79 0.13 3.92 

31 1.74 0.27 2.64 0.09 0.33 0.12 1.23 0.14 1.25 

32 -0.17 0.29 0.3 0.14 -0.37 0.29 0.1 0.21 -0.55 

33 -0.01 0.10 -1.82 0.18 -0.77 0.17 -2.58 0.13 -2.65 

34 -0.26 0.18 -0.31 0.02 -0.09 0.09 -0.14 0.10 0.56 

35 -0.24 0.16 -0.59 0.05 1.11 0.26 0.76 0.15 -0.44 

36 0.02 0.06 -1.43 0.04 -0.17 0.09 -1.62 0.07 -2.82 

37 0.00 0.08 -0.13 0.01 -0.37 0.18 -0.5 0.09 -0.6 

38 -0.01 0.09 -0.11 0.01 -0.01 0.06 -0.11 0.05 0.07 

39 -0.28 0.21 -1.2 0.12 0.15 0.22 -0.77 0.18 -1.23 

40 1.14 0.28 -2.82 0.15 -0.30 0.27 -4.26 0.19 -4.15 

41 0.02 0.15 0.05 0.01 0.07 0.14 0.1 0.09 0 
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42 -0.18 0.18 -0.48 0.04 -0.05 0.19 -0.35 0.12 0.26 

43 0.04 0.09 0.11 0.03 -0.08 0.09 -0.01 0.07 0.34 

44 0.02 0.06 -1.63 0.11 2.62 0.36 -1.63 0.23 -2.28 

45 0.00 0.11 0.04 0.01 -0.04 0.15 0 0.09 0.27 

46 2.56 0.21 0.25 0.02 -0.48 0.27 -2.79 0.16 -0.45 

47 -0.28 0.12 -2.91 0.22 -0.11 0.19 -2.74 0.16 -4.12 

48 0.00 0.07 -0.18 0.01 -0.97 0.27 -1.15 0.15 0.41 

49 -0.07 0.09 -0.11 0.01 -0.06 0.09 -0.1 0.06 -1.29 

50 -0.60 0.23 -4.4 0.1 -0.02 0.03 -3.73 0.14 -3.98 

51 -0.32 0.16 0.32 0.06 -0.42 0.22 0.22 0.13 -0.09 

52 2.91 0.31 2.61 0.07 0.68 0.12 0.38 0.18 2.16 

53 0.78 0.21 -2.97 0.04 2.32 0.31 -1.43 0.18 -0.19 

54 0.02 0.09 0.16 0.03 -0.02 0.04 0.16 0.07 -0.23 

55 0.04 0.04 -1.44 0.11 -0.19 0.04 -1.67 0.08 -2.35 

56 -0.08 0.17 0.26 0.11 0.03 0.10 0.37 0.12 0.4 

57 0.21 0.09 0.1 0.05 0.35 0.12 0.24 0.09 0.37 

58 -0.04 0.07 -5.97 0.18 1.93 0.27 -4 0.12 -6.67 

59 -0.05 0.09 -3.77 0.16 0.02 0.07 -3.7 0.09 -4.68 

60 0.06 0.10 0.06 0.01 0.40 0.16 0.4 0.08 0.19 

Table 1.3: MM→QM/MM relative hydration free energy results. ΔG1 is the QM/MM correction 

for λ=0 for each perturbation. ΔG3 is the QM/MM correction for λ=1 for each perturbation. ΔG2 

is the MM relative free energy change between the two endstates of each perturbation. ΔΔGhyd 

is the MM→QM/MM free energy difference between the two end states of each perturbation. One 

experimental dataset (Guthrie) is also reported. The errors shown were calculated from four 

independent simulations using standard error. 
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COX-2 – MM-RETI Results 

Pert Exp 

(kcal.mol
-1

) 

ΔΔGbind 

(kcal.mol
-1

) 

Error ΔGprot 

(kcal.mol
-1

) 

Error ΔGwat 

(kcal.mol
-1

) 

Error ΔGvac 

(kcal.mol
-1

) 

Error 

1t2  1.82 2.25 0.36 3.56 0.27 1.32 0.24 0.74 0.09 

3t2  -2.78 -2.17 0.45 0.8 0.26 2.98 0.37 -3.95 0.09 

1t6  3.16 3.9 0.25 20.71 0.11 16.81 0.23 16.42 0.07 

7t1  -4.64 -2.9 0.37 15.03 0.15 17.93 0.34 13.54 0.08 

7t8  -5.46 -3.49 0.31 17.12 0.11 20.61 0.29 15.41 0.02 

9t8  -0.84 -1.33 0.18 -0.19 0.08 1.14 0.16 1.22 0.01 

10t9  0.15 0.01 0.17 -3.47 0.05 -3.48 0.18 -4.43 0.02 

10t7  4.77 1.66 0.29 -21.47 0.1 -23.13 0.27 -18.64 0.02 

2t4 -2.7 -1.7 0.44 -3.19 0.36 -1.49 0.26 -1.03 0.22 

4t5 -0.07 -1.75 0.52 -6.56 0.38 -4.81 0.36 -3.63 0.53 

7t5  -5.59 -3.68 0.75 9.35 0.39 13.03 0.64 9 0.35 

Table 2.1: MM-RETI relative binding free energies for a set of COX-2 perturbations. ΔΔGbind is 

the overall binding free energy change between our endstates. ΔGprot is the free energy change 

for the bound leg, ΔGwat is the free energy change in aqueous solution and ΔGvac is the free 

energy change within a vacuum. The errors shown were calculated from four independent 

simulations using standard error. 
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COX-2 – MM→QM/MM-FEP Results 

Pert ΔG1 Error ΔG2 Error ΔG3 Error ΔG5 Error ΔG6 Error ΔG7 Error 

1t2  -2.23 0.36 3.56 0.27 -2.47 0.35 -0.77 0.33 1.32 0.24 -0.71 0.21 

3t2  -1.95 0.24 0.8 0.26 -2.47 0.31 -1.64 0.36 2.98 0.37 -1.89 0.24 

1t6  -2.36 0.28 20.71 0.11 -3.66 0.44 -1.17 0.26 16.81 0.23 -0.79 0.28 

7t1  -1.63 0.2 15.03 0.15 -2.12 0.21 -0.62 0.24 17.93 0.34 -3.13 0.42 

7t8  -1.61 0.48 17.12 0.11 -2.4 0.2 -2.12 0.39 20.61 0.29 -3.05 0.32 

9t8  -1.12 0.39 -0.19 0.08 -2.35 0.23 -2.12 0.31 1.14 0.16 -1.35 0.26 

10t9  -0.77 0.42 -3.47 0.05 -1.03 0.26 -1.08 0.41 -1.48 0.18 -1.62 0.25 

10t7  -0.69 0.22 -21.47 0.1 -1.71 0.25 -1.75 0.35 -23.13 0.27 -1.53 0.38 

2t4 -1.65 0.34 -3.19 0.36 -1.95 0.32 -1.74 0.25 -1.49 0.26 -1.52 0.25 

4t5 -2.97 0.25 -6.56 0.38 -2.01 0.25 -3.56 0.34 -4.81 0.36 -1.45 0.31 

7t5  -1.56 0.31 9.35 0.39 -1.87 0.3 -2.14 0.22 13.03 0.64 -1.93 0.39 

Table 2.2: MM→QM/MM relative binding free energies for a set of COX-2 perturbations. ΔG1 is 

the QM/MM correction for λ=0 in the bound state. ΔG2 is the MM free energy changes 

between our two endstates in our bound free energy simulations. ΔG3 is the QM/MM 

correction for λ=1 in the bound state. ΔG5 is the QM/MM correction for λ=1 in the free state. 

ΔG6 is the MM free energy changes between our two endstates in our aqueous free energy 

simulations.   ΔG7 is the QM/MM correction for λ=0 in the free state. The errors shown were 

calculated from four independent simulations using standard error. 
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Compound Perturbation  

Pathway 

ΔΔGbind (MM) 

(kcal.mol
-1

) 

Error ΔΔGbind  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error Exp 

(kcal.mol
-1

) 

5 (OCH3) [1t7+7t5] ; [1t2+2t4+4t5] -1 0.71 0.77 0.86 -0.95 

4 (SCH3) [1t2+2t4] 0.73 0.55 2.04 0.8 -0.88 

8 (Cl) [1t7+7t8] -0.67 0.21 0.55 0.58 -0.82 

10 (H) [1t7+7t8+8t9+9t10];[1t7+7t10] 1.89 0.22 4.23 0.59 -0.13 

1 (CH3)  0 0 0 0 0 

9 (F) [1t7+7t8+8t9];[1t7+7t10+10t9]  0.74 0.22 2.29 0.62 0.01 

2 (CH2CH3) 1t2 2 0.32 1.82 0.71 1.82 

6 (CF3) 1t6 2.34 0.19 1.42 0.67 3.15 

3 (CH2OH) [1t2+2t3]  4.96 0.43 5.65 0.76 4.59 

7 (OH) 1t7 3.07 0.2 6.07 0.6 4.63 

Table 2.3: MM-RETI and MM→QM/MM relative binding free energies for a set of COX-2 

perturbations in reference to compound 1. ΔΔGbind (MM) is the overall binding free energy 

change between our endstates in MM. ΔΔGbind (MM→QM/MM) is the overall binding free 

energy change between our endstates in QM/MM. The errors shown were calculated from 

four independent simulations using standard error. 
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COX-2 – Charge Perturbation Results 

Ligand 10  

Free 

CF ΔG71  

(MM) 

(kcal.mol
-1

) 

Error ΔG72  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG7 (MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG7   

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.49 0.01 -0.39 0.14 -0.88 0.14 -1.58 

1.05 -2.49 0.05 1.88 0.16 -0.61 0.17  

1.07 -3.55 0.03 4.02 0.21 0.47 0.21  

1.10  -5.23 0.01 5.82 0.19 0.59 0.19  

1.15  -8.13 0.06 7.01 0.14 -1.12 0.15  

1.20  -11.23 0.09 9.37 0.2 -1.86 0.22  

Table 2.4: Charge Perturbation free energies for the free leg of ligand 10. ΔG71 is the MM free 

energy change at a specific scaling factor. ΔG72 is the QM/MM free energy change. ΔG7 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG12  

(MM) 

(kcal.mol
-1

) 

Error ΔG13  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG1  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG1  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.27 0.05 -0.58 0.13 -0.85 0.14 -0.73 

1.05 -1.39 0.11 0.82 0.07 -0.57 0.13  

1.07 -2.06 0.14 1.46 0.31 -0.6 0.34  

1.10  -2.83 0.17 2.25 0.15 -0.58 0.23  

1.15  -4.43 0.16 3.45 0.11 -0.98 0.19  

1.20  -6.18 0.09 6.09 0.18 -0.09 0.2  

Table 2.5: Charge Perturbation free energies for the bound leg of ligand 10. ΔG12 is the MM free 

energy change at a specific scaling factor. ΔG13 is the QM/MM free energy change. ΔG1 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Ligand 9  

Free 

CF ΔG51  

(MM) 

(kcal.mol
-1

) 

Error ΔG52  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.47 0.09 -1.43 0.09 -1.9 0.13 -1.38 

1.05 -2.4 0.1 1.75 0.2 -0.65 0.22  

1.07 -3.41 0.07 3.05 0.18 -0.36 0.19  

1.10  -5.05 0.08 5.84 0.29 0.79 0.3  

1.15  -7.81 0.11 6.61 0.31 -1.2 0.33  

1.20  -10.92 0.12 9.43 0.23 -1.49 0.26  

Table 2.6: Charge Perturbation free energies for the free leg of ligand 9. ΔG51 is the MM free 

energy change at a specific scaling factor. ΔG52 is the QM/MM free energy change. ΔG5 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG32  

(MM) 

(kcal.mol
-1

) 

Error ΔG33  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.26 0.07 -1.35 0.19 -1.61 0.20 -1.07 

1.05 -1.36 0.09 -0.21 0.14 -1.57 0.17  

1.07 -1.94 0.16 0.8 0.23 -1.14 0.28  

1.10  -2.71 0.17 1.3 0.18 -1.41 0.25  

1.15  -4.24 0.12 2.35 0.24 -1.89 0.27  

1.20  -5.89 0.15 5.18 0.25 -0.71 0.29  

Table 2.7: Charge Perturbation free energies for the bound leg of ligand 9. ΔG32 is the MM free 

energy change at a specific scaling factor. ΔG33 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Ligand 7  

Free 

CF ΔG51  

(MM) 

(kcal.mol
-1

) 

Error ΔG52  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.58 0.002 -2.31 0.18 -2.89 0.18 -3.08 

1.05 -2.98 0.01 0.82 0.13 -2.16 0.13  

1.07 -4.26 0.02 2.81 0.17 -1.45 0.17  

1.10  -6.27 0.02 3.23 0.13 -3.04 0.13  

1.15  -9.61 0.06 6.61 0.24 -3 0.25  

1.20  -13.52 0.09 12.38 0.29 -1.14 0.30  

Table 2.8: Charge Perturbation free energies for the free leg of ligand 7. ΔG51 is the MM free 

energy change at a specific scaling factor. ΔG52 is the QM/MM free energy change. ΔG5 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 

 

 

 

 

 

 

 

 

 



Michael Carter                                                                                   PhD Thesis 

 273  

Bound 

CF ΔG32  

(MM) 

(kcal.mol
-1

) 

Error ΔG33  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG3 

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.3 0.09 -0.73 0.17 -1.03 0.19 -1.62 

1.05 -1.51 0.12 0.48 0.18 -1.03 0.22  

1.07 -2.13 0.08 1.16 0.21 -0.97 0.22  

1.10  -3.1 0.11 2.14 0.2 -0.96 0.23  

1.15  -4.87 0.15 4.15 0.22 -0.72 0.27  

1.20  -6.6 0.13 6.02 0.24 -0.58 0.27  

Table 2.9: Charge Perturbation free energies for the bound leg of ligand 7. ΔG32 is the MM free 

energy change at a specific scaling factor. ΔG33 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Neuraminidase – MM-RETI Results 

Pert Exp 

(kcal.mol
-1

) 

ΔΔGbind 

(kcal.mol
-1

) 

Error ΔGprot 

(kcal.mol
-1

) 

Error ΔGwat 

(kcal.mol
-1

) 

Error ΔGvac 

(kcal.mol
-1

) 

Error 

11t13 -2.67 -5.25 0.62 21.87 0.34 27.12 0.52 28.7 0.43 

11t12 -1.63 1.44 0.41 1.87 0.29 0.43 0.29 -0.81 0.14 

12t13 -1.04 -7.19 0.77 19.74 0.43 26.93 0.64 29.45 0.45 

13t14  -4.09 -4.14 0.69 -8.78 0.51 -4.64 0.47 -6.1 0.27 

12t14  -5.13 -9.32 1.06 12.04 0.65 21.36 0.84 23.89 0.68 

12t19  0.08 -2.56 1.21 -7.3 0.8 -4.74 0.91 -5.58 0.2 

14t20  0.25 -5.46 1.38 -3.12 0.9 2.34 1.04 0 0.31 

19t20 -4.8 -11.86 1.33 13.33 0.81 25.19 1.06 26.68 0.78 

13t16 -2.78 -5.14 1.3 -19.82 1.04 -14.64 1.23 -8.05 0.89 

15t16 -3.45 -5.61 0.58 20.69 0.27 26.3 0.51 27.92 0.35 

15t17  -5.15 -7.34 1.18 15.12 0.78 22.46 0.88 22.36 0.56 

16t17 -1.7 -1.04 0.69 -4.3 0.48 -3.26 0.5 -4.78 0.29 

17t18  0.65 -3.97 1.39 -4.62 0.99 -0.65 0.97 -3.72 0.37 

Table 3.1: MM-RETI relative binding free energies for a set of Neuraminidase perturbations. 

ΔΔGbind is the overall binding free energy change between our endstates. ΔGprot is the free 

energy change for the bound leg, ΔGwat is the free energy change in aqueous solution and ΔGvac 

is the free energy change within a vacuum. The errors shown were calculated from four 

independent simulations using standard error. 
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Neuraminidase – MM→QM/MM-FEP Results 

Pert ΔG1 Error ΔG2 Error ΔG3 Error ΔG5 Error ΔG6 Error ΔG7 Error 

11t13 -7.24 0.44 21.87 0.34 -7.65 0.29 -9.84 0.44 27.12 0.52 -9.77 0.3 

11t12 -7.11 0.23 1.87 0.29 -6.01 0.34 -9.12 0.35 0.43 0.29 -9.62 0.35 

12t13 -7.72 0.35 19.74 0.43 -7.61 0.46 -8.42 0.36 26.93 0.64 -8.91 0.33 

13t14  -7.41 0.34 -8.78 0.51 -7.61 0.35 -9.12 0.39 -4.64 0.47 -9.42 0.41 

12t14  -7.71 0.31 12.04 0.65 -7.34 0.32 -9.11 0.44 21.36 0.84 -9.41 0.35 

12t19  -7.99 0.29 -7.3 0.8 -10.94 0.3 -13.24 0.45 -4.74 0.91 -9.81 0.39 

14t20  -7.52 0.45 -3.12 0.9 -10.95 0.2 -13.11 0.49 2.34 1.04 -9.17 0.42 

19t20 -11.45 0.23 13.33 0.81 -11.62 0.42 -10.98 0.5 25.19 1.06 -13.52 0.26 

13t16 -7.63 0.36 -19.82 1.04 -8.41 0.29 -9.05 0.3 -14.64 1.23 -10.21 0.31 

15t16 -8.62 0.44 20.69 0.27 -8.42 0.38 -10.32 0.4 26.3 0.51 -10.56 0.4 

15t17  -8.91 0.29 15.12 0.78 -9.16 0.24 -10.42 0.41 22.46 0.88 -10.89 0.35 

16t17 -8.85 0.35 -4.3 0.48 -9.08 0.25 -10.66 0.39 -3.26 0.5 -10.94 0.52 

17t18  -9.21 0.38 -4.62 0.99 -11.91 0.4 -10.94 0.33 -0.65 0.97 -12.81 0.42 

Table 3.2: Table 2.2: MM→QM/MM relative binding free energies for a set of Neuraminidase 

perturbations. ΔG1 is the QM/MM correction for λ=0 in the bound state. ΔG2 is the MM free 

energy changes between our two endstates in our bound free energy simulations. ΔG3 is the 

QM/MM correction for λ=1 in the bound state. ΔG5 is the QM/MM correction for λ=1 in the 

free state. ΔG6 is the MM free energy changes between our two endstates in our aqueous free 

energy simulations.   ΔG7 is the QM/MM correction for λ=0 in the free state. The errors shown 

were calculated from four independent simulations using standard error. 
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Compound Perturbation  

Pathway 

ΔΔGbind  

(MM) 

(kcal.mol
-1

) 

Error ΔΔGbind  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error Exp 

 

17 (□ (Et, Et)) [11t13+13t16+16t17] -9.69 1.43 -10.64 1.6 -7.15 

14 (○ (Et, Et)) [11t13+13t14];[11t12+12t14] -8.64 1.03 -9.66 1.27 -6.76 

18 (□ ((CH2)2Ph, Pr)) [11t13+13t16+16t17+17t18] -13.66 2 -15.06 2.13 -6.51 

20 (○ ((CH2)2Ph, Pr)) [11t12+12t19+19t20] -13.92 1.75 -15.07 1.91 -6.51 

16 (□ (Me, Me)) [11t13+13t16] -8.65 1.26 -10.54 1.43 -5.45 

13 (○ (Me, Me)) [11t13] -5.25 0.62 -5.59 0.97 -2.67 

15 (□ (Me, H)) [11t13+13t16+16t15] -3.04 1.39 -3.63 1.59 -2 

19 (○ ((CH2)2Ph, H)) [11t12+12t19] -1.12 1.28 -1.33 1.45 -1.71 

12 (○ (Et, H)) [11t12];[11t13+13t12] 1.69 0.7 2.29 0.95 -1.63 

11 (○ (Me, H))  0 0 0 0 0 

Table 3.3: MM-RETI and MM→QM/MM relative binding free energies for a set of 

Neuraminidase perturbations in reference to compound 11. ΔΔGbind (MM) is the overall binding 

free energy change between our endstates in MM. ΔΔGbind (MM→QM/MM) is the overall 

binding free energy change between our endstates in QM/MM. The errors shown were 

calculated from four independent simulations using standard error. 
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Neuraminidase – Charge Perturbation Results 

Ligand 11 

Free 

CF ΔG71 

 (MM) 

(kcal.mol
-1

) 

Error ΔG72  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG7  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG7   

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.23 0.01 -7.52 0.13 -7.75 0.13 -9.68 

1.05 -1.18 0.05 -6.89 0.19 -8.07 0.19  

1.07 -1.65 0.03 -6.03 0.21 -7.68 0.21  

1.10  -2.39 0.01 -5.28 0.22 -7.67 0.27  

1.15  -3.55 0.06 -4.41 0.34 -7.96 0.35  

1.20  -4.75 0.09 -4.05 0.35 -8.8 0.41  

Table 3.4: Charge Perturbation free energies for the free leg of ligand 11. ΔG71 is the MM free 

energy change at a specific scaling factor. ΔG72 is the QM/MM free energy change. ΔG7 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG12  

(MM) 

(kcal.mol
-1

) 

Error ΔG13  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG1  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG1  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.23 0.05 -7.49 0.1 -7.72 0.21 -7.18 

1.05 -1.17 0.11 -6.92 0.2 -8.09 0.22  

1.07 -1.62 0.14 -5.52 0.19 -7.14 0.22  

1.10  -2.32 0.17 -4.27 0.21 -6.59 0.31  

1.15  -3.49 0.16 -3.84 0.19 -7.33 0.32  

1.20  -4.69 0.09 -1.98 0.34 -6.67 0.47  

Table 3.5: Charge Perturbation free energies for the bound leg of ligand 11. ΔG12 is the MM free 

energy change at a specific scaling factor. ΔG13 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Ligand 12 

Free 

CF ΔG51  

(MM) 

(kcal.mol
-1

) 

Error ΔG52  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.23 0.09 -9.72 0.19 -9.95 0.21 -9.41 

1.05 -1.15 0.12 -9.62 0.21 -10.77 0.24  

1.07 -1.62 0.16 -7.78 0.28 -9.4 0.32  

1.10  -2.34 0.23 -7.66 0.35 -10 0.42  

1.15  -3.5 0.22 -6.6 0.36 -10.1 0.42  

1.20  -4.7 0.25 -5.74 0.43 -10.44 0.5  

Table 3.6: Charge Perturbation free energies for the free leg of ligand 12. ΔG51 is the MM free 

energy change at a specific scaling factor. ΔG52 is the QM/MM free energy change. ΔG5 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG32  

(MM) 

(kcal.mol
-1

) 

Error ΔG33  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.23 0.08 -7.98 0.19 -8.21 0.21 -7.82 

1.05 -1.14 0.11 -7.34 0.27 -8.48 0.29  

1.07 -1.61 0.2 -5.86 0.32 -7.47 0.38  

1.10  -2.29 0.35 -5.36 0.41 -7.65 0.54  

1.15  -3.43 0.32 -5.21 0.44 -8.64 0.54  

1.20  -4.62 0.3 -4.42 0.46 -9.04 0.55  

Table 3.7: Charge Perturbation free energies for the bound leg of ligand 12. ΔG32 is the MM free 

energy change at a specific scaling factor. ΔG33 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Ligand 13 

Free 

CF ΔG51  

(MM) 

(kcal.mol
-1

) 

Error ΔG52  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.23 0.11 -9.25 0.19 -9.48 0.22 -9.42 

1.05 -1.14 0.18 -8.87 0.24 -10.01 0.3  

1.07 -1.59 0.19 -7.41 0.33 -9 0.38  

1.10  -2.27 0.2 -7.78 0.35 -10.05 0.4  

1.15  -3.41 0.31 -5.82 0.48 -9.23 0.57  

1.20  -4.55 0.43 -4.43 0.41 -8.98 0.59  

Table 3.8: Charge Perturbation free energies for the free leg of ligand 13. ΔG51 is the MM free 

energy change at a specific scaling factor. ΔG52 is the QM/MM free energy change. ΔG5 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG32  

(MM) 

(kcal.mol
-1

) 

Error ΔG33  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.23 0.18 -8.75 0.22 -8.98 0.28 -7.72 

1.05 -1.14 0.24 -8.01 0.35 -9.15 0.42  

1.07 -1.6 0.28 -6.99 0.28 -8.59 0.4  

1.10  -2.26 0.26 -6.44 0.39 -8.7 0.47  

1.15  -3.44 0.22 -5.15 0.35 -8.59 0.41  

1.20  -4.57 0.36 -4.73 0.31 -9.3 0.48  

Table 3.9: Charge Perturbation free energies for the bound leg of ligand 13. ΔG32 is the MM free 

energy change at a specific scaling factor. ΔG33 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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CDK2 – MM-RETI Results 

Pert Exp 

(kcal.mol
-1

) 

ΔΔGbind 

(kcal.mol
-1

) 

Error ΔGprot 

(kcal.mol
-1

) 

Error ΔGwat 

(kcal.mol
-1

) 

Error ΔGvac 

(kcal.mol
-1

) 

Error 

21t25  1.61 6.86 0.24 37.67 0.18 30.81 0.16 26.79 0.04 

21t22  3.27 -1.22 0.6 16.8 0.55 18.03 0.25 15.48 0.04 

21t24  2.04 -3.1 0.37 4.06 0.27 7.16 0.25 5.67 0.01 

21t33 0.19 1.21 0.58 17.61 0.4 16.4 0.41 18.71 0.15 

21t26 0.13 -2.4 0.19 -6.67 0.13 -4.27 0.14 -6.45 0.02 

21t27  -0.41 -1.87 0.19 8.94 0.14 10.81 0.13 8.96 0.02 

35t34  3.55 -2.06 0.54 37.72 0.37 39.78 0.39 37.4 0.15 

32t38 1.87 9.47 0.94 19.09 0.6 9.62 0.73 9.24 0.16 

21t29 -0.17 -0.66 0.36 -43.84 0.26 -43.18 0.27 -37.67 0.1 

21t23  1.26 -1.45 0.58 -12.39 0.4 -10.93 0.42 -12.74 0.02 

23t26  -1.13 -0.52 0.35 5.76 0.24 6.28 0.25 6.26 0.01 

21t36 2.33 -5.18 0.59 -7.49 0.4 -2.31 0.44 1.48 0.07 
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32t31 0.5 -1.86 0.52 19.48 0.29 21.34 0.37 19.7 0.15 

21t35 -2.18 -3.36 0.79 -26.14 0.55 -22.78 0.57 -13.8 0.31 

21t28 0.77 -4.49 0.63 7.2 0.42 11.69 0.47 9.24 0.06 

24t27 2.45 1.07 0.21 4.49 0.14 3.42 0.16 3.28 0.01 

21t32 -0.58 -10.21 0.72 -36.72 0.52 -26.51 0.5 -19.42 0.53 

21t30 0.33 -4.7 0.35 -18.32 0.26 -13.63 0.26 -9.99 0.04 

21t37 0.96 0.05 0.29 -33.75 0.21 -33.8 0.24 -30.61 0.04 

Table 4.1: MM-RETI relative binding free energies for a set of CDK2 perturbations. ΔΔGbind is 

the overall binding free energy change between our endstates. ΔGprot is the free energy change 

for the bound leg, ΔGwat is the free energy change in aqueous solution and ΔGvac is the free 

energy change within a vacuum. The errors shown were calculated from four independent 

simulations using standard error. 

 

 

CDK2 – MM→QM/MM-FEP Results 

Pert ΔG1 Error ΔG2 Error ΔG3 Error ΔG5 Error ΔG6 Error ΔG7 Error 

21t25  -0.35 0.08 37.67 0.18 -0.62 0.17 0.32 0.16 30.81 0.16 -0.44 0.14 

21t22  -0.29 0.18 16.8 0.55 -0.78 0.21 0.22 0.21 18.03 0.25 -0.65 0.12 

21t24  -0.26 0.15 4.06 0.27 -0.69 0.19 0.17 0.12 7.16 0.25 -0.72 0.19 

21t33 -0.24 0.09 17.61 0.4 -2.34 0.43 -1.81 0.1 16.4 0.41 -0.52 0.34 

21t26 -0.21 0.12 -6.67 0.13 -0.31 0.16 0.33 0.09 -4.27 0.14 -0.32 0.12 

21t27  -0.32 0.14 8.94 0.14 -0.55 0.14 0.19 0.14 10.81 0.13 -0.41 0.14 

35t34  -2.23 0.36 37.72 0.37 -3.21 0.35 -2.51 0.41 39.78 0.39 -2.78 0.31 

32t38 -2.85 0.32 19.09 0.6 -1.2 0.23 -1.33 0.39 9.62 0.73 -1.79 0.21 
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21t29 -0.34 0.15 -43.84 0.26 -2.41 0.38 -1.05 0.19 -43.18 0.27 -0.51 0.32 

21t23  -0.41 0.12 -12.39 0.4 -1.06 0.16 -0.33 0.17 -10.93 0.42 -0.41 0.14 

23t26  -1.01 0.23 5.76 0.24 -0.44 0.18 -0.87 0.18 6.28 0.25 -0.41 0.1 

21t36 -0.23 0.17 -7.49 0.4 -2.69 0.32 -2.88 0.21 -2.31 0.44 -0.35 0.41 

32t31 -2.99 0.28 19.48 0.29 -3.34 0.27 -1.25 0.32 21.34 0.37 -2.15 0.33 

21t35 -0.35 0.18 -26.14 0.55 -2.52 0.41 -2.29 0.1 -22.78 0.57 -0.45 0.39 

21t28 -0.29 0.11 7.2 0.42 -0.88 0.13 0.27 0.09 11.69 0.47 -0.35 0.16 

24t27 -0.75 0.32 4.49 0.14 -0.61 0.1 -0.77 0.1 3.42 0.16 -0.43 0.08 

21t32 -0.32 0.21 -36.72 0.52 -3.05 0.2 -1.78 0.12 -26.51 0.5 -0.33 0.3 

21t30 -0.3 0.22 -18.32 0.26 -3.21 0.34 -1.82 0.14 -13.63 0.26 -0.41 0.34 

21t37 -0.2 0.15 -33.75 0.21 -2.85 0.3 -2.12 0.15 -33.8 0.24 -0.38 0.45 

Table 4.2: Table 2.2: MM→QM/MM relative binding free energies for a set of Neuraminidase 

perturbations. ΔG1 is the QM/MM correction for λ=0 in the bound state. ΔG2 is the MM free 

energy changes between our two endstates in our bound free energy simulations. ΔG3 is the 

QM/MM correction for λ=1 in the bound state. ΔG5 is the QM/MM correction for λ=1 in the 

free state. ΔG6 is the MM free energy changes between our two endstates in our aqueous free 

energy simulations.   ΔG7 is the QM/MM correction for λ=0 in the free state. The errors shown 

were calculated from four independent simulations using standard error. 
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Compound Perturbation  

Pathway 

ΔΔGbind  

(MM) 

(kcal.mol
-1

) 

Error ΔΔGbind  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error Exp 

(kcal.mol
-1

) 

35 (◊ (H, NO2, H))  [21t35]  -3.36 0.89 -3.69 1.05 -2.18 

32 (◊ (H, H, OH))  [21t32] -10.21 0.72 -11.49 0.84 -0.58 

27 (○ (H, H, F)) [21t27] -3.91 0.19 -4.74 0.34 -0.41 

29 (○ (H, OH, H)) [21t29] -0.66 0.36 -2.19 0.66 -0.17 

31 (□ (H, H, OH)) [21t32+32t31] -12.07 0.86 -14.25 0.98 -0.08 

21 (○ (H, H, H))  0 0 0 0 0 

26 (○ (H, F, H)) [21t26]  -4.37 0.31 -5.12 0.4 0.13 

33 (○ (H, NO2, H)) [21t33] 1.21 0.41 0.4 0.7 0.19 

30 (○ (H, H, OH)) [21t30] -4.7 0.35 -6.2 0.65 0.33 

28 (○ (H, H, CF3)) [21t28] -4.49 0.63 -5.7 0.68 0.76 

37 (○ (H, NH2, H)) [27t37] 0.05 0.29 -0.86 0.65 0.95 

23 (○ (H, Cl, H)) [21t23];[21t26+26t23] -1.45 0.75 -2.18 0.81 1.26 

38 (◊ (H, H, NMe2)) [21t32+32t38]  -0.74 1.18 -2.02 1.26 1.28 

34 (□ (H, NO2, H)) [21t35+35t34] -5.42 0.96 -6.22 1.18 1.36 

25 (○ (F, H, H)) [21t25] 6.86 0.24 5.83 0.37 1.6 

24 (○ (H, H, Cl)) [21t24];[21t27+27t24] -3.1 0.47 -4.42 0.57 2.04 

36 (○ (H, H, NO2)) [21t36] -5.18 0.59 -5.11 0.83 2.33 

22 (○ (Cl, H, H)) [21t22] -1.22 0.6 -2.58 0.7 3.27 

35 (◊ (H, NO2, H))  [21t35]  -3.36 0.89 -3.69 1.05 -2.18 

Table 4.3: MM-RETI and MM→QM/MM relative binding free energies for a set of CDK2 

perturbations in reference to compound 21. ΔΔGbind (MM) is the overall binding free energy 
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change between our endstates in MM. ΔΔGbind (MM→QM/MM) is the overall binding free 

energy change between our endstates in QM/MM. The errors shown were calculated from 

four independent simulations using standard error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Michael Carter                                                                                   PhD Thesis 

 291  

CDK2 – Charge Perturbation Results 

Ligand 21 

Free 

CF ΔG72  

(MM) 

(kcal.mol
-1

) 

Error ΔG73  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG7  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG7   

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.37 0 0.68 0.04 0.31 0.04 -0.35 

1.05 -1.91 0.01 1.53 0.12 -0.38 0.12  

1.07 -2.75 0.02 3.56 0.05 0.81 0.05  

1.10  -3.98 0.01 4.54 0.11 0.56 0.11  

1.15  -6.21 0.04 6.97 0.05 0.76 0.06  

1.20  -8.83 0.06 8.42 0.17 -0.41 0.18  

Table 4.4: Charge Perturbation free energies for the free leg of ligand 21. ΔG72 is the MM free 

energy change at a specific scaling factor. ΔG73 is the QM/MM free energy change. ΔG7 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG12  

(MM) 

(kcal.mol
-1

) 

Error ΔG13  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG1  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG1  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.18 0.002 -0.16 0.1 -0.34 0.012 -0.25 

1.05 -0.97 0.01 0.49 0.08 -0.48 0.02  

1.07 -1.37 0.01 0.92 0.12 -0.45 0.02  

1.10  -2 0.04 1.32 0.12 -0.68 0.05  

1.15  -3.13 0.06 2.67 0.08 -0.46 0.07  

1.20  -4.32 0.08 4.67 0.03 0.35 0.08  

Table 4.5: Charge Perturbation free energies for the bound leg of ligand 21. ΔG12 is the MM free 

energy change at a specific scaling factor. ΔG13 is the QM/MM free energy change. ΔG1 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Ligand 22 

Free 

CF ΔG52  

(MM) 

(kcal.mol
-1

) 

Error ΔG53  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.31 0.002 -0.13 0.04 -0.44 0.04 -0.72 

1.05 -1.57 0.01 0.76 0.19 -0.81 0.19  

1.07 -2.22 0.02 1.4 0.15 -0.82 0.15  

1.10  -3.28 0.02 2.67 0.16 -0.61 0.16  

1.15  -5.1 0.02 4.23 0.11 -0.87 0.11  

1.20  -7.1 0.03 6.66 0.24 -0.44 0.24  

Table 4.6: Charge Perturbation free energies for the free leg of ligand 22. ΔG52 is the MM free 

energy change at a specific scaling factor. ΔG53 is the QM/MM free energy change. ΔG5 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG32  

(MM) 

(kcal.mol
-1

) 

Error ΔG33  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.18 0.004 0.39 0.03 0.21 0.03 0.22 

1.05 -0.93 0.02 0.86 0.05 -0.07 0.05  

1.07 -1.29 0.04 1.11 0.07 -0.18 0.08  

1.10  -1.91 0.03 1.78 0.07 -0.13 0.08  

1.15  -2.93 0.04 3.42 0.07 0.49 0.08  

1.20  -4.05 0.03 4.67 0.16 0.62 0.16  

Table 4.7: Charge Perturbation free energies for the bound leg of ligand 22. ΔG32 is the MM free 

energy change at a specific scaling factor. ΔG33 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Ligand 23 

Free 

CF ΔG52  

(MM) 

(kcal.mol
-1

) 

Error ΔG53  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG5  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.34 0.004 -0.46 0.06 -0.8 0.06 -0.33 

1.05 -1.77 0.01 1.27 0.25 -0.5 0.25  

1.07 -2.49 0.01 1.69 0.1 -0.8 0.1  

1.10  -3.65 0.03 2.99 0.4 -0.66 0.4  

1.15  -5.71 0.06 5.67 0.28 -0.04 0.29  

1.20  -7.78 0.03 8.92 0.19 1.14 0.19  

Table 4.8: Charge Perturbation free energies for the free leg of ligand 23. ΔG52 is the MM free 

energy change at a specific scaling factor. ΔG53 is the QM/MM free energy change. ΔG5 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 
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Bound 

CF ΔG32  

(MM) 

(kcal.mol
-1

) 

Error ΔG33  

(QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) 

(kcal.mol
-1

) 

Error ΔG3  

(MM→QM/MM) (Original) 

(kcal.mol
-1

) 

1.01 -0.21 0.07 -0.93 0.02 -1.14 0.07 -1.06 

1.05 -1.09 0.04 0.15 0.08 -0.94 0.09  

1.07 -1.51 0.05 1.17 0.04 -0.34 0.06  

1.10  -2.26 0.03 1.98 0.09 -0.28 0.1  

1.15  -3.36 0.08 3.91 0.23 0.55 0.24  

1.20  -4.75 0.06 5.48 0.19 0.73 0.2  

Table 4.9: Charge Perturbation free energies for the bound leg of ligand 23. ΔG32 is the MM free 

energy change at a specific scaling factor. ΔG33 is the QM/MM free energy change. ΔG3 is the 

combined MM→QM/MM free energy change for each perturbation. This should be 

comparable to the original MM→QM/MM value. The errors shown were calculated from four 

independent simulations using standard error. 

 

 

 

 

 

 

 

 


