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ABSTRACT 

 

 

Dissertation Title: Development of the Drude Polarizable Force 

Field for Molecular Dynamics Simulation 

Fang-Yu Lin, Doctor of Philosophy, 2019  

 

Dissertation Directed By: Dr. Alexander D. MacKerell, Jr.  

Department of Pharmaceutical Sciences, 

University of Maryland School of Pharmacy 

 

Molecular dynamics (MD) simulations have been widely applied to study 

biomolecular systems. While MD simulations have been used in a variety of 

applications, the accuracy of the results depends strongly on the force field (FF) used. 

The commonly used FFs are additive or non-polarizable FFs. However, one limitation 

of the additive FFs is the lack of electronic polarizability to treat molecules. To 

overcome this, an attractive approach is to introduce the explicit treatment of 

electronic polarizability into the potential energy function known as polarizable FFs. 

In Chapter 1, an overview of the CHARMM empirical FF as well as the development 

and application of the polarizable CHARMM FF based on the classical Drude 

oscillator is presented. 

As noncovalent halogen bonding interactions between halogenated ligands and 

proteins are important in drug design, a well-parametrized polarizable FF for halogen 

containing compounds is required to perform more accurate modeling of halogenated 



 
 

molecules. During the course of this development, a significant contribution of 

halogen-hydrogen bond donor (X-HBD) interactions to ligand-protein complexes was 

uncovered in addition to halogen bond (XB) interactions (Chapter 2). In Chapter 3, 

the development of halogen polarizable FF to both aliphatic and aromatic systems 

using halogenated ethane and benzene model compounds is illustrated, with emphasis 

on optimizing both X-HBD and XB interactions as discussed in Chapter 2. To assure 

good reproduction of X-HBD interactions with proteins, further optimization of atom 

pair-specific Lennard-Jones (LJ) parameters is required for both the polarizable and 

non-polarizable halogen FFs (Chapter 4). Finally, Chapter 5 presents the current 

optimization of polarizable protein FF to yield a more accurate description of the 

polarization response in simulations. The resulting protein FF, referred to as 

Drude-2019, will be more applicable in the study of biomolecular systems. Overall, 

the advances made in this dissertation will facilitate important discoveries of a range 

of chemical and biological phenomena.  
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CHAPTER 1    FORCE FIELDS FOR SMALL MOLECULES USED IN 

BIOMOLECULAR SIMULATIONS
1
  

 

Molecular dynamics (MD) simulations have been widely applied to 

computer-aided drug design (CADD). While MD has been used in a variety of 

applications, such as free energy perturbation and long-time simulations, the accuracy 

of the results from those methods depends strongly on the force field used. Force 

fields for small molecules are crucial as they not only serve as building blocks for 

developing force fields for larger biomolecules but also act as model compounds that 

will be transferred to ligands used in CADD. Currently, a wide range of small 

molecule force fields based on additive or non-polarizable models have been 

developed. While these non-polarizable force fields can produce reasonable 

estimations of physical properties and have shown success in a variety of systems, 

there is still room for improvements due to inherent limitations in these models 

including the lack of an electronic polarization response. For this reason, 

incorporating polarization effects into the energy function underlying a force field is 

believed to be an important step forward, giving rise to the development of 

polarizable force fields. Recent simulations of biological systems have indicated that 

                                                      
1
 Reprinted by permission from Springer Nature Biomolecular Simulations: Methods 

and Protocols by Fang-Yu Lin and MacKerell D. Jr. Copyright (2019). 
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polarizable force fields are able to provide a better physical representation of 

intermolecular interactions and, in many cases, better agreement with experimental 

properties than non-polarizable, additive force fields. Therefore, this chapter focuses 

on the development of small molecule force fields with emphasis on polarizable 

models. It begins with a brief introduction on the importance of small molecule force 

fields and their evolution from additive to polarizable force fields. Emphasis is placed 

on the additive CHARMM General Force Field and the polarizable force field based 

on the classical Drude oscillator. The theory for the Drude polarizable force field and 

results for small molecules are presented showing their improvements over the 

additive model. The potential importance of polarization for their application in a 

wide range of biological systems including CADD is then discussed. 

 

1.1 Introduction 

Computer-aided drug design (CADD) is assuming an important role in drug 

development, speeding up the identification of lead compounds as well as facilitating 

their optimization into new therapeutic agents. Molecular dynamics (MD) simulations 

based on molecular mechanics have been widely used in CADD to predict binding 

orientations and provide thermodynamic information, including the prediction of the 

binding affinity of ligands.
1
 MD simulations are based on solving Newton’s equations 
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of motion in which the required forces are obtained from a molecular mechanics or 

empirical force field. Hence, force fields for small organic, drug-like molecules are 

required and crucial to ensure the accuracy of MD simulations of ligands in drug 

discovery. MD simulations of ligands alone may be of utility in the context of 

ligand-based drug design,
2–6

 or be performed in the presence of the macromolecule, 

typically a protein, and remaining environment in the context of target-based or 

structure-based drug design.
7–10

  

Generating a force field for drug-like ligands represents a significant challenge. 

Unlike proteins, where the chemical space has relatively limited boundaries (e.g., 

amino acid side chains and peptide backbone), drug-like molecules have an almost 

infinite number of possible atom combinations. Although drug-like molecules can be 

broken down into different pieces, the properties of each chemical group could vary 

because of the neighboring chemical moieties, especially in conjugated systems. For 

example, the property of benzene is different from the property of a benzene with a 

hydroxyl group attached to it. On the other hand, chemical groups such as phenol or 

imidazole that are linked by extended aliphatic containing moieties do largely 

maintain their chemical characteristics, allowing for a drug-like molecule force field 

to be treated as a collection of individual chemical group parts. Thus, the development 

of accurate organic molecule force fields is challenging and requires large numbers of 
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small model compounds that will act as the parts to be combined to create drug-like 

molecules.  

 With the increased interest of modeling and simulation in drug discovery, efforts 

have been ongoing in the development of drug-like molecule force fields since the 

early 1980s. Nowadays, the widely used force fields for small molecules are 

OPLS-All-Atom (OPLS-AA),
11

 OPLS3,
12

 the CHARMM General force field 

(CGenFF) force field,
13–16

 the General AMBER Force Field (GAFF),
17,18

 Merck 

Molecular Force Field (MMFF),
19–23

 and GROMOS.
24–28

 These force fields have been 

actively maintained and regularly improved to include new parameters for a wider 

range of chemical entities. As manual assignment of parameters for a new molecule 

requires much experience and is error-prone, algorithms for automatically identifying 

atom types and generating parameters for molecules have been developed. For 

example, AnteChamber
18

 was designed to generate GAFF and AMBER topologies, 

and the CGenFF program, accessible through the ParamChem
14,15

 website, was 

designed to generate CHARMM topologies and parameters based on CGenFF. Other 

parameter assignment programs include ATB
29

 and PRODRG
30,31

 for GROMOS, as 

well as MATCH
32

 and SwissParam
33

 for CHARMM.  

The majority of force fields for small molecules currently in use are referred to 

as additive or non-polarizable force fields. These force fields share certain basic 
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characteristics: a potential energy function and the parameters used in the energy 

function. The term “additive” is based on the use of Coulomb’s law to treat 

electrostatic interactions with the partial atomic charges, q, being static or fixed, such 

that the electrostatic energy of the system is simply the sum of all individual 

atom-atom Coulombic interactions. An example of the typical potential energy 

function is shown in equation 1-1. 

                
 

     

          
                    

               

  

       
       

   
 

  

   
       

   
 

 

 

       

    
    

       
        

           1 1  

Equation 1-1 includes a simple functional form to describe bonded (or internal) 

energies and nonbonded energies. Bonded energies come from interactions between 

covalently bound atoms within three covalent bonds, which include bond and valence 

angle terms computed based on harmonic stretching and bending potentials, and 

dihedral angle term expressed as a cosine series expansion. The symbols in equation 

1-1 are as follows: b0 and θ0 are equilibrium values for the bond length and valence 

angle between atoms, respectively; n is the dihedral multiplicity; δ is the dihedral 

angle phase; and kb, kθ and kχ are force constants for bonds, angles and dihedral 

terms. The values of b, θ, and χ are the bond length, valence angle, and dihedral angle 

for a given atomic configuration. Nonbonded energies are described by van der Waals 
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(vdW) and electrostatic interactions. Calculation of these interactions is normally 

excluded for atoms connected by one or two covalent bonds (so-called 1–2 and 1–3 

pairs, respectively). Energies from vdW interactions are often calculated based on the 

Lennard-Jones (LJ) 6–12 potential that models electronic repulsion and dispersive 

interactions. As stated above the electrostatic energies are calculated based on 

Coulomb’s formula, where each atom is assigned a fixed point charge, also known as 

partial atomic charges. In equation 1-1, rij is the distance between two atoms i and j, 

Rmin, ij is the radius (the distance at which the LJ energy is minimum , and εij is the 

well depth. Once a functional form has been selected, all of the parameters in that 

functional form for the different types of chemical entities in the force field must be 

optimized, a process called parametrization.  

 While the additive force fields have been used for many years and are 

remarkably successful in biomolecular MD simulations and CADD, there are still 

inherent limitations in these additive models. One limitation is the lack of explicit 

treatment of electronic polarizability to model molecules. This limitation is present 

because the partial atomic charges are fixed, treating the induced polarization in a 

mean-field average way; however, in reality the electron density of an atom is not 

static and should be able to adjust in response to the local electric field, such that the 

electronic polarizability of molecular systems is typically underestimated in 
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condensed phases in most of the additive force fields.
34

 To implicitly treat 

polarization response and give a better representation of the electrostatic properties in 

condensed phases, a common strategy in additive force fields is to overestimate the 

gas-phase dipole moment of the molecule, typically on the order of 20% or more in 

the dipole moment.
35

 This is based on the fact that molecular dipole moments in 

condensed phases are generally larger than that in the gas phase. For example, the 

dipole moment of water in the gas phase is 1.9 D
36

 whereas in small clusters it is 2.1 

D
37

 and in the liquid phase 2.9 D.
38

 Accordingly, a fixed charge model is unable to 

obtain accurate properties in different environments, although by implicitly including 

polarizability through overestimation of the dipole moment has been shown to better 

model biomolecular systems. While the additive models have shown good agreement 

with condensed phase properties, such as experimental molecular volumes and 

enthalpies of vaporizations, this approach is unable to accurately represent the 

polarization response when molecules are experiencing changes between polar and 

non-polar environments. For example, in biological systems when a ligand is binding 

to a protein, or a small molecule is passing through a membrane, the charge 

distribution of the molecule will change in response to the local electric fields. 

However, using fixed charges in simulations will not model such variation of 
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electrostatic properties, thereby the accuracy of the simulation using the additive force 

field is limited.  

 To solve this problem, a promising approach is to introduce the explicit treatment 

of electronic polarizability into the potential energy function. Recent advances in 

polarizable force fields have demonstrated the benefits of explicitly treating the 

polarization effects, and have yielded improvements and better representations over 

the additive force fields in a range of system.
39–44

 For example, the polarizable models 

are able to more accurately treat molecular systems in environments with different 

polar characters, such as the ion distribution near the water−air interface,
45–48

 ion 

permeation through ion channel proteins,
49–51

 water-lipid bilayer interactions,
52,53

 

protein folding,
54

 and protein-ligand binding.
55–60

 In the remainder of this chapter we 

first present a short overview of the widely used CGenFF
13,16

 and GAFF
17

 additive 

force fields with the remainder of the chapter focusing on the development of 

polarizable force fields of small molecules and their improvements in several aspects.  

  

 

1.2 Additive CHARMM General Force Field and General AMBER Force 

field 

1.2.1 Additive CHARMM general force field 

CHARMM General Force Field (CGenFF)
13,16

 is a force field developed for 

drug-like molecules and is compatible with CHARMM36 additive biomolecular force 
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field.
61–76

 It is associated with of a wide range of model compounds, which were 

highly optimized based on a standard CGenFF parametrization protocol.
13

 The 

protocol involves parametrizing partial atomic charges targeting QM dipole moments 

and water interaction energies, LJ parameters targeting experimental condensed phase 

properties and bonded parameters targeting QM calculated geometries, vibrational 

spectra and dihedral potential energy scans. More importantly, the parametrization 

philosophy in CGenFF focuses on the transferability among the model compounds 

rather than over-fitting of the parameters, such that the developed parameters for the 

small molecular will be appropriate building blocks for larger drug-like molecules.  

The CGenFF program
14,15

 automatically provides CGenFF parameters for a 

molecule. This process includes atom typing, followed by parameters and charges 

being assigned in an automated fashion by analogy to those in the highly optimized 

small model compounds existing in CGenFF. The first step of assigning parameters is 

to assign atom types for atoms of a given molecule. This is carried out by the “atom 

typer” module in the CGenFF program. In practice, the atom typer will first retrieve 

the information of atoms in the molecule, the connectivity pattern of these atoms, and 

the bond types between these atoms, which are typically obtained through mol2 

format file. Then, the assignment of the atom types is determined through a decision 

tree based on a rule file that has many subcategories for different chemical properties, 
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such that according to the decision tree, the atom typer will proceed from the main 

category to the next subcategory until the condition for each atom is satisfied leading 

to assignment of the atom type. Next, the CGenFF program will assign bonded 

parameters and charges to the given molecule based on those atom types. However, as 

existing bonded parameters are often not present in CGenFF for a given connectivity 

of atoms, the missing bonded parameters are identified by analogy based on the 

similarity between the atom types that define the parameters. Charges are assigned 

through a bond-charge increment scheme, similar to that implemented in 

MMFF94.
19–23

 Notably, in addition to single charge increment for each bond, there are 

two charge increments for each angle and three charge increments for each dihedral 

angle in the CGenFF program. While such approach requires the optimization of the 

charge increments, it has the advantage of capturing the inductive and resonance 

effects as well as improve transferability between the dihedral parameters and the 1–4 

electrostatic interactions. Finally, a “penalty score” is returned for bonded and charge 

parameters that are assigned based on analogy, allowing users to estimate the quality 

of the force field for the given molecule, such that parameters with small penalties are 

assumed to be of better accuracy versus those with high penalties. However, it should 

be emphasized that the penalties are based on analogy rather than based on the 

reproduction of specific target data, such that parameters with higher penalties may be 
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of suitable accuracy while parameters with low or zero penalties may be of limited 

accuracy due to their being in a chemical connectivity not included in the original 

parametrization. Accordingly, it is suggested that when the parameters for a given 

molecule are critical, such as with a lead compound that will undergo extensive 

optimization, the user should perform QM calculations to determine if the geometry 

and conformational energies are satisfactory. This effort could include comparison of 

the empirical and QM dipole moments as well as interactions with water. Information 

on our webpage ( http://mackerell.umaryland.edu/ ) as well as tools such as the Force 

Field Toolkit (ffTK)
77

, or General Automatic Atomic Model Parametrization 

(GAAMP) utility
78

 can be accessed to facilitate such a process. 

 

1.2.2 Additive general AMBER force field 

General AMBER Force Field (GAFF)
17

 is designed for a wider range of organic 

molecules that are compatible with existing AMBER force fields which were 

developed primarily for proteins and nucleic acids,
79,80

 with subsequent extensions to 

carbohydrates
81–83

 and lipids.
84

 In the original version of GAFF,
17

 there were 33 basic 

atom types and 22 special atom types to cover most of the chemical space having the 

elements H, C, N, O, S, P, F, Cl, Br, and I. The atom types in GAFF are determined 

based on the element, hybridization, aromaticity, and chemical environment. In 

http://mackerell.umaryland.edu/
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practice, for each atom the match is performed through each definition string; so when 

a successful match is achieved, the atom type is assigned. The bonded parameters are 

derived based on empirical functions associated with reference data including QM 

results, empirical rules and crystal structures. The charges in GAFF are computed 

from QM ab initio (i.e. HF/6-31G* RESP charge)
80,85,86

 or AM1-BCC semi-empirical 

model.
87

. Thus, the charges in GAFF are explicitly determined for each molecule 

based on the QM method applied. Accordingly, the charge determination requires a 

significant amount of computational time, which possibly becomes a bottleneck in 

high-throughput applications requiring a large numbers of molecules. This contrasts 

CGenFF where the charge assignment is instantaneous. In addition, GAFF does not 

supply any metric of the quality of the assigned parameters. 

 

 

1.3 Polarizable Force Fields 

 With the increasing focus on the polarization response in simulations, several 

polarizable force fields have been developed. Currently, polarizable functional forms 

used in polarizable force fields can be classified into three categories: the fluctuating 

charge model, the induced dipole model, and the classical Drude oscillator model. 

These models are briefly introduced below. In all three models, the remainder of the 

functional form of the potential energy function is largely the same as in additive 
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force fields, though variations are seen.   

 

1.3.1 Fluctuating charge model 

 In the fluctuating charge model, the calculation of electrostatic energies involves 

the partial atomic charges on the molecule redistributing in response to the electric 

field from the environment such that the molecular dipole changes. The redistribution 

of the charges between atoms is based on the relative electronegativity and hardness 

of each atom, while the overall charge on the molecule is maintained. This model has 

been used in the universal force field (UFF) developed by Rappe et al.,
88

 force fields 

developed by Berne, Friesner, and co-workers,
89–91

 and in the CHARMM fluctuating 

charge (FQ) force field.
92,93

 However, one limitation of this model is its inability to 

describe the out-of-plane polarization directly for planar systems, such as water or 

conjugated molecules, which is due to electrons only being able to redistribute 

between atoms in the plane of the molecule. A strategy to solve this problem is to add 

out-of-plane virtual sites so that the redistribution of the charge is possible in the 

orthogonal direction to yield the out-of-plane polarization. Another limitation is the 

application in monatomic ions, as the redistribution of the charge is not possible for a 

single charge site. Thus, in early studies of ion solvation with the fluctuating charge 
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model for water, a modified Drude oscillator (described below) was used for the 

monatomic ions to model the electronic polarization.
94

 

 

1.3.2 Induced dipole model 

 In this representation, inducible dipoles are added to atomic sites. As shown in 

equation 1-2, the dipole moment (  ) induced on the atom (i) is proportional to its 

atomic polarizability (αi) and the total electric field at that site. The total electric field 

includes electrostatic fields   
  and   

 
, where   

  is created on the atom (i) by the 

permanent charges, and   
 
 is created by the other induced dipoles from the rest of 

the atoms in the system.  

        
    

 
              (1 2  

Thus, the contribution of the polarization energy, Upol, to the total nonbonded energy 

is described as: 

      
 

 
    

 

              1    

The induced point dipole model has been used in several polarizable force fields, 

including OPLS/PFF,
95

 AMBER,
96–100

 and PIPF
101

 as well as force fields developed 

by Berne, Friesner, and co-workers,
95,102

 in the water, ion, and small molecule force 

field of Dang and coworkers,
103–105

 and others.
106–109

 Ren and Ponder combined the 
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induced dipole model with atomic multipoles through the quadrupole moments in the 

treatment of the electrostatic interactions in the context of the AMOEBA force 

field.
110–112

 However, the induced dipoles are typically determined by a self-consistent 

field (SCF) iterative procedure followed by the calculation of the electrostatic energy 

of the system from the charge–charge, charge–dipole, and dipole–dipole 

interactions,
113

 representing a bottleneck associated with the demanding 

computational time. To reduce computation, Wang et al. proposed the iAMEOBA
114

 

approach with induced dipoles initially set to zero such that the response of induced 

dipoles to the permanent electrostatics has no mutual induction, thereby avoiding the 

iterative SCF step. Recently, Albaugh et al. developed a new approach, 

(iEL/0-SCF)
115

 based on iEL/SCF Lagrangian scheme,
116

 from which the auxiliary 

induced dipoles serve as initial guesses for the real induced dipoles and stay close to 

the Born–Oppenheimer surface to achieve a SCF-less calculation. An interesting 

alternative has been introduced by Brooks and coworkers in which the induced 

dipoles are treated using perturbation theory
117

 and the multipoles are treated using 

spherical harmonics.
118

 That model, term MPID, was recently shown to be equivalent 

to the Drude model in a study in which the Drude parameters were mapped on to the 

MPID formalism.
119

 

 

1.3.3 Classical Drude oscillator model 
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 The classical Drude oscillator model is also referred to as the Shell or 

charge-on-spring model. In the Drude oscillator model, explicit polarization is 

introduced by attaching a charged auxiliary particle (the Drude oscillator or particle) 

with a harmonic spring to the core (i.e. nuclei) of each polarizable atom, which allows 

the atomic dipoles to adjust in response to the surrounding electronic field by simply 

minimizing the position of the Drude particles with the atomic core fixed (Figure 1.1). 

This is analogous to the SCF calculation in the context of the Born-Oppenheimer 

approximation. The electrostatic energy is then obtained from the Coulombic 

interactions between the atomic and Drude charges (equation 1-4). Accordingly, the 

Drude oscillator model retains many of the pair-wise features of the functional forms 

as those in the additive models (equation 1-1), but the potential energy function is 

modified to further include the energy results from the Drude particles thereby 

explicitly treating polarizability. In equation 1-4, qi and qj are the charges on atom i 

and j, qD,i, and qD,j are charges on the respective Drude particles, ri, rj, rD,i and rD,j are 

their locations. 

                
 

   
  

    

       
     

      

         
     

        

           
            (1-4) 
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Figure 1.1 Schematic of the Drude oscillator model. Schematic of the Drude 

oscillator model. The addition of Drude particles to carbon (C) and oxygen (O) atoms 

via harmonic springs with a force constant,    
, and the subsequent distribution of 

charge between the atoms (qC and qO) and their respective Drude oscillators (qDO and 

qDO) are presented. Virtual particles to mimic the lone-pairs on the oxygen atom are 

labeled “LPA” and "LPB" with the charge, qLPA and qLPB. The anisotropic polarization 

tensor components on the oxygen are labeled as    
  and    

 . The other tensor 

component is orthogonal to    
  and    

 
 and is not shown.   

 In the Drude model the isotropic atomic polarizability, α, is defined based on the 

magnitude of the charge on the Drude particle, qD, and the force constant, K
D
, on the 

spring attaching the Drude particle to the atomic core as shown in equation 1.5. 

  
  

 

                (1-5) 

Thus, the value of α will determine the charge assigned to the Drude particle (qD), and 

the total partial atomic charge on the atom (qA) will be qA=q－qD, where q is the 

charge assigned to the atomic core. From this description, polarization is determined 

by a pair of point charges (qA and qD) separated by a variable displacement, d, 
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between the Drude particle and the atomic core, which is able to adjust in response to 

the electric field, E, according to the equation 1-6:  

  
  

           (1-6) 

The induced atomic dipole, μ, will be calculated as:  

  
  

 

      (1-7) 

The electrostatic component of the potential energy function therefore includes 

Coulombic electrostatic interactions between atom-Drude and Drude-Drude pairs as 

shown in equation 1-4 above and a harmonic self-polarization term, Uself, calculated 

using:  

                (1-8)  

The resulting total potential energy function, U, in the polarizable force field will 

become an extension of the additive energy functional form with U calculated as:  

                                                (1-9) 

where Ubond indicates the bonded internal energy terms (e.g. bonds, angles, and 

dihedrals), ULJ is the LJ energy term, Uelec represents all the Coulombic electrostatic 

interactions (e.g. interactions between atom-atom, atom-Drude, and Drude-Drude 

pairs), and the self-polarization Uself. The Drude particles in the CHARMM Drude 
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polarizable force field are only associated with non-hydrogen atoms, which has been 

shown to be sufficient to reproduce molecular polarizabilities and to 

minimize computational cost in the calculation of electrostatic interactions.
120

 

 The representation of Uself in equation 1-8 treats polarization isotropically, where 

the K
D

 is the scalar value of harmonic force constant. To improve nonbond interaction 

as a function of orientation, the polarization on the Drude particle can be treated 

anisotropically. This is achieved by expanding the scalar K
D
 to a tensor K

D
, as shown 

in equation 1-10 such that the anisotropic form of Uself becomes:  

      
 

 
    

   
     

   
     

   
        (1-10) 

where d1, d2, d3 are the projections of the Drude particle-atom displacement vectors 

on the orthogonal axes defined based on the local molecular frame, and K
D
 is a tensor 

with off-diagonal elements set to zero. Additionally, lone pairs can be added to further 

improve the description of electronic distribution around hydrogen bond acceptor 

atoms (Figure 1.1).
121

 The combination of anisotropic polarization and lone pairs 

results in an improved description of functional groups acting as hydrogen-bond 

acceptors 
121

.  

 Another difference from the additive model is that the Drude model includes 

explicit treatment of induced dipole–dipole interactions for 1–2 and 1–3 atom pairs. 

This allows for better treatment of molecular polarizabilities as first introduced by 
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Thole. However, as the induced dipoles are treated as point charges that are in close 

proximity (Figure 1.2  and, therefore, not well modeled using Coulomb’s law, those 

electrostatic interactions are screened by a Thole-like screening function Sij 
122

: 

               
          

       
 

  
      

           

      
 

  
       (1-11) 

where rij is the distance between atoms i and j, αi and αj are respective atomic 

polarizabilities, ti and tj are the respective atomistic Thole screening factors that 

dictate the degree of scaling. The use of atom specific Thole screening factors along 

with the 1-2 and 1-3 interactions is particularly useful with respect to the reproduction 

of molecular polarizability tensors, as shown schematically in Figure 1.2. 
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Figure 1.2 Schematic illustration of the directional response in the Drude oscillators 

model under an external electric field, E, due to the 1–2 dipole–dipole interactions 

caused by atom-Drude pairs with charges of qA1-qDA1 and qA2-qDA2, respectively. a. 

When E is perpendicular to the bond, the 1–2 dipoles damp each other, decreasing the 

molecular polarizability response perpendicular to the bond. b. When E is parallel to 

the bond, the 1–2 dipoles enhance each other thereby increasing the molecular 

polarizability along with bond. 

  

 While the Drude model has performed well, accurately reproducing QM and 

experimental target data in a variety of systems, it has been observed that the 

hydration free energies were shown to be overestimated compared to the experimental 

values. One explanation for this is that the Lorentz-Berthelot combining rules
123

 

(equation 1-12 and 1-13) are inadequate to describe the LJ contributions to the 

solvation energies. 

        
    

 
   

    

 
      (1-12) 

                               (1-13) 

To allow for a more accurate reproduction of hydration free energies, the strategy of 

using “atom pair-specific LJ parameters”
124

 between the water oxygen and select 

solute non-hydrogen atoms was developed to override the standard LJ combining 

rules. Thus         and     of an atom pair are not assigned through the combining 

rules (equation 1-12 and 1-13) but they are specified directly according to the atom 

pair-specific LJ parameters (NBFIX in CHARMM nomenclature). By utilizing the 
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atom pair-specific LJ parameters, the hydration free energies of the molecules could 

be improved without affecting pure solvent properties and other molecular 

interactions.  

 One limitation of the Drude model, as well as other polarizable models, is the 

possibility of over-polarization. With the Drude model, this occurs when the Drude 

particle is displaced far from its parent atomic core, resulting in unphysically large 

interaction energies leading to the so-called polarization catastrophe. To prevent this 

from happening, a “hard-wall constraint”
125

 is introduced to prevent Drude particles 

from moving further from a specific displacement, typically is 0.2 Å , from the atomic 

core. The Drude model also includes an additional anharmonic term representing a 

restoring force to prevent excessively large excursions of the Drude particle away 

from the atom,
47,126

 thereby reducing the polarizability of atoms at high electric field. 

This latter term is not commonly used in the current version of the Drude force field. 

 As in other polarizable models, the calculation based on the SCF scheme would 

be time-consuming in simulations. To perform simulations more efficiently, 

Lamoureux and Roux developed an extended Lagrangian approach for the Drude 

model,
127

 in which each Drude particle is given a small mass (0.4 amu) that is 

subtracted from the parent atom (i.e. total mass of the Drude–atom pair is still equal to 

the atomic mass). As the Drude particles are now included in the equations of motion, 
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typically a 1 fs time step is used in simulations to prevent large forces associated with 

the Drude particles, which would be an inherent limiting factor with respect to the 

computational time. Drude polarizable simulations using the extended Lagrangian are 

approximately a factor of two slower due to the additional nonbond calculations 

versus an additive model, with an additional factor of two present if integration time 

steps of 1 versus 2 fs are used for the Drude and additive models, respectively. 

 

 

1.3.4 Scope of the most widely used polarizable force fields  

 The current scope of the most widely used polarizable force fields is summarized 

in Table 1.1. The AMBER polarizable force field has been developed for the study of 

ions,
96,98

 and neat liquid properties of water methanol, and N-methylacetamide.
97

 A 

more extended force field, AMBER ff02, was released including parameters for 

acetamide, dipeptides, and nucleic acid bases and it is available for simulations on 

proteins/peptides and nucleic acids.
99,100

 CHARMM fluctuating charge (FQ) force 

field has been developed for several biomolecules including proteins,
92,93

 lipids,
128

 

and selected carbohydrates.
129

 In addition, this force field has been applied to the 

study of ligand binding to lysozyme,
130

 ion solvation,
131

 and lipid bilayer permeability. 
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132
 Parameters for drug-like small molecules have not been reported with the AMBER 

or CHARMM FQ models.  

 AMOEBA has been developed for water,
110

 ions,
133,134

 and a fully functional 

model for protein.
112

 While the quality of parameters for nucleic acid has not been 

reported in the literature, they are available in the Tinker package
135

 via the website at 

http://dasher.wustl.edu. Currently, AMOEBA polarizable parameters of several small 

organic compounds containing biologically important functional groups have been 

presented, including alkanes, alcohols, amines, sulfides, aldehydes, carboxylic acids, 

amides, aromatics,
136

 and chloromethanes.
137

 While parameters have not been 

reported for simulations on carbohydrates or lipids, AMOEBA has already 

demonstrated its success in various molecular systems where polarization is critical, 

including the study of liquid water,
110,138

 ion solvation properties,
133,139,134

 

computational X-ray crystallography,
140

 ligand-bindings,
141

 N-methyl-acetamide 

dimers, alanine dipeptide conformational study,
142

 and binding free energies 

calculations for small ligands.
55,56,143

 

MacKerell, Roux and co-workers have developed the Drude polarizable force 

field for a range of molecular systems as well as atomic ions. Parameters have been 

published for water models,
144,145

 ions,
47

 and a range of small molecules 

representative of biological macromolecules,
120,146–157

 and more recently of 

http://dasher.wustl.edu/
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halogenated species.
158

 Force field parameters have also been published for 

biomolecules including carbohydrates,
159–162

 proteins,
163

 DN
164–167

 and selected 

lipids.
125,168

 These biomolecular parameters have been used in a number of application 

studies, showing the role of explicit treatment of electronic polarization in the 

cooperativity of both peptide folding and peptide unfolding
169

 as well as base flipping 

in DNA.
170

 Other interesting results include the sensitivity of the solution structure of 

DNA to different types of monovalent ions.
171

 Current efforts on the Drude 

biomolecular force field involve additional refinements, which are anticipated to yield 

improved models of increased accuracy that will yield an optimized picture of the 

physical properties of macromolecules and their relationship to their structure, 

dynamics and function. A more detailed description of the small molecules treated by 

the Drude force field is given below. 

 

Table 1.1 to the top of page 26 The scope of available polarizable force fields. 

 

Force Fields Polarizable models Scope of Biomolecules 

AMBER ff02 Induced Dipole Proteins
99,100

 

Nucleic Acids
99

 

Atomic ions
96,98

 

AMOEBA Induced Dipole Proteins
112

 

Nucleic Acids* 

Small molecules
136,137

 

Atomic ions
133,134

 

CHARMM-FQ Fluctuating Charge Proteins
92,93

 

Lipids
128
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Carbohydrates
129

 

Atomic ions
131

 

CHARMM Drude Classical Drude 

Oscillator 

Proteins
163

 

Nucleic Acids
164–167

 

Lipids
125,168

 

Carbohydrates
159–162

 

Small molecules
120,146–158

 

Atomic ions
47

 

*Parameters have not been reported in the literature, but they are available through 

website at http://dasher.wustl.edu 

 

 

1.4 Parametrization Strategy 

Optimization of parameters for the new potential energy function used in the Drude 

force field requires, to a large extent, optimizing the majority of parameters in that 

force field. In the case of the Drude model, initial guesses for the parameters were 

based on the CHARMM36 additive force field, with the majority of those initial guess 

parameters subjected to analysis as part of Drude force field optimization. In the 

following, we present a detailed overview of the parameter optimization process. 

While a general automated atomic model parameterization (GAAMP) procedure has 

been developed for generating CHARMM Drude polarizable force field parameters of 

small molecules (see below),
78

 its capabilities are limited to very small molecules and 

additional developments of the utility are ongoing. Thus, manually optimizing the 

parameters has typically been undertaken for parametrizing new model compounds, 

though we anticipate that once the foundation of the Drude force field is in place 

http://dasher.wustl.edu/
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automated parametrization utilities will become of much greater utility in the context 

of a Drude General Force Field (DGenFF). 

 

 

 
 

Figure 1.3 Schematic description of the parametrization protocol for the development 

of the CHARMM Drude polarizable force field.  

 

Figure 1.3 gives a general overview of the polarizable force field optimization 

protocol. The first step is to split the biomolecule or drug-like molecule into parts, 

creating a set of model compounds that represent the functional groups present within 

the larger molecule. If the parameters for the model compound(s) are not available, 

then the parametrization of that model compound is required. Once the parameters of 

each model compound are optimized, the bonded parameters related to the covalent 

http://pubs.acs.org.proxy-hs.researchport.umd.edu/doi/full/10.1021/acs.chemrev.5b00505#fig2
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connections between model compounds to yield the full bio- or drug-like molecule 

will need parametrization, particularly with focus on optimizing the dihedral 

parameters. Iterative optimization is undertaken on the small model compounds as 

well as the full bio- or drug-like molecule as required with respect to reproduction of 

the target data, ultimately creating the force field for the larger molecule.  

 

1.4.1 Preparation of target data 

 Prior to the parametrization, the target data needs to be obtained in the case of 

experimental data or calculated in the case of QM data. QM geometry optimization 

for small molecules are generally performed at the MP2/6-31G(d) model chemistry.
172

 

A larger basis set, such as MP2/aug-cc-pVDZ model chemistry,
173

 may be used to 

include diffuse functions and polarization functions in cases of anions or other 

molecules where extensive conjugation occurs. QM frequencies are calculated using 

the optimized geometry with the same model chemistry. For QM frequencies 

calculated at the MP2/6-31G(d) model chemistry, a scaling factor 0.9434 is used to 

account for limitations in the level of theory.
174

 The vibrational frequency scaling 

factor for higher levels of theory can be found in the NIST Computational Chemistry 

Comparison and Benchmark Database.
175

 Assignment of the QM vibrational spectra 

to normal modes can be performed using the MOLVIB facility in the CHARMM 
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program
176–178

 based on the definitions presented by Pulay and coworkers.
179

 The 

dipole moment and molecular polarizability are obtained from single point energy 

calculation based on the gas phase optimized structure. Typically, the MP2/cc-pVQZ 

model chemisty
173

 is used for small molecules. Water-model compound interaction 

energies are calculated at RIMP2/cc-pVQZ with BSSE correction included.
180

 Ideal 

water-model compound interaction geometries involve a water interacting with the 

atom of interest on the molecular with, ideally, no secondary interactions being 

present. Adiabatic dihedral angle scans are performed in 10° or 15° increments for the 

torsion angle where the remaining intramolecular geometry is allowed to relax based 

on the MP2/6–31G(d) level, which is followed by single-point energy evaluation at 

the MP2/cc-pVQZ model chemistry
181

 for each configuration extracted from the scan.  

 Experimental observables are required to optimize the nonbond LJ parameters 

and evaluate the quality of the developed force field. These target data include pure 

solvent dielectric constants, molecular volumes, isothermal compressibilities, heat 

capacities, and enthalpies of vaporization, crystal lattice parameters, internal 

geometries and enthalpies of sublimation, free energies of aqueous solvation, 

self-diffusion coefficients, or osmotic pressures. Thus, a significant amount of 

computational effort is required to reach agreement with all the target data, with that 

effort involves large numbers of simulations as required to test a wide range of 
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parameter space as well as iteratively optimize all the parameters due to the 

correlation of, for example, nonbond and intramolecular parameters. An inherent 

advantage of the polarizable force field over the additive model is its ability to 

simultaneously reproduce gas and condensed phase properties due to explicit 

treatment of polarizability (see examples in section 2.5).  

 

1.4.2 Parametrization protocol 

The parametrization scheme for the development of the CHARMM Drude 

polarizable force field in the context of small molecules is similar to the procedure in 

CGenFF,
13

 but is more complicated as it contains additional electrostatic parameters. 

As discussed in the previous section and shown in Figure 1.3, parametrization of the 

model compounds requires a variety of experimental observables as well as QM 

calculated properties serving as target data, and each step aims to optimize the 

parameters until a satisfactory reproduction of all the target data is obtained. Initial 

parameters for the model compound can be obtained based on the additive 

CHARMM36 force field, generated using GAAMP
78

 or obtained by analogy to 

similar functional groups already available in the force field. The optimization 

includes electrostatics, bonded (internal), and LJ parameters, with the latter only 

optimized if needed (see below). In the electrostatic parameter optimization, the 
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Drude polarizable model further requires parametrizing the partial atomic charge on 

the Drude–atom pair, atomic polarizability (α, in equation 1-5), and Thole screening 

factors (t, in equation 1-11), in contrast to additive force fields that require only 

optimizing partial charges in the electrostatic component. Additionally, lone pair and 

anisotropic polarizability parameters may be needed for hydrogen bond acceptors.  

   Bonded parameters include bond, valence angle, dihedral and improper torsion 

parameters, which are optimized targeting QM optimized geometry and vibrational 

spectra. If the crystal structures are available, the crystal bond, valence angle and 

dihedral angle values are also considered. To obtain correct conformational energetics, 

dihedral parameters may be subject to additional optimization targeting QM potential 

energy surfaces. The bonded parameters are initially optimized based on the initial 

guessed nonbond parameters and then iteratively optimized as new nonbond 

parameters are determined. The use of iterative optimization is prevalent throughout 

the optimization process. 

 The overall nonbond parameter optimization initially focuses on the properties of 

the model compound itself, followed by interactions of the molecule with water and 

ions as probes and, finally, condensed phase properties. Iterative optimization over 

these aspects is required in the majority of cases. The initial electrostatic parameters 

are obtained by fitting to a series of perturbed QM electrostatic potentials (ESP). Use 
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of multiple perturbed QM ESPs (~50 to 100 calculations for each conformation of 

each molecule) allows the partial atomic charges, alphas and Thole screening factors 

to be fitted.
148

 Further optimization of the resulting electrostatic parameters targets 

QM molecular dipole moments, molecular polarizabilities, and water-model 

compound interaction energies. Here, adjustments of the alpha and Thole screening 

parameters are usually necessary to reproduce the molecular polarizability. Scaling of 

the alpha parameters is often required as discussed below. 

 The partial atomic charges on the Drude–atom pairs are further adjusted to 

reproduce QM water and ion interaction energies and the dipole moment. Note that 

when the charges are adjusted, the dipole moment will change; thus, while optimizing 

the charges, the dipole moment needs to be iteratively checked. Anisotropic 

polarizability can be optimized by targeting QM interaction energies with an ion, 

typically Na
+
, which is placed around the hydrogen bond acceptor (e.g. oxygen) as a 

function of angle and dihedral. The ion serves as a point charge to generate the 

electric field induced polarization of the targeted atom in the molecule as quantified 

by the ion-molecule interaction energy. The K
D
 tensor components in equation 1-10 

are then adjusted to reproduce these interaction energies as a function of orientation of 

the ion.  

 The next stage of nonbond parameter optimization involves condensed phase 
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simulations, typically of pure solvent or crystals, and subsequently free energies of 

aqueous hydration. This allows for optimization and validation of the parameters in 

the context of experimental condensed phase properties. LJ parameters (Rmin/2, in 

equation 1-12 and well-depth (ε , in equation 1-13) make a significant contribution to 

condensed phase properties
182

 and need to be optimized if a new atom type is 

introduced. In most cases, optimization of LJ parameters is not necessary, as the LJ 

parameters of the atom types corresponding to functional groups in the majority of 

compounds are already optimized. However, if needed, Rmin/2 and well-depth of LJ 

parameters for the atom type are optimized to reproduce the experimental enthalpy of 

vaporization and molecular volume of the corresponding pure solvents, and/or the 

experimental enthalpy of sublimation and lattice parameters of crystals. To balance 

the LJ parameters being optimized, QM interactions with rare gas atoms as a function 

of orientation
183

 may be used to facilitate the optimization process. Note that the 

optimization requires iterative refinement for all stages due to the impact of, for 

example, changes in the internal parameters that alter the conformation and, therefore, 

the interactions with water. Finally, the resulting parameters will be validated to 

reproduce additional experimental observables that are not included as target data 

during the parametrization stage. 

 Once satisfactory condensed phase properties have been obtained and if the 
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experimental dielectric constant of the pure solvent is known, the atomic 

polarizabilities (i.e. alpha parameters) are evaluated for the ability to reproduce the 

dielectric. Typically the alpha parameters are scaled to be ~70-90% of the gas phase 

QM values (no scaling for alkanes or halogenated species is performed), yielding QM 

molecular polarizabilities that are also ~70-90% of the gas phase QM values.
44

 The 

polarizability scaling factor used in the development of small molecules in the 

CHARMM Drude polarizable force field are listed in Table 1.2. The reason for 

scaling of the polarizabilities is not fully clear, though it has been indicated to be due 

to the decreased perturbation of electron distributions in the condensed versus gas 

phase or the approximation that the electric field is determined at the atomic core 

versus integrated over the entire atomic volume.
148,153

 While the cause of the need for 

polarizability scaling is uncertain, if pure solvent dielectric constants are available for 

the model compound, dielectric constants computed from MD simulations serve as a 

guide for the alpha parameter scaling. When such data is not available a scale factor 

of 0.85 is suggested, which has been shown to work well for heterocycles and is 

intermediate to the range of values obtained for many model compounds. As above, if 

changes in the alphas are performed, all aspects of the parameters need to be 

evaluated. 

 

Table 1.2 to the top of page 35 Values of molecular polarizability scaling factors 
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used in the development of drude polarizable force field for small molecules. 

 

Model compounds Polarizability scaling factors 

Alkanes
146

 1.0 

Aromatics
149

 0.724 

Alcohols
150

 0.70 

Ethers
151

 0.85 

Thiols
154

 0.70 

Disulfide
154

 0.85 

Ethyl/methyl sulfide
154

 0.60 

Amides
120

 0.70 

Nitrogen-containing 

heteroaromatics
152

 
0.85 

Ketones and aldehydes
156

 0.70~0.80 

Halogen
158

 1.0 

 

One of the important goals in parametrization is to accurately reproduce the 

experimental hydration free energy (ΔGhydr). As ΔGhydr of a model compound affects 

how it interacts with the aqueous environment in simulations, the accuracy of ΔGhydr 

would affect the prediction of the binding affinity of a ligand to a biomolecule. 

Therefore, when a new atom type is introduced to a model compound, the LJ 

parameters of the atom type or the atom pair-specific LJ parameters with water need 

to be optimized to reproduce the experimental ΔGhydr. To maintain consistency in the 

determination of ΔGhydr, a standard protocol developed by Deng and Roux
184

 has been 

used to calculate ΔGhydr in parametrization of the small molecule Drude polarizable 

force field. In this protocol, ΔGhydr is obtained as a difference in the free energy 

change of the solute in water (ΔGwat  and in vacuum (ΔGvac) with the free energy 
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changes ΔGwat and ΔGvac computed through free energy perturbation (FEP).
185

 The 

calculation of ΔGwat and ΔGvac follows the same procedure: the free energy change is 

decomposed into nonpolar and electrostatic components, where the nonpolar 

component is decomposed into dispersion and repulsion parts using the method of 

Weeks, Chandler and Andersen (WCA).
186

 To achieve this three coupling parameters, 

s, ξ and λ are used. The repulsive contribution is controlled with staging parameter, s, 

varying according to 0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. Both the 

dispersion contribution and the electrostatic contribution are controlled linearly with a 

coupling parameter ξ (for dispersion contribution  and λ (for electrostatic 

contribution), varying from 0 to 1 in increments of 0.1. All the charges of the solute 

are set to 0 when calculating the nonpolar contribution. Once the simulations are 

finished, the electrostatic contributions are determined by thermodynamic integration 

(TI)
187

 while the nonpolar contributions are determined by weighted histogram 

analysis method (WHAM).
188

 The free energy change is calculated as a sum of the 

electrostatic, dispersive, and repulsive contributions. A long-range correction 

(LRC)
189

 is included in the hydration free energy calculation, where the LRC is 

calculated by taking the difference in the vdW solvent-solute interaction energies 

using two cutoff schemes of 12 and 50 Å . 

 Optimization of atom pair-specific parameters (NBFIX parameters) may be 
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applied for better reproduction of ΔGhydr as well as for interactions between model 

compounds. For ΔGhydr, NBFIX parameters are introduced for the model compound 

and water, typically between the model compound hydrogen bond donor or acceptor 

non-hydrogen atom and water oxygen.
124

 To facilitate optimization, NBFIX 

parameters can be initially adjusted to reproduce QM water-model compound 

interaction energy surfaces or through SSFEP (described below), and then verified by 

calculating ΔGhydr until satisfactory agreement with the experimental ΔGhydr is 

achieved. Note that NBFIX parameters can be applied on Drude particles for special 

cases. For example, NBFIX parameters are introduced between the water oxygen 

Drude particle and Mg
2+

, which enabled better modeling of the steric repulsion 

allowing for reproduction of both ΔGhydr of the ion and the kinetics of Mg
2+

-water 

interactions.
190

 In the halogen Drude force field, NBFIX parameters are introduced 

between the halogen Drude particle and water hydrogen as well as halogen and water 

oxygen to model the asymmetric vdW surface of halogens. In addition to water, 

NBFIX parameters can be introduced between any atoms or molecules in the force 

field. For example, refinement of the interactions of ions with the nucleic acid bases 

have been introduced using atom pair-specific parameters targeting QM interaction 

data. This has also been applied to interactions between functional groups in proteins 

and the approach has been applied to a number of ion pairs targeting the reproduction 
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of experimental osmotic pressures.
191

 The application of the atom pair-specific LJ 

parameters in general leads to an improved balance in the interactions between the 

different entities in the force field beyond that obtained by the application of LJ 

parameters based on combining rules. 
 

 

1.4.3 Final consideration of the optimized parameters in developing the 

CHARMM Drude polarizable force field  

Following are general issues considered when performing force field development. 1) 

The actual values of the final parameters should be checked to determine if they are 

physically reasonable by comparing to parameters from similar functional groups. 

This is important as parameter correlation is a significant issue that can lead to 

physically unrealistic parameters. 2) Dihedral parameters can be treated with a Fourier 

series of parameters with different multiplicities. It is strongly suggested that only 1, 2, 

3 and 6 fold multiplicities be used. If after optimization the force constants for one of 

the multiplicities is small, this multiplicity should be omitted and the fitting should be 

redone. 3) The phase of dihedral parameters should always be 0˚ or 180˚ as this 

assures that the energy associated with inversion about chiral centers are properly 

treated. CHARMM
176–178

 as well as other programs can use any value for the phase, 

but non 0˚ or 180˚ values are rarely needed. 4) The number of significant figures are 

limited in the developed parameters to be consistent with standard formats used in the 
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force field. Automated fitting procedures (described below) will typically produce a 

large number of figures (e.g. 0.123456789 kcal/mol); however, the contribution of 

digits 3 or 4 places beyond the decimal are meaningless and need to be rounded 

accordingly (0.123 kcal/mol). Attention to such details is important as it maintains the 

integrity and readability of parameter files that contain 100’s or 1000’s of parameters. 

5) All calculations should be performed with the final set of parameters to be sure that 

the results are in acceptable agreement with all the target data. 

 

1.4.4 Parameter optimization algorithms and utilities 

1.4.4.1 Monte Carlo simulated annealing (MCSA) algorithm  

 Metropolis Monte Carlo (MC)
192

 is a widely used approach that is of utility to 

force field development to minimize the root mean squared error (RMSE) between the 

MM calculated values and target data. The target data is typically QM data, though 

any type of data can be used. In MC the assigned temperature allows for control of the 

fitting process; assigning high temperatures allows for a wider range of guess 

parameters to be achieved while low temperatures limit the range of guesses, 

effectively yielding a minimization approach at very low temperatures. Two common 

temperature schemes are often used in the MC procedure; a constant-temperature 

scheme or a simulated-annealing (MCSA)
193

 protocol. In the MCSA protocol
194

 an 

exponential gradual decrease of the temperature is performed. MCSA is based on the 
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temperature being changed according to equation 1-14:  

      
 

   

    
 
     (1-14) 

where T0 is the starting temperature, m is the current MC step number, mmax is the 

maximum number of MC steps, and Tm is the temperature at step m.  Compared to the 

MC algorithm with a constant-temperature scheme, the MCSA algorithm has the 

advantage of finding a temperature that yields a reasonable acceptance ratio, 

becoming an efficient way of searching parameter space.
194

 In addition to the 

temperature, the step size used to sample the targeted degrees of freedom (e.g. 15˚ for 

dihedral angles) may be adjusted to optimize the fitting procedure. The MCSA 

algorithm has been used in the optimization of dihedral parameters to target QM 

potential energy surfaces,
194,195

 and for electrostatic parameters (e.g. partial atomic 

charges, alphas and Thole screening factors) to target QM dipole moments and 

molecular polarizabilities.
145,161,195

 The implementation of the dihedral fitting to 

optimize dihedral parameters, called “fit_dihedral”, is freely available through the 

internet at http://mackerell.umaryland.edu/. 

 

1.4.4.2 Linear least square fitting  

 When force field parametrization is regarded as a single-objective optimization 

mathematical problem, the Linear Least Squares (LLS) approach
196

 can be used. LLS 

finds values for n parameters based on a merit function depending on optimal values 

http://www.pharmacy.umaryland.edu/faculty/amackere/
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of the n parameters from which the squared distance between the observable vector 

and the target vector is a minimum. Mathematically, the LLS approach identifies an 

approximate solution in X of RX=T, where X is the parameter vector with unknown 

parameters x1 … xn, T is the target vector with target data points t1 … tm, R is the 

response matrix consisting of elements r11 … rmn. Based on this definition, the LLS 

solution is the values comprising the vector X that minimizes the merit function S = 

||T'− T||
2
, where T' is matrix of the observable vector with elements t1'...tm'. 

   

       

   
       

        (1-15) 

   

  

 
  

                              (1-16) 

   

  
 

  

                             (1-17) 

In the context of force field parametrization, the observable vectors and the target 

vectors would be the MM and the respective QM properties (e.g. dihedral potential 

energy surfaces). Vanommeslaeghe et. al. have implemented the LLS algorithm to 

facilitate the fitting of dihedral parameters with special consideration of obtaining 

physically relevant parameters by avoiding the parameter correlation problem.
197

 The 

implementation has been used in the development of both the CGenFF additive and 

Drude polarizable force fields. The implementation of LLS fitting algorithm, called 

“lsfitpar”, is freely available through the internet at 
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https://github.com/kennovo/lsfitpar. 

 

1.4.4.3 Single-step free energy perturbation (SSFEP) algorithm. 

 Target data involving condensed phase properties such as hydration free energies 

often requires calculation of ensembles that may be used in the context of free energy 

perturbation (FEP) to estimate those properties. While FEP methods are typically 

computationally demanding the SSFEP method
198,199

 may be used to sample nonbond 

parameters to determine their impact on the targeted condensed phase data. The free 

energy difference between a reference state (R) and a perturbed state (A) can be 

calculated based on a simulation of the reference state R using the perturbation 

formula: 

                                        (1-18) 

where ER and EA represent the potential energies of the system in states R and A, 

respectively, kB is the Boltzmann constant, T is the temperature, and the average is 

computed over the ensemble obtained from the simulation of state R.
200

 Equation 1-18 

typically only gives a reasonable estimation of ΔGAR if the ensembles generated from 

state R and state A have considerable overlap.
201

 This condition is often met with the 

free energy change associated with small variations in LJ parameters such that 

equation 1-18 could be used to accurately predict the free energy changes from a 

single simulation of a reference state.
199

 Using the method of SSFEP, the hydration 

https://github.com/kennovo/lsfitpar
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free energy difference for a molecule having LJ1 and LJ2 parameters could be 

described as equation 1-19:   

          
               

               
                                    (1-19) 

where  

         
                                                   (1-20) 

         
                                                 (1-21) 

Note that the energy of a molecule X and its environment E can be decomposed into 

the following terms: 

                 (1-22) 

where EXE is the nonbonded interaction energy between molecule X and the 

environment E, EXX is the internal energy of the molecule X, EEE is the self-energy of 

the environment. When calculating the energy difference of a molecule having two 

different LJ parameters (LJ1 and LJ2) in aqueous solution based on the simulation 

using LJ1 parameter, the self-energy of the environment EEE cancels, as the 

pre-calculated ensemble of configurations of the water solution are identical. 

Accordingly, once the simulation of a molecule having LJ1 parameter is performed in 

water/vacuum and the absolute hydration free energy is computed, Ex, LJ2 can be 

calculated by using the LJ2 parameters based on the configurations obtained from 
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those using LJ1 parameters, from which the relative hydration free energy between 

using LJ1 and LJ2 parameters can be predicted. The advantage of using SSFEP is that 

it can efficiently explore a large number of LJ parameters. Although the predicted 

value from SSFEP requires verification by the standard hydration free energy 

calculation protocol described above, the SSFEP predicted values should be in good 

agreement with the target data as long as the reference values are close to that target.  

 

1.4.5 General automated atomic model parameterization (GAAMP)  

 Huang and Roux developed a general automated atomic model parameterization 

(GAAMP)
78

 that was designed to automatically generate parameters of small 

molecules for additive or polarizable force field (e.g. GAFF, CGenFF or Drude force 

field) by using the results from QM calculations as target data. In GAAMP, the atom 

types for a given molecule are assigned based on GAFF or CGenFF, depending on the 

user's choice. The bond length and angle parameters are optimized based on the QM 

optimized geometries. Electrostatic parameters are optimized based on QM ESP maps 

and water interaction energies. Dihedral parameters are optimized based on QM 

dihedral potential energy scans. However, the use of the unchanged LJ parameters 

transferred from GAFF or CGenFF would possibly limit the accuracy for condensed 

phase properties or solvated systems. Thus, a new extended protocol for GAAMP was 
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developed by Boulanger et al.,
202

 which includes the optimization of LJ parameters 

based on experimental neat liquid densities and enthalpies of vaporization as well as 

hydration free energies with increased solute-water dispersion interactions. GAAMP 

is available in the web server at http://gaamp.lcrc.anl.gov/ . Source -code is available 

at https://github.com/gaamp . 

 

1.4.6 Force field toolkit (ffTK) 

 The Force Field Toolkit (ffTK)
77

 is a plugin for the VMD molecular modeling 

software package.
203

 It includes a set of tools to aid users to develop 

CHARMM-compatible parameters for small molecules, including charges, bonds, 

angles, and dihedrals parameters, based on the parametrization philosophy of CGenFF. 

The advantage of ffTK is that a graphical user interface (GUI) is provided, which 

greatly simplifies the setup and analysis of each calculation.   

 

 

1.5 Current Status of Drude Polarizable Force Field for Small Organic 

Molecules 

 In the following sections a detailed description of the various classes small 

molecules in the Drude force field that have been developed to date will be presented. 

These molecules were primarily selected as the basis for extension of the force field to 

http://gaamp.lcrc.anl.gov/
https://github.com/gaamp


46 
 

larger entities, such as protein,
163

 nucleic acid,
44,164,165,167

 lipid,
125,168

 and 

carbohydrate.
161

 More recent development of Drude parameters for halogens
158

 

combined with the small molecules represent the initial molecular building blocks that 

will lay the foundation for a Drude General Force Field (DGenFF) for molecules of 

medicinal chemistry interest.  

 

1.5.1 Alkanes 

 Parametrization of alkanes are essential as they serve as model compounds for 

the aliphatic groups, which are major components of biological macromolecules, 

including lipid tails, amino acid side chains, and the majority of carbohydrates. While 

additive models have been developed in a wide range of force fields and have shown 

great utility in studying a variety of systems, the additive models yield a systematic 

underestimation of alkane dielectric constants, which is due to their inability to 

account for the high-frequency electronic oscillating field that contributes to the 

optical dielectric constant, leading to dielectric constants for pure alkanes of 

approximately 1. Accurate treatment of the dielectric constants, which should be 

approximately 2, is critical in simulating biomolecular systems given that the free 

energy of solvation scales with (1 − 1/ε , where ε is the dielectric constant of the 

environment. Thus, even a small underestimation of alkane dielectric constants would 
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cause a significant impact on the treatment of solvation in nonpolar environments, 

particularly for compounds that need to pass through the hydrophobic region of lipid 

bilayers when they are crossing the membrane. Accordingly, an accurate force field 

for alkanes that is able to properly treat the dielectric constant is required. The Drude 

polarizable model for alkanes, including ethane, propane, butane, isobutene, and 

pentane, meets this need as the dielectric constants of those pure liquids are in good 

agreement with the experimental values.
146

  

 When developing the Drude alkane electrostatic parameters, the ability to readily 

transfer those parameters to more complex molecules was considered. Transferability 

was insured by imposing a restraint on the charges of carbons (qC) and hydrogens (qH) 

based on qC = − xqH, where x is the number of hydrogen atoms, such that the charges 

on CHx groups would be neutral. A polarizability scaling factor of 1, which is 

different from the polarizable scaling factors (0.70~0.85) for other small 

molecules,
120,147–156

 yielded good agreement with experimental observables. The 

model was able to reproduce experimental enthalpies of vaporizations (ΔHvap), 

molecular volumes (Vm , hydration free energies (ΔGhydr), NMR relaxation times, and 

particularly the static dielectric constants. The accurate reproduction of the static 

dielectric constants was an important outcome. For example, the Drude polarizable 

alkane model produced significantly better agreements with experimental dielectric 
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constants that were ranging from 1.71 to 2.13 for alkane series, whereas the additive 

model produced nearly uniform values of 1.0 regardless of different alkyl chain 

length.  

 The Drude alkane force field was originally parametrized by including 

long-range LJ interactions using an isotropic correction for pure solvents and in 

aqueous solution 
125

. However, isotropic treatment of long-range LJ interactions is 

inappropriate for modeling anisotropic systems such as alkane/air interfaces,
204

 

becoming a significant problem in modeling the structural and thermodynamic 

properties of lipids. To overcome this limitation, Leonard et al.
205

 have applied the 

Lennard-Jones particle-mesh Ewald (LJ-PME) method
206

 to better model the LJ 

contribution in anisotropic systems. Their results showed the Drude polarizable model 

with LJ-PME to have improved agreement across various experimental quantities, 

such as density, isothermal compressibility, surface tension, viscosity, translational 

diffusion, and 
13

C T1 relaxation times of long-chain pure alkanes. Moreover, the 

Drude results are systematically closer to the experiment than the CHARMM36 

additive counterpart. Accordingly, the updated polarizable model for these alkanes is 

expected to improve the accuracy of modeling the hydrophobic environments, such as 

lipid bilayers.   

 

1.5.2 Ethers 



49 
 

 Ether moieties are substructures of important functional groups in biological 

molecules, such as furanoses, including ribose and deoxyribose, and pyranoses. 

Accordingly, the accuracy of the ether parameters lays the foundation for extending 

the polarizable force field to carbohydrates and nucleic acids. Ethers are generally 

considered as relatively nonpolar due to the nonpolar aliphatic groups, while the polar 

oxygen atoms are capable of participating in hydrogen bonds and ion coordination. 

Therefore, the development of the force field for ethers requires attaining the right 

balance between dispersion, electrostatic and repulsive forces. Vorobyov et al. 

developed the initial Drude polarizable model for linear and cyclic ethers.
151

 The 

developed ethers includes tetrahydrofuran, tetrahydropyran, dimethyl ether, methyl 

ethyl ether, diethyl ether, and 1,2-dimethoxyethane. To ensure transferability, the 

parameters for cyclic ethers were developed first then subsequently transferred to a 

series of linear molecules. One of the significant outcomes of the ether polarizable 

model was the ability to more accurately treat the polar character in different 

environments. In the additive model, the dipole distributions are nearly identical from 

the gas to aqueous phase for THF and DEE (~ 2 and 1.8 D, respectively). In contrast, 

the differences of dipole distributions in the different environments in the polarizable 

model are more significant, with an obvious increase from the gas to aqueous phase. 

These observations indicated that the polarizable models are more responsive to the 
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polarity of the environment. Another key outcome in the polarizable model for ethers 

is their agreement in relative energies of various conformations and their 

corresponding dipole moments,
148

 which reflects the ability of the polarizable model 

to accurately model the electronic properties in various conformations. However, the 

dielectric constants of the neat liquid cycloalkanes and ethers were still not optimal 

and systematically underestimated, with an average percentage difference of -13% 

compared to the experimental values. As a result, Baker et al. reparametrized the 

model including the use of atom-type-dependent Thole screening factors (t, in 

equation 1-11)
120

 and applied a scaling factor of 0.85 for the gas molecular 

polarizabilities. The new model significantly improved the reproduction of the 

dielectric constants, while maintaining good agreement of properties from the 

previous model as well as other experimental and QM data, reinforcing the sensitivity 

of the atomic polarizability parameters. 

 

1.5.3 Alcohols 

 Alcohol moieties are functional groups that are ubiquitous in biological 

molecules, such as amino acid (e.g. serine, threonine, and tyrosine), nucleic acids (e.g. 

2′- and  ′-hydroxyl groups), carbohydrates, and lipids. As alcohols consist of both 

polar and nonpolar components, the hydration of alcohols involves hydrophobic and 
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hydrophilic interactions. Therefore, proper treatment of electronic polarization is 

required to ensure the accurate description of the balance of the hydroxyl-water and 

aliphatic-water interactions. While a number of nonpolarizable models for 

alcohol-containing molecules are available, the gas-phase dipole moment of alcohols 

were overestimated by approximately 40% to implicitly treat the condensed phase 

polarization effects.
150

 A polarizable alcohol force field using the Drude oscillator 

model was initially presented by Noskov et al.
147

 to elucidate the hydrophobic 

hydration in water−ethanol mixtures. Subsequently, a more generalized parameter set 

for alcohols was developed by Anisimov et al, including a larger series of primary and 

secondary alcohols (e.g. methanol, ethanol, 1-propanol, 1-butanol, secondary alcohols, 

2-propanol, and 2-butanol).
150

 The updated model added lone pairs on the hydroxyl 

oxygen atom and introduced atom pair-specific LJ parameters for alcohol oxygen 

atoms with water oxygen atoms. The polarizable model developed based on the 

training set molecules was found to present a significant improvement over the 

additive model in all cases for ΔHvap and ΔGhydr, and dielectric constants. Notably, the 

Drude polarizable model has shown the ability to capture the response of the 

molecular dipole moments in response to different environments. The dipole moments 

of ethanol and 2-propanol shifted from low dipole moments in the gas phase to much 

higher values when solvated in aqueous solution, in agreement with previous 
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theoretical calculations.
207

 Whereas the dipole moments obtained from the additive 

model were largely unchanged in the simulations in gas phase, pure solvent, and 

aqueous systems. Moreover, small variations of the dipole moment of water 

molecules hydrating alcohols were observed as a function of distance, showing that 

the intermolecular interactions between water and alcohols would be dictated by their 

mutual polarization. These results clearly indicate that the polarizable model is more 

applicable in modeling the dynamics of molecules containing hydroxyl group in 

different environments than additive force fields.   

 

1.5.4 Amides 

 As amide moieties comprise protein backbones and the side chain of asparagine 

and glutamine, as well as being components of carbohydrates, an accurate model for 

amide group is critical for the development of a polarizable protein force field, 

motivating efforts to parametrize amide-containing model compounds.
120,155

 The 

initial Drude polarizable model for amides reproduced a wide range of gas-phase QM 

and condensed-phase experimental data. Particularly, the amide polarizable model 

was able to reproduce the high dielectric of neat N-methylacetamide (NMA, 100 at 

373 K), whereas the additive model yielded a 70% underestimation of the dielectric 

constant, indicating that the mean-field approximation in the additive model is limited 
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to account for the induced electronic polarization.
208

 Two factors could account for 

this large dielectric constant in the polarizable model. One is the increased average 

NMA dipole moment in the neat liquid than in the gas phase. The other is the 

intermolecular hydrogen bonding that enhances the orientational alignment of the 

molecular dipoles. This is consistent with the calculated Kirkwood GK factor
209

 that 

GK was considerably larger in the polarizable model (GK = 4.6) than in the additive 

model (GK = 3.0). This result indicates that the inclusion of explicit electrostatic 

polarization is expected to lead to a greater accuracy in modeling of hydrogen 

bonding interactions. However, the early model for amide-containing compounds 

primarily focused on neat liquid simulation properties. An updated model for NMA 

and acetamide
155

 was presented to further assess the properties of the amide series in 

aqueous solution in greater detail. While the value of the dielectric constant was 

significantly smaller than the previously reported value, there was a better balance of 

the solute-solute, solvent-solute, and solvent-solvent interactions in the updated 

models. Such a balance is a crucial factor for applying the model in the Drude 

polarizable protein force field as the relative stability of helical vs. sheet vs. random 

coil conformations and protein conformational dynamics
210

 are related to the balance 

of protein intramolecular and protein–solvent interactions. 

 

1.5.5 Aromatic and heteroaromatic systems 
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 Aromatic rings are commonly used in drug design as they make hydrophobic 

contributions to binding, allowing them to participate in hydrogen bonding and are 

able to participate in π interactions.
211

 Therefore, the development of aromatic 

polarizable force field would be useful in drug-like molecules
212

 as well as serve as 

building blocks for parametrizing phenylalanine and tyrosine in the development of 

protein force field and the nucleic acid bases. Benzene and toluene parameters were 

initially developed
152

 followed by parameters for heteroaromatics
152

 and subsequently 

nucleic acid bases.
164–167

 While many of the dynamic features of the benzene and 

toluene liquids are similar between the polarizable and additive models, the 

polarizable model is more accurate in reproducing the experimental dielectric 

constants. The additive force field dielectric for benzene was close to 1.0, 

considerably lower than the experimental value of 2.3 for benzene and 2.4 for toluene, 

whereas dielectric constants obtained from the Drude model yielded better agreement. 

In parametrizing aromatic molecules, one important feature to be reproduced is the 

interactions between the π electron system on the aromatic rings and water.
213,214

 

From the radial and spatial distribution functions of aqueous solutions of benzene and 

toluene, subtle differences of hydration shells were observed between the two models. 

The Drude polarizable model produced a more defined population of water molecules 

at 3.5 Å  above the ring than the additive model, which indicates that the Drude 
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polarizable model is more capable of capturing the out of plane π-stacking interaction 

between the aromatic ring and water, providing a more physical description of 

hydration of aromatic moieties. Further improvements in the polarizable benzene 

model were made by Esam et. al. with respect to cation−π interactions.
215

 In their 

study, QM interaction orientations and energies were better reproduced by introducing 

a virtual particle in the center of the benzene ring with the use of atom pair-specific LJ 

parameters. 

 A series of heterocyclic aromatic compounds (e.g. pyrrole, imidazole, pyridine, 

pyrimidine, indole, and purine) based on Drude polarizable model were developed.
152

 

The inclusion of virtual sites that represent in-plane lone pairs on nitrogen atoms 

along with anisotropic polarizabilities yielded improved agreement with the QM 

polarization response as a function orientation as determined using a perturbing ion. 

The resulting parameters achieved good agreement for pyridine and pyrrole dielectric 

constants and were validated against additional experimental data such as diffusion 

constants, heat capacities, and isothermal compressibilities, indicating the ability of 

the model to be used for the studies of a variety of heterocycles. Extension of the 

model to nucleic acid bases was subsequently undertaken, though additional 

optimization of the base parameters was carried out as part of the development of the 

Drude DNA force field.
164–167
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1.5.6 Sulfur containing compounds 

 Sulfur-containing scaffolds exist in a broad range of pharmaceuticals and natural 

products
216–218

 as well as in many biological systems, such as proteins (e.g. 

methionine and cysteine). As sulfur atoms are highly polarizable, additive models are 

significantly limited to simultaneously describe the electronic response of 

sulfur-containing molecules in both polar and non-polar environments. The 

polarizable force field for sulfur-containing compounds was derived,
154

 providing a 

more accurate representation of chemical groups containing sulfurs, including 

methanethiol, ethanethiol, propanethiol, ethyl methyl sulfide, and dimethyl disulfide. 

In parametrizing this model, anisotropic polarizabilities were applied to the sulfur 

atoms, yielding good agreement with QM water and ion interaction energies as a 

function of angle or distance. Different polarizability scaling factors were used among 

the sulfur containing compounds, indicating that the electronic properties of sulfur are 

sensitive to its chemical environment. A scaling factor of 0.7 was used for thiols to 

yield good agreement with experimental dielectric constants, while 0.85 was applied 

to dimethyl disulfide. For ethyl methyl sulfide, which models the parameters used in 

methionine, a scaling factor of 0.6 was needed to reproduce condensed-phase 

properties including the dielectric constant and the gas-phase dipole moment. Atom 
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pair-specific LJ parameters
124

 between sulfur and water oxygen atoms were required 

to improve the aqueous solvation free energies. The resulting Drude polarizable 

model demonstrates that the explicit treatment of electronic polarization improves the 

accuracy of the force field in reproducing experimental properties, such as ΔHvap, Vm, 

molecular interactions with water, ΔGhydr, as well as dielectric constants, leading to a 

considerable improvement over the additive model for the same sulfur-containing 

compounds.  

 

1.5.7 Ketones and aldehydes 

While ketones and aldehydes are rarely present in drug molecules,
219

 they are 

functional groups that occur in acyclic carbohydrates in biological systems. The 

Drude polarizable force field for aliphatic ketones and aldehydes (e.g. acetaldehyde, 

propionaldehyde, butaryaldehyde, isobutaryaldehyde, acetone, and butanone) has 

been developed.
156

 The model was then transferred to larger acyclic sugars such as 

d-allose and d-psicose. The developed parameters for ketones and aldehydes 

reproduced properties in good agreement with QM and experimental target 

data. Notably, the Drude-water interaction energies and distances were in better 

agreement with the QM data than the additive model, which could be attributed to 

the lone pairs added on the carbonyl oxygen. The resulting polarizable force field 
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yielded different dipole moments in different environments, with an increase of the 

dipole moments upon going from the gas phase to pure solvent to aqueous phase 

consistent with the hydrogen bonding between the monomers in the pure solvent and 

with water in aqueous solution. Accordingly, it is clear that the treatment of 

polarization response is important for more accurately simulating systems where 

molecular species would encounter environments of hydrogen bond interactions or 

varying polarities.  

 

1.5.8 Halogenated ethanes and benzenes 

Halogenated molecules have been widely used in drug development,
220,221

 as 

they have been shown to increase selectivity and binding affinity of inhibitors.
222,223

 

Notably, halogens serve as both hydrogen bond acceptors (HBA)
224–228

 and as halogen 

bond (XB) donors,
222–224

 both of which have been reported to contribute to 

ligand-protein interactions experimentally.
221,229–233

 The dual roles of halogens result 

from their anisotropic electron distribution when the halogen (X) is covalently bonded 

to a carbon atom (C), resulting in the shift of the pz-orbital on halogens to participate 

in the formation of the C-X covalent bond. This leads to an electron diminished 

region on the outer side of the halogen linear to the C-X bond, yielding a slightly 

positive potential known as a σ-hole
224,234,235

 which is able to favorably interact with 
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hydrogen bond acceptors (HBA).
222–224,236

 Simultaneously, the valence electrons on 

the perpendicular px and py atomic orbitals of halogens remain occupied yielding an 

electronegative potential allowing halogens to interact with hydrogen bond donors 

(HBD).
224

 Such X-HBD interactions have been reported to be more favorable than 

halogen bonds and of similar strength as canonical hydrogen bonds.
237

 Notably, the 

vdW surface of the halogen becomes asymmetric due to the shifted electron 

distribution, resulting in a shorter vdW surface on the halogen linear to the C-X 

covalent bond.
238

 Thus, accurate reproduction of XB and X-HBD interactions was 

emphasized in parametrization to better modeling such important feature in halogens.   

The Drude force field was able to reproduce QM molecular dipole moments and 

polarizabilities, as well as experimental ΔHvap, Vm, ΔGhyd, and dielectric constants for 

the halogen model compounds.
158

 As expected, the halogen polarizable model has the 

ability to treat the polar character in different environments as shown in Figure 1.4. 

The dipole distributions of chlorobenzene (CHLB) and bromobenzene (BROB) from 

the Drude model both obviously increase from the gas to aqueous phase, whereas the 

dipole distributions from the additive CGenFF model are nearly the same in the 

different phases, indicating the lack of polarization response. Similar to other small 

molecules, the polarizable model was able to reproduce dielectric constants. The 

halogen polarizable model yielded a significant improvement over the additive model 
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with an average percent difference of only -1% of the experiment results compared to 

the average percent difference of -33% obtained from the additive halogen model. 

This improvement of the dielectric constants from the polarizable model is attributed 

to the explicit treatment of polarizability as previously discussed.
44,146,239

 

    
Figure 1.4 Dipole moment distributions of chlorobenzene (CHLB) and 

bromobenzene (BROB) in the gas phase (Gas), in pure solvents (Pure), and in 

aqueous solution (Aqueous), respectively for both the CGenFF (dotted lines) and 

Drude (solid lines) polarizable force fields. 

 

One important outcome of the developed halogen model is better treatment of the 

anisotropic charge distribution and shape of the halogens, which were modeled by 

inclusion of a virtual particle along the C-X covalent bond, atom pair-specific LJ 

parameters (NBFIX parameters) on the halogen Drude particle-water hydrogen pairs 

and on halogen-water oxygen pairs.
158

 Notably, the use of the atom pair-specific LJ 

parameters significantly improved the agreement of the Drude model with the QM 

interaction energy surfaces for both XB and X-HBD interactions, further indicating its 

ability to more accurately model the asymmetry of the halogen atoms. Such strategy 
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also resulted in better reproduction of experimental ΔGhydr compared with the additive 

halogen model in CGenFF
240

. Accordingly, the resulting polarizable force field is 

expected to be applicable in CADD involving halogenated derivatives as well as 

simulation studies of halogens in a range of chemical systems.  

 

 

1.6 Conclusion  

 Force fields for small molecules based on additive models have been available 

for a number of years and shown success in drug design as well as other biochemical 

and biophysical studies. However, limitation of additive models occur due to the lack 

of explicit polarization, particularly in cases where polarizable charged groups or 

atoms, such as ions, are involved which would strongly polarize their coordinating 

ligands. In addition, the impact of polarization on more accurate treatment of nonpolar 

moieties such as those in the interior of membranes has been noted. Towards 

overcoming this limitation, parameters for organic small molecules based on 

polarizable force fields have started to be developed, dominated by the AMOEBA and 

Drude models as well as the work of Dang and coworkers.
103–105,241–246

 This chapter 

focused on the small molecule polarizabe force fields based on the classical Drude 

oscillator model, which utilizes Drude oscillators on non-hydrogen atoms to generate 

the induced dipole in the context of an intuitive physical picture to model the 
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electronic distribution. In practical aspects, the Drude model has advantages over 

other polarizable models as the functional forms is similar to those in the additive 

model, facilitating its implementation in multiple simulation packages, including 

CHARMM,
176–178

 NAMD,
247,248

 ChemSell QM/MM,
249

 OpenMM,
250

 and 

GROMACS.
251

 Currently, the CHARMM Drude polarizable force field for small 

molecules is still expanding. For example, the development of parameters for 

halogen-containing molecules greatly expands the range of chemical space covered by 

the Drude force field relevant to medicinal compounds.
158

 Similarly to the CGenFF 

force field
13

 that is a part of the CHARMM all-atom additive biological force field, 

efforts are ongoing towards development of a Drude General Force Field (DGenFF) 

that will cover a wide range of chemical groups in drug-like molecules. In the end, the 

polarizable force field for these molecules will be applicable in chemical and 

biophysical studies as well as be able to be useful for ligands in the study of 

computer-aided drug design. 
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CHAPTER 2    DO HALOGEN-HYDROGEN BOND DONOR 

INTERACTIONS DOMINATE THE FAVORABLE CONTRIBUTION OF 

HALOGENS TO LIGAND-PROTEIN BINDING?
2
 

 Halogens are present in a significant number of drugs, contributing favorably to 

ligand-protein binding. Currently, the contribution of halogens, most notably chlorine 

and bromine, is largely attributed to halogen bonds involving favorable interactions 

with hydrogen bond acceptors. However, we show that halogens acting as hydrogen 

bond acceptors potentially make a more favorable contribution to ligand binding than 

halogen bonds based on quantum mechanical calculations. In addition, bioinformatics 

analysis of ligand-protein crystal structures shows the presence of significant numbers 

of such interactions. It is shown that interactions between halogens and hydrogen 

bond donors (HBD  are dominated by perpendicular C−X···HBD orientations. 

Notably, the orientation dependence of the halogen-HBD (X-HBD) interactions is 

minimal over greater than 100˚ with favorable interaction energies ranging from -2 to 

-14 kcal/mol. This contrasts halogen bonds in that X-HBD interactions are 

substantially more favorable, being comparable to canonical hydrogen bonds, with a 

smaller orientation dependence, such that they make significant, favorable 

                                                      
2

 Reprinted with permission from Lin, F.-Y. and MaKerell, A, D., Jr. Do 

Halogen-Hydrogen Bond Donor Interactions Dominate the Favorable Contribution of 

Halogens to Ligand-Protein Binding? J. Phys. Chem. B. 2017, 121, 6813-6821. 

Copyright (2017) American Chemical Society. 
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contributions to ligand-protein binding and, therefore, should be actively considered 

during rational ligand design.  

 

2.1 Introduction 

 Halogens are widely known to contribute to ligand-protein interactions thereby 

receiving significant attention in drug design. A survey of launched drugs showed that 

25% are organohalogens of which organochlorines dominate, composing 57% of 

halogenated drugs.
221

 The role of halogens in drugs has focused on the halogen bond, 

a noncovalent interaction between halogenated ligands and proteins, and its 

contribution to increased selectivity and binding affinity.
224

 The physical basis for the 

halogen bond is generally considered to be due to the presence of a localized positive 

region on the halogen opposite the C-X covalent bond, termed a σ-hole, making the 

halogen able to interact favorably with an electronegative atom (eg. hydrogen bond 

acceptor) in a highly orientation dependent fashion.
222,224

 Surveys of biomolecular 

structures have shed light on how frequently halogen bonds contribute to ligand 

binding, with the focus on interactions of carbon-bonded halogens (C-X) and the 

oxygen (O) of carbonyl, hydroxyl, carboxylate, or phosphate groups (C-X···O 

interactions).
222,223,252
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 While the halogens are recognized as halogen-bond donors when the C-X···O 

interaction is approximately linear, halogens can also act as nucleophilic acceptors in 

directions perpendicular to the C-X bond,
224–226

 yielding a favorable 

halogen-electrophilic (e.g. hydrogen bond donor) interaction. Murray-West et al. in 

1979 showed that the distribution of C-I···O angles was highly populated in the 

vicinity of 90˚ 
253

 and these workers subsequently noted the “side-on” interactions of 

electrophiles with C-X moieties.
254

 This interaction is due to the electron density 

being more populated orthogonal to the covalent bond, yielding an electrostatic 

potential that is more negative in that region
237

 allowing for favorable C-X···H 

interactions.
226

 Subsequently, Brammer et al. showed the presence of side-on 

interactions of halogens when acting as hydrogen acceptors based on surveys of small 

molecule crystal structures in the Cambridge Structural database
255

 and on quantum 

mechanical electrostatic potentials, though no quantitative information was presented 

concerning the strength of these interactions.
256

 While such interactions have been 

noted in the literature, the potential importance of these types of interactions appears 

to have been underappreciated as exemplified by Auffinger et al. when they stated 

“implying the existence of unusual Cl···H-N interactions.”
3
 More recently, a survey 

of the PDB and QM calculations by Zhu and coworkers detailed the presence of “side 

on” C-X···H interactions, though they conclude “The C-X···H contacts can be, 
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therefore, considered as secondary interaction contributions to C-X···O halogen 

bonds that play important roles in conferring specificity and affinity for halogenated 

ligands.”
227

 In a subsequent perspective Zhu and coworkers emphasize the importance 

of C-F···H contributions to ligand-protein interactions while only mentioning 

“Furthermore, the mean values of the C-X···H angles for X···H (X= Cl, Br, I) 

hydrogen bonds are about 100˚, whereas the mean C-X···Y angles for halogen 

bonding interactions in biological system indeed amount to 160˚ (vide supra .”
228

 

Similarly, another recent study reported that the introduction of Br and I onto aromatic 

side chains could lead to the formation of both a halogen bond and an C-X···H 

interaction; however, the role of the C-X···H interaction was largely ignored in the 

discussion.
257

 Clearly, the presence of perpendicular, side on or lateral interactions of 

halogens with hydrogen bond donors (HBD) have been noted, but their contribution 

to ligand-protein affinity appears to be underappreciated. Such lack of appreciation 

may, in part, be due to the perception that non-linear (i.e. side-on, lateral, or 

perpendicular) interactions may not be favorable enough to significantly contribute to 

ligand-protein binding combined with a lack of a quantitative evaluation of the 

strength of these interactions using high-level ab initio quantum mechanical 

calculations. 
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 In the present work, motivated by results from quantum mechanical (QM) 

calculations as part of our ongoing empirical force field development efforts,
158 

we 

undertook analysis of the contribution of halogen-HBD (X-HBD) interactions to 

ligand-protein complexes. This effort involved QM calculations, a survey of X-ray 

crystallographic structures involving halogenated ligand-protein complexes and 

analysis of specific halogenated ligand-protein interactions reported in the literature. 

These analyses indicate that the perpendicular interaction between halogens and HN- 

HO- or HS- hydrogen bond donating groups in proteins make a significant 

contribution to ligand-protein binding along with halogen bonds, with the former 

possibly making more favorable contributions, such that they should be explicitly 

considered during ligand optimization. 

 

2.2 Computational Method 

2.2.1 Quantum mechanical calculations  

 Quantum mechanical calculations were performed with the programs 

Gaussian03
258

 and Psi4.
259

 Geometry optimizations were performed at the MP2 level 

of theory with the aug-cc-pVDZ basis set
173

 for all compounds except the brominated 

species for which the aug-cc-pVDZ-PP basis set
260,261

 was used. Potential energy 

scans (PES) were performed with the monomers constrained to the gas phase 
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conformation with only the specified intermolecular degree of freedom varied, with 

the exception of water which was constrained to the TIP3P intramolecular 

geometry.
262

 Single-point interaction energies for the PES were obtained at the 

RIMP2 level of theory with the cc-pVQZ basis set
173

 including corrections for the 

basis set superposition error (BSSE) using the counter-poise correction method.
180

 

 

2.2.2 PDB survey  

 The C-X (X is F, Cl, Br or I) substructures were used to search for ligand-protein 

structures in the Protein Data Bank (PDB, January 2017 release)
263

 that contained 

halogen atoms. In each structure, the neighboring protein atoms within 4.5 Å  of the 

halogen were identified. Protein atoms were categorized based on their atom names. 

Hydroxyl moieties on residues Ser, Thr, and Tyr were selected based on the atom 

names, OG, OG1, OH, to evaluate the C-X···O angles. NH moieties in the amide, 

amino or guanidinium containing residues Asn, Gln, Lys, Arg, His and Trp were 

selected based on the atom names ND2, NE2, NZ, NE, NH1, NH2, ND1, and NE1, 

respectively, to evaluate the C-X···N angle. SH moieties in Cys residues were 

selected based on the atom name SG to evaluate the C-X···S angle, where the sulfur 

atoms involved in disulfide bonds were excluded. To identify C=O and COO
-
 

moieties interacting with X atoms via halogen bonds with Asn, Gln, Glu, Asp or the 
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peptide bond selection was based on the atom names OD1, OD2, OE1, OE2 and O1. 

To ensure that interactions involving non-canonical amino acids that contain atoms 

with the same names were not included in the survey, the initial search results were 

verified based on the amino acid names.  

 

2.3 Results and Discussion 

 To systematically investigate potential interactions between protein residues 

acting as HBDs and halogens we performed QM analysis of the interactions of model 

compounds representative of side chains of proteins with monohalogenated analogs of 

benzene and ethane for F, Cl and Br. The model compounds were selected to cover the 

different types of the functional groups in protein side chains that act as HBDs, 

including methanol (MEOH), phenol (PHEN), acetamide (ACEM), imidazole (IMID), 

indole (INDO), methanthiol (MESH), methylammonium (MAMM), and 

methylguanidinum (MGUAN), or acetate (ACET) that acts as a HBA. Interaction 

energies were calculated as a function of the X···HBD distance in the perpendicular, 

HBD90˚, and linear, HBD180˚, orientations (Figure 2.1 and Table 2.1) and, in the 

case of the chlorinated species, as a function of C-Cl···HBD angle (Figure 2.2). 

Unlike in protein structures where secondary interactions or geometric constraints 

may impact the halogen-protein interactions, the QM calculations allow for 
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investigation of the interaction energy contribution from the HBD in the model 

compound itself. 

 

Table 2.1 to the top of page 71 Minimum interaction distances (d(X···HBD), Å ) and 

energies (Emin, int, kcal/mol) for the monohalogenated analogs of benzene and ethane 

with selected model compounds serving as HBDs or HBAs in both perpendicular, 

C-X···Y=90° (HBD90°/HBA90°) and linear C-X···Y=180° (HBD180°/HBA180°) 

orientations, where X is F, Cl, or Br and Y is the oxygen or nitrogen of the model 

compound. The distance is measured between the halogen and the oxygen or nitrogen 

atom of the model compounds. Diff. Emin, int is the energy differences of Emin, int 

(HBD90° － HBA180°) indicating the relative strength of perpendicular 

halogen-hydrogen bond donor (X-HBD) versus halogen bonds.  

 

Model 

Mol. 
C-X ···HBD angle HBD HBA Diff. Emin, int 

  
d(X···HBD) Emin, int d(X···HBA) Emin, int 

 
FLUB

a
 

      
MEOH 90° 3.17 -2.05 

   

 
180° 3.07 -1.94 

   
ACEM 90° 3.21 -1.83 

   

 
180° 3.21 -1.66 

   
MAMM 90° 2.83 -12.88 

   

 
180° 2.73 -12.72 

   
ACET 180° 

  
5.00

b
 3.11 

 
FETH

a
 

      
MEOH 90° 2.97 -3.05 

   

 
180° 2.97 -2.78 

   
ACEM 90° 3.21 -0.95 

   

 
180° 3.11 -2.36 

   
MAMM 90° 2.83 -10.56 

   

 
180° 2.73 -16.01 

   
ACET 180° 

  
5.00

b
 1.81 

 
       CHLB

a
 

      
MEOH 90° 3.47 -2.39 3.70 0.05 
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a
Fluorobenzene (FLUB), Fluoroethane (FETH), Chlorobenzene (CHLB), 

Chloroethane (CLET), Bromobenzene (BROB), Bromoethane (BRET). 
b
Repulsive 

interaction with no minimum < 5 Å . Energies correspond to 5 Å . 

 
180° 3.77 -0.60 3.10 -0.83 -1.56 

ACEM 90° 3.51 -2.23 3.60 0.22 
 

 
180° 3.91 -0.41 3.10 -0.73 -1.50 

MAMM 90° 3.13 -14.31 
   

 
180° 3.23 -8.65 

   
ACET 180° 

  
2.70 -2.46 

 
CLET

a
 

      
MEOH 90° 3.37 -3.07 5.00

b
 0.19 

 

 
180° 3.67 -1.04 3.20 -0.13 -2.94 

ACEM 90° 3.61 -1.42 5.00
b
 0.26 

 

 
180° 3.81 -0.71 3.30 -1.38 -0.04 

MAMM 90° 3.13 -12.23 
   

 
180° 3.23 -10.92 

   
ACET 180° 

  
2.90 1.28 

 
BROB

a
 

      
MEOH 90° 3.57 -2.34 3.80 0.09 

 

 
180° 4.07 -0.37 3.10 -1.55 -0.79 

ACEM 90° 3.71 -2.22 3.70 0.22 
 

 
180° 4.21 -0.23 3.10 -1.52 -0.70 

MAMM 90° 3.33 -14.39 
   

 
180° 3.43 -7.68 

   
ACET 180° 

  
2.70 -5.41 

 
BRET

a
 

      
MEOH 90° 3.57 -2.93 5.00

b
 0.21 

 

 
180° 3.87 -0.75 3.20 -0.81 -2.12 

ACEM 90° 3.71 -1.48 5.00
b
 0.27 

 

 
180° 4.01 -0.47 3.20 -0.57 -0.91 

MAMM 90° 3.33 -12.56 
   

 
180° 3.33 -9.79 

   
ACET 180° 

  
2.80 -1.36 
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Figure 2.1 Quantum mechanical (QM) interaction energies as a function of distance 

between chlorobenzene and water or model compounds serving as hydrogen bond 

donors (HBD) in perpendicular HBD90° and linear HBD180° orientations. Distances 

based on the halogen to hydrogen bond donor antecedent (O, N or S atom). Carbons 

are colored cyan, hydrogens white, oxygens red, sulfurs yellow, and chlorines green. 
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Figure 2.2 Quantum mechanical (QM) interaction energies as a function of angle 

between chlorobenzene and water or model compounds representative of hydrogen 

bond donors (HBD) in proteins as a function of the C-Cl···HBD angle at Cl···HBD 

non-hydrogen atom distances of 3.5 and 4.0 Å . Distances and angles based on the 

hydrogen bond donor antecedents (O, N or S atom). Carbons are colored cyan, 

hydrogens white, oxygens red, sulfurs yellow, and chlorines green. 

 

 Analysis of the interaction energy surfaces as a function of distance shows the 

perpendicular HBD90° interaction energies to be systematically more favorable than 

the HBD180° interactions, with minima in the range of 3.2 to 4.0 Å  (Figure 2.1). This 

trend is maintained for the F and Br species (Table 2.1). Interaction energy surfaces 
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for the Cl species were calculated for the C-Cl···HBD angle, based on the HBD 

non-hydrogen atom, at Cl···HBD distances of 3.5 and 4.0 Å  (Figure 2.2). Results 

show the interaction energies to be most favorable in the vicinity of the perpendicular, 

HBD90˚ orientation. These interactions are 2 to   kcal/mol more favorable than the 

linear HBD180° orientation with the neutral model compounds and by up to 6 

kcal/mol with the positively-charged compounds, with similar differences for Br for a 

subset of the model compounds (Table 2.1). The magnitudes of the interactions 

themselves range from -2 to -4 kcal/mol with the neutral species and -10 and -14 

kcal/mol for the model compounds representing the positively-charged side chains of 

Arg (MGUAN) and Lys (MAMM). While the interactions are most favorable in the 

perpendicular orientation the favorable interactions range from ~40˚ to 180˚ (Figure 

2.2) with the energy remaining favorable in most cases for the linear interaction, 

indicating the angular dependence to be minimal. Result for flourinated species in 

Table 2.1 show the interaction energies of the perpendicular and linear orientations to 

be similar for flourobenzene consistent with the lack of a σ-hole such that flourine 

still acts as a hydrogen bond acceptor in the linear orientation.
223 

 To put the X-HBD interactions in context with halogen bonds, QM minimum 

interaction distances and energies were obtained with the Cl and Br benzene and 

ethane analogs for selected model compounds acting as hydrogen bond acceptors 
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(HBA)(Table 2.1). Consistent with previous studies,
222–224,227,228

 interactions of Cl and 

Br with the acceptor atoms in the linear HBA180˚ orientation are favorable. However, 

when comparing the halogen bond with the X-HBD interactions (HBD90°) the latter 

interactions are equivalent or more favorable by up to -3 kcal/mol for the neutral 

model compounds. Analysis of the halogen bond interactions was extended to include 

a negatively-charged acceptor using acetate (ACET) as a model compound (Table 2.1). 

The halogen bond with the negatively charged ACET has a more favorable halogen 

bond interaction than the neutral halogen bond interactions. However, the interaction 

is significantly less favorable than the interactions of charged hydrogen bond donors 

with Cl and Br in X-HBD90° interactions. For example, the most favorable halogen 

bond interaction involving ACET is with bromobenzene with an energy of -5.4 

kcal/mol at 2.7 Å , which is significantly less favorable than the X-HBD90° 

interaction of -14.4 kcal/mol with methylammonium (Table 2.1). Notably, the 

perpendicular X-HBD interactions are more favorable with the Cl and Br aliphatic 

species than any of the interactions involving either HBA90˚ or HBA180˚ interactions 

with those molecules. The size of those interactions ranges from approximately -1.5 to 

- .1 kcal/mol, with the HBA180˚ halogen bonds ranging from -0.1 to -1.6 kcal/mol. 

Overall, these results indicate that X-HBD interactions have the potential to make 

significant contributions to ligand-protein interactions, with those favorable 
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interactions involving halogens in both aromatic and aliphatic systems, versus 

halogen bonds being primarily limited to halogenated aromatic species. 

 To verify the potential importance of X-HBD interactions to ligand-protein 

interactions we performed a survey of protein crystallographic structures in the 

Protein Data Bank (PDB)
263

 that contain halogenated ligands. The survey determined 

the distribution of C-X···HBD angles, where X is the halogen and the HBDs are the 

oxygen, nitrogen or sulfur atoms of protein side chain hydrogen bond donors. Results 

from the survey for all crystal structures with a resolution better than 3.0 Å  are shown 

in Figure 2.3 for X = Cl and in the Supporting Information
237

 for the X = F, Br and I, 

respectively. The probability distributions of the C-X···HBD angles were binned into 

10˚ windows at search radii of less than  .5,  .5 to 4.0, and 4.0 to 4.5 Å based on the 

X to HBD O, N or S atom distances. Evident in the survey data is the maxima in the 

plots in the range of 80 to 110˚. This is consistent with the QM interaction energy 

surfaces showing energies to be more favorable in the vicinity of 90˚ as compared to 

linear interactions in the vicinity of 180˚ (Figure 2.2). The second maxima in the 

survey data occurs at 140 to 150˚ with the exception of X = F. This is primarily due to 

the oxygen or sulfur associated HBDs also being able to act as HBAs, thereby 

interacting with X via a halogen bond. Separation of the HBD survey data into 

contributions from N, O and S HBDs (Supporting Information
237

  shows the 140˚ 



77 
 

maxima to be prominent with oxygens and sulfurs for X = Cl, Br and I, while only a 

small increase is observed with nitrogens. The small peak in the nitrogen distribution 

is due to the nitrogen HBA in the neutral His side chain. Further support for the peak 

in the vicinity of 140˚ being a halogen bond was the omission of the peak with X = F 

and from a survey of C-X···O angles for protein carbonyl groups (Supporting 

Information
237

). For Cl, Br and I there are clear maxima present in the regions of 130 

to 180˚ especially for X···O distances less than  .5 Å (Supporting Information
237

). 
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Figure 2.3 Probability distribution of C-Cl···HBD angles from a survey of 

ligand-protein complexes in the Protein Data Bank. HBD is defined by the oxygen, 

nitrogen or sulfur atom of the protein hydrogen bond donor functional group. a. 

Combined normalized distribution of C-Cl···O/N/S. b, c and d are the respective 

normalized probability distributions for C-Cl···N, C-Cl···O, and C-Cl···S. Search 

radii for the survey were < 3.5 Å , 3.5 to 4.0 Å  and 4.0 to 4.5 Å  for the Cl to HBD 

distance.  



79 
 

 To further verify the role of X-HBD interactions in ligand-protein binding, 

selected crystal structures from the survey were identified for which it has been 

experimentally shown that adding a Cl or Br atom to the ligand improves the binding 

affinity. Images from 6 example structures are shown in Figure 2.4.
229,264–268

 In all 

cases the X···HBD distances is 3.5 Å  or less, including an interaction between Br and 

Arg of 3.3 Å  in Figure 2.4c. The C-X···HBD angles range from 81 to 96˚. Published 

biochemical data for the ligands shown in Figure 2.4 and analogs are presented in 

Table 2.2.  An additional five examples of X-HBD interactions for which both 

structural and biochemical data is available are included the Supporting 

Information.
237

 The contributions of the X-HBD interactions are evident, with the 

changes in affinity ranging from a factor of 2 to over 250 fold with PDB: 2WHO. The 

over 250-fold change involves the interaction of an Arg side chain with a 

bromophenyl moiety, indicating that a significant contribution from the charged 

guanidinium moiety with the Br atom is occurring. In PDB: 4DT6, replacement of 

hydrogen with a F lead to a 2 to 40 fold increase in binding with Cl and Br 

substitutions yielding up to 100 fold improvements in affinity. While these results 

represent a small sample of possible X-HBD interactions, in combination with the 

survey data, they indicate that these types of interactions are common in 
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ligand-protein complexes and further support the significant role X-HBD interactions 

contribute to ligand-protein binding affinities. 

 

Table 2.2 to the top of page 81 Impact of halogen substitution on affinities in 

selected ligand-protein complexes participating in X-HBD interactions. Specific 

ligands shown in Figure 2.4 are indicated with an asterisk.  

PDB ID Target Protein Substituent IC50 Ki 

2Q6H L-[3H]LeuT -H 2,090 μM  

  -Cl* 250 μM  

2QU3 BACE1 -H 1.89 μM  

  -Cl* 0.59 μM  

2WHO ΔC21-1b -H 1,700 nM  

 ΔC21-1b -F 200 nM  

 ΔC21-1b -Cl 19 nM  

 ΔC21-1b -Br* 20 nM  

2WHO ΔC21-2b -H > 50,000 nM  

 ΔC21-2b -F > 50,000 nM  

 ΔC21-2b -Cl 200 nM  

 ΔC21-2b -Br* 180 nM  

4ALI saFabI 
 

 161.2 nM 

 saFabI 
* 

 60.9  nM 

4X8T factorVIIa -H  19 mM 

  -Cl  8.9 mM 

4DT6 eIF4E -H SPA:4 μM  
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Figure 2.4 Examples of crystal structures that are observed to have X-HBD 

interactions including (PDBIDs) a. 2Q6H,
229 

b. 2QU3,
264

 c. 2WHO,
265

 d. 4ALI,
266

 e. 

4X8T,
267 

f. 4DT6.
268

 Carbons are colored in cyan, hydrogens white, oxygens red, 

sulfurs yellow, chlorines green, and bromine is colored in dark red in panel c. 

 

2.4 Conclusion 

 In the present study we have investigated the contribution of interactions 

between halogens and protein side-chain hydrogen-bond donors, termed X-HBD 

interactions, to ligand-protein binding. While a few studies have reported that the 

RRL-IVT:48. μM 

  -F 

SPA: 1.5 μM 

RRL-IVT: 22 μM 

 

  -Cl* 

SPA: 0.059 μM 

RRL-IVT: 1.9 μM 

 

  -Br 

SPA: 0.041 μM 

RRL-IVT: 0.7 μM 
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inclusion of a halogen, particularly Cl, improved ligand affinity due to an interaction 

with a hydrogen bond donor group in the protein,
229–233

 the phenomenon has not 

previously been systematically studied. QM data based on model compounds 

representative of hydrogen bond donors in proteins shows the X-HBD interactions, 

which are most favorable in the perpendicular orientation, to have favorable energies 

from -2 kcal/mol with thiol groups to more than -14 kcal/mol with the positively 

charged ammonium groups on the side chain of Lys. The interaction energy is not 

highly sensitive to orientation as defined by the C-X···HBD angle. In all cases there is 

a minimum close to the perpendicular orientation of approximately 90˚; however, the 

change in energy is relatively small as a function of angle with favorable interactions 

still occurring at 180˚. These properties are in contrast to halogen bonds, associated 

with the σ-hole and favorable interactions with hydrogen-bond acceptors, where the 

interaction is linear in nature (i.e. C-X···HBA angle is ~180˚ , the interaction energies 

based on neutral model compounds are in the range of -2 kcal/mol or less, of up to 

-5.4 kcal/mol with negatively-charged acetate, and the interaction energies rapidly 

become less favorable as the C-X···HBA angle deviates below 150˚.
228,240 

In addition, 

the predominance of X-HBD interactions in the perpendicular orientation contrasts 

the orientation dependence of canonical hydrogen bonds,
269

 such that X-HBD 
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interactions, where X is Cl, Br or I would not be considered to be a standard or 

canonical hydrogen bond. 

 With respect to the relative strength of the perpendicular X-HBD interactions 

(C-X...HBD90°) relative to canonical hydrogen bonds the overall interaction energies 

are similar. For example, published QM hydrogen bond interactions of small 

molecules at the MP2/6-311++G** model chemistry show hydrogen bonds between a 

hydroxyl group and a carbonyl oxygen or a sp
2
 nitrogen to have interactions energies 

of -3.7 and -4.6 kcal/mol, respectively,
270

 which are somewhat more favorable than 

the X-HBD interactions involving MEOH (Table 2.1, -2.4 kcal/mol with 

chlorobenzene). However, the C-X...HBD90° interaction of the hydroxyl of 

phenylalanine with chlorobenzene is -3.4 kcal/mol (Figure 2.1) comparable with or 

even more favorable than hydrogen bonds of the hydroxyl with a carbonyl oxygen 

(-3.7 kcal/mol), an ether oxygen (-2.9 kcal/mol), or a hydroxyl group oxygen (-2.7 

kcal/mol ).
270

 For neutral NH groups serving as HBD in C-X...HBD90° interactions 

involving imidazole (IMID) or indole (INDO) the interaction energies are -3.7 and 

-4.1 kcal/mol, respectively, which are comparable to or more favorable than the 

hydrogen bond between a sp
2
 nitrogen (serving as a HBD) and a carbonyl oxygen 

(-3.0 kcal/mol), ether oxygen (-4.1 kcal/mol ), or a hydroxyl group oxygen (-4.0 

kcal/mol ).
270

 Thus, the presented X-HBD interactions are comparable to canonical 
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hydrogen bonds with respect to interaction energies and offer the additional advantage 

of a limited angular dependency (Figure 2.2).  

 The survey of the PDB
263

 performed in this study revealed the X-HBD 

interactions to be quite common with the C-X···HBD angular distribution consistent 

with that interaction energies as a function of orientation observed in the model 

compound QM calculations. In addition, for selected ligands for which crystal 

structures and affinity data are available, it is shown how the presence of a specific 

X-HBD interactions can improve the binding affinity by up to 250 fold.  

 In practical terms, given the wide presence of halogens in drugs awareness of the 

importance of halogens to ligand-protein affinity is not new. However, in order to 

more rationally exploit the use of halogens in rational ligand design it is necessary to 

quantify the detailed nature of those interactions including their energetic 

contributions as well as their orientation dependence. The relatively “flat” orientation 

dependence of the X-HBDs is particularly noteworthy, indicating that the insertion of 

halogens into ligands can produce favorable interactions with HBDs without the 

well-known orientation dependence associated with halogen bonds and, importantly, 

standard hydrogen bonds in general.
271

 Indeed, the wide presence of halogens in drugs 

is likely, in large part, due to the presence of the X-HBD interactions quantified in the 

present study. 
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 As a final point with respect to rationally exploiting X-HBD interactions in 

ligand design is their ability to be accurately treated by molecular mechanics force 

fields. Traditionally, halogens are treated as having a small partial negative atomic 

charge with relatively large favorable dispersion contributions.
272

 This treatment 

assures that the halogen will have favorable interactions with HBDs and those 

interactions will be relatively insensitive to orientation, as shown in the present study. 

More recent force field models of halogens have included a lone pair carrying a 

positive charge to mimic the σ-hole,
137,240,273,274

 thereby modeling the halogen bond. 

Importantly, in these models the halogen atom still carries a negative charge allowing 

it to continue to interact favorably with HBDs. However, it is the magnitude of these 

interactions that are likely incorrectly treated, largely due to a lack of QM data on the 

orientation dependence of X-HBD for use as target data for force field optimization. 

The results reported in the present study, as well as a more extensive data set to be 

presented in the Chapter 3, will allow that limitation to be overcome and lead to the 

improved exploitation of halogens both qualitatively by the ligand designer being 

cognitive of their existence as well as quantitatively by their more accurate treatment 

in empirical force fields.  
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CHAPTER 3    POLARIZABLE EMPIRICAL FORCE FIELD FOR 

HALOGEN-CONTAINING COMPOUNDS BASED ON THE CLASSICAL 

DRUDE OSCILLATOR
3
 

 The quality of the force field is crucial to ensure the accuracy of simulations used 

in molecular modeling, including computer-aided drug design (CADD). To perform 

more accurate modeling and simulations of halogenated molecules, in this study the 

polarizable force field based on the classical Drude oscillator model was extended to 

both aliphatic and aromatic systems using halogenated ethane and benzene model 

compounds, for the halogens F, Cl, Br or I. The force field parameters were optimized 

targeting quantum mechanical dipole moments, water interactions, and molecular 

polarizabilities as well as experimental observables, including enthalpies of 

vaporization, molecular volumes, hydration free energies, and dielectric constants. 

The developed halogenated polarizable force field is capable of reproducing QM 

relative energies and geometries of both halogen bonds and halogen-hydrogen bond 

donor interactions at an unprecedented level due to the inclusion of a virtual particle 

and anisotropic atomic polarizability on the halogen and, notably, the inclusion of 

Lennard-Jones parameters on the halogen Drude particle. The model was validated 

based on its ability to accurately reproduce pure solvent properties for halogenated 

                                                      
3
 Reprinted with permission from Lin, F.-Y., MacKerell, A. D., Jr., Polarizable 

Empirical Force Field for Halogen-Containing Compounds Based on the Classical 

Drude Oscillator. J. Chem. Theory Comput. 2018, 14, 1083-1098. Copyright (2018) 

American Chemical Society. 
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naphthalenes and alkanes, including species analogous to those used as refrigerants. 

Accordingly, it is anticipated that the model will be applicable for the study of 

halogenated derivatives in CADD as well as in other chemical and biophysical 

studies. 

 

3.1 Introduction     

 Halogenated molecules are used in a wide range of functions ranging from 

industrial uses, such as refrigerants,
275

 to biological roles, including therapeutic 

agents.
220,221

 To understand the properties of halogens that make them of such diverse 

use as well as the rational design of novel halogenated species, molecular dynamics 

(MD) simulations have been shown to be of great utility.
276–279

 To assure the accuracy 

of MD simulations, a high quality force field is essential.
35

 Nowadays, a number of 

force fields for organic compounds, such as GAFF (Generalized Amber Force 

Field),
280

 OPLS (Optimized Potentials for Liquid Simulations),
281,282

 or CGenFF 

(CHARMM General Force Field),
13–16,240

 among others, have been developed. In 

these force fields the partial atomic charges are fixed, treating the induced 

polarization in a mean-field average way; however, in practice the electron density is 

not static and should be able to adjust in response to the local electric field, such that 

the electronic polarizability may be underestimated in the condense phase by using 
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fixed charge models.
34

 Accordingly, to improve the accuracy of molecular simulations, 

efforts have been ongoing to incorporate the explicit treatment of electronic 

polarizability into the force field.
92,127,283

 Towards this end, the classical Drude 

oscillator model has been successfully used to describe water,
145,239

 a range of small 

molecules,
120,146,152,152,154,156

 proteins,
163

 DNA
164,167

 and selected lipids.
125,168

 To 

explicitly treat the inducible polarization on molecules, electronic polarizability is 

introduced by using a charge-carrying auxiliary ‘‘Drude’’ particle linked to each 

non-hydrogen atom via a harmonic bond (Figure 3.1).
127

 In this study, the 

polarizability will be treated via the classical Drude oscillator model.
127

 From this 

model, the atomic polarizability, αA, of a given atom (A) is defined based on the 

charge on the Drude particle (qDA) and the force constant (kD) of the harmonic spring 

between the Drude particle and parent atom nucleus according to equation 3-1, where 

kD is assigned to be 500 kcal/mol/Å
2 

and fixed for all the atoms.
44

 

   
   

 

  
              (3-1) 

The charge on the atomic core (or nucleus), qA, will be q - qDA, where the q is the 

partial atomic charge on atom A. From this description, polarization is determined by 

a pair of point charges (qA and qDA) separated by a variable displacement, d, between 

the Drude particle and the atomic core, which is able to adjust in response to the 

electric field, E, according to the equation 3-2:  
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                (3-2) 

The induced atomic dipole, μ, is calculated as: 

  
   

 

  
            (3-3) 

To provide better treatment of molecular polarizabilities in the energy calculation, the 

induced dipole–dipole interactions for atoms within three bonds (e.g. 1-2 or 1-3 atom 

pairs) are explicitly treated with those electrostatic interactions screened by a 

Thole-like screening function Sij (equation 3-4).
122

 This is different from the additive 

force fields where the nonbonded interactions between 1–2 and 1–3 atom pairs are 

excluded.  

               
          

       
 

  
      

           

      
 

  
            (3-4) 

In equation 3-4, rij is the distance between atoms i and j, αi and αj are respective 

atomic polarizabilities according to equation 3-1, ti and tj are the respective atomistic 

Thole screening factors that dictate the degree of scaling. While parameters for 

halogenated methanes based on polarizable models have been developed,
137,284

 a 

comprehensive set of parameters for halogenated molecules based on ethane and 

benzene systems is still not available.  

 Traditionally, halogens were considered to be hydrophobic;
224

 however, halogens 

were more recently recognized to serve as hydrogen bond acceptors (HBA)
 224–228

 and 
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as halogen bond (XB) donors,
222–224

 both of which have been reported to contribute to 

ligand-protein interactions experimentally.
221,229–233

 The dual roles of halogens result 

from their anisotropic electron distribution when the halogen is covalently bonded to a 

carbon atom (C). The pz-orbital of halogens is shifted to participate in the formation 

of the C-X covalent bond, resulting in an electron diminished region on the outer side 

of the halogen linear to the C-X bond, yielding a slightly positive potential known as a 

σ-hole.
224,234,235

 The presence of the σ-hole allows halogens to favorably interact with 

a nucleophilic atom when aligned along the C-X bond to form the well-known 

halogen bond (XB).
222–224,236

 In contrast, the valence electrons on the perpendicular px 

and py atomic orbitals of halogens remain occupied, and thus the electron distribution 

around the periphery of the halogen in the region perpendicular to the C-X covalent 

bond is larger than that linear to the C-X bond.
285

 The presence of the electronegative 

potential perpendicular to the C-X bond allows halogens to interact with electrophilic 

atoms, such as a hydrogen bond donor.
224

 Meanwhile, the van der Waals (vdW) 

surface of the halogen becomes asymmetric due to the shift of the electron density, 

resulting in a shorter vdW surface on the halogen linear to the C-X covalent bond.
238

 

This allows the electropositive σ-hole to have relatively shorter interaction distances 

with nucleophilic atoms, while the perpendicular peripheral region of halogens 
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participate in a relatively longer distance when interacting with an electrophilic 

atom.
238

  

 Force fields for halogens traditionally assigned a partial negative charge to the 

atom with a relatively large favorable dispersion contribution.
272

 Due to the discovery 

of the σ-hole, recent halogen force fields have been extended, including the use of a 

virtual particle carrying a positive charge, to mimic the σ-hole on the halogen, thereby 

effectively modeling the halogen bond (XB).
240,273,274

 While representing an 

improvement for XB interactions, such models do not accurately model the 

anisotropic nature of the vdW surface of the halogens, a problem that was effectively 

treated in the context of an additive force field by using a Lennard-Jones (LJ) function 

that included an angular dependence,
238

 allowing for a flattening of the halogens 

along the σ-bond and a larger radii perpendicular to the C-X bond. However, all of 

these models have not explicitly addressed their ability to treat halogens interacting 

with hydrogen bond donors (termed X-HBD interactions), a role that has been less 

discussed in the literature.
225,227,228,256,257

 Work in our laboratory has investigated the 

X-HBD interactions using quantum mechanical (QM) calculations in conjunction 

with bioinformatics analysis and shown them to be the most favorable in the region 

perpendicular to C-X covalent bonds, consistent with the electron distribution around 
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halogens, with these interactions being more favorable than halogen bonds and of 

similar strength as canonical hydrogen bonds.
237

 

 In this study, polarizable force field parameters were developed and validated for 

organohalogens based on the classical Drude oscillator model
127

 for a series of 

halogenated molecules, including both aliphatic and aromatic systems, such as 

ethyl-X or phenyl-X, respectively, with X being F, Cl, Br, or I (Figure 3.2). The force 

field parameters were fitted to QM data, including dipole moments, molecular 

polarizabilities, and interactions with water, as well as experimental observables, 

including enthalpies of vaporization, molecular volumes, hydration free energies, and 

dielectric constants. The anisotropic charge distribution and shape of the halogens 

were reproduced by inclusion of a virtual particle along the C-X covalent bond and 

applying LJ parameters to the halogen Drude particle, resulting in better modeling of 

interaction energy and distance profiles when the halogens act as both halogen bond 

donors and hydrogen bond acceptors. The developed parameters were further 

validated on 20 halogenated aromatic and aliphatic derivatives, showing the model to 

be predictive of experimental pure solvent properties. Accordingly, the resulting 

polarizable force field will be applicable to CADD involving halogenated derivatives 

as well as modeling and simulation studies of halogens in a range of chemical 

systems.  
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Figure 3.1 Schematic of the Drude oscillator model for chlorobenzene. The addition 

of Drude oscillators to carbon (C) and chlorine (Cl) atoms via harmonic springs with a 

force constant, kD, and the subsequent distribution of charge between the atoms (qC 

and qCl) and their respective Drude oscillators (qDC and qDCl) are presented. A virtual 

particle to mimic the σ-hole on the chlorine atom is labeled “LP” with the charge, qLP. 

The anisotropic polarization tensor components on the chlorine are labeled as a11 and 

a22. The other tensor component is orthogonal to a11 and a22 and is not shown.  

 

 

 

Figure 3.2 Structures of halogenated molecules under parametrization. a. 

Halogenated ethanes. b. Halogenated benzenes.  

 

 

3.2 Computational methods 

 The halogenated molecules under parametrization included halogenated ethane 

and benzene analogs (Figure 3.2). Parametrization of the Drude halogen force field 
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required target data obtained from quantum mechanical (QM) calculations using the 

programs Gaussian03,
286

 PSI4,
259

 and NWCHEM
287

 and experimental observables. 

Molecular mechanical (MM) and molecular dynamics (MD) calculations were 

performed using the programs CHARMM
176–178

 and NAMD.
247

   

 

3.2.1 Quantum mechanical calculations 

 QM geometry optimizations were performed at the MP2 level of theory with the 

aug-cc-pVDZ basis set
173

 for fluorinated and chlorinated species and with the 

aug-cc-pVDZ-PP basis set
260,261

 for brominated and iodinated species. The QM 

vibrational spectra were calculated following QM geometry optimizations from the 

same model chemistry, with the resulting frequencies scaled by 0.959
175

 for use as 

target values. Dihedral angle potential energy scans (PES) were initiated on the QM 

optimized geometries with the same model chemistry with only the targeted dihedral 

constrained while the remaining degrees of freedom were allowed to relax. Single 

point calculations were performed on the optimized geometries to obtain the final QM 

energies, molecular dipole moments and molecular polarizabilities for use as target 

data, where the MP2/cc-pVQZ model chemistry
173

 was used for fluoro- and 

chloro-substituted analogs, and MP2/sdb-cc-pVQZ
288

 model chemistry was used for 
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bromo- and iodo-analogs. The aforementioned QM calculations were performed using 

Gaussian03.
286

   

 Single-point interaction energies for fluorinated, chlorinated and brominated 

analogs with water were obtained at the RIMP2 level of theory with the cc-pVQZ 

basis set
173

 using PSI4.
259

 For iodinated analogs, single-point interaction energies 

were calculated with the sdb-cc-pVQZ basis set
288

 at the MP2 level of theory using 

NWCHEM.
287

 In the interaction energy calculations, the basis set superposition error 

(BSSE) was corrected using the counterpoise method,
289

 and the intramolecular 

geometries of the halogenated molecules were kept in their gas phase optimized 

geometries and water was maintained rigid in the SWM4 geometry.
239

 In calculating 

the QM interaction energies, when the halogen acts as a hydrogen bond acceptor, the 

hydrogen atom of water was directed toward the halogen in the perpendicular or 

linear orientation and served as a hydrogen bond donor (Figure 3.3a to 3.3b and 3.3d 

to 3.3e). When the halogen participates in a halogen bond interacting with water as a 

hydrogen bond acceptor, the acceptor atom was directed toward the halogen along the 

C-X direction (Figure 3.3c and 3.3f). The interaction energy profiles were calculated 

by varying the distance between the halogen and the interacting atom from 1.5 to 5.0 

Å  in intervals of 0.1 Å .  

 



96 
 

 

Figure 3.3 Water interaction orientations for halogenated benzenes in a, b, and c, and 

halogenated ethanes in d, e, and f, where water acts as hydrogen bond donors (HBD) 

in perpendicular and linear orientations (HBD90° and HBD180°) as well as acts as a 

hydrogen bond acceptor (HBA) in linear orientations (HBA180°). Halogen atom is 

colored in green, hydrogen in white, carbon in cyan, and oxygen in red. 

 

 Single-point interaction energies between chlorobenzene or chloroethane and the 

rare gases Ne and He were performed at the MP3/6-311++G(3d,3p) model 

chemistry.
183,290

 The interaction energy profile were calculated by varying the 

distance between the chlorine and the rare gas atom from 1.5 to 5.0 Å  in intervals of 

0.1 Å  with chlorobenzene/chloroethane kept in their MP2/aug-cc-pVDZ
173

 optimized 

geometry. 

 

3.2.2 Molecular mechanical calculations 

 The program CHARMM
176–178

 was used to obtain gas phase properties, 

including molecular dipole moments and polarizabilities, internal geometries, 

vibrational spectra, dihedral PES, as well as interaction energies with water. 

Vibrational frequencies were obtained as presented by Pulay et al.
179

 using the Molvib 

module in CHARMM. The PES were obtained using the QM optimized geometries 



97 
 

followed by minimizing the whole molecule with steepest-descent (SD) and 

adapted-basis Newton-Raphson (ABNR) method while keeping the dihedral of 

interest at the target values using a harmonic restraint of 10
4
 kcal/mol/radian. In 

calculating interaction energies, the monomers of two interacting molecules were 

computed by varying the distance between the halogen and the interacting atom from 

1.5 to 5.0 Å  in intervals of 0.1 Å . The monomer geometries were from SWM4 (for 

water)
239

 or the QM optimized geometries (for halogenated molecules), followed by 

relaxation of the Drude particles with steepest-descent (SD) method while other atoms 

were kept restrained using a harmonic force constant of 10
6
 kcal/mol/Å . Interaction 

energies were then calculated as the total energy of the complex at each distance 

minus the sum of the energies of the isolated monomers in which the Drude particles 

had been optimized, analogous to that done in the QM interaction energy calculations. 

Empirical dipole moments were calculated using CHARMM
176–178

 with molecular 

polarizabilities obtained by applying electric fields in the x, y and z directions and 

calculating the change in the dipole moment. 

 Molecular dynamics (MD) simulations were performed to compute the 

enthalpies of vaporization (ΔHvap), molecular volumes (Vm), static dielectric constants 

(ε) as well as hydration free energies (ΔGhydr) as previous work described.
150,154

 MD 

simulations were performed using the Velocity Verlet integrator with integration of 
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the Drude particles performed using an extended Lagrangian.
127

 A 0.5 fs time step 

was used for equilibrations and a 1 fs time step was used for production runs. 

Particle-Mesh Ewald (PME) was used to treat electrostatic interactions using a 

real-space cutoff of 12 Å , a kappa value of 0.34 and a 6-order spline.
291,292

 LJ 

interactions were truncated via a switching function from 10 to 12 Å .
293

 SHAKE was 

used to fix bonds involving hydrogen atoms.
294

 Enthalpies of vaporization (ΔHvap) 

were computed through equation 3-5, where the average per-molecule energy (Uliquid) 

in the condensed phase and the average gas-phase energy (Ugas) were derived from 

pure liquid and gas phase simulations. Each pure liquid simulation system consisted 

of a cubic unit cell of 216 molecules, for which the average per-molecule energy 

(Uliquid) in the condensed phase was obtained from a 10 ns simulation. The average 

gas-phase energy (Ugas) was obtained by performing a 50 ps equilibration followed by 

a 150 ps production simulation individually on each of the molecules from the pure 

liquid system from which the average Ugas was obtained. Molecular volume, Vm, was 

computed through equation 3-6, which was the average volume,    , of the cubic unit 

cell obtained from the pure liquid simulation.   

       
         

 
                 (3-5)     

     
   

 
                         (3-6) 
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 Static dielectric constants (ε) were also computed from the pure liquid 

simulations. The static dielectric constant ε was calculated from the dipole moment 

fluctuations of the entire simulation system using equation 3-7: 

     
  

       
             (3-7) 

where M is the total dipole moment of the cubic simulation system,     is the 

average volume of the cubic unit cell, and ε∞ is the high-frequency optical dielectric 

constant which was estimated from the Clausius-Mossotti equation.
295

 The dipole 

moment fluctuations and volume were obtained from three independent 20 ns 

simulations. Tests using longer simulations (e.g. 30 ns) yielded a difference of only 

0.02 for the chlorobenzene dielectric constant.  

 Hydration free energies (ΔGhydr) were obtained as a difference between the free 

energy change upon annihilation of the solute in water (ΔGwat) and in vacuum (ΔGvac), 

with the free energy changes ΔGwat and ΔGvac computed through free energy 

perturbation (FEP).
185

 Following the previously reported protocol
184,124

 that has been 

used in a number of studies,
165,190,284,296–298

 the free energy is decomposed into 

nonpolar and electrostatic components. The nonpolar component is further 

decomposed into dispersion and repulsion parts using the method of Weeks, Chandler 

and Andersen (WCA).
186

 Thus, three coupling parameters, s, ξ and λ were used. The 

repulsive contribution was controlled with a staging parameter, s, varying according 
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to 0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. The dispersion contribution was 

calculated with a coupling parameter ξ, varying linearly from 0 to 1 in increments of 

0.1. All the charges of the solute were set to 0 when calculating the nonpolar 

contributions. The electrostatic contribution was also controlled linearly with a 

coupling parameter λ varying from 0 to 1 in increments of 0.1. The states with λ=0 

and λ=1 correspond to the fully discharged and charged solute, respectively. A 100 ps 

equilibration and a 1 ns production simulation were performed for each lambda 

window. Averages reported were obtained from the production phase, where the 

electrostatic contributions were determined by thermodynamic integration (TI)
187

 

while the nonpolar contributions were determined by the weighted histogram analysis 

method (WHAM).
188

 The free energy change was calculated as a sum of the 

electrostatic, dispersive, and repulsive contributions. A long-range correction 

(LRC)
189

 was included in the hydration free energy calculation ΔGhydr, where the LRC 

was calculated by taking the difference in the LJ solvent-solute interaction energies 

using cutoff schemes of 12 and 50 Å . 

 

3.2.3 Validation in halogenated derivatives 

 The resulting parameters were applied to 20 halogenated derivatives not included 

in the training set shown in Figure 3.2. The validation was carried out by calculating 
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the pure solvent properties (i.e. ΔVm and ΔHvap) of the compounds. The procedure to 

run the simulations was essentially the same as described above except that the neat 

liquid simulations were performed with NAMD
247

 with the dual Langevin thermostat 

integrator.
248

 A 20 ps
-1

 damping coefficient was applied to the Drude oscillators and a 

5 ps
-1 

damping coefficient for the real atoms. The pressure was set at 1 atm using 

Langevin piston pressure control with a piston oscillation period of 200 fs and a 

relaxation time of 100 fs.  

 

3.3 Results and Discussion 

3.3.1 Overview of parametrization process  

 Initial parameters were based on the halogen parameters in the additive 

CHARMM General Force Field.
240

 For the halogenated benzene analogs, the 

electrostatic parameters on atoms which are beyond the C(H)-X atoms, where X is F, 

Cl, Br, and I, were transferred directly from the Drude benzene (BENZ) model
149

 in 

order to have better transferability when extending the halogenated analogs to other 

aromatic systems. To model the electrostatic properties of the halogens, a virtual 

particle that models a σ-hole was attached to the halogen along the C-X bond axis, 

when X = Cl, Br, or I, at a fixed distance and carries a small positive charge (Figure 

3.1). The virtual particle was built through the lone pair facility in CHARMM and the 
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use of lone pairs is included in the Drude implementations in NAMD
247

, 

GROMACS
251

 and OpenMM.250 The σ-hole particle was not added to fluorinated 

species as the sigma hole effect is not significant.
299

  

 Parametrization included optimizing the electrostatic, internal or bonded, and 

Lennard-Jones (LJ) parameters. Electrostatic parameters being optimized include the 

atomic polarizabilities (alpha, α, in equation 3-1), anisotropic polarization tensors on 

the halogens, the Thole screening factors (t, in equation 3-4), partial atomic charges, 

and the charge of the σ-hole particle and its distance to the halogen (Figure 3.1). Note 

that the α value of the polarizable atoms dictates the charge on the Drude particle 

(equation 3-1) and adjustment of the Thole screening factors (equation 3-4) optimizes 

the induced dipole-induced dipole interactions on 1-2 and 1-3 atom pairs. 

Optimization of these values together with the other electrostatic parameters initially 

targeted the molecular dipole moments and molecular polarizabilities (equation 3-3). 

In the initial stage of the optimization, Monte Carlo simulated annealing
194

 was used 

to target QM dipole moments and molecular polarizabilities. Manual adjustment of 

the electrostatic parameters was performed for the final refinement. LJ parameters 

were optimized based on pure solvent properties, for which the LJ intermolecular 

energies make a significant contribution,
182

 and intermolecular QM interactions of the 

halogenated compounds with water. Once the electrostatics parameters were initially 
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optimized, the internal parameters were adjusted to reproduce QM geometries and 

vibrational spectra. The bonded parameters well reproduce QM geometries and 

vibrational spectra as shown in the Supporting Information.
158

 LJ parameters of 

fluorine, chlorine, bromine, and iodine were then optimized by targeting experimental 

pure liquid properties, including enthalpies of vaporization (∆Hvap) and molecular 

volumes (Vm), and hydration free energies (ΔGhydr). The need for scaling of the 

atomic polarizabilities was evaluated through experimental dielectric constants as 

previously discussed.
148,153

 Additional fine tuning of the electrostatic parameters and 

the addition of atom pair-specific LJ term (termed NBFIX in the program 

CHARMM
176–178

) to treat the interactions with water and hydration free energies was 

then performed. NBFIX parameters will override the standard Lorentz-Berthelot 

combining rules,123
 such that the LJ parameters between an atom pair are specified 

explicitly.  

 

3.3.2 Molecular dipole moments and polarizabilities 

 Final electrostatic parameters were determined to balance reproduction of target 

QM molecular dipole moments, polarizabilities and the water interaction energies (see 

below). Scaling factors for molecular polarizabilities ranging from 0.6 to 1.0 have 

been applied in the Drude force field to better reproduce pure solvent dielectric 
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constants.
44

 In the present case the gas phase molecular polarizabilities obtained 

directly from the MP2/cc-pVQZ model chemistry
173

 were used as target data similar 

to the Drude polarizable alkane model.
146

 Computed gas phase molecular dipole 

moments and polarizabilities from the parametrized halogenated molecules along with 

the target QM values are summarized in Table 3.1. Overall, the gas phase molecular 

dipole moments and polarizabilities, including the molecular polarizability tensor 

components, were close to their QM computed values, indicating the polarizable 

model to be capable of capturing the polarization response. Importantly, the resulting 

polarizable halogen model sufficiently reproduces condensed phase experimental 

dielectric constants, as presented below.  

 

Table 3.1 to the top of page 105 Dipole moments and molecular polarizabilities 

computed from the optimized halogen model (Drude) compared to the target QM data. 

Dipoles and molecular polarizabilities were computed based on 

MP2/cc-pVQZ//MP2/aug-cc-pVDZ model chemistry
173

 for fluoro- and chloro- 

analogs, and MP2/sdb-cc-pVQZ//MP2/aug-cc-pVDZ-PP model chemistry
288

 for 

bromo- and iodo- analogs.  

 

  
Dipole moment (D) Molecular polarizability 

X Molecule QM Drude QM Drude 

F FETH 2.02 1.97 4.14 4.15 

 
DFET 2.36 2.26 4.17 4.16 

 
TFET 2.43 2.30 4.21 4.19 

Cl CLET 2.13 2.06 5.86 5.74 

 
DCLE 2.09 2.00 7.67 7.69 

 
TCLE 1.81 1.82 9.51 9.53 

Br BRET 2.00 1.95 6.77 6.78 

 
DBRE 1.84 1.91 9.50 9.52 
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TBRE 1.52 1.50 12.24 12.27 

I IETH 1.92 1.90 8.23 8.24 

 
DIET 1.60 1.46 12.59 12.62 

 
TIET 1.22 1.27 17.01 17.00 

F FLUB 1.63 1.55 9.92 10.14 

Cl CHLB 1.77 1.74 11.97 11.99 

 
12DCB 2.51 2.52 13.93 13.98 

 
13DCB 1.65 1.71 14.12 14.15 

 
14DCB 0.00 0.00 14.16 14.18 

 
123TCB 2.52 2.40 15.97 16.02 

 
124TCB 1.26 1.21 16.20 16.24 

 
135TCB 0.00 0.00 16.35 16.41 

Br BROB 1.64 1.61 12.92 12.96 

 
12DBB 2.19 2.02 15.76 15.79 

 
13DBB 1.50 1.35 16.09 16.34 

 
14DBB 0.00 0.00 16.16 16.27 

 
123TBB 2.08 1.84 18.74 18.84 

 
124TBB 1.05 0.96 19.11 19.18 

 
135TBB 0.00 0.00 19.38 19.40 

I IODB 1.59 1.56 14.60 14.51 

 
12DIB 1.97 1.94 19.02 18.98 

 
13DIB 1.39 1.30 19.60 19.63 

 
14DIB 0.00 0.00 19.77 19.80 

 
123TIB 1.71 1.57 23.75 23.43 

 
124TIB 0.87 0.85 24.40 23.04 

 
135TIB 0.00 0.00 24.86 24.81 

 

 

3.3.3 Molecular volumes and enthalpies of vaporization  

 The development of a halogenated polarizable force field requires parametrizing 

the LJ parameters of the new atom types associated with each halogen. Once 

preliminary electrostatics parameters of halogenated analogs were obtained, the LJ 
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parameters for these new atom types were optimized by adjusting the well depths, ε, 

and the radii/2, Rmin/2, to reproduce experimental pure solvent properties, including 

molecular volumes (Vm) and enthalpies of vaporization (∆Hvap). LJ parameters were 

explicitly optimized for the benzene versus ethane-based model compounds. However, 

for each type of halogen on benzene or ethane the atom type was constrained to be 

identical for all the benzene or ethane halogenated species, with exceptions noted 

below, to facilitate transferability to similar halogenated substituents as well as reduce 

the quantity of atom types in the force field. For example, in chlorinated benzene 

analogs, the LJ parameter of the chlorine on CHLB is used throughout 

multi-chlorinated benzene analogs. Similarly, the same LJ parameters are used for the 

mono and disubstituted ethanes, though unique parameters were used for the trifluoro- 

and trichloroethane species. Though such a strategy potentially limits the quality of 

individual pure solvent properties, the final LJ parameters achieved a compromise 

yielding overall acceptable agreement.  

 Computed and experimental ∆Hvap, and Vm values for all the model compounds 

are summarized in Tables 3.2 to 3.5. Overall, the level of agreement between the 

polarizable model and the experimental observables is quite acceptable. The LJ 

parameters for halogenated molecules yield predictions of Vm within 3% of the 

experimental values for all but two compound and with ∆Hvap the agreement is within 



107 
 

3% for the majority of compounds, although there are exceptions for some molecules 

with both overestimated and underestimated calculated results obtained. In general, 

the developed polarizable model for the halogenated benzenes is improved over the 

additive halogen force field,
240

 with smaller percentage difference from the target 

experimental data for both ∆Hvap and Vm in the present study. In the additive force 

field, ∆Hvap differences for halogenated benzenes of up to ±20% from the 

experimental values were obtained.
240

 Given the similarity of internal parameters 

between these two force fields, the inclusion of the polarization response in the 

polarizable model reflects an improved treatment of nonbonded terms, yielding a 

better agreement of these pure solvent properties among the halogenated ethanes and 

benzene analogs.  

 

Table 3.2 to the top of page 108 Molecular volumes (Vm, Å
3
), enthalpies of 

vaporization (ΔHvap, kcal/mol , and hydration free energies (ΔGhydr, kcal/mol) for 

chlorinated molecules from the Drude halogen force field (Drude) and experimental 

data (Exp) with percentage difference of Vm and ΔHvap (%Diffvm and %Diffhval ), and 

difference of ΔGhydr (DiffΔG). Averages and standard error of the mean (SE)* are 

based on three independent simulations. *       , where σ is the standard 

deviation and n equals 3. 

 

  
Vm %Diffvm ΔHvap %Diffhval ΔGhydr DiffΔG 

CLET Exp 115.95 
 

5.89 
 

-0.63  

 
Drude 116.85 ± 0.05 0.78 5.96 ± 0.01 1.19 -0.46 ± 0.01 0.17 

DCLE Exp 140.73 
 

7.38 
 

-0.84  

 
Drude 140.44 ± 0.01 -0.21 7.61 ± 0.00 3.12 -1.06 ± 0.04 -0.22 

TCLE Exp 165.44 
 

7.78 
 

-0.19  

 
Drude 165.02 ± 0.05 -0.25 7.54 ± 0.01 -3.08 -0.13 ± 0.05 0.06 
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CHLB Exp 169.00 
 

9.81 
 

-1.12  

 
Drude 168.57 ± 0.04 -0.25 10.09 ± 0.00 2.85 -1.10 ± 0.03 0.02 

12DCB Exp 186.90 
 

12.25 
 

-1.36  

 
Drude 187.07 ±0.01 0.09 12.74 ± 0.00 4.00 -1.86 ± 0.12 -0.50 

13DCB Exp 189.40 
 

12.89 
 

-0.98  

 
Drude 190.40 ±0.07 0.53 12.04 ± 0.00 -6.59 -1.20 ± 0.02 -0.22 

14DCB Exp 195.60 
 

11.10 
 

-1.01  

 
Drude 195.12 ±0.02 -0.25 11.42 ± 0.00 2.88 -1.25 ± 0.13 -0.24 

123TCB Exp 207.32 
 

13.68 
 

-1.24  

 
Drude 210.82 ±0.04 1.69 13.98 ± 0.01 2.19 -1.10 ± 0.09 0.14 

124TCB Exp 207.31 
 

13.28 
 

-1.12  

 
Drude 212.74 ±0.03 2.62 13.51 ± 0.00 1.73 -0.73 ± 0.06 0.39 

135TCB Exp 206.90 
 

14.11 
 

-0.78  

 
Drude 210.90 ±0.03 1.93 14.04 ± 0.01 -0.50 -0.83 ± 0.02 -0.05 

Properties were obtained at the same temperature as the experimental conditions: CLET 273 

K,
36

 DCLE 298 K,
300

 TCLE 293 K
36

, CHLB 298 K,
36

 12DCB 293 K,
36

 13DCB 293 K,
36

 

14DCB 328 K,
36

 123TCB 298 K,
36

 124TCB 293 K,
301

 135TCB 293 K
302

 for obtaining 

molecular volumes; CLET 285.3 K,
36

 DCLE 298 K,
303

 TCLE 298 K
303

, CHLB 298 K,
303

 

12DCB 293 K,
303

 13DCB 298 K,
303

 14DCB 328 K,
303

 123TCB 298 K,
303

 124TCB 298 K,
303

 

135TCB 298 K
303

, for obtaining enthalpies of vaporization. Hydration free energies were all 

obtained at 298.15 K.
304,305
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Table 3.3 Molecular volumes (Vm, Å
3
 , enthalpies of vaporization (ΔHvap, kcal/mol), 

and hydration free energies (ΔGhydr, kcal/mol) for brominated molecules from the 

Drude halogen force field (Drude) and experimental data (Exp) with percentage 

difference of Vm and ΔHvap (%Diffvm and %Diffhval  , and difference of ΔGhydr (DiffΔG). 

Averages and standard error of the mean (SE)* are based on three independent 

simulations. *       , where σ is the standard deviation and n equals  . 

 

  
Vm %Diffvm ΔHvap %Diffhval ΔGhydr DiffΔG 

BRET Exp 123.90 
 

6.46 
 

-0.74 
 

 
Drude 123.37 ± 0.04 -0.43 6.38 ± 0.00 -1.24 -0.72 ± 0.08 0.02 

DBRE Exp 151.77 
 

9.46 
 

NA 
 

 
Drude 147.83 ± 0.04 -2.60 8.90 ± 0.00 -5.92 

  
TBRE Exp 169.47 

 
9.60 

   

 
Drude 172.30 ± 0.00 1.67 9.86 ± 0.00 2.71 

  
BROB Exp 174.40 

 
10.72 

 
-1.46 

 

 
Drude 173.68 ± 0.08 -0.41 10.71 ± 0.00 -0.09 -1.33 ± 0.03 0.13 

12DBB Exp 200.34 
 

11.99 
 

NA 
 

 
Drude 202.43 ±1.37 1.04 12.12 ± 0.01 1.08 

  
13DBB Exp 200.65 

 
11.56 

   

 
Drude 200.69 ± 0.08 0.02 12.04 ± 0.00 4.15 

  
14DBB Exp 212.79 

 
11.94 

 
-2.30 

 

 
Drude 199.41 ± 0.07 -6.29 12.86 ±0.00 7.71 -2.72 ± 0.03 -0.42 

123TBB Exp 222.30 
 

NA 
 

NA 
 

 
Drude 226.35 ± 0.03 1.82 

    
124TBB Exp 222.30 

     

 
Drude 227.59 ± 0.04 2.38 

    
135TBB Exp 222.30 

     

 
Drude 227.65 ± 0.06 2.41 

    
Properties were obtained at the same temperature as the experimental conditions: BRET 293 

K,
36

 DBRE 293 K,
36

 TBRE 298 K
306

, BROB 293 K,
36

 12DBB 293 K,
36

 13DBB 298 K,
36

 

14DBB 298 K,
36

 123TBB 293 K, 
36

 124TBB 298 K,
306

 135TBB 298 K
306

 for obtaining 

molecular volume; BRET 311.5 K,
36

 DBRE 316 K,
307

 TBRE 458.72 K
306

, BROB 298 K,
303

 

12DBB 403 K,
307

 13DBB 432K,
307

 14DBB 388 K,
307

 123TBB 546.15 K,
306

 124TBB 548.15 

K,
306

 135TBB 544.15 K
306

 for obtaining enthalpy of vaporization. Hydration free energies 

were all obtained at 298.15 K.
304,305 
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Table 3.4 Molecular volumes (Vm, Å
3
 , enthalpies of vaporization (ΔHvap, kcal/mol), 

and hydration free energy (ΔGhydr, kcal/mol) for iodinated molecules from the Drude 

halogen force field (Drude) and experimental data (Exp) with percentage difference of 

Vm and ΔHvap (%Diffvm and %Diffhval  , and difference of ΔGhydr (DiffΔG). Averages 

and standard error of the mean (SE)* are based on three independent simulations. 

*       , where σ is the standard deviation and n equals  . 

 

  
Vm %Diffvm ΔHvap %Diffhval ΔGhydr DiffΔG 

IETH  Exp 133.80 
 

7.58 
 

-0.74 
 

 
Drude 133.69 ± 0.02 -0.08 7.45 ± 0.00 -1.72 -0.77 ± 0.02 -0.03 

DIET Exp 167.80 
 

9.30 
 

NA 
 

 
Drude 172.26 ± 0.05 2.66 10.35 ± 0.01 11.29 ---  

 
TIET  Exp 207.81 

 
10.41 

 
NA 

 

 
Drude 206.20 ± 0.11 -0.77 11.25 ± 0.00 8.07 ---  

 
IODB Exp 187.43 

 
11.69 

 
-1.74 

 

 
Drude 184.25 ± 0.00 -1.70 11.94 ± 0.00 2.14 -2.24 ± 0.03 -0.50 

12DIB Exp 219.00 
 

12.40 
 

NA 
 

 
Drude 218.31 ± 0.05 -0.32 12.38 ± 0.00 -0.16 

  
13DIB Exp 221.79 

 
11.91 

   

 
Drude 229.95 ± 0.14 3.68 11.03 ± 0.01 -7.39 

  
14DIB Exp 221.88 

 
11.91 

   

 
Drude 220.37 ± 0.05 -0.68 12.59 ± 0.00 5.71 

  
123TIB Exp 258.50 

     

 
Drude 261.88 ± 0.00 1.31 

    
Properties were obtained at the same temperature as the experimental conditions: IETH 293 

K,
36

 DIET 298 K,
306

 TIET 298 K,
306

 IODB 293 K,
303

 12DIB 293 K,
36

 13DIB 298 K,
36

 14DIB 

298 K,
36

 and 123TIB 298 K
36

 for obtaining molecular volume; IETH 298 K,
303

 DIET 298 

K,
303

 TIET 493.81 K,
306

 IODB 298 K,
303

 12DIB 580.15 K,
307

 13DIB 558.20 K,
307

 and 14DIB 

558.20 K
307

 for obtaining enthalpy of vaporization. Hydration free energies were all obtained 

at 298.15 K.
304,305

 The compounds 124TIB and 135TIB were not studied due to a lack of 

experimental data. 

 

 

 

Table 3.5 to the top of page 111 Molecular volumes (Vm, Å
3
), enthalpies of 

vaporization (ΔHvap, kcal/mol , and hydration free energy (ΔGhydr, kcal/mol) for 
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fluorinated molecules from the Drude halogen force field (Drude) and experimental 

data (Exp) with percentage difference of Vm and ΔHvap (%Diffvm and %Diffhval ), and 

difference of ΔGhydr (DiffΔG). Averages and standard error of the mean (SE)* are 

based on three independent simulations. *       , where σ is the standard 

deviation and n equals 3. 

 

  
Vm  Diffvm%  ΔHvap  Diffhval%  ΔGhydr  DiffΔG  

FETH  Exp 97.61
308

  
 

4.95  
 

NA 
 

 
Drude 99.26 ± 0.04 1.69 5.28 ±0.01 6.67 --- 

 

DFET Exp 107.50
309

 
 

5.57
309

  
 

-0.11 
 

 
Drude 108.13 ± 0.06 0.59 5.72 ±0.00 2.69 -0.14 ± 0.07 -0.03 

TFET Exp 121.37
310

  
 

4.48
310

  
 

NA 
 

 
Drude 123.19 ± 0.04 1.50 4.58±0.00 2.23 --- 

 
FLUB Exp 156.07 

 
8.30 

 
-0.80 

 

 
Drude 158.79 ± 0.06 1.74 8.37±0.00 0.84 -0.80 ± 0.02 0.00 

Properties were obtained at the same temperature as the experimental conditions: FETH 236 

K,
308

 DFET 243.8 K,
311

 TFET 230 K,
310

 FLUB 298 K for obtaining molecular volume; FETH 

236 K, DFET 243.8 K,
312

 TFET 230 K,
310

 FLUB 298K for obtaining enthalpy of vaporization. 

Hydration free energies were all obtained at 298.15 K.
304,305

 

 

3.3.4 Dielectric constants 

 An additional property of the pure solvents that was included as target data was 

the dielectric constant. An important feature of the polarizable model is the proper 

treatment of the dielectric constant, a property that was also used to determine the 

scaling of the polarizabilities. Such scaling is related to how the gas-phase 

polarizabilities are not directly appropriate for the condensed phase, as previously 

discussed.
239,283,313–315

 Dielectric constants for both the polarizable and additive 

halogen models as well as the experimental data are presented in Table 3.6. The 
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developed halogen parameters yield an average percent difference of only -1% of the 

experiment results, representing a significant improvement over the additive halogen 

model. In addition, the additive halogen model systematically underestimates the 

dielectric constant with an average percent difference of -33% with respect to the 

experimental results. This improvement of the dielectric constants from the 

polarizable model is attributed to the explicit treatment of polarizability as previously 

discussed
44,146,239

 

 

Table 3.6 to the top of page 113 Dielectric constants of halogenated molecules 

obtained from experiment (Exp), the optimized polarizable force field (Drude), and 

the additive force field (CGenFF) with percentage difference of the experimental 

values (%DiffDrude and %DiffCGenFF). Properties were obtained at the same temperature 

(T/K) as the experimental conditions. Averages and standard error of the mean (SE)* 

are based on three independent simulations. *       , where σ is the standard 

deviation and n equals 3. 

 

Mol. T/K Exp. Drude %DiffDrude. CGenFF %DiffCGenFF. 

CLET 293 9.45
36

 10.24±0.06 8% 8.92±0.15 -6% 

DCLE 298 10.10
36

 9.46±0.06 -6% 8.46±0.13 -16% 

TCLE 293 7.243
36

 6.63±0.05 -8% 5.68±0.09 -22% 

BRET 298 9.01
36

 9.07±0.14 1% 9.29±0.00 3% 

IETH 293 7.82
36

 7.97±0.11 2% NA NA 

FLUB 298 5.42
316

 5.24±0.09 -3% 4.27±0.06 -21% 

CHLB 293 5.69
36

 5.69±0.05 0% 2.77±0.04 -51% 

12DCB 293 10.12
36

 9.96±0.06 -2% 5.01±0.05 -50% 

13DCB 293 5.02
36

 5.58±0.03 11% 3.15±0.03 -37% 

14DCB 328 2.39
36

 2.40±0.00 0% 1.01±0.00 -58% 

BROB 293 5.45
36

 5.19±0.02 -5% 2.86±0.04 -48% 



113 
 

12DBB 293 7.86
36

 6.33±0.10 -19% 5.51±0.11 -30% 

13DBB 293 4.81
36

 4.41±0.03 -8% 3.38±0.01 -30% 

14DBB 368 2.57
36

 2.56±0.00 -1% 1.03±0.00 -60% 

IODB 293 4.59
36

 4.74±0.00 3% 3.15±0.05 -31% 

12DIB 323 5.41
36

 6.05±0.02 12% 5.81±0.13 7% 

13DIB 323 4.11
36

 3.94±0.04 -4% 3.45±0.03 -16% 

14DIB 393 2.88
36

 2.76±0.00 -4% 1.02±0.00 -65% 

Average% 
   

-1% 
 

-33% 

 

3.3.5 Interaction energies with water 

 Electrostatic parameter optimization also included the reproduction of QM 

interactions with water, which was anticipated to provide better hydration free 

energies. Our recent study shows that halogens not only contribute to halogen bonds 

where the halogen is chlorine, bromine, and iodine (X-HBA interactions), they also 

act as hydrogen bond acceptors (HBA) to interact favorably with hydrogen bond 

donors (HBD), referred to as X-HBD interactions.
237

 Thus, for chlorinated, 

brominated, and iodinated molecules, reproducing both X-HBD and X-HBA water 

interactions is crucial to obtain a more physical model. Accordingly, parametrization 

emphasized both QM perpendicular X-HBD (X-HBD90°) and linear X-HBD/X-HBA 

(X-HBA180° and X-HBD180°) water interactions (Figure 3.4). The perpendicular 

X-HBA (X-HBA90°) interactions were not used as target data as they are 

unfavorable.
237

 Initially, the water interaction energies computed from the initial 
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parameters based on pure solvent properties alone displayed poor agreement with the 

QM target data (Figure 3.4, Initial Drude). The X-HBD90° interaction energies 

between the halogens and water are too favorable with shorter interaction distances 

compared to the QM values, whereas the X-HBA180° interaction energies are less 

favorable with longer interaction distances compared to the QM values. These results 

imply that the halogens require a larger effective radius to yield a better agreement 

with the X-HBD90° water interactions while simultaneously having smaller radius to 

better reproduce the X-HBA180° water interactions, a scenario that cannot be 

addressed on the basis of the LJ parameters of the halogens alone. To more closely 

investigate this phenomenon, QM interactions with rare gases (He and Ne) were 

performed in different orientations to further understand the vdW shape of the 

halogens. Results show the minimum interaction energies to occur at distances around 

0.3-0.5 Å  shorter when He/Ne is approaching halogen along the C-X orientation 

versus the perpendicular orientation. This difference indicates that the asymmetric 

shape of the halogens is largely dominated by the vdW surface.  

 To more accurately account for the asymmetry in the vdW surface of the 

halogens, using LJ parameters on the halogen is obviously not adequate. To overcome 

this, we considered the use of LJ parameters on the X-Drude particle that would 

specifically interact with the hydrogen of water or other hydrogen bond donor using 
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the NBFIX approach.
240

 This was rationalized by considering that when water, or any 

hydrogen bond donor interacts with the halogen, the negatively charged X-Drude 

particle shifts towards the hydrogen bond donor, such that the appropriate LJ 

parameters on the X-Drude particle would lead to repulsive interactions. In contrast, 

when a hydrogen bond acceptor approaches the halogen, as occurs in a halogen bond, 

the X-Drude particle will be displaced away from the negatively charged acceptor 

atom, thereby minimizing repulsive interactions between the hydrogen bond acceptor 

and the X-Drude particle. In addition, NBFIX between the halogens themselves and 

the water oxygen were included to better reproduce halogen bond interaction with 

water and the hydration free energies (see below). In combination with the standard 

LJ parameters on the halogen, this leads to the halogen effectively becoming 

asymmetric with respect to its vdW surface. Illustration of the utility of the approach 

is shown in Figure 3.4 where QM CHLB/BROB/IODB-water interaction energy 

surfaces are shown for the Drude model both with and without the X-Drude-Hwater and 

X-Owater NBFIX terms. Without the NBFIX terms, there is a systematic trend for the 

HBD90° interaction to be substantially too short while the HBA180° halogen bond 

interaction is too long. This trend is more observable from CHLB, BROB to IODB. 

The inclusion of the X-Drude-Hwater LJ NBFIX parameter with water allows for a 

significant improvement in the balance of these interaction orientations. The 
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HBD180° interactions, which are weak or unfavorable, are poorly treated both with 

and without the NBFIX parameters. The final computed interaction energy surface 

using the combined NBFIX parameters are shown for the other halogenated 

molecules in the Supporting Information
158

. The ability of the final Drude model that 

includes the X-Drude/X and water NBFIX parameters to reproduce the QM data is 

evident for all the model compounds, though the balance with the ethane-based 

species is degraded slightly as compared to the halogenated aromatics. A summary of 

the differences between QM and Drude water minimum interaction energies and 

distances is shown in Table 3.7, which is based on all the individual water-model 

compound minimum interaction energies and distances. Water interaction energies 

computed using the NBFIX parameters (Final_Drude) yield average distances (AVG), 

averaged unsigned errors (AUE), and root-mean-square differences (RMSD) that are 

generally smaller than those in the absence of the NBFIX parameters (Initial_Drude). 

While the AVG minimum interaction distances from HBD180° was a little bit larger, 

overall, the interaction distances, particularly for the HBD90° and HBA180° 

interactions were improved using the NBFIX parameters.  
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Figure 3.4 Water interaction energy surfaces from the QM and Drude models with 

chlorobenzene (CHLB), bromobenzene (BROB), and iodobenzene (IODB) with water 

acting as hydrogen bond donors HBD90° (solid line) and HBD180° (dashed line) in a, 

b, and c, and hydrogen bond acceptors (HBA180°) in d, e, and f, respectively. QM 

results are labeled in blue and red, initial Drude force field without NBFIX parameters 

(Initial Drude) in gray, and final Drude force field with NBFIX parameters (Final 

Drude) in black. X is Cl, Br, or I. O is oxygen of water. 

 

 

Table 3.7 to the top of page 118 Average differences (AVG), absolute unsigned 

error (AUE), and root-mean-square differences (RMSD) of the computed water 

minimum interaction energies (kcal/mol) and distances (Å ) compared to their QM 

values for all the training set compounds (Table 3.1). 

 

 Minimum interaction energies  Minimum interaction distances 

Orientations Initial_Drude Final_Drude  Initial_Drude Final_Drude 

 
AVG AUE RMSD AVG AUE RMSD  AVG AUE RMSD AVG AUE RMSD 

HBD90° -0.27 0.29 0.38 -0.02 0.18 0.21  -0.3 0.3 0.3 -0.1 0.1 0.1 

HBD180° -0.10 0.23 0.38 0.06 0.12 0.13  0.3 0.5 0.9 0.4 0.5 0.9 

HBA180° 0.23 0.23 0.26 -0.02 0.12 0.15  0.4 0.4 0.5 0.2 0.2 0.5 
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All -0.07 0.26 0.35 0.01 0.14 0.17  0.1 0.4 0.7 0.2 0.3 0.6 

 

 For fluorinated molecules, only the X-HBD90° and X-HBD180° water 

interactions were evaluated as F acts only as a hydrogen bond acceptor due to the 

σ-hole not being significant, which results in unfavorable X-HBA180° interactions.
237

 

The water interaction energy surfaces were again not optimal without the use of 

NBFIX parameters. Addition of NBFIX parameters between fluorine and the water 

oxygen for all the fluorinated molecules lead to better agreement with the target 

QM-water interactions. For fluorinated benzene, an additional X-Drude NBFIX 

parameter between the fluorine-Drude and water hydrogen was also applied in order 

to better balance the X-HBD90° and X-HBD180° water interactions. The final 

computed interaction energies of the fluorinated molecules with water using NBFIX 

parameters, and the minima water interaction energies and distances are shown in the 

Supporting Information
158

. 

  

3.3.6 Hydration free energies 

 The hydration free energies (∆Ghydr) of halogenated molecules were obtained 

with the use of NBFIX parameters with water as described above. Slight adjustments 

of NBFIX parameters initially determined targeting the QM X-HBD90° and 

X-HBA180° water interactions were required to obtain the final NBFIX parameters 
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that better reproduce the experimental ∆Ghydr data. Computed ∆Ghydr for respective 

halogenated molecules are included in Tables 3.2 to 3.5. The overall agreement 

between experimental and computed values is quite acceptable, indicating the final 

NBFIX parameters are satisfactory for predicting ∆Ghydr and describing hydration. 

Notably, the computed ∆Ghydr for chlorobenzene analogs represent an improvement 

over those computed from the additive halogen model,
240

 where the average and RMS 

differences were -0.15 and 0.33, respectively, (see Table 5 of reference
240

 with 

relative free energies offset by the calculated benzene hydration free energy of -1.12 

kcal/mol) versus values of -0.07 and 0.28, respectively, for the Drude model. These 

improvements of ∆Ghydr may be attributed to the ability of the Drude model to 

satisfactorily treat both the X-HBD90° and X-HBA180° water interactions due to the 

use of NBFIX terms between X-Drude and water hydrogen and between X and water 

oxygen along with the explicit treatment of electronic polarizability, resulting in 

adequately describing both halogen bond and X-HBD interactions and thus better 

reproducing ∆Ghydr. Overall, the use of NBFIX parameters combined with the explicit 

treatment of electronic polarizability yielded substantial improvements for the 

water-model compound interaction energy surfaces and the hydration free energies 

over all the halogenated molecules while allowing for the quality of the pure solvent 

properties to be maintained.  
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 To better understand the impact of the use of NBFIX on the halogen-water 

interactions in aqueous solution, including the use of LJ parameters on the Cl, Br and 

I Drude particles, radial distribution functions (RDF) were calculated in the absence 

and presence of the NBFIX terms from 5 ns MD simulations of chlorobenzene and 

bromobenzene in aqueous solution. Shown in Figure 3.5 are the RDFs between the Cl 

or Br atoms and water oxygens for the C-X…Ow angle ranges of 90±10˚ and 180±10˚. 

As is evident, the halogen bond interaction distances (i.e. 180±10˚ RDF  are 

significantly shorter due to the use of NBFIX, showing the model to yield the 

expected behavior in the condensed phase. However, with the perpendicular 

halogen-hydrogen bond donor interactions (i.e. 90±10˚ RDF , the RDF shifts slightly 

inward. As this behavior was somewhat unexpected additional RDF analysis was 

undertaken in which the 90±10˚ RDFs were partitioned based on the linearity of the 

X…Hw-Ow hydrogen bond. This analysis revealed the X…Ow RDF to be shifted to 

longer distances in the presence of NBFIX with a linear X…Hw-Ow hydrogen bond, 

as expected, while shifts towards slightly shorter distances occur as the X…Hw-Ow 

angle decreased to 90˚. Additional QM water-halogen interaction energy analysis was 

consistent with this behavior. Notably, the addition of the NBFIX terms improved the 

agreement of the Drude model with the QM 90˚ X…Hw-Ow interaction energy 
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surfaces, further indicating the robustness of the NBFIX approach and its ability to 

more accurately model the asymmetry of the halogen atom in the studied species.  

 

Figure 3.5 Water radial distribution functions (RDFs) around chlorobenzene (CHLB) 

and bromobenzene (BROB). RDFs around a. chlorobenzene (CHLB) and b. 

bromobenzene (BROB) when the C-Cl/Br...O angles are within 90° ± 10° or 180° ± 

10°, where O is the oxygen of the water. Results are obtained from 5 ns aqueous MD 

simulations. 

 

3.3.7 Validation of the resulting parameters using pure solvent properties 

 The resulting halogen force field was validated on a set of halogen derivatives 

based on its ability to reproduce experimental pure solvent properties (i.e. Vm and 

ΔHvap). Halogen derivatives selected include chlorofluorocarbons (CFCs), 

multi-halogenated ethanes, and halogenated aromatic systems, such as pyridine, 

indole and naphthalene along with multi-halogenated benzenes. For halogenated 

aromatic systems, the electrostatic parameters on the halogen atom and the lone pair 

(i.e. charge, alpha, Thole screening factor and anisotropic polarizability on the 

halogen, and lone pair charge and its distance to the halogen) as well as LJ parameters 
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were transferred from the corresponding halogenated benzenes. For example, the 

electrostatic parameters of chlorine in 1-chloronaphthalene will be the same as those 

of chlorine in chlorobenzene. This is to ensure the features of the halogen from the 

developed Drude model exist in the halogenated analogs in the validation sets. 

Initially in these analogs, electrostatic parameters of atoms which are beyond the 

C(H)-X atoms, where X is F, Cl, Br, and I, were directly transferred from the Drude 

parameters for naphthalene (NAFT, derived from the benzene (BENZ) model
149

), 

pyridine, indole,
152

 and benzene.
149

 However, the charges on the carbon (C2) 

connected to the halogen within two bonds (X-C1-C2) needed to be adjusted to 

maintain the total charge of the analogs neutral. For multi-halogenated ethanes, when 

the carbon is substituted with one halogen (e.g. 1-chloro-2-fluoroethane), then the 

electrostatic and LJ parameters of the halogen will be derived directly from the 

halogen in the respective mono-halogenated ethane (i.e. FETH, CLET, or BRET). If 

the carbon is substituted with two halogens (e.g. 1-bromo-1-chloroethane), then the 

electrostatic and LJ parameters of the individual halogens will be derived from those 

in di-halogenated ethane (i.e. DFET, DCLE, or DBRE). If the carbon is substituted 

with three halogens (e.g. 1,1-dichloro-1-fluoroethane), then the electrostatic and LJ 

parameters of the individual halogens will be transferred from those in tri-halogenated 

ethane (i.e. TFET, TCLE, or TBRE). This approach is used by assuming that the 
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magnitude of the σ-hole on the halogens will be impacted by the additional halogens 

connected to the carbon, which will enhance the σ-hole effect.
224

 Similarly, the charge 

on the carbons in the multi-halogenated ethanes was adjusted to maintain the total 

charge of the molecule neutral. Internal parameters were transferred from the 

halogenated benzene or ethanes.  

 The results are summarized for all the studied compounds in Table 3.8. The 

predicted Vm values are quite good for the majority of the validation set with the 

percent differences all within 3% from the experimental values. Most of the predicted 

ΔHvap are close to the experimental values with percent differences less than 5%, 

while only a few molecules (i.e. 1-bromo-1-chloroethane, and 

1,2-dichloro-1,1,2-trifluoro-ethane) show differences greater than 10%. These larger 

deviations are not unexpected and were considered acceptable as the ΔHvap values 

obtained for multi-substituted halogenated ethanes model compounds in the training 

set (Tables 3.2, 3.3 and 3.5) already show slightly larger differences. Overall, the 

predicted values from the validation set are in good accordance with experimental 

results, which suggests that the parameters developed on halogenated benzenes and 

ethanes model compounds are transferrable to a wider range of halogenated 

molecules.  

 

Table 3.8 to the of page 126 Validation set molecular volumes (Vm, Å
3
) and 
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enthalpies of vaporization (ΔHvap, kcal/mol) from the Drude halogen force field 

(Drude) and experimental data (Exp) with percentage difference of Vm and ΔHvap 

(%Diffvm and %Diffhval ). Temperatures (T, K) were set to values used in the 

respective experimental studies. Averages and standard error of the mean (SE)* are 

based on three independent simulations. *       , where σ is the standard 

deviation and n equals 3.  

 

Molecule   Vm T %Diffvm ΔHvap T %Diffhval 

1-chloronaphthalene 

Exp 227.30
36

   14.01
303

   

Drude 230.78 ± 0.01 298 1.53 13.86 ± 0.01 373 -1.07 

2-chloronaphthalene 

Exp 237.35
36

   13.98
303

   

Drude 238.94 ± 0.03 344 0.67 14.19 ± 0.01 373 1.5 

1-bromonaphthalene 

Exp 232.57
36

   15.27
303

   

Drude 234.95 ± 0.04 293 1.02 15.84 ± 0.00 298 3.73 

2-bromonaphthalene 

Exp 232.25
317

   15.80
303

   

Drude 232.58 ± 0.07 298
a
 0.14 16.02 ± 0.00 298 1.39 

1-iodonaphthalene 

Exp 242.61
36

   17.30
303

   

Drude 243.97 ± 0.07 298 0.56 17.27 ± 0.00 298 -0.17 

2-iodonaphthalene 

Exp 258.53
36

   16.67
318

   

Drude 257.95 ± 0.01 372 -0.22 17.39 ± 0.02 298 4.32 

3-chloropyridine 

Exp 157.91
319

   11.45
303

   

Drude 152.70 ± 0.01 298 -3.30 11.20 ± 0.00 298 -2.18 

3-bromopyridine 

Exp 159.49
36

   12.45
303

   

Drude 154.84 ± 0.01 273 -2.92 12.13 ± 0.00 298 -2.57 
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4-chloroindole 

Exp 199.96
320

   12.21
320

   

Drude 200.63 ± 0.20 293 0.34 12.81 ± 0.01 298 4.91 

1-chloro- 

4-fluorobenzene 

Exp 176.82
321

  

 

10.23
322

   

Drude 180.32 ± 0.02 298 1.98 10.42 ± 0.00 298 1.86 

1-chloro- 

3-fluorobenzene 

Exp 177.55
36

   10.28
322

   

Drude 180.05 ± 0.02 298 1.41 10.92 ± 0.00 298 6.23 

1-bromo- 

4-fluorobenzene 

Exp 194.50
323

   10.52
322

   

Drude 193.75 ± 0.05 341 -0.39 11.03 ± 0.00 298 4.85 

1-chloro- 

2-fluoroethane 

Exp 116.63
36

   7.67
303

   

Drude 120.37 ± 0.02 293 3.21 7.59 ± 0.00 303 -1.04 

1-chloro- 

2-bromooethane 

Exp 136.93
36

   9.11
303

   

Drude 140.56 ± 0.03 293 2.65 9.23 ± 0.01 298 1.32 

1-bromo- 

1-chloroethane 

Exp 142.86
36

   11.16
303

   

Drude 142.32 ± 0.02 293 -0.38 9.88 ± 0.00 252 -11.47 

1,1,2-trichloro- 

1,2,2-trifluoroethane 

Exp 199.07
36

   6.36
303

   

Drude 203.80 ± 0.04 298 2.38 6.26 ± 0.00 328 -1.57 

1,2-dichloro-1,1,2,2- 

tetrafluoroethane 

Exp 195.07
36

   5.54
303

   

Drude 198.56 ± 0.11 298 1.79 5.44 ± 0.00 298 -1.81 

2,2-dichloro- 

1,1,1-trifluoroethane 

Exp 173.48
36

   6.86
324

   

Drude 171.36 ± 0.03 298 -1.22 7.37 ± 0.00 298 7.43 

1,2-dichloro- Exp 169.30
36

   6.41
303
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1,1,2-trifluoro-ethane Drude 172.77 ± 0.04 298 2.05 7.10 ± 0.01 298 10.76 

1,1-dichloro- 

1-fluoroethane 

Exp 155.36
36

   6.86
303

   

Drude 156.04 ± 0.04 283 0.44 6.40 ± 0.01 265 -6.71 

a 
Temperature assumed to be 298 K 

 

3.4 Conclusion 

  A polarizable force field for halogen-containing compounds is presented, which 

explicitly includes electronic polarization based on the classical Drude oscillator 

model. The resulting force field is able to reproduce QM molecular dipole moments 

and polarizabilities, as well as experimental enthalpies of vaporization, molecular 

volumes, hydration free energies, and dielectric constants. An important feature of 

halogens is that they act as both hydrogen bond donors and acceptors requiring 

accurate reproduction of halogen bond and X-HBD interactions during 

parametrization. To achieve this, LJ parameters were included on the halogen Drude 

particle-donor hydrogen pairs along with the use of anisotropic polarizabilities on the 

halogen atoms. This strategy results in a good agreement with QM water interaction 

energy surfaces and experimental ΔGhydr data. Comparison of the present model with 

the additive halogen model in CGenFF shows the level of agreement of the 

polarizable halogen models with both QM and experimental data to be significantly 

better. This level of improvement demonstrates that explicit inclusion of electronic 
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polarization combined with the use of pair-specific LJ parameters
124

 and LJ 

parameters on the halogen Drude particles, thereby including a steric component in 

the polarization response,
325

 significantly contributes to the accuracy of modeling 

condense phase properties, including dielectric constants.  

 While our laboratory focuses on biomolecular systems, the potential of using the 

developed halogen parameters in crystal engineering should be noted. Halogens have 

long been recognized to form favorable short contacts (X···X) in crystal structures 

since the 1950s.
224

 Two geometric varieties observed in the crystals have been 

classified based on the contacts angle between intramolecular halogen atoms (X···X): 

Type I (symmetrical interactions) and Type II (bent interactions) contacts. Type I 

contacts are not halogen bonds, according to the IUPAC definition, as they are 

geometry-based contacts due to close-packing requirements, whereas Type II contacts 

have been recognized as halogen bonds.
224,326,327

 From this perspective, the present 

parameters may possibly be limited to describing the X···X contacts exist in Type I 

geometries in the field of crystal engineering. However, the Drude model presented in 

this study certainly has the potential to be used in the study of Type II contacts though 

specific optimization of the parameters for dihalogens, such as Cl2, Br2 or I2, would be 

required. 

 As a final point, the developed halogen force field has been specifically designed 
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for organic molecules having the halogenated aliphatic or aromatic moieties. In 

practice, these developed halogen parameters could be transferred to the halogenated 

aliphatic or aromatic moieties of molecules (or ligands) in combination of the 

previously developed Drude small molecule parameters.
120,146,152,152,154,156

 To improve 

the utility of the presented parameters in biological systems, efforts had extended the 

developed halogen force field targeting interactions with protein model compounds to 

improve ligand-protein interactions and further evaluating for their ability to 

reproduce protein-ligand binding geometries in crystal structures.
328

 Accordingly, the 

presented polarizable model for halogenated species provides a building block 

towards a more accurate computational representation of molecules that will be 

applicable for in silico studies of halogen-containing molecules in biophysical studies, 

including computer-aided drug design.  
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CHAPTER 4    IMPROVED MODELING OF HALOGENATED 

LIGAND-PROTEIN INTERACTIONS USING THE DRUDE POLARIZABLE 

AND CHARMM ADDITIVE EMPIRICAL FORCE FIELDS
4
 

 

 Halogenated ligands can participate in nonbonding interactions with proteins via 

halogen bond (XB) or halogen-hydrogen bond donor (X-HBD) interactions. In the 

context of molecular dynamics (MD) simulations, the accuracy of the simulations 

depends strongly on the force field (FF) used. To assure good reproduction of XB and 

X-HBD interactions with proteins, we optimized the previously developed additive 

CHARMM36/CHARMM General force field (CGenFF) and Drude polarizable force 

field by including atom pair-specific Lennard-Jones parameters for aromatic 

halogen-protein interactions. The optimization targeted quantum mechanical 

interaction energy surfaces with the developed parameters then examined for their 

ability to reproduce experimental halogen-containing ligand-protein interactions in 

MD simulations. The calculated halogenated ligand interaction geometries were in 

good overall agreement with the experimental crystal data for both the polarizable and 

additive FFs, showing that these models can accurately treat both XB and X-HBD 

interactions. Analysis of the ligand-protein interactions shows significant 

                                                      
4
 Reprinted with permission from Lin, F.-Y. and MacKerell, A. D., Jr., Improved 

Modeling of Halogenated Ligand-Protein Interactions using the Drude Polarizable 

and CHARMM Additive Empirical Force Fields. J. Chem. Inf. Model., 2019, 59, 

215-228. Copyright (2019) American Chemical Society. 



130 
 

contributions of polarizability to binding occurring in the Drude FF, with 

self-polarization energy making both favorable and unfavorable contributions to 

binding. Further analysis of the dipole moments from aqueous solution to protein 

indicates the polarizable FF accounts for subtle changes of the environment of the 

ligands that can impact binding. The present work demonstrates the utility of the 

updated additive CHARMM36/CGenFF and polarizable Drude FFs for the study of 

halogenated ligand-protein interactions in computer-aided drug design.  

 

4.1 Introduction 

The inclusion of the halogens during ligand optimization represents an important 

aspect of drug design. This is due to the potential of halogens to improve selectivity 

and binding affinity as well as physiochemical properties related to bioavailability, 

thereby leading to better therapeutic agents.
222,223

 These properties lead to a 

significant number of drug candidates and launched drugs containing halogens.
221

 In 

earlier drug design campaigns the lipophilic or hydrophobic contributions of halogen 

were mainly considered with respect to improving biological activity.
223,329

 Recently, 

specific ligand-protein interactions involving halogens are being considered due to 

studies showing halogens to participate in halogen bonds (XB).
222–224

 In addition, 

halogens may contribute to ligand binding via halogen-hydrogen bond donor (X-HBD) 
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interactions that are potentially more favorable than halogen bonds as indicated by 

quantum mechanical (QM) calculations and survey data from the Protein Data Bank 

(PDB).
263

 
330

  

 In drug discovery, computer-aided drug design (CADD) is able to speed up the 

identification of lead compounds as well as facilitate their optimization.
331–334

 

Molecular dynamics (MD) simulation-based methods are often used to predict 

binding orientations and provide thermodynamic information, including the prediction 

of the absolute or relative binding affinity of ligands. In order to apply these 

approaches to halogen-containing compounds, well-developed force fields are 

required. Recent efforts have extended the widely used additive force fields to 

explicitly treat halogenated ligands, including extensions of CGenFF (CHARMM 

General Force Field),
13–16,240

 OPLS (Optimized Potentials for Liquid 

Simulations),
12,274,281,282

 and GAFF (Generalized AMBER Force Field).
17,273,280,335

 In 

addition, polarizable force fields that explicitly treat electronic polarizability have 

been introduced,
92,93,283

 including both the classical Drude
120,146–155,163,156,157

 and 

AMOEBA force fields (FFs).
110–112

 With the above additive and Drude polarizable 

FFs, improved treatment of halogens has involved attaching a charged virtual particle 

to the halogen to mimic the σ-hole in halogen and adequately reproduce 

XBs.
12,137,240,273,284,335
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 An important feature of halogens is their asymmetric van der Waals (vdW) 

surface associated with the shift of the electron density resulting in a shorter electron 

repulsion distance along the halogen linear to the C-X bond.
238

 Moreover, a recent 

study indicates that the vdW contribution of halogens could significantly affect 

ligand-protein binding energies.
336

 Accordingly, it is important for a force field to 

capture the asymmetric vdW surface of the halogen. In the region linear to C-X bond, 

this requires the electropositive σ-hole to have an effective smaller radius when 

interacting with nucleophilic atoms to allow for the shorter interaction distances, 

while the perpendicular peripheral region of halogens should have a larger effective 

radius, allowing for relatively longer interaction distances with electrophilic atoms.
238

 

However, to date only a few halogen FFs considered such features during 

parametrization.
158,238

 In our recent halogen polarizable force field
158

 based on the 

classical Drude oscillator model
127

 the model was parametrized to reproduce the 

asymmetric vdW surface of halogens to more accurately treat both XB and X-HBD 

interactions. This was achieved by assigning atom pair-specific Lennard-Jones (LJ) 

parameters
124

 between the halogen Drude particles and hydrogens on hydrogen bond 

donors (i.e. an NBFIX term in CHARMM nomenclature
177,178,337

). This term in 

combination with the inclusion of polarizability yielded improved modeling of 

halogen-water interactions as well as reproducing pure solvent properties and 
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hydration free energies.  

 In this study, atom pair-specific LJ parameters on halogen Drude particles were 

extended to selected hydrogen bond donors and acceptors present in proteins and were 

optimized targeting representative small model compounds (Figure 4.1). The 

halogenated model compounds in this work focused on chlorobenzene (CHLB) and 

bromobenzene (BROB), as chlorine and bromine are often used during drug 

development. Iodobenzene was not considered as only 1.8 % of the organohalogens 

include iodine.
221

 These parameters were initially optimized targeting quantum 

mechanical (QM) interaction energy surfaces between halogen and protein model 

compounds. In addition, atom pair-specific LJ parameters were added to the additive 

CHARMM36/CGenFF FF to improve the agreement with the QM X-HBD 

interactions. The optimized atom pair-specific LJ parameters were then examined 

with respect to their ability to reproduce non-bonded interactions of 

halogen-containing ligands or a halogen-modified residue with the surrounding 

proteins occurring in crystallographic structures using MD simulations. With these 

parameters, the calculated halogenated-ligand/residue interaction geometries were in 

good overall agreement with the experimental data for both the polarizable and 

additive FFs. These results indicate that the developed polarizable and additive 

halogen force fields can accurately treat both XB and X-HBD interactions, thereby 
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indicating their utility in computer-aided drug design.  

 

Figure 4.1 Abbreviations and 2D structures of the protein model compounds. 

 

4.2 Computational Methods 

4.2.1 Quantum mechanical calculations  

 QM geometry optimizations were performed at the MP2 level of theory with the 

aug-cc-pVDZ basis set
173

 for chlorobenzene (CHLB) and protein model compounds 

(Figure 4.1), including N-methylacetamide (NMA), methanol (MEOH), and phenol 

(PHEN), acetamide (ACEM), imidazole (IMID), indole (INDO), methanethiol 

(MESH), methylammonium (MAMM), methylguanidinum (MGUAN), and acetate 

(ACET). Bromobenzene (BROB) was optimized at the MP2 level of theory with the 

aug-cc-pVDZ-PP basis set.
260,261

 All the QM geometry optimizations were performed 

using Gaussian03.
286

 

Single-point interaction energies for CHLB and BROB with the protein model 

compounds were obtained at the RIMP2 level of theory with the cc-pVQZ basis set
173
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using PSI4.
259

 The basis set superposition error (BSSE) was corrected using the 

counterpoise method.
289

 In the interaction energy calculations, the intramolecular 

geometries of the two interacting molecules were kept rigid in their gas-phase QM 

optimized geometries. In calculating the QM interaction energies, when the halogen 

acts as a hydrogen bond acceptor (HBA), the hydrogen bond donor (HBD) hydrogen 

of each moiety was directed toward the halogen in both the perpendicular and linear 

orientations. When the halogen participates in a halogen bond interacting with a HBA, 

the HBA atom of each moiety was directed toward the halogen along C-X direction. 

The interaction energy profiles were calculated by varying the distance between the 

halogen and the interacting atom from 1.5 to 5.0 Å  in intervals of 0.1 Å .  

 

4.2.2 Molecular mechanical calculations 

Additive force field calculations used the CHARMM General Force Field
177,178

 

for the small model compounds and the CHARMM36 protein model.
337

 We note that 

the present parameters will also be compatible with the earlier C22/CMAP
338,339

 and 

more recent C36m parameters
340

 as well as the remainder of the C36 macromolecular 

force field.
62–65,67,72,73

 Polarizable calculations used the Drude-2013 protein force 

field
195

 with the parameters for the ligands built based on the published Drude 

polarizable parameters for small molecules
149,151,155

 as well as the new 
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halogen-protein non-bond parameters optimized in the present study. In addition, 

dihedral linkages in the ligands not previously optimized were refined as part of the 

present study. Molecular mechanics calculations were performed with the programs 

CHARMM
177,178,337

 and NAMD
247

. 

To calculate the interaction energies of the halogenated benzenes with the protein 

model compounds, the geometries in each interaction orientation were identical to 

those used in the QM calculations. In the additive model, the interaction energies 

were obtained by taking the energy difference between the CHLB/BROB-protein 

model compound complex and the CHLB/BROB/protein model compound monomers 

(e.g. equivalent to the interaction energy between the halogenated benzenes and 

protein model compound monomers). In the Drude model, relaxation of the Drude 

particles (i.e. self-consistent field (SCF) calculation) was performed via minimization 

by the steepest-descent (SD) and adopted-basis Newton-Raphson (ABNR) algorithms 

to reach a force gradient of 10
-5

 kcal·mol
-1

·Å
−1

 while the atomic positions were 

restrained with a force constant of 10
7
 kcal/mol/Å

2
. This was performed for the 

individual monomers (Emonomer) and then for the complex (Ecomplex) with the 

interaction energy calculated as Einter = Ecomplex – (Emonomer1 + Emonomer2). 

MD simulations were performed on eight systems including seven complexes 

that include halogenated ligands and one protein crystal with a halogenated lysine. 
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Starting coordinates for all the protein-ligand complexes/modified protein were taken 

from the Protein Data Bank.
263

 Systems under study include human thrombin (PDB: 

2ZC9),
341

 protein kinase (PDB: 2UW8),
342

 eukaryotic initiation factor 4E (PDB: 

4DT6),
268

 human MutT Homolog1 (MTH1) protein (PDB: 4N1T),
343

 transcriptional 

activator protein LasR (PDB: 3IX8),
344

 PDZ domain with 4-bromobenzoic acid 

modified lysine (LYS9) (PDB: 4NMV),
345

 aminoacyl-tRNA synthetase (PDB: 

2AG6),
346

 and phenazine biosynthesis protein (PDB: 3JUM).
347

 The protein 

coordinate and structure files were initially prepared in CHARMM additive formats 

using the PDB Reader module in the CHARMM-GUI.
348

 These additive coordinate 

and structure files were then submitted to the Drude Prepper module in the 

CHARMM-GUI
348

 to obtain files in Drude format.  

For the polarizable Drude simulations the systems were solvated in a rectangular 

box with a 10 Å  minimum distance between the edge of the box and the protein with 

the SWM4-NDP water
144

 and Na
+
 or Cl

-
 ions

191,349
 were added to neutralize the 

systems as required. MD simulations were carried out using NAMD.
247

 The dual 

Langevin thermostat integrator was used with a 20 ps
-1

 damping coefficient for Drude 

oscillators and a 5 ps
-1 

damping coefficient for the atoms.
248

 SHAKE was used to fix 

bonds involving hydrogen atoms.
294

 Short-range LJ forces were switched to zero from 

10-12 Å .
293

 Electrostatic interactions were computed with the smooth particle mesh 
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Ewald method with a real space cutoff of 12 Å , a kappa factor of 0.34 and a 6-order 

spline.
291,292

 Each system was simulated under isothermal-isobaric (NPT) conditions 

at the temperature where the crystals were obtained, and the pressure was set at 1 atm 

using Langevin piston pressure control with a piston oscillation period of 200 fs and a 

relaxation time of 100 fs. A 100ps equilibration was performed with a 0.5 fs time step 

with all heavy atom restrained using a harmonic force constant of 1 kcal/mol·Å
2
 

followed by a 20 ns production simulation with a 1.0 fs time step. In the production 

simulations weak restraints were applied to the backbone Cα atoms of all residues that 

did not have one or more atoms within 8 Å  of the ligand in the crystal structure using 

a harmonic force constant of 0.5 kcal/mol·Å
2
. MD simulations were performed with 

and without the updated atom pair-specific LJ parameters (NBFIX in CHARMM 

nomenclature) for all the systems respectively based on the Drude model. All analyses 

were carried out using facilities within CHARMM,
177,178,337

 and statistical analysis 

was based on three independent simulations using different random seeds to assign 

the initial velocities.  

 Additive MD simulations were performed following the same protocols as those 

for the Drude calculations with the following exceptions. The CHARMM36 force 

field
350

 was used for the protein. Ligand topologies were generated using CGenFF
14,15

 

and water was treated using the CHARMM TIP3P model.
262

 LJ forces were force 
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switched to zero from 10-12 Å .
293

 Pressure control was based on a Nosé–Hoover 

Langevin piston algorithm.
351,352

 A 100ps equilibration was performed with a 1.0 fs 

time step with all heavy atoms restrained using a harmonic force constant of 1 

kcal/mol·Å
2
, followed by a 20 ns production simulation with a 2.0 fs time step. As 

with the Drude production simulations weak restraints were applied to the backbone 

Cα atoms of all residues that did not have one or more atoms within 8 Å of the ligand 

in the crystal structure using a harmonic force constant of 0.5 kcal/mol·Å
2
. Similarly, 

MD simulations were performed with and without the updated NBFIX parameters, 

respectively, based on the additive model. Note that in the previously released 

additive halogen force field,
240

 NBFIX parameters were included between only 

aromatic chlorine and the carbonyl oxygen on the protein backbone. In the present 

study, additional NBFIX parameters were applied between chlorine/bromine and other 

protein model compounds. 

 Interaction energies for the additive model were calculated using the “INTER” 

command in CHARMM that yields the sum of the LJ and electrostatic interactions 

between the interacting partners.
177,178,337

 For the polarizable model, it is necessary to 

perform a SCF calculation on each of the individual interacting partners as well as on 

the full complex to allow for relaxation of the electronic degrees of freedom in 

analogy to the QM Born-Oppenheimer approximation. The SCF calculation in the 
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Drude model was performed by allowing the Drude particles to relax to their local 

energy minima for the given fixed configuration of their parent nuclei. This was 

performed by constraining all real atoms (e.g. applying the “CONS FIX” command in 

CHARMM
177,178,337

) and relaxing the Drude particles by minimizing them through the 

steepest-descent algorithm with a step size of 0.01 to a force gradient of 10
-2 

kcal·mol
-1

·Å
−1

 followed by the adopted basis Newton-Raphson algorithm with a step 

size of 0.02 to a force gradient of 10
-5

 kcal·mol
-1

·Å
−1

. Energies of the systems were 

then calculated following removal of constraints on the real atoms. Interaction 

energies were then calculated using the following three methods (Figure 4.2). Method 

1: The relaxation of the Drude particles was performed after the water molecules were 

removed followed by calculation of the total energy of the complex 

(E1comp_relaxD_E_w/o_water), the protein alone (E1prot_relaxD_E_w/o_water) and the ligand alone 

(E1ligand_relaxD_E_w/o_water). The interaction energy (Einter1) was then calculated through 

equation 4-1:   

E1inter = (E1comp_relaxD_E_w/o_water) – (E1prot_relaxD_E_w/o_water) – 

(E1ligand_relaxD_E_w/o_water).                (4-1) 

Method 2: The relaxation of the Drude particles was performed for the complex, 

protein-alone, and ligand-alone systems in the presence of the water 

(comp_relaxD_w/_water, prot_relaxD_w/_water, ligand_relaxD_w/_water, 
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respectively). Then, the water molecules were removed for calculating the total 

energies of the complex (E2comp_w/o_water), protein-alone (E2prot_w/o_water) and 

ligand-alone (E2ligand_w/o_water) systems, respectively, without additional relaxation of 

the Drude particles. The interaction energy (E2inter) was calculated through equation 

4-2:  

E2inter = (E2comp_w/o_water) – (E2prot_w/o_water) – (E2ligand_w/o_water).                (4-2) 

Method 3: The relaxation of the Drude particles was performed for the complex and 

protein-alone systems in the presence of water, respectively, to obtain total energy for 

the complex (E3comp_relaxD_w/_water) and protein alone (E3prot_relaxD_w/_water). Water was 

not included in the relaxation of Drude particles in the ligand-alone systems for 

calculation of the ligand energies (E3ligand_relaxD_w/o_water, which is equal to 

E1ligand_relaxD_w/o_water). The interaction energy (E3inter) was calculated through equation 

4-3:  

E3inter = (E3comp_relaxD_w/_water ) – ( E3prot_relaxD_w/_water ) – ( E3ligand_relaxD_w/o_water)   (4-3) 
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Figure 4.2 Schematic depictions of the interaction energy calculations based on 

methods a) 1, b) 2, and c) 3. Protein is colored in yellow, ligand in green, and water 

are labeled as "w". 

 

 To calculate the variation of dipole moments in different environments for the 

neutral ligands, the ligand conformations from the crystal structures were submitted to 

aqueous phase simulations for both the additive and Drude models in NAMD.
247

 

Aqueous phase simulations were performed by solvating the ligands in a cubic water 

box with the box size determined by a 10 Å  distance between the longest edge of the 

box and the ligand, with a harmonic force constant of 0.5 kcal/mol·Å
2
 applied to the 

non-hydrogen atoms of the ligands. The rest of the parameters are the same as those 

performed in ligand-protein simulations for the additive and Drude models, 
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respectively. A 10 ns NPT simulation of pure liquid water was performed using 

CHARMM
177,178,337

 with a 19x19x19 Å  cubic box of 216 water molecules of the 

SWM4-NDP water model,
144

 from which the mean dipole moment of water in the 

bulk phase was calculated based on the mean of the average dipole moment of each 

water molecule over the entire simulation. In addition, the root-mean-square 

fluctuations of the water dipole were calculated from the trajectory. 

 

4.3 Results and Discussion 

 Halogens, such as chlorine, bromine and iodine, can act as hydrogen bond 

acceptors (HBA) to interact favorably with hydrogen bond donors (HBD) on proteins, 

referred to as X-HBD interactions, along with participating in halogen bonds (XB) 

with HBAs. XB interactions have also been referred to as X-HBA interactions.
330

 In 

the development of the halogen polarizable force field, good reproduction of both the 

QM X-HBD and XB water interactions was achieved by applying NBFIX parameters 

between the X-Drude particle and water hydrogen as well as X and water oxygen 

atoms.
158

 Based on the same strategy, NBFIX parameters are optimized targeting QM 

interactions with protein model compounds with the goal of better X-HBD/XB 

interactions with protein residues. While comparing the QM results with the additive 

model, the agreement with QM X-HBD interactions was found not to be satisfactory, 
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although the NBFIX between the chlorine and the carbonyl oxygen of the protein 

backbone model compound (NMA) was previously added. To improve the additive 

model, additional NBFIX parameters were also included and optimized. Finally, both 

the polarizable and additive force fields with optimized NBFIX parameters were 

applied in the MD simulations of protein-halogenated ligand (or modified residue) 

complexes to examine the ability of the resulting models in reproducing the 

halogenated-ligand geometries. 

 

4.3.1 QM interaction energies with protein model compounds  

  Optimization of atom pair-specific LJ parameters targeted both QM 

perpendicular X-HBD (X-HBD90°) and linear X-HBD/XB (X-HBD180° and XB180°) 

interaction energies with the protein model compounds. NMA served to model the 

protein backbone while other protein model compounds were used to model the side 

chains (Figure 4.1). Without the NBFIX parameters, the interaction energies with 

NMA displayed poor agreement with the QM target data in the Drude model (Figure 

4.3, Init-Drude in gray). The X-HBD90° interaction energies between the halogens 

and NMA are too favorable with shorter interaction distances whereas the XB180° 

interaction energies are less favorable with longer interaction distances compared to 

the QM data. To overcome this disagreement, NBFIX terms between the 
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halogen-Drude (X-Drude) and the hydrogen on amide NH in NMA as well as NBFIX 

between the X and carbonyl oxygen in NMA were added, resulting in better 

reproduction of both the X-HBD and XB (halogen bond) interactions (Figure 4.3, 

Opt-Drude in black). For the side-chain protein model compounds, the inclusion of 

NBFIX parameters yielded significant improvement in the balance of these interaction 

orientations. Note that as the atom type of all polar hydrogens among the HBDs are 

the same,
163

 the perpendicular X-HBD90° interactions among all the protein model 

compounds required compromise.  

 

Figure 4.3 Interaction energies between chlorobenzene (CHLB)/bromobenzene 

(BROB) and NMA acting as hydrogen bond donors (HBD) and a hydrogen bond 

acceptor (HBA). a-b are X-HBD90° and X-HBD180° interactions, c-d are XB180° 

interactions. QM results are in blue, initial Drude force field without NBFIX 

parameters (Init-Drude) are in gray, and optimized Drude force field with NBFIX 

parameters (Opt-Drude) are in black. Hydrogens are white, carbons are cyan, 

nitrogens are blue, oxygens are red, chlorines are green, and bromines are dark red. 
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In the additive model, the NBFIX between chlorine and carbonyl oxygen were 

already parametrized based on NMA
240

 such that XB180° interactions with NMA are 

quite good from the initial CHARMM36/CGenFF model (Figure 4.4c). However, the 

X-HBD90° interactions displayed too favorable interaction energies with shorter 

interaction distance (Figure 4.4a, Init-CGenFF in gray). To improve these interactions, 

the NBFIX approach was again taken. Considering that the atom type of the hydrogen 

is already shared with many other compounds, the NBFIX parameters are added for 

the X atom with the hydrogen-bond donor or acceptor non-hydrogen atoms (e.g. 

nitrogen or oxygen) of the model compounds (except MESH, explained below). With 

NBFIX parameters between the halogen and the nitrogen on the amide in NMA, the 

X-HBD90° interactions with NMA are significantly improved (Figure 4.4a to 4.4b, 

Opt-CGenFF in black). As for the interaction energies with the protein side-chain 

model compounds, most of the X-HBD90°/XB180° are in good agreement with QM 

data using the optimized NBFIX parameters. With the MEOH/PHEN interactions, no 

NBFIX terms were required as the initial CGenFF parameters already achieved an 

acceptable balance of the various interactions, though some compromise of the 

X-HBD90° and XB180° interactions is present. With the charged species, 

ACET/MAMM/MGUAN, larger well-depth parameters were required to better 
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reproduce the QM interaction energy surfaces. This use of larger well-depth 

parameters has been previously applied to molecules participating in interactions with 

significant electrostatic contributions.
353

 Given that the hydrogen atom type on MESH 

is unique to thiol groups in the additive model, NBFIX parameters were applied 

between the halogen and hydrogen on MESH to improve X-HBD interactions.  

 

 

Figure 4.4 Interaction energies between chlorobenzene (CHLB)/bromobenzene 

(BROB) and NMA acting as hydrogen bond donors (HBD) and a hydrogen bond 

acceptor (HBA). a-b are X-HBD90° and X-HBD180° interactions, c-d are XB180° 

interactions. QM results are in blue, initial additive CGenFF force field without 

NBFIX parameters (Init-CGenFF) are in gray, and optimized additive CGenFF force 

field with NBFIX parameters (Opt-CGenFF) are in black. Hydrogens are white, 

carbons are cyan, nitrogens are blue, oxygens are red, chlorines are green, and 

bromines are dark red. 

 

A summary of the differences between QM and the Drude/additive minimum 
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interaction energies and distances with the protein model compounds is shown in 

Table 4.1. All the interaction energies computed using the NBFIX parameters 

(Opt-Drude and Opt-CGenFF) yield average difference (AVG), averaged unsigned 

errors (AUD), and root-mean-square differences (RMSD) generally smaller than those 

in the initial parameters that lacked the NBFIX parameters (Init-Drude and 

Init-CGenFF). The AVG of Cl-HBD interaction is somewhat larger in the Opt-Drude 

result compared to the Init-Drude; however, its AUD and RMS are smaller as are 

those for XB (X=Cl) or X-HBD/XB (X=Br) interactions. Although some of the 

HBD180° interactions, which are less favorable than the HBD90° or XB interactions, 

are still poorly treated both with and without the NBFIX parameters, similar to those 

with water,
158

 it is evident that including the NBFIX parameters for both the 

optimized Drude and additive models achieved substantial improvements in the 

balance of gas phase X-HBD/XB interaction orientations. 

  

 

Table 4.1 to the top of page 149 Statistical comparison of the Drude and CGenFF 

computed minimum interaction energies (Emin, kcal/mol) and distances (R, Å ) with 

QM data for chlorobenzene (CHLB) or bromobenzene (BROB) interacting with the 

protein model compounds. Presented are average differences and standard errors. 

(AVG), absolute unsigned error (AUD), and root-mean-square differences (RMSD) 

without or with atom pair-specific LJ terms compared with their QM target data of 

halogen-hydrogen bond donor (X-HBD) interactions and halogen bond (XB) 

interactions or ALL. The errors are the standard errors. 
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4.3.2 MD simulations of ligand-protein crystal structures 

 Validation of the force field was performed by examining its ability to capture 

the halogenated ligand (or modified residue)-protein interactions with the aim of 

reproducing their binding geometries from MD simulations initiated from the crystal 

structures. In both the Drude and additive models, NBFIX parameters directly 

Mol. Init-Drude Opt-Drude Init-CGenFF Opt-CGenFF 

CHLB Emin R Emin R Emin R Emin R 

ALL         

AVG 0.30±0.14 0.0±0.1 0.24±0.11 0.0±0.0 0.92±0.33 0.1±0.1 0.54±0.20 0.1±0.1 

AUD 0.51 0.3 0.34 0.1 1.05 0.4 0.60 0.3 

RMSD 0.73 0.3 0.57 0.2 1.84 0.5 1.12 0.4 

Cl-HBD         

AVG 0.21±0.16 -0.1±0.1 0.33±0.13 0.0±0.0 0.94±0.40 0.1±0.1 0.65±0.27 0.1±0.1 

AUD 0.48 0.3 0.40 0.2 1.10 0.5 0.73 0.3 

RMSD 0.70 0.3 0.65 0.2 1.89 0.5 1.29 0.4 

XB, X=Cl        

AVG 0.59±0.27 0.3±0.1 -0.04±0.08 0.0±0.0 0.89±0.64 0.1±0.1 0.21±0.05 0.0±0.0 

AUD 0.59 0.3 0.16 0.1 0.89 0.2 0.21 0.1 

RMSD 0.84 0.3 0.19 0.1 1.69 0.2 0.24 0.1 

BROB Emin R Emin R Emin R Emin R 

ALL         

AVG 0.31±0.08 0.2±0.1 0.11±0.06 0.2±0.1 0.99±0.35 0.3±0.1 0.58±0.22 0.3±0.1 

AUD 0.38 0.4 0.26 0.2 1.11 0.5 0.62 0.4 

RMSD 0.48 0.6 0.32 0.3 1.95 0.7 1.20 0.5 

Br-HBD         

AVG 0.29±0.10 0.2±0.1 0.21±0.06 0.2±0.1 0.92±0.39 0.4±0.2 0.69±0.28 0.4±0.1 

AUD 0.39 0.4 0.26 0.2 1.07 0.7 0.71 0.5 

RMSD 0.50 0.5 0.33 0.3 1.84 0.8 1.36 0.6 

XB, X=Br        

AVG 0.36±0.11 0.3±0.1 -0.20±0.10 0.1±0.0 1.23±0.85 0.2±0.0 0.28±0.16 0.0±0.1 

AUD 0.37 0.3 0.27 0.1 1.23 0.2 0.34 0.1 

RMSD 0.43 0.3 0.30 0.1 2.26 0.2 0.46 0.1 
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obtained from targeting QM CHLB- and BROB-protein model compounds 

interactions yielded good reproduction of the ligand-protein geometries as compared 

to the crystal structures, as described below. In the MD simulations weak harmonic 

restraints were applied to all Cα atoms on residues that did not have one or more 

atoms within 8 Å  of the halogenated ligands or residue to limit deviations of the 

overall protein structures thereby assuring that the results from simulations were 

dominated by the ligand-protein interactions.  

 An example of one of the systems studied, the LasR ligand-protein complex,
344

 is 

shown in Figure 4.5. The ligand contains both Cl and Br. The Cl and one Br 

participate in X-HBD interactions with the indole NH moiety of Trp60 in 

approximately perpendicular and linear orientations, respectively. The other Br 

participates in an XB interaction with the backbone O of Tyr47. Analysis of the 

remaining complexes shows them to encompass a range of halogen-protein 

interactions as required to assure a diverse range of interactions were being tested 

(Supporting information
328

).  
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Figure 4.5 Illustration of X-HBD and XB interactions in the LasR protein-ligand 

complex (PDB: 3IX8, 1.80 Å ).
344

 a. 2D representation of the halogenated ligand TX3. 

b. The ligand structure and the region of the protein in the vicinity of the ligand 

halogen atoms are shown. Chlorine is colored in green, bromine in dark red, nitrogen 

in blue, oxygen in red and carbon in white. 

 

 For quantitative analysis all the X-HBD or XB interactions from the crystal 

structures, the X…heavy atom distances within 4.5 Å  were used as target data. These 

target data include the X...HBD and X…HBA distances and the C-X...HBD and 

C-X…HBA angles. Distances and angles from the MD trajectories were calculated to 

compare with those in the crystals. The deviations of the halogenated ligand (or 

modified residue) interaction geometries obtained from the MD simulations based on 

the developed force field parameters are summarized in Table 4.2. With the human 

MutT Homolog1 (MTH1) protein (PDB: 4N1T) the ligand geometry was poorly 

reproduced with both the initial Drude and CGenFF models;
240

 however, significantly 

better agreement with the crystal structure was achieved with the optimized additive 

and Drude models. Accordingly, the global analysis in Table 4.2 was performed both 
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with and without those results. 

 When all the complexes and ligand-protein interactions are taken into account, 

both the optimized Drude and additive CHARMM36/CGenFF models yield 

substantial overall improvements in both the interaction distances and angles. 

Omission of the 4NIT system leads to the systematic improvement in the angles no 

longer being present, though the interaction distances are improved.   

 Analysis was also performed separately on X-HBD and XB interactions as 

defined by the criteria listed in the legend of Table 4.2. With the X-HBD interactions 

the distances are significantly better with the optimized Drude parameters while there 

is a degradation of the angles, though the standard errors of the angle differences are 

large. Optimization of additive CHARMM36/CGenFF leads to a systematic 

improvement in the treatment of the X-HBD interactions. With the XB interactions 

improvements occur with all interaction angles and distances with the optimized 

parameters when complex 4N1T is included in the analysis. When that structure is 

omitted, the optimized Drude model yield better agreement for the distances while the 

angles are similar and again show large standard errors. With the additive 

CHARMM36/CGenFF the optimized model performs slightly worse for the 

C-X…HBA angles while the distance differences are similar. The lack of differences 

is due, in part, to the presence of an NBFIX term in the initial CHARMM36/CGenFF 
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model for the interaction of Cl with the peptide carbonyl O that is present in 5 of the 

complexes studied. Thus, the inclusion of atom pair-specific halogen-protein LJ 

parameters leads to improvements in the treatment of X-HBD interactions, especially 

with the distances in the Drude model. This trend was also present in the XB 

interactions for the Drude model though improvements did not occur with the additive 

CGenFF model. Notably, the inclusion of the optimized parameters avoided the 

extremely poor treatment of the 4N1T system.   

 To check if the deviations of the ligand-protein interactions were associated with 

shifts in the ligand or protein, conformational analysis was performed on the 

root-mean-square differences (RMSD) of the ligands and of the unrestrained, local 

protein backbone structure. In addition, root-mean-square fluctuation (RMSF) 

analysis of the local protein backbone structure was performed. Supporting 

Information Table S13
328

 shows only minimal conformational changes in the protein, 

with all RMSD values less than 1.0 Å . Larger differences are present for the ligands 

with the average RMSDs for both optimized FFs being below 1.5 Å . The largest 

RMSD values were obtained with the 4N1T system, with the significant improvement 

associated with the optimized parameters reflected in decreased RMSD values. 

Similar improvements were obtained with the 3JUM system. While within the 

standard errors, the Drude FF typically has larger RMSD values as compared to the 
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additive FF. Contributing to this may be slightly larger fluctuations for the ligand with 

the optimized Drude model versus the additive, though the protein RMSF were 

similar (Supporting Information
328

). These analyses indicate that more global 

structural or dynamical changes were not significantly impacting the Drude vs. 

additive results, which is expected given the use of harmonic restraints on protein Cα 

atoms remote from the ligands. 

 

Table 4.2 to the top of page 155 Analysis of the angle (, deg) and distance (r, Å ) 

deviations of the protein-ligand intermolecular simulated geometries compared to the 

crystal structures for all eight protein systems. Average differences (AVG) and 

standard error (SE), absolute unsigned error (AUD), root-mean-square differences 

(RMSD), and the number of each type of interaction (Count) were obtained from 

three independent simulations.  

 

  
All systems All systems excluding PDB:4NIT 

ALL
a
  

Init- 

Drude 

Opt- 

Drude 

Init- 

CGenFF 

Opt- 

CGenFF 

Init- 

Drude 

Opt- 

Drude 

Init- 

CGenFF 

Opt- 

CGenFF 

AVG  -9.59 -3.53 -9.13 -5.13 -2.19 -2.19 -4.43 -4.44 

 r 0.57 0.21 0.63 0.17 0.33 0.18 0.20 0.16 

SE  3.77 1.49 2.71 1.45 1.24 1.51 1.23 1.60 

 r 0.14 0.07 0.23 0.06 0.08 0.07 0.09 0.07 

AUD  12.34 7.09 8.74 7.09 5.15 6.05 6.14 6.88 

 r 0.63 0.33 0.58 0.29 0.40 0.30 0.32 0.30 

RMSD  23.06 9.02 14.62 9.47 6.80 8.17 7.78 9.43 

 r 0.95 0.44 1.21 0.37 0.52 0.42 0.51 0.38 

Count  32 28 

X-HBD

b,c
  

Init- 

Drude 

Opt- 

Drude 

Init- 

CGenFF 

Opt- 

CGenFF 

Init- 

Drude 

Opt- 

Drude 

Init- 

CGenFF 

Opt- 

CGenFF 

AVG  1.66 4.30 -4.82 -3.41     

 
r 0.40 0.18 0.23 0.12     

SE  0.97 1.76 3.22 3.20     
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r 0.15 0.10 0.07 0.09     

AUD  2.64 5.37 8.56 7.00     

 
r 0.44 0.26 0.24 0.23     

RMSD  2.90 6.08 9.25 8.54     

 
r 0.55 0.31 0.29 0.26     

Count 
 

7     

XB
d
 

 

Init- 

Drude 

Opt- 

Drude 

Init- 

CGenFF 

Opt- 

CGenFF 

Init- 

Drude 

Opt- 

Drude 

Init- 

CgenFF 

Opt- 

CGenFF 

AVG  -23.82 -10.54 -13.71 -4.14 -9.82 -9.93 -0.55 -2.55 

 
r 0.79 0.30 0.91 -0.08 0.23 0.17 -0.14 -0.16 

SE  14.21 2.36 13.21 2.43 3.20 2.95 1.42 2.37 

 
r 0.57 0.17 1.06 0.17 0.16 0.14 0.20 0.19 

AUE  23.82 10.54 14.70 5.27 9.82 9.93 1.79 3.97 

 
r 0.87 0.40 1.27 0.33 0.34 0.29 0.32 0.35 

RMSD  37.09 11.55 29.76 6.38 11.28 11.17 2.53 4.83 

 
r 1.39 0.46 2.30 0.35 0.36 0.29 0.37 0.37 

Count 
 

5 4 

a 
All indicates all interactions based on all protein nitrogen and oxygen atoms within 4.5 Å  of 

the ligand halogen atoms in the crystal structures. 
b
 X-HBD results limited to interaction geometries where C-X..O/NHBD angles from crystals 

are less than 120° and belong to HBD groups (i.e. Cl...NSER in PDB: 2ZC9, Cl...NTYR and 

Cl...OSER in PDB: 4DT6, Br…NHIS in PDB: 3JUM, Br...OSER in PDB: 4NMV, BR...NHIS and 

Br...OTYR in PDB: 2AG6).  
c 
As there are no X-HBD interaction with PDB: 4N1T, only one set of X-HBD interactions are 

presented.   
d 
XB results are limited to interaction geometries where C-X..O/NHBA angles from crystals are 

between 150-180° and belong to HBA groups (i.e. Cl...NGLY in PDB: 2UW8, Cl...OTRP and 

Cl...NPHE in PDB: 4DT6, Br...OTYR in PDB: 3IX8, Cl...OTHR in PDB: 4N1T). 

 

4.3.3 Ligand-Protein Interaction Energies 

An accurate prediction of ligand-protein interaction energies is critical in the 

development of the scoring function in drug design.
354

 Recent studies have shown that 

the electronic polarization contributes to the electrostatic interaction energy based on 

the QM/MM studies.
355–357

 Accordingly, analysis was undertaken on the contribution 

of polarization to the interaction energy in the Drude model as such analysis, to our 
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knowledge, has not yet been reported. Four approaches were used to calculate the 

protein-ligand interaction energies for the Drude model using the trajectories from the 

crystal MD simulations, which were compared to interaction energies obtained with 

the additive FF. In Table 4.3 the interaction energies using Drude-E1inter~Drude-E3inter 

methods that include the relaxation of the Drude particles are systematically more 

favorable than the additive values as well as Drude values without relaxation of the 

electronic degrees of freedom (i.e. Drude-E4inter using INTER command in the 

CHARMM program
177,178,337

) with the exception of 4DT6. These differences indicate 

that the treatment of the polarization effect contributes to the ligand-protein 

interaction energy as expected based on previous QM/MM studies.
355–357

  

Comparison of the interaction energies calculated with the Drude model with 

those from the additive model shows the correlation to be relatively high (Figure 4.5). 

The negative y-intercepts show the Drude interactions to be more favorable than the 

additive values while the larger slopes suggest the polarizable interaction energies that 

include relaxation of the Drude may be more sensitive to the nature of the interactions 

with the Drude model than with the additive. Such an effect suggests that polarizable 

models may be more sensitive to ligand modifications, though explicit studies 

addressing this point are necessary. Interestingly, the Drude interaction energy without 

electronic relaxation, E4inter, is less sensitive to the environment than the additive. 
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This may be due to the overpolarization of the charges in the additive model designed 

to take into account the omission explicit treatment of electronic polarization
35

 while 

such contributions are not present in the Drude model when the electronic degrees of 

freedom are not allowed to relax in the different environments. The results clearly 

indicate the importance of allowing the electronic degrees of freedom to relax when 

calculating interaction energies with the Drude or any polarizable force field. 

Concerning the three Drude interaction energy methods that include relaxation of 

the electronic degrees of freedom, method 1 and 2 give similar results with method 3 

differing significantly. The absence and inclusion of water when calculating the 

polarization response in methods 1 and 2, respectively, while yielding similar results 

suggest that the overall impact of the water environment is not significant (E1inter and 

E2inter in Table 4.3). When water is included as part of the protein and the complex 

during the interaction energy calculation (i.e. method 3), the energies are often more 

favorable, though exception exists with complexes 2UW8 and 3IX8 where they are 

slightly less favorable or similar, respectively (E3inter in Table 4.3). This variation 

indicates the complex nature of the contribution of water to binding, another area that 

requires additional study. Given the similarity of the E1inter or E2inter methods and their 

high correlation with the additive interaction energy calculations (Figure 4.5), the 

present analyses suggest that the E1inter or E2inter methods are most appropriate for 
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interaction energy analysis using the Drude or other polarizable force field. 

 

Table 4.3 Ligand–protein interaction energies based on the optimized additive and 

Drude polarizable force fields.
 a 

Errors shown are standard errors based on three 

independent simulations for each system. 

 

PDB Opt-CGenFF Opt-Drude 

Method
b
 Einter E1inter E2inter E3inter E4inter 

2ZC9 -59.1 ± 1.3 -106.1 ± 1.6 -104.5 ± 2.0 -177.1 ± 0.4 -66.4 ± 0.8 

2UW8 -54.8 ± 0.6 -136.2 ± 7.22 -135.9 ± 6.1 -117.8 ± 2.2 -68.0 ± 2.1 

4DT6 -119.9 ± 0.3 -195.3 ± 6.7 -192.6 ± 7.0 -344.6 ± 2.8 -85.5 ± 1.2 

4N1T -37.2 ± 0.6 -42.6 ± 2.9 -42.0 ± 3.1 -57.2 ± 2.5 -44.3 ± 3.0 

3IX8 -75.6 ± 0.2 -96.5 ± 0.1 -96.7 ± 0.2 -99.2 ± 0.2 -92.6 ± 0.4 

2AG6 -53.8 ± 0.1 -77.0 ± 0.2 -71.6 ± 0.5 -146.9 ± 3.2 -74.6 ± 0.2 

3JUM -83.3 ± 6.8 -149.8 ± 3.2 -145.0 ± 2.4 -345.9 ± 10.9 -83.2 ± 4.0 

b 
Polarizable E1inter, E2inter, and E3inter are based on equations 4-1, 4-2 and 4-3, 

respectively (Figure 4.2). CGenFF Einter and E4inter are directly calculated using 

INTER command in the CHARMM program.
177,178,337

  

 

 

 

Figure 4.6 Correlation of the interaction energies (kcal/mol) from the optimized 

additive and Drude force fields based on the data in Table 4.3. Drude-E1inter, 

Drude-E2inter, and Drude-E3inter are based on equations 4-1, 4-2 and 4-3, respectively. 

Drude-E4inter is directly calculated using INTER command in the CHARMM 
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program.
177,178,337

  

An important contribution to binding comes from the electronic self-polarization 

energy when applying polarizable MM or QM methods. Analysis of the contribution 

of the electronic self-polarization energy (or self-energy) to the interaction energies 

varies widely (Table 4.4). These contributions go from large favorable to large 

unfavorable contributions, with those ranges of variations occurring for both between 

and within the individual systems. While interaction energies E1inter and E2inter are 

similar, the Drude self-energy contributions (E1self and E2self) are substantially 

anticorrelated (R=-0.72). This suggests differential impact of the aqueous 

environment on the protein versus ligand, though these contributions balance leading 

to the similar interaction energies (R=1.00). On the other hand, the self-energy 

contributions of E2self and E3self, in which the Drude particle relaxation includes 

contributions from water in both the ligand and the protein or just the protein, 

respectively, show good correlation (R=1.00). This similarity suggests that the impact 

of water is dominating the polarization of the protein over the ligand, a results that 

may be considered obvious given the relative size of the proteins and extent of 

exposure of the protein versus the ligand to the aqueous solvent.  

Favorable self-energy contributions to ligand-protein interactions energies are 

somewhat counterintuitive. They indicate that the self-energies are larger (i.e. less 

favorable) in the monomers than in the complex, indicating that the effective electric 
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field acting on the protein and ligand is smaller in the complex than in the individual 

monomers. Such an effect is due to the intramolecular contributions to the electric 

field along with condensed phase environment intermolecular contributions. These 

latter contributions lead to the anticorrelated nature of the E1self and E2self terms. It is 

interesting that despite this difference the E1inter and E2inter terms are similar. Given 

that the difference between the two calculations is the absence or presence of water in 

the SCF calculation, the similarity of the interactions energies suggest that the 

assumption of an isotropic polarization contribution inherent in additive models is not 

unreasonable.
35

 However, it should be emphasized that the similarity between the 

E1inter and E2inter terms does not indicate that water is not contributing to the overall 

binding affinity of ligands to proteins. Indeed the significant difference in E3inter 

versus E1inter and E2inter indicates a significant contribution of water itself. Additional 

studies are required to develop approaches to appropriately account for the 

contribution of water to binding in the context of both additive and polarizable force 

field.  

 

Table 4.4 to the top of page 161 Ligand–protein interaction self-energies (Eself) 

based on the optimized Drude polarizable force field.
a
 Errors shown are standard 

errors based on the three independent simulations for each system. 
 

PDB Opt-Drude-E1 Opt-Drude-E2 Opt-Drude-E3 

Method E1self E2self E3self 
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2ZC9 -101.0 ± 2.7 -5.6 ± 7.6 15.7 ± 6.1 

2UW8 -42.0 ± 12.0 -93.3 ± 11.4 -99.2 ± 11.6 

4DT6 -126.2 ± 6.9 39.9 ± 12.0 51.0 ± 13.4 

4N1T 2.2 ± 1.6 8.9 ± 5.5 13.1 ± 6.5 

3IX8 -2.5 ± 0.8 -11.3 ± 2.5 -6.0 ± 2.3 

2AG6 78.6 ± 15.7 9.2 ± 24.9 24.9 ± 35.2 

3JUM -237 ± 25.3 292.7 ± 21.8 334.0 ± 17.3 

 

a
 In methods 1-3, each self-energy contribution from the complex, protein and ligand 

were obtained (e.g. Eself, comp, Eself, prot, and Eself, ligand). The self-energy for each 

component is calculated from the total bond energy minus the bond energy with the 

Drude particles omitted based on the geometry after Drude particles are relaxed in the 

SCF calculation. Eself is calculated as Eself, comp - Eself, prot - Eself, ligand. Self-energies from 

method 4 are zero, i.e. Eself, comp = Eself, prot + Eself, ligand, as no relaxation of Drude 

particles is performed. 

 

4.3.4 Variation of the Dipole moments  

To demonstrate the effect of the explicit treatment of polarization, including the 

response to different environments, dipole moments of the neutral ligands were 

obtained from a 20 ns MD simulations of the ligands in the aqueous phases and from 

the three 20 ns protein-ligand simulations (Table 4.5). In the aqueous phase 

simulations the ligand conformation was restrained to that present in the crystal 

structure to limit the analysis to the impact of the protein vs. aqueous environment on 

the dipole moments. Significantly larger changes in the dipole moments would also 

occur in most systems due to change in the ligand conformation, though such analysis 

requires full conformational sampling of the ligand in solution. The difference in the 

dipole moments of the full ligands vary from the aqueous phases to the protein with 
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both the additive and polarizable models generally by 1 Debye or less, though with 

the polarizable FF there is a significant change of almost 3 Debye with 4NIT. 

Comparison of the RMS fluctuations shows generally higher values with the Drude 

model. This is anticipated as the fluctuations occurring with the additive force field 

are associated with changes in conformation of the ligands, as no change in electronic 

structure is possible, while both conformational and electronic effects contribute to 

the changes with the Drude model.  

Analysis was also performed on the halogenated aromatic moieties in the ligands. 

With the additive FF the dipoles are approximately the same in both environments. 

With the Drude FF changes of the dipole moment up to 0.5 Debye from the aqueous 

phase to the protein binding pocket are seen. In addition, the RMS fluctuations in the 

dipole moments are significantly larger than in the additive FF as the halogenated 

aromatic groups are relatively rigid such that the fluctuations of the dipoles are 

dominated by the electronic response.  

 The dipole moments of waters in the vicinity of the protein and ligand were also 

analyzed for the Drude model. In aqueous solution there is little change in the average 

dipoles or their fluctuations. However, in the presence of the proteins some larger 

differences are observed in both the average and RMS fluctuations, especially with 

3IX8 and 2AG6. This difference is evident in probability distributions of the water 



163 
 

dipoles shown; similar variations are seen in the water molecules around the charged 

ligands (Supporting Information
328

). The results for the ligands and water indicate that 

variations in dipole moments can occur in the ligands upon binding as well as with 

water in the vicinity of the bound ligand, though the presence and magnitude of the 

effect is system dependent.  

Table 4.5 to the top of page 164 Dipole moments and RMS fluctuations (Debye) of 

each neutral ligand and their halogenated aromatic groups (Ar-X) in the aqueous 

solution and in the ligand-protein (w/Protein) simulations for the optimized Drude and 

additive force fields.  

 

 PDB ID 
  

Aqueous 
 

w/Protein 
Water

a
 

(Aqueous) 

Water
b
 

(w/Protein) 

Full ligand       

Additive 
 

      

4N1T 
  

5.14 ± 0.73 
 

4.18 ± 1.63   

3IX8 
  

6.63 ± 0.62 
 

7.83 ± 0.50   

2AG6 
  

15.04 ± 0.33 
 

14.91 ± 0.36   

Drude 
 

   2.46 ± 0.16
c
  

4N1T 
  

7.17 ± 0.99 
 

4.32 ± 1.06 2.46 ± 0.16 2.42 ± 0.19 

3IX8 
  

9.70 ± 1.02  
 

9.00 ± 0.60   2.48 ± 0.16 2.36 ± 0.22 

2AG6 
  

16.10 ± 0.88 
 

15.96 ± 0.74 2.46 ± 0.16 2.44 ± 0.18 

Halogenated aromatic group     

Additive        

PDB ID Ar-X
d
       

4N1T CL  3.11 ± 0.07 
 

3.11 ± 0.07   

3IX8 CL  2.29 ± 0.08 
 

2.29 ± 0.07   

 
BR  2.50 ± 0.09 

 
2.52 ± 0.09   

2AG6 BR  0.73 ± 0.08 
 

0.72 ± 0.08   

Drude     

PDB ID Ar-X
d
       

4N1T CL 
 

3.94 ± 0.46 
 

3.50 ± 0.60   
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3IX8 CL 
 

3.46 ± 0.42 
 

3.61 ± 0.29   

 
BR 

 
3.08 ± 0.45 

 
3.72 ± 0.35   

2AG6 BR 
 

1.17 ± 0.50 
 

0.86 ± 0.41   
a 
Dipole of waters within 3 Å  of the full ligand are calculated.

 

b 
Dipole of waters within 3 Å  of both the protein and the full ligand are calculated. 

c 
Average and RMS fluctuations of the dipole moment of water in pure aqueous 

solution.
 

d 
Ar-X indicates which halogen is included. The halogenated aromatic group includes 

all the functional groups on the same aromatic ring.    

 

 

4.4 Conclusion  

Presented are optimized polarizable Drude and additive CHARMM36/CGenFF 

force field parameters for the interaction of halogen containing aromatic compounds 

with proteins. While developed in the context of proteins, the improvements will be 

applicable to analogous functional groups on other classes of macromolecules. The 

improvements were implemented using atom pair-specific LJ or NBFIX parameters. 

These NBFIX parameters were developed to improve the halogen-hydrogen bond 

donor and acceptor interactions by targeting QM interaction energies between 

chlorobenzene or bromobenzene and a series of protein model compounds for both 

the additive CHARMM and polarizable Drude FFs. The optimized parameters were 

then evaluated in their ability to reproduce the crystallographic geometry of 

halogenated ligands or a modified halogenated residue with the proteins. The 

optimized model shows significant improvements against the target QM data for both 

XB and X-HBD interactions, with those results yielding a moderate level of 
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improvement in the interactions with proteins. We note that the initial 

CHARMM36/CGenFF model already included NBFIX terms for the interaction of Cl 

with the carbonyl O of NMA, such that improvements in this class of interaction, 

which are present in PDB files 2ZC9, 2UW8, 4DT6, 3IX8, and 2AG6, were expected 

to be minimal. With system 4N1T large deviations in the ligand-protein geometry 

occurred with both the original additive and Drude models, an issue that was 

overcome with the optimized parameters in both cases. While the halogen model 

compounds in this study are limited to chloro- and bromobenzene, the optimized 

NBFIX parameters are expected to be applicable to aromatic species substituted with 

multiple chlorine and bromine atoms, including combinations of the two halogens. 

Such transferability was demonstrated in our previous study where pure solvent 

properties for a range of halogenated derivatives were shown to reproduce the 

experimental values when using halogen nonbonded parameters developed based on 

halogenated benzene systems.
158

 

The results from MD simulation of the ligand-protein complexes are also useful 

for studying properties of the ligand in the presence of the protein with the Drude 

model. Methods to compute the ligand-protein interaction energies are illustrated and 

compared. Instead of simply calculating the energy contributed from atoms and Drude 

particles, a more physically correct way is to perform a self-consistent field 
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calculation by allowing the Drude particles to relax to their local energy minima for 

the complex as well as the individual interacting partners. Application of this 

approach with all species in the absence and presence of water yield similar results, 

which are well correlated with interaction energy analysis performed using the 

additive model. Interestingly, the contribution of the electronic self-polarization 

energy is shown to both favor and disfavor the ligand-protein interaction energy, 

indicating the complex nature of the contribution of polarizability to ligand binding. 

Analysis of the dipole moments of ligands suggests that explicit treatment of induced 

polarization captures local variations in the environment of the ligands that impact 

their electronic structure, a phenomena that is not accounted by the mean-field 

approximation in the additive model.  

In summary, an improved model of the interactions of halogenated aromatic 

ligands with proteins is presented. Improvements are made in both the additive 

CHARMM36/CGenFF and polarizable Drude force fields. It is anticipated that these 

improvements will facilitate investigations of ligand-protein interactions including 

efforts in the area of computer-aided drug design. 
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CHAPTER 5   OPTIMIZATION OF THE DRUDE POLARIZABLE PROTEIN 

FORCE FIELD  

 The CHARMM Drude-2013 polarizable force field (FF) was developed to 

include the explicit treatment of electronic polarizability to model a range of 

biomolecules, resulting in a more accurate description of the polarization response in 

simulations. While the Drude-2013 protein FF has shown success in improving the 

folding properties of α-helical peptides and to reproduce experimental observables in 

simulations up to 1 μs, limitations were observed with respect to the instability of 

β-sheet structures in simulations longer than 100 ns. We found that such instability 

could be attributed, in part, to overestimated atomic polarizabilities and induced 

dipole-dipole interaction on the side chains. To overcome these limitations, dipeptides, 

excluding Gly, Pro and Ala, that contain N-acetylated and N'-methylamidated termini 

were used as models for systematically optimizing the side chain electrostatic 

parameters. This includes reparametrizing the atomic polarizabilities and Thole 

screening factors on the Cβ and Cγ carbons by targeting quantum mechanical (QM) 

calculated dipole moments as well as molecular polarizabilities of each dipeptide with 

multiple conformations. With these updated parameters, the electronic polarization 

response was significantly stabilized. In addition, to obtain better conformational 

properties, side chain χ1 and χ2 dihedral parameters were optimized targeting QM 

data for the respective side chain dipeptide conformations as well as PDB survey data 
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based on the χ1, χ2 sampling from Hamiltonian replica exchange molecular dynamics 

simulations of (Ala)4-X-(Ala)4 in solution, where X is the amino acid of interest. 

Further improvements include optimizing nonbonded interactions between charged 

residues to reproduce QM interactions energies of the charged-protein model 

compounds and experimental osmotic pressures. Validation of the optimized Drude 

protein FF includes simulations of a collection of peptides and proteins including 

β-sheet structures. Results showed that the updated Drude protein FF yields smaller 

RMS differences of proteins as compared to the Drude-2013 FF as well as improved 

agreement with experimental NMR properties, making it more applicable in the study 

of biomolecular systems. 

 

5.1 Introduction  

Proteins are one of the most abundant organic molecules in biological systems. 

They have a variety of functions in cells, acting as enzymes, receptors, transporters, 

regulatory proteins, and so on.
358

 To date, many proteins serve as therapeutic targets, 

being important in a wide range of disease-related processed.
359,360

 While proteins are 

polymers of the 20 amino acids arranged in a specific primary sequence, their tertiary 

and quaternary structures vary greatly. Therefore, a large percentage of the 

experimental and theoretical studies of proteins have focused on their structural and 
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dynamical properties and relate them to their chemical functions.
361,362

 Among those, 

molecular dynamics simulations are commonly used to explore the motion of proteins 

as a function of time, with the forces required for the MD simulations based on 

classical molecular mechanics (MM),
363,364

 such that a highly accurate force field is 

critical to ensure the accuracy of simulations.
35

 Most MD simulation studies have 

largely been based on nonpolarizable, additive force fields, where the partial atomic 

charges are fixed values and the electronic polarization is treated in a mean-field 

manner.
34

 The widely used additive models include CHARMM,
339,340,350,365

 

AMBER,
80,366,367

 OPLS,
368,369

 and GROMOS.
26

 However, to achieve a more accurate 

description of the response of the charge distribution to variations in the surrounding 

electrostatic field, the explicit inclusion of electronic polarizability in the model is 

essential.
44

  

Multiple polarizable force fields have been developed for proteins, including 

Drude,
195

 AMOEBA,
370

 CHARMM fluctuating charge,
92,93

 AMBER ff02
100

 among 

others.
283,371–373

 In the Drude polarizable model, explicit polarization is introduced by 

attaching a charged auxiliary Drude oscillator with a harmonic spring to the atomic 

core, which allows the induced atomic dipole to adjust in response to the surrounding 

electronic field.
127,239

 According to equation (5-1 , the induced atomic dipole, μ, in the 

presence of an electric field, E, is calculated as:  
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           (5-1) 

where kD is a harmonic spring force constant, and the atomic polarizability, α, will 

determine the charge of the Drude oscillator, qD, according to equation 5-2. 

        α  
  

 

  
         (5.2) 

For hydrogen bond acceptors, anisotropic atomic polarizability as well as virtual 

particles representative of lone pairs are included to improve the treatment of 

nonbonded interactions.
121

 Note that in the Drude polarizable model, the induced 

dipole-dipole interactions for atoms within three bonds (e.g. 1-2 and 1-3 relationship 

pertain to heavy non-Drude nuclie) are calculated explicitly with a shielding treatment 

proposed by Thole,
122

 such that the Coulomb energy between the charge-charge 

interaction is damped by a Thole-like screening function, Sij, as shown in equation 

5-3: 

 

               
          

  α α  
 

  
      

           

 α α  
 

  
          (5-3) 

 

In equation 5-3, rij is the distance between atoms i and j, αi and αj are respective 

atomic polarizabilities according to equation 5-1, ti and tj are the respective atomistic 

Thole screening factors that dictate the degree of scaling. This is different from the 

additive force fields where the nonbonded interactions between 1-2 and 1-3 atom 
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pairs are excluded. Thus, the Drude model incorporates a more physically correct 

treatment of electronic polarizability compared with the additive force fields which do 

not account for induced polarizability in physically correct way.  

Development of the Drude polarizable force field has been ongoing since 2000, 

and the first generation Drude polarizable protein force field was released in 2013 

(denoted as Drude-2013 FF in the following content).
195

 The Drude-2013 FF has been 

applied to a variety of peptides and proteins,
374,375

 ions-proteins,
296

 ligand-proteins,
328

 

with simulation times ranging from nanoseconds to the microsecond.
39

 Results have 

shown that backbone and side-chain dipole moments have large variability relevant to 

the environment, and larger values of the dielectric constant were observed for the 

protein interior.
39

 These indicate that the inclusion of explicit electronic polarizability 

leads to significant differences in the physical forces affecting the structure and 

dynamics of proteins.  

While the Drude-2013 FF has previously shown success in reproducing 

experimental observables in simulations up to one microsecond, limitations were 

observed with respect to the instability of β-sheet structures in simulations longer than 

100 ns. Additionally, the Drude-2013 model typically yielded larger RMS differences 

as compared to the additive CHARMM36 FF.
195

 To obtain a more stable structure, the 

Drude-2013 FF is re-optimized in this work. This includes optimizing the backbone 
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and CMAP parameters to improve the conformational properties. Several side chain 

parameters were updated based on recent improvement in the parameters for 

molecular ions
157

 and imidazole and its derivatives
376

 that yield more accurate 

hydration free energies. As an overestimation of the atomic polarizability and the 

treatment of induced dipole-dipole moments on the aliphatic carbons was observed in 

the Drude-2013 FF, these electrostatic parameters were systematically optimized. 

Additional parametrization includes adding atom pair-specific parameters to better 

treat the salt-bridge interactions among the charged protein functional groups. The 

resulting force field was examined and validated by simulating a number of peptide 

and protein systems in solution and comparison with experimental NMR data. 

Compared with the Drude-2013 FF, the updated protein FF, referred to as Drude-2019 

FF, yields more stable structural properties based on RMSD analysis over 100 ns 

simulations, and an improved agreement with experimental NMR data was obtained. 

Accordingly, the Drude-2019 FF will be more representative of various physical and 

chemical environments, making it more applicable in the studies of proteins. 

 

5.2 Computational Method  

5.2.1 Optimization of polypeptide backbone and CMAP parameters  

(The research in section 5.2.1 was conducted by Dr. Jing Huang)   
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The backbone parameters, including atomic charges, atomic polarizabilities 

and Thole screening factors were optimized by a reweighting approach based on 

3
J-couplings calculated from Hamiltonian replica exchange MD simulations 

(H-REMD).
377

 The reweighting approach allows estimation of the effects of changes 

in parameter on the targeted observables and is effective to explore the parameter 

space.
340

 The H-REMD were performed on (Ala)5 as described in our previous 

study;
195

 however, the system consisted of 12 replicas instead of 8, where the 

potential function was perturbed using CMAP applied to the φ, ψ dihedrals with 

scaling factors being 0, 0.03, 0.13, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.95 and 1.0 

throughout the replicas. From the H-REMD simulation, the 
3
J couplings from (Ala)5 

were obtained and the ΔJ-coupling and ΔJ-coupling/Δλ were used to fit the backbone 

parameters by the reweighting approach,
340

 where λ refers to the force field parameter. 

These optimized electrostatic parameters (i.e. atomic charges, atomic polarizabilities 

and Thole screening factors) without CMAP were then used to calculate the 2D MM 

conformational energies of the alanine dipeptide (ALAD), which included geometries 

of different φ-ψ angles ranging from -180 to 180° in 15˚ increments for both dihedrals. 

The resulting 2D MM conformational energies were compared to the QM potential 

energy surface computed from MP2/6-311G(d,p)//RIMP2/CB as used in Drude-2013 

FF, and the optimized generic CMAP was obtained from the difference of MM and 
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QM 2D energies, where MM and QM were offset relative to the respective global 

minimum.    

5.2.2 MCSA fitting of alpha and Thole parameters for the Cβ and Cγ 

atoms of the amino side chains  

Dipeptides, excluding Gly, Pro and Ala, that contain N-acetylated and 

N'-methylamidated termini were used as models for optimization of the Cβ/Cγ/Cδ 

atom electrostatic parameters in the amino acid side chains. QM Single point 

calculation of dipole moments and molecular polarizabilities were performed at 

B3LYP/aug-cc-pVDZ model chemistry on a set of dipeptide conformations obtained 

from the previous results by Zhu et. al.
378

 This set of dipeptides used in single point 

calculation are χ1 and χ2 dihedral angles starting at -180° and -180° and varied in 120° 

increments respectively with the dipeptides constrained at three different backbone 

conformations (αR, β, and αL , with ϕ, ψ angles of αR (-60.0°, -45.0° , β (-120.0°, 

120.0° , and αL (6 .5°,  4.8° , resulting in 48 conformations for each dipeptide 

except the valine dipepetide, which has 16 conformations by changing χ1 dihedral 

angles with the increments of 120°. MCSA (Monte Carlo Simulated Annealing) 

algorithm
194

 was used to optimize the alpha and Thole screening parameters
145,161,195

 

on just Cβ carbons (i.e. Asn, Asp, Ile, Cys, Thr, Met, Ser, Hsd, Hse, Hsp, and Trp), 

the Cβ and Cγ carbons (i.e. Gln, Glu, Arg, Leu) and the Cβ, Cγ, and Cδ carbons (i.e. 
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Lys) on the side chains. The target data were the QM calculated total dipole moment 

and the x, y, and z components as well as the total molecular polarizabilities and the x, 

y, z components, resulting in eight target values used in the MCSA for each dipeptide 

conformation. During the fitting, a weighting factor of 5 was assigned for αR and β 

backbone conformations and 1 for those from αL in the scoring function. In MCSA, 

the Drude model iteratively reads the QM coordinates described above, following 

relaxation of the Drude particles via a minimization by steepest-descent (SD) 

algorithm for 200 steps and then the adopted-basis Newton-Raphson (ABNR) 

algorithm to a final gradient of 10
-5

 kcal·mol
-1

·Å
−1

 with the atomic positions 

restrained with a force constant of 10
7
 kcal/(mol·Å

2
), on which the dipole moments 

and molecular polarizabilities were evaluated to compare with the QM target data.  

To determine the molecular polarizability scaling factor for dipeptides, 

systematic MCSA fittings were performed with five different seeds and five different 

initial parameters (e.g. (Cβalpha, CβThole)= (-0.6, 0.6), (-0.8, 0.8), (-1.0, 1.0), (-1.2, 0.4), 

and (-1.2, 0.8)) to target the QM molecular polarizabilities. This procedure was 

repeated with the QM molecular polarizabilities scaled by 0.70, 0.80, 0.85, 0.90, 0.95 

and 1.00. The resulting alpha and Thole screening parameters obtained from MCSA 

for dipeptides in the Drude model yield QM/Drude molecular polarizability ratios in 

the range of 0.7-0.8 for Glu, Met, Asp, and Cys, 0.8-0.9 for Arg, Ans, Gln, Hsd, Hse, 
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Leu, Lys, Ser, and Thr, and 0.85-0.95 for Ile, Hsp, and Tyr. Note that the 

polarizabilities for remaining side chain moieties were the published scaled values 

ranging from 0.6-1.0 relative to the QM data. For example, 0.6 for sulfur containing 

groups, 0.85 for nitrogen-containing heteroaromatics and 1.0 for the aliphatics. 

Additionally, using the MCSA fitted parameters obtained from targeting QM 

molecular polarizabilities scaled by 0.85 would yield the ratio of MM/QM molecular 

polarizabilities around 0.85 (as shown in Appendix A) except the results for Glu and 

Asp, which is 0.76~0.77. Accordingly, the molecular polarizability scaling factor 

around 0.85 is considered acceptable for the resulting Drude model.  

 

5.2.3 χ1 and χ2 dihedral parameter fitting  

Side chain χ1 and χ2 dihedral parameters for amino acids, excluding Ala, Gly 

and Pro, were initially fitted to target QM potential energy surfaces for the χ1 and χ2 

torsions in amino acids capped with N-acetyl and N’-methylamide moieties, where 

the same set of QM surfaces of the 2D dipeptide conformations obtained from Zhu et. 

al were used.
378

 Here, a linear least squares (LLS) automated fitting program
197

 was 

used to optimize the side chain dihedral parameters. Similar to the previously reported 

optimization scheme,
195

 a higher weighting factor of 5 was assigned for energies from 

αR and β backbone conformations and 1 for those from αL conformation. For neutral 
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side chains, an energy cutoff of 12 kcal/mol was applied, while all the energies higher 

than the cutoff were not used to avoid the fitting being biased by these high-energy 

regions. For charged side chains, higher energy cutoffs of 20 kcal/mol were used for 

Arg and Lys and 25 kcal/mol for Asp, Glu and Hsp. Amino acids sharing the same χ1 

or both χ1 and χ2 parameters (Thr/Ile/Val, Lys/Arg/Met and Tyr/Phe  were fitted 

together. The parameters, the multiplicities (n) in the dihedral parameters were limited 

to the combination of 1, 2 and   and the phases (δ  were restricted to either 0 or 180°.   

To reproduce their dihedral distributions from condense phase simulations, 

χ1 and χ2 dihedral parameters optimized to target the dipeptide gas phase QM surfaces 

were subsequently adjusted to reproduce their dihedral distributions from condense 

phase simulations as well. The condense phase simulation system included the 9-mer 

peptide (Ala)4-X-(Ala)4 solvated in a 32 Å  cubic water box with the backbone 

restrained to the C7eq conformation (-82.8°, 77.9°) conformation for each type of 

amino acid X. Hamiltonian replica exchange with the solute scaling method (REST2) 

was used as described previously to enhance sampling efficiency.
195

 In REST2, four 

replicas were used, and the potential energy of the replica Em was computed 

accordingly equation 5-4, which includes the scaling of the peptide intramolecular 

energy (Epp), scaling of the peptide-water interaction energy (Epw) and the unscaled 

interaction energy between the water molecules (Eww), where T0 = 300 K for the 0
th
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replica and Tm = 329 K, 363 K, and 400 K for the other replicas. Note that all replicas 

were run at the same temperature T0, and only the 0
th

 replica corresponds to the 

desired equilibrium distribution at T0. A 10 ns solute scaling simulation with an 

exchange attempt frequency of 0.1 ps
-1 

was conducted for each 

(Ala)4-X-(Ala)4 system. Probability histograms of the χ1 and χ2 distributions from MD 

simulations were generated using a bin size of 15° and the overlap coefficient (OC) 

between two probability distributions and from a crystallographic survey
378

 was 

calculated as equation 5-5. To improve the OC, manual adjustment as well as 

reweighting method (Appenix B) based on the condensed phase 

(Ala)4-X-(Ala)4 simulations were performed.  

   
  

  
     

  

  
             (5-4) 

       
     

    
     

 
         (5-5) 

 

5.2.4 Optimization of interactions between charged protein model 

compounds  

Atom pair-specific parameters
124

 were introduced targeting the QM interaction 

energies between charged protein model compounds. The charged protein model 

compounds are methylammonium (MAMM), methylguanidinium (MGUAN) and 

imidazolium (IMIM) that represent the positively charged side chain and termini, and 
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acetate (ACET) that represents the negatively charged side chains and termini. In 

preparation of QM target data, the gas phase geometry of the monomer model 

compounds were optimized at the MP2/aug-cc-pVDZ level with the Gaussian 03 

programs.
45

 Interaction energies between the positively and negatively charged model 

compounds were performed using the QM gas phase model compound at the 

MP2/cc-pVQZ model chemistry including the basis set superposition error correction 

of Boys and Bernardi.
53

 In MM calculation, relaxation of the Drude particles was 

performed via minimization by the steepest-descent (SD) and adopted-basis 

Newton-Raphson (ABNR) algorithms to reach a force gradient of 10
-5

 kcal·mol
-1

·Å
−1

 

while the atomic positions were restrained with a force constant of 10
7
 kcal/mol/Å

2
. 

This step was performed for the individual monomers and then for the complex from 

which the total energies were obtained to calculate the interaction energy.  

Osmotic pressure was calculated for guanidinium-acetate solution systems 

where their experimental values were available.
340

 Calculation of osmotic pressure 

was based on the algorithm described by Luo and Roux.
379

 In this approach, the effect 

of ideal semipermeable membranes was modeled by two virtual walls, separating a 

region that contains a high concentration of the ions from a pure water region. The 

mean force on the virtual walls placed by the ions is directly correlated to the osmotic 

pressure, as defined in equation 5-6. Systems with given concentrations were built by 
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randomly placing the ions within the central part of a rectangular cell box of 

45×45×90 Å
3
. The z-axis was aligned with the longest axis of the rectangular cell box 

with the center located at the coordinate origin (x=0, y=0 and z=0). During the 

simulation, the ions were constrained by the virtual walls that were defined as a 

half-harmonic planar restraint at zwall = ±22.5 Å  with a force constant of 10 kcal 

mol
−1

Å
−2 

, such that
 
ions were kept confined in the central region of the rectangular 

cell box while water molecules were allowed to freely pass through these walls.  

                                       (5-6) 

According to equation 5-6, the osmotic pressure was calculated as          , where A 

is the cross-sectional area (45
2 

= 2025 Å
2
),         is the restraint force exerted on 

the wall by the ions, k is the force constant, N is number of frames, and i is the index 

of the ions. Simulations were carried out in NAMD using the extended Lagrangian 

integration method implemented in NAMD as Langevin dynamics
247,248

 (the Langevin 

dynamics parameters, the treatment of Lennard-Jones (LJ) potential and electrostatic 

forces parameters for NAMD are same as described for the NAMD simulations in the 

next paragraph). Pressure coupling was applied along the z-axis while 

the x- and y-dimensions were fixed to maintain a constant area for each virtual wall. 

Following a 1 ns equilibration time, simulations were carried out at each 

concentration for 50 ns with coordinates saved every 10 ps. The mean force was 
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further averaged between the two half-harmonic walls. Finally, osmotic pressure 

values were subsequently calculated according to equation 5-6 using 

CHARMM.
177,178,337

 

 

5.2.5 Molecular dynamics of validation systems  

Validation systems are summarized in Table 5.1 with their images shown in 

Appendix C. Starting coordinates for all the peptide/protein structures were taken 

from the Protein Data Bank.
263

 The protein coordinate and structure files were 

initially prepared in CHARMM additive formats using the Solvator module in the 

CHARMM-GUI.
348

 The resulting additive coordinate and structure files were then 

submitted to the Drude Prepper module in the CHARMM-GUI to obtain files in 

Drude format. Each system was solvated in a cubic box with a 10 Å  minimum 

distance between the edge of the box and the protein. The SWM4-NDP model
144

 was 

used for water and Na
+
 or Cl

-
 ions

191,349
 were added to neutralize the systems. 

Equilibrations were carried out using NAMD.
247,248

 The extended Lagrangian 

approach with a dual-Langevin thermostat was used for integrating the equations of 

motion, where the temperature was maintained at 300 K for real atoms and at 1 K for 

Drude oscillators with thermostat friction coefficients of 5 ps
-1

 and 20 ps
-1

 

respectively.
248

 SHAKE was used to fix covalent bonds involving hydrogen atoms.
294
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Short-range LJ forces were switched to zero from 10-12 Å .
293

 Electrostatic 

interactions were computed with the smooth particle mesh Ewald (PME) method with 

a real space cutoff of 12 Å , a kappa factor of 0.34 and a 6-order spline.
291,292

 The 

Drude Hardwall constraint was set at 0.2 Å  to prevent polarization catastrophe
125

 and 

analysis was undertaken to assure that the nuclei-Drude particle distances were not 

reaching 0.2 Å  during the simulations. Each system was equilibrated under an NPT 

ensemble, where the pressure was set at 1 atm using Langevin piston pressure control 

with a piston oscillation period of 200 fs and a relaxation time of 100 fs. A 100 ps 

equilibration was performed with a 0.5 fs time step with all heavy atom restrained 

using a harmonic force constant of 1 kcal/mol·Å
2
. Following equilibration, restraints 

were removed and production simulations were carried out using OpenMM.
380,381,250

 

The parameters for production simulations were similar to those used in equilibration 

with the following differences. The simulations were carried out for 100 ns (or more 

for some systems, Table 5.1) with the Drude Langevin integrator using a 1 fs time 

step.
250

 The pressure was maintained at 1 atm using the Monte Carlo barostat with 

pressure changes attempted every 25 steps. The Drude Hardwall constraint was set at 

0.25 Å .
125

 All analyses were carried out using facilities within CHARMM.
177,178,337

  

Molecular dynamics simulations using the additive model were performed as 

well for comparison. Simulation procedures were in a similar manner as those for the 
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Drude calculations with the following exceptions. The CHARMM36m force field
340

 

was used for the protein. In equilibration using NAMD,
247

 LJ forces were force 

switched to zero from 10-12 Å .
293

 Pressure control was based on a Nosé–Hoover 

Langevin piston algorithm.
351,352

 A 100ps equilibration was performed with a 1 fs time 

step. In production using OpenMM,
380,381

 the velocity Verlet integrator used a 2 fs 

time step, and Andersen thermostat
382

 was used. 

 

Table 5.1 to the top of page 184 Peptides and proteins subjected to MD simulations. 
a
 

 Peptides/proteins PDB Type 

Amino acid < 50 aa 

A) Trp-cage 1L2Y
383

 
α-Helix 

B) IAAL-K3 1U0I
384

 

C) Crambin 1EJG
385

 α-Helix/β-sheet 

D) Cln025 (mutant of Chignolin) 2RVD
386

 

β-sheet 

E) MBH12 1K43
387

 

F) Tryptophan Zipper 4 1LE3
388

 

G) HP7 2EVQ
389

 

H) 14-residue peptide (MBH12) 1J4M
390

 

I) GB1 hairpin, extract from PDB: 

1GB1 (residues 41-56) 
1GB1

391
 

Amino acid > 50 aa 

J) Apocalmodulin 1QX5
392

 

α-Helix K) DNA methyltransferase 1 associated 

protein 1 (DMAP1) 
4IEJ 

L) Cold-shock protein A 1MJC
393

 β-sheet 

M) Ubiquitin 1UBQ
394

 

α-Helix/β-sheet 
N) Protein GB1 domain 

2QMT
39

5
 

O) Intestinal fatty acid binding protein 1IFC
396

 

P) Hen lysozme 6LYT
397
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Q) Lysozyme 135L
398

 

R) Protein GB3 domain 1P7E
399

 

S) Protein GB3 domain 2IGD 

a
 All systems were simulated for 100 ns, except G) for 800 ns and S) for 400 ns.   

 

5.3 Results and Discussion 

The optimization of the Drude-2013 protein force field includes further 

adjusting the backbone, side chain and atom pair-specific parameters (NBFIX in 

CHARMM
177,178,337

). To ensure more stable protein/peptide secondary structures, 

including α-helices and β-sheets, efforts have been made to optimize the backbone 

parameters based on reparametrizing the N-methyl acetamide (NMA) model 

compound to improve the hydrogen bond interactions as well as optimizing CMAP 

based on alanine dipeptide to obtain more accurate conformational properties. To 

achieve better reproduction of experimental hydration free energies of selected protein 

functional groups, parameters for histidine were updated based recent improvements 

to imidazole and the 4-methylimidazole tautomers,
376

 and charged moiety parameters 

were updated based on results for the molecular ion.
157

 As the electrostatic parameters 

on the aliphatic groups, particularly with Cβ or Cγ carbons required adjustments, a 

systematic parametrization of these parameters was performed. Following the change 

of the backbone and side chain parameters, the χ1 and χ2 dihedral parameters were 

fitted to obtain conformational properties that mimic those occurring in full proteins. 
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Finally, NBFIX parameters were included between charged moieties to improve the 

salt-bridge interactions among protein functional groups. The resulting protein force 

field, referred to as Drude-2019 FF, was applied in MD simulations of a series of 

peptide and protein systems to examine their stability and the ability of reproducing 

experimental NMR properties. 

 

5.3.1 Optimization of the protein backbone and CMAP parameters  

 Alanine peptides have been used widely for the study of peptide 

conformation.
400,401

 In this study, 500 ns simulations of (Ala)5 were performed from 

which the backbone dihedrals were obtained and used to calculate the J-coupling 

constants. The same χ2 calculation as performed by Best et al.
402

 to evaluate the 

deviation of the J-coupling constants from the experimental values was performed. 

Table 5.2 shows the comparison of the computed J-coupling constants between the 

experimental data and the Drude-2013 and Drude-2019 models. With the final 

optimized backbone and CMAP parameters, i.e. Drude-2019 FF, the RMS is 0.85 and 

χ
2
 is 5.90 (or 2.28 excluding the J

 3
(C,C) of residue index 2), while using the 

Drude-2013 FF the RMS is 0.93 and χ
2
 is 7.41 (or 3.23 excluding the J

 3
(C,C) of 

residue index 2).  Although the χ
2

 is still larger than the
 
values

 
reported by other 

models,
370,402

 which may include contributions from differences in the approaches in 
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the different studies, the efforts in re-optimization of the backbone and CMAP is 

evident regarding the improved agreement with the experimental values.  

 

Table 5.2 to the top of page 187 Comparison of J-coupling values (Hz) with 

Drude-2013/Drude-2019 FFs and experimental data (Exp)
400

 for the (Ala)5 peptide 

from 500 ns simulations.  

 

Residue 

index 

Type Exp Drude-2013 Diff2013 Drude-2019 Diff2019 

2 3
J(HNHA) 5.59 6.87 1.28 6.98 1.39 

2 3
J(HNC) 1.13 2.38 1.25 2.22 1.09 

2 3
J(HAC) 1.85 2.04 0.19 2.07 0.22 

2 3
J(CC) 0.19 2.56 2.37 2.39 2.20 

2 3
J(HNCB) 2.30 0.72 -1.58 0.86 -1.44 

2 1
J(NCA) 11.36 11.64 0.28 11.59 0.23 

2 2
J(NCA) 9.20 8.71 -0.49 8.71 -0.49 

2 3
J(HNCA) 0.67 0.84 0.17 0.82 0.15 

3 3
J(HNHA) 5.74 6.79 1.05 6.88 1.14 

3 3
J(HAC) 1.86 2.01 0.15 1.99 0.13 

3 3
J(HNCB) 2.24 0.99 -1.25 1.35 -0.89 

3 1
J(NCA) 11.26 11.56 0.30 11.45 0.19 

3 2
J(NCA) 8.55 8.57 0.02 8.49 -0.06 

3 3
J(HNCA) 0.68 0.81 0.13 0.75 0.07 

4 3
J(HNHA) 5.98 6.90 0.92 6.95 0.97 

4 3
J(HNC) 1.15 2.15 1.00 1.68 0.53 

4 3
J(HAC) 1.89 2.07 0.18 1.98 0.09 

4 3
J(HNCB) 2.14 0.96 -1.18 1.52 -0.62 

4 1
J(NCA) 11.25 11.52 0.27 11.25 0.00 

4 2
J(NCA) 8.40 8.48 0.08 8.31 -0.09 

4 3
J(HNCA) 0.69 0.80 0.11 0.71 0.02 

5 3
J(HNHA) 6.54 6.95 0.41 7.31 0.77 

5 3
J(HNC) 1.16 2.74 1.58 2.50 1.34 

5 3
J(HAC) 2.19 2.19 0.00 2.50 0.31 

5 3
J(HNCB) 1.96 0.24 -1.72 0.35 -1.61 

5 2
J (NCA) 8.27 8.40 0.13 8.01 -0.26 
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5 3
J(HNCA) 0.73 0.86 0.13 0.77 0.04 

RMS
   

 0.93  0.85 

Residue 

index 

  χ
2 χ

2a χ
2 χ

2a 

2   17.92 3.91 15.39 3.3 

3   2.28 2.28 1.26 1.26 

4   2.08 2.08 0.65 0.65 

5   4.75 4.75 4.02 4.02 

All   7.41 3.23 5.90 2.28 
a 

χ
2 

computed excluding the J
3
(C,C) of residue index 2, which yields the largest 

difference. 

 

5.3.2 Optimization of the protein side chain parameters 

5.3.2.1 Molecular dipole moments and polarizabilities 

In the original Drude-2013 protein force field, the amino acid parameters were 

built using parameters initially optimized targeting the model compounds that 

represent individual side chain functional groups and the backbone NMA model 

compound, whereas the electrostatic parameters of the linking aliphatic carbons (e.g. 

Cβ and Cγ) were derived from the terminal methyl groups from the side chain model 

compounds or from aliphatic model compounds. However, as the electronic response 

in the terminal methyl carbons (-CH3) are different from those of the -CH2- carbons in 

the proteins, this lead to overestimation of the atomic polarizabilities and Thole 

screening factors. For example, the original Cβ derived from the methyl carbon (-CH3) 

has relatively larger alpha and Thole parameters (-1.804 and 2.080 respectively), 

which results in higher atomic polarizability and induced dipole-dipole interactions 
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with adjacent atoms. This is not unexpected as a higher alpha parameter will result in 

a larger Drude charge (qD), yielding a larger induced atomic dipole. On the other hand, 

a higher Thole screening factor will result in higher values of S in equation 5-3, such 

that the Coulomb interactions will be less damped (Appendix D). This leads to larger 

nuclei-Drude particle distances, leading to multiple encounters with the Drude 

Hardwall (Appendix E). The presence of the Drude Hardwall is to avoid polarization 

catastrophe due to low probability displacements of the Drude that may occur in rare 

events during MD simulations.  However, if the Drude particles are encountering the 

hardwall at a high frequency, the ensemble of the polarized states is not correct, 

leading to an improper electronic response and incorrect thermodynamics of the 

system. Therefore, to obtain a balanced electronic response it was necessary to correct 

the overestimation of the polarizabilities and Thole screening factors by application of 

a systematic MCSA fitting of electrostatic parameters for the problematic side chain 

aliphatic carbons. Computed average difference between the Drude gas phase 

molecular dipole moments and the QM values as well as the average ratio of the gas 

phase molecular polarizabilities over the QM values are summarized in Table 5.3. 

Overall, the final electrostatic parameters obtained from the MCSA fitting of the 

dipeptides yield better agreement with the target QM molecular dipole moments and 

the polarizabilities, with smaller averaged dipole moment differences among all types 
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of dipeptides (-0.04 Debye) and the averaged ratio of the MM and QM molecular 

polarizabilities of 0.83 being close to the target scaling of 0.85. These results indicate 

that the optimized model is capable of capturing polarization response more 

consistently over different types of dipeptides. Importantly, when these parameters 

were applied in MD simulations, the nuclei-Drude distances systematically stayed 

under the value of 0.2 Å  (Appendix E), thereby correcting the inappropriate electronic 

response obtained with the Drude-2013 force field. 

 

Table 5.3 to the top of page 190 Average molecular dipole moment differences 

(MM-QM, in Debye) and average molecular polarizability scalings (MM/QM) of 

dipeptides with different conformations, using the original Drude-2013 and optimized 

Drude-2019 FFs.  

 

 
Drude-2013  Drude-2019 

RESI 

Avg 

Dipole 

(MM-QM) 

Avg 

Polarizablity 

(MM/QM) 

 

 

Avg 

Dipole 

(MM-QM) 

Avg 

Polarizablity 

(MM/QM) 

ARG -3.24 1.05  -0.02 0.83 

ASN -0.11 0.89 
 

0.05 0.85 

ASP 0.85 0.83 
 

0.65 0.75 

CYS -0.30 0.78 
 

-0.30 0.80 

GLN -0.96 1.00 
 

-0.22 0.85 

GLU -2.70 1.00 
 

0.51 0.75 

HSD 0.61 0.86 
 

-0.10 0.84 

HSE 0.83 0.86 
 

-0.15 0.84 

HSP 0.25 0.92 
 

0.69 0.86 

ILE -0.69 0.91 
 

-0.57 0.85 

LEU -0.60 1.05 
 

-0.56 0.84 

LYS -3.51 1.06 
 

0.82 0.83 

MET -0.35 0.98 
 

-0.24 0.81 

THR 0.18 0.83 
 

-0.09 0.84 

TYR -0.39 0.82 
 

-0.34 0.82 

TRP -0.46 0.93 
 

-0.33 0.84 

PHE -0.46 0.85 
 

-0.39 0.84 
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SER -0.06 0.83 
 

-0.07 0.85 

Average -0.62 0.91  -0.04 0.83 

 

 

 

5.3.2.2 Side chain χ1 and χ2 dihedral parameter optimization 

Re-optimization of χ1 and χ2 parameters was required due to the change in the 

sidechain electrostatic parameters. Proper treatment of the χ1 and χ2 conformational 

properties is important as they impact the conformational distribution of the 

polypeptide backbone.
403–405

 χ1 and χ2 parameter optimization was performed by 

initially targeting QM potential energy surfaces for the respective side chain 

dipeptides. Then, these parameters together with the optimized backbone/CMAP 

parameters were used in H-REMD simulations of (Ala)4-X-(Ala)4 in solution and 

optimized targeting the χ1 and χ2 dihedral distributions from a crystallographic 

survey.
378

 Presented in Table 5.4 are the RMSDs between the MM and QM 2D 

potential energy surfaces
378

 for the χ1 and χ2 torsions in the amino acid dipeptides. 

Table 5.5 shows the overlap coefficients (OC  for χ1 and χ2 distributions from the 

(Ala)4-X-(Ala)4 in the C7eq conformation with those from crystallographic survey.
378

 

Optimization of χ1 and χ2 parameters based only on the gas phase dipeptides resulted 

in good agreement with the target QM potential energy surfaces (Initial w/Cutoff in 

Table 5.4), with RMSDs below 2.0 except for the Glu dipeptide. However, to fit to 

aqueous phase conformational properties that are representative of full proteins, χ1 
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and χ2 parameters were further adjusted compromising the level of agreement with 

the target QM data (Table 5.4 . Nevertheless, the final χ1 and χ2 parameters still yield 

improved overall agreement with the QM data as compared to Drude-2013 as well as 

overall better OC values, that are typically higher than 0.8 (Table 5.5).  

 

Table 5.4 to the top of page 192 RMSDs between the MM and QM 2D potential 

energy surfaces for the χ1 and χ2 torsions in amino acid (X  dipeptides capped with 

N-acetyl and N’- 

methylamide moieties using the Drude-2013 and Drude-2019 FFs. RMSD with all 

conformations (RMSD-ALL) and with the conformations excluding the energy cutoff 

(kcal/mol) regions (w/Cutoff) are shown. The RMSDs from the initial fitting results 

are shown in the Initial w/Cutoff column.  

 

Dipeptides Drude-2013 Drude-2019 

X Cutoff 
RMSD-

ALL 
w/ 

Cutoff 

RMSD- 
         

ALL 

w/  
Cutoff 

Initial 
w/Cutoff 

ARG 20 4.57 4.35 2.43 2.38 1.95 

ASN 12 2.62 2.61 1.75 1.63 1.63 

ASP 25 3.50 2.94 3.57 3.09 1.83 

CYS 12 1.31 1.28 1.15 1.10 1.10 

GLN 12 2.65 2.39 1.97 1.54 1.46 

GLU 25 8.23 8.25 4.00 3.86 2.40 

HSD 12 1.70 1.51 1.40 1.23 1.22 

HSE 12 2.16 1.99 1.42 1.32 1.29 

HSP 25 2.16 2.15 1.60 1.59 1.59 

ILE 12 2.58 2.21 2.54 2.31 1.46 

LEU 12 2.07 1.72 1.74 1.43 1.22 

LYS 20 5.27 4.95 2.44 2.49 1.80 

MET 12 2.43 2.30 1.89 1.49 1.39 

PHE 12 1.41 1.25 1.11 1.04 1.04 

SER 12 1.38 1.36 2.32 2.32 1.04 

THR 12 1.86 1.72 2.14 2.18 1.28 

TRP 12 1.78 1.63 1.50 1.29 1.13 
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TYR 12 1.55 1.31 1.33 1.06 1.06 

VAL 12 1.24 1.18 1.38 1.32 1.20 

Average  2.66 2.48 1.98 1.82 1.43 

 

Table 5.5 Overlap coefficient (OC  between χ1/χ2 probability distributions of the 

(Ala)4-X-(Ala)4 condensed phase simulations and crystallographic survey, using the 

Drude-2013 and Drude-2019 FF. The differences of OC between the two models are 

shown in the Diff. OC column. 

 

X 
Drude-2013

195
 Drude-2019 Diff. OC 

χ1 χ2 χ1 χ2 χ1 χ2 

ARG 0.82 0.85 0.96 0.97 0.14 0.12 

ASN 0.82 0.61 0.84 0.91 0.02 0.30 

ASP 0.65 0.79 0.82 0.93 0.17 0.14 

CYS 0.87 
 

0.87 
 

0.00 
 

GLN 0.92 0.60 0.95 0.88 0.03 0.28 

GLU 0.68 0.81 0.85 0.80 0.17 -0.01 

HSD 0.94 0.80 0.94 0.95 0.00 0.15 

ILE 0.78 0.89 0.90 0.90 0.12 0.01 

LEU 0.88 0.92 0.96 0.92 0.08 0.00 

LYS 0.81 0.93 0.89 0.90 0.08 -0.03 

MET 0.92 0.88 0.91 0.96 -0.01 0.08 

PHE 0.94 0.89 0.82 0.93 -0.12 0.04 

SER 0.74 
 

0.86 
 

0.12 
 

THR 0.74 
 

0.88 
 

0.14 
 

TRP 0.86 0.74 0.86 0.80 0.00 0.06 

TYR 0.72 0.74 0.91 0.83 0.19 0.09 

VAL 0.87 
 

0.82 
 

-0.05 0.00 

Average 
    

0.06 0.09 

 

5.3.3 Optimization of interaction energies between charged protein model 

compounds 
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Salt bridges represent one of the strongest non-covalent interactions in 

proteins, requiring that careful attention be placed on the modeling of salt bridges. 

The optimization included introducing atom pair-specific LJ parameters (NBFIX) to 

target the QM interaction energies between selected model compounds with different 

interaction geometries (Figure 5.1 to 5.3). The interaction energies with Drude-2013 

FF displayed poor agreement with the QM target data (Figure 5.1 to 5.3 in red), 

whereas the optimized Drude-2019 FF yielded significant improvement in the balance 

of these interaction energies (Figure 5.1 to 5.3 in blue). Note that as the atom types in 

GUAN and MGUAN are shared together, requiring that the NBFIX parameters for 

these interactions with ACET be compromised while focusing on better agreement 

with the more favorable QM MGUAN-ACET interaction energy in Figure 5.2a. The 

optimized NBFIX parameters for GUAN and ACET were also validated in osmotic 

pressure simulations, where their agreement with the experimental values are 

acceptable (Table 5.6).   

 

Figure 5.1 Interaction energies between methylammonium (MAM1) and acetate 

(ACET) in a) to c) using the QM (blue), Drude-2013 (red) and optimized Drude-2019 
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(black) model chemistries. Hydrogens are white, carbons are green, nitrogens are blue, 

and oxygens are red. 

 

 

 

Figure 5.2 Interaction energies between methylguanidinium (MGUAN) and acetate 

(ACET) in a) to c) and between guanidinium (GUAN) and acetate (ACET) in d) to f) 

using the QM (blue), Drude-2013 (red) and optimized Drude-2019 (black) model 

chemistries. Hydrogens are white, carbons are green, nitrogens are blue, and oxygens 

are red. 

 

Figure 5.3 Interaction energies between imidazolium (IMIM) and acetate (ACET) 
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with interaction geometries of a) to d) using the QM (blue), Drude-2013 (red) and 

optimized Drude-2019 (black) model chemistries. Hydrogens are white, carbons are 

green, nitrogens are blue, and oxygens are red. 

 

Table 5.6 Osmotic pressure (in Bar) for guanidinium-acetate solution at different 

concentrations. 

 

Con. (M) Exp. Drude-2019 

0.3 13.35 ± 0.12 14.06 

0.4 17.66 ± 0.09 18.02 

0.5 22.33 ± 0.08 21.66 

 

5.3.4 Validation of the optimized Drude-2019 in peptide and protein 

simulations 

Simulations were performed on peptide and protein systems listed in Table 5.1 

to validate the optimized Drude-2019 FF. A majority of the peptides/proteins were 

small, being less than 150 amino acids (aa), as they are more computationally 

expedient to test the ability of the force field to maintain their folded structures as 

compared to larger protein systems. All systems were run with the additive 

CHARMM36m (C36m) and polarizable Drude-2013 FFs along with the newly 

optimized Drude-2019 model. RMSD analysis was performed on all the peptides and 

proteins based on the backbone Cα atoms (Table 5.7) and on the backbone and side 

chain non-hydrogen atoms in Appendix F-G. For the small systems with less than 50 

residues the backbone RMSDs with the optimized Drude-2019 FF are consistently 

smaller with the both the additive CHARMM36m and original Drude-2013 FF. With 
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the larger proteins, the new Drude-2019 model RMS differences are consistently 

smaller than with Drude-2013, though they are slightly higher than in the C36m FF. 

The proteins crambin (PDB: 1EJG), ubiquitin (PDB: 1UBQ), and lysozyme (PDB: 

6LYT) were also studied using the AMOEBA protein FF.
370

 The reported backbone 

RMSDs were approximately 1, 2, and 2 Å  for the three proteins, respectively, within 

30 ns simulations. As seen in Table 5.7 the Drude-2019 FF yields backbone RMSDs 

of 1.20, 1.93 and 1.62 Å  averaged over the 100 ns. Thus, the new Drude-2019 yields 

similar or slightly small RMS difference as compared to AMEOBA.  

 

Table 5.7 to the top of page 197 Average RMS differences and RMS fluctuations of 

the RMSD with respect to the crystal or NMR structures of the Ca atoms for the 

residues in the secondary structures and for all residues(values in Å )  

 

PDB C36m Drude-2013 Drude-2019 

 

AVG  RMSF  AVG  RMSF  AVG  RMSF  

Number of amino acids < 50 aa 

1L2Y 1.58 0.29 4.59 2.41 1.20 0.28 

1U0I 2.80 0.82 3.01 0.54 1.64 0.30 

1EJG 4.16 0.13 1.66 0.34 1.20 0.15 

2RVD 1.05 0.08 5.24 1.30 1.14 0.09 

1K43 2.03 0.60 1.47 0.28 1.17 0.28 

1LE3 0.81 0.39 2.78 0.61 1.46 0.39 

2EVQ 0.97 0.37 2.67 1.01 0.96 0.26 

1J4M 2.19 0.36 1.80 0.60 1.74 0.38 

GB1 hairpin 2.47 0.46 3.92 0.94 2.37 1.06 

AVERAGE 2.01 0.39 3.02 0.89 1.43 0.35 

       Number of amino acids > 50 aa 

1QX5 4.89 0.53 6.86 1.24 5.29 1.14 
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4IEJ 0.96 0.13 1.48 0.23 1.04 0.15 

1MJC 1.73 0.31 1.63 0.22 1.59 0.31 

1UBQ 2.35 0.53 1.87 0.41 1.93 0.34 

2QMT 0.85 0.20 1.61 0.35 1.16 0.17 

1IFC 1.11 0.13 2.52 0.37 1.28 0.21 

6LYT 1.07 0.17 2.08 0.35 1.65 0.30 

135L 1.30 0.23 2.72 0.53 1.79 0.22 

1P7E 0.77 0.29 1.58 0.25 1.33 0.21 

2IGD 0.71 0.17 2.00 0.61 1.21 0.26 

AVERAGE 1.57 0.27 2.44 0.46 1.83 0.33 

 

Notably, the optimized Drude-2019 model in general reduces the flexibility 

and yields more stable β sheet structures. This is evidenced in simulations of the GB  

domain (PDB: 2IGD) and the stable hairpin HP7 peptide (PDB: 2EVQ) (Figures 5.4). 

In these simulations, the original Drude-2013 does not yield stable structures for 

either protein. Simulations using a variant of Drude-2013 that only included the 

optimized backbone and CMAP parameters, Drude-2013-opt-backbone, yielded 

structures closer to the experimental structures, though significant differences are 

evident.  With the GB3 protein the hydrogen bonds within the β-hairpin structure are 

disrupted (Appendix H) leading to the larger RMS difference. These indicate that the 

updated backbone parameters could improve the strength of the hydrogen bond within 

the β-hairpin structures to some extent, but optimization of additional terms was 

required. Accordingly, the additional optimization of the side chains in the 

Drude-2019 FF leads to the simulated GB3 protein becoming more stable (Figure 5.4a, 
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blue  due to the β-hairpin hydrogen bonds being maintained (Appendix H). Similar 

behavior is also found in the HP7 peptide system where the optimized Drude-2019 FF 

significantly stabilized the β-sheet structure throughout the 800 ns simulation (Figure 

5.4b, blue . Note that a stable simulated β-sheet structure is expected as the melting 

temperature of the HP7 peptide is 66°C,
389

 and thus the folded state should dominate 

at  00 K. It should be noted that more stable β-sheet structures could be obtained 

simply after re-optimizing the electrostatic parameters of the side chain aliphatic 

carbons (e.g. Cβ, Cγ, or Cδ . Therefore, better treatment of their atomic 

polarizabilities and Thole screening factors leading to lower induced dipole moments 

serves as an important step toward reaching the optimized Drude-2019 FF.  



199 
 

 

Figure 5.4 RMSD analyses based on the Ca atoms for a) protein GB3 system (PDB: 

2IGD) and b) HP7 peptide (PDB: 2EVQ), using the original Drude-2013 protein FF 

(Drude-2013, in black), Drude-2013 with optimized backbone parameters only 

(Drude-2013-opt-backbone, in green), and final optimized Drude-2019 protein FF 

(Drude-2019, in blue). Structures obtained at the end of the simulations are shown in 

cyan, indicated with the corresponding colored arrows.  

 

Further investigation into the structural properties of the optimized model 

involved analysis of the ϕ, ψ distributions in the larger proteins having more than 50 

amino acids. Presented in Figure 5.5 are the ϕ, ψ inverted Boltzmann weighted 

distributions over protein simulations of J through S reported in Table 5.1. Both the 

Drude-2013 and optimized Drude-2019 models populate regions consistent with those 

obtained in protein crystal structures (shown as black dots), with the location of the 
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minima in all the models consistent with the reported survey data (not shown).
195

  

Notably, the optimized Drude-2019 model exhibits a more defined β region 

(Appendix I, -180° < φ < -90° and 50° < ψ < 180° plus -180° < φ <-90° and -180° <ψ 

< -120 or 160°<φ< 180° and 110° < ψ < 180°  , while the original Drude-2013 model 

samples a slightly wider range of ϕ, ψ space.  

With respect to C36m, the Drude models sampling more regions beyond the 

well defined regions associated with secondary structure.  This includes the region 

around ψ = 60-100˚ between the a-helical and extended regions (φ ~ -90˚ ; this region 

is sampled less in Drude-2019. Another region is at a lower φ values from -120 to 

-150˚ that are sample to a similar extent with both the Drude 201  and 2019 models.  

Importantly, these regions are sampled in the crystal structures, though it is not 

possible to robustly compare the amount of sampling in the simulations with the 

available experimental data.  

 

 

Figure 5.5 Overall ϕ, ψ distributions for the a) C36m, b) Drude-2013 and c) 

optimized Drude-2019 models. Simulated data included results from PDB: 1QX5, 

4IEJ, 1MJC, 1UBQ, 2QMT, 1IFC, 6LYT, 135L, 1P7E, and 2IGD. 
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5.3.5 NMR Analysis 

NMR observables contain valuable information about the conformational 

properties of proteins in solution. To evaluate the behavior of the optimized 

Drude-2019 model in solution conditions, NMR properties from MD simulations 

were computed for protein systems, including ubiquitin (PDB: 1UBQ), protein GB1 

(PDB: 2QMT), cold shock protein A (PDB: 1MJC), apocalmodulin (PDB: 1QX5), 

intestinal fatty acid binding protein (PDB: 1IFC), and hen lysozyme (PDB: 6LYT). 

These systems were selected as they served as model systems in evaluating the C36 

force field.
406

 The NMR properties computed in this study includes the hydrogen 

bond scalar coupling, 
h3

JNC, which represents the coupling between N and C nuclei 

across N-H···O=C hydrogen bonds through space.
407–409

 As their magnitudes are 

correlated with hydrogen bond geometries
410

 and are sensitive to hydrogen bonding 

network dynamics and cooperativity in proteins,
42–44

 they are informative to assess the 

force field quality in reproducing the hydrogen bonds across backbones.  A summary 

of the 
h3

JNC couplings is shown in Table 5.8. The 
h3

JNC as a function of residue are 

shown in Appendix J. With the optimized Drude-2019 FF, most of the correlations, 

average differences and RMS differences between the calculated and experimental 

h3
JNC couplings are improved than using the Drude-2013 FF, except that less 
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correlation is obtained from system PDB: 1MJC. However, when compared to the 

highly optimized C36m model, the Drude-2019 FF still shows poorer agreement with 

the experimental results, which is consistent with the RMS difference with respect to 

the crystal structures of the larger proteins (Table 5.7).  

 

Table 5.8 Combined RMS differences and correlations between calculated and 

experimental NMR 
h3

JNC couplingswith the C36m additive, original Drude-2013 and 

optimized Drude-2019 FF.  

 

PDB Correlation 

coefficients 

Average Differences RMS differences 

C36m Drude 

-2013 

Drude 

-2019 

C36m Drude 

-2013 

Drude 

-2019 

C36m Drude 

-2013 

Drude 

-2019 

1UBQ 0.85 0.55 0.75 -0.01 0.09 -0.02 0.09 0.18 0.12 

2QMT 0.78 0.46 0.62 -0.03 0.06 -0.02 0.12 0.20 0.16 

1MJC 0.69 0.70 0.65 0.06 0.08 0.04 0.15 0.15 0.15 

1QX5 0.18 0.09 0.41 0.12 0.15 0.07 0.24 0.26 0.17 

1IFC 0.75 0.36 0.71 -0.02 0.13 -0.02 0.14 0.27 0.15 

 

Additional NMR analysis includes the calculation of peptide backbone N-H order 

parameters, S
2
. The S

2
 value represents the internal re-orientational motions, with the 

magnitude ranging from 0 to 1. Typically, the lower S
2
 value corresponds to larger 

internal motions, while the higher S
2
 value corresponds to a more rigid structure.

414
 

Therefore, the calculated S
2
 from MD simulations provides a way to measure 

the rigidity of each protein residue. In Table 5.9, the calculated S
2
 for all protein 

systems with Drude-2019 FF are generally in similar agreement with the experimental 

data and comparable to the additive C36m results, whereas the Drude-2013 FF 
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typically underestimates the S
2
 values.  Though the correlations of the simulated and 

experimental S
2
 values for each residue are slightly lower in the Drude-2019 (Table 

5.10), their RMS or average differences are much smaller than those in the 

Drude-2013 and comparable to the C36m. Further analysis includes the calculation of 

S
2

,
 
RMS fluctuation, and secondary structures as a function of each residue (Figure 

Appendix K-P). It is possible that the lower S
2
 values in all these models is due to the 

residues not being in part of a helix/sheet structure, as seen in the secondary structure 

analysis and a corresponding larger RMSF of those residues. Notably, while in the 

regions of secondary structure the RMSF of Drude-2013 and Drude-2019 are similar 

(Figure Appendix K-P), the Drude-2013 shows significantly large RMSF and lower S
2 

values in the random coil regions. This suggest that the instability caused by the 

overestimated dipole-dipole interactions from the Drude-2013 FF could begin from 

the more flexible residues in random coil regions (or loops), thus for the small peptide 

systems where the loop regions dominate, the instability was more obvious as 

reflected in the RMSD analyses (Table 5.7). .  

 

Table 5.9 to the top of page 204 Average backbone N-H relaxation order parameter 

S
2
 in six proteins. Experimental values and calculated S

2
 from MD simulations with 

the C36m, Drude-2013 and Drude-2019 FFs are listed. 

 

PDB Exp C36m Drude-2013 Drude-2019 

1UBQ 0.84 0.82 0.75 0.81 

2QMT 0.74 0.83 0.73 0.79 
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1MJC 0.82 0.70 0.74 0.78 

1QX5 0.81 0.63 0.51 0.73 

1IFC 0.86 0.84 0.70 0.82 

6LYT 0.85 0.83 0.72 0.81 

 

Table 5.10 Combined RMS Differences and correlations between calculated and 

experimental NMR backbone N-H relaxation order parameter S
2
 with the C36 

additive, original Drude-2013 and optimized Drude-2019 FF.  

 

PDB Correlation 

Coefficients 

Average Differences RMS differences 

C36m Drude 

-2013 

Drude 

-2019 

C36m Drude 

-2013 

Drude 

-2019 

C36m Drude 

-2013 

Drude 

-2019 

1UBQ 0.79  0.65  0.70  0.00  -0.06  -0.01  0.06  0.13  0.08  

1MJC 0.71  0.79  0.77  -0.12  -0.08  -0.05  0.21  0.17  0.14  

1IFC 0.19  -0.03  -0.04  0.00  -0.15  -0.02  0.09  0.25  0.12  

6LYT 0.67  0.60  0.55  -0.03  -0.11  -0.03  0.10  0.18  0.09  

 

 

 

5.4 Conclusions 

Presented is an updated polarizable empirical force field based on the classical 

Drude oscillator for the modeling and simulation of peptides and proteins. The 

optimization includes optimizing the backbone and CMAP parameters, side-chain 

charged functional groups, electrostatic parameters of aliphatic carbons (e.g. Cβ, Cγ 

or Cδ , side-chain dihedral parameters, and salt-bridge interaction among protein 

charged residues. The optimized backbone and CMAP parameters result in better 

treatment of the hydrogen bond and ϕ, ψ conformational properties. The optimized 

charged functional groups derived from the updated molecular ion force field are 
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expected to have more accurate water interaction energies and hydration free 

energies.
157

  

While the protein force field is typically combined from small model 

compounds representative of the all relevant protein functionalities, we found that 

direct use of the electrostatic parameters of aliphatic Cβ, Cγ or Cδ carbons was not 

appropriate. In Drude-2013 this yielded high atomic polarizability and Thole 

screening factors leading to overestimation of the atomic polarization and induced 

dipole-dipole moment interaction resulting in the local nuclei-Drude particle distance 

encountering the Drude Hardwall used to avoid polarization catastrophe in 

Drude-2013 simulations at a high frequency. This leads to the Born-Oppenheimer 

approximation not being correctly treated such that the energetics of the system is 

incorrect.  To correct this, we systematically optimized those electrostatic parameters 

for the linking aliphatic carbons, yielding better treatment of the electronic response. 

As the side chain χ1 and χ2 parameters will affect the backbone torsional 

conformational properties and vice versa, additional optimization of these parameters 

was performed, yielding better agreement with the χ1/χ2 probability distributions 

from a crystallographic survey. Finally, the salt-bridge interactions were investigated 

and optimized by introducing the atom-pair specific LJ (NBFIX) parameters for the 

charged functional groups.  
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The resulting optimized model, referred to as Drude-2019, was validated in 

explicit solvent MD simulations on the 100 ns time scale for a collection of peptides 

and proteins. Overall, the Drude-2019 model displays a reduced conformational 

flexibility as compared the Drude-2013 model as estimated from RMS differences 

with respect to crystal structures and computed NMR properties while, interestingly, 

the flexibility was either slightly smaller or larger than the additive C36m model. 

Such reduced flexibility could be attributed to the optimized treatment of the 

polarization and induced dipole-dipole interactions on the side chains.   

In summary, the optimized Drude-2019 model provides an improved picture 

of the structure and function of peptides and proteins. Since 2013, efforts have been 

towards the further optimization of the Drude polarizable force field, including 

updating the nucleic acids,
164,166,167,415

 lipids,
125,168

 carbohydrates,
159,161,162,416

 and ion 

190,296
 parameters. Recent implementation of the Drude model in 

NAMD,
247,248

 OpenMM,
250

 and GROMACS
251,417

 will facilitates the application of 

the Drude polarizable force field in simulations up to hundreds of nanosecond or 

microsecond time scales. While ongoing work further includes extending the 

optimization of the cation ion-π interactions
215,418

 to all the protein aromatic residues, 

the current enhancements and capabilities could allow for wider computational studies 

of heterogeneous systems based on this optimized Drude-2019 model.   
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CHAPTER 6 CONCLUSIONS  

In Chapter 1, an overview of the history of the CHARMM empirical force field 

(FF), its various components as well as the formalisms for the inclusion of 

polarizability in FFs were introduced. Emphasis was then on the development, 

optimization, and application of the polarizable CHARMM FF that explicitly 

accounts for molecular polarizability based on the classical Drude oscillator. As 

noncovalent halogen bonding interactions between halogenated ligands and proteins 

have received increased attention in drug design, a well-parametrized polarizable 

Drude FF for halogen containing compounds is required to perform more accurate 

modeling of halogenated molecules. Thus, the following chapters focused on the 

development of the halogen Drude polarizable FF.  

At the early development stage, we found a significant contribution of 

halogen-hydrogen bond donor (X-HBD) interactions to ligand-protein complexes in 

addition to halogen bond (XB) interactions. These results were illustrated in Chapter 2, 

uncovering this less noticed X-HBD interaction and showing that it is critical to 

capture these two important X-HBD and XB interactions in parametrization of 

halogen FFs. Therefore, in the development of halogen polarizable FF as described in 

Chapter 3, optimization targeting both X-HBD and XB interactions with water 

molecule was important to more accurately describe the halogen. As there is an 
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asymmetric van der Waals surface of halogen, simply adjusting the halogen 

nonbonded parameters was not possible to achieve a good balance of both interactions. 

To overcome this, we introduced the atom pair-specific Lennard-Jones parameters on 

halogen Drude oscillator, a strategy to yield significant improvement and balance for 

the interactions with water, such that the developed halogenated polarizable FF was 

capable of reproducing QM relative energies and geometries at an unprecedented 

level. Note that in Chapter 3 the parametrizations focused on the development of the 

parameters of halogen molecules, to assure good reproduction of XB and X-HBD 

interactions with proteins, as described in Chapter 4, further parametrization of the 

atom pair-specific Lennard-Jones parameters for both the polarizable and 

non-polarizable halogen FFs was performed by targeting QM interaction energy 

surfaces between halogen and protein model compounds. With these parameters, the 

calculated halogenated-ligand interaction geometries were in good overall agreement 

with the experimental crystallographic data for both polarizable and additive FFs. 

These results show that the developed polarizable halogen FF and the updated 

additive halogen FF can accurately treat both XB and X-HBD interactions.  

Finally, given some issues were observed in the first generation of Drude 

polarizable protein FF released in 2013, efforts have been made to correct these 

thereby yield in an improved FF. In Chapter 5, optimization of the Drude polarizable 
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protein FF and its validations on multiple protein/peptide systems is illustrated. 

Results show that the optimized protein FF results in more stable structures and is 

better reproduces experimental NMR target data. These optimized parameters for the 

protein force field will be referred to as the Drude-2019 FF, and will be of utility in 

the study of biomolecular systems.  
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APPENDIX 

Appendix A. to the top of page 211 Ratio of MM/QM molecular polarizabilities of 

each dipeptide that contains N-acetylated and N'-methylamidated termi from five 

MCSA runs respectively. In each run, MCSA fitted parameters that optimized based 

on different QM target scale (0.70, 085, and 1.00) were used to calculate the MM/QM 

ratio. 

 

Residue  Target Scale MM/QM 
    

  
Run1 Run2 Run3 Run4 Run5 

ASN 1.00 0.92 0.91 0.91 0.89 0.91 

 
0.85 0.85 0.85 0.85 0.85 0.85 

 
0.70 0.83 0.82 0.83 0.83 0.83 

ARG 1.00 0.85 0.85 0.85 0.85 0.86 

 
0.85 0.84 0.83 0.83 0.84 0.84 

 
0.70 0.76 0.76 0.76 0.76 0.76 

ASP 1.00 0.77 0.76 0.77 0.76 0.77 

 
0.85 0.77 0.76 0.76 0.76 0.77 

 
0.70 0.71 0.71 0.70 0.70 0.70 

CYS 1.00 0.81 0.81 0.80 0.79 0.80 

 
0.85 0.81 0.81 0.80 0.79 0.80 

 
0.70 0.73 0.72 0.73 0.73 0.73 

GLN 1.00 0.89 0.88 0.88 0.92 0.89 

 
0.85 0.85 0.85 0.85 0.84 0.84 

 
0.70 0.77 0.76 0.78 0.78 0.76 

GLU 1.00 0.77 0.77 0.77 0.75 0.77 

 
0.85 0.76 0.75 0.75 0.75 0.77 

 
0.70 0.70 0.71 0.71 0.71 0.71 

HSD 1.00 0.89 0.88 0.88 0.87 0.88 

 
0.85 0.84 0.85 0.84 0.83 0.84 

 
0.70 0.80 0.79 0.80 0.79 0.80 

HSE 1.00 0.90 0.89 0.89 0.88 0.89 

 
0.85 0.85 0.84 0.84 0.84 0.84 

 
0.70 0.80 0.80 0.80 0.80 0.80 

HSP 1.00 0.93 0.92 0.94 0.92 0.94 

 
0.85 0.86 0.85 0.86 0.85 0.86 

 
0.70 0.86 0.85 0.86 0.85 0.86 

ILE 1.00 0.94 0.93 0.93 0.92 0.93 

 
0.85 0.85 0.85 0.85 0.85 0.85 

 
0.70 0.85 0.84 0.85 0.85 0.85 

LEU 1.00 0.89 0.90 0.90 0.95 0.89 

 
0.85 0.85 0.84 0.84 0.84 0.83 

 
0.70 0.80 0.79 0.78 0.78 0.79 

LYS 1.00 0.87 0.87 0.90 0.88 0.91 

 
0.85 0.85 0.84 0.84 0.84 0.84 

 
0.70 0.75 0.75 0.73 0.77 0.74 

MET 1.00 0.85 0.84 0.84 0.83 0.84 

 
0.85 0.82 0.81 0.81 0.81 0.81 

 
0.70 0.75 0.75 0.75 0.75 0.75 

THR 1.00 0.86 0.86 0.85 0.86 0.86 

 
0.85 0.84 0.84 0.84 0.84 0.84 

 
0.70 0.78 0.78 0.78 0.78 0.78 

TYR 1.00 0.86 0.85 0.85 0.84 0.85 

 
0.85 0.82 0.82 0.82 0.82 0.82 
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0.70 0.76 0.76 0.76 0.76 0.76 

TRP 1.00 0.91 0.83 0.90 0.89 0.90 

 
0.85 0.84 0.84 0.84 0.84 0.84 

 
0.70 0.81 0.81 0.81 0.81 0.81 

PHE 1.00 0.91 0.89 0.89 0.89 0.89 

 
0.85 0.83 0.83 0.83 0.84 0.85 

 
0.70 0.80 0.80 0.80 0.81 0.80 

SER 1.00 0.87 0.87 0.86 0.86 0.87 

 
0.85 0.84 0.85 0.85 0.85 0.85 

 
0.70 0.78 0.78 0.78 0.79 0.78 

VAL 1.00 0.92 0.92 0.91 0.92 0.91 

 
0.85 0.87 0.86 0.87 0.84 0.87 

 
0.70 0.84 0.83 0.84 0.83 0.84 
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Appendix B. Flow diagram of the χ1 and χ2 optimization using the reweighting 

method.  
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Appendix C. Secondary structural traces of the proteins used in the present study. 

PDB identifiers are given in a) to s). 
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Appendix D. a) Damping of the Coulomb interaction by the Thole screening 

function Sij. Charges on atoms i and j are qi and qj, respectively separated by a 

distance rij. b)-d) Thole screening function Sij as a function of (ti+tj) with rij set to 1.0, 

1.5, and  .0 respectively, where α is atomic polarizability, t is Thole parameter, and 

αiαj is assumed to 1.  
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Appendix E. Analysis of nuclei-Drude particle distance distributions, in Å , in 

Ala-Lys-Ala solution system. a) Illustration of Ala-Lys-Ala in solution for the the 

Cβ/Cγ/Cδ carbons (atom types CB, CG and CD for carbons). b-c) The nuclei-Drude 

particle distance distributions between DCB...CB (in blue), DCG...CG (in red) and 

DCD…CD (in green  with the b) Drude-2013 and c) Drude-2019 FFs, where DCB, 

DCG and DCD are Drude particles of CB, CG, and CD carbons, respectively.  
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Appendix F. Average RMS differences and RMS fluctuations of the RMSD with 

respect to the crystal or NMR structures of the backbone non-hydrogen atoms for the 

residues in the secondary structures and for all residues (values in Å )  

 

 

 

 

  

PDB C36m Drude-2013 Drude-2019 

 
AVG  RMSF  AVG  RMSF  AVG  RMSF  

Number of amino acids < 50 aa 

1L2Y 1.57 0.27 4.59 2.4 1.29 0.25 

1U0I 2.68 0.78 2.9 0.51 1.63 0.27 

1EJG 4.04 0.13 1.64 0.32 1.25 0.14 

2RVD 1.08 0.07 5.17 1.29 1.13 0.08 

1K43 1.98 0.53 1.51 0.2 1.25 0.26 

1LE3 0.89 0.37 2.77 0.57 1.49 0.36 

2EVQ 1.06 0.35 2.61 0.91 1.03 0.24 

1J4M 2.09 0.32 1.84 0.54 1.72 0.3 

GB1 hairpin 2.33 0.43 3.78 0.91 2.33 0.98 

AVERAGE 1.97 0.36 2.98 0.85 1.46 0.32 

 
      Number of amino acids > 50 aa 

1QX5 4.86 0.53 6.83 1.25 5.25 1.15 

4IEJ 0.96 0.13 1.46 0.23 1.02 0.14 

1MJC 1.69 0.3 1.56 0.21 1.58 0.29 

1UBQ 2.26 0.5 1.86 0.39 1.97 0.33 

2QMT 0.86 0.18 1.58 0.33 1.14 0.16 

1IFC 1.10 0.13 2.48 0.35 1.29 0.21 

6LYT 1.09 0.16 2.08 0.33 1.66 0.29 

135L 1.31 0.23 2.67 0.51 1.77 0.22 

1P7E 0.79 0.27 1.56 0.24 1.31 0.2 

2IGD 0.74 0.16 1.98 0.61 1.2 0.25 

AVERAGE 1.57 0.26 2.41 0.45 1.82 0.32 
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Appendix G. Average RMS differences and RMS fluctuations of the RMSD with 

respect to the crystal or NMR structures of the side chain non-hydrogen atoms for the 

residues in the secondary structures and for all residues (values in Å )  

 

 

 

 

 

  

PDB C36m Drude-2013 Drude-2019 

 
AVG  RMSF  AVG  RMSF  AVG  RMSF  

Number of amino acids < 50 aa 

1L2Y 2.77 0.41 6.17 2.58 2.47 0.35 

1U0I 5.08 0.88 5.01 0.72 3.68 0.43 

1EJG 3.81 0.09 3.07 0.39 2.46 0.23 

2RVD 2.32 0.46 7.68 1.38 3.59 0.28 

1K43 4.81 0.87 3.58 0.52 4.62 0.79 

1LE3 1.72 0.37 3.95 0.68 2.12 0.33 

2EVQ 2.27 0.66 4.91 1.14 2.24 0.44 

1J4M 4.33 0.79 4.03 1.03 3.79 0.81 

GB1 hairpin 4.10 0.56 5.9 1.21 4.44 1.26 

AVERAGE 3.47 0.57 4.92 1.07 3.27 0.55 

 
      Number of amino acids > 50 aa 

1QX5 6.02 0.66 7.98 1.18 6.41 1.16 

4IEJ 2.07 0.18 2.88 0.43 2.07 0.19 

1MJC 3.02 0.27 2.49 0.26 2.5 0.28 

1UBQ 2.94 0.29 2.66 0.28 2.59 0.26 

2QMT 1.76 0.21 2.86 0.54 2.31 0.2 

1IFC 1.97 0.12 3.49 0.41 2.19 0.16 

6LYT 2.14 0.15 3.15 0.4 2.69 0.33 

135L 2.20 0.21 3.74 0.61 2.68 0.26 

1P7E 1.76 0.25 2.6 0.32 2.31 0.23 

2IGD 1.67 0.21 3.09 0.77 2.23 0.23 

AVERAGE 2.56 0.26 3.49 0.52 2.80 0.33 
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Appendix H. The hydrogen bond distances in hairpin of protein GB3 domain 

(PDB:2IGD) in a), using b) the original Drude-2013 protein FF (Drude-2013), c) 

Drude-2013 with optimized backbone parameters only (Drude-2013-opt-backbone), 

and d) final optimized Drude-2018 protein FF (Drude-2019). 
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Appendix I. Overall ϕ, ψ distributions for the a  C 6m, b  Drude-2013 and c) 

optimized Drude-2019 models. Simulated data included results from PDB: 1QX5, 

4IEJ, 1MJC, 1UBQ, 2QMT, 1IFC, 6LYT, 135L, 1P7E, and 2IGD. 

 

 

  



220 
 

Appendix J. NMR 
h3

JNC couplings for a) ubiquitin (PDB: 1UBQ), b) Protein GB1 

domain (PDB: 2QMT), c) Cold-shock protein A (PDB: 1MJC), d) Apocalmodulin 

(PDB: 1QX5), and e) Intestinal fatty acid binding protein (PDB:1IFC). Shown are the 

experimental values (in black), Drude-2013 (dot red), Drude-2019 (blue), and C36m 

(cyan) FF results. 
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Appendix K. Analysis of NMR backbone order parameters, S2, RMSF, and 

secondary structure based on DSSP per residue in ubiquitin (PDB: 1UBQ) from 100 

ns MD simulations. a) Comparison of backbone order parameter S2 and b) RMSF, 

between experimental values (black), Drude-2013 (dot red), Drude-2019 (blue), and 

C36m (cyan) FFs, respectively. c) Percentage of helix (red) and sheet (blue) structures 

computed by DSSP in CHARMM. Unfilled region indicates the residues are neither 

assigned as helix nor sheet structures. 
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Appendix L. Analysis of NMR backbone order parameters, S2, RMSF, and 

secondary structure based on DSSP per residue in Protein GB1 domain (PDB: 2QMT) 

from 100 ns MD simulations. a) Comparison of backbone order parameter S2 and b) 

RMSF, between Drude-2013 (dot red), Drude-2019 (blue), and C36m (cyan) FFs, 

respectively. c) Percentage of helix (red) and sheet (blue) structures computed by 

DSSP in CHARMM. Unfilled region indicates the residues are neither assigned as 

helix nor sheet structures. 
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Appendix M. Analysis of NMR backbone order parameters, S2, RMSF, and 

secondary structure based on DSSP per residue in Cold-shock protein A (PDB: 1MJC) 

from 100 ns MD simulations. a) Comparison of backbone order parameter S2 and b) 

RMSF, between experimental values (black), Drude-2013 (dot red), Drude-2019 

(blue), and C36m (cyan) FFs, respectively. c) Percentage of helix (red) and sheet 

(blue) structures computed by DSSP in CHARMM. Unfilled region indicates the 

residues are neither assigned as helix nor sheet structures. 
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Appendix N. Analysis of NMR backbone order parameters, S2, RMSF, and 

secondary structure based on DSSP per residue in Apocalmodulin (PDB: 1QX5) from 

100 ns MD simulations. a) Comparison of backbone order parameter S2 and b) RMSF, 

between Drude-2013 (dot red), Drude-2019 (blue), and C36m (cyan) FFs, 

respectively. c) Percentage of helix (red) and sheet (blue) structures computed by 

DSSP in CHARMM. Unfilled region indicates the residues are neither assigned as 

helix nor sheet structures. 

 

 

 

  



225 
 

Appendix O. Analysis of NMR backbone order parameters, S2, RMSF, and 

secondary structure based on DSSP per residue in Intestinal fatty acid binding protein 

(PDB: 1IFC) system from 100 ns MD simulations. a) Comparison of backbone order 

parameter S2 and b) RMSF, between experimental values (in black), Drude-2013 (dot 

red), Drude-2019 (blue), and C36m (cyan) FFs, respectively. c) Percentage of helix 

(red) and sheet (blue) structures computed by DSSP in CHARMM. Unfilled region 

indicates the residues are neither assigned as helix nor sheet structures. 
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Appendix P. Analysis of NMR backbone order parameters, S2, RMSF, and 

secondary structure based on DSSP per residue in Hen lysozme (PDB: 6LYT) system 

from 100 ns MD simulations. a) Comparison of backbone order parameter S2 and b) 

RMSF, between experimental values (black), Drude-2013 (dot red), Drude-2019 

(blue), and C36m (cyan) FFs, respectively. c) Percentage of helix (red) and sheet 

(blue) structures computed by DSSP in CHARMM. Unfilled region indicates the 

residues are neither assigned as helix nor sheet structures.  
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