Clemson University

TigerPrints
All Dissertations

Dissertations

12-2013

Molecular Dynamics Simulations using Advanced
Sampling and Polarizable Force Fields
Tugba Kucukkal
Clemson University, tkucukkal@gmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Chemistry Commons
Recommended Citation
Kucukkal, Tugba, "Molecular Dynamics Simulations using Advanced Sampling and Polarizable Force Fields" (2013). All Dissertations.
1212.
https://tigerprints.clemson.edu/all_dissertations/1212

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

Molecular Dynamics Simulations Using
Advanced Sampling and Polarizable Force
Fields

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Chemistry

by
Tugba Gul Kucukkal
December 2013

Accepted by:
Dr. Steven J Stuart, Committee Chair
Dr. Robert A Latour
Dr. Brian N Dominy
Dr. Jason D McNeill

Abstract
Molecular dynamics (MD) simulations were carried out for aqueous dipeptides,
water over self-assembled monolayer (SAM) surfaces, and the nicotinic acetylcholine
receptor (nAChR) ion channel. The main goal is to use advanced methods to increase
the accuracy of molecular dynamics simulations while seeking solutions to problems
relevant to chemistry, biophysics and materials science. In addition, activation energies of several cyclodimerization reactions were studied quantum mechanically.
The simulations of the aqueous dipeptides and SAM surfaces involve modeling and detailed analysis of interfacial water, which is of interest to a range of fields
from biology to materials science. For example, water has a central role in biology
and medicine since biomolecules cannot function without water. Both sets of simulations were performed using both polarizable and nonpolarizable force fields. These
systems were used as a test ground to assess the effects of explicit incorporation of
polarizability and also to determine whether the models can adequately reproduce
the experimental data, in particular, the aggregation data of aqueous dipeptides and
contact angles of water over SAMs of different chemical character. Since the systems
are well-characterized and relatively simple, they provide excellent models to test
polarizable force fields to increase the accuracy of molecular dynamics simulations.
Polarizable water was depolarized around dipeptide solutes and also at the interface
with different SAM surfaces, reflecting its ability to adapt to heterogeneous electroii

static environments. Although the water shows more realistic structure and dynamics
in the polarizable simulations, the peptide aggregation behavior agrees less well with
the experiment. In this case, neither model successfully reproduces the experimental
degree of aggregation. In the case of SAM surfaces, both sets of simulations produce
fairly similar results. More studies are suggested to further test and improve the
polarizable force fields.
The third system studied is the modeling of wild-type and mutant nAChR ion
channel proteins. Adaptive biasing force method was used to achieve improved sampling, and subsequently increase the efficiency and accuracy of MD simulations. The
nAChR channels are involved in a number of cognitive and brain functions including learning and memory. Dysfunction in these receptors are associated in a variety
of neuronal diseases including epilepsy, schizophrenia and Alzheimer’s Disease. The
present study models the wild-type and two physiologically-relevant mutant structures
to assess the effects of mutations on ion translocation energetics and the geometry
of the channel. Open channel (conducting, active) structures were obtained from the
available closed channel structure. One of the mutants was found to increase the
energetic barrier for ion translocation, while the other one decreased the barrier. The
ion channel structures were analyzed in detail to understand the structural changes
that took place during the channel opening. The channel opening was found to be
mediated by large-scale helix motions rather than small-scale side chain motions.
Aside from the MD simulations, the final project involves quantum mechanical simulations, which are often needed in parametrization of molecular dynamics
force fields. Density functional theory (DFT) calculations were employed to calculate
the activation energies of three cyclodimerization reactions of trifluorovinyletyl ether
monomers. The results agree with and further explain the experimentally observed
reactivity in these type of reactions.
iii

Acknowledgments
First and foremost, I extend sincere thanks to my advisor, Professor Steve
Stuart for his invaluable guidance. His scientific intuition, logical thinking and way
of mentoring contributed greatly to my development as a chemist and as a person.
Special thanks to Professor Robert Latour and his research group for insightful
discussions and rest of my committee members, Professor Brian Dominy and Professor
Jason McNeill for their help and guidance through my pursuit of this degree.
I would like to acknowledge the past and present members of the Stuart group
for their support and friendship. I also thank the Clemson University Department of
Chemistry for allowing me to be a part of their graduate program and funding my
time here.
I thank my parents for guiding me, encouraging me to have ambitions, and
supporting me in my decisions. Finally, I thank my husband and fellow scientist
Mustafa, and our son Mert, for their continuing love and support.

iv

Table of Contents
Title Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

i

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ii

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

iv

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
1 Introduction . . . . . .
1.1 Introduction . . . . .
1.2 Overview of Projects
1.3 Overview of Methods

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

. . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .

2 Polarizable Molecular Dynamics Simulations of
2.1 Introduction . . . . . . . . . . . . . . . . . . . .
2.2 Methods . . . . . . . . . . . . . . . . . . . . . .
2.3 Results and Discussion . . . . . . . . . . . . . .
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

Aqueous Dipeptides
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .
. . . . . . . . . . . .

3 Water over Self-Assembled Monolayer Surfaces . . .
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3 Results and Discussion . . . . . . . . . . . . . . . . . .
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

16
16
18
21
34

.
.
.
.
.

38
38
40
42
49

4 Modeling Ion Transport in Natural and Mutant nAChR Ion Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

52
52
58
60
68

v

.
.
.
.
.

1
1
1
5

5 Locating Transition States in
pounds . . . . . . . . . . . . .
5.1 Introduction . . . . . . . . .
5.2 Methods . . . . . . . . . . .
5.3 Results and Discussion . . .
5.4 Conclusion . . . . . . . . . .

Cyclodimerization of TFVE
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . .

Com. . . .
. . . .
. . . .
. . . .
. . . .

73
73
77
78
85

Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A
Optimized Structures . . . . . . . . . . . . . . . . . . . . . . . . . . .

86
87

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

vi

List of Tables
2.1
2.2
2.3

Hydrogen Bonding Between Dipeptides and Water . . . . . . . . . . .
Translational Diffusion Coefficients of Water and Dipeptides . . . . .
Rotational Reorientation Times of Water . . . . . . . . . . . . . . . .

24
33
34

3.1
3.2

Hydrogen-Bonding between Water and Surfaces . . . . . . . . . . . .
Water Dynamics over Different SAM surfaces . . . . . . . . . . . . .

46
51

4.1

Hydrogen-Bonding between the Proteins and Water inside the Pore .

65

5.1
5.2
5.3
5.4
5.5
5.6

Important Geometrical Features of Product Structures . . . . .
The Energy Difference Between the Reactants and the Products
Comparison of Energies of Two Sets of Transition States . . . .
Important Geometrical Features of Anti TS Structures . . . . .
Important Geometrical Features of Gauche TS Structures . . . .
Activation Energies of the Reactions . . . . . . . . . . . . . . .

78
78
81
81
84
84

vii

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

List of Figures
1.1

A Simple Model of a Potential Energy Surface . . . . . . . . . . . . .

13

2.1
2.2
2.3
2.4
2.5
2.6
2.7

Dipole Moment Distributions of TIP4P-FQ in Bulk and in Solutions
Radial Distribution Functions for the Distance of Cα-Owater . . . .
Water O-O Radial Distribution Functions . . . . . . . . . . . . . .
Water O-O Radial Distribution Functions in Solutions . . . . . . .
Solute-Solute Radial Distribution Functions . . . . . . . . . . . . .
Probability Distribution of Hydrophilic Cluster Sizes . . . . . . . .
Probability Distribution of Hydrophobic Cluster Sizes . . . . . . . .

22
23
25
26
27
30
31

.
.
.
.
.
.
.

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

Schematic Diagram of Alkanethiol Monolayer on a Substrate . . . . .
A Representative Simulation System . . . . . . . . . . . . . . . . . .
Dipole Moment Distributions of Water in Over SAM Surfaces . . . .
Density Profiles of ACET- and COOC-SAM Systems . . . . . . . . .
Density Profiles of POXY- and TFCO-SAM Systems . . . . . . . . .
Density Profiles of OH- and PEGH-SAM System . . . . . . . . . . .
Density Profile of MET-SAM System . . . . . . . . . . . . . . . . . .
Representations of OH-SAM System in Polarizable and Nonpolarizable
Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.9 Representations of Water Droplets on COOC- and PEGH-SAM Surfaces
3.10 Representations of Water Droplets on TFCO- and POXY-SAM Surfaces
3.11 Experimental and Computational Water Contact Angles over Different
Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39
41
43
44
45
46
47

4.1
4.2
4.3
4.4
4.5
4.6
4.7

54
61
62
63
65
66

Structure of the nAChR Ion Channel . . . . . . . . . . . . . . . . . .
Complete Ion Channel System and Closed Channel Structures . . . .
RMSD of Protein Backbone Atoms over Time . . . . . . . . . . . . .
Channel Radius Profiles of Wild-Type and Mutant Proteins . . . . .
PMF Profiles Ion Translocation through Wild-Type and Mutant Proteins
The Change in Ion Conductance over External Electric Field Strength
Backbone RMSD of TMD Helices with External Field Strength over
Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.8 Channel Radius Profiles at Different Times of the Simulation . . . . .
4.9 Representative Open and Closed Channel Structures . . . . . . . . .
4.10 Representative Open and Closed Channel M2 Helices . . . . . . . . .
viii

48
49
50
51

68
70
71
72

5.1
5.2
5.3
5.4
5.5
5.6
5.7

Thermal Polymerization of TFVE Monomers . . . . . . . . . .
TFVE Monomers and PFCB Dimers . . . . . . . . . . . . . .
Proposed Reaction Profile for TFVE Dimerization . . . . . . .
Optimized Structures of the Reactants and the Products . . .
Anti and Gauche Transition State Structures . . . . . . . . . .
Optimized Transition State Structures with Anti Geometry . .
Optimized Transition State Structures with Gauche Geometry

ix

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

74
75
76
79
80
82
83

Chapter 1
Introduction
1.1

Introduction
Rapid advances in theoretical methods and in computer power have dramat-

ically increased the importance and usefulness of computational chemistry at nearly
every field of science. Computational methods were used to study a diverse group of
systems in this work. The motivation behind most of the projects is to use and test
advanced molecular dynamics methods through the application of polarizable force
fields and advanced sampling methods while seeking solutions to problems relevant to
human health, chemistry, and/or biology. This chapter summarizes the four projects
that are described in the subsequent chapters and also briefly explains the theory
behind the computational methods used to pursue those projects.

1.2

Overview of Projects
The first project investigates the structure and dynamics of three different

aqueous dipeptides. The main motivation behind it is two-fold. First, the project

1

aims to provide a test ground for a polarizable force field in the hope of increasing the
accuracy of simulations and obtaining an improved agreement with the experiment.
Although, there are a number of polarizable force fields developed [1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23], their application to biological
systems are limited and the need for these types of applications have been shown
numerous times in the literature. [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]
Second, it aims to develop an increased understanding of hydration water
structure and dynamics, as well as forces that lead to peptide aggregation and possibly
protein folding. Biological macromolecules are physiologically inactive without water.
They need to be hydrated for proper functioning, so they all maintain a hydration
shell. Crystal structures typically reveal many water molecules on protein, DNA or
membrane surfaces or sometimes buried within biomolecular interior or at binding
interfaces. [35] Hydration water plays an important role in the stability and function
of biological molecules. Therefore, it is crucial to understand the effects of water
structure and dynamics on biological processes at the molecular level.
Equally important is to understand the structure and dynamics of biological
water, i.e. the interfacial water. Previous studies have shed light on the multiple
roles of hydration water such as its role in maintaining protein structures, in proton/electron transfer and also in protein folding. [36, 37, 38, 39, 40, 41, 42, 43, 44, 45]
Since Kauzmann (1959) [46], it had been thought that the hydrophobic interaction
(burial of nonpolar surface area through folding) is the major driving force in protein
folding. Today, the contributions from other sources such as electrostatics and hydrogen bonding are also in consideration. However, this has not yet been quantified
completely. One key component in this context is the solvent properties. Thus, it is
important to understand the interfacial water structure and dynamics near proteins
at atomic resolution to uncover the fundamental forces involved in a variety of pro2

cesses such as protein folding, which will ultimately lead to a greater understanding
of misfolding-linked diseases. However, the millisecond time scale of protein folding
dynamics is currently inaccessible to all but the ambitious computer simulations. In
the present study, our approach is to use minimal peptidic fragments to mimic the
protein behavior. In this context, the peptides are chosen to be sufficiently small to
improve computational efficiency, and also to be capable of mimicking the protein
behavior in high concentrations through their amphiphilic nature.
The second project investigates the interaction of water with organic surfaces,
which is important for various fields from biology to environmental chemistry and engineering applications. [47] In particular, the interaction of water with biomaterials
that can be used as implants is of great importance because biology in the body happens in aqueous media. When a foreign material is put into a biological environment,
proteins rapidly adsorb onto the biomaterial surface. [48, 49] This protein layer is
critical in regulating the events at the tissue-implant interface. [50] As a consequence
of this adsorbed protein layer, there have been two main approaches to design biocompatible surfaces. The first approach aims to understand and regulate the protein
adsorption so that the surface chemistry can be used to proactively design biocompatible surfaces. [51] The second approach aims to prevent protein adsorption by using
protein-resistant polymer coatings. [47, 52] In both cases, self-assembled monolayers
(SAMs), spontaneously assembled organic thin films on surfaces, are excellent model
systems due to their well-defined structure to study the interaction of proteins with
different functional groups on the surface. In this context, accurate modeling of the
interfacial water near SAM surface and around proteins is of interest. The goal of
this project is to investigate the water structure and dynamics over several different
SAM surfaces and compare the results with experiment whenever applicable.
The third project is modeling ion transport through wild-type and mutant
3

nicotinic acetylcholine receptor (nAChR) ion channels. Since nAChR is a transmembrane protein, studying the channel involves several biological interfaces such as
membrane-water, membrane-protein and water-protein interfaces. These ion channel proteins are involved in cognitive and brain functions, and substance addiction.
[39, 53, 54] Dysfunction in these receptors is associated with a variety of diseases including epilepsy, schizophrenia, depression, Alzheimer’s disease, Parkinson’s disease
and autism. [39, 55, 56, 57, 58] Membrane proteins in general make up roughly one
third of the human genome and are the targets for more than half of current drugs,
and ion channels in the nervous system comprises a significant portion of membrane
proteins. [59] In particular, Cys-loop receptors serve as drug targets for the treatment of many associated pathologies. [56, 60, 61] The nAChR channel belongs to the
Cys-loop family of ligand-gated ion channels (LGIC). LGICs are activated by binding the neurotransmitters that are released from pre-synaptic neurons in the synaptic
cleft. Once activated, these proteins make the communication between the cell and
its environment possible by providing a low-energy pathway for ion translocation to
or from the cell. Despite many efforts, [62] the gating mechanism is incompletely understood. Ion passage through this channel, where the channel lumen is hydrophobic,
is an essential component of the gating mechanism. The aim of this project is to gain
an improved understanding of ion translocation energetics and how physiologically
relevant mutations affect the structure and function of the channel as an important
step towards understanding the full picture of gating. Advanced sampling methods
were utilized in this study to increase the accuracy and efficiency of simulations.
The fourth project utilizes quantum mechanical methods to investigate reaction profiles of formation of several perfluorocyclobutyl (PFCB) aryl ether polymers
from triflorovinyl ether (TFVE) derivatives. PFCB aryl ether polymers are known for
their high thermal stability and exceptional solubility and processability. [63] These
4

semi-fluorinated polymers are used as curing additives, proton exchange membrane
for fuel cells, and light emitting polymers depending on the substitution groups of the
biphenol segment. [63] The present study utilizes density functional theory (DFT)
[64, 65] methods to obtain the reactant, product and transition state structures involved in the formation of three different PFCB aryl ether polymers. Also, locating
the transition states enables us to obtain the full reaction profiles as well as compare
the reactivity of TFVE compounds with different functionalities. These reactions
pose an additional challenge to quantum mechanical calculations due to the size of
the products and existence of a number of fluorine atoms, but the quantum mechanical calculations are simplified due to the absence of the solvent in these reactions.

1.3
1.3.1

Overview of Methods
Polarizable Molecular Dynamics
Computational methods, in particular molecular dynamics (MD) [66] simula-

tions have been a crucial tool to study membrane proteins along with other biological
systems, and to obtain information at atomic resolution which may be inaccessible
to current experimental methods. At the heart of MD is the force field, which is the
potential energy of the system described by a functional form and a set of parameters.
Parameter sets are derived from quantum mechanical calculations and experimental
studies. Atomic partial charges and Lennard-Jones radii are key parameters in a
force field, but interestingly their values differ from one force field to the other. The
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functional form of the CHARMM force field [67] is shown in Equation (1.1).

V =

X

kb (b − b0 )2 +

bonds

+

X
angles

X
U rey−Bradley

X

kθ (θ − θ0 )2 +

kU B (r1,3 − r1,3,0 ) +

X
nonbonded



kϕ (ϕ − ϕ0 )2

impropers

dihedrals
2

X

kφ [1 + cos(n − δ)] +
qi qj
+ ij
4ij

h R

min,ij

rij

12

R
6 i 
min,ij
−2
rij
(1.1)

The intramolecular contributions to the potential energy are included in the
first five terms accounting for bond stretches, bond angle bending, dihedral angle
(torsional angle) rotation, improper torsions (out of plane bending), and the UreyBradley component, respectively. The latter is the cross term accounting for angle
bending using 1,3-nonbonded interactions. Nonbonded interactions between pairs of
atoms (i, j) are represented by the last term. By definition, the nonbonded forces
are only applied to atom pairs separated by at least three bonds. The van der Waals
energy is calculated with a standard 12-6 Lennard-Jones potential and the electrostatic energy with a Coulombic potential. All the atoms in a system interact with
each other although the interaction becomes less pronounced with increasing distance
between them. Therefore, ideally, the two nonbonded terms should include all these
interactions. Since this cannot be done due to the computational cost, only pairwise
energies are included, i.e. many-body effects are not taken into account. Even with
that the two nonbonded terms are most computationally intensive since they include
many more interactions compared to bonded terms.
Electrostatic interactions are crucial to determine the potential energy and
electronic polarization is an important component of these interactions. There are
several reasons to care about electrostatics. They are the longest range interactions,
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so they decay much more slowly with distance than other interactions, therefore
accurately truncating them is challenging. Electrostatic interaction is often modeled
with a Coulomb pair potential between two fixed assigned point charges. The charge
distribution reflects the average polarization in respect to mean-field environment of
the molecule. Therefore, polarization is implicitly taken into account but only in a
static way. As mentioned, these force fields assume that the charges (enhanced charges
or not) on each atom are constant. However, in reality the molecules are polarized
by the change in the electric field in their environment. So, the electron density is
redistributed every time their environment changes. Therefore, it is important to take
the many-body effects into account or incorporate the polarization effects explicitly
particularly for heterogeneous systems such as protein-water, lipid-water, proteinlipid interfaces. The fixed-charge force fields successfully simulate the interfaces when
water maintains two to four hydrogen bonds, but when interfacial water behaves
significantly different than the bulk due to an unusual environment, a more realistic
representation of polarization effects is needed. Thefore, although standard fixedcharge potentials have been quite successful in the simulation of a wide variety of
systems, they are limited when multiple phases are involved. Limitations of the
standard fixed-charged force fields and the need for a polarizable force field for the
accurate description of biomolecular systems are highlighted in previous works. [27,
28, 29, 68, 69, 70, 71, 72] There are several ways to include polarizability expilicitly in
molecular mechanics force fields such as shell models, point dipoles, and fluctuating
charges (FQ) models. [1] The present study utilizes the fluctuating charges based on
electronegativity equalization models. [1] In this model, the polarization response is
reflected by variations in the charge values. These charges depend on the interactions
with other molecules as well as other charge sites on the same molecule, and will
change for every time step or configuration sampled during a simulation.
7

In the FQ model, the electrostatic contribution to the total potential energy
is expressed as shown in Equation (1.2), which replaces the Coulomb term.

U (q) =

X
i

XX
1
Jij (rij )qi qj
(E 0 + χ0i qi + Jii qi2 ) +
2
i j>i

(1.2)

The first sum in Equation (1.2) is the energy required to create a charge q,
expressed as a second-order Taylor series expansion. E 0 is the energy of atom i
when it has no charge and it defines the zero of energy. The linear coefficient is the
electronegativity, and the quadratic coefficient is the hardness of an isolated atom,
i. Physically, hardness is the energy required to move an electron from one atom
to another atom of the same type. Therefore, the first part of above equation takes
the chemical identity of atom i into account, while the Jij (rij ) term describes its
interaction with other atoms in the system. The Jij (rij ) term can be calculated by
several different ways. It is 1/r at long distances, and it is a screened Coulombic
potential between atoms i and j at short distances.
The electronegativity of an atomic site is defined as the change in energy
as the amount of charge of the atom changes and hence depends on its charge and
electronegativities of neighboring atoms. Mulliken electronegativity (χi ) of an isolated
atom, i, is defined as the negative of chemical potential (µi ) of the electron gas
surrounding its nucleus as shown in Equation (1.3)

∂U
= −µi
∂qi
X
= χ0i + Jii qi +
Jij (rij )qi
χ≡

(1.3)

i6=j

In a many atom system, the change in the atomic positions will happen in a
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way to position the electron gas so that the electrochemical potential of the electron
gas will be equal at all atomic sites. In this picture, electrons will then move among
atoms from regions of low electronegativity (or high electrochemical potential) to
regions of high electronegativity (low electrochemical potential). For the ground
state electronic configuration, the electrochemical potentials are equal.
As mentioned before, the main characteristic of the FQ model, which is based
on electronegativity equalization (EE) principle, is that the charges are allowed to
change depending on the change in the electric field around them. The charges are
moved around so that the electronegativities are equalized, or chemical potential is
equalized. The new charges can either be determined by minimizing the potential
energy with respect to charges or treating the the charges as dynamical variables.
The minimization is subject to the constraint that the total charge is conserved as
shown in Equation (1.4).

∂U
=0
∂qi
X

(1.4)

qj = qtot

j

Charge conservation can be imposed in either of two ways. A charge neutrality constraint can be applied to the entire system, allowing the charge to move
within atomic sites until the electronegativities are equal on all the atoms of the system. Alternatively, the charge can be constrained independently on each molecule
(or other subgroup), so that charge flows only between atoms of the same molecule
until the electronegativities are equalized within each molecule. Alternative to minimizing charges at every step, the FQ model treats the charges as dynamical variables
and propagate them along with the coordinates, as depicted below. This approach
9

increases the efficiency of simulations while providing comparable degree of accuracy
with the other approach. [3]

q(initial) −−−−→ U (q) −−−−→ F~ = −

∂U
∂ 2q
= m 2 −−−−→ q(new)
∂q
∂ t

(1.5)

In this approach, each charge has an assigned fictitious mass and the charge
temperature can be obtained by using Equation (1.6) Also, the charges may be thermostated to keep the temperatures near 0 K.
1 ∂q
3
KE = m
= N kT
2 ∂t
2

(1.6)

The explicit treatment of polarizability provides a more accurate model of the
long-ranged electrostatic interactions. This way, a better transferability is achieved
since many-body interactions are also included.

1.3.2

Potential of Mean Force and Adaptive Biasing Force
Method
Potential of mean force (PMF) is a commonly used description of energetics of

a range of chemical and biophysical systems. PMF is basically the free energy profile
along a reaction coordinate. [66] The PMF is defined as

A(ξ) = −kT lnPξ + A0

(1.7)

A(ξ) is the free energy of the state defined by a particular value of ξ. A0 is a
constant and P(ξ) is the probability density to find the chemical system of interest
at ξ. The constant is chosen so that the most probable distribution corresponds to a
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free energy of zero.
The standard Monte Carlo or molecular dynamics simulation methods do not
adequately sample regions where the radial distribution function differs drastically
from the most likely value, leading to inaccurate values for the PMF. One way to
sample the high energy regions efficiently is adaptive biasing force method (ABF).
[73, 74] The basic idea of ABF is to estimate the mean force acting on the particle
of interest and biasing the dynamics adaptively so that the system will overcome
free-energy barriers.
First of all, the connection between the derivative of the free energy with
respect to the reaction coordinate, dA(ξ)/d(ξ), and the forces exerted along the latter
may be written as: [73, 74]
dA(ξ)
=
dξ



∂V (x)
∂ln |J|
− kT
∂ξ
∂ξ


= − hFξ iξ

(1.8)

ξ

where |J| is the determinant of the Jacobian for the transformation from generalized
to Cartesian coordinates. The first term of the ensemble average is the derivative of
potential energy function, V(x) corresponding the forces acting on the system. The
second contribution is a geometric correction for using generalized coordinates. An
estimate of the derivative, dA(ξ)dξ is calculated by accumulating the Fξ in small bins.
It is worth noting, that, contrary to instantaneous force, only the average force, hFξ iξ
, is physically meaningful. The average force accumulated is then used as a biasing
force.
The biasing force applied along the reaction coordinate, ξ , to overcome free
energy barriers is defined by:

F ABF = ∇x Ã = − hFξ iξ ∇x ξ
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(1.9)

where Ã denotes the current estimate of the free energy and hFξ iξ , the current
average of Fξ . The estimate ∇x Ã is progressively refined as sampling of the phase
proceeds. The biasing force, F ABF , introduced in the equations of motion guarantees that in the bin centered about ξ, the force acting along the reaction coordinate
averages to zero over time. Evolution of the system along ξ is, therefore, governed
mainly by its self-diffusion properties.
An important point is that biasing force should be applied after reaching a reasonable number of force samples has been collected to avoid severe perturbation of the
dynamics of the system. In addition, although not required, the reaction coordinate
may be split into consecutive ranges to increase the efficiency of simulations.

1.3.3

Transition States and Density Functional Theory
The mechanism and kinetics of chemical reactions are often studied using quan-

tum mechanical methods. Potential energy surfaces are used to determine reaction
profiles. Figure 1.1 [75] shows a generic potential energy surface where minima correspond to equilibrium geometries of the reactants, intermediate(s) and products(s).
As shown in the Figure, the minima are separated by saddle points, which need to
be determined in order to obtain reaction barriers and to calculate reaction rates.
The first derivative of the potential energy, which is negative of the force, is zero at
minima and maxima. Similarly, saddle points are stationary points with all forces
zero. A transition state is always a first-order saddle point in the potential energy
surface. One of the second derivatives in the first order saddle is negative. The eigenvector with the negative eigenvalue corresponds to the reaction coordinate. At the
transition state, energy rises in all directions but one.
The activation energy is determined by the energy of the transition state rel-
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Figure 1.1: A simple model of a potential energy surface [75]
ative to that of the reactants. By comparing the activation energies, the relative
reactivity of different reactants can be determined. In the present study, we utilized
quantum mechanical methods to determine activation energies for several cyclodimerization reactions of fluorovinyls.
In quantum mechanics, the wave function, which describes the quantum state
of a particle and how it behaves, is defined in Schrödinger equation (Equation (1.12))
assuming the Born-Oppenheimer approximation for nuclear motion (nuclei are assumed to be stationary since their kinetic energy is on the order of me /Mnuclei ).

i
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+ N
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r
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r
)
Ψ = EΨ (1.10)
i
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In the above equation, N is the number of electrons, Ĥ is the Hamiltonian, E is
the total energy, T̂ is the kinetic energy operator, V̂ is the operator for the potential
energy from the external field due to positively charged nuclei, and Û is the operator
for the electron-electron interaction energy.
Density functional theory (DFT) is a quantum mechanical modeling method
with which the properties of many-electron systems can be determined by using functionals of electron density. [64, 65] Therefore, DFT differs from wave function-based
methods such as Hartree-Fock (HF), Møller–Plesset perturbation theory (MP), and
configuration interaction theory (CI). [76] The motivation for the development and
use of DFT is that direct solution of the Schrödinger equation is not currently feasible
for systems in condensed phase.
The key point of DFT is that any property of the system of interacting particles
can be viewed as a functional of the ground state density. The density ( ρ = Ψ ∗ Ψ )
can be used to describe the system completely instead of the N-particle wave function.
For a chemical system, the electron density shows where the electrons are likely to
exist. In DFT, the nucleus-electron and electron-electron interactions are described
as

Une =

nuclei
X Z

Zk
ρ(~r)d~r
|~r − ~rk |

(1.11)

ρ(~
r1 )ρ(~
r2 )
d~
r1 d~
r2 + Vxc (n(~r))
|~
r1 − r~2 |

(1.12)

k

Ue1 e2

1
=
2

Z Z

The biggest challenge for DFT is that the exact forms of the exchange and
correlation functions are not known. However, there are approximations that were
used successfully to model a range of systems. Review of different applications is
beyond this discussion, but briefly major approximations are local density and local
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spin density approximations, which form basis for the most current functional approximations that are in use. The different DFT methods are named after the type
of approximations. For example, a commonly used method, B3LYP, is named after
Becke 88 exchange funtional and the correlation functional of Lee, Yang and Parr.
[65] Different methods produce varying degrees of accuracy and agreement with the
experiment depending on the specific systems and the basis sets used. [77]
The ability of hybrid density functional methods to predict accurate transition
states and barrier heights has been assessed in a number of studies. [78, 79, 80]
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Chapter 2
Polarizable Molecular Dynamics
Simulations of Aqueous Dipeptides
The work described in this chapter was published as “Polarizable Molecular
Dynamics of Aqueous Dipeptides” Tugba G Kucukkal, Steven J Stuart, Journal of
Physical Chemistry, 2012 [81]

2.1

Introduction
The large majority of biomolecular simulations use fixed-charge force fields, in

which electrostatic interactions are represented by constant point charges, and any
polarization is treated implicitly, through enhanced charges that represent the meanfield polarization response to the aqueous environment. Although this is adequate
for many applications, a more accurate treatment of polarization is needed in nonstandard environments, such as in the interior of proteins, in low-polarity solvents,
near hydrophobic surfaces, near strongly charged solutes, or for confined water, among
other examples. [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] Many polarizable force fields
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have been developed to address these issues, [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23] but their application to biological systems remains
relatively limited. Consequently, there continues to be a strong need to assess the
effects of polarizability in biomolecular simulations.
Aqueous dipeptide solutions serve as an ideal system for such purposes. The
interaction of simple peptides is often used as a proxy for protein hydration, with
the assumption that a more complete understanding of the forces driving peptide
association will lead to progress in understanding protein folding, [82, 83, 84, 85,
86] given that dynamics of interfacial water seem to drive much of protein folding
dynamics. [37, 87] The small size and relatively fast diffusion of the dipeptides makes
them amenable to computational study at nanometer length and nanosecond time
scales, while their relatively simple structure allows the solutions to be studied by a
range of different experimental techniques. However, even though these systems are
chosen to mimic aqueous proteins (for which polarizable models are often not needed),
the peptide concentrations used to model the environment of a folding protein are
often 30 weight percent or more.
At these concentrations, the majority of the water in the solution is interfacial,
and may be strongly perturbed by the zwitterionic charges and/or the hydrophobic
side chains of one or more peptides, so it is reasonable to suspect that an explicit
treatment of polarization may be important.
Aqueous solutions of the three dipeptides Gly-Ala, Gly-Pro, and Ala-Pro were
investigated in this study. These three were chosen because they are amphiphilic,
but with a range of hydrophobicities, and all three have been studied experimentally
via neutron diffraction. [88, 84] The Gly-Ala dipeptide has been previously studied
using the CHARMM22 fixed-charge potential and three different water models, and
it was found that the degree of association was considerably underestimated in all of
17

these nonpolarizable simulations. [89] In the current study, all three dipeptides were
modeled in concentrated aqueous solution using the CHARMM polarizable[8, 7] and
fixed-charge [90] potentials, together with the polarizable TIP4P-FQ[3] and fixedcharge TIP3P [91, 92] water models, respectively. The structure and dynamics of
both the peptides and the solvent were evaluated and compared to experiment, in
order to explore the importance of explicit polarization on both peptide-water and
peptide-peptide interactions in these concentrated dipeptide solutions.

2.2

Methods
Molecular dynamics simulations of Gly-Ala, Gly-Pro and Ala-Pro solutions

were performed using the CHARMM molecular mechanics program. [67] The TIP4PFQ [3] and TIP3P [91, 92] water models were used with the polarizable CHARMM30
[8, 7] and fixed-charge CHARMM22 [90] force fields for dipeptides, respectively. The
CMAP correction [93, 94] was used for all amino acids in the nonpolarizable simulations, and all except proline in the polarizable simulations (for which CMAP proline
parameters are not available). All simulations were performed in the isothermalisobaric (NPT) ensemble at 298 K and 1 atm. Temperature control was achieved with
the Nosé-Hoover thermostat [95, 96] and pressure control with the Langevin barostat.
[97] The SHAKE algorithm [98] was used to constrain bonds between hydrogen and
heavy atoms. The leapfrog Verlet algorithm was used to integrate the equations of
motion. Time steps of 0.5 fs and 2 fs were used in the polarizable and fixed-charge
simulations, respectively. Cubic simulation boxes with periodic boundary conditions
were used with particle mesh Ewald summation [99] for the electrostatic interactions.
An energy-based switched cutoff between 9 and 13 Å was employed to truncate the
van der Waals interactions.
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Each simulation box contained 50 dipeptide molecules in zwitterionic form
and 1000 water molecules, matching the composition used in prior experimental investigations. [88, 84] In the three polarizable systems, the dipeptides were dispersed
uniformly in the simulation cell and then surrounded with TIP4P-FQ water. The
three nonpolarizable systems used the same dipeptide starting structures but were
solvated with TIP3P water. In order to examine the effects of initial geometry, a
pre-clustered Gly-Ala system was also prepared. To generate this structure, the 50
dipeptides were extracted from one of the clustered structures in the nonpolarizable
Gly-Ala simulation, and evolved dynamically in vacuum until the system collapsed,
at which point it was re-solvated with TIP3P water, to obtain a pre-clustered structure in which the intermolecular contacts are initially favorable. All simulations were
run for 38 ns (polarizable) or 200 ns (fixed-charge), under conditions that were identical for all seven systems except for the time step. Simulations of bulk TIP3P and
TIP4P-FQ water were also run for 8 ns and 4 ns, respectively, to obtain properties of
bulk water, using systems of 1444 TIP3P or 1440 TIP4P-FQ water molecules.
Hydrogen bonding between dipeptides and water was used to characterize
the interaction between the solutes and the solvent. The criteria used to define a
hydrogen bond were a hydrogen-to-acceptor distance of 2.4 Å or shorter, and an
acceptor-hydrogen-donor angle of 135◦ or greater. Hydrogen bond lifetimes were
used to characterize the dynamics of these interactions, calculated as the time elapsed
between first detection of a hydrogen bond and the first subsequent time at which
the hydrogen bond was not present. Mean hydrogen bond lifetimes were obtained by
averaging over all atoms and all hydrogen bonding events for each atom. The time
resolution for individual hydrogen bond observations was 2 ps.
Solvent and solute dynamics were also characterized using translational diffusion coefficients, which were calculated from the slope of the mean square displace19

ment (MSD) at long times, using the Einstein relation,
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= 6Dt

(2.1)

The diffusion coefficient of water was calculated using the MSD of the oxygen atoms
of all water molecules. The diffusion coefficient for the dipeptides was calculated
using the MSD of the peptide-bond nitrogen of the second amino acid, which is near
the center of mass of each dipeptide.
Rotational reorientation times for water and dipeptides were also used to characterize the dynamics of the system. These were calculated using orientational correlation functions, as obtained from

C (t) = hP2 (µ (t0 ) · µ (t0 + t))i

(2.2)

where P2 is the second-order Legendre polynomial, and µ (t) is a unit vector parallel
to the molecular dipole moment at time t. Unlike the case for bulk water, [3] these orientational correlation functions are not well described with a single-exponential decay
time in the dipeptide solutions. This is consistent with both theoretical predictions of
double-exponential decay in orientational relaxation at single binding sites, as well as
experimental observations of non-single-exponential decay. [100, 101] Consequently,
the orientational correlation functions were fit with a double exponential, resulting
in both a slow and a fast decay time, assumed to correspond to the two populations
of interfacial and bulk water, respectively.
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2.3

Results and Discussion
The polarization of the solvent is measurably perturbed in the concentrated

dipeptide solutions, as illustrated by the water dipole moment distributions in Figure
2.1. As expected, the polarizable TIP4P-FQ model has a mean dipole moment that
is larger than that of the nonpolarizable TIP3P model, and this remains true in the
dipeptide solutions. In these solutions, however, the TIP4P-FQ water is depolarized
to varying degrees, depending on the hydrophobicity of the dipeptides. In the GlyAla solution, the mean induced dipole for water (i.e. the excess over the 1.85 D gasphase dipole value) is decreased by 5.1% relative to that of pure TIP4P-FQ, while
the more hydrophobic Gly-Pro and Ala-Pro solutes caused a larger 6.6% and 7.3%
depolarization, respectively. Although fairly small, this depolarization can not occur
in a nonpolarizable simulation, and may have effects on the structure and dynamics
of the solution.
The choice of force field does affect the structure of the solution, as is evident from the solute-solvent radial distribution functions (rdfs) displayed in Figure
2.2. In general, the TIP4P-FQ water is more structured around the CHARMM-FQ
dipeptides than is TIP3P water around the nonpolarizable CHARMM dipeptides, as
illustrated by the elevated rdf in the first and second solvation shells, out to ∼8 Å.
The force fields differ in their parameterization, in addition to their treatment of polarization, so this difference in solution structure cannot be attributed entirely to the
effects of polarization per se. Indeed, it seems likely that the enhanced water structure is a result of stronger interactions with the increased mean dipole moment of the
TIP4P-FQ water model, rather than its broader distribution of dipole moments.
The enhanced peptide-water interaction in the polarizable simulations can be
seen more directly from an increase in the number of solute-solvent hydrogen bonds.
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Figure 2.1: Dipole moment distributions of TIP4P-FQ in the bulk and in solutions
of Gly-Ala, Gly-Pro and Ala-Pro. The fixed dipole moment of TIP3P water is shown
for comparison.
Table 2.1 shows that 20–40% more peptide-water hydrogen bonds are formed in the
polarizable simulations than in the nonpolarizable ones. Not surprisingly, the average
number of solute-solvent hydrogen bonds generally decreases as the hydrophobicity
of peptides increases. Gly-Ala is the least hydrophobic of the three dipeptides and
as expected, it forms the greatest number of hydrogen bonds with the solvent. Fewer
hydrogen bonds are formed with the more hydrophobic proline-containing dipeptides.
With between 5 and 7 waters hydrogen bonded to each dipeptide, it is worth pointing
out that in these concentrated solutions about 30% of the water molecules are directly
hydrogen bonded to a dipeptide (neglecting bridging waters that form two hydrogen
bonds). For comparison, roughly two thirds of the water molecules are within 5 Å of
at least one dipeptide.
The presence of the dipeptide solutes also affects the water structure, as shown
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Figure 2.2: Radial distribution functions for the distance between α carbon atoms
for each dipeptide residue and water oxygen atoms, in both polarizable (blue) and
nonpolarizable (red) simulations. Curves have been offset along the vertical axis to
improve readability.
by the water rdfs in Figures 2.3 and 2.4. In both the nonpolarizable and polarizable
simulations, the water structure is perturbed primarily at short distances, with enhanced structure in the first coordination shell. This happens despite the lowering
of the dipole moment in the polarizable solution, and may result in large part from
waters in the first solvation shell of a dipeptide. At longer distances, the water-water
structure reproduces the model-specific bulk behavior in both cases, including the
TIP3P model’s well known lack of structure after the first peak. The TIP4P-FQ water structure is generally similar to neat TIP4P-FQ, but loses some structure beyond
the first shell. The same short-range structuring effect of dipeptides on water is observed in rdfs obtained from neutron diffraction studies, [88] although the pronounced
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Table 2.1: Average number of hydrogen bonds (NH ) between peptide and water, and
the average hydrogen bond lifetime (τ ) in each solution. Errors are standard errors
of the mean.
Gly-Ala
Gly-Pro
Ala-Pro
NH
TIP4P-FQ 7.21 ± 0.07 5.98 ± 0.06 6.23 ± 0.07
TIP3P
5.74 ± 0.05 4.99 ± 0.05 5.18 ± 0.08
τ (ps) TIP4P-FQ 5.38 ± 0.02 4.89 ± 0.02 4.72 ± 0.02
TIP3P
5.02 ± 0.02 5.64 ± 0.03 6.12 ± 0.03
electrostriction of the second shell peak observed experimentally is absent here.
The enhanced water structure in the polarizable simulations, and increased
number of hydrogen bonds in the first solvation shell of the polarizable peptides
suggest that there are fewer direct peptide-peptide contacts in the polarizable model.
This is indeed the case, as shown by the peptide-peptide rdfs in Figure 2.5. These
all indicate reduced coordination and weaker structure in the polarizable simulations
compared to the fixed-charge simulations. These effects are most pronounced in the
first solvation shell, but extend out as far as 12 Å.
Clustering of these dipeptides has been studied by other authors, [84, 88]
and is of particular interest when these systems are considered as a simple model
for aggregation and protein folding. Following McLain et al., [84] we examine the
distribution of cluster sizes with two different definitions of clustering. In the first
criterion, two molecules are defined to be in the same cluster if the N-terminal hydrogens of one is between 1.5 and 4.5 Å of the C-terminal oxygens of the other. This
definition is targeted towards identifying aggregation that is driven by electrostatic
or water-mediated hydrophilic interactions. Similarly, aggregation driven primarily
by hydrophobic interactions is identified with a criterion that places molecules in the
same cluster when the β carbon atoms of their methyl groups or the γ carbon atoms
of their pyrrolidine rings are within 5 Å of one another. Figures 2.6 and 2.7 show
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Figure 2.3: Water O-O radial distribution functions for fixed-charge TIP3P water in
pure water and in Gly-Ala, Gly-Pro, and Ala-Pro solutions
the distribution of cluster sizes found using these two criteria, for all seven of the the
dipeptide systems studied, and they reveal several interesting trends.
Considering first the nonpolarizable simulations (red points), a comparison of
Figure 2.6 with Figure 2.7 shows that any clustering is dominated by hydrophilic,
rather than hydrophobic, interactions. That is, larger clusters are identified using
the hydrophilic contact definition. This agrees with previous modeling by McLain
et al. [84] Consistent with this observation, the simulations indicate that the least
hydrophobic peptide (Gly-Ala) shows the greatest degree of clustering, and the most
hydrophoblic peptide (Ala-Pro) clusters the least, even when using the hydrophobic
criterion. However, the current simulations disagree with previous work in predicting

25

Figure 2.4: Water O-O radial distribution functions for polarizable TIP4P-FQ water
in pure water and in Gly-Ala, Gly-Pro, and Ala-Pro solutions
too little association. The clustering probability distributions decay roughly exponentially (approximately linearly on the log scale in Figure 2.6 and Figure 2.7), indicating
a fairly constant increase in free energy as each subsequent dipeptide is added to a
cluster. Indeed, the relative probabilities of two sequential cluster sizes, Pn and Pn+1 ,
can be used to calculate the free energy change upon addition of one dipeptide to a
cluster,

∆Gn→n+1 = −RT ln

Pn+1
Pn

(2.3)

This average incremental free energy difference is similar for hydrophilic clustering in each system: 0.7 kJ/mol for Gly-Ala and Gly-Pro and 1.0 kJ/mol for Ala-
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Figure 2.5: Solute-solute rdfs, evaluated using the methyl-methyl distance (between
Cβ atoms of each alanine) for alanine-containing dipeptides, and/or the ring-ring
distance (between Cγ atoms of the pyrrolidine ring) for proline-containing dipeptides.
Curves have been shifted vertically to improve readability.
Pro, evaluated over the range 1 ≤ n ≤ 14.
The free energy cost is higher for cluster growth by hydrophobic contacts,
ranging from 2.6 kJ/mol for Gly-Pro to 4.9 kJ/mol for Ala-Pro.
Experimental neutron scattering results, on the other hand, suggest more variation between the different types of dipeptides, and indicate that cluster formation
is favored in some cases, with larger clusters being more probable than smaller ones.
[84] Some caution is warranted in directly comparing the structural data from simulation with that inferred from the experimental results — those results also derive
in part from atomistic modeling, and there may be many sets of rdfs consistent with
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the set of diffraction-derived structure factors — but the structures consistent with
the experimental results do show strong indications of clustering.
In the Gly-Ala solution, for example, 90% of the clusters were predicted to contain 50 molecules or more. [84] Single Gly-Ala peptides or dimers were also observed,
but the probability of intermediate-size clusters with 5-45 molecules was negligibly
small. About 40% of the Gly-Pro dipeptide clusters contained 35 or more molecules,
with the rest found primarily as small clusters with 10 or fewer molecules.
In other words, these two solutions display behavior typical of nucleation, with
a positive free energy cost to add a molecule to a small cluster, but a negative incremental free energy above a critical cluster size. Only the Ala-Pro dipeptide, the most
hydrophobic among the three, showed no signs of nucleation in experiment, exhibiting a cluster size distribution that declines monotonically with cluster size, as in the
current simulations. Even for that system, however, the simulation underestimates
clustering.
The average free energy cost for adding a Ala-Pro dipeptide to a cluster is
approximately 0.5 kJ/mol if the results of McLain et al. [84] are treated as an
exponential (with probabilities declining from ∼0.3 for monomers to ∼0.0013 for a
36-molecule cluster). The free energy cost of adding a monomer to a cluster in the
present non-polarizable simulations is about twice as large, 1.0 kJ/mol, resulting in
smaller clusters.
To investigate the possibility that larger clusters would be stable in the simulations if they managed to overcome the nucleation barrier, one nonpolarizable Gly-Ala
simulation was performed from an initial configuration in which all dipeptides were
members of a single cluster, i.e. making favorable contacts with each other. The GlyAla dipeptide was chosen for this simulation because it showed the greatest degree of
aggregation. As can be seen from Figure2.6, however, the initial 50-molecule cluster
28

dissociated rapidly, during the 48 ns equilibration period, and the resulting cluster probability distribution is indistinguishable from that obtained from a dispersed
starting structure, aside from some small residue of the initial conditions visible at
intermediate cluster sizes of 20-40. Thus if there is a critical nucleation size for a
Gly-Ala cluster, it is larger than 50 molecules, in contradiction to the experimental
result.
The Gly-Ala system has been studied computationally by Tulip and Bates.
[89] That study used three different nonpolarizable solvent models (TIP3P, TIP4P,
and SPC/E), all with the same CHARMM22 model employed here for the peptide.
All three of these models also failed to reproduce the experimentally observed aggregation, predicting a monotonically decreasing probability of clusters with increasing
size, and no nucleation barrier, just as with the current simulations. McLain et al.
have modeled all three of the dipeptides considered here, using OPLS force field
for the peptides and SPC/E for the water model. [84] Those simulations did observe hydrophilic clustering of the Gly-Ala dipeptide, with a nucleation barrier at
around 20–30 molecules, demonstrating considerably better agreement with experiment. This suggests that the effect of the force field can be quite significant, and that
the CHARMM22 force field overestimates the penalty for hydrophilic aggregation.
Turning now to the results from the polarizable model in Figures 2.6 and 2.7,
it is clear that the polarizable model shows even weaker association between peptides
than does the fixed-charge model. The free energy cost of adding a dipeptide to the
cluster by hydrophilic contact is similar for each dipeptide, ranging from 2.1 kJ/mol
(Gly-Ala) to 3.4 kJ/mol (Ala-Pro), about three times as large as than the 0.7–1.0 kJ/mol values in the non-polarizable simulations. These results are consistent with the
other structural results: the enhanced water-peptide interactions in the polarizable
simulations (Figure 2.2 and Figure 2.1) decrease peptide-peptide contact, as shown by
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the both the radial distribution functions (Figure 2.5) and cluster distributions (Figure 2.6 and FIgure 2.7), reducing the agreement with experiment. The polarizable
CHARMM30 force field was derived from the fixed-charge CHARMM22 model, and
still shares some of its parameters. It also seems to have inherited that model’s tendency towards overpenalizing peptide aggregation, an error that has been exacerbated
by the introduction of polarization.

Figure 2.6: Probability distribution of “hydrophilic” cluster sizes, for all simulations,
including the pre-clustered Gly-Ala solution. Probabilties are calculated as the fraction of clusters with the indicated size, using the hydrophilic contact rule described
in the text.
In addition to the structural data, dynamical properties were also analyzed for
each dipeptide solution, and are presented in Tables 2.1, 2.2 and 2.3. The lifetimes of
hydrogen bonds formed between dipeptides and water (Table 2.1) are in the vicinity
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Figure 2.7: Probability distribution of “hydrophobic” cluster sizes, for all simulations
except the pre-clustered Gly-Ala solution. Probabilties are calculated as the fraction
of clusters with the indicated size, using the hydrophobic contact rules described in
the text.
of 5–6 ps, regardless of peptide or model. These lifetimes can be compared to residence times obtained from experimental techniques such as dielectric relaxation [102],
femtosecond spectroscopy. [101, 103], or quasi-elastic neutron scattering (QENS). [86]
Experimental data are not available for the dipeptide solutions studied here, and differ by as much as an order of magnitude depending on the biomolecular solute in
question, but generally range from less than 10 to more than 80 ps. The average
residence times observed here are on the short side of this range for both models,
suggesting that the water molecules are more weakly bound to these dipeptides than
to the tryptophan residues used as a probe in the fluorescence experiments. [101, 103]
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The polarizable and nonpolarizable models show opposing trends in the variation of individual hydrogen bond lifetime with the different peptides. When modeled
with the polarizable model, hydrogen bond lifetimes between water and hydrophilic
peptides are longer than those than between water and hydrophobic peptides. The
opposite is seen in nonpolarizable simulations, however: the hydrogen bonds are
longer-lived in the hydrophobic solutions.
These hydrogen bond lifetimes are close to 5 ps in all systems, so the difference
between models is not dramatic. But an analysis of the translational and rotational
motions reveals that the solvent dynamics are considerably slower for the polarizable
model. In the bulk solvent, the self-diffusion coefficient (Table 2.2) is only 37% as
large for TIP4P-FQ water as for TIP3P water, and in much better agreement with
experiment. [104] The same trend persists in the dipeptide solutions, where the water
diffusion coefficients (2.2) are again smaller with the polarizable model than with the
non-polarizable model, consistent with the behavior in pure water.
For both models, the water diffusion is considerably slower in the peptide
solutions than in the pure liquid; this is consistent with experimental studies that
show slowed translational dynamics for water at the interface of various biomolecular
solutes. [101, 86, 105] In these systems, interaction with the solute slows diffusion by a
factor of 1.5–1.9 in the polarizable model and by 2.3–2.9 in the nonpolarizable model,
consistent with magnetic relaxation dispersion [105] and QENS [86] observations that
translational diffusion of interfacial water molecules is slowed by a factor of about 2
or 3 in the hydration layer of proteins. The solvent diffusion coefficient of 1.1 to
1.4 × 10−5 cm2 /s obtained with TIP4P-FQ are in reasonable agreement with the
values of 0.7 to 1.1 × 10−5 cm2 /s obtained for concentrated solutions of different small
peptides using QENS. [86]
The solute diffusivities are much smaller than those for the solvent, due to the
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Table 2.2: Translational diffusion coefficients of water and dipeptides. Standard errors
were omitted because they were negligibly small.
Diffusion coefficient (10−5 cm2 /s)
Water
Solute
Exp.[104] TIP4P-FQ TIP3P
Polarizable Fixed-charge
Pure Water 2.30
2.05
5.54
Gly-Ala
1.10
2.36
0.15
0.06
Gly-Pro
1.37
2.20
0.17
0.08
Ala-Pro
1.22
1.88
0.09
0.14
larger size of the solute molecules. The polarizable model generally predicts that the
largest (and most hydrophobic) Ala-Pro solute diffuses more slowly than the smaller
and more hydrophilic Gly-Ala and Gly-Pro, as would be expected. Interestingly,
however, the non-polarizable solutes show the opposite trend: the larger and more
hydrophobic dipeptides diffuse more quickly than the smaller and more hydrophilic
ones. This is particularly curious, given that the water-peptide hydrogen bonds survive longer around hydrophobic solutes than hydrophilic ones in non-polarizable solutions (Table 2.1), which would increase the hydrodynamic radius.
Rotational reorientation times (Table 2.3) show that TIP4P-FQ water not
only translates but also rotates more slowly than TIP3P in the pure liquid. Once
again, the TIP4P-FQ model is in reasonable agreement with the experimental value
of 1.95 ps, [106] but TIP3P water is too mobile in this case, reorienting about 3 times
more quickly than it should. When the dipeptides are added, the decay of the orientational correlation function becomes biexponential (Table 2.3), with a fast decay
time of 0.5 ps (TIP4P-FQ) to 1 ps (TIP3P) and a slower decay time of 5 ps (TIP4PFQ) to 30 ps (TIP3P). This is consistent with theoretical models and experimental
results, which attribute the faster timescale to motion of bulk-like solvent molecules
that are not interacting strongly with the solute and the slower timescale to solvent
molecules that are bound to the solute. [101] The timescales vary with the biomolec33

Table 2.3: Rotational reorientation times (± standard error) of bulk and interfacial
water in dipeptide solutions

TIP4P-FQ
TIP3P

Water
2.13 ± 0.11
0.69 ± 0.02

Gly-Ala
Bulk
Interfacial
0.59 ± 0.03 6.44 ± 0.16
1.00 ± 0.02 13.6 ± 0.62

τ (ps)
Gly-Pro
Bulk
Interfacial
0.53 ± 0.03 5.53 ± 0.15
1.16 ± 0.02 36.1 ± 2.19

Ala-Pro
Bulk
Interfacial
0.53 ± 0.03 6.10 ± 0.13
1.20 ± 0.03 31.3 ± 1.77

ular solute being studied, but for small proteins the fast timescale is roughly 1 ps and
the slower timescale in the range of 20 to 50 ps. [101] Although experimental data
are not available for these dipeptides, the TIP3P model is in better agreement with
the timescales observed for other biomolecules, while the TIP4P-FQ model exhibits
slightly faster dynamics.

2.4

Conclusion
In this study, three different concentrated aqueous dipeptide solutions were

modeled with both a polarizable model (TIP4P-FQ and CHARMM30) and a nonpolarizable model (TIP3P and CHARMM22), analyzing both the structure and dynamics of these systems to determine the effects of polarization. These concentrated
systems, all in excess of 2 M, serve as a useful system to examine such polarization
effects, since roughly two-thirds of the solvent molecules are within 5 Å of a solute
molecule, and thus experience a perturbed and anisotropic electrostatic environment.
The waters in all three solutions were found to be depolarized with the most hydrophobic Ala-Pro solution being affected the most.
The peptide-water interaction was found to be enhanced in polarizable simulations, based on several structural measures. This is likely not a direct effect of
polarization, but rather a result of the larger average dipole moment enabled by the
polarizable simulation.
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Both models predict that the translational diffusion of water is slowed in concentrated peptide solution, relative to neat water. Both models also predict a substantial slowing of the rotational motion of a portion of the solvent in the peptide
solutions, attributed to bound water molecules at the biological interface region. The
rotational motions of both bulk and interfacial water molecules are faster for the polarizable model than the nonpolarizable model, by factors of roughly 2 to 5. On the
other hand, the translational dynamics of the polarizable model are slower than those
of the nonpolarizable model. Generally it is difficult to predict the effect of polarization on dynamical properties: the enhanced dipole allowed by polarizable models
generally acts to slow the dynamics, but the ability of the dipole to adjust and lower
diffusive barriers then tends to speed up the dynamics. [1] In this system, apparently,
the former effect dominates for translational motion while the latter effect dominates
for rotations.
Neither the polarizable nor the nonpolarizable simulations was able to reproduce the experimentally observed aggregation of the dipeptides. The polarizable
model showed less aggregation, consistent with stronger peptide-water interactions,
but in poorer agreement with experiment. This can be interpreted as a deficiency
of the CHARMM family of models, since simulations with OPLS and SPC/E have
exhibited aggregation, [84] but current and previous [89] simulations with CHARMM
and a variety of solvent models have not. Additional studies of aggregation can thus
help diagnose and improve these deficiencies, which are expensive to study with full
peptide folding simulations; although CHARMM has been used to model the early
stages of peptide folding with some success, [107, 108] and seems to work better than
AMBER or OPLS-AA for modeling peptide adsorption, [109] there have been very
few simulations of peptide folding using CHARMM in explicit solvent, and there are
some known limitations in the folding free energy landscape. [110, 111]
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Considering that the TIP4P water model has more realistic water structure
and dynamics, the fully polarizable models include physical effects that are absent
in the non-polarizable models, and that this polarization has noticeable effects on
dipole distributions, structure and dynamics in the chosen systems, it is perhaps
surprising that the polarizable simulations are not in better agreement with experiment. Although there are a number of possible interpretations for this result, the
most likely explanation is the one consistent with all of the observations: that polarization does indeed have the effect of reducing aggregation, but that neither model
(non-polarizable or polarizable) is parameterized sufficiently well to reproduce the
experimental results.
The weaker clustering in the polarizable simulations seems to arise because
peptide-peptide contacts are diminished in the presence of enhanced peptide-water
interactions. Whether these stronger interactions are the result of polarization, per
se, or merely the partial reparameterization of the models (including a stronger mean
dipole moment on water, for example), is impossible to determine from the current
investigations. Decoupling the effects of polarization and parameterization is not
impossible, but requires additional tests with specially constrained models. [31] It
seems quite likely, however, that the changes in charge distributions and solvent
dynamics are real physical effects induced by depolarization around nonpolar solutes.
The partial failure of both models to accurately describe aggregation an example of a common problem in parameterizing empirical force fields: models can be
parameterized well for simple structural and energetic properties, and perform poorly
on complex, equilibrium properties. Most commonly, peptide force fields are parameterized using pairwise interactions between pairs of molecules, for computational
efficiency. The current simulations suggest that biomolecular force fields, particularly polarizable ones, could benefit from fitting to ensemble-averaged interactions
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(e.g. free energies or liquid structure) in fully solvated environments that mimic the
applications for which they will be used.
The dipeptide simulations prove to be a valuable test case for aqueous biomolcular modeling: any flaws that lead to inadequate description of dipeptide clustering,
perhaps due to incorrect peptide-water interactions, will also have consequences in
more complex processes such as protein folding, protein-protein interactions, and aggregation of larger peptides. Thus a detailed understanding of peptide aggregation
from these and other studies will be valuable not only for the study of concentrated
dipeptide solutions, but also for many biological processes.

37

Chapter 3
Water over Self-Assembled
Monolayer Surfaces
Some of the initial results from this chapter have been published as part of
“Simulation of multiphase systems utilizing independent force fields to control intraphase and interphase behavior”, Pradip K. Biswas, Nadeem A. Vellore, Jeremy
A. Yancey, Tugba G. Kucukkal, Galen Collier, Bernard R. Brooks, Steven J. Stuart,
Robert A. Latour [112]

3.1

Introduction
Since their discovery in 1980s, [113, 114] self-assembly of alkanethiols on noble

metals has opened doors to a whole new and simple way of making surfaces with
a desired chemistry. When a noble metal substrate is placed into a solution of an
alkanethiol in ethanol, a well-organized self-assembled monolayer (SAM) is formed
on the metal. A simple alkanethiol contains three parts (Figure 3.1): A sulfur group
for attachment to a noble metal surface, an alkyl chain (typically (CH2 )n ), and a
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functional end group.

Figure 3.1: Schematic diagram of self-assembled alkanetiols on a substrate
The main driving forces for assembly are the affinity of head groups for substrates and organization of methylene groups in the tail. Any desired end group
can be used to produce SAMs with different types of chemistry such as hydrophilic,
hydrophobic, protein resistant and reactive. The mechanism of this self-assembly
process has been well studied. [115, 116, 117, 118, 119] First, the head groups are
chemisorbed onto the substrate and then the tail groups slowly organize to minimize
the surface energy by maximizing the hydrophobic, van der Waals interactions between the tail groups. The resulting SAM structure has a well-ordered single layer
√
√
of these alkanethiols. A typical alkanethiol monolayer forms a ( 3 × 3)R30◦ structure [116, 120] on gold with the thiol chains tilted approximately 30 degrees from the
surface normal. [115, 120]
Their potential for direct surface engineering opens doors for a range of applications for SAMs. Areas of applications of SAMs include surface wetting and
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adhesion, non-fouling property, electrochemistry, surface passivation, protein binding, drug carrying, biosensing, DNA assembly, corrosion resistance, biological arrays,
cell interactions, and molecular electronics. [120, 121, 122] Also, biomedical applications include using SAMs as model surfaces to study protein-surface interactions and
eventually design biocompatible surfaces. Since proteins function in aqueous media,
the SAM-water interactions are also of interest.
In addition, in the field of materials and surface science, SAMs provide excellent model systems to study interfacial water structure and dynamics due to highly
controllable surface chemistry. Large concentrations of specific end groups in nearly
perfectly ordered lateral structure is expected to influence the water properties greatly
at the surface. Since, many applications of SAMs involve aqueous environments,
studying water over SAMs is particularly important.
The main goal of the present study is to understand interfacial water properties
over SAMs of different character and the effects of polarizability on water structure
and dynamics over different surfaces. The specific terminal groups used in this study
with the labels used are -OH (OH), -CH3 (M ET ), -COOCH3 (COOC), -NHCOCH3
(ACET ), -OC6 H5 (P OXY ), -(OCH2 CH2 )3 OH (P EGH), and -OCH2 CF3 (T F CO).
These were chosen to represent a range of surface chemistries such as from the more
hydrophobic (MET, TFCO) to more hydrophilic (OH, PEGH).

3.2

Methods
The same SAM surface structures were used as Vellore et. al. [123] where

an alkanethiol SAM surface on Au (111) was mimicked with 90 chains in a 9 × 10
√
√
array aligned in a 3 × 3)R30◦ geometry with 5 Å spacing. The alkanethiol chains
has the structure of HS-((CH2 )11 )-R, with R being the functional end group. The
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alkanethiols in different types of SAMs were tilted initially to the orientation specified
by Vericat et al. [124] The surfaces were solvated with two sets of water models; a
polarizable water model, TIP4P-FQ [3] and a fixed-charge model, TIP3P. [91, 92]
The CHARMM CGENFF force field was used to model the SAM surfaces. [125]
All bulk simulations were performed in the canonical (NVT) ensemble at 298
K with a 20 Å vacuum layer above the water ensuring the saturation vapor pressure
for the system. The complete periodic orthogonal cells, which is shown in Figure 3.2
have dimensions of 43.3 × 45.0 × 70.0Å3 in x, y and z-directions. The z-heights
slightly vary depending on the types of SAM surfaces used.

Figure 3.2: A representative simulation system for bulk simulations of water over
SAM surfaces
The SAM surfaces were replicated 3 times in x and y directions to provide a
sufficiently large unit cell for contact angle simulations. Therefore, the unit cells in
these simulations have the dimensions of 129.9 × 135.0 × 70.0Å3 . Heavy atoms of

41

SAMs except the functional end groups were restrained with a force constant of 1000
kcal/mol-Å2 so that they are nearly immobile. Temperature control was achieved with
the Nosé-Hoover thermostat [95, 96] and pressure control with the Langevin barostat.
[97] The SHAKE algorithm was used to restrain the bonds between hydrogen and
heavy atoms. [98] The leapfrog Verlet algorithm was used to integrate Newtons
equations. Time steps of 0.5 fs and 2 fs were used in the polarizable and fixed-charge
simulations, respectively. Cubic simulation boxes with periodic boundary conditions
were used with particle mesh Ewald [99] summation for the electrostatic interactions.
An energy-based switched cutoff between 9 and 13 Å was employed to truncate the
van der Waals interactions. [126] The simulations were run for 5-10 ns and last 1.5
ns were used for analysis.
The same analysis methods were used as described in Chapter 2 (Aqueous
Dipeptides) to calculate diffusion constants and rotational reorientation times of water, and also to describe hydrogen bonding.

3.3

Results and Discussion
The SAM surfaces depolarize the TIP4P-FQ water measurably at the interface

in polarizable simulations as shown by water dipole moment distributions in Figure
3.3. The interfacial water is defined as the waters that are in the first hydration shell,
which corresponds to the first minimum in the density profiles of water near each
surface as shown in Figures 3.4, 3.5, 3.6 and 3.7. As can be seen from the Figure, the
TIP4P-FQ has a greater mean dipole moment (red curve) and it also has a distribution
of dipole moments while TIP3P’s dipole moment is fixed (black line). Considering the
polarizable simulations, water is depolarized by SAM surfaces with varying degrees
(6-14%). Not surprisingly, more hydrophobic surfaces, i.e. MET, TFCO and POXY,
42

cause greater depolarization (12-14%) and more hydrophilic surfaces, i.e. OH, ACET
and COOC, cause less depolarization (6-10%). However, although hydrophilic, the
PEGH surface also caused large depolarization of water (14%). Also, PEGH and OH
dipole moment distributions show narrow distribution compared to those over other
types of SAM surfaces.

Figure 3.3: Dipole moment distributions of pure TIP4P-FQ (red curve) and interfacial
TIP4P-FQ water over different SAM surfaces (colored curves). Dipole moment of
TIP3P is also shown (black line) for comparison.
In general, these results suggest that the lateral arrangement of thiols in SAM
surfaces cause a significant change in charge distribution of water at the interface,
therefore, the interfacial region needs a different treatment than the bulk in fixedcharge simulations. This was addressed by Latour et. al. [123] through a development
a force field for interphase and intraphase regions for peptide adsorption in SAM
surfaces.
Surprisingly, SAM surfaces induce minimal structural difference between the
43

polarizable and nonpolarizable models. The structuring of polarizable and fixedcharge water models and SAMs were characterized through density profiles (Figures
3.4, 3.5, 3.6, and 3.7). The figures were normalized according to the bulk densities of
each model, which are 0.0327 and 0.0333 per Å3 for the polarizable and nonpolarizable
water models, respectively.

Figure 3.4: Density profiles of ACET- and COOC-SAM surfaces and water in Zdirection. Red and blue curves correspond to nonpolarizable and polarizable simulations, respectively
The discrete layers of the carbon backbone of the restrained SAM surfaces are
noticeable at coordinates below the interface, which occurs at z≈-12 to -17 Å. At the
interface, the unrestrained top surface functional groups show slight variations in the
structural profile.
Both polarizable and nonpolarizable models in all systems show that the water
is structured by the SAM surface within a few molecular layers of the interface, with
no structure induced by the surface beyond about 10 Å from the interface. In general,
both models indicate a fairly similar structuring in all systems. The biggest difference
is seen in the density profiles of water and the OH-SAM surface. The MET-SAM
system also show a slight variation in density profiles.
The water model influences the functional group geometry considerably more
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Figure 3.5: Density profiles of POXY- and TFCO-SAM surfaces and water in Zdirection. Red and blue curves correspond to nonpolarizable and polarizable simulations, respectively
at the OH-SAM surface. Comparing the effect of the surface, it appears that the
OH-SAM organizes a very narrow and well-structured first molecular layer, but with
rather weak structure beyond this first layer. Other SAMs, conversely, induce order
in two or three distinct molecular layers of water. For MET-SAM, as a result of the
shoulder in the density profile of methyl group, the TIP4P-FQ water is slightly closer
to the surface compared to TIP3P. The water penetrates less deeply into the surface
of the nonpolar MET-SAM surface, with a larger separation between the water and
functional group layers. Similar types of water structuring over hydrophobic and
hydrophilic surfaces have been previously reported from both experimental studies
[127, 128, 129] and molecular simulations, [130] with water structure peaks forming
more closely to hydrophilic surfaces due to their ability to directly hydrogen bond
with surface functional groups compared to a hydrophobic surface.
Both polarizable and nonpolarizable models show penetration of water to the
more hydrophilic surfaces as seen in Figures 3.4, 3.5, 3.6 and 3.7. This can also be
seen in the number of hydrogen bonds between surfaces and water in both sets of
simulations as shown in Table 3.1. The TIP4P-FQ water is farther from the surface
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Figure 3.6: Density profiles of OH- and PEGH-SAM surfaces and water in Z-direction.
Red and blue curves correspond to nonpolarizable and polarizable simulations, respectively
OH groups compared to the TIP3P, perhaps because the OH tail groups of SAM
show different structures under different water models, which is shown in Figure 3.8.
The OH groups under TIP3P adapt a configuration, which is nearly parallel to the
z-axis, which allows a stronger interaction with TIP3P waters. This is also confirmed
by greater number of hydrogen bonds between OH-SAM and TIP3P.
As a consequence of different structuring of water over OH-SAM surfaces at
the interface, the TIP3P water is able to make more hydrogen-bonds with the surface
than the TIP4P-FQ water on average as can be seen in Table 3.1. Average residence
times of hydrogen-bonds in both models for all systems are found to be 2-6 ps.
Table 3.1: Hydrogen-Bonding between Water and Surfaces
Type of SAM
OH
PEGH
ACET
COOC
POXY
TFCO
MET

Avg Number of Hydrogen-Bonds
Nonpol Pol
100
79
37
28
6
9
26
26
0
0
11
12
0
0

Avg H-Bond Lifetimes (ps)
Nonpol Pol
5.5
5.2
2.8
4.2
2.5
3.6
3.3
5.9
2.0
2.1
-

To further characterize the chemistry of the model surfaces, contact angles
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Figure 3.7: Density profile of MET-SAM surface and water in Z-direction. Red and
blue curves correspond to nonpolarizable and polarizable simulations, respectively
of water over these SAM surfaces were calculated. Visual representations of water
droplet structuring over different SAM surfaces are shown in Figures 3.9 and 3.10.
The experimental [131] and computational values (nonpolarizable values are
from [132]) of static water contact angles over these SAM surfaces are shown in Figure 3.11. It is important to note that the polarizable contact angle simulations of
water over OH-, ACET-, and MET-SAM are incomplete due to an initial error in
the size of the periodic boxes. The results shown are from simulations with slightly
larger periodic boxes. The MET-SAM (perhaps ACET-SAM as well) results are not
expected to be affected since the water is not spread around due to hydrophobicity
of the surface. The OH-SAM results may be affected because the waters that are positioned between surfaces cause more wetting of the surface. In general, both models
produce fairly similar results regarding contact angles (R2 values from a linear fit are
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Figure 3.8: Representations of water and OH-SAM in polarizable and nonpolarizable
simulations
0.91 and 0.93 for nonpolarizable and polarizable results, respectively). TIP4P-FQ
provides better agreement with the experiment for TFCO-SAM and worse agreement
for COOC-SAM, while both models fail to capture the experimental contact angle of
water over ACET-SAM.
In addition to the structural data, the dynamics of both water models over
different SAMs were characterized through self-diffusion coefficients and rotational
reorientation times of water as shown in Table 3.2. The known overestimation of
the self-diffusion constant of TIP3P model was found to be more persistent in SAMwater systems. Rotational reorientation times of polarizable water were found to
be 10-15 times slower compared to those of nonpolarizable water. In this respect,
TIP3P shows better agreement with the experiment, although data is not available
for these specific systems, as the rotational reorientation times around other solutes
were experimentally found to be 20-50 ps. [101] and 20-200 ps [133].
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Figure 3.9: Representations of Water Droplets on COOC- and PEGH-SAM Surfaces.
Both top and side views are shown.

3.4

Conclusion
Molecular dynamics simulations of water over 7 different SAM surfaces were

performed. Two sets of simulations were run. First, bulk simulations of water over
SAM surfaces and second, water droplets over the surfaces to calculate the contact
angles. A polarizable (TIP4P-FQ) and a nonpolarizable (TIP3P) water models were
utilized. Since a polarizable force field for SAM surfaces was not available, the fixedcharge potential was used along with the polarizable water.
Both water models show fairly similar structuring over SAM surfaces. The dynamics of water show model specific behavior similar to the results shown in Chapter
2 (aqueous dipeptides). Although the polarizable water shows more realistic structure and dynamics, it indicated a similar degree of agreement with the experiment
regarding the contact angles. This maybe due to using nonpolarizable force field for
SAMs, which was originally developed to simulate these organic molecules in TIP3P
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Figure 3.10: Representations of Water Droplets on TFCO- and POXY-SAM Surfaces.
Both top and side views are shown.
water.
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Figure 3.11: Experimental and Computational Water Contact Angles over Different
Surfaces. The diagonal gray line indicates perfect agreement.

Table 3.2: Water dynamics over different surfaces. The errors are standard errors
of the mean. The error bars are omitted for diffusion constants because they were
negligibly small.
System Self-Diffusion
Interfacial Rotational
Bulk Rotational
−5
2
(10 cm /s)
Reorientation (ps)
Reorientation (ps)
Nonpol Pol
Nonpol
Pol
Nonpol
Pol
OH
6.80
1.70
42.2 ± 4.2 7.29 ± 0.39
0.83 ± 0.00 1.31 ± 0.05
PEGH 6.08
1.64
44.2 ± 4.6 4.08 ± 0.07
0.51 ± 0.01 0.91 ± 0.03
ACET 7.14
1.75
44.3 ± 5.1 4.76 ± 0.12
0.47 ± 0.00 1.00 ± 0.04
COOC 7.64
1.49
39.9 ± 3.0 5.44 ± 0.25
0.49 ± 0.00 1.14 ± 0.06
POXY 6.03
1.90
51.4 ± 5.9 3.71 ± 0.04
0.46 ± 0.00 0.77 ± 0.02
TFCO 8.14
1.66
62.7 ± 11.5 3.97 ± 0.04
0.46 ± 0.00 0.78 ± 0.02
MET
8.80
1.90
78.5 ± 14.0 5.35 ± 0.05
0.43 ± 0.00 0.89 ± 0.03
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Chapter 4
Modeling Ion Transport in Natural
and Mutant nAChR Ion Channels
The work described in this chapter will be submitted to the Journal of Physical
Chemistry as ’Modeling Ion Transport in Natural and Mutant nAChR Ion Channels’,
Tugba G Kucukkal, Steven J Stuart

4.1

Introduction
Transmembrane proteins, which are extraordinarily important biological molecules,

represent roughly one third of the human genome, and serve as targets for more than
half of current drugs. [59] In particular, the cys-loop superfamily of ligand-gated ion
channels (LGICs) are important for synaptic transmission and function of the nervous
system, and are common drug targets. [60] Among these cys-loop LGICs, the nicotinic
acetylcholine receptor (nAChR) is involved in multiple cognitive and brain functions,
energy metabolism and substance addiction. [39, 55, 56, 57, 58] Because nAChR dysfunction is associated with Alzheimer’s disease, schizophrenia, depression, Parkinson’s
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disease, autism, epilepsy, and other diseases [39, 56, 55, 61, 134, 135, 136, 137, 138],
it is of great pharmacological interest. There are currently more than ten drugs and
drug candidates in various stages of development for the treatment of several such
central nervous system disorders and cognitive dysfunctions.
The nAChRs are pentameric membrane proteins with a fivefold pseudo-symmetry
perpendicular to the membrane. Each subunit contains ten β-strands in the extracellular domain (ECD) in which the ligand binding sites are present, and four α-helical
transmembrane domains (M1-M4). Transmembrane domain (TMD) has the ion pore
where the channel is lined by M2 helix of each subunit. Large pharmacological variability and diversity in activation mechanisms are seen due to the number of different
subunits (α1-10, β1-4, , γ, δ) and their combinations. The electron microscopy
structure of the nAChR along with binding sites in the ECD and the channel pore in
the TMD are shown in Figure 4.1.
The nAChR has a critical role in signal transmission. Upon transient binding
of acetylcholine (ACh) to nAChR in the post synaptic membrane, the cation-selective
pore opens allowing the flow of Na+ and K+ ions, and in some cases Ca2+ ions. Then,
the channel gradually closes after prolonged exposure to ACh or nicotinic drugs.
[139, 140, 59]
A high-resolution structure of an eukaryotic nicotinic acetylcholine receptor
(nAChR) is still lacking. The structural data available are limited to two electron
microscopy structures of the channel, which are a 9Å resolution structure when it is
bound to an agonist, and a 4Å resolution structure of the channel in its closed state.
[141, 142, 143] However, several high-resolution structures of prokaryotic homologues
of nAChR captured at both open and closed states have recently been made available. [142, 144, 145, 146] In addition, there are a number of high-resolution acetylcholine binding protein (AChBP) structures and also prokaryotic homologue of ECD
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Figure 4.1: (A) Top view of the electron microscopy structure of muscle nAChR.
[REF] ACh binding sites at the interfaces between subunits and others are also
shown. (B) Top view of the TMD. Four helical segments of each subunit and four
M2 segments lining the channel are shown. (C) Side view of the receptor is shown.
Each subunit has ten β sheets in the ECD.
of nAChR structures are available. [147, 148, 149, 150, 151, 152, 153, 154]
Numerous experimental and computational studies, mainly utilizing MD, studying nAChRs have been published. [155, 156, 157, 158, 159, 102] Despite the tremendous progress in the past decade, not only the X-ray structure of eukaryotic nAChR
but also an exact description of the gating mechanism at the atomic level is lacking.
Also, much effort has been expanded experimentally to identify the key amino acid
residues that modulate nAChR function in the TMD. Several naturally occurring mutations have been observed in the case of many nAChR pathologies such as congenital
myasthenic syndrome (CMS), ADNFLE, epilepsy and shizophrenia. [160, 161, 162]
Several single point mutations in the M2 helix of TMD lead to gain or loss of function
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of the channel [57, 160, 163, 164, 165, 166, 167, 168, 169, 170].
Main goal of the present study is to model the ion transport through TMD of
natural and mutant human alpha7 nAChR through molecular dynamics simulations.
Specifically, we are interested in the energetics of ion translocation and how it is
affected by different mutations in the TMD.

4.1.1

Significance of Human α7 Receptor
Physiological functions of nAChRs are closely related to their subunit diversity.

There are 17 different subunits (α1-10, β1-4, , γ, δ) and different combinations of five
of those form each channel. The diversity of nAChR subunits provides opportunities
and also challenges regarding the therapeutic strategies. Targeting at a specific type of
subunit due to its distinct physiological role without affecting other subunit functions
is possible. However, the high degree of similarity in ACh binding sites in different
subunits makes the subunit specific drug design challenging. There are a number of
highly conserved residues in key positions of different subunits.
α4β2 and α7 receptors are the most abundant nAChR types in the central
nervous system [57, 171] and they are dominantly associated with specific nAChR
related dysfunctions such as epilepsy, Alzheimer’s Disease, schizophrenia, anxiety,
pain and nicotine addiction. [57] Homomeric α7 receptor is characterized by its
dramatically larger calcium permeability and faster desensitization rates compared
to those of muscle type and heteromeric neuronal type. In a knock-in study, a mouse
with L250T 7 mutant died within hours after birth. Since the mutated Leu is thought
to be the resting gate, it is thought that the mutation abolished the desensitization
and consequently there has been an increased Calcium influx into the neurons. [172]
One of the newly discovered connections is the role of α7-nAChRs in the case
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of Alzheimer’s Disease (AD), which has recently gained attention in AD research.
Several evidences such as the increased cognitive function with nicotine treatment,
downregulation of α7-nAChRs in AD brains, and the modulation of 7-nAChRs by
β amyloid 1-42 peptide support this connection. [169] Functional studies show that
soluble β amyloid (Aβ) interacts with α7-nAChR with high affinity. A recent study
of presynaptic calcium level changes by Aβ evoked α7-nAChR activation highlights
the association of α7-nAChRs and Alzheimer’s disease. [173] Another recent clinical
study indicates that cellular expression of 7-nAChRs maybe selectively upregulated
in Aβ plaque-burdened brain areas. [174] In additon, more severe cognitive decline
was observed in the case of a mouse with an early-stage AD when 7-nAChR levels
were decreased. This suggests an important role for α7-nAChR as a neuroprotective
against Aβ accumulation. [175, 176, 177] Also, several drugs targeting α7-nAChR
have been computationally investigated and suggested for the treatment of AD. [177]
In addition to their role in brain functions, nAChRs are known to interact with
anti-inflammatory pathways and also associated with appetite control and energy
metabolism. [178] The link between diabetes and 7-nAChR is under investigation. In
a recent study, an obese mouse with Type 2 diabetes was orally administered an α7
receptor specific agonist and an α7 receptor antagonist. The α7-nAChR agonist administration reduced weight gain, food intake and glucose levels, whereas the agonist
administration reversed the changes. [178]
One other important health effect of nAChRs which was not known until
recently is the role of α7 receptors in the case of lung cancer and Malignant Pleural
Mesothelioma. In this context, several α7-specific antagonists are being investigated
as potential treatments for nicotine-induced lung cancer. [179, 180, 181]
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4.1.2

nAChR Mutations
A number of voltage clamp and mutagenesis experiments focused on studying

naturally occurring mutations in the case of nAChR pathologies. [161, 163, 164, 165,
168, 170, 182, 183, 184, 185, 186, 187, 188, 189] We will focus on mutations in the
channel-lining M2 segments of 7-nAChR. Many naturally occurring mutations have
changed the permeability or conductance of the channel and consequently lead to
gain or loss of function. Also, several other mutants have resulted in spontaneous
openings of the channel or in an abnormal ACh-nAChR interaction. Mutations that
decrease the affinity for ACh are known to cause fast-channel disorders and mutations
that increase the ACh affinity cause slow-channel disorders. Specifically, the double
mutation E241A and V255T in the M2 segment has increased the ACh affinity by
250 fold. [165] Wang et. al. [182] investigated the mutations in between M2 and M3
segments causing fast-channel syndrome. One such mutation V285I provided useful
information about gating: The space separating M2 and M3 widens from intracellular
to extracellular boundaries and Val285 projects into this space at a level about midway
between boundaries. Gating free energy was found to scale linearly with the size of
the moiety attached to beta carbon of residue 285, with a smaller moiety enhancing
gating and a larger moiety impairing gating. Because gating probably involves rigid
body motion of M2 (rotating or tilting), mobility of M2 within this space is crucial,
and the larger side chain in V285I restricts M2, impairing gating. [182]
Another mutation, T248F, was found to decrease the current and also dramatically reduce calcium permeation relative to wild-type α7 receptor. [189] Experimental data with different agonists suggest that this residue is responsible for α7-specific
properties. [189] T248F mutation showed gain of function through longer average
open duration but did not change the conductance significantly. S248F mutation
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(αβ heteromeric receptor has S in position 248 as opposed to T248 in homomeric α7
receptors) was also found to reduce calcium permeation. [183, 184, 185] Experiments
suggest that mutations that have a direct effect on the ion pore such as S248F are
the only mutations that can cause ADNFLE. Also, people with S252L mutation in
αβ receptors are thought to have an increased risk of mental retardation. Another
mutation, L251T, was identified as gain of function and it increased conductance with
changes in pharmacological profile of α7 receptor. [186, 187, 188] In this study, we
study the T248F and L251T mutations along with the wild type receptor through
molecular dynamics. Understanding ion translocation energetics and how it is affected
by these mutations and other factors are of interest.

4.2

Methods
All simulations were performed using CHARMM force field [67] as incorpo-

rated in NAMD software [190]. Structure of the transmembrane part of human α7
receptor has been obtained through homology modeling using MODELLER. [191]
The muscle type electron microscopy structure was used as the target which has 3040% sequence homology with the human α7 receptor. First, α1 subunit structure
was used as the target structure to generate five α7 structures. Then, these subunits
were structurally aligned with subunits of the full target structure. 5-fold symmetry was not imposed. The resulting structure was pseudo-symmetrical as the target
muscle type protein. The quality of the structure was checked using DOPE scores in
MODELLER. [191] Ionization states of histidines were determined using PROPKA.
[192, 193, 194, 195] Then, the full simulation system was prepared using CHARMMGUI [196] by placing the protein in DPPC lipid bilayer surrounded by physiological
saline solution. The two mutant systems were also prepared the same way with the
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mutated residue in the sequence for homology modeling. The full wild-type system
has 55 sodium and 41 chloride ions, 128 and 135 lipid molecules on top and bottom,
respectively and 17,272 water molecules. The T248F mutant system has 50 and 35
sodium and chloride ions, 126 and 131 lipids on top and bottom, respectively and
also 15,296 water molecules. The L151T mutant has 48 and 33 sodium and chloride
ions, 126 and 131 lipid molecules on top and bottom, respectively and also 14,445
water molecules.
Each system was equilibrated in 6 steps of 50-100 ps each. Initially, the protein
backbone and side chains were restrained with force constants of 10.0 and 5.0 in the
initial step. Also, waters and ions were restrained initially to be kept away from
the hydrophobic pore, and lipid head and tail groups were restrained with a force
constant of 2.5. Lipid dihedral angles also were also initially restrained. All of the
constraints were gradually released in 6 consecutive steps. The initial step involved
3000 steps of minimization prior to Langevin dynamics. After all the restraints are
released, constant pressure molecular dynamics simulations were run for at least 24
nanoseconds after 4-6 nanoseconds of equilibration.
All simulations were performed in the isothermal-isobaric (NPT) ensemble at
298 K and 1 atm. Temperature control was achieved with the Nosé-Hoover thermostat
[95, 96] and pressure control with the Langevin barostat. [97] The RATTLE algorithm
[98] was used to constrain bonds between hydrogen and heavy atoms. Timestep of
2 fs was used. Hexagonal prism simulation boxes with periodic boundary conditions
were used with particle mesh Ewald summation [99] for the electrostatic interactions.
A force-based switched cutoff between 9 and 13 Å was employed to truncate the van
der Waals interactions.
After the initial 24 ns, the simulations were run for another 30 ns with an
external electric field of 22 mV/nm applied to each system. After that the systems
59

were run for another 42 ns with increasing field strength of 34, 43, 52, 60, 69, and 78
to 86 mV/nm. Adaptive biasing force (ABF) method as implemented in NAMD [74]
was used to obtain the potential of mean force (PMF) for sodium ion translocation
through the wild-type and mutant receptors. In the ABF approach, the force acting
on the molecule of interest, i.e. the sodium ion in this case, is accumulated in small
bins and the average force is calculated, then the same amount of force in opposite
direction is applied to the ion during the simulation. Therefore, the ion feels zero net
force on average providing that it will visit all areas in the reaction coordinate with
the same probability. [74]
First, a short ABF simulation was run with taking the full pore axis as the
reaction coordinate. Then, the pore axis (channel z-axis) was split into 10 consecutive
ranges for ABF simulations each with 5 Å height. Conformations with a sodium ion
in each part of the pore axis was extracted from the initial short ABF simulation and
each of the 10 structures was run for 7.5 nanoseconds, i.e. until no more changes in
the PMF was observed. The width in each simulation window was 0.1 Å and 1000
force samples were collected each time to determine the average force applied to the
ion.

4.3

Results and Discussion
Molecular dynamics simulations of transmembrane domain (M1, M2, M3, and

M4 helices of each subunit) of wild-type and mutant human α7 nAChRs were carried
out. Both mutations studied (T248F and L251T) are located in the channel-lining
M2 helices. The sequence of the M2 helix of the α7 receptor (residues 243 to 261),
which has 40% sequence homology to M2 helices of other subunits, is as follows:
ISLGLTVLLSLTVFMLLVA. The residues with side chains facing inside the channel
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are S244, T248, L251 and S252 (partially), V255, and L259. Figure 4.2 shows representative channel structures. These residues are expected to have a considerable
effect on the size of the channel. Also, the two conserved regions (VVL, 259-261
and VFMLL, 255-259) are expected to play an important role in energetics of ion
transport.

Figure 4.2: (A) Side view of the complete ion channel system. Red helices represent
the TMD of the protein. Water is shown as blue dots, lipid bilayer as cyan sticks,
and ions as spheres. (B) A closer look at the TMD domain with key residues with
side-chains occupying the channel pore shown as van der Waals surfaces. Only ions
and the TMD helices are shown for clarity. Red helices represend channel-lining M2
helices. (C) A closer look at the channel-lining M2 helices with key residues. Blue,
green, violet and cyan colored van der Waals surfaces represent T248, L251, V255
and L259, respectively.
One of these residues, T248, which is hydrophilic, is mutated to a hydrophobic
phenylalanine residue. In the second mutation, the hydrophobic L251 is mutated to
hydrophilic threonine. Therefore, both mutations are expected to change ion permeation significantly in regard to both energetics and the size.
First, the structural stability of the protein was characterized by the backbone RMSD of the full transmembrane part for the wild type and the two mutants
with respect to their starting structures, which are shown in Figure 4.3. This data
corresponds to the early stages of simulation after all the constraints were released.
The RMSD data obtained using protein structures saved at every 12 ps together with
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the energy, temperature, and volume change over time (not shown) shows that the
systems are stable under the simulation conditions and equilibrated after 4-6 ns.

Figure 4.3: RMSD of backbone atoms of wild-type (red) and mutant (green and blue)
with respect to their starting structures over simulation times
After the equilibration, the simulations were run for at least 24 ns and during
that time, no ion permeation was observed. Using the data (structures saved every 4
ps) from the last 6 ns of these simulations, the channel radius profiles were obtained
for each system. Pore radius is important simply because an ion will not penetrate if
the channel is geometrically too narrow for the ion to fit through. Figure 4.4 shows
the radius profiles with standard error bars for the wild-type and mutant channels,
which were calculated using HOLE [197] algorithm, where the largest spheres that fit
to the channel structure throughout the pore axis were found using a Monte Carlo
simulated annealing procedure as implemented in HOLE [197] program.
The red curve is the radius profile for the wild-type protein, which shows
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Figure 4.4: Channel radius profiles of wild-type (red curve), T248F (green curve),
and L251T (blue curve) mutant proteins. The errors are the standard errors of the
mean.
that geometrically, the bottleneck region is around at -7 Å . The residues and their
corresponding approximate positions in the region -3 to -12 Å of the pore axis are:
T254≈-3Å , L253≈-4Å , S252≈-5Å , S251≈-7Å , L250≈-8Å , V249≈-9Å , and T248≈11Å . This is consistent with the visual observations that the L251 residue side-chais
are positioned toward to the channel pore. Not surprisingly, mutating this residue
to Thr causes a significant increase (by 1.1 Å ) in channel radius at the bottleneck
region.
Also, the radius around the -11/-12 Å region in the channel pore, is significantly larger than the bottleneck region. This can be attributed to the hydrophilic
T248 residue in that region. Again, mutating this residue (T248F) narrowed down
the channel radius by (≈0.4 Å )(blue curve) as expected due to the larger size of the
Phe compared to Thr.
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As can be seen from the radius profiles, the narrowest region has radii of 3 Å
or less in all three systems. The effect of a narrow channel is two-fold: If the gate is
too small (less then 3 Å ), then it will not permeate ions because of the size. If it has
a radius of 3 Å , then the first hydration shell of the ion needs to be substantially
changed for the ion to pass through the gate and the energetic cost of this change
might prevent the ion flow. Therefore, geometry is relevant in the energetics of the
channel. Next, we obtained the PMF profile for sodium ion translocation through
the wild-type and the two mutant structures as shown in Figure 4.5. The wild-type
structure shows 5.5 kcal/mol energy barrier at the bottleneck region (red curve),
which is the same region identified through radius profiles. Therefore, both energetically and geometrically, the channel gate was found to be located near the lower side
of the channel, and the L251 residue may be a key factor due to its hydrophobicity
and positioning of its side-chains inside the pore. Both energetically (Figure 4.5)
and geometrically (Figure 4.4), our studies are consistent with previous experimental
findings about the location of the gate [141, 167].
Turning to the PMF profiles for the mutant protein, the energy barrier is
lowered to ≈3.7 kcal/mol in L251T mutation (blue curve). Despite the geometric
increase in the radius and the decrease in the energetic barrier, no ion permeation
event was observed in this structure as is the case for the wild-type. On the other
hand, the T248F mutation has increased the barrier height to 9.4 kcal/mol (green
curve) as expected due to the size and hydrophobicity of PHE. Not surprisingly, this
structure also did not permeate any ions within the time scale of our simulations. The
wild-type muscle type structure has F at this position in α subunit. In this channel,
the residue F is aligned with hydrophilic residues from other subunits. However, in
α7, it forms a hydrophobic ring both energetically and geometrically changing the
channel permeation properties.
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Figure 4.5: PMF profiles of Na+ ion translocation through wild-type (red) and two
mutant (green and blue) channel proteins
In addition, the number of hydrogen bonds between the protein and water
inside the channel pore was calculated in all three structures. However, they all had
about the same number of hydrogen bonds within standard error bars as seen in Table
4.1.
Table 4.1: Number of Hydrogen Bonds between water and the M2 helices of each
channel structure
System
Number of H-Bonds
Wild-Type 20.7 ± 3.9
T248F
19.2 ± 3.7
L251F
24.2 ± 4.2

Next, an external electric field was applied to all three systems in increasing
strength to be able to observe ion permeation in short time scales and also to obtain
the open channel structures. First, an electrical field of 22 mV/nm was applied for 30
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ns and none of the systems permeated ions during this time. Then, the field strengths
of about 34, 43, 52, 60, 69, 78 and 86 mV/nm were applied consecutively. Each one of
these simulations was run for 6 ns making the total simulation times at least 100 ns.
The L251T mutant and the wild-type started conducting ions when the field strength
was raised to 34 mv/nm and 60 mV/nm, respectively. However, the T428F mutant
did not conduct even at the end of 60 ns of simulation with field strength ranging
from 22 to 86 mV/nm. Then, we kept increasing the field strength up to 200 mV/nm
and ran this particular system for another 70 ns. Then, the channel conducted ions.
The current vs. field strength for all three systems can be seen in Figure 4.6.

Figure 4.6: The change in current over external electric field for the wild-type (red
asuares) and the two mutant proteins (green triangles and blue diamonds
The results show that the channel permeate ions in simulation time scales
when an external field is applied. The minimum field strength needed to see first
ion permeation event was different for each system. As expected, the L251T mutant
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required least and the T248F mutant required the highest field strength.
In this context, there are several important points to consider. First, how natural is this treatment for a human membrane protein? The physiological membrane
potential is 40-80 mV, so it is reasonable to use an external potential around this
range to mimic the physiological conditions. However, the much higher potentials had
to be used in the present study to observe the ion permeation events in simulation
timescales as opposed to the natural channel opening time scale of µ to mseconds.
To address this, we continued running the simulations with an incrementally decreasing field strength and observed the ion permeation. Consequently, a stable open
(conducting) structure was obtained with a field strength of 38 mV/nm.
Second, does the external field cause the structural changes needed for the
protein to convert from an inactive to an active state? In other words, what structural changes take place when the protein changes from a nonconducting state to a
conducting one? First, the backbone RMSD of each M2 helix from the 24th ns (no
field) structure was obtained.
The RMSD being more than 1 Å as seen in Figure 4.7 suggests that significant
structural changes took place. To characterize those changes, we compared channel
radius profiles of ensembles of channel structures during the whole simulation (from
no field, to higher fields, then lowered fields). Figure 4.8 shows that the channel radius
is increased in the bottleneck region upon increasing the electric field incrementally.
Then, the radius stays large under lower field strengths.
Visual inspection of the MD trajectories indicates helix tilting during the opening of the channel. A representation of the increase in channel radius from an inactive
(noncunducting) to an active (conducting) state can be seen in Figure 4.9. Full transmembrane parts are visualized from the top, where red helixes correspond to channel
lining M2 helices and the rest of the helices are shown in white. Figure 4.10 is a side
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Figure 4.7: Backbone RMSD of TMD helices with external electric field strength
(the right vertical axis) over time. The reference structure used is the structure at
the beginning of 24th ns of the simulation.
look to open and closed structures, where only M2 helices are shown. The residues
with side-chains positioned towards the channel pore near the bottleneck region are
shown with their van der Walls radii.

4.4

Conclusion
Molecular dynamics simulations of wild-type and two mutant human neuronal

α7 nAChR were carried out. First, the structures were built through homology modeling using the electron microscopy structure of the muscle type structure as a model.
Only TMD of the proteins were used to increase the efficiency of simulations. The full
system involved the protein through DPPC lipid bilayer surrounded by physiological
saline solution. The initial structures are in closed (inactive) state.
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Constant pressure molecular dynamics simulations were performed. All simulations were run for at least 116 ns and including the PMF calculations, the total
simulation time for each system is approximately 190 ns. The channel radius profiles
were analyzed and ion translocation energetics through these channels were determined. ABF method was used to obtain the PMF profile of each channel. Based on
the geometricy and energetics, the gate of the channel was found to be at one of the
two hydrophobic conserved regions, i.e. V249-L251 region which is near the lower end
of the channel. This is consistent with previous findings. In particular, the narrowest part of the channel radius is where the L251 residue is positions. Mutating this
residue to THR significantly lowered the energetic barrier for ion translocation and
also increased the radius of the channel at the bottleneck region. The other mutant,
T248F showed an opposed effect due to the hydrophobicity of Phe residues.
Using an external electric field was found to be an effective way to obtain
open, conducting channel structures in simulation time scales. To avoid inducing
abrupt changes in the protein structure, the field applied was incrementally increased
until the channel radius is enlarged and ions permeate. Then, the field strength was
incrementally reduced and stable open structures (stable over at least 9 ns) were
obtained. Visual inspection of the channel opening events involved large scale helix
motions. Also, the ions were found to loose ≈33 percent of their first hydration shell
when passing through the bottleneck region.
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Figure 4.8: Channel radius profiles of the wild-type protein at different times of the
simulation
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Figure 4.9: Representative closed (A) and open (B) channel structures for the wildtype protein. The channel-lining M2 helices are shown in red along with key residues
with side-chains positioned towards the pore
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Figure 4.10: A closer look at the M2 helices of open (A) and closed (B) wild-type
channel
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Chapter 5
Locating Transition States in
Cyclodimerization of TFVE
Compounds
The work described in this chapter will be submitted for publication to the
Journal of Polymer Chemistry as part of ’Selective Click-Cyclopolymerization of Trifluorovinyl Ethers (TFVEs) toward Perfluorocyclobutyl (PFCB) Segmented Copolymers’, Jiyoung Park, Tugba G. Kucukkal, Jung-Min Oh, Steven J. Stuart, Stephen
E. Creager and Dennis W. Smith, Jr.

5.1

Introduction
Fluoropolymers are a group of plastics with unique thermal stability, chemi-

cal resistance and high insulating ability. However, their high degree of crystallinity
makes solution processability harder, and subsequently increases the cost of production. [63] Modification to produce a large variety of semi-crystalline fluoropolymers
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such as polytetrafluoroethylene (PTFE) and polychlorotrifluoroethylene (PCTFE)
lowers the cost of commercial production significantly. These fluoropolymers have
outstanding thermal, electrical and chemical resistance, and low friction. [63]
An entirely amorphous and solution-processable class of semi-fluorinated polymers is perfluorocyclobutyl (PFCB) aryl ether polymers introduced in the 1990s. [63]
One way to prepare PFCB aryl ethers is thermal cyclodimerization of aryl trifluorovinyl ether (TFVE)-containing monomers. Formation of the cyclobutane ring is less
sterically strained compared to high strain fuoroolefin, therefore thermodynamically
favored. Oxygen-containing fluoroolefin ethers have 15-20 kcal/mol lower activation
energy for cycloaddition compared to alkyl fluoroolefins. [198, 199, 200] Formation of
a cyclobutane ring, with trans- and cis- conformations, from a difunctional TFVE is
shown in Figure 5.1.

Figure 5.1: Thermal polymerization of TFVE monomers forming cis- and transgeometries of PFCB products
The resulting PFCBs have the unique properties of fluoropolymers with additional advantage of excellent solubility and solution processability. [63] Outstanding thermal stability and high solution processability makes PFCBs attractive for a
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range of applications. Areas of application include photonics, optics, atomic oxygen
resistant coatings, hybrid composites, proton exchange membranes for fuel cells, and
liquid crystals. [201, 63] New PFCB-containing polymers are under development in
Professor Dennis Smith’s group at the University of Texas at Dallas. Their recent
study includes co- and homodimerization of biphenyl TFVE (BP-TFVE) aryl ether
and modified BP-TVFE (6F-TFVE) to produce the compounds labeled BP-PFCB,
6F-PFCB and BP/6F-PFCB in Figure 5.1.

Figure 5.2: TFVE monomers and PFCB dimers
The goal of the present computational study is to obtain the activation energies for these three reactions and subsequently compare their reactivity. A general
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proposed reaction mechanism is shown in Figure 5.1. It is expected that the formation
of products from the intermediate will be fast since it only involves radical coupling.
Therefore, this study focuses on locating the first transition state in each reaction.
Also, obtaining the full reaction mechanism is beyond the scope of the present study.
It is worth noting that not solvent being used in the experimental procedure,
i.e. the reactions are not solvent mediated, simplifies the quantum mechanical simulations.

Figure 5.3: Proposed reaction mechanism of TFVE dimerization. Figure not drawn
to scale
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5.2

Methods
All calculations were performed using the Gaussian 09 software [202]. The

transition state structures were located at the B3LYP/6-31G(d) [65, 203, 204, 205,
206] level of theory. The reactant, intermediate, and product structures were optimized at B3LYP/6-31+G(d) [65, 203, 204, 205, 206, 207] level of theory assuming singlet states. Initially, transition states and intermediates were assumed to be singlets
and triplets, respectively. However, a triplet transition state and singlet intermediates
were also considered.
Protocol for Locating Transition States:
First, optimized product structures were obtained. Then, 20 structures were
prepared from those optimized structures by elongating the C2-C2 bond length, and
also changing the C1-C2-C3 and C2-C3-C4 angles, and C1-C2-C3-C4 dihedral angle.
(The carbon labels are shown in Figure 5.3) Geometry optimizations were performed
and the lowest energy structure from these was assumed to be the intermediate structure and it was taken for further investigation to locate transition states. Then, the
aforementioned angles and bond distance were changed until transition states are
located at the B3LYP/6-31G(d) level of theory. Presence of only one imaginary frequency was confirmed by frequency calculations for each transition state located. The
vibrational frequencies were visualized using the Avogadro software [7] to ensure that
the imaginary frequency motion corresponds to the Carbon-Carbon (C2-C2) bond formation. Finally, the single point energy calculations were performed on the transition
state structures at five different levels of theory: B3LYP/6-31+G(d) [65, 203, 204,
205, 206, 207], B3LYP/6-311++G(d,p) [65, 203, 204, 205, 206, 207], mPW1PW91/631+G(d,p) [204, 205, 206, 206, 207, 208], B97X/cc-pVTZ [209, 210, 211, 212] and
M062X/6-31+G(d,p) [204, 205, 206, 206, 207, 208, 213].
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5.3

Results and Discussion
Cycloaddition reactions of the fluoroolefins (formation of BP-PFCB, BP/6F-

PFCB, and 6F-PFCB) were studied using several different DFT [64, 65] methods.
The barrier heights for these cycloaddition reactions were obtained. Figure 5.3 shows
the structures of the reactants and the products optimized at the B3LYP/6-31+G(d)
level of theory. Both the cis- and trans- conformations of the products, which are
shown in Figure 5.1, were considered. The cyclobutyl ring in the products was found
to be nearly planar as seen in Table 5.1. Not surprisingly, the products were found
to be more stable than the reactants by about 37 kcal/mol as shown in Table 5.2.
Table 5.1: Important Geometrical Features of Product Structures
Bond Length (Å )
Angle (◦ )
C1-C2
C2-C3
C1-C2-C3
C1-C2-C3-C4
(C3-C4) (C1-C4)
(C2-C3-C4)
BP-PFCB (cis)
1.58
1.57
89.8
-10.4
(1.58)
(1.58)
(89.7)
BP-PFCB (trans)
1.58
1.57
89.6
-11.9
(1.58)
(1.58)
(89.6)
BP/6F-PFCB (cis)
1.58
1.57
89.9
-9.9
(1.58)
(1.58)
(89.7)
BP/6F-PFCB (trans) 1.58
1.57
89.6
-11.8
(1.58)
(1.58)
(89.6)
6F-PFCB (cis)
1.58
1.57
89.9
-9.6
(1.58)
(1.58)
(89.8)
6F-PFCB (trans)
1.58
1.57
89.6
-11.6
(1.58)
(1.58)
(89.6)

Table 5.2: The Energy Difference Between the Reactants and the Products
Cis-∆E (kcal/mol) trans∆E (kcal/mol)
BP-PFCB
-37.0
-37.9
BP/6F-PFCB -37.0
-37.8
6F-PFCB
-36.9
-37.7
Since both the product and the reactant structures have no unpaired electrons,
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Figure 5.4: Optimized Structures of the Reactants and the Products
they were all optimized in singlet states. However, the intermediate structures, which
were optimized next, have two unpaired electrons. The intermediate could be a triplet
or a singlet depending on the spins of electrons. Opposite-spin electrons would make
a singlet structure while same-spin electrons would make a triplet. It may be a
triplet due to Aufbau principle, i.e. same-spin elecrons in equivalent orbitals have
lower energy. If the intermediate is a triplet, then it would require a spin transition
from triplet to singlet to form the products. It may also be a singlet because when
the first bond forms, it needs to form from an opposite-spin electrons leaving behind
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the other pair of opposite spin electrons. These unpaired electrons with oppositespin would be a singlet. If the intermediate is formed as a singlet, then, the whole
reaction would proceed as a singlet and a spin transition would not need to occur to
form the products. Initially, we proceeded with the assumption that the intermediate
is a triplet. After locating a candidate intermediate structure, it was then further
modified to the reactants side to build candidate transition state structures. These
first transition states are thought to be a singlet since the radical is not fully formed
at that point, yet.
The transition state structures were located at the B3LYP/6-31G(d) [3-7] level
of theory using the procedure outlined earlier. Attempts to locate the transition states
with the diffuse functions (with 6-31+G(d) basis set) were unsuccesful, therefore; the
diffuse functions were not used. We have considered two geometries for the first
transition state; gauche and anti conformations as shown in Figure 5.3.

Figure 5.5: Anti and Gauche Transition State Structures
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The transition states with the anti conformation were found to have substantially lower energies, (Table 5.3) compared to the gauche transition states, therefore;
kinetics will cause the reaction to primarily proceed through the anti conformation.
The lower energy optimized transition state structures are shown in Figure 5.3 and
the optimized structures for the other set are shown in Figure 5.3. Also, important
geometrical features of anti and gauche transition states are summarized in Tables
5.4 and 5.5.
Table 5.3: Comparison of Energies of Two Sets
Energy of Gauche TS1
(Hartrees)
BP-PFCB
(cis)
-1827.1376
(trans)
BP/6F-PFCB (cis)
-2540.5050
(trans)
6F-PFCB
(cis)
(trans) -3253.8704

Table 5.4: Important Geometrical Features
Bond Length (Å )
C1-C2
C2-C3
(C3-C4)
TS-BP-PFCB (cis)
1.42
1.78
(1.41)
TS-BP-PFCB (trans)
1.42
1.78
(1.41)
TS-BP/6F-PFCB (trans) 1.42
1.79
(1.41)
6F-PFCB (cis)
1.41
1.79
(1.42)

of Transition States
Energy of Anti TS1
(Hartrees)
-1827.1563
-1827.1572
-2540.5217
-3253.8833

of Anti TS Structures
Angle (◦ )
C1-C2-C3
C1-C2-C3-C4
(C2-C3-C4)
111.6
-179.5
(113.1)
113.0
-178.7
(111.8)
113.0
-179.2
(111.3)
112.0
-177.8
(111.6)

After locating the transition states, the activation energies for all three reactions were calculated. The trans and/or cis configurations of transition states are used
interchangeably as the barrier heights associated with the C-C bond formation for cis
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Figure 5.6: Optimized Transition State Structures with Anti Geometry
and trans conformations are found to be sufficiently close as shown in Table 5.6. For
example, the activation energies for the cis and trans configurations of BP-PFCB are
27.8 kcal mol-1 and 28.0 kcal mol-1, respectively.
The first two reactions, i.e. formation of BP-PFCB and BP/6F-PFCB present
lower activation barriers: 28.0 kcal mol-1 and 28.1 kcal mol-1, respectively. On the
other hand, the 6F-PFCB formation (43.4 kcal mol-1) has higher in energy than those
associated with the BP. The energies of the B3LYP/6-31G(d) [65, 203, 204, 205,
206] optimized transition state geometries were further calculated at the B3LYP/631+G(d) [65, 203, 204, 205, 206, 207], B3LYP/6-311++G(d,p) [65, 203, 204, 205,
206, 207], mPW1PW91/6-31+G(d,p) [204, 205, 206, 206, 207, 208], B97X/cc-pVTZ
[209, 210, 211, 212] and M062X/6-31+G(d,p) [204, 205, 206, 206, 207, 208, 213] levels
of theory as shown in Table 5.6 to further confirm the order. The same trend in the
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Figure 5.7: Optimized Transition State Structures with Gauche Geometry
activation energies was consistently observed with all the methods, i.e. the activation
energy of 6F-PFCB was found to be 10-17 kcal/mol larger than those of BP-PFCB
and BP/6F-PFCB. In the light of these findings, faster homodimerization of BPTFVE is expected, while slower homodimerization is expected for the 6F-TFVE.
This agrees with and further explains the experimentally observed selectivity.
The spin states of the transition states and intermediates were further investigated. First of all, all transition states were obtained assuming singlet states.
Formation of 6F-PFCB was used to confirm that the singlet state presented a lower
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Table 5.5: Important Geometrical Features of Gauche TS Structures
Bond Length (Å )
Angle (◦ )
C1-C2
C2-C3
C1-C2-C3
C1-C2-C3-C4
(C3-C4)
(C2-C3-C4)
TS-BP-PFCB (cis)
1.46
1.72
115.3
-58.3
(1.45)
(113.0)
TS-BP/6F-PFCB (trans) 1.44
1.75
114.9
-56.4
(1.44)
(112.1)
6F-PFCB (cis)
1.44
1.78
112.0
54.6
(1.43)
(115.0)
Table 5.6: Ea for BP-PFCB, BP/6F-PFCB and 6F-PFCB with different DFT methods
Ea (kcal/mol)
BP-PFCB
BP/6F-PFCB
6F-PFCB

B3LYP/
6-31+G(d)
28.0
28.1
43.4

B3LYP/
6-311++G(d,p)
29.9
30.0
40.2

mPW1PW91/
6-31G+(d,p)
27.3
27.5
43.5

ωB97X/
cc-VTZ
39.9
40.1
57.3

M062X/
6-31+G(d,p)
28.0
28.5
46.0

energy barrier. The transition states for both singlet and triplet states were located
for this particular reaction and the triplet structure was found to have a much higher
energy by 251 kcal/mol. However, this transition state has a gauche geometry; therefore, the greater barrier could be due to the geometry as well as the spin state. As
mentioned before, gauche transition states have substantially high energies compared
to transition states with anti geometry (Table 5.3).
For the formation of BP-PFCB, the gauche and anti transition state geometries were energy optimized as both a singlet and a triplet separately to predict the
intermediate structures or the nearest energy well in the potential energy surface.
The singlet intermediate from gauche transition has a lower energy (by 17.3 kcal/mol). However, the triplet intermediate from anti transition state was found to have
a lower energy (by 9.5 kcal/mol) Although these results are not conclusive since the
full reaction mechanism has not been obtained, we speculate that a triplet anti intermediate will form after the singlet anti transition state, then, the spin conversion
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and dihedral rotation take place to form a more stable singlet gauche intermediate.
Finally, a fast radical coupling with negligibly small energy barrier takes place to
form the final product.

5.4

Conclusion
The reactant, product, and the first transition state structures in homo- and

cocyclodimerization reactions of BP-TFVE and 6G-TFVE were obtained through
DFT calculations. Two geometries (anti and gauche) were considered for the transition states. The anti transition states were found to have significantly lower energies
by about 8-12 kcal/mol compared to the gauche transition states. The activation energies indicate that homodimerization of BP-TFVE is faster than that of 6F-TFVE.
The transition states were located assuming singlet states but triplet states were also
considered. However, the intermediate structures obtained by energy minimizing the
transition state structures were not conclusive at this point to determine the full
reaction mechanism.
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Appendix A

Optimized Structures

BP-PFCB Anti TS (trans) Geometry
C 7.36356 1.86941 -0.46319
C 6.00591 2.02579 -0.13561
C 5.49021 3.33050 -0.05350
C 6.30241 4.43858 -0.28962
C 7.64899 4.26712 -0.61558
C 8.17559 2.97706 -0.70172
C 5.14035 0.84623 0.11611
C 4.15550 0.86969 1.11873
C 3.33725 -0.22958 1.36335
C 3.49981 -1.37570 0.58888
C 4.46850 -1.43941 -0.40837
C 5.27944 -0.33160 -0.63794
O 2.75759 -2.54176 0.79693
C 1.53296 -2.47950 1.33605
C 0.39634 -1.92619 0.69035
F 0.65193 -0.76767 0.02263
F 1.31078 -3.48929 2.17964
F -0.67589 -1.76681 1.50669
C -0.25241 -2.97455 -0.59788
F -0.53704 -4.11366 0.07204
C -1.36480 -2.38567 -1.24220
F -1.13331 -1.42696 -2.14175
O -2.59951 -2.48862 -0.76306
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C -3.41183 -1.35842 -0.57081
C -4.78214 -1.58528 -0.65480
C -5.65935 -0.52765 -0.43607
C -5.18716 0.76313 -0.14108
C -3.79704 0.95035 -0.06284
C -2.90206 -0.09651 -0.27265
C -6.12723 1.89078 0.08092
C -7.30127 2.01089 -0.68193
C -8.18548 3.06844 -0.47494
C -7.91439 4.03135 0.49882
C -6.75146 3.92593 1.26398
C -5.86848 2.86704 1.05802
F 0.82495 -3.13685 -1.40394
H 4.43692 3.47524 0.17089
H 7.79140 0.87150 -0.50519
H 4.04725 1.75335 1.74073
H 2.59087 -0.20644 2.15077
H 6.01483 -0.37274 -1.43586
H 4.56433 -2.34424 -0.99939
H 9.22457 2.83158 -0.94619
H 5.87927 5.43783 -0.22833
H 8.28199 5.13060 -0.80096
H -1.83421 0.07033 -0.20151
H -3.40215 1.94039 0.14490
H -5.14372 -2.58414 -0.87628
H -6.72875 -0.71197 -0.47381
88

H -8.60290 4.85635 0.65991
H -6.53458 4.66494 2.03082
H -4.98109 2.77943 1.67883
H -7.50837 1.28362 -1.46218
H -9.08333 3.14511 -1.08257

BP-PFCB Anti TS (cis) Geometry
C -7.41335 2.15148 1.21982
C -7.20090 1.41031 0.04497
C -8.08512 1.60292 -1.03009
C -9.14389 2.50455 -0.93403
C -9.34152 3.23488 0.23922
C -8.47106 3.05436 1.31566
C -6.07220 0.45135 -0.05739
C -4.82121 0.74146 0.51275
C -3.75161 -0.14686 0.42781
C -3.94066 -1.35254 -0.24440
C -5.16321 -1.67647 -0.82438
C -6.21831 -0.77428 -0.72995
O -2.91613 -2.29745 -0.42752
C -1.91865 -2.42221 0.43818
F -2.19273 -2.21288 1.72659
C -0.56032 -2.40261 0.03524
F 0.28462 -2.94320 0.94417
C 0.04590 -0.74311 -0.13343
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F -0.81997 -0.21549 -1.03722
C 1.39559 -0.68468 -0.54585
F 1.66200 -0.86259 -1.84988
O 2.37065 -1.03831 0.30246
C 3.63910 -0.46936 0.17939
C 3.88922 0.69162 -0.54945
C 5.18689 1.19746 -0.58492
C 6.24367 0.56711 0.09215
C 5.95070 -0.60038 0.81891
C 4.66145 -1.12065 0.86550
C 7.62223 1.11589 0.04228
C 8.13279 1.67880 -1.13986
C 9.42630 2.19636 -1.18692
C 10.24021 2.16017 -0.05326
C 9.74760 1.60270 1.12806
C 8.45307 1.08761 1.17530
F -0.17948 -0.21976 1.10120
F -0.34286 -2.91663 -1.19784
H 3.08469 1.20252 -1.06751
H 4.43627 -2.02797 1.41645
H 6.74961 -1.12544 1.33405
H 5.37489 2.11794 -1.12973
H 8.07057 0.68227 2.10807
H 10.36912 1.57670 2.01932
H 11.24895 2.56238 -0.09012
H 9.80223 2.61982 -2.11466
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H 7.51892 1.68594 -2.03638
H -2.78829 0.10984 0.85155
H -5.27566 -2.62779 -1.33410
H -7.17904 -1.03801 -1.16180
H -4.66911 1.69508 1.00947
H -6.75892 1.99849 2.07356
H -7.92397 1.06136 -1.95819
H -9.81010 2.64332 -1.78145
H -10.16634 3.93824 0.31403
H -8.62050 3.61114 2.23700

BP-PFCB Gauche TS (cis) Geometry
O 0.26125 -1.67381 0.63071
C 0.88359 -2.76277 0.08184
C 2.10578 -3.15415 0.75930
C 3.37605 -2.00914 0.56759
C 3.75895 -1.73141 -0.80832
O 3.49536 -0.72643 -1.60482
F 2.96860 -0.90510 1.23527
F 1.30315 -2.48217 -1.22586
F 4.46688 -2.66256 -1.40563
F 4.40491 -2.59751 1.23624
F 2.66689 -4.27132 0.22652
F 2.00365 -3.30412 2.09119
C -1.10605 -1.52722 0.44705
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C -1.65265 -0.31951 0.88288
C -3.01761 -0.09148 0.73761
C -3.86366 -1.05381 0.15895
C -3.28197 -2.26030 -0.26525
C -1.91739 -2.50442 -0.12821
H -1.47743 -3.44475 -0.44299
H -3.91314 -3.03732 -0.68729
H -3.42998 0.86149 1.05691
H -0.99841 0.42729 1.32158
H -5.53845 0.22384 1.88581
C -6.04535 -0.11057 0.98477
C -7.41134 0.12485 0.83586
H -7.95262 0.65754 1.61358
C -8.08495 -0.33205 -0.29840
H -7.88961 -1.37932 -2.17391
H -9.15008 -0.15034 -0.41381
C 1.59483 0.73286 -1.41474
C 2.93564 0.49621 -1.15136
C 3.76333 1.44564 -0.56769
H 4.81407 1.23069 -0.40126
C 3.21426 2.67865 -0.22486
H 3.85561 3.44026 0.20770
C 1.85795 2.96511 -0.46179
C 1.06400 1.97195 -1.06062
H 0.00765 2.15674 -1.22821
H 0.98358 -0.04485 -1.85565
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C 1.28117 4.28251 -0.09052
C 1.67308 4.93325 1.09138
H 2.38680 4.45314 1.75515
H 1.44157 6.65054 2.36414
C 1.13092 6.16904 1.44080
C 0.18496 6.77996 0.61565
H -0.23812 7.74293 0.88798
C -0.21412 6.14459 -0.56163
H -0.94399 6.61520 -1.21486
C 0.32835 4.90907 -0.91126
H 0.03029 4.43630 -1.84296
C -5.31879 -0.80480 0.00198
C -6.01122 -1.25675 -1.13473
H -5.46623 -1.77276 -1.92047
C -7.37796 -1.02525 -1.28260

BP/6F-PFCB Anti TS (cis) Geometry
C -4.21479 1.40289 2.04615
C -5.26509 1.22631 1.13185
C -6.58103 1.36201 1.59428
C -6.83519 1.64013 2.93847
C -5.78511 1.80601 3.83953
C -4.47107 1.69062 3.38522
C -4.90767 0.96572 -0.35145
C -4.51910 2.34789 -0.95692
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F -5.43677 3.28472 -0.66882
C -3.77495 -0.07749 -0.48346
C -2.73005 0.03090 -1.41099
C -1.75846 -0.96207 -1.52418
C -1.83888 -2.08833 -0.71182
C -2.87770 -2.23648 0.20249
C -3.83548 -1.23386 0.31014
O -0.94147 -3.15178 -0.78940
C 0.28663 -2.97359 -1.30159
F 0.64984 -3.98751 -2.08943
C 1.32617 -2.26977 -0.64235
F 2.40753 -2.02508 -1.42339
C 2.03472 -3.18599 0.71792
F 0.95324 -3.42620 1.49720
C 3.05390 -2.44598 1.36106
F 2.68832 -1.47531 2.20025
O 4.30654 -2.44061 0.92572
C 5.00604 -1.24428 0.68723
C 4.37919 -0.05609 0.31854
C 5.17128 1.06004 0.05793
C 6.57197 1.01333 0.15545
C 7.16350 -0.20633 0.52752
C 6.39031 -1.33137 0.79687
C 7.40036 2.21180 -0.13079
C 7.06010 3.09110 -1.17278
C 7.83760 4.21592 -1.44343
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C 8.97396 4.48584 -0.67874
C 9.32507 3.62088 0.35929
C 8.54648 2.49677 0.63056
F 2.46318 -4.31617 0.11465
F 0.91488 -1.12214 -0.03594
C -6.11111 0.40866 -1.16930
F -5.73146 0.02168 -2.39873
F -7.09985 1.31631 -1.33089
F -6.64983 -0.66649 -0.55810
F -4.39950 2.31566 -2.30445
F -3.33826 2.77381 -0.46344
H -7.42086 1.25378 0.92094
H -3.18795 1.31118 1.71022
H -3.63956 1.82181 4.07210
H -7.86412 1.73096 3.27542
H -2.65585 0.88826 -2.06640
H -2.92263 -3.12710 0.82015
H -4.63842 -1.35318 1.02834
H 3.30140 0.00196 0.22910
H 6.84411 -2.27710 1.07458
H 4.68539 1.99397 -0.20834
H 8.24515 -0.28271 0.58390
H -0.95241 -0.86489 -2.24359
H 6.19435 2.87573 -1.79299
H 8.81363 1.84562 1.45839
H 10.20288 3.82581 0.96644
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H 7.55986 4.87751 -2.25970
H 9.58061 5.36219 -0.88988
H -5.98770 2.02436 4.88441

BP/6F-PFCB Gauche TS (cis) Geometry
C 5.95729 0.13053 -0.49895
C 5.36381 -1.14121 -0.47144
C 6.02506 -2.19966 -1.10848
C 7.23174 -1.98240 -1.77590
C 7.80833 -0.71399 -1.80442
C 7.16690 0.34259 -1.15740
C 4.04952 -1.31862 0.32609
C 4.45451 -1.38964 1.82945
F 5.45067 -2.26676 2.02661
C 3.05580 -0.17101 0.03528
C 2.26603 0.43291 1.02175
C 1.35329 1.44044 0.70854
C 1.21778 1.82671 -0.62078
C 1.96573 1.22965 -1.63103
C 2.87888 0.23662 -1.29697
O 0.30623 2.79867 -1.05702
C -0.14926 3.75963 -0.28394
F 0.62460 4.23136 0.68155
C -1.41858 4.38905 -0.51668
F -1.36529 5.73638 -0.34791
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C -2.67412 3.95190 0.61425
F -2.16806 4.44994 1.77283
C -2.88802 2.52595 0.66178
F -1.64358 1.97281 0.93296
O -3.47642 1.97366 -0.42785
C -4.12767 0.75134 -0.29597
C -4.33998 0.12030 0.92821
C -5.01096 -1.10048 0.95318
C -5.47815 -1.71052 -0.22248
C -5.24884 -1.04375 -1.43889
C -4.57974 0.17516 -1.48202
C -6.18900 -3.01342 -0.18214
C -7.08493 -3.31699 0.85737
C -7.75059 -4.54120 0.89687
C -7.53899 -5.49005 -0.10505
C -6.65365 -5.20268 -1.14548
C -5.98565 -3.97960 -1.18230
F -3.73192 4.68602 0.23622
F -1.92746 4.08005 -1.73027
C 3.30387 -2.63970 -0.03175
F 2.08734 -2.68449 0.53555
F 3.97053 -3.74223 0.37430
F 3.12940 -2.74359 -1.36543
F 3.43139 -1.76697 2.62964
F 4.87992 -0.18696 2.26850
H 5.61459 -3.20032 -1.09342
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H 5.47056 0.96251 -0.00222
H 7.60496 1.33678 -1.16366
H 7.72132 -2.81665 -2.27054
H 2.34293 0.12926 2.05686
H 1.82762 1.54577 -2.65945
H 3.46415 -0.22271 -2.08483
H 0.74753 1.88433 1.48715
H 8.74875 -0.55025 -2.32322
H -3.98195 0.58062 1.84294
H -5.15284 -1.60068 1.90694
H -4.41051 0.69445 -2.41995
H -5.62173 -1.47398 -2.36386
H -5.27717 -3.77921 -1.98140
H -6.47381 -5.93679 -1.92667
H -8.05879 -6.44384 -0.07534
H -8.44404 -4.74973 1.70750
H -7.28046 -2.57531 1.62702

6F-PFCB Anti TS (cis) Geometry
C 8.15538 2.58867 -0.92733
C 7.07085 1.93498 -0.32739
C 5.80983 2.54949 -0.37673
C 5.63374 3.77229 -1.02128
C 6.71614 4.40604 -1.63224
C 7.97416 3.80857 -1.58130
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C 7.20703 0.60506 0.45247
C 7.25605 0.98590 1.96268
F 8.15286 1.95753 2.19427
C 6.04575 -0.36050 0.12286
C 5.66986 -0.51646 -1.22050
C 4.66370 -1.40240 -1.59254
C 4.01903 -2.14276 -0.60787
C 4.37872 -2.02732 0.73015
C 5.39463 -1.14257 1.08675
O 3.05106 -3.04803 -1.05111
C 2.00381 -3.35410 -0.28053
F 1.62880 -4.61966 -0.44015
C 1.00197 -2.43677 0.14122
F 0.16856 -2.93254 1.08221
C -0.10820 -2.00890 -1.19808
F 0.75564 -1.54714 -2.13520
C -1.07602 -1.06187 -0.80149
F -0.70952 0.22757 -0.74303
O -2.06928 -1.42373 0.02275
C -3.30360 -0.78196 -0.04824
C -3.68737 0.02939 -1.11172
C -4.95668 0.60768 -1.10289
C -5.85678 0.37087 -0.05656
C -5.43505 -0.44729 1.00415
C -4.16932 -1.02168 1.01576
C -7.25160 1.03062 0.03273
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C -8.31797 0.03074 0.54159
C -9.30421 0.36820 1.47801
C -10.26492 -0.56768 1.86540
C -10.27129 -1.84730 1.31360
C -9.30459 -2.18720 0.36676
C -8.33826 -1.25829 -0.01391
F -0.61134 -3.21329 -1.54937
F 1.47891 -1.22419 0.51575
C 8.52091 -0.15948 0.10986
F 8.65079 -0.31583 -1.22371
F 8.53171 -1.38598 0.65873
F 9.62844 0.47822 0.54923
F 6.05576 1.43378 2.38434
F 7.59266 -0.05811 2.75484
C -7.75706 1.54464 -1.34876
F -7.68117 0.57169 -2.27982
F -9.03780 1.94231 -1.28524
F -7.04131 2.59523 -1.81201
C -7.08993 2.26378 0.97180
F -6.87284 1.87073 2.24388
F -6.04615 3.02630 0.60501
F -8.17895 3.06481 0.97877
H -3.01173 0.21619 -1.93890
H -5.22632 1.24687 -1.93275
H -3.84510 -1.65440 1.83517
H -6.10500 -0.64185 1.83359
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H -9.33935 1.35685 1.91543
H -11.01359 -0.28537 2.60039
H -11.02216 -2.57200 1.61601
H -9.29744 -3.17833 -0.07827
H 3.87866 -2.62538 1.48480
H 5.66906 -1.08026 2.13102
H 4.36795 -1.51716 -2.62976
H 6.16272 0.06714 -1.98929
H 4.95781 2.06818 0.09031
H 4.64694 4.22609 -1.04556
H 6.58026 5.35656 -2.14066
H 8.82818 4.29188 -2.04768
H 9.14862 2.16151 -0.89371
H -7.59177 -1.53993 -0.74809

6F-PFCB Gauche TS (trans) GEometry
C 8.22902 -1.69319 -1.19262
C 7.42664 -0.90557 -0.35619
C 7.88367 0.37426 -0.00517
C 9.09741 0.85921 -0.48836
C 9.88001 0.07436 -1.33570
C 9.43936 -1.20098 -1.68409
C 6.09839 -1.40362 0.26298
C 6.43633 -1.85398 1.71572
F 5.41968 -2.52129 2.30923
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C 5.00787 -0.30932 0.22115
C 4.85106 0.43543 -0.95917
C 3.84464 1.38576 -1.08665
C 2.97158 1.60767 -0.02284
C 3.10195 0.88387 1.15909
C 4.10941 -0.07386 1.26985
O 2.00124 2.57691 -0.22759
C 1.01476 2.71901 0.69951
F -0.00465 1.79279 0.51813
C 0.37133 4.00403 0.74387
F 1.18474 5.06887 0.78867
C -0.62295 4.30152 -0.69948
F 0.28072 4.42173 -1.69861
F -0.56617 4.10395 1.71680
C -1.60122 3.29168 -0.97552
F -1.31506 2.32910 -1.83423
F -1.17317 5.50182 -0.39781
O -2.78248 3.31203 -0.40278
C -3.60256 2.17675 -0.28492
C -3.09983 0.89107 -0.10519
C -4.00711 -0.15522 0.04057
C -5.39366 0.05820 0.01259
C -5.85898 1.37191 -0.13884
C -4.96826 2.43100 -0.29731
C -6.32715 -1.15480 0.23183
C -5.85037 -2.38549 -0.57623
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C -5.84824 -3.68853 -0.06075
C -5.44633 -4.76404 -0.85463
C -5.05806 -4.56317 -2.17784
C -5.07439 -3.27192 -2.70584
C -5.46602 -2.19517 -1.91282
C -6.34560 -1.41516 1.76856
F -7.29026 -2.30773 2.13610
C -7.78983 -0.86884 -0.22340
F -7.81337 -0.39052 -1.48474
F -6.58614 -0.28403 2.45289
F -5.15564 -1.89215 2.18659
F -8.41258 0.04209 0.55938
F -8.53706 -1.98263 -0.19933
C 5.51102 -2.63240 -0.49366
F 4.27858 -2.93774 -0.05365
F 6.26345 -3.74794 -0.35386
F 5.41390 -2.37958 -1.81539
F 6.72144 -0.79036 2.49432
F 7.50406 -2.66922 1.74140
H -5.32433 3.44780 -0.42343
H -2.03482 0.70399 -0.06025
H -6.91766 1.59194 -0.13844
H -3.62006 -1.15800 0.17839
H -5.47075 -1.19764 -2.33813
H -4.78037 -3.09711 -3.73699
H -4.74737 -5.40354 -2.79224
103

H -5.44345 -5.76396 -0.42990
H -6.15671 -3.88449 0.95739
H 2.42102 1.06906 1.98282
H 3.72517 1.95894 -2.00024
H 5.52488 0.27284 -1.79266
H 4.17716 -0.63251 2.19378
H 7.28418 0.99810 0.64821
H 10.82388 0.45275 -1.71850
H 7.92663 -2.69417 -1.46991
H 10.03936 -1.82679 -2.33905
H 9.42755 1.85387 -0.20170

104

Bibliography
[1] S. W. Rick and S. J. Stuart, “Potentials and algorithms for incorporating polarizability in computer simulations,” Reviews in Computational Chemistry,
vol. 18, pp. 89–146, 2002.
[2] S. W. Rick, S. J. Stuart, J. S. Bader, and B. J. Berne, “Fluctuating charge forcefields for aqueous-solutions,” Journal of Molecular Liquids, vol. 65-6, pp. 31–40,
1995.
[3] S. W. Rick, S. J. Stuart, and B. J. Berne, “Dynamical fluctuating charge forcefields - application to liquid water,” Journal of Chemical Physics, vol. 101, no. 7,
pp. 6141–6156, 1994.
[4] J. E. Davis and S. Patel, “Charge equilibration force fields for lipid environments: Applications to fully hydrated dppc bilayers and dmpc-embedded gramicidin a,” The Journal of Physical Chemistry B, vol. 113, no. 27, pp. 9183–9196,
2009.
[5] J. E. Davis, O. Raharnan, and S. Patel, “Molecular dynamics simulations of
a dmpc bilayer using nonadditive interaction models,” Biophysical Journal,
vol. 96, no. 2, pp. 385–402, 2009.
[6] S. Patel and C. L. Brooks, “Fluctuating charge force fields: Recent developments and applications from small molecules to macromolecular biological systems,” Molecular Simulation, vol. 32, no. 3-4, pp. 231–249, 2006.
[7] S. Patel and C. L. Brooks, “Charmm fluctuating charge force field for proteins:
I parameterization and application to bulk organic liquid simulations,” Journal
of Computational Chemistry, vol. 25, no. 1, pp. 1–15, 2004.
[8] S. Patel, A. D. Mackerell, and C. L. Brooks, “Charmm fluctuating charge force
field for proteins: Ii - protein/solvent properties from molecular dynamics simulations using a nonadditive electrostatic model,” Journal of Computational
Chemistry, vol. 25, no. 12, pp. 1504–1514, 2004.

105

[9] P. Y. Ren and J. W. Ponder, “Polarizable atomic multipole water model
for molecular mechanics simulation,” The Journal of Physical Chemistry B,
vol. 107, no. 24, pp. 5933–5947, 2003.
[10] P. Y. Ren and J. W. Ponder, “Consistent treatment of inter- and intramolecular polarization in molecular mechanics calculations,” Journal of Computation
Chemistry, vol. 23, no. 16, pp. 1497–1506, 2002.
[11] G. Lamoureux, E. Harder, I. V. Vorobyov, B. Roux, and A. D. MacKerell, “A
polarizable model of water for molecular dynamics simulations of biomolecules,”
Chemical Physics Letters, vol. 418, no. 1-3, pp. 245–249, 2006.
[12] G. Lamoureux and B. Roux, “Modeling induced polarization with classical
drude oscillators: Theory and molecular dynamics simulation algorithm,” Journal of Chemical Physics, vol. 119, no. 6, pp. 3025–3039, 2003.
[13] P. E. M. Lopes, G. Lamoureux, and A. D. Mackerell, Jr., “Polarizable empirical force field for nitrogen-containing heteroaromatic compounds based on the
classical drude oscillator,” Journal of Computational Chemistry, vol. 30, no. 12,
pp. 1821–1838, 2009.
[14] P. E. M. Lopes, G. Lamoureux, B. Roux, and A. D. MacKerell, Jr., “Polarizable
empirical force field for aromatic compounds based on the classical drude oscillator,” The Journal of Physical Chemistry B, vol. 111, no. 11, pp. 2873–2885,
2007.
[15] H. Yu, T. W. Whitfield, E. Harder, G. Lamoureux, I. Vorobyov, V. M. Anisimov,
A. D. MacKerell, Jr, and B. Roux, “Simulating monovalent and divalent ions
in aqueous solution using a drude polarizable force field,” Journal of Chemical
Theory and Computation, vol. 6, no. 3, pp. 774–786, 2010.
[16] A. Grossfield, P. Y. Ren, and J. W. Ponder, “Ion solvation thermodynamics
from simulation with a polarizable force field,” Journal of the American Chemical Society, vol. 125, no. 50, pp. 15671–15682, 2003.
[17] G. A. Kaminski, R. A. Friesner, and R. H. Zhou, “A computationally inexpensive modification of the point dipole electrostatic polarization model for
molecular simulations,” Journal of Computational Chemistry, vol. 24, no. 3,
pp. 267–276, 2003.
[18] G. A. Kaminski, H. A. Stern, B. J. Berne, R. A. Friesner, Y. X. X. Cao, R. B.
Murphy, R. H. Zhou, and T. A. Halgren, “Development of a polarizable force
field for proteins via ab initio quantum chemistry: First generation model and
gas phase tests,” Journal of Computational Chemistry, vol. 23, no. 16, pp. 1515–
1531, 2002.
106

[19] V. M. Anisimov, B. Roux, and A. D. MacKerell, Jr., “Charmm drude polarizable force field for the alcohol series,” Biophysical Journal, pp. 152A–152A,
2007.
[20] P. E. Lopes, B. Roux, and A. D. Mackerell, “Molecular modeling and dynamics
studies with explicit inclusion of electronic polarizability. theory and applications,” Theoretical Chemistry Accounts, vol. 124, no. 1-2, pp. 11–28, 2009.
[21] J. W. Ponder, C. Wu, P. Ren, V. S. Pande, J. D. Chodera, M. J. Schnieders,
I. Haque, D. L. Mobley, D. S. Lambrecht, R. A. DiStasio, Jr., M. Head-Gordon,
G. N. I. Clark, M. E. Johnson, and T. Head-Gordon, “Current status of the
amoeba polarizable force field,” The Journal of Physical Chemistry B, vol. 114,
no. 8, pp. 2549–2564, 2010.
[22] D. P. Geerke and W. F. van Gunsteren, “On the calculation of atomic forces
in classical simulation using the charge-on-spring method to explicitly treat
electronic polarization,” Journal of Chemical Theory and Computation, vol. 3,
no. 6, pp. 2128–2137, 2007.
[23] Z. X. Wang, W. Zhang, C. Wu, H. X. Lei, P. Cieplak, and Y. Duan, “Strike
a balance: Optimization of backbone torsion parameters of amber polarizable
force field for simulations of proteins and peptides,” Journal of Computational
Chemistry, vol. 27, no. 6, pp. 781–790, 2006.
[24] I. V. Vorobyov, V. M. Anisimov, S. N. Greene, and A. D. MacKerell, Jr.,
“Development of additive and classical drude-based polarizable charmm force
fields for linear and cyclic ethers,” Biophysical Journal, pp. 566A–566A, 2007.
[25] I. Vorobyov, V. M. Anisimov, S. Greene, R. M. Venable, A. Moser, R. W. Pastor,
and A. D. MacKerell, Jr., “Additive and classical drude polarizable force fields
for linear and cyclic ethers,” Journal of Chemical Theory and Computation,
vol. 3, no. 3, pp. 1120–1133, 2007.
[26] C. J. Illingworth and C. Domene, “Many-body effects and simulations of potassium channels,” Proceedings of the Royal Society A, vol. 465, no. 2106, pp. 1701–
1716, 2009.
[27] T. W. Allen, T. Bastug, S. Kuyucak, and S. H. Chung, “Gramicidin a channel as
a test ground for molecular dynamics force fields,” Biophysical Journal, vol. 84,
no. 4, pp. 2159–2168, 2003.
[28] T. Bastug and S. Kuyucak, “Molecular dynamics simulations of calcium binding
in gramicidin a,” Chemical Physics Letters, vol. 424, no. 1-3, pp. 82–85, 2006.

107

[29] T. Bastug and S. Kuyucak, “Energetics of ion permeation, rejection, binding,
and block in gramicidin a from free energy simulations,” Biophysical Journal,
vol. 90, no. 11, pp. 3941–3950, 2006.
[30] C. J. R. Illingworth, S. Furini, and C. Domene, “Computational studies on
polarization effects and selectivity in k+ channels,” Journal of Chemical Theory
and Computation, vol. 6, no. 12, pp. 3780–3792, 2010.
[31] S. J. Stuart and B. J. Berne, “Effects of polarizability on the hydration of the
chloride ion,” The Journal of Physical Chemistry, vol. 100, pp. 11934–11943,
1996.
[32] S. J. Stuart and B. J. Berne, “Surface curvature effects in the aqueous ionic
solvation of the chloride ion,” The Journal of Physical Chemistry A, vol. 103,
pp. 10300–10307, 1999.
[33] T. A. Halgren and W. Damm, “Polarizable force fields,” Current Opinion in
Structural Biology, vol. 11, no. 2, pp. 236–242, 2001.
[34] C. Wei, D. Tung, Y. M. Yip, Y. Mei, and D. Zhang, “Communication: The
electrostatic polarization is essential to differentiate the helical propensity in
polyalanine mutants,” Journal of Chemical Physics, vol. 134, no. 17, p. 171101,
2011.
[35] X. Chen, I. Weber, and R. W. Harrison, “Hydration water and bulk water
in proteins have distinct properties in radial distributions calculated from 105
atomic resolution crystal structures,” The Journal of Physical Chemistry B,
vol. 112, no. 38, pp. 12073–12080, 2008.
[36] S. K. Pal and A. H. Zewail, “Dynamics of water in biological recognition,”
Chemical Reviews, vol. 104, no. 4, pp. 2099–2123, 2004.
[37] P. Ball, “Water as an active constituent in cell biology,” Chemical Reviews,
vol. 108, pp. 74–108, 2008.
[38] M. Chaplin, “Do we underestimate the importance of water in cell biology?,”
Nature Reviews Molecular Cell Biology, vol. 7, no. 11, pp. 861–866, 2006. JID:
100962782; 0 (Nucleic Acids); 0 (Proteins); 0 (Protons); 7732-18-5 (Water); RF:
70; 2006/09/06 [aheadofprint]; ppublish.
[39] D. Kalamida, K. Poulas, V. Avramopoulou, E. Fostieri, G. Lagoumintzis,
K. Lazaridis, A. Sideri, M. Zouridakis, and S. J. Tzartos, “Muscle and neuronal nicotinic acetylcholine receptors - structure, function and pathogenicity,”
FEBS Journal, vol. 274, no. 15, pp. 3799–3845, 2007.

108

[40] Z. Li and T. Lazaridis, “The effect of water displacement on binding thermodynamics: Concanavalin a,” The Journal of Physical Chemistry B, vol. 109, no. 1,
pp. 662–670, 2005.
[41] Y. Levy and J. N. Onuchic, “Water mediation in protein folding and molecular
recognition,” Annual Review of Biophysics and Biomolecular Structure, vol. 35,
pp. 389–415, 2006. LR: 20061115; JID: 9211097; 0 (Proteins); 0 (Solvents);
7732-18-5 (Water); RF: 150; ppublish.
[42] J. Lin, I. A. Balabin, and D. N. Beratan, “The nature of aqueous tunneling
pathways between electrontransfer,” Science, vol. 310, pp. 1311–1313, 2005.
[43] F. Garczarek and K. Gerwert, “Functional waters in intraprotein proton transfer
monitored by ftir difference spectroscopy,” Nature, vol. 439, no. 7072, pp. 109–
112, 2006.
[44] B. Jayaram and T. Jain, “The role of water in protein-dna recognition,” Annual
Review of Biophysics and Biomolecular Structure, vol. 33, pp. 343–361, 2004.
[45] V. Makarov, B. M. Pettitt, and M. Feig, “Solvation and hydration of proteins
and nucleic acids: A theoretical view of simulation and experiment,” Accounts
of Chemical Research, vol. 35, no. 6, pp. 376–384, 2002.
[46] W. Kauzmann, “Some factors in the interpretation of protein denaturation,”
Advances in Protein Chemistry, vol. 14, pp. 1–63, 1959.
[47] V. K. Vendra, L. Wu, and S. Krishnan, Polymer thin films for biomedical applications. 2010.
[48] C. J. Wilson, R. E. Clegg, D. I. Leavesley, and M. J. Pearcy, “Mediation of
biomaterial-cell interactions by adsorbed proteins: A review,” Tissue Engineering, vol. 11, no. 1-2, pp. 1–18, 2005.
[49] J. M. Anderson, A. Rodriguez, and D. T. Chang, “Foreign body reaction to
biomaterials,” Seminars in Immunology, vol. 20, no. 2, pp. 86–100, 2008.
[50] A. G. Shard and P. E. Tomlins, “Biocompatibility and the efficacy of medical
implants,” Regenerative Medicine, vol. 1, no. 6, pp. 789–800, 2006.
[51] R. A. Latour, “Molecular simulation of protein-surface interactions: benefits, problems, solutions, and future directions,” Biointerphases, vol. 3, no. 3,
pp. FC2–12, 2008.
[52] K. L. Prime and G. M. Whitesides, “Self-assembled organic monolayers: model
systems for studying adsorption of proteins at surfaces,” Science, vol. 252,
no. 5010, pp. 1164–1167, 1991.
109

[53] P. E. Gold, “Acetylcholine: Cognitive and brain functions,” Neurobiology of
Learning and Memory, vol. 80, no. 3, pp. 177–177, 2003.
[54] P. E. Gold, “Acetylcholine modulation of neural systems involved in learning
and memory,” Neurobiology of Learning and Memory, vol. 80, no. 3, pp. 194–
210, 2003.
[55] J.-P. Changeux and A. Taly, “Nicotinic receptors, allosteric proteins and
medicine,” Trends in Molecular Medicine, vol. 14, no. 3, pp. 93–102, 2008.
[56] A. Taly, P.-J. Corringer, D. Guedin, P. Lestage, and J.-P. Changeux, “Nicotinic
receptors: Allosteric transitions and therapeutic targets in the nervous system,”
Nature Reviews Drug Discovery, vol. 8, no. 9, pp. 733–750, 2009.
[57] A. A. Jensen, B. Frolund, T. Lijefors, and P. Krogsgaard-Larsen, “Neuronal
nicotinic acetylcholine receptors: Structural revelations, target identifications,
and therapeutic inspirations,” Journal of Medicinal Chemistry, vol. 48, no. 15,
pp. 4705–4745, 2005.
[58] C. Gotti, D. Fornasari, and F. Clementi, “Human neuronal nicotinic receptors,”
Progress in Neurobiology, vol. 53, no. 2, pp. 199–237, 1997.
[59] G. von Heijne, “The membrane protein universe: What’s out there and why
bother?,” Journal of Internal Medicine, vol. 261, no. 6, pp. 543–557, 2007.
[60] J. Yakel, “Advances and hold-ups in the study of structure, function and regulation of cys-loop ligand-gated ion channels and receptors,” Journal of PhysiologyLondon, vol. 588, no. 4, pp. 555–556, 2010.
[61] I. EnVivo Pharmaceuticals, Nicotinic α7 Acetylcholine Receptor Agonist Program.
[62] J. M. E. Cederholm, P. R. Schofield, and T. M. Lewis, “Gating mechanisms
in cys-loop receptors,” European Biophysics Journal with Biophysics Letters,
vol. 39, no. 1, pp. 37–49, 2009.
[63] S. IACONO, S. BUDY, J. JIN, and S. DW, “Science and technology of perfluorocyclobutyl aryl ether polymers,” Journal of Polymer Science: Part A:
Polymer Chemistry, vol. 45, pp. 5705–5721, 2007.
[64] H. Pierre and K. W, “Inhomogeneous electron gas,” Physical Review, vol. 136
(3B), p. B864–B871, 1964.
[65] W. Kohn and L. Sham, “Self-consistent equations including exchange and correlation effects,” Physical Review, vol. 140 (4A), p. A1133–A1138, 1965.

110

[66] M. P. Allen and D. J. Tildesley, Computer simulation of liquids. London: Oxford
University Press, 1987.
[67] B. R. Brooks, C. L. Brooks, III, A. D. MacKerell, Jr., L. Nilsson, R. J. Petrella, B. Roux, Y. Won, G. Archontis, C. Bartels, S. Boresch, A. Caflisch,
L. Caves, Q. Cui, A. R. Dinner, M. Feig, S. Fischer, J. Gao, M. Hodoscek,
W. Im, K. Kuczera, T. Lazaridis, J. Ma, V. Ovchinnikov, E. Paci, R. W. Pastor,
C. B. Post, J. Z. Pu, M. Schaefer, B. Tidor, R. M. Venable, H. L. Woodcock,
X. Wu, W. Yang, D. M. York, and M. Karplus, “Charmm: The biomolecular simulation program,” Journal of Computational Chemistry, vol. 30, no. 10,
pp. 1545–1614, 2009.
[68] T. Bastug, A. Gray-Weale, S. M. Patra, and S. Kuyucak, “Role of protein
flexibility in ion permeation: A case study in gramicidin a,” Biophysical Journal,
vol. 90, no. 7, pp. 2285–2296, 2006.
[69] T. Bastug, S. M. Patra, and S. Kuyucak, “Molecular dynamics simulations of
gramicidin a in a lipid bilayer: From structure-function relations to force fields,”
Chemistry and Physics of Lipids, vol. 141, no. 1-2, pp. 197–204, 2006.
[70] S. Kuyucak, O. S. Andersen, and S. H. Chung, “Models of permeation in ion
channels,” Reports on Progress in Physics, vol. 64, no. 11, pp. 1427–1472, 2001.
[71] D. P. Tieleman, P. C. Biggin, G. R. Smith, and M. S. P. Sansom, “Simulation
approaches to ion channel structure-function relationships,” Quarterly Reviews
of Biophysics, vol. 34, no. 4, pp. 473–561, 2001.
[72] P. E. Lopes, B. Roux, and A. D. Mackerell, “Molecular modeling and dynamics
studies with explicit inclusion of electronic polarizability. theory and applications,” Theoretical Chemistry Accounts, vol. 124, no. 1-2, pp. 11–28, 2009.
[73] E. Darve and A. Pohorille, “Calculating free energies using average force,” Journal of Chemical Physics, vol. 115, no. 20, pp. 9169–9183, 2001.
[74] J. Henin and C. Chipot, “Overcoming free energy barriers using unconstrained
molecular dynamics simulations,” Journal of Chemical Physics, vol. 121, no. 7,
pp. 2904–2914, 2004.
[75] S. H. Bernhard, Geometry optimization 1, pp. 1136–1142. 1998.
[76] A. R. Leach, Molecular Modeling: Principles and Applications. Essex: Prentice
Hall, 2001.
[77] J. A. Plumley and J. J. Dannenberg, “A Comparison of the behavior of functional/basis set combinations for hydrogen-bonding in the water dimer with
emphasis on basis set superposition error,” Journal of Computational Chemistry, vol. 32, no. 8, pp. 1519–1527, 2011.
111

[78] L. Simon and J. M. Goodman, “How reliable are DFT transition structures?
Comparison of GGA, hybrid-meta-GGA and meta-GGA functionals,” Organic
& Biomolecular Chemistry, vol. 9, no. 3, pp. 689–700, 2011.
[79] E. Papajak and D. G. Truhlar, “Efficient diffuse basis sets for density functional
theory,” Journal of Chemical Theory and Computation, vol. 6, no. 3, pp. 597–
601, 2010.
[80] B. Lynch and D. Truhlar, “How well can hybrid density functional methods predict transition state geometries and barrier heights?,” The Journal of Physical
Chemistry A, vol. 105, no. 13, pp. 2936–2941, 2001.
[81] T. Kucukkal and S. Stuart Journal of Physical Chemistry B, vol. 116, pp. 8733–
8740, 2012.
[82] C. Malardier-Jugroot, M. E. Johnson, R. K. Murarka, and T. Head-Gordon,
“Aqueous peptides as experimental models for hydration water dynamics
near protein surfaces,” Physical Chemistry Chemical Physics, vol. 10, no. 32,
pp. 4903–4908, 2008.
[83] M. E. Johnson, C. Malardier-Jugroot, R. K. Murarka, and T. Head-Gordon,
“Hydration water dynamics near biological interfaces,” The Journal of Physical
Chemistry B, vol. 113, pp. 4082–4092, 2008.
[84] S. E. McLain, A. K. Soper, I. Daidone, J. C. Smith, and A. Watts, “Chargebased interactions between peptides observed as the dominant force for association in aqueous solution,” Angewandte Chemie International Edition (English),
vol. 47, no. 47, pp. 9059–9062, 2008.
[85] D. Russo, J. Ollivier, and J. Teixeira, “Water hydrogen bond analysis on hydrophilic and hydrophobic biomolecule sites,” Physical Chemistry Chemical
Physics, vol. 10, no. 32, pp. 4968–4974, 2008.
[86] D. Russo, R. K. Murarka, J. R. D. Copley, and T. Head-Gordon, “Molecular
view of water dynamics near model peptides,” The Journal of Physical Chemistry B, vol. 109, pp. 12966–12975, 2005.
[87] H. Nakagawa, H. Kamikubo, and M. Kataoka, “Effect of conformational states
on protein dynamical transition,” Biochimica et Biophysica Acta: Proteins and
Proteomics, vol. 1804, pp. 27–33, 2010.
[88] S. E. McLain, A. K. Soper, and A. Watts, “Water structure around dipeptides
in aqueous solutions,” European Biophysics Journal, vol. 37, no. 5, pp. 647–655,
2008.

112

[89] P. R. Tulip and S. P. Bates, “Peptide aggregation and solvent electrostriction in
a simple zwitterionic dipeptide via molecular dynamics simulations,” Journal
of Chemical Physics, vol. 131, no. 1, p. 015103, 2009.
[90] A. D. MacKerell, Jr., D. Bashford, M. Bellott, R. L. Dunbrack, J. D. Evanseck,
M. J. Field, S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph-McCarthy, L. Kuchnir,
K. Kuczera, F. T. K. Lau, C. Mattos, S. Michnick, T. Ngo, D. T. Nguyen,
B. Prodhom, W. E. Reiher, III, B. Roux, M. Schlenkrich, J. C. Smith, R. Stote,
J. Straub, M. Watanabe, J. Wiorkiewicz-Kuczera, D. Yin, and M. Karplus,
“All-atom empirical potential for molecular modeling and dynamics studies of
proteins,” The Journal of Physical Chemistry B, vol. 102, no. 18, pp. 3586–3616,
1998.
[91] W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.
Klein, “Comparison of simple potential functions for simulating liquid water,”
Journal of Chemical Physics, vol. 79, no. 2, pp. 926–935, 1983.
[92] W. L. Jorgensen, “Quantum and statistical mechanical studies of liquids .24.
revised tips for simulations of liquid water and aqueous-solutions,” Journal of
Chemical Physics, vol. 77, no. 8, pp. 4156–4163, 1982.
[93] A. D. MacKerell, Jr., M. Feig, and C. L. Brooks, III, “Improved treatment of the
protein backbone in empirical force fields,” Journal of the American Chemical
Society, vol. 126, pp. 698–699, 2004.
[94] A. D. MacKerell, Jr., M. Feig, and C. L. Brooks, III, “Extending the treatment
of backbone energetics in protein force fields: Limitations of gas-phase quantum mechanics in reproducing protein conformational distributions in molecular
dynamics simulations,” Journal of Computational Chemistry, vol. 25, pp. 1400–
1415, 2004.
[95] S. Nose, “A molecular-dynamics method for simulations in the canonical ensemble,” Molecular Physics, vol. 52, no. 2, pp. 255–268, 1984.
[96] S. Nose and M. L. Klein, “Constant pressure molecular-dynamics for molecularsystems,” Molecular Physics, vol. 50, no. 5, pp. 1055–1076, 1983.
[97] S. E. Feller, Y. H. Zhang, R. W. Pastor, and B. R. Brooks, “Constantpressure molecular-dynamics simulation - the langevin piston method,” Journal
of Chemical Physics, vol. 103, no. 11, pp. 4613–4621, 1995.
[98] J. P. Ryckaert, G. Ciccotti, and H. J. C. Berendsen, “Numerical-integration of
cartesian equations of motion of a system with constraints - molecular-dynamics
of n-alkanes,” Journal of Computational Physics, vol. 23, no. 3, pp. 327–341,
1977.
113

[99] T. Darden, D. York, and L. Pedersen, “Particle mesh ewald - an n.log(n) method
for ewald sums in large systems,” Journal of Chemical Physics, vol. 98, no. 12,
pp. 10089–10092, 1993.
[100] N. Nandi and B. Bagchi, “Dielectric relaxation of biological water,” The Journal
of Physical Chemistry, vol. 101, pp. 10954–10961, 1997.
[101] S. K. Pal, J. Peon, B. Bagchi, and A. H. Zewail, “Biological water: Femtosecond
dynamics of macromolecular hydration,” The Journal of Physical Chemistry B,
vol. 106, pp. 12376–12395, 2002.
[102] R. Pethig, “Protein-water interactions determined by dielectric methods,” Annual Review of Physical Chemistry, vol. 43, pp. 177–205, 1992.
[103] T. Li, A. A. Hassanali, Y.-T. Kao, D. Zhong, and S. J. Singer, “Hydration
dynamics and time scales of coupled water–protein fluctuations,” Journal of
the American Chemical Society, vol. 129, pp. 3376–3382, 2007.
[104] K. Krynicki, C. Green, and D. Sawyer, “Pressure and temperature-dependence
of self-diffusion in water,” Faraday Discussions, vol. 66, pp. 199–208, 1978.
[105] K. Modig, E. Liepinsh, G. Otting, and B. Halle, “Dynamics of protein and peptide hydration,” Journal of the American Chemical Society, vol. 126, pp. 102–
114, 2004.
[106] R. Ludwig, F. Weinhold, and T. C. Farrar, “Experimental and theoretical determination of the temperature-dependence of deuteron and oxygen quadrupole
coupling-constants of liquid water,” Journal of Chemical Physics, vol. 103,
no. 16, pp. 6941–6950, 1995.
[107] Y. IC and H. G, “Peptide loop-closure kinetics from microsecond molecular
dynamics simulations in explicit solvent,” Journal of the American Chemical
Society, vol. 124, pp. 6563–6568, 2002.
[108] A. Kent, A. K. Jha, J. E. Fitzgerald, and K. F. Freed, “Benchmarking implicit
solvent folding simulations of the amyloid β(10–35) fragment,” The Journal of
Physical Chemistry B, vol. 112, pp. 6175–6186, 2008.
[109] G. Collier, N. A. Vellore, J. A. Yancey, S. J. Stuart, and R. A. Latour, “Comparison between empirical protein force fields for the simulation of the adsorption behavior of structured LK peptides on functionalized surfaces”,” Biointerphases, vol. 7, p. 24, 2012.
[110] P. L. Freddolino, S. Park, B. Roux, and K. Schulten, “Force field bias in protein
folding simulations,” Biophysical Journal, vol. 96, p. 37723780, 2009.

114

[111] P. L. Freddolino, C. B. Harrison, Y. Liu, and K. Schulten, “Challenges in
protein-folding simulations,” Nature Physics, vol. 10, pp. 751–758, 2010.
[112] P. K. Biswas, N. A. Vellore, J. A. Yancey, T. G. Kucukkal, G. Collier, B. R.
Brooks, S. J. Stuart, and R. A. Latour, “Simulation of multiphase systems
utilizing independent force fields to control intraphase and interphase behavior,”
Journal of Computational Chemistry, vol. 33, no. 16, pp. 1458–1466, 2012.
[113] R. Nuzzo and D. Allara, “Adsorption of bifunctional organic disulfides on gold
surfaces,” Journal of the American Chemical Society, vol. 105, no. 13, pp. 4481–
4483, 1983.
[114] C. Bain, E. Troughton, Y. Tao, J. Ecall, G. Whitesides, and R. Nuzzo, “Formation of monolayer films by the spontaneous assembly of organic thiols from
solution onto gold,” Journal of the American Chemical Society, vol. 111, no. 1,
pp. 321–335, 1989.
[115] M. Porter, T. Bright, D. Allara, and C. Chidsey, “Spontaneously organized
molecular assemblies. structural characterization of normal-alkyl thiol monolayers on gold by optical ellipsometry, infrared spectroscopy, and electrochemistry,”
Journal of the American Chemical Society, vol. 109, no. 12, pp. 3559–3568, 1987.
[116] L. Strong and G. Whitesides, “Structures of self-assembled monolayer films of
organosulfur compounds adsorbed on gold single-crystals - electron diffraction
studies,” Langmuir, vol. 4, no. 3, pp. 546–558, 1988.
[117] C. Bain and G. Whitesides, “Modeling organic-surfaces with self-assembled
monolayers,” Angewandte Chemie-International Edition, vol. 28, no. 4, pp. 506–
512, 1989.
[118] C. Bain and G. Whitesides, “Formation of monolayers by coadsorption of thiols
on gold - variation in the length of the alkyl chain,” Journal of the American
Chemical Society, vol. 111, no. 18, pp. 7164–7175, 1989.
[119] L. Dubois and R. Nuzzo, “Synthesis, structure and properties of model organicsurfaces,” Annual Review of Physical Chemistry, vol. 43, pp. 437–463, 1992.
[120] A. Ulman, “Formation and structure of self-assembled monolayers,” Chemical
Reviews, vol. 96, no. 4, pp. 1533–1554, 1996.
[121] N. Chaki and K. Vijayamohanan, “Self-assembled monolayers as a tunable platform for biosensor applications,” Biosensors & Bioelectronics, vol. 17, no. 1-2,
pp. 1–12, 2002.
[122] J. Love, L. Estroff, J. Kriebel, R. Nuzzo, and G. Whitesides, “Self-assembled
monolayers of thiolates on metals as a form of nanotechnology,” Chemical Reviews, vol. 105, no. 4, pp. 1103–1169, 2005.
115

[123] N. A. Vellore, J. A. Yancey, G. Collier, R. A. Latour, and S. J. Stuart, “Assessment of the transferability of a protein force field for the simulation of
peptide-surface interactions,” Langmuir, vol. 26, no. 10, pp. 7396–7404, 2010.
[124] C. Vericat, M. E. Vela, G. A. Benitez, J. A. M. Gago, X. Torrelles, and R. C.
Salvarezza, “Surface characterization of sulfur and alkanethiol self-assembled
monolayers on Au(111),” Journal of Physics-Condensed Matter, vol. 18, no. 48,
pp. R867–R900, 2006.
[125] K. Vanommeslaeghe, E. Hatcher, C. Acharya, S. Kundu, S. Zhong, J. Shim,
E. Darian, O. Guvench, P. Lopes, I. Vorobyov, and A. D. MacKerell, Jr.,
“CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-atom additive biological force fields,” Journal of
Computational Chemistry, vol. 31, no. 4, pp. 671–690, 2010.
[126] P. Steinbach and B. Brooks, “New Spherical Cutoff Methods for Long-Range
Forces in Macromolacular Simulation,” Journal of Computational Chemistry,
vol. 115, pp. 667–683, 1994.
[127] S. Veeramasuneni, M. Yalamanchili, and J. Miller, “Analysis of interfacial water
at a hydrophilic silicon surface by in-situ ftir/internal reflection spectroscopy,”
Langmuir, vol. 12, pp. 4176–4184, 1996.
[128] S. Subramanian and S. Sampath, “Dewetting phenomenon: Interfacial water
structure at well-organized alkanethiol-modified gold-aqueous interface,” Journal of Colloid and Interface Science, vol. 313, pp. 64–71, 2007.
[129] S. Acuna and T. PG, “Short-range forces between glass surfaces in aqueous
solutions,” Langmuir, vol. 24, pp. 4881–4887, 2008.
[130] A. Yang and C. Weng, “Influence of alkanethiol self-assembled monolayers with
various tail groups on structural and dynamic properties of water films,” Journal
of Chemical Physics, vol. 129, p. 154710, 1996.
[131] Y. Wei and R. Latour, “Benchmark experimental data set and assessment of adsorption free energy for peptidesurface interactions,” Langmuir, vol. 25, no. 10,
p. 5637–5646, 2009.
[132] N. Vellore, “Iinterfacial force field parametrization using the dual force field
charmm program for the accurate simulation of peptide-surface interaction,”
Clemson University Electronic Dissertations, 2011.
[133] A. Fogarty, E. Duboue-Dijon, F. Sterpone, J. Hynesac, and D. Laage,
“Biomolecular hydration dynamics: A jump model perspective,” Chemistry
Society Reviews, vol. 42, pp. 5672–5683, 2013.
116

[134] H. Rollema, L. K. Chambers, J. W. Coe, J. Glowa, R. S. Hurst, L. A. Lebel,
Y. Lu, R. S. Mansbach, R. J. Mather, C. C. Rovetti, S. B. Sands, E. Schaeffer,
D. W. Schulz, F. Tingley, and K. E. Williams, “Pharmacological profile of the
alpha(4)beta(2) nicotinic acetylcholine receptor partial agonist varenicline, an
effective smoking cessation aid,” Neuropharmacology, vol. 52, no. 3, pp. 985–
994, 2007.
[135] J. W. Coe, P. R. Brooks, M. G. Vetelino, M. C. Wirtz, E. P. Arnold, J. H.
Huang, S. B. Sands, T. I. Davis, L. A. Lebel, C. B. Fox, A. Shrikhande, J. H.
Heym, E. Schaeffer, H. Rollema, Y. Lu, R. S. Mansbach, L. K. Chambers, C. C.
Rovetti, D. W. Schulz, F. D. Tingley, and B. T. O’Neill, “Varenicline: An alpha
4 beta 2 nicotinic receptor partial agonist for smoking cessation,” Journal of
Medicinal Chemistry, vol. 48, no. 10, pp. 3474–3477, 2005.
[136] X. Cheng, I. Ivanov, H. Wang, S. M. Sine, and J. A. McCammon, “Nanosecondtimescale conformational dynamics of the human alpha 7 nicotinic acetylcholine
receptor,” Biophysical Journal, vol. 93, no. 8, pp. 2622–2634, 2007.
[137] X. L. Cheng, B. Z. Lu, B. Grant, R. J. Law, and J. A. McCammon, “Channel
opening motion of alpha 7 nicotinic acetylcholine receptor as suggested by normal mode analysis,” Journal of Molecular Biology, vol. 355, no. 2, pp. 310–324,
2006.
[138] L. Saiz and M. L. Klein, “The transmembrane domain of the acetylcholine
receptor: Insights from simulations on synthetic peptide models,” Biophysical
Journal, vol. 88, no. 2, pp. 959–970, 2005.
[139] H.-L. Wang, X. Cheng, P. Taylor, J. A. McCammon, and S. M. Sine, “Control of
cation permeation through the nicotinic receptor channel,” Plos Computational
Biology, vol. 4, no. 2, p. e41, 2008.
[140] I. Ivanov, X. L. Cheng, S. M. Sine, and J. A. McCammon, “Barriers to ion
translocation in cationic and anionic receptors from the cys-loop family,” Journal of the American Chemical Society, vol. 129, no. 26, pp. 8217–8224, 2007.
[141] N. Unwin, “Refined structure of the nicotinic acetylcholine receptor at 4
angstrom resolution,” Journal of Molecular Biology, vol. 346, no. 4, pp. 967–989,
2005.
[142] R. J. C. Hilf and R. Dutzler, “Structure of a potentially open state of a protonactivated pentameric ligand-gated ion channel,” Nature, vol. 457, no. 7225,
pp. 115–U122, 2009.
[143] N. Unwin, “Acetylcholine-receptor channel imaged in the open state,” Nature,
vol. 373, no. 6509, pp. 37–43, 1995.
117

[144] R. J. C. Hilf and R. Dutzler, “X-ray structure of a prokaryotic pentameric
ligand-gated ion channel,” Nature, vol. 452, no. 7185, pp. 375–U12, 2008.
[145] N. Bocquet, L. P. de Carvalho, J. Cartaud, J. Neyton, C. L. Poupon, A. Taly,
T. Grutter, J.-P. Changeux, and P.-J. Corringer, “A prokaryotic proton-gated
ion channel from the nicotinic acetylcholine receptor family,” Nature, vol. 445,
no. 7123, pp. 116–119, 2007.
[146] N. Bocquet, H. Nury, M. Baaden, C. L. Poupon, J.-P. Changeux, M. Delarue,
and P.-J. Corringer, “X-ray structure of a pentameric ligand-gated ion channel
in an apparently open conformation,” Nature, vol. 457, no. 7225, pp. 111–114,
2009.
[147] H. Nury, N. Bocquet, C. L. Poupon, B. Raynal, A. Haouz, P.-J. Corringer, and
M. Delarue, “Crystal structure of the extracellular domain of a bacterial ligandgated ion channel,” Journal of Molecular Biology, vol. 395, no. 5, pp. 1114–1127,
2010.
[148] S. Hansen, G. Sulzenbacher, T. Huxford, P. Marchot, Y. Bourne, and P. Taylor,
“Conformational states of achbp revealed by x-ray crystal structures of bound
nachr agonists, antagonists and non-competitive ligands.,” Acta Pharmacologica
Sinica, vol. 27, pp. 390–390, 2006.
[149] S. B. Hansen, G. Sulzenbacher, T. Huxford, P. Marchot, P. Taylor, and
Y. Bourne, “Structures of aplysia achbp complexes with nicotinic agonists
and antagonists reveal distinctive binding interfaces and conformations,” Embo
Journal, vol. 24, no. 20, pp. 3635–3646, 2005.
[150] K. Brejc, W. J. van Dijk, A. B. Smit, and T. K. Sixma, “The 2.7 angstrom
structure of achbp, homologue of the ligand-binding domain of the nicotinic
acetylcholine receptor,” Ion Channels: from Atomic Resolution Physiology to
Functional Genomics, vol. 245, pp. 22–32, 2002.
[151] T. K. Sixma and A. B. Smit, “Acetylcholine binding protein (achbp): A secreted
glial protein that provides a high-resolution model for the extracellular domain
of pentameric ligand-gated ion channels,” Annual Review of Biophysics and
Biomolecular Structure, vol. 32, pp. 311–334, 2003.
[152] P. H. N. Celie, R. V. Klaassen, S. E. van Rossum-Fikkert, R. van Elk, P. van
Nierop, A. B. Smit, and T. K. Sixma, “Crystal structure of acetylcholine-binding
protein from bulinus truncatus reveals the conserved structural scaffold and sites
of variation in nicotinic acetylcholine receptors,” Journal of Biological Chemistry, vol. 280, no. 28, pp. 26457–26466, 2005.

118

[153] P. H. N. Celie, S. E. van Rossum-Fikkert, W. J. van Dijk, K. Brejc, A. B.
Smit, and T. K. Sixma, “Nicotine and carbamylcholine binding to nicotinic
acetylcholine receptors as studied in achbp crystal structures,” Neuron, vol. 41,
no. 6, pp. 907–914, 2004.
[154] T. McCormack, R. M. Petrovich, K. A. Mercier, E. F. DeRose, M. J. Cuneo,
J. Williams, K. L. Johnson, P. W. Lamb, R. E. London, and J. L. Yakel,
“Identification and functional characterization of a novel acetylcholine-binding
protein from the marine annelid capitella teleta,” Biochemistry, vol. 49, no. 10,
pp. 2279–2287, 2010.
[155] A. F. Voter, “Hyperdynamics: Accelerated molecular dynamics of infrequent
events,” Physical Review Letters, vol. 78, no. 20, pp. 3908–3911, 1997.
[156] A. F. Voter, “A method for accelerating the molecular dynamics simulation of
infrequent events,” Journal of Chemical Physics, vol. 106, no. 11, pp. 4665–
4677, 1997.
[157] A. F. Voter, “Parallel replica method for dynamics of infrequent events,” Physical Review B, vol. 57, no. 22, pp. 13985–13988, 1998.
[158] M. R. Sorensen and A. F. Voter, “Temperature-accelerated dynamics for simulation of infrequent events,” Journal of Chemical Physics, vol. 112, no. 21,
pp. 9599–9606, 2000.
[159] F. Montalenti and A. F. Voter, “Applying accelerated molecular dynamics to
crystal growth,” Physica Status Solidi B-Basic Research, vol. 226, no. 1, pp. 21–
27, 2001.
[160] A. Taly and J.-P. Changeux, “Functional organization and conformational dynamics of the nicotinic receptor - a plausible structural interpretation of myasthenic mutations,” Myasthenia Gravis and Related Disorders: 11th International Conference, vol. 1132, pp. 42–52, 2008.
[161] K. Ohno, A. G. Engel, X. M. Shen, D. Selcen, J. M. Brengman, C. M. Harper,
A. Tsujino, and M. Milone, “Rapsyn mutations cause congenital endplate
acetylcholine receptor deficiency,” Journal of the Neurological Sciences, vol. 199,
p. 47, 2002.
[162] D. Paterson and A. Nordberg, “Neuronal nicotinic receptors in the human
brain,” Progress in Neurobiology, vol. 61, no. 1, pp. 75–111, 2000.
[163] A. N. Placzek, F. Grassi, T. Papke, E. M. Meyer, and R. L. Papke, “A single point mutation confers properties of the muscle-type nicotinic acetylcholine
receptor to homomeric alpha 7 receptors,” Molecular Pharmacology, vol. 66,
no. 1, pp. 169–177, 2004.
119

[164] A. N. Placzek, F. Grassi, E. M. Meyer, and R. L. Papke, “An alpha 7 nicotinic
acetylcholine receptor gain-of-function mutant that retains pharmacological fidelity,” Molecular Pharmacology, vol. 68, no. 6, pp. 1863–1876, 2005.
[165] P. J. Corringer, S. Bertrand, J. L. Galzi, A. Devillers-Thiery, J. P. Changeux,
and D. Bertrand, “Mutational analysis of the charge selectivity filter of the
alpha 7 nicotinic acetylcholine receptor,” Neuron, vol. 22, no. 4, pp. 831–843,
1999.
[166] A. A. Jensen, “Functional characterization of human glycine receptors in a
fluorescence-based high throughput screening assay,” European Journal of Pharmacology, vol. 521, no. 1-3, pp. 39–42, 2005.
[167] A. Karlin, “Emerging structure of the nicotinic acetylcholine receptors,” Nature
Reviews Neuroscience, vol. 3, no. 2, pp. 102–114, 2002.
[168] M. Nieves-Cintron, D. Caballero-Rivera, M. F. Navedo, and J. A. LasaldeDominieci, “Contribution of valine 7 ’ of tmd2 to gating of neuronal a receptor
subtypes,” Journal of Neuroscience Research, vol. 84, no. 8, pp. 1778–1788,
2006.
[169] G. Sharma and S. Vijayaraghavan, “Nicotinic receptors containing the alpha
7 subunit: A model for rational drug design,” Current Medicinal Chemistry,
vol. 15, no. 28, pp. 2921–2932, 2008.
[170] M. Milone, K. Ohno, T. Fukudome, X. M. Shen, J. M. Brengman, R. C. Griggs,
and A. G. Engel, “Congenital myasthenic syndrome due to a null mutation
and an inframe duplication of the acetylcholine receptor (achr) epsilon subunit
gene.,” American Journal of Human Genetics, vol. 61, no. 4, p. 1994, 1997.
[171] J. G. Mielke and G. A. R. Mealing, “Cellular distribution of the nicotinic acetylcholine receptor alpha 7 subunit in rat hippocampus,” Neuroscience Research,
vol. 65, no. 3, pp. 296–306, 2009.
[172] N. Champtiaux, Z. Y. Han, A. Bessis, F. M. Rossi, M. Zoli, L. Marubio, J. M.
McIntosh, and J. P. Changeux, “Distribution and pharmacology of alpha 6containing nicotinic acetylcholine receptors analyzed with mutant mice,” Journal of Neuroscience, vol. 22, no. 4, pp. 1208–1217, 2002.
[173] G. M. Khan, M. Tong, M. Jhun, K. Arora, and R. A. Nichols, “Beta-amyloid
activates presynaptic alpha 7 nicotinic acetylcholine receptors reconstituted into
a model nerve cell system: involvement of lipid rafts,” European Journal of
Neuroscience, vol. 31, no. 5, pp. 788–796, 2010.

120

[174] M. D. Ikonomovic, L. Wecker, E. E. Abrahamson, J. Wuu, S. E. Counts, S. D.
Ginsberg, E. J. Mufson, and S. T. DeKosky, “Cortical alpha 7 nicotinic acetylcholine receptor and beta-amyloid levels in early alzheimer disease,” Archives
of Neurology, vol. 66, no. 5, pp. 646–651, 2009.
[175] C. M. Hernandez, R. Kayed, H. Zheng, J. D. Sweatt, and K. T. Dineley, “Loss
of alpha 7 nicotinic receptors enhances beta-amyloid oligomer accumulation,
exacerbating early-stage cognitive decline and septohippocampal pathology in
a mouse model of alzheimer’s disease,” Journal of Neuroscience, vol. 30, no. 7,
pp. 2442–2453, 2010.
[176] G. Y. Lopez-Hernandezpaleri, J. S. Thinschmidt, P. Morain, C. TrocmeThibierge, W. R. Kem, F. Soti, and R. L. Papke, “Positive modulation of alpha
7 nachr responses in rat hippocampal interneurons to full agonists and the alpha 7-selective partial agonists, 4oh-gts-21 and s 24795,” Neuropharmacology,
vol. 56, no. 4, pp. 821–830, 2009.
[177] R.-X. Gu, H. Gu, Z.-Y. Xie, J.-F. Wang, H. R. Arias, D.-Q. Wei, and K.-C.
Chou, “Possible drug candidates for alzheimer’s disease deduced from studying their binding interactions with alpha 7 nicotinic acetylcholine receptor,”
Medicinal Chemistry, vol. 5, no. 3, pp. 250–262, 2009.
[178] M. B. Marrero, R. Lucas, C. Salet, T. A. Hauser, A. Mazurov, P. M. Lippiello, and M. Bencherif, “An alpha 7 nicotinic acetylcholine receptor-selective
agonist reduces weight gain and metabolic changes in a mouse model of diabetes,” Journal of Pharmacology and Experimental Therapeutics, vol. 332, no. 1,
pp. 173–180, 2010.
[179] L. Paleari, A. Catassi, M. Ciarlo, Z. Cavalieri, C. Bruzzo, and D. Servent,
“Role of alpha7-nicotinic acetylcholine receptor in human non-small cell lung
cancer proliferation (vol 41, pg 936, 2008),” Cell Proliferation, vol. 42, no. 4,
pp. 568–568, 2009.
[180] L. Paleari, A. Cesario, M. Fini, and P. Russo, “Foundation review: alpha 7nicotinic receptor antagonists at the beginning of a clinical era for nsclc and
mesothelioma?,” Drug Discovery Today, vol. 14, no. 17-18, pp. 822–836, 2009.
[181] L. Paleari, E. Negri, A. Catassi, M. Cilli, D. Servent, R. D’Angelillo, A. Cesario,
P. Russo, and M. Fini, “Inhibition of nonneuronal alpha 7-nicotinic receptor
for lung cancer treatment,” American Journal of Respiratory and Critical Care
Medicine, vol. 179, no. 12, pp. 1141–1150, 2009.
[182] H. L. Wang, M. Milone, K. J. Ohno, X. M. Shen, A. Tsujino, A. P. Batocchi,
P. Tonali, J. Brengman, A. G. Engel, and S. M. Sine, “Acetylcholine receptor

121

m3 domain: stereochemical and volume contributions to channel gating (vol 2,
pg 226, 1999),” Nature Neuroscience, vol. 2, no. 5, pp. 485–485, 1999.
[183] A. F. Voter, F. Montalenti, and T. C. Germann, “Extending the time scale
in atomistic simulation of materials,” Annual Review of Materials Research,
vol. 32, pp. 321–346, 2002.
[184] P. R. L. Markwick, C. F. Cervantes, B. L. Abel, E. A. Komives, M. Blackledge,
and J. A. McCammon, “Enhanced conformational space sampling improves the
prediction of chemical shifts in proteins,” Journal of the American Chemical
Society, vol. 132, no. 4, pp. 1220–+, 2010.
[185] S. L. Williams, C. A. F. de Oliveira, and J. A. McCammon, “Coupling constant ph molecular dynamics with accelerated molecular dynamics,” Journal of
Chemical Theory and Computation, vol. 6, no. 2, pp. 560–568, 2010.
[186] C. A. F. de Oliveira, D. Hamelberg, and J. A. McCammon, “Coupling accelerated molecular dynamics methods with thermodynamic integration simulations,” Journal of Chemical Theory and Computation, vol. 4, no. 9, pp. 1516–
1525, 2008.
[187] M. Fajer, D. Hamelberg, and J. A. McCammon, “Replica-exchange accelerated
molecular dynamics (rexamd) applied to thermodynamic integration,” Journal
of Chemical Theory and Computation, vol. 4, no. 10, pp. 1565–1569, 2008.
[188] D. Hamelberg, C. A. F. de Oliveira, and J. A. McCammon, “Sampling of
slow diffusive conformational transitions with accelerated molecular dynamics,”
Journal of Chemical Physics, vol. 127, no. 15, p. 155102, 2007.
[189] D. Hamelberg, T. Shen, and J. A. McCammon, “Relating kinetic rates and local
energetic roughness by accelerated molecular-dynamics simulations,” Journal of
Chemical Physics, vol. 122, no. 24, p. 241103, 2005.
[190] M. Nelson, W. Humphrey, A. Gursoy, A. Dalke, L. Kale, R. Skeel, and K. Schulten, “NAMD: A parallel, object oriented molecular dynamics program,” International Journal of Supercomputer Applications and High Performance Computing, vol. 10, no. 4, pp. 251–268, 1996.
[191] Z. Yang, K. Lasker, D. Schneidman-Duhovny, B. Webb, C. C. Huang, E. F.
Pettersen, T. D. Goddard, E. C. Meng, A. Sali, and T. E. Ferrin, “UCSF
Chimera, MODELLER, and IMP: An integrated modeling system,” Journal of
Structural Biology, vol. 179, no. 3, SI, pp. 269–278, 2012.
[192] C. R. Sondergaard, M. H. M. Olsson, M. Rostkowski, and J. H. Jensen, “Improved treatment of ligands and coupling effects in empirical calculation and
122

rationalization of pK(a) values,” Journal of Chemical Theory and Computation,
vol. 7, no. 7, pp. 2284–2295, 2011.
[193] M. H. M. Olsson, C. R. Sondergaard, M. Rostkowski, and J. H. Jensen,
“PROPKA3: Consistent treatment of internal and surface residues in empirical
pK(a) predictions,” Journal of Chemical Theory and Computation, vol. 7, no. 2,
pp. 525–537, 2011.
[194] D. C. Bas, D. M. Rogers, and J. H. Jensen, “Very fast prediction and rationalization of pK(a) values for protein-ligand complexes,” Proteins-Structure
Function and Bioinformatics, vol. 73, no. 3, pp. 765–783, 2008.
[195] H. Li, A. Robertson, and J. Jensen, “Very fast empirical prediction and rationalization of protein pK(a) values,” Proteins-Structure Function and Bioinformatics, vol. 61, no. 4, pp. 704–721, 2005.
[196] S. Jo, W. Jiang, H. S. Lee, B. Roux, and W. Im, “CHARMM-GUI ligand binder
for absolute binding free energy calculations and its application,” Journal of
Chemical Information and Modeling, vol. 53, no. 1, pp. 267–277, 2013.
[197] O. Smart, J. Neduvelil, X. Wang, B. Wallace, and M. Sansom, “HOLE: A program for the analysis of the pore dimensions of ion channel structural models,”
Journal of Molecular Graphics & Modelling, vol. 14, no. 6, pp. 354–&, 1996.
[198] L. Ford, D. DesMarteau, and D. Smith, “Perfluorocyclobutyl (PFCB) aromatic polyethers: Synthesis and characterization of new sulfonimide containing
monomers and fluoropolymers,” Journal of Fluorine Chemistry, vol. 126, no. 4,
pp. 653–660, 2005.
[199] L. Ford and D. DesMarteau, “A novel 1,3,5-tris(alpha,beta,betatrifluorovinyl)benzene monomer,” Chemical Communications, no. 20,
pp. 2596–2597, 2003.
[200] W. Bernett, “Hybridization effect in fluorocarbons,” Journal of Organic Chemistry, vol. 34, no. 6, p. 1772, 1969.
[201] J. Ballato, S. Foulger, and D. Smith, “Optical properties of perfluorocyclobutyl
polymers,” Journal of the Optical Society of America B-Optical Physics, vol. 20,
no. 9, pp. 1838–1843, 2003.
[202] G. Frisch, H. Trucks, M. Scuseria, M. Robb, J. Cheeseman, G. Scalmani,
V. Barone, G. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. Hratchian, A. Izmaylov, G. Bloino, J. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, T. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
J. Montgomery, E. Peralta, F. Ogliaro, M. Bearpark, J. Heyd, E. Brothers,
123

K. Kudin, V. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. Burant, S. Iyengar, J. Tomassi, M. Cossi, N. Rega, J. Millam, M. Klene,
J. Knox, J. Cross, V. Bakken, C. Adamo, A. Jaramillo, R. Gomperts, R. Stratmann, O. Yazyev, A. Austin, R. Cammi, C. Pomelli, J. Ochterski, R. Martin,
K. Morokuma, V. Zakrzewski, G. Voth, P. Salvador, J. Dannenberg, D. S,
A. Daniels, O. Farkas, J. Foresman, J. Ortis, J. Ciolowski, and D. Fox, Gaussian 09, Revision D.01. Wallingford, CT: Gaussian, Inc., 2009.
[203] C. Lee, W. Yang, and R. Parr, “Development of the Colle-Salvetti correlationenergy formula into a functional of the electron-density,” Physical Review B,
vol. 37, no. 2, pp. 785–789, 1988.
[204] R. Dithcfield, W. Hehre, and J. Pople, “Self-consistent molecular-orbital methods.9. Extended Gaussian-type basis for molecular-orbital studies of organic
molecules,” Journal of Chemical Physics, vol. 54, no. 2, pp. 724–&, 1971.
[205] W. Hehre, D. R, and J. Pople, “Self-consistent molecular-orbital methods .12.
Further extension of Gaussian-type basis sets for use in molecular-orbital studies
of organic-molecules,” Journal of Chemical Physics, vol. 56, no. 5, pp. 2257–&,
1972.
[206] M. Frisch, J. Pople, and J. Binkley, “Self-consistent molecular-orbital methods
.25. Supplementary functions for Gaussian-basis set,” Journal OF Chemical
Physics, vol. 80, no. 7, pp. 3265–3269, 1984.
[207] T. Clark, J. Chandrasekhar, G. Spitznagel, and P. Schleyer, “Efficient diffuse
function-augmented basis sets for anion calculations.III. The 3-21+G basis set
for first-row elements, Li-F,” Journal of Computational Chemistry, vol. 4, no. 3,
pp. 294–301, 1983.
[208] C. Adamo and V. Barone, “Exchange functionals with improved long-range behavior and adiabatic connection methods without adjustable parameters: The
mPW and mPW1PW models,” Journal of Chemical Physics, vol. 108, no. 2,
pp. 664–675, 1998.
[209] J.-D. Chai and M. Head-Gordon, “Systematic optimization of long-range corrected hybrid density functionals,” Journal of Chemical Physics, vol. 128, no. 8,
2008.
[210] T. Dunning, “Gaussian-basis sets for use in correlated molecular calculations .1.
The atoms boron through neon and hydrogen,” Journal of Chemical Physics,
vol. 90, no. 2, pp. 1007–1023, 1989.
[211] R. Kendall, T. Dunning, and R. Harrison, “Electron-affinities of the 1st-row
atoms revisited –systematic basis-sets and wave-functions,” Journal of Chemical
Physics, vol. 96, no. 9, pp. 6796–6806, 1992.
124

[212] A. Wilson, T. vanMourik, and T. Dunning, “Gaussian basis sets for use in correlated molecular calculations .6. Sextuple zeta correlation consistent basis sets
for boron through neon,” Journal of Molecular Structure: Theochem, vol. 388,
pp. 339–349, 1996.
[213] Y. Zhao and D. G. Truhlar, “The M06 suite of density functionals for main
group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class functionals and 12 other functionals,” Theoretical Chemistry Accounts, vol. 120, no. 1-3, pp. 215–241, 2008.

125

