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Abstract

POLYMERS AND BIOMOLECULES IN SOLVENTS: A MOLECULAR DYNAMICS STUDY

Gideon Kwadzo Gogovi, PhD

George Mason University, 2020

Dissertation Director: Dr. Jason Kinser

This study, which is in three parts, uses all-atom Molecular Dynamics (MD) simulations

to investigate the behavior of polymers and biomolecules in solvents to enhance the under-

standing of solvent effects on protein-solvent and polymer-solvent interactions. In the first,

the structural, energetic, and dynamical properties of polyacrylamide (PAM) oligomers of

different lengths solvated in pure glycerol, glycerol–water, and pure water are investigated.

We predict that the oligomers’ globular structure is obtained only when the modeling strat-

egy considers the solvent as a continuous background. Meanwhile, for all-atom modeled

solvents, the glycerol solutions display a strong tendency of trapping the oligomers in in-

stantaneous elongated random coiled structures that remain locked-in over tens of nanosec-

onds. In pure water, the oligomers acquire considerably shorter random coiled structures of

increased flexibility. The generalized amber force field is modified by including restrained

electrostatic potential atomic charges for glycerol and PAM. Three PAM oligomer lengths

monomers are considered in detail by monitoring the structural properties and energetics for

several nanoseconds. The density and radial distribution function of glycerol solutions are

calculated when modeled with the modified atomic charges and shows very good agreement

with experimental results at temperatures around 300 K. Glycerol has multiple



applications, including its use in gel formation for PAM gel electrophoresis. Our findings

are relevant for the design of sensors based on microfluidics and tailored pharmaceutical

buffer solutions.

The second part presents a solvation effect of the structure and dynamics of a C-terminal

domain of Rift Valley Fever Virus (RVFV) L protein exploration by MD using both explicit

and implicit water. The force field parameters of explicit waters were taken from the TIP3P,

TIP4P, SPC/E, SPCE/Fw, and OPC water models.

The generalized Born (GB) model was employed for the implicit solvent simulation.

The results from the study led to the conclusion that the structural conduct and preference

of this protein are highly sensitive to the accommodating environment. Also, structural

characterization and clustering of the atomic trajectories enable a better understanding of

the structural and dynamical behavior of the peptide along time.

In the third part of this investigation, the structural dynamics and energetic properties

of the C-terminal domain of the RVFV L protein in glycerol and its aqueous solutions at

different concentrations by molecular weight are presented. Secondary structure analysis

was also performed to examine the extent of conformational drift for the individual α-

helices and β-sheets. It is reasonable to predict from the results that the helices and

sheets are maintained only when the modeling strategy considers solvents with less glycerol

concentration and also, the solvent-peptide becomes more cohesive with decreasing glycerol

concentrations.



Chapter 1: Introduction

Proteins or polypepetides comprise of amino acids that are transported to the ribosome by

Transfer RNAs (tRNAs). Each amino acid contains an amino group (–NH2) and carboxyl

group (–COOH), and these two moieties are connected directly to the central Cα. A

specific side chain (–R), called the R group, is also connected to the Cα to make each

amino acid different. There exist 20 naturally occurring amino acids in organisms. For the

tRNA to obtain its cognate amino acid, the different tRNAs are specifically recognized by

their connected aminoacyl-tRNA synthetases (AARS) that catalyze the reaction to attach

amino acids to their cognate tRNA’s 3’ end, resulting in a “charged” state. The transport

proteins’ elongation factor thermo unstable (EF-Tu) binds to aminoacylated, or “charged”,

tRNA and moves it to a free A-site on the ribosome and ensures the association of the

correct tRNA anticodon with the mRNA codon with a good presicion. The ribosome uses

the mRNA as the template and each tRNA anticodon recognizes the codon. The tRNA

provides the amino acids one after the other until the protein synthesis is complete. During

the synthesis, the amino and carboxyl groups of two amino acids can form the peptide bond

(–NH–CO–) through a condensation reaction.

The process is repeated such that many amino acids are connected one after another,

and they form a sequence. The sequence of amino acid residues in a protein is called the

primary structure. The polypeptides are mainly connected through hydrogen bonds and

form the local secondary structures like α - helices and β - sheets. The secondary structure

and regular geometry of the segments of a protein depend upon the following factors; the

bond length and bond angles of the peptide bond, the coplanar arrangement of the amide

groups atoms, the hydrogen bonds between N–H and C––O to maintain the maximum

stability, and the range of the distance in the hydrogen bonds. Segments of the peptide
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chains are most likely to be held in their coiled form due to intramolecular forces. The two

best-known coils are the α-helix and β-sheet. The directions of the hydrogen bonds are

almost parallel to the axis of the helix. The left- and right-handed α-helices correspond

to the turns of a left-handed screw and a right-handed screw. The helices do not need to

have an integral number of residues per turn. In many proteins, the α-helix repeats after

exactly 18 residues, which amounts to five turns. Also, each carbonyl oxygen is bonded to

the amide proton on the fourth residue up the helix by a hydrogen bond. A β-sheet (β-

structure or pleated sheet) has a twist and the whole structure follows this twist, resulting

in an unsteady arrangement for the structural elements in the outer layers. β-Sheets can

also curl and form a complete hydrogen-bonded cylinder (usually referred to as a “barrel”).

A β-sheet may be antiparallel, with chains that run in the opposite direction, as if it is

folded back and forth upon itself, or it may be made from segments of a chain that are

looped back to run in the same direction, thus creating a parallel sheet.

The side chains of amino acids may interact in a more complex manner to form a tertiary

structure. This is the overall folding of the protein molecules, in contrast to the secondary

structure, which is the local folding (e.g., α-helix, β-sheets). The tertiary structure makes

the protein compact and globular in shape. It may be divided into units called domains

with a simple domain containing 100–150 amino acid residues and is about 25 Å in diameter.

Under appropriate conditions, a domain can sometimes be isolated as a fragment by limited

proteolysis. In the native protein molecule, each fragment has the same conformation.

A fragment is also stable and can be refolded without apparent external cause from the

unfolded state under native conditions.

The tertiary structure may further fold into a Quaternary structure. While tertiary

structure refers to the topology of one polypeptide chain of a protein, the quaternary struc-

ture refers to the topology of several polypeptide chains aggregated together. The aggrega-

tion can be separated by using an external force such as ultra centrifuge. This shows that

the interpeptide chain attraction is neither strong nor weak. It is not strong because it can

be easily separated and it is not weak because it sticks together to form an assembly.

2



Understanding the cellular processes of living organisms and how biomolecules fold into

specific structures to carry out these processes to result in a functioning organism is a major

objective of biophysics. Figure 1.1 below depicts the protein structure characterization

Figure 1.1: Protein Structure levels.

Polymers, also referred to as macromolecules, are very large molecules with high molec-

ular mass and are formed by joining of repeating structural units. The repeating structural

units are derived from some simple and reactive molecules called monomers and are linked

to each other by covalent bonds through polymerization. Polymers form a very important

class of materials without which life would be very difficult. The macroscopic physical

properties of polymer containing materials are often dependent on the average microscopic

conformation of the constituent polymer molecules. Polymers such as proteins carry out

the most difficult tasks in living cells by interacting with specific molecules. This requires

3



that they fold to a specific, globular conformation that is only marginally more stable than

the large ensemble of the unfolded state.

The conformation of a polymer chain in solution is coupled to the local structure of

the surrounding solvent and can undergo large changes in response to variations in solvent

density and temperature [4]. The correct assessment of the solvent’s effect on local confor-

mational dynamics might be critically important for the interpretation of experiments such

as NMR spectroscopy, fluorescence anisotropy, high-frequency dielectric relaxation, etc.,

measuring characteristic relaxation times associated with short-range orientational motions

in polymers.

Electron paramagnetic resonance (EPR) measurements showed that motions in the lo-

cal neighborhoods of two spin-labeled amino acids decreased dramatically with decreasing

solvent dielectric constant, a trend with is consistent with changes in the electrostatic force

between charged residues of the protein. In general, at the lower dielectric constant many

atoms of the protein move more slowly, and many of the slowest residues are near the ex-

terior [5]. This suggests that the dielectric constant and other characteristics of the solvent

play an important role in determining the properties of proteins and other biomolecules in

organic media. Simulation of polymer-solvent systems is a useful tool to investigate the

behavior of polymers in different environments [6].

While there is a wealth of experimental methods that are capable of determining in-

formation regarding the interfacial structure of molecules, it is often necessary to employ

computational methods to support the conclusions arrived at by experimental procedures.

This necessity is compounded by the fact that while the majority of experimental tech-

niques determine information based on an ensemble average of molecules at the surface,

computational techniques are capable of studying systems using discrete molecules. This

makes the two techniques complementary to each other. However, even with a relatively

small number of molecules in a solution interacting with each other, these calculations can

become relatively long, requiring great deals of computational time to complete. While

4



these problems are well known and methods to overcome these difficulties have been devel-

oped, these techniques still face considerable challenges [7]. As such, many methods have

been developed that can reduce the amount of time required to study any system.

Molecular mechanics is one such method. It relies upon empirically parameterized equa-

tions that are capable of modeling physical forces in the system of interest. Within the

realm of molecular mechanics, there exist a variety of sub-methodologies, such as Monte

Carlo, as well as molecular dynamics, which employs Newtonian motion to study the forces

and energy that exist in a system of more than two particles. Molecular dynamics simu-

lation consists of the step-by-step numerical solution of the classical equations of motion

in Hamilton’s dynamics or the equivalent Newton’s dynamics. Given an initial state and

having knowledge of the forces of nature, the idea behind molecular simulations is that one

should be able to compute the behavior of the system [8].

The general objective of this dissertation is to improve the understanding of the struc-

tural and dynamical behavior of polymers and proteins in dense solvents with varying

concentrations. This work employs molecular dynamics to study structural and dynamic

properties of polymers of different lengths and a biomolecule in glycerol and its aqueous

solutions. Specifically, polyacrylamide (PAM) and a Rift Valley Fever Virus (RVFV) L

protein domain is studied in glycerol, water and aqueous glycerol solutions of different

proportions by molecular weights. The solvent component of the dissertation employed

high-density solvents that are also structural protectant of proteins. Glycerol is known to

be a good protectant of secondary structures of proteins [9, 10] and favors the secondary

structural formation and inhibits aggregation of other proteins such as creatine kinase [11].

The dissertation is organized in six (6) chapters.

Chapter 2 contains a detailed overview of the computational method, molecular dynam-

ics, and also reviews some of the structural and dynamic properties of the molecules stud-

ied in this dissertation. The Assisted Model Building with Energy Refinement (AMBER)

molecular dynamics software and the force field or model potential used for the simulations

are also introduced in this chapter. I discuss the potential equations that AMBER utilizes

5



for molecular dynamics which reveal the force field parameters that must be developed for

the molecules. Chapter 3 presents a molecular dynamics exploration of the structural and

thermodynamic properties of polyacrylamide. Different lengths of polyacrylamide in glyc-

erol, a mixture of glycerol-water (90-10% by molecular weight) and in water is studied and

presented in this chapter.

The behavior of a C-terminal domain of Rift Valley Fever Virus (RVFV) L protein

in different water models using molecular dynamics simulation is presented in Chapter

4. Here, five different water models, TIP3P, TIP4P, SPC/E, SPCE/Fw and OPC were

selected for this study. In addition to these water models an implicit solvent simulation was

also performed as a comparative study. In Chapter 5, an extended study this C-terminal

domain of the Rift valley fever virus L protein in aqueous glycerol solutions is presented.

Ten solvents, pure glycerol, and mixtures of glycerol:water (at 90:10%, 80:20%, 70:30%,

60:40%, 50:50%, 40:60%, 30:70%, 20:80%, 10:90%) concentrations in molecular weights are

considered for this study. Finally, Chapter 6 contains concluding remarks from the previous

chapters and a proposed future study.
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Chapter 2: Theory and Computational Methods

2.1 Molecular Dynamics Simulation and Atomistic Empirical

Force Field

This chapter presents a detailed overview of molecular dynamics (MD), the Assisted Model

Building with Energy Refinement (AMBER) molecular dynamics software, and the AMBER

force field or model potential used for the simulations in this dissertation. The chapter also

presents some of the structural and dynamic properties of molecules studied in this work.

2.1.1 Molecular Dynamics Algorithm

Molecular dynamics simulation consists of the numerical solution of the classical equations

of motion in Hamilton’s dynamics or the equivalent Newton’s dynamics. Molecular dy-

namics has proven to be a valuable tool for understanding the mechanism and evolution

of several time-dependent processes, to reproduce well thermodynamic properties, and is

of paramount importance for the determination of the structure of systems under different

realistic thermodynamic conditions [12].

For a simple atomic system, the Newton second-order ordinary differential equations

may be written as

Fi(r1, r2, ..., rN ) = mi
d2ri
dt2

(2.1)

Fi =
N∑

j 6=i
fij (2.2)
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with

fij = −dU(rij)

drij
· rij
rij

(2.3)

Here ri are the position vectors and Fi are the forces acting upon the N particles in the

system. According to Newton’s third law, fij = −fji. A system composed of atoms with

coordinates rN = (r1, r2, ..., rN ) and potential energy U(rN ), we introduce the atomic

momenta pN = (p1,p2, ...,pN ), in terms of which the kinetic energy may be written

K(pN ) =
∑N

i=1 |pi|2/2mi. Then the energy, or Hamiltonian, may be written as a sum of

kinetic and potential termsH(q, p) = K(p)+U(q). Write the classical equation of motion as;

dp

dt
= −∂H

∂q
= Fi

dq

dt
= +

∂H
∂p

= pi/mi

(2.4)

2.1.2 Time Integration of the Equations of Motion

The most time-consuming component of an MD calculation is the evaluation of the forces.

Several methods are available for the numerical integration of the equations of motion. To

do this, the second-order differential equation of motion is rewritten as two coupled first

order differential equations, as seen in Equation (2.4). Equation (2.5) demonstrates this for

the y-component:

Fy = mÿ

ẏ = v

v̇ =
1

m
Fy

(2.5)

where v is the velocity and v̇ = ÿ.

The simplest method for solving such a system of differential equations is Euler’s method.
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One just steps forward from tn to tn+1 using the derivative information from Equation (2.1).

yn+1 = yn + ∆t · ẏ

vn+1 = vn + ∆t · v̇
(2.6)

Though this is simple, it is not used as it is only first-order accurate and does not pro-

duce better results. The method can be derived from the Taylor Series, which also shows

that it is first-order accurate. There are a wide range of another method called Runge-Kutta

methods with different accuracy. Fourth-Order Runge-Kutta is the most known with very

good accuracy. The Runge-Kutta calculates the derivative several times along the interval

but taking the final step from the start of the interval. The step and the k-coefficients are

shown in Equation (2.7) for advancing y.

yn+1 = yn +
1

6
h (k1 + 2k2 + 2k3 + k4) ,

tn+1 = tn + h

k1 = f(tn, yn),

k2 = f

(
tn +

h

2
, yn + h

k1
2

)
,

k3 = f

(
tn +

h

2
, yn + h

k2
2

)
,

k4 = f (tn + h, yn + hk3) ,

(2.7)

where yn+1 is the Runge-Kutta approximation of y(tn+1), and the next value (yn+1) is

determined by the present value (yn) plus the weighted average of four increments, where

each increment is the product of the size of the interval, h, and an estimated slope specified

by function f on the right-hand side of the differential equation.

The Velocity Verlet algorithm is yet another method that is no more complex than the
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first-order Euler method but yields second-order results. The step in time in the y-direction

is given by Equations

yn+1 = yn + vn∆t+
1

2
an∆t2

vn+1 = vn +
an + an+1

2
∆t

(2.8)

where an is the acceleration in the y-direction for the nth time step. The need for acceleration

at time step n + 1 for the velocity is extra work since it requires recalculating all of the

forces on each atom. However, these forces are conservative and only depend on the atomic

positions. The next step also involves the computation of the accelerations so, the positions,

y, are updated first. Then, the next step’s accelerations are computed from the new positions

and then, the velocities may be updated. At this point, the next step’s accelerations are

already computed so no additional force calculations are done for this second-order method.

The interest here is in the behavior of systems that involve large numbers of atoms. Due

to the computing and time constraints for simulating such systems, it is preferable to run

simulations of a representative system of a few molecules in isolation. Periodic boundary

conditions help approximate the larger systems and this eliminates the constraints.

Periodic boundary conditions help us to deal with these constraints. A rectangular

computational box is filled with solvent molecules or solution with molecules of interest and

equilibrated so that the box attains a density and composition desired. This box is treated

as if its image is repeated in all directions. Atoms in the box appear in all the other boxes

and behave identically to its peer in the other imaged boxes. This makes for an infinite

number of atoms which cannot be simulated directly. A cutoff distance is set so that when

the atoms move further than the value of this distance, direct interaction is not computed

between them. Moreover, the potential energy function describing the forces between atoms

are usually shifted so they are zero at the cutoff distance. This has no effect on the force

calculations and takes care of the functions’ discontinuity. Finally, a method for computing

long-range interactions is selected. The Particle Mesh Ewald method is an example of how

10



long-range electrostatics can be computed very quickly in Fourier space.

In the canonical ensemble (NV T ), sometimes called constant temperature molecular

dynamics, number of atoms N , volume V and temperature T are held constant or conserved.

The energy of endothermic and exothermic processes is exchanged with a thermostat in

NV T . Controlling the temperature of a system in simulations is important. A variety of

thermostat algorithms are available to remove or add energy from the boundaries of an

molecular dynamics simulation. Popular methods to control temperature include velocity

rescaling, the Nosé–Hoover thermostat, the Berendsen thermostat, the Andersen thermostat

and Langevin dynamics.

Isothermal–isobaric ensemble (NPT ) has the number of atoms N , pressure P and tem-

perature T are held constant or conserved. In addition to a thermostat as mentioned in the

NV T case, a barostat is also needed in NPT for pressure control. The simplest of these is

Berendsen pressure coupling which is just an exponential relaxation method. This method

is not time-reversible and it has been argued that this method does not yield a correct

thermodynamic ensemble, especially in the simulation of biological membranes. However,

it is efficient so it is usually used to equilibrate a computational box at the beginning of

a simulation. This has higher computational requirements but is recommended if pressure

coupling continues through data collection.

Microcanonical ensemble (NV E) simulations conserve the number of atoms N , the

volume V , and the total energy, E, constant. The temperature and the volume are not

adjusted and the energy here is supposed to remain constant as conservation laws dictate.

This type of simulation works well after a simulation box has been well equilibrated with

NPT or NV T ensembles.

Generally, two groups of properties, static and dynamic, can be determined with molec-

ular dynamics. Static properties are properties that can be calculated directly with single

configurations. Simple properties are found directly from the trajectory data and are usu-

ally calculated during the simulation. These properties include potential and kinetic energy,

and as a result, the total energy and temperature.
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The radius of gyration of the individual molecules indicates the compactness of these

molecules, such as polymers and biomolecules. Others include the end-to-end distance, the

distance between the centers of mass of the two end end-monomers of a coiled polymer

chain. This is usually measured as the distance between the center of mass of the two

end monomers in a polymer or the two end residues in a protein or a peptide. The radial

distribution function, g(r), which is key to identifying crystal structures is used to identify

the distribution of atoms or molecules in a simulation box.

Most of these dynamical properties are usually calculated based on other static proper-

ties. For example, the self-diffusion coefficient which can be computed with a single particle,

and autocorrelation functions. For this, one needs a trajectory of configurations, which is

exactly what molecular simulations produce.

2.1.3 AMBER Model Potential and Parameter Sets

This dissertation employs the Gaff force field parameters for the polymers and molecular

solvents and the Assisted Model Building with Energy Refinement (Amber) ff14SB force

field for the proteins structural study. These force fields are known to model well polymers,

molecular solvents [13], and proteins [14] with the appropriate parameters. The functional

form of the AMBER force field uses the following Potential function

V (rN ) =
∑

bonds

kb(l − l0)2

+
∑

angles

kθ(θ − θ0)2

+
∑

torsions

∑

n

1

2
Vn[1 + cos(nω − γ)]

+
N−1∑

j=1

N∑

i=j+1

{
εij

[(
Aij
rij

)12

− 2

(
Bij
rij

)6 ]
+

qiqj
4πε0rij

}

(2.9)
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The terms kb, l0, kθ, θ0, Vn, γ, Aij , Bij are parameters to be specified based on the various

Amber force fields. The first term on the right of equation (2.9) is the harmonic term

for bond stretching. It represents the energy between covalently bonded atoms with force

constant kb, instantaneous bond lengths, l and l0 is the value for the bond length at equilib-

rium that is considered a parameter. The term summing over angles represents the energy

due to the bending of two contiguous bonds. Angle bending terms are parameterized by a

force constant kθ and the equilibrium angle value θ0 in degrees. The third term, summing

over torsion angles, models the energy for twisting three contiguous bonds with the force

constant Vn, the multiplicity N, a phase shift γ, and the torsion angle ω. The term (double

summation over i and j) represents the non-bonded energy between all atom pairs, which

can be broken down into van der Waals and electrostatic energies. The van der Waals po-

tentials take into account repulsion between atoms at small separations accounting for the

excluded volume between atoms and also weak attraction at larger distances. The common

form of this potential for a pair of atoms i and j is given by a Lennard-Jones function:

Vi,j = 4εi,j

[(
σi,j
ri,j

)12

−
(
σi,j
ri,j

)6
]

Here, the distance, ri,j , is the distance separating the two atoms, εi,j is the depth of the

potential well for the interaction of atoms i and j, and σi,j is the distance where the model

potential is exactly zero. The electrostatic or Coulomb potential describes the interactions

between pairs of partial charges. qi and qj are the partial charges on the atoms i and j and

ε0 is the dielectric constant of vacuum.

2.1.4 The Generalized Born Model

The Generalized Born (GB) implicit solvent is a fast but approximate method for calculating

molecular electrostatics in solvent by a Poisson Boltzmann equation which models water as

a dielectric continuum. It is based on modeling solutes as a set of spheres whose internal
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dielectric constant differs from the external solvent. The functional form of the Generalized

Born model uses equation (2.10) below:

Gs = − 1

8πε0

(
1− 1

ε

) N∑

i,j

qiqj
fGB

(2.10)

where

fGB =
√
r2ij + a2ije

−D and D =

(
rij

2aij

)2

, aij =
√
aiaj

and ε0 is the permittivity of vacuum, ε is the dielectric constant of the solvent being modeled,

qi is the electrostatic charge on particle i, rij is the distance between particles i and j and ai

is a quantity, with the dimension of length, called the effective Born radius of an atom which

characterizes its degree of burial inside the solute [15]. Qualitatively it can be thought of

as the distance from an atom to the surface of the molecule.

The AMBER software package, a suite of biomolecular simulation programs [16] is

utilized for all simulations in this study. The basic AMBER information workflow is shown

in Figure 2.1 below. Preparatory programs in AMBER include the following. LEaP which

is the primary program use to create a new system or modify an existing one. pdb4amber

generally helps in preparing pdb-format files coming from other places (such as rcsb.org)

to be compatible with LEaP. The one is parmed. This provides a simple way to extract

information about the parameters defined in a parameter-topology file antechamber is the

main program to develop force fields for drug-like molecules or modified amino acids using

the general Amber force field (GAFF).

Simulated Annealing with Nuclear Magnetic Resonance (NMR) - Derived Energy Re-

straints (SANDER) is one of the central simulation utilities in AMBER and provides tools

for energy minimization and molecular dynamics with a wide variety of options. The mini-

mization is achieved by relaxing the structure through iteratively moving the atoms downhill
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along the energy gradient directions until such gradients are basically zero.

Figure 2.1: Basic information flow in Amber.

(Source: AMBER 18 manual)

The molecular dynamics portion generates time trajectories of the system configura-

tion by integrating the Hamilton equations of motion of all atoms in the system. During
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the simulation, configurations are saved at regular intervals for post-simulation analysis,

and basic free energy calculations using thermodynamic integration can also be performed.

CPPTRAJ is a tool that provides utilities for numerical analysis of the simulation results

[17]. It is the main trajectory analysis utility for carrying out superpositions, extractions

of coordinates, calculation of bond, angle, dihedral values, atomic positional fluctuations,

correlation functions, analysis of hydrogen bonds, etc.

Particle Mesh Ewald Molecular Dynamics (PMEMD) is another primary molecular dy-

namics engine within the AMBER Software suite. This engine aims at improving perfor-

mance in the most frequently used methods of SANDER. The code has since been expanded

into multiple integrated programs, offering massively parallel CPU and highly functioning

well or as expected GPU [18–20] capabilities for common particle simulations as well as so-

phisticated CPU implementations of advanced models for electronic polarization. PMEMD

supports Particle Mesh Ewald simulations, Generalized Born simulations, Isotropic Peri-

odic Sums, Analytical Linearized Poisson-Boltzmann, (ALPB) solvent, and even gas phase

simulations using the AMBER Force fields. PMEMD accepts SANDER input files (mdin,

prmtop, inpcrd, refc). For visualizations of structures, both Chimera [2], an extensible pro-

gram for interactive visualization and analysis of molecular structures, and Visual molecular

dynamics (VMD) are used. The plots are made with Gnuplot. It is a free, command-line

utility for visualizing equations and discrete data. I have developed a couple of codes in

the Fortran programming language for pre- and post- processing work. There are compiled

on a personal computer, ARGO, and the Department of Computational and Data Science

workstations.
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Chapter 3: Structure and Dynamics of Polyacrylamide in

Glycerol Solutions

3.1 Introduction

Polyacrylamide (PAM) is a thermoresponsive, biocompatible, and water-soluble polymer

that can be tailored to meet a broad range of commercial applications, most of them based on

its well-above room temperature glass transition temperature of 400 K [21,22]. The polymer

is synthesized either as a simple linear chain or as a cross-linked structure. PAM increases

the viscosity of water and belongs to the super water-absorbent polymers (SAP) family.

When hydrated, PAM forms a soft gel used in gel electrophoresis for protein separation.

Indeed, PAM is hydrophilic and can form aqueous solutions of very high concentrations [23].

Because of their gel-like properties, these aqueous solutions are employed as flocculants in

the removal of suspended particles from sewage and industrial effluents such as paper mill

wastewater. Through the highly reactive amide NH2 groups, the polymer can be chemically

modified to produce cationic or anionic polymers, which are particularly useful in mineral-

processing and metallurgical operations for the separation of metals from residues [24].

PAM increases the viscosity of other fluid, and may be the cause of unexpected turbulent

behavior in the flow of otherwise viscoelastic fluids at low Reynolds number [25].

The past couple of decades have seen a dramatic increase in computational power and

high-performance computer algorithms, among which MD simulations have emerged as

valuable tools for studying macromolecules and large molecular systems at the atomic scale.

Along the simulations it is possible to follow in time, the interfacial dynamics of complex

3D molecular structures both localized around particular macromolecules or of their in-

teractions with other surrounding molecules, which are yet not possible to be observed
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experimentally [26]. For example, Wang et al. [27] used a coarse-grained MD for investigat-

ing the effect on linear polyacrylamide (PAM) structure by surfactant molecules in aqueous

solutions. The study revealed that PAM in water curled into a cluster-like structure in the

absence of surfactant molecules, while it stretched out into a beaded-necklace structure at

the hydrophilic interface created by the surfactant molecules. In another study, Wu et al.

[28] used an all-atom MD under the COMPASS force field for demonstrating that the addi-

tion of linear PAM at the interface of water and a foam system increased the foam stability.

More recently, de Oliveira and co-authors conducted extensive all-atom MD simulations of

N-propylacrylamide solvated in water [29] and were able to verify the effect of copolymer-

ization with acrylamide on the lower critical transition temperature (LCST). In a combined

experimental-computational work, Asadujjaman et al. [30] simulated with all-atom MD

a 40-PAM chain in several solvents including alcohols, water, and their mixture with the

objective of tuning the upper critical transition temperature (UCST) depending upon the

alcohol-water relative concentration.

The atomic-scale behavior of a large number of liquids has been the subject of several

decades of discovery that spans from the times that MD became a clearly useful method

for studying the dynamics and structure of systems in the fluid phases [31] to the current

research of more complex liquids. For example, in [29] several alcohols were MD simulated,

both pure and mixed with water. In another study, a new force field was developed for ethyl

acetate and its mixture with water [32]. Propane-1,2,3-triol or glycerol is a sugar alcohol

with three hydroxyl groups that was MD stimulated in aqueous solutions [33]. These authors

provide a good review of MD simulations of glycerol prior to their study. Worth noting is

the first all-atom MD simulation using the AMBER force field by Chelli and collaborators

[34], which was later reparameterized [35] with different atomic charges and Lennard-Jones

parameters that reproduced the glycerol diffusion coefficient better than in earlier works.

The CHARMM force-field was proposed to model glycerol [36,37]. However, the published

simulations give MD values for the diffusion coefficient about half the experimental values.
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More recently, the AMBER force field of Ref. [35] with modifications for the glycerol

bending and torsion angles constants [38] gave rise to reasonable MD-simulated densities of

glycerol, although diffusivities were low compared to experiments. Reference [38] analyzed

in detail several glycerol-water mixtures. Jahn et al. [39] conducted a comparative study

of MD calculated densities and thermodynamic properties including the AMBER [34, 35],

the CHARMM [36], and three versions of the OPLS force fields [40], which indicated that

the AMBER force field gives reasonable thermodynamic properties. Over the years, the

AMBER package has had periodical improvements to their force fields, including the GAFF

force field that currently allows for the inclusion of two types of atomic charges. In this

work, the latter is adopted, as it is explained in section 3.2.

This study is partly motivated by an experiment [25] that investigates the flow of a vis-

coelastic fluid (90:10 glycerol:water) with polyacrylamide inside along microchannels at low

Reynolds numbers. In this study, it was observed that downstream the flow become unsta-

ble, consistent with features of elastic turbulence. In their experimental setup, the polymers

flow initially around cylindrical obstacles; their interpretation was that the polyacrylamide

is elongated at the initial times when flowing along the cylinders, while the turbulent flow

structures might be associated with sudden coiling-stretching events due to fluctuations

in the stream-wise velocity gradients. A recent fluid dynamics continuum simulation [41]

corroborated that vortices can be produced in viscoelastic fluids if there is a spatiotemporal

localization of energy on the neighborhood of flowing polymers modeled by the FENE-P

dumbbells [42].

This chapter presents extensive all-atom MD simulations of PAM oligomers of various

molecular weights solvated in pure glycerol, pure water, and mixed glycerol-water (90:10)

by weight. The goal is to investigate the structural fate of the solvated oligomers in the

three chosen solvents. The structural changes of a selected set of PAM oligomers containing

10, 20, and 30 monomers are analyzed when solvated in explicit solvents, modeled at the

all-atom level. To achieve this, a new parametrization of the GAFF was carried out for pure

glycerol and the mixed glycerol-water solution. Results concerning the structural properties
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of the three selected PAM oligomers in the explicit solvents are summarized in section 3.3,

including radius of gyration, hydrodynamic radius, end-to-end distance, Z orientation order

parameter, and interaction energies between the oligomers and the solvents. Summarizing

observations are cast in the discussion of Sec. IV. We predict that PAM oligomers of all sizes

at ambient conditions remain as randomly coiled oligomers of variable elongations in the

three all-atom explicit solvents considered. We additionally predict that conformations of

PAM oligomers considered here are basically trapped in either of the glycerol-based solvents,

and their structure is maintained without visible changes over tens of nanoseconds.

3.2 Methods

Three solvents are considered, pure glycerol, pure water, and their mixture at 90:10 con-

centration in molecular weight. The solutes in each of these solvents are polyacrylamide

oligomers of various lengths, n-PAM, formed by n acrylamide monomers (–CH2CHCONH2 –).

The backbone of this polymer has only two carbon atoms, one of them bonded to the amide

NH2 –C––O. The focus of this study is on the effect that three all-atom, explicitly modeled

solvents (glycerol, water, 90:10 glycerol-water) have on a subset of n-PAM of increasing

molecular weight modeled with our GAFF determined parameters: 10-PAM (712.82 u),

20-PAM (1423.62 u), and 30-PAM (2134.42 u). For the latter, the all-atom GAFF charges

for the glycerol solvent is also generated.

3.2.1 Parameters for the GAFF force field of n-PAM and glycerol solvent

Within the GAFF force field, the atomic charges are generated for each n-PAM as a full

molecule at the B3LYP 6-31G* density functional theory level, including the polarizable

continuum model (PCM) [43], based on the Merz-Singh-Kollman population analysis [44,

45], and using Gaussian09 [46]. The atomic charges are later ported into the AMBER

Tools18 [16] to generate their corresponding RESP charges. Additionally, for the n-PAM

oligomers, an alternative set of atomic charges was generated at the BCC (additive bond
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charge corrections) approach [47, 48]. The latter is based on semiempirical AM1 quantum

approaches and are calculated within the AMBERTOOLS 18 routines. Files of the used

n-PAM geometries and the corresponding RESP and BCC atomic charges are provided in

Appendix A.

Concerning the glycerol solvent all-atom MD simulations that are part of the study, the

GAFF force field is also used and the two types of atomic charges: RESP and BCC. They

are generated for these molecular liquids as well. Again, Appendix A contains the RESP

and BCC atomic charges for the glycerol solvent. For water in the solvent component, the

SPC/E model [49] is adopted for the study.

3.2.2 Methodology associated with the MD All-atom simulation of n-

PAM in explicit solvent

Glycerol is liquid between 291 and 563 K, and it is often used as a mixture with water in

a large variety of relative concentrations. Before solvating n-PAM in glycerol, we validate

simulations of the pure glycerol solvent and its 90:10 mixture with water. The simulations

of pure glycerol contain 2000 glycerol molecules while for the 90:10 glycerol:water mixed sys-

tem the simulations involved 1800 glycerol molecules and 1018 water molecules. Meanwhile,

the pure water system contains 9500 water molecules. These systems were equilibrated with

NPT-MD at T = 298 K and 1.01325 bar via the Berendsen thermostat and barostat [50]

along 40 ns long trajectories using a 2 fs time step, a 20 Å cutoff, and periodic boundary

conditions (PBC). Ewald sums are used in all calculations for the long-range electrostatics

within the particle mesh implementation (PME). This equilibration stage is followed by

an NVE-MD production run along 10 ns for each system at the equilibrium densities that

maintained a temperature of 298 ± 2K. As described in the following sections, the NVE

simulations are used for calculating the pure solvents radial distribution functions and their

self-diffusion coefficients from:
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D =
1

6t

1

m

m∑

k=1

1

N

N∑

i=1

(ri(t)− ri(t0k))
2 +DPBC (3.1)

where ri is the position of the ith molecule center of mass at time t and N is the number of

molecules in the solvent. Each NVE run is split into m time series, each series starting from

a reference position ri(t0k) and their average is taken as indicated in Eq 3.1. The last term

is the correction due to the PBC [51], DPBC = 2.837297kBT
6πηL , with kB being Boltzmann’s

constant, T temperature, L computational box length, and η solvent viscosity. Values for

the solvent viscosities are taken from experiments at 298 K: ηglycerol = 945 mPa s [52, 53],

η90:10= 163.6 mPa s [53] and ηwater = 0.8937 mPa s [54].

The next step is the preparation of systems with one n-PAM, n=10, 20, 30, each solvated

into the three different solvents. Each of the 18 systems is brought to equilibrium with NPT-

MD at 298 K and 1.013 25 bar along 100 ns. Equilibrium densities of the solvated systems

are within the standard deviation of the solvent equilibrated densities for the three PAM

sizes considered. These simulations are followed at the equilibrium densities by NVE-MD

production runs along 80 ns and temperatures around 298 K. It is from these NVE-MD

simulations that the solvated n-PAM structural and dynamic properties are calculated,

including their diffusion coefficients in the solution. For the diffusion coefficients, the center

of mass of the full n-PAM is followed in time within the solution and calculated from Eq.

(3.1) as well.

Along the MD trajectories, the energetics, several structural and dynamic properties of

the n-PAM are examined such as the hydrodynamic radius of defined by Equation (3.2).

This property is determined most commonly for polymers where the subparticles would

then be the units of the polymer.

1

Rhyd
=

1

2N2

〈∑

i 6=j

1

rij

〉
(3.2)
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where rij is the distance between subparticles i and j, and N is the number of subparticles

[55]. The theoretical hydrodynamic radius Rhyd is important in the study of the dynamic

properties of polymers moving in a solvent as it is often similar in magnitude to the radius of

gyration, Rg [56] which is another structural property evaluated. Another useful property

that measures the orientation of monomers in the polymer is Z-order parameter. This is

defined as;

Z =
3

2

(
1

n

n−1∑

i=1

cos2 αi −
1

3

)
(3.3)

The monomers in the respective oligomer are in a random orientation when Z ≈ 0 and in

a straight orientation when Z ≈ 1. Other structural properties calculated are the radius

of gyration, which measures the dimension of the oligomer, the end-to-end distance. It

is the distance between the centers mass of the two end monomers. We present average

values of the hydrodynamic radius Rhyd, the radius of gyration Rg, end-to-end distance

Re−e and Z-order parameter Z at their corresponding temperatures determined from the

NVE simulation at their respective densities (ρ). These averages were calculated for the last

10 ns of the production run of the NVE MD simulation. The average radius of gyration,

Rg of PAM-10 and PAM-20 over 10 ns are relatively larger in the water solvent systems

than in glycerol and glycerol-water systems. The corresponding hydrodynamic radius and

end-to-end distances follow a similar trend even though with a much larger variance in the

end-to-end distance. The time-series study of these properties however revealed how the

oligomers like to stay elongated with a twist in the glycerol and glycerol-water system but

showing the tendency to form cluster-like structures in the water solvent.
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3.3 Results

3.3.1 Properties of all-atom MD simulated solvents

Pure solvent simulations are performed for quantifying the appropriate behavior of the

solvents at 298 K. From the NPT-MD simulations, the solvent systems attain equilibrium

densities of 1.258± 0.002 g/cm3 for glycerol, 1.227± 0.002 g/cm3 for mixed glycerol:water

with RESP atomic charges. With BCC atomic charges, the attained equilibrium densities

are 1.265 ± 0.002 g/cm3 for glycerol and 1.253 ± 0.002 g/cm3 for the glycerol:water. The

obtained SPC/E water equilibrium density is 0.998 ± 0.002 g/cm3. These values are in

excellent agreement with experimental values at 298 K of 1.257 91 g/cm3 and 1.253 31 g/cm3

for the two glycerol solvents [38]. The agreement is also excellent with the previous SPC/E

water simulation at room temperature of 0.998 g/cm3 [57].

At these equilibrium densities and 298 K, the radial distribution function, rdf or g(r),

of each solvent is calculated and agrees very well with experimental results. Figure 3.1a

shows the rdf of glycerol between atom pairs in different molecules. The inset in this figure

provides the label given to the glycerol molecule atoms entering in the considered pairs

between molecules. The calculated peak positions for the six atom pairs depicted are 1.89,

1.89, 2.85, 2.85, 2.85, 2.85 Å (RESP case) 1.83, 1.83, 2.79, 2.79, 2.79, 2.79 Å (BCC case),

which are in excellent agreement with the experimental values of 1.77 ± 0.61, 1.80 ± 0.63,

2.73 pm0.87, 2.76 ± 0.78, 2.76 ± 0.80, 2.76 ± 0.90 Å [58]. As expected, the BCC-based

calculation (dashed lines) yields peaks at slightly shorter distances than the RESP case due

to the system higher density. For example, the O–H peak is at 1.89 Å for the RESP case

and at 1.83 Å for the BCC case. Otherwise, the glycerol liquid structure is unchanged if

the glycerol atomic charges are RESP- or BCC-modeled. Figure 3.1b depicts the rdf of

the O–H pairs between glycerol-water molecules, showing that the hydrogen bonds formed

with glycerol oxygens are slightly longer than the bonds formed with water oxygens. This

figure includes the rdf from distances between the glycerol molecules centers of mass and
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the water oxygens (red), which shows that the two liquids form a hydrogen-bonded network

(first peak) with the second peak associated with a first coordination shell of glycerol-water

molecules at 2.8 Å and a second coordination shell at 3.5 Å. The SPC/E water rdf is known

to reproduce excellently the structure of liquid water [49,59], and our results are consistent

with previous simulations.
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Figure 3.1: Radial distribution function of glycerol and glycerol:water, at 298 K. a) Glycerol at

equilibrium density of 1.258 g/cm3 (RESP, solid lines) and 1.265 g/cm3 (BCC, dashed lines) with
pairs O–H (red), OC–O (black), OC–OC (green), OC–H (cyan), O–O (blue), O–OC (violet), with

atoms identification as shown in the inset. b) Glycerol:water at equilibrium density of 1.227 g/cm3

(RESP, solid lines) and 1.241 g/cm3 (BCC, dashed lines) with pairs Hglycerol - Owater (black),

Oglycerol - Hwater (blue), CMglycerol - Owater (red, CM=center of mass).
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The self-diffusion coefficients of glycerol and water are estimated from Eq. (3.1), con-

sidering 40 different time origins, each of 0.5 ns of NVE time evolution. The PBC corrected

self-diffusion coefficient from the simulations at 298 ± 1 K are (3.35 ± 0.03) × 10−7 cm2/s

for the RESP case and (1.93 ± 0.02) × 10−7 cm2/s for the BCC case. These diffusivities

compare well with the experimental value of 1.7 × 10−7 cm2/s obtained from the Taylor

dispersion method [60]. However, this experimental value is larger than the diffusion coef-

ficient obtained from the NMR pulsed magnetic field gradient [61] or modulated gradient

spin echo method [62]. The corrected self-diffusion coefficient of water from the simulation

at 300 ± 1 K is 2.860 × 10−5 cm2/s, which compares well with the experiment at 298 K of

2.299× 10−5 cm2/s [63].

The density of glycerol as a function of temperature is investigated as well. Figure

3.2 shows this behavior for the two types of charges as compared with experiments. The

agreement of the two force fields is reasonable around 300 K. At higher temperatures, both

force fields yield a lower density than the experimental value. We assess that the force field

is modeling well the glycerol solutions in the temperature range adequate for the goals of

this work. 19
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A. The Power Law and Solvent Quality Measurement

The renormalization group findings of the 1980’s determined that when a system has a mass

M that does not occupy in 3D space its whole volume L3, a fractal dimension, 1/α , exponent less

than 3 can be defined for characterizing what fraction of the 3D space is actually occupied by

mass[13]. The relation is given by;

M =
1
k

L1/α (2)

In the polymer field, this scaling is presented reversed, and associated to the radius of gyration,

Rg, that identifies a volume in 3D as 4πR3
g. The scaling law is transformed and written in terms of

radius of gyration and molecular weight Mw as

Rg = kMα
w (3)

Equations implies that, if α = 0.5, the fractal dimension is 2, so the space occupied in 3D by

the polymer is equivalent to the surface of a circle. A “random coiled" model has exactly that

fractal dimension. If however, α = 0.6, the fractal dimension is 1.6666, less than 2 and identifies

a polymer that fills the 3D space much sparsely than the random coiled polymer. When α is less

than 0.5, for example, α = 0.4, this identifies a polymer that fills the space with a fractal dimension

of 2.5, which is less than 3 but much closer to filling the space compactly. Therefore, the effect

of solvents on an associated volume that would characterize the compactness of a polymer in

solution, is nicely given by this scaling law (power law), equation (3). Figure 14 shows the plot of

Figure 3.2: Density of glycerol as a function of temperature compared to experiments [1].
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3.3.2 Properties of n-PAM in explicit solvents

All simulations are started from initial n-PAM geometries and force field atomic charges

with initial Rg values of 5.1 Å, 6.8 Å, and 9.4 Å for n = 10, 20, and 30, respectively. These

solutes in the glycerol solutions have dilution compositions by mass of 0.38%, 0.77%, 1.16%,

while in water the dilution is 0.42%, 0.84%, 1.26% for n-PAM of increasing n. An energetics

evaluation of the oligomers in the various solvents yields results cast in Table 3.1. Reported

in the table are oligomer potential energy averages per monomer over the last 10 ns of MD

NVE runs showing for the RESP case an increasing stabilization with increasing oligomer

size. However, the BCC case yields EPAM/monomer basically equal for all the solvated

oligomers in the three solvents. The reported errors correspond to the standard deviation.

The interaction energy Eint/atom between each n-PAM and the solvents represents the

balance between the total potential energy of the system and the sum of the individually

separated potential energies of the solvent and the oligomer:

EInt = ESys − (Esolvent + Epolymer) (3.4)

As observed in Table 3.1, the trend of the interaction energy in each of the three solvents

is for the system to become less cohesive as the size of the oligomer increases. These energies

present large fluctuations in the mixed glycerol-water system attributed to the mobility of

the water molecules in the neighborhood of the oligomers that results in frequent changes

of the solution surrounding the solutes. Comparison between the interaction energies of

n-PAM in the different solvents depends on the system sizes, with a decreasing PAM sta-

bilizing propensity as the number of water molecules increase in the solvent.
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Table 3.1: Energetic evaluations: Interaction Energy (Eint) kJ mol−1/monomer and Poten-

tial energy (PEtot) kJ mol−1/monomer for RESP and BCC atomic charges are MD-NVE
averages at 298 K and the equilibrated density of the various solutions.

Solvent PAM EInt RESP EInt BCC PEtot RESP PEtot BCC

Glycerol 10 -23205 ± 77 -19433 ± 69 -113.75 ± 2.91 -136.41 ± 4.26
20 -11597 ± 41 -9773 ± 34 -186.94 ± 2.19 -148.22 ± 2.36
30 -7739 ± 29 -6543 ± 22 -194.84 ± 2.08 -143.21 ± 1.85

Glycerol-Water 10 -11428 ± 1205 -17761 ± 1300 -119.50 ± 3.49 -138.96 ± 4.13
20 -7458 ± 360 -9159 ± 470 -184.52 ± 2.19 -140.74 ± 2.76
30 -3831 ± 381 -5961 ± 423 -188.47 ± 2.011 -143.84 ± 1.99

Water 10 -43658 ± 53 -43652 ± 42 -118.37 ± 3.70 -134.79 ± 3.46
20 -21735 ± 20 -21759 ± 19 -186.96 ± 3.49 -142.47 ± 3.50
30 -14511 ± 18 -14499 ± 16 -193.19 ± 2.94 -143.16 ± 3.54

3.3.3 Structural and Dynamic Properties of the MD simulated n-PAM

Analysis of the various MD trajectories indicates that the structural fingerprints of the sol-

vated oligomers are acquired during the NPT MD equilibration runs. On the other hand,

along the subsequent 40 ns NVE runs, those fingerprints are basically locked-in and do not

change substantially with time. Calculated polymer structural properties include gyration

and hydrodynamic radii, end-to-end distance, and orientational order parameter. These

properties are very similar between the different solvents, although there are evident fluc-

tuations. Indeed, analysis of these properties time evolution reveals that the random coiled

conformations remain as such for longer periods of time in the glycerol and glycerol-water

systems than in water. These properties are not always distributed normally; therefore, the

calculation of averages has little meaning. Figure 3.3 illustrates the Rg distribution of the

three oligomers modeled with RESP (solid line) and BCC (dashed line) when solvated in

the three solvents considered.
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Table 3.2: Diffusion Coefficients DC (×10−8cm2/s) of PAM at 298 K for RESP and BCC
atomic charges

Solvent PAM DC RESP DC BCC

Glycerol 10 0.412 ± 0.001 2.967 ± 0.002
20 0.296 ± 0.001 1.830 ± 0.001
30 0.199 ± 0.001 1.587 ± 0.001

Glycerol-Water 10 1.716 ± 0.001 8.581 ± 0.004
20 0.978 ± 0.001 6.187 ± 0.003
30 0.927 ± 0.001 5.407 ± 0.002

Water 10 459.9 ± 1.5 432.0 ± 1.2
20 306.1 ± 1.4 286.4 ± 1.4
30 236.7 ± 0.5 268.7 ± 0.6

The n-PAM oligomers are massive compared to the solvent molecules. Despite this fact, we

additionally evaluated the oligomers’ diffusivity in each system at 298 ± 1K. Therefore, the

motion of the oligomer center of mass is followed in time. Using Eq. 3.1, our estimates of

n-PAM diffusion coefficients in glycerol are presented in Table 3.2 for the two force fields. In

the mixed glycerol-water solvent, the diffusivity increases approximately by a factor of four

for the three oligomers with n =10, 20, 30, respectively. These estimates indicate that the

oligomers diffuse about ten times less than the glycerol molecules where they are solvated.

Finally, within water as a solvent, the oligomers diffusion coefficients increase by about 200

times and the difference between the two atomic charges is strongly reduced.

PAM of high molecular weights is part of the family of thermoresponsive polymers

and we investigated alternative simulations for evaluating the glycerol solvated oligomers

sensitivity induced by temperature changes. In one of them, the runs are initiated from fully

stretched-out chains, equilibrated first at a high temperature of 500 K, and finally cooled

down in steps of 10 K until reaching 298 K. This cooling process was carried out with MD

NPT. At each cooling step of the ladder, the system was run for 20 ns trajectories, while the

high temperature and final temperature runs were 40 ns long. The in silico cooling rate is

0.8 K/ns. Another alternative explored consisted of starting the simulation at 298 K from

extended oligomers and let the system run for hundreds of nanoseconds. In yet another

29



alternative setup, the solvated extended oligomers were heated up in 5 K steps from 298 K

to about 350 K and cooled back down.

What was learned from these attempts is the enormous variability of conformations

with different Rg that these n-PAM oligomers can take when they become trapped in the

solvent. For example, in the RESP case and pure glycerol, PAM-30 ended these processes

with Rg ≈ 9− 10Å, which contrasts with other attempts in which the final Rg ≈ 12− 14Å.

Not only these outcomes for the PAM-30 radii are significantly different between them, but

also the distributions are peaked at different values than what is shown in Fig. 3.3. A

commonality across simulations, however, is that the RESP case gives rise to very compact

Rg distributions when compared to the BCC equivalents. In the mixed glycerol-water

system, a similar situation is encountered. We conjecture that the size of these oligomers

is short for having a well defined lower critical transition temperature (LCST) in which the

polymer changes abruptly from coiled conformation to collapsed globule. Therefore, when

cooling between 350 − 300K, the chain can be in any intermediate configuration and by

lowering the temperature, the glycerol solvents trap the instantaneous geometry and the

fate of the chain is to be locked-in an instantaneous structure. When solvated in water,

these oligomers are flexible and they do not acquire a locked-in Rg at 298 K.

The end-to-end distance, Re−e is another interesting structural property commonly as-

sociated with flexibility. In this respect and in the glycerol solvents, we observe a marked

difference between the RESP and BCC cases. Compounding the observations, we assert

that the glycerol molecules have the ability to keep the oligomer ends fairly localized for

extended periods of 50 ns or more and promote global motions of the full macromolecule

more than its ends. For all the trials and temperatures, the order parameter Z kept almost

zero. Therefore, the oligomer structures, either random coiled or globular, have random

distributions of angles with respect to the oligomer orientation vector.

Finally, efforts were carried out for identifying solvent molecules near the n-PAM. From

several radial distribution functions, on average, we assess that glycerol molecules may ap-

proach PAM-30, at most, up to 2.5 Å forming a broad coordination shell of about 5.3 Å. As
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water is added, a small amount of water clumps in a thin shell at 2.7 Å.

Table 3.3: Radius of gyration Rg, Hydrodynamic Radius Rhyd, End-to-end distance Re−e,
Z-order parameter Z, determined from the simulation at the respective densities

Solvent
Glycerol Glycerol-Water Water

PAM RESP BCC RESP BCC RESP BCC

Rg (Å)
10 6.60 ± 0.08 5.60 ± 0.27 6.47 ± 0.30 6.27 ± 0.24 6.39 ± 0.54 6.52 ± 0.46
20 9.51 ± 0.15 8.12 ± 0.11 9.196 ± 0.52 10.60 ± 0.61 9.41 ± 1.60 9.22 ± 1.53
30 9.48 ± 0.08 12.63 ± 0.28 10.05 ± 0.26 11.60 ± 0.50 9.80 ± 0.97 11.23 ± 2.46

Rhyd (Å)
10 10.48 ± 0.06 9.97 ± 0.17 9.74 ± 0.10 9.71 ± 0.23 10.38 ± 0.31 10.47 ± 0.24
20 14.69 ± 0.11 14.16 ± 0.10 14.42 ± 0.08 14.47 ± 0.38 14.61 ± 0.95 15.07 ± 0.57
30 16.95 ± 0.07 18.83 ± 0.14 17.12 ± 0.19 18.36 ± 0.21 16.74 ± 0.79 17.45 ± 1.31

Re−e (Å)
10 15.05 ± 0.62 10.60 ± 2.82 15.74 ± 2.23 15.29 ± 1.57 14.02 ± 4.11 15.31 ± 3.34
20 27.24 ± 0.48 11.26 ± 1.90 13.05 ± 1.76 15.37 ± 3.10 11.65 ± 1.25 17.06 ± 2.47
30 18.95 ± 1.42 20.37 ± 1.49 9.14 ± 0.87 9.09 ± 0.98 18.10 ± 1.22 20.91 ± 5.81

Z
10 0.068 ± 0.053 -0.137 ± 0.069 -0.078 ± 0.051 -0.100 ± 0.103 -0.099 ± 0.118 -0.088 ± 0.139
20 -0.063 ± 0.031 -0.117 ± 0.099 0.005 ± 0.036 -0.025 ± 0.055 -0.037 ± 0.105 -0.032 ± 0.095
30 0.017 ± 0.024 -0.029 ± 0.044 -0.017 ± 0.041 -0.023 ± 0.096 -0.031 ± 0.069 -0.025 ± 0.072
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Figure 3.3: Histograms of the radius of gyration
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3.3.4 The Power Law and Solvent Quality Measurement

The renormalization group findings of the 1980’s determined that when a system has a

mass M that does not occupy in 3D space its whole volume L3, a fractal dimension, 1/α,

exponent less than 3 can be defined for characterizing what fraction of the 3D space is

actually occupied by mass[64]. The relation is given by;

M =
1

k
L1/α (3.5)

In the polymer field, this scaling is presented reversed and associated to the radius of

gyration, Rg, that identifies a volume in 3D as 4πR3
g. The scaling law is transformed and

written in terms of the radius of gyration and molecular weight Mw as

Rg = kMα
w (3.6)

In equation (3.5), if α = 0.5, the fractal dimension is 2, so the space occupied in 3D by

the polymer is equivalent to the surface of a circle. A “random coiled” model has exactly

that fractal dimension. If however, α = 0.6, the fractal dimension is 1.6666, less than 2 and

identifies a polymer that fills the 3D space much sparsely than the random coiled polymer.

When α is less than 0.5, for example, α = 0.4, this identifies a polymer that fills the space

with a fractal dimension of 2.5, which is less than 3 but much closer to filling the space

compactly. Therefore, the effect of solvents on an associated volume that would characterize

the compactness of a polymer in solution, is nicely given by this scaling law (power-law),

equation (3.6). A plot of radius of gyration (Rg) for PAM dependence on molecular weight

(Mw), and linear fits yield the coefficient α in Rg ∝M s
w equal to 0.73, 0.55 and 0.45 for the

glycerol, glycerol-water and water as solvents respectively. This result shows that glycerol

behaves as a “good solvent” [65] for this studied polymer as compared to the glycerol-water

and the water. The oligomers in water fills the space much closer to filling the space com-

pactly with a fractal dimension of ≈ 2.5. Figure 3.4 illustrates the molecular structure of
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several PAM−n sizes. These cluster-like structures are not spherical; in all cases, the ratio

Rg/Rhyd fluctuates between 0.43 and 0.57, while a value of 0.77 is accepted to characterize

spherical proteins. Therefore, these compact structures are prolate globules.

Figure 3.4: PAM-10, -20, and -30 structures in the solvent after 80 ns of NVE MD at 298 K.

3.4 Conclusions

This work presented dynamical modeling of the structure and energetics of PAM oligomers

in glycerol solvents and in water with the goal of elucidating the sensitivity of the PAM

structure to viscous non-Newtonian liquids such as glycerol and its mixture with water at

high concentration. In order to achieve this goal, we have modified the atomic charges of

the GAFF and introduced a set of RESP atomic charges that effectively permit a strong
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temporal localization of the polymer chain in these glycerol solvents. We have also mod-

ified the established GAFF atomic charges of the glycerol molecules by the RESP values,

obtaining a very good representation of the glycerol liquid at ambient temperature. It is

the combination of these two modeling strategies that enable the PAM oligomers to acquire

locked-in, swollen, and elongated structures in the glycerol solvent while they are more

flexible and prone to remain as less elongated random coils in the glycerol-water solvent. In

water, the oligomers are very flexible changing frequently their random coil structure with-

out fully collapsing into a compact globular. Both the glycerol-water and the pure water

solvents behave as θ solvents for the PAM-10, PAM-20, and PAM-30 oligomers considered

in this work. In contrast, the BCC atomic charges case fails to provide a clear and distinct

behavior of the solvated oligomers in the different solvents. This is the first simulation of its

type for PAM oligomers solvated in glycerol solvents. Our protocol and simulation strategy

is portable and will be useful when applied to other modeling environments.
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Chapter 4: Structural Exploration of Rift Valley Fever Virus

L protein Domain in Implicit and Explicit Solvents

4.1 Introduction

The Rift valley fever virus (RVFV) is an arbovirus in the Bunyavirales order, Phenuiviridae

family, and Phlebovirus genus. It was first discovered in 1931 in the Great Rift Valley of

Kenya, East Africa [66]. Since that time, is has caused periodic outbreaks in human and

livestock populations throughout Africa and has even spread into the Arabian Peninsula.

The virus is vectored by mosquitoes and, as such, outbreaks tend to follow periods of heavy

rainfall that increase mosquito populations significantly [66]. The virus infects ruminants

and pseudoruminants, leading to abortions in pregnant animals and high mortality among

young animals. It is a negative-sense RNA virus that contains three segments of viral RNA,

the S, M, and L segments and can also be transmitted to humans causing febrile illness with

the possibility for the severe disease [67]. The structure of the RVFV L protein, which is

made up of a sequence of 2092 amino acids has flexible termini of about 200 amino acids each

and a high proportion of helical regions [68]. The structure of the C-terminal, 117 amino

acid-long domain of the RVFV L protein as modeled using X-ray crystallography shows high

similarity to the influenza virus PB2 cap-binding domain and the putative non-functional

cap-binding domain of reptarenaviruses [69].

The interest in investigating the behavior of peptides, polypeptides, or proteins in sol-

vent environments has grown rapidly in recent years and now constitutes a wide literature

composed of thousands of research articles. Notably, Guo and Mei [70] studied the solvation

effect on the structure and folding dynamics of a small peptide, Nonstructural protein 4B

(NS4B) H2 in both pure water and water/2,2,2-Trifluoroethanol (TFE) cosolvent in both
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explicit and implicit solvents. In this study, the force field parameters for water is taken

from the TIP3P water model, and those for TFE are generated from the general AMBER

force field (GAFF).

The distribution of solvent molecules around the peptide indicated that folding is trig-

gered by the aggregation of TFE on the peptide surface but in pure water it undergoes a

large structural deformation. Exploration of the effects of different pH on the structural

characteristics of α-syn12 dimer using temperature replica exchange molecular dynamics

(T-REMD) simulations in explicit solvent shows that the free energy surfaces contain ten

highly populated regions at physiological pH, while there are only three highly populated

regions contained at acidic pH [70].

A study of the free energy of unfolding in vacuum using the end-to-end distance of

peptide a reaction coordinate [71] by simulating deca-alanine (Ala10) was also performed

using the 104-atom compact helical model used by Park et al. [72]. Although sufficient

in vacuum, the study showed that end-to-end distance is incapable of capturing the full

complexity of deca-alanine folding in water. Instead, the a-helical content was used as a

second reaction coordinate and this led to the deduction of a more descriptive free energy

landscape.

The amphiphilic peptide of the triacylglycerol lipase which plays a critical role in guard-

ing the gate for ligand access was also studied by Nellas et al., [73] by comparing the con-

formations of this peptide at several water-oil interfaces and in protein environments using

atomistic simulations with explicit solvents. In the oil-containing solvents, this peptide was

found to able to retain a folded structure. However, when the peptide is immersed in a

low-polarity solvent environment, it exhibits a “coalesced” helix structure, which has both

α- and 3-10 helix components.

The structural stability and preference of a protein are highly sensitive to its accom-

modating environment. Solution pH is one of the most important environmental factors

that affects the structure and dynamics of proteins [74,75]. This work sought to study the

behavior of the functional cap-binding domain in RVFV in the presence of different water
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models. Solvents influence protein structure to a great extent.

In this work, we conduct extensive molecular dynamics simulation studies of RVFV L pro-

tein domain in five different water models to understand the solvent influence on protein

structure and dynamics. We use the well-known AMBER 18 [16] with the ff14SB force field

[14]. Even with several perspectives and results from laboratory experiments on different

proteins, it is important to have a visual understanding of the dynamics of protein struc-

ture and changes in different solvent environments. This requires an understanding of the

dynamics at the molecular level which can be achieved with molecular dynamics simulation.

The effect of solvents on the protein structure due to protein-solvent interaction has been

widely studied with experimental and computational techniques. However, the molecular

level understanding of protein structural behaviors in the presence of some simple solvents

is still not fully understood. This work focuses on detailed molecular dynamics simulations

of solvents effect on a functional cap-binding domain of Rift valley fever virus (RVFV) L

protein in different water models and also in implicit solvent in order to well understand

the structural and dynamic behaviors of the L protein domain. In order to achieve this,

several structural and dynamic properties are presented and conclusions are drawn.

The chapter is organized as follows. Section 4.2 describes the methods used, including

the computational setups and details of the simulations, including the force fields used.

Section 4.3 contains our results and discussions from the simulation process. Conclusions

of this paper are presented in section 4.4.
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Figure 4.1: Initial conformation of RVFV L protein peptide placed in a cubic periodic box
using chimera.

4.2 Methods

4.2.1 Details of the simulations

Molecular dynamics (MD) simulations of a functional cap-binding domain in Rift valley

fever virus L protein in implicit and explicit solvents were carried out using the AMBER 18

package with the ff14SB force field [14]. Five different water models; TIP3P, TIP4P, OPC,

SPC/E and SPCE/Fw [49, 76–78] were adopted as the aqueous media for the simulations

with 10521 molecules for the explicit solvent. Before solvating the peptide in the different

water models, an NVT MD simulation for 1 ns was performed to thermalize the solvents in

periodic boxes of size 72.5 Å per side with cutoff distance of a 12 Å and a time step of 1 fs

after an energy minimization. This was followed by an equlibration with NPT simulation

for 40 ns with a time step of 2 fs using velocity rescale thermostat [79] and a pressure of

1 bar with the Berendsen barostat [50] for the pressure correction. Another 1 ns NVT

was performed after the NPT. The densities of the solvents were obtained from the NPT

simulations (see section 4.3). Finally, NVE MD production runs along 20 ns for each solvent

box at the respective equilibrium densities that maintained a temperature of T = 298 ±
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2 K was performed. As described below, the NVE simulations are used for calculation of

the solvents energies and their self-diffusion coefficients from Equation (3.1) with viscosity

value, η = 0.8937 mPa s, taken from experiment at 298 K [54].

The next step is the preparation of systems with the RVFV L protein peptide, solvated

in each of the different water models. The starting coordinates of the peptide were taken

from the X-ray crystallographic structure (PDB ID: 6QHG) [69]. This peptide is made up

of 117 amino acids making up a total of 1849 atoms including the hydrogen atoms. For the

explicit solvent simulations, the visualization and analysis package, chimera [2] was used to

place the RVFV L protein peptide in a cubic periodic box of size 72.5 Å per side. Energy

minimization was performed using steepest descent method followed by conjugate gradient

to remove possible clashes between atoms that maybe too close. The cutoff distance was

increased to 16 Å after the introduction of the peptide. Position restraints were used on

heavy atoms during annealing, when the system was gradually heated from T = 0 K to

T = 293.15 K in 50 ps with periodic boundary conditions.

The systems were thermalized again for 100 ns at a constant volume and temperature

of T = 293.15 K before equilibration with NVT ensemble for another 100 ns at the same

temperature via the Langevin thermostat with a collision frequency of 5 ps and a time step

of 1 fs. Ewald sums are used in all calculations for the long-range electrostatics within

the particle mesh implementation (PME) [80]. Finally, using the generated ff14SB force

field parameters and the AMBER package, another simulation of 300 ns NVT Molecular

Dynamics was performed for the peptide using the generalized Born model for implicit

solvent model [81] at T = 293.15 K with a dielectric constant, ε = 78.5. Energy minimization

was performed using steepest descent method followed by conjugate gradient to relax the

system. Position restraints were again used on heavy atoms during annealing, when the

system was gradually heated from T = 0 K to T = 293.15 K in 50 ps.

Along the MD simulations, the energetics and several structural properties of the peptide
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such as the end-to-end distance Ree, radius of gyration

R2
g =

N∑

i=1

(ri − rcm)2/N (4.1)

and the hydrodynamic radius

1

Rhyd
=

1

N2

N−1∑

i=1

N∑

j>i

1

rij
(4.2)

are examined where ri are atomic position vectors referred to the peptide center of mass,

rcm is the center of mass position vector, rij are distances between atoms i and j and N is

the number of atoms in the peptide. Other properties examined are the root-mean-square

deviation, RMSD with reference to the starting structure coordinates, and the solvent

accessible surface, SASA.

The SASA is one measure of protein behavior that is governed by the interactions or

non-interactions of hydrophobic and hydrophilic amino acids with water [82]. The solvent

molecules create a surface tension near the protein-solvent interface which affects protein

dynamics and structure. Because of this, a good solvent model is expected to reproduce

the SASA. This is used as a metric of comparison between the different water models used

in the study. The Linear Combinations of Pairwise Overlaps (LCPO) method [83] is used

for approximating the SASA. LCPO calculates the SASA of each atom by estimating the

overlap between the atom and neighboring atoms. The more a protein atom is overlapped

by other protein atoms, the less the atom is exposed to the solvent. LCPO defines the

SASA of an atom with four terms:

41



Ai = P1Si + P2

∑

j∈N(i)

Aij + P3

∑

j,k∈N(i)
k∈N(j)
k 6=j

Ajk

+ P4

∑

j∈N(i)

Aij
∑

k∈N(i)
k∈N(j)
k 6=j

Ajk

(4.3)

where the overlap between spheres i and j is

Aij = πRi[2Ri − rij − (1/rij)(R
2
i −R2

j )]

The parameters P1, P2, P3 and P4 are parameterized for different atom types. The first

term involves the surface area of the atom before overlap, Si = 4πR2
i where R is the atomic

radius (ie. vdW radius plus probe radius of 1.4 Å). The second term estimates the total

overlaps of all neighboring (j ∈ N(i) means any atom j for which rij < Ri+Rj) atoms with

atom i. The third term is the sum of overlaps of i’s neighbors with each other. The more

i’s neighbors overlap each other, the more they over subtracted surface area in the second

term. The fourth term is a further correction for multiple overlaps. Each overlap of j with

i is weighted by how much j is overlapped with all mutual neighbors k.

Along with the potential energy of the peptide calculated, the interaction energy between

the solvent and solute molecule is calculated with the formula

EInt = ESys − (Esolvent + Epeptide) (4.4)

where ESys is the energy of the whole system, Esolvent is the energy of the solvent component

of the system and Epeptide is the energy of the peptide. The results of these simulations are

given in section 4.3 below.
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4.3 Results and Discussion

For the RVFV L protein peptide, we investigated the behavior of sequence of 117 amino

acids in the C-terminal explicitly in five water models and also in an implicit solvent envi-

ronment using the generalized Born (GB) model by setting the dielectric constant to match

experimental values. All methods used in the simulations are described in detail in Section

4.2, while the results obtained from each of the various steps in this workflow are presented

below.

Table 4.1 presents a comparison of some properties calculated from the MD simulations

to experiment and other simulations. The properties obtained from the MD simulations of

the water molecules are in good agreement with other simulations.

Table 4.1: Solvent properties compared to experiment and other simulations: Potential
energy PE, Density ρ, Self-diffusion coefficient D, and Temperature T .

Property TIP3P TIP4P SPC/E SPC/Fw OPC

This work: PE kJ/mol -40.08 ± 0.03 -31.09 ± 0.03 -46.78 ± 0.03 -45.32 ± 0.03 -38.57 ± 0.03
Other works: PE* kJ/mol -39.8 ± 0.08 [57] -41.8 [84] -45.4 ± 0.03 [57] – –

This work: ρ g/cm3 0.985± 0.004 0.993 ± 0.004 0.998 ± 0.004 0.992 ± 0.003 0.996 ± 0.004
Other works: ρ* g/cm3 0.998 [57] 1.001 [85] 0.998 [57] 1.012± 0.016 [78] 0.997 ± 0.001 [77]

This work: D (×10−5cm2/s) 5.8798 ± 0.0009 3.7466 ± 0.0007 2.7159 ± 0.0006 3.2230 ± 0.0004 2.3527 ± 0.0004
Other works: D* (×10−5cm2/s) 5.9 [57] ± 0.09 3.9 [85] 2.8 ± 0.06 [57] 2.32 ± 0.05 [78] 2.3 ± 0.02 [77]

This work: T K 298.16 ± 2 298.04± 1 298.13± 2 298.02± 1 298.51± 1
Other works: T* K 299.2± 1 [57] 298.15 [84] 298.2± 1 [57] 301± 1 [78] 298.16 [77]

Expt. [76,86,87]: PE=−41.5 kJ/mol, ρ = 0.997 g/cm3, D = 2.3×10−5cm2/s, 298.15 K

4.3.1 Dictionary of Secondary Structures of Proteins (DSSP) Analysis

The α-helices, β-sheets, and turns are the common secondary structures in proteins with

the common element being the presence of characteristic hydrogen bonds. Because their

backbone φ and ψ angles repeat, helices are classified as repetitive secondary structure.

Conversely, if the backbone dihedral angle pairs are the same for each residue, the resulting

conformation will assume a helical conformation about some axis in space. Helices were

often designated by the number of residues per helical turn and the number of atoms in one

hydrogen-bonded ring [88]. Helices are the most abundant form of a secondary structure
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containing approximately 32-38% of the residues in globular proteins [3].

The α helix is the most abundant helical conformation found in globular proteins ac-

counting for 32-38% of all residues [3, 89]. The 3-10 helix is not a common secondary

structural element in proteins. Only 3.4% of the residues are involved in 3-10 helices in

the Kabsch and Sander database [3], and nearly all those in helical segments containing

1-3 hydrogen bonds. α-helices sometimes begin or end with a single turn of a 3-10 helix.

The π-helix is an extremely rare secondary structural element in proteins. Hydrogen bonds

within a π-helix display a repeating pattern in which the backbone C––O of residue i hy-

drogen bonds to the backbone HN of residue i + 5. One turn of π-helix is also sometimes

found at the ends of regular α-helices.

The β-sheets are another major structural element in globular proteins containing 20-

28% of all residues [3, 89]. β-sheets are found in two forms designated as Parallel or An-

tiparallel based on the relative directions of two interacting beta strands. The basic unit

of a beta sheet is a β strand with approximate backbone dihedral angles φ = −120 and

ψ = +120 producing a translation of 3.2 to 3.4 Å/residue for residues in antiparallel and

parallel strands, respectively. Antiparallel β-sheets are thought to be intrinsically more

stable than parallel sheets due to the more optimal orientation of the interstrand hydrogen

bonds. The hydrogen bonds in a parallel β sheet are not perpendicular to the individual

strands resulting in components parallel to the strand [90].

Turns are another classical secondary structures with approximately one-third of all

residues in globular proteins. Turns are located primarily on the protein surface and ac-

cordingly contain polar and charged residues. The behavior of these secondary structures

in the RVFV L protein domain is investigated. The appearance, disappearance or the

movement of the helices and sheets in the from a residue to another within the protein

domain in the final structures from the simulations are analyzed. The results of this anal-

ysis is presented in FIG. 4.2. These results also show how the SPC/E and the implicit

solvent simulations produced structures that are not too different from the initial structure.

Even though the other water models looks like they also try to maintain the structure of
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the peptide, there is enough evidence from FIG. 4.2 that to some extent destabilizes the

protein.
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Figure 4.2: DSSP Analysis of the RVFV L protein domain
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4.3.2 Structural properties and energetics

In Table 4.2, we present the average values of some structural properties of the peptide

over the 100 ns of the NVT simulations. It can be observed from the SASA calculated

from the different solvent models that, in simulations where TIP3P, OPC and SPCE/Fw

water models were used, the protein surface area increased drastically by 23.75%, 25.23%

and 21.74%, respectively whereas, the SPC/E and TIP4P presented a much smaller in

percentage increase of 3.98%, and 10.92% respectively (see Table 4.2) for the SASA. This

signifies that these water models do not allow the protein to clench tight, but rather make

the protein bigger/larger than its size in the stable state. The implicit solvent simulation

however produces an average SASA value that showed a decrease of 4.96% with respect to

the initial structure.

A possible measure of protein size is the radius of gyration, Rg, calculated with Equation

(4.1). An approximation of the Stokes radius measurable from size-exclusion chromatogra-

phy is the hydrodynamic radius, Rhyd, Equation (4.2). While Rg is slightly more dependent

on the structure of the protein of interest than Rhyd, their ratio Rg/Rhyd provides informa-

tion on the molecular shape. The characteristic Rg/Rhyd value of a globular protein is ≈

0.77 or (3/5)1/2 [91]. When molecules deviate from globular to nonspherical or elongated

structures, then Rg/Rhyd tends toward values away from 0.77. The Rg/Rhyd values Table 4.2

shows that the RVFV L protein domain is strongly not spherical, with a ratio ranging from

0.491 to 0.522. Correlation between the Rhyd of folded or unfolded proteins and the number

of residues indicates that the 117 residues domain in the different water models are consis-

tent with denatured proteins through the empirical equation Rhyd = (2.21±1.07)1170.5±0.02

[92].

Also worth mentioning is that a plot of the ratio of the radius of gyration to the hydro-

dynamic radius of the peptide in water against the interaction energy, shows the relatively

smaller Rg/Rhyd ratios having lower peptide-solvent interaction energy than the larger ra-

tios. This suggests that the solvent stabilizes better those structures leading to smaller
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ratios. Another useful property is the end-to-end distance Ree defined as the distance be-

tween the two end residues of the polypeptide chain. This describes the flexibility of the

protein domain. Table 4.2 also shows the RMSD between the starting structure (6QHG)

which also corresponds to the structure with the lowest potential energy and the other

structures from the different simulations. These RMSDs are of considerable importance,

indicating that the models have significant structural differences between each structure

and the initial structure across the different water models. The structures obtained from

the implicit solvent simulation however showed an average RMSD of 0.4 nm which is also

considerably large. This was expected the since initial structure is considered to be the

most stable.

Table 4.2: Property and energetics evaluation of RVFV peptide in the different water mod-
els at T = 293.15 K: Root-mean-square deviation, RMSD, Radius of gyration, Rg, Hy-
drodynamics radius Rhyd, End-to-end distance Ree, Solvent-accessible surface area, SASA,
Potential energy PE, and Interaction energy, Eint.

Model RMSD (nm) Rg (nm) Rhyd (nm) Rg/Rhyd Ree (nm) SASA (nm2) PE (kJ/mol) Eint (kJ/mol)

TIP3P 0.63 ± 0.04 1.64 ± 0.02 3.14 ± 0.02 0.522 2.54 ± 0.38 833.7 ± 26.1 -5415 ± 259 -428885 ± 703
TIP4P 0.37 ± 0.02 1.51 ± 0.02 3.02 ± 0.02 0.500 2.90 ± 0.39 747.3 ± 21.6 -5787 ± 345 -443791 ± 815
SPC/E 0.33 ± 0.01 1.45 ± 0.01 2.94 ± 0.01 0.493 2.45 ± 0.09 700.5 ± 15.2 -6400 ± 262 -498772 ± 790
SPC/Fw 0.82 ± 0.03 1.65 ± 0.02 3.19 ± 0.02 0.517 2.39 ± 0.19 820.2 ± 20.0 -5396 ± 246 -484335 ± 760
OPC 0.62 ± 0.03 1.65 ± 0.02 3.18 ± 0.02 0.519 2.36 ± 0.32 843.7 ± 18.7 -5278 ± 297 -549610 ± 738

Implicit Solvent 0.33 ± 0.02 1.43 ± 0.02 2.91 ± 0.02 0.491 2.46 ± 0.26 640.3 ± 20.9 -6753 ± 297

6QHG 0.00 1.51 2.91 0.519 2.28 673.71 -8227.469

4.3.3 Cluster Analysis of MD trajectory of the RVFV L protein peptide

One of the popular Clustering techniques in Machine Learning is the hierarchical clustering

algorithms which are either top-down or bottom-up strategic ordering. Bottom-up algo-

rithms treat each “information” as a singleton cluster at the outset and then successively

merge or agglomerate pairs of clusters until all clusters have been merged into a single

cluster that contains all information. Bottom-up hierarchical clustering is therefore called

hierarchical agglomerative clustering (HAC) and does not require a prespecified number

of clusters. Top-down clustering requires a method for splitting a cluster and proceeds

by splitting clusters recursively until individual documents (trajectories) are reached. The
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monotonicity of the merge operation in HAC is one fundamental assumption. In this work,

the bottom-up hierarchical clustering approach was employed to cluster the MD trajecto-

ries of the RVFV L protein domain. Hierarchical agglomerative clustering on the back bone

atoms of the peptide using average-linkage and stopping when either 5 clusters are reached

or the minimum euclidean distance between clusters is 3.0 Å was used. The results from

the clustering analysis is presented in an RMSD time series plot in FIG. 4.3. Under the

stopping criteria used, it was found that across all the explicit solvents and the implicit

solvent simulations, a cluster of 5 was produced. The fractional cluster proportion within

each solvent environment however varies. FIG. 4.3 again shows how the peptide atomic

position changes along the 100 ns run with respect to the position.
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Figure 4.3: Cluster distribution along the MD trajectory of the RVFV domain from the
hierarchical agglomerative clustering. RMSD values as a function of time over the trajectory
which are colored based on their cluster memberships along the 100 ns MD NVT runs at
293.15 K.
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4.4 Conclusions

Using molecular dynamics, we studied the structural and dynamic behavior of RVFV L

protein C-terminal domain in both explicit and implicit solvent. Hierarchical agglomerative

clustering analysis was also performed on the atomic trajectories obtained from the MD

simulation. It was found that under the clustering criteria used, 5 clusters were obtained in

all the water models and the implicit solvent environment. The structures obtained from

the simulations are far from being globular as evidenced by the ratio Rg/Rhyd in the range

[0.491 0.522]. Nonetheless, in the SPC/E water model and the implicit solvent, the protein

domain like to remain compact with the α-helices and β-sheets somewhat in place likes the

initial structure (see FIG. 4.2 and FIG. 4.4).

Based on energetics, the more stable structures were the structures obtained from im-

plicit solvent simulation with the next more stable being structures from the SPC/E water

model simulation. The RVFV L protein domain structures produced from the OPC wa-

ter models turn to have the lowest interaction energy showing a strong attraction between

the peptide and the water molecules. The interaction energy also shows how the models

obtained from the TIP3P water model simulation demonstrate the most repulsiveness as

compared to the other systems. The structural characterization of the atomic trajectories

enabled a better understanding of the structural and dynamical behavior of the RVFV

domain under the conditions in the water models studied along time.

Considering the fact that information on RVFV L protein or its domains being sparse,

the findings presented in this study on the structural behavior of the RVFV L-protein

domain will facilitate protein-solvent and protein-protein interaction studies as well as the

journey toward drug discovery. In an ongoing research on this and other RVFV L-protein

domains, exploration of the structural behaviors in dense solvents such as glycerol and its

aqueous solutions is being investigated.
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Figure 4.4: Atomic structure of RVFV L protein C-terminal domain from the various envi-
ronments studied. N and C-termini are colored with blue and red, respectively.
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Chapter 5: Computing the Structural Dynamics of RVFV L

Protein Domain in Aqueous Glycerol Solutions

5.1 Introduction

Many biological and biotechnological processes are controlled by protein-protein and protein-

solvent interactions. In order to better understand, predict and optimize such processes, it

is valuable to understand how solvents of additives such as salts, sugars, polyols and denatu-

rants affect proteins-solvent interactions. This can be done through an all-atom modeling of

the components using Molecular Dynamics (MD) for analysis of the system thermodynamic

and energetic properties. In the course of the MD simulations, it is possible to observe the

time evolution of the interfacial dynamics of complex molecular structures; either localized

around particular macromolecules or interacting with molecular liquids. Such details are

not yet observable experimentally [93].

Even with such limitations, the interest in experimentally investigating the behavior of

peptides or proteins in solvent environments has grown rapidly in recent years. A number of

experimental techniques including densimetry, neutron scattering, and dielectric relaxation

[94–96], have been employed for a range of cosolvents in order to determine whether proteins

are preferentially solvated by a specific solvent or by its cosolvent. It has been shown that

the structural stability and biochemical activity of proteins can dramatically be affected by

the addition of cosolvents to aqueous protein solutions [97,98]. It has also been shown that

the relative abundance of each solvent in the solvation shell of proteins in solvent mixtures

has a critical impact on their properties [99].

Computationally, local solvation preferences can be quantified over the entire protein
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surface from extended molecular dynamics simulations [100]. Though some cosolvents de-

nature proteins, others preserve the structure of the protein. Solvents such as urea are

denaturants and polyols like glycerol and sugars are protectants [9, 10]. Ou W. et al. [11]

studied the effects of glycerol in the refolding, reactivation, unfolding, and inactivation of

guanidine-denatured creatine kinase by observing the fluorescence emission spectra, the

circular dichroism spectra, and by recovery and inactivation of enzymatic activity and ag-

gregation. Their results showed that low concentrations of glycerol (< 25%) improve the

refolding yields of creatine kinase but high glycerol concentrations decrease its recovery.

Glycerol also favors the secondary structural formation and inhibits aggregation of creatine

kinase as proline does.

In another study by Rariy and Klibanov [101], unfolded and reduced hen egg-white

lysozyme was refolded and reoxidized in glycerol containing varying amounts of water. A

densimetric investigation of the interactions between the solvent components in the glycerol-

water mixtures (between 10 − 40 by vol % glycerol) and seven proteins carried out in the

acid pH region showed that all the proteins were consistently preferentially hydrated in all

cases. This was expected since such thermodynamically unfavorable interactions - addition

of the proteins to the mixed solvent resulted in an increase in glycerol chemical potential,

tend to minimize the surface of contact between proteins and glycerol and in this way,

stabilize the native structure of globular proteins [94].

M. Farnum and C. Zukoski [102], in a related study, investigated glycerol and ionic

strength effect on the solubility and strength of interactions of bovine pancreatic trypsin

inhibitor in a related study. The two variables in their study were found to have opposite

effects on the intermolecular forces. Attractions increased with NaCl whereas repulsions

increased with glycerol concentration. The bovine pancreatic trypsin inhibitor follows the

same general phase behavior as other globular macromolecules where a robust correlation

between protein solution second virial coefficient and solubility has been developed.

Even with the multiple perspectives and results from laboratory experiments on different

proteins in hand, it is important to have a visual understanding of the dynamics of protein
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structure and changes in different, higher density solvent environments. This requires a

molecular-level understanding of the dynamics of proteins in these environments. Despite

the many experimental advancements, protein dynamic properties still remain comparably

less well understood. In fact, a comprehensive molecular picture of protein (de)stabilization

by cosolvents has so far remained elusive. Specifically, a molecular-level understanding

of protein structural behavior in the presence of some simple solvents is still lacking. To

this end, we conduct an extensive, all-atom molecular dynamics simulation of the RVFV

L protein fragment in glycerol and its aqueous solutions. We focus on the structural fate

of RVFV L protein fragment as solutes in glycerol and its aqueous solutions in different

concentrations by molecular weight.

This chapter is arranged in four sections. Following this section is Section 5.2, where

the computational approaches and methods are discussed. In Section 5.3, we elaborate on

the results obtained from the MD simulations. Section 5.4 provides the conclusions from

the study.

5.2 Methods

In our simulations, ten different solvents, pure glycerol and its aqueous mixtures at 90:10,

80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, and 10:90 of glycerol:water concentrations

in molecular weights are considered. The solute in each of these solvents is a C-terminal

domain from the RVFV L protein. This fragment from the L protein is composed of 117

amino-acids (1706-1822aa). The system sizes, simulation time, and the periodic box sizes

are listed in the Table 5.1.
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Table 5.1: Summary of the simulations performed

x1 : x2 # atoms Time (ns) box size/sidex (Å)

100:00 43849 100× 7 71.421
90:10 44230 100× 5 71.527
80:20 44611 100× 9 71.580
70:30 44992 100× 5 71.961
60:40 45373 100× 5 72.502
50:50 45754 100× 10 73.061
40:60 46135 100× 5 73.788
30:70 46516 100× 4 74.225
20:80 46897 100× 8 74.845
10:90 47278 100× 7 75.470

To generate the atomic charges, we use the general AMBER Force Field (GAFF) [16,

103], and do this for a glycerol molecule parameterized to reproduce the B3LYP 6-31G*

charges. This includes the polarizable continuum model (PCM) [43], which is based on the

Merz-Singh-Kollman population analysis [44, 45], and is done using Gaussian09 [46]. The

atomic charges are then ported into the AMBER Tools18 [16] to generate the corresponding

RESP values which are employed in this study for the glycerol component. Glycerol is a

liquid between 291 K and 563 K and it is often used mixed with water in a large variety

of relative concentrations. As a check, before solvating the protein domain in glycerol and

its aqueous solutions, we validate simulations of the pure glycerol solvent and the aqueous

mixtures.

The simulations of pure glycerol contain 3000 glycerol molecules while for the 90:10

glycerol:water mixed systems the simulations involved 2700-1527 glycerol-water molecules,

and the 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90 have 2400-3054, 2100-4581,

1800-6108, 1500-7635, 1200-9162, 900-10689, 600-12216, 300-13743 glycerol-water molecules

respectively. These systems were equilibrated with NPT-MD at 298.15 K and 1.013 25 bar

via the Langevin thermostat with a collision frequency of 5 ps−1 and a time step of 1 fs

along a minimum of 20 ns long trajectories using a 1 fs time step and a 14 Å cutoff with

periodic boundary conditions (PBC). The periodic box sizes are indicated in Table 5.1.

Ewald sums are used in all calculations for the long-range electrostatics within the particle
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mesh implementation (PME). Prior to the NPT-MD simulations, all the solvent boxes are

thermalized with NVT-MD simulations for 10 ns after energy minimization. We run a total

of 60000 steps of minimization; 50000 of steepest descent followed by 10000 of conjugate

gradient to relax the systems. For the water component, the SPC/E water model [49] is

used.

Once we achieve the equilibrium density, the 100:00 simulation is followed by an NVE-

MD production run for 10 ns at temperatures around 298 K. In this way, we are able to

calculate the diffusion coefficients of 100% glycerol. The center of mass of the glycerol

molecules is tracked in time within the solution and determined from Eq. 5.1.

D =
1

6t

1

m

m∑

k=1

1

N

N∑

i=1

(ri(t)− ri(t0k))
2 +DPBC (5.1)

where ri is the position of the ith molecule center of mass at time t and N is the number of

molecules in the solvent. Each NVE run is split into m time series. Each of the runs starts

from a reference position ri(t0k), and their average is taken as indicated in Eq 5.1. The last

term is the correction due to the periodic boundary conditions [51], DPBC = 2.837297kBT
6πηL ,

with kB being Boltzmann’s constant, T temperature, L computational box length, and

η solvent viscosity. The value for the η is taken from experiment at 298 K: ηglycerol =

945 mPa s [52].

The next step is the preparation of systems with the domain solvated into each of the

ten different solvents, as demonstrated in Figure 5.1 with a focus on the peptide. The

systems were relaxed with another energy minimization and followed with a long NVT-MD

simulation at 298.15 K and the volume that gave the respective equilibrium densities for

hundreds of ns. It is from the last 200 ns of these NVT-MD simulations that the solvated

RVFV peptides structural and dynamic properties are calculated. The behavior of the

secondary structure elements was calculated from the secondary structure analysis according

to the Kabsch and Sander procedure [3].
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Figure 5.1: Initial conformation of the system. RVFV L protein peptide placed in a cubic
periodic box using chimera [2] package.

5.3 Results and Discussion

5.3.1 Properties of all-atom MD simulated solvents

The glycerol solution simulations are performed for quantifying the appropriate behavior of

the solvents at 298.15 K. From the NPT-MD simulations, the solvent systems attain equilib-

rium densities presented in Table 5.2. These densities as a function of glycerol concentration

are in very good agreement with experimental glycerol solution densities at 298.15 K.

At these equilibrium densities and temperature of 298.15 K, the radial distribution func-

tion, rdf or g(r), of each solvent is calculated and compared with experiment and this also

shows a very good agreement with experimental results. Figure 5.2 shows the rdf of glycerol

between atom pairs in different molecules. Figure 5.3 provides the label given to the glycerol

molecule atoms entering in the considered pairs between molecules. The calculated peak

positions for the six atom pairs depicted are 1.85, 1.84, 2.80, 2.80, 2.80, 2.80 Å, which are

in excellent agreement within standard deviation with experimental values of 1.77 ± 0.61,

1.80± 0.63, 2.73± 0.87, 2.76± 0.78, 2.76± 0.80, 2.76± 0.90 Å [58]. Figure 5.2 depicts the

rdf of the atom pairs in the glycerol molecules.
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The self-diffusion coefficients of the pure glycerol is estimated from Eq. (5.1) by consid-

ering 40 different time origins, each of which is a 0.5 ns NVE-MD time evolution simulation.

The periodic boundary conditions corrected self-diffusion coefficient from the simulation at

298 ± 1 K are (1.93 ± 0.02) × 10−7 cm2/s. The calculated diffusion coefficient compares

well with the experimental value of 1.7 × 10−7 cm2/s obtained from the Taylor dispersion

method [60] and another simulation with a value in the order (×10−7) using the AMBER

force fields [39] at ≈ 298.51 K. However, this experimental value is larger than the diffu-

sion coefficient obtained from the NMR pulsed magnetic field gradient [61] or modulated

gradient spin echo method [62]. Our calculated densities from the solvents composed of

50% − 90% water produced higher deviation from the experimentally measured densities.

Still, these calculated densities are much better than what has been reported in another

simulation study [104]. We can therefore conclude that the selected Force Field is modeling

the glycerol solutions at 298.15 K adequately for the goals of this work.
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Figure 5.2: Radial distribution function of glycerol at 298 K and equilibrium density
1.259 g/cm3 with pairs O–H (red), OC–O (black), OC–OC (green), OC–H (cyan), O–O
(blue), O–OC (violet), with atoms identification as shown in Fig 5.3.
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Figure 5.3: Atoms identification in the glycerol molecule.

Table 5.2: Densities, ρ (g/cm3) of {glycerol (1) + water (2)} mixtures at 298.15 g/cm3 and
atmospheric pressure.

x1 : x2 Calc. ρ Expt. 1

100 : 00 1.259 ± 0.002 1.25791
90 : 10 1.253 ± 0.003 1.25331
80 : 20 1.250 ± 0.002 1.24648
70 : 30 1.230 ± 0.001 1.23632
60 : 40 1.202 ± 0.002 1.22565
50 : 50 1.174 ± 0.002 1.21375
40 : 60 1.146 ± 0.001 1.19845
30 : 70 1.119 ± 0.002 1.18300
20 : 80 1.091 ± 0.002 1.14286
10 : 90 1.063 ± 0.002 1.09524

.

5.3.2 Energetic Evaluation of RVFV L protein domain

Energetics evaluation of the peptide in the various solvents yields results provided in Ta-

ble 5.3. The average potential energy of the peptide over the last 200 ns of the simulation

runs shows a decreasing potential energy as glycerol concentration decreases. This indicates

an increasing stabilization with decreasing glycerol concentration. The interaction energy

between the peptide and the solvents represents the balance between total potential en-

ergy of the system and the sum of individually separated potential energies of the solvent

and the peptide: Eint = Efull-system − (Esolvent + Epeptide). As observed in Table 5.3, the
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solvent-peptide interaction energy in each of the solvents becomes more cohesive as the con-

centration of glycerol decreases. This suggests that the water-dominant solvents stabilize

the structure better, leading to a smaller radius of gyration distribution, as shown in Figure

5.7. Therefore, it can be concluded that the interaction energies of the peptide in aque-

ous glycerol solution depends on the glycerol concentrations, with the peptide stabilizing

propensity increasing as the number of water molecules increases in the solvent. The large

fluctuations in the energies of systems with higher glycerol concentrations are attributed to

the mobility of the few water molecules in the neighborhood of the peptide that results in

frequent changes in the solution surrounding the solutes.

Table 5.3: Energetics evaluation at T = 298.15 K: Interaction energy, Eint and Potential
energy PE of RVFV peptide in the solvents.

x1 : x2 Eint (kJ mol−1) PE (kJ mol−1)
100:00 -87045 ± 1465 -835 ± 155
90:10 -205431 ± 6910 -1272 ± 179
80:20 -395309 ± 2395 -1705 ± 185
70:30 -462843 ± 3344 -2541 ± 176
60:40 -513576 ± 1553 -2714 ± 273
50:50 -552467 ± 876 -2252 ± 215
40:60 -589103 ± 920 -2751 ± 213
30:70 -621278 ± 900 -3078 ± 246
20:80 -659920 ± 824 -3702 ± 231
10:90 -694648 ± 808 -4397 ± 219

6QHG -8227.469

5.3.3 Properties of RVFV L protein domain in glycerol solutions

Several structural properties of the peptide and the solvents are monitored during the MD

simulations. An analysis of the various MD trajectories indicates that the structural impres-

sions of the solvated peptide are acquired during the simulations. The calculated peptide

structural properties include root-mean-square deviation, radii of gyration and hydrody-

namic, end-to-end distance, and solvent-accessible surface area. The average values of these

properties, presented in Table 5.4, are very similar within a particular property for the
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peptide across different solvent concentrations.

The root-mean-square deviation (RMSD) of Cα atoms from the initial structure is used

to measure the overall conformational drift of a protein over the course of a simulation for

the last 200 ns (Figure 5.4). Examining the RMSD as a function of time for all residues in

the protein together, it can be seen that there is a relative rise between ≈ 0.4 nm − 0.9 nm

with fluctuations along the last 200 ns of each simulation. A large increase occurs in the Cα

positional RMSD value in the water-dominant solvents indicating rapid divergence away

from the starting conformation. This instability of peptides in water had been observed in

other simulation studies [105, 106]. Similar to other studies[107], our MD simulations have

shown that the RMSD is increased by adding co-solvents to the glycerol solutions. This is

significant as it is an indication that solvents constrain Cα movement with respect to the

initial structure. Solvent-accessible surface area (SASA), the surface area of a bio-molecule

that is accessible to a solvent is also calculated. We found that in general, the SASA de-

creased in systems with lower glycerol concentration indicating that as the water molecules

increase, the peptide surface exposed to solvent reduces. Under the conditions studied, the

peptide have SASA sizes between 963.39± 6.46 nm2 and 758.29± 39.41 nm2.

Table 5.4: Structural property evaluation of RVFV peptide in the solvents at 298.15 K:
Root-mean-square deviation, RMSD, Radius of gyration, Rg, Hydrodynamics radius Rhyd,
End-to-end distance Re−e, and Solvent-accessible surface area, SASA.

x1 : x2 100:00 90:10 80:20 70:30 60:40 50:50 40:60 30:70 20:80 10:90 6QHG

RMSD (nm) 0.41 ± 0.003 0.45 ± 0.01 0.48 ± 0.01 0.59 ± 0.02 0.64 ± 0.03 0.63 ± 0.02 0.88 ± 0.07 0.48 ± 0.02 0.76 ± 0.02 0.68 ± 0.03 0.00
Rg (nm) 1.67 ± 0.004 1.70 ± 0.01 1.66 ± 0.01 1.76 ± 0.01 1.72 ± 0.02 1.61 ± 0.01 1.81 ± 0.04 1.61 ± 0.01 1.54 ± 0.01 1.64 ± 0.02 1.51
Rhyd (nm) 3.35 ± 0.01 3.38 ± 0.01 3.32 ± 0.01 3.37 ± 0.01 3.34 ± 0.01 3.23 ± 0.01 3.40 ± 0.02 3.19 ± 0.02 3.08 ± 0.01 3.16 ± 0.02 2.91
Rg/Rhyd 0.499 0.503 0.500 0.522 0.515 0.498 0.532 0.505 0.500 0.519 0.519
Re−e (nm) 2.81 ± 0.03 2.69 ± 0.05 2.34 ± 0.21 3.19 ± 0.15 2.70 ± 0.30 3.62 ± 0.31 3.08 ± 0.54 2.24 ± 0.09 2.51 ± 0.10 1.95 ± 0.37 2.28

SASA (nm2)
946.36 ±

30.53
963.39 ±

6.46
929.85 ±

36.53
961.55 ±

27.82
930.23 ±

56.27
837.14 ±

40.42
891.02 ±

76.75
796.71 ±

32.75
759.11 ±

66.75
758.29 ±

39.41
673.71

In contrast to natively folded proteins, intrinsically disordered proteins generally lack

well-defined 3D structures. Consequently, they explore a large number of distinct conforma-

tions, and their conformational properties are thus best described in statistical terms. One

useful and informative way of representing this large conformational ensemble is through a

distribution of the radius of gyration, Rg, calculated with the Equation R2
g =

∑N
i=1(ri −
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rcm)2/N and the hydrodynamic radius, Rhyd, calculated from 1
Rhyd

= 1
N2

∑N−1
i=1

∑N
j>i

1
rij

.

The hydrodynamic radius is an approximation of the Stokes radius measurable through

size-exclusion chromatography. In both radii ri are atomic position vectors relative to the

peptide center of mass, rcm is the center of mass position vector, rij are distances between

atoms i and j and N is the number of atoms in the peptide. The ensemble averages give a

rough measure of how compact a protein is and may be compared to the values for other

proteins of similar lengths. We calculated average values of several properties including Rg

and Rhyd (see Table 5.4).

A common feature observed across the glycerol concentrations along the simulations is

that the peptide gives rise to very compact Rg distributions (see Figure 5.7) when compared

between the solvent concentrations. We surmise that the peptide prefers to remain compact

across the glycerol concentrations along the simulation and at temperature 298.15 K. The

solvent molecules trap the instantaneous geometry, and the fate of the protein is to be locked

in an instantaneous structure. However, when simulated in the water-dominant solvents,

the peptide exhibits a little flexibility, as shown by the range of Rg distribution presented

in Figure 5.7.

Because both Rg and Rhyd probe the compactness of a disordered protein, and because

they may contain complementary information about the distribution of states [108] there

have been several studies on the relationship between the Rg and Rhyd for disordered pro-

teins and polymers [91, 108–110]. In line with theoretical expectations, it was found that

the ratio Rg/Rhyd depends substantially on the compaction of the protein chain, so that

compact states have ratios ≈ 0.77 or (3/5)1/2 [91]. When molecules deviate from globu-

lar to nonspherical or elongated/extended structures, then Rg/Rhyd tends toward values

away from (3/5)1/2. Because the relative level of compactness of the chain, when quantified

by Rg, also depends on the chain length, the ratio Rg/Rhyd also depends on the number

of residues (N) of the protein. Recently, these two effects were combined into a single,

physically-motivated and empirically parameterized equation that enables one to calculate
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Rhyd for a configuration of an intrinsically disordered protein from its Rg [111]:

Rg
Rhyd

(N,Rg) =
α1(Rg − α2N

0.33)

N0.60 −N0.33
+ α3

where α1, α2 and α3 are parameters that are fitted to maximize agreement between the

model and hydrodynamic calculations. The Rg/Rhyd values calculated from the simu-

lations in this study from the different solvent concentrations shows that the RVFV L

protein domain maintained its none spherical shape, with a Rg/Rhyd ratio in the range

0.498 ≤ Rg/Rhyd ≤ 0.532 as shown in Table 5.4. Another useful property is the end-to-end

distance Re−e defined as the distance between the two end residues of the peptide chain.

This describes the flexibility of the protein domain.
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Figure 5.4: Conformational change in RVFV protein domain of the MD simulation, mea-
sured as the root-mean-square deviation (RMSD) along the last 200 ns simulation
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Figure 5.5: Comparison of the peptide Rg distributions as a function of glycerol concentra-
tion at 298.15 K and the corresponding equilibrated densities.
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Figure 5.6: Comparison of the peptide Rg distributions as a function of glycerol concentra-
tion at 298.15 K and the corresponding equilibrated densities.
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Figure 5.7: Comparison of the peptide Rg distributions as a function of glycerol concentra-
tion at 298.15 K and the corresponding equilibrated densities.

5.3.4 Secondary Structure Analysis

Having established that the degree of conformational change in the RVFV protein domain is

modest in the solvent environment, and comparable to that in simulations of other proteins

[112], it is informative to examine the extent of conformational drift for the individual

helices and sheets. To investigate this, secondary structure analysis was carried out on the

peptide in the solvents. α-helices, β-sheets, and turns are the common secondary structures

in proteins with the common element of most of these structures being the presence of

characteristic hydrogen bonds. Because their backbone φ and ψ angles repeat, helices
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are classified as repetitive secondary structure. Alternatively, if the backbone dihedral

angle pairs are the same for each residue, the resulting conformation will assume a helical

conformation about some axis in space [88].

Figure 5.8 shows the results from the secondary structure analysis of the peptide.

We find that the peptide structure does not deteriorate much from the initial structure

with time. Comparison of pure glycerol with glycerol/water solutions however shows some

amount of difference. Compared to pure glycerol, the largely α-helical conformation of the

peptide is kept throughout the last 200 ns of simulations. However, some local deviations

from α-helicity were observed in the C- and N-termini of the peptide.

The β-sheets are another major structural element in globular proteins [3,89]. They are

found in two forms designated as Parallel or Antiparallel based on the relative directions of

two interacting beta strands. The basic unit of a beta sheet is a β strand with approximate

backbone dihedral angles φ = −120 and ψ = +120, producing a translation of 3.2 to

3.4 Å/residue for residues in antiparallel and parallel strands, respectively. Due to the more

optimal orientation of the interstrand hydrogen bonds, antiparallel β-sheets are thought to

be intrinsically more stable than parallel sheets. Hydrogen bonds in a parallel β sheet are

not perpendicular to the individual strands resulting in components parallel to the strand

[90].

The analysis of secondary structure elements presented in Figure 5.8 shows that the

helices in this region of the L protein are relatively stable in the different glycerol con-

centrations with increasing stability as glycerol concentration decreases. This implies that

the observed conformational changes or large RMSD values observed in Figure 5.4 are not

generally caused by unfolding of the structure. Therefore, it can be concluded that in this

cap-binding domain of RVFV L protein, relatively large motions occur as the glycerol con-

centration decreases or when the solvent density decreases and the observed flexibility is

inherent to the structure. Conformational change appears to originate from an opening of

the helix-loop regions. The secondary structure analysis also shows some preservation of the

β-sheets along the simulation in all solvents with some few disappearance in some residues.
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Figure 5.8: Secondary Structure Analysis (according to the Kabsch and Sander procedure
[3]) of the RVFV L protein domain at 298.15 K in the pure glycerol, and aqueous glycerol
solutions.

5.3.5 Cluster Analysis of the MD trajectory of the RVFV L protein pep-

tide

Clustering is a general Machine Learning technique that can be applied to any collection

of data elements or points where a function measuring distance between pairs of points

is available [113, 114]. A clustering algorithm partitions the data points into a disjoint

collection of sets called clusters. The points in one cluster are ideally closer, or more similar,

to each other than to points from other clusters. The use of clustering algorithms to group
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similar conformations visited during a MD simulation is not a new concept [115, 116]. A

wide variety of cluster algorithms have been applied in many studies to MD trajectories

in order to search for similarities among structures by grouping similar conformations.

A subset of publications developing and applying machine learning algorithms to analyze

MD trajectories covers some of the earliest MD simulations to very recent studies.[115,

117–121]. When clustering the molecular configurations from a MD trajectory, ideally

each clustering algorithm should group similar molecular configurations into distinct sets or

groups. This gives a refined view of how a given molecule is sampling conformational space

and allows direct characterization of the separate conformational substates visited by the

MD simulation [122]. It should be noted here that large-scale conformational change during

the MD can lead to high variance for the calculation of time-independent properties such

as estimation of free energetics [123]. By clustering the trajectory into distinct sub-state

populations. We can minimize this variance and provide more useful information about the

ensemble of conformations sampled by MD.

This work applied the well-known pairwise distance metric clustering algorithm, Ag-

glomerative Hierarchical Clustering, to the MD trajectories. The bottom-up hierarchical

clustering approach is employed to cluster the trajectories of the RVFV L protein domain

solvated in the glycerol and its aqueous solutions. The clustering on the backbone atoms of

the peptide using average-linkage with stopping when either 5 clusters are reached or the

minimum euclidean distance,

d(p,q) =
√

(px − qx)2 + (py − qy)2 + (pz − qz)2,

between clusters p and q is 0.3 nm was used. A visualization of the results obtained from

the clustering analysis is presented as a radius of gyration versus hydrodynamic radius

correlation plot shown in Figure 5.9. The individual clusters are represented by colors. In

all the solvent concentrations, 5 clusters were obtained based on the stopping criteria used

in the clustering.
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A comparison of cluster sizes, average distances of each conformation in the cluster to

its centroid, and average distances between clusters within each solvent is presented in Ta-

ble 5.5. It was found that the average distance of each conformation in the cluster to its

centroid spans a large range. The range is from 0.103± 0.004 nm to 0.393± 0.023 nm with

the larger distances observed in the water-dominant solvents. This result further explains

the large RMSD and Rg values we noticed earlier in the water dominant solvents. The

result also reflects the relevance of understanding the transport mechanism of the RVFV

peptide in aqueous glycerol environments.

Table 5.5: Comparison of the cluster sizes of the RVFV L protein peptide in each of the
{glycerol (1) + water (2)} solvents: Average distance between clusters within solvents, ds
(nm) and Average distance to centroid, dc (nm)

x1 : x2 ds (nm) dc (nm) Cluster Sizes

100 : 00 0.083 ± 0.002 0.103 ± 0.004 1374, 975, 631, 533, 487
90 : 10 0.096 ± 0.004 0.143 ± 0.008 1071, 960, 728, 660, 581
80 : 20 0.110 ± 0.002 0.157 ± 0.010 1089, 813, 803, 656, 639
70 : 30 0.146 ± 0.066 0.214 ± 0.008 1112, 863, 834, 597, 594
60 : 40 0.018 ± 0.012 0.283 ± 0.011 1237, 867, 755, 689, 452
50 : 50 0.171 ± 0.009 0.262 ± 0.010 1176, 1061, 1037, 431, 295
40 : 60 0.241 ± 0.020 0.393 ± 0.023 1026, 994, 785, 672, 523
30 : 70 0.184 ± 0.006 0.262 ± 0.016 1578, 1140, 593, 435, 254
20 : 80 0.192 ± 0.009 0.264 ± 0.012 1266, 903, 858, 710, 263
10 : 90 0.200 ± 0.026 0.281 ± 0.020 2008, 1149, 527, 256, 60
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Figure 5.9: Cluster distribution along the MD trajectory of the RVFV domain from the
hierarchical agglomerative clustering. Radius of gyration vs Hydrodynamic radius of peptide
over the trajectory which is colored based on their cluster memberships along the 200 ns
MD runs at 298.15 K
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5.4 Conclusions

In this work, we have presented a computational investigation of the structural dynamics

and energetics of the Rift Valley Fever Virus L protein domain in glycerol solutions with

the goal of understanding and explaining the sensitivity of the peptide to viscous liquids

such as glycerol and its mixture with water at both high and low concentrations. We find

that solvents have a significant effect on the conformation of the peptide, hence we conclude

that the structural conduct and preference of this protein domain is highly sensitive to its

accommodating environment.

These effects play an important role in protein folding in the presence of glycerol. We

predict that the peptide structure is maintained only when the modeling strategy consid-

ers the solvent with less glycerol concentration. We also found that the solvent-peptide

interaction becomes more cohesive with decreasing glycerol concentrations. The density

and radial distribution function of glycerol solutions calculated with the modified general-

ized amber force field by including restrained electrostatic potential atomic charges for the

glycerol molecules shows a very good agreement with the experimental results at 298.15 K

and other simulations. From this, we can conclude that the protein structure studied here

undergo relatively little conformational changes in higher glycerol concentrated solvents as

compared to its water-dominant equivalent.

Based on the observed energetics, the more stable structures were those obtained from

the simulations with higher water concentrations. The RVFV L protein domain structures

produced from the water dominant solvent models turn to have the lowest interaction energy

showing a strong attraction between the peptide and solvent molecules. This shows that

the solvent-peptide become more cohesive with decreasing glycerol concentrations. We

predict that the peptide helices and sheets are maintained only when the modeling strategy

considers the solvent with less glycerol concentration.
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Chapter 6: Concluding Remarks and Future Work

6.1 Concluding Remarks

This last chapter summarizes the findings presented in this dissertation. The research

successfully studied the behavior of different lengths of polyacrylamide and also a protein

domain from the Rift Valley fever virus L protein in different solvents. The solvents consid-

ered are pure glycerol, water and aqueous glycerol solutions in different concentrations by

molecular weight. This was done by investigating the energetics, structural and thermody-

namic properties of polymers and the biomolecule in the solvents using molecular dynamic

simulations. This work was broadly divided into three parts.

The first part presented a dynamical modeling of the structure and energetics of PAM

oligomers in glycerol solvents and in water with the goal of elucidating the sensitivity of

the PAM structure to viscous non-Newtonian liquids such as glycerol and its mixture with

water at high concentration. A modification of the atomic charges of the GAFF was used

and also introduced a set of RESP atomic charges that effectively permit a strong temporal

localization of the polymer chain in these glycerol solvents. We have also modified the

established GAFF atomic charges of the glycerol molecules by the RESP values, obtaining a

very good representation of the glycerol liquid at ambient temperature. It is the combination

of these two modeling strategies that enable the PAM oligomers to acquire locked-in, swollen,

and elongated structures in the glycerol solvent while they are more flexible and prone to

remain as less elongated random coils in the glycerol-water solvent. In water, the oligomers

are very flexible changing frequently their random coil structure without fully collapsing

into a compact globuler. Both the glycerol-water and the pure water solvents behave as

θ solvents for the PAM-10, PAM-20, and PAM-30 oligomers considered in this work. In
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contrast, the BCC atomic charges case fails to provide a clear and distinct behavior of the

solvated oligomers in the different solvents.

The second part again used MD to investigate the structural and dynamic behavior of

RVFV L protein C-terminal domain in both explicit and implicit solvent. Here five water

models, TIP3P, TIP4P, SPC/E, SPC/Fw and OPC are chosen as solutions for the explicit

solvent simulations. It was found that, in the SPC/E water model and the implicit solvent,

the protein domain likes to remain compact with the α-helices and β-sheets somewhat in

place along the simulation overtime. Based on energetics, the more stable structures were

those obtained from the implicit solvent simulation with the next being structures from the

SPC/E water model simulation. The RVFV L protein domain structures produced from the

OPC water models turn to have the lowest interaction energy showing a strong attraction

between the peptide and water molecules. The interaction energy also shows how the models

obtained from the TIP3P water model simulation demonstrate the most repulsiveness as

compared to the other systems. The structural characterization of the atomic trajectories

enabled a better understanding of the structural and dynamical behavior of the RVFV

domain under the conditions in the water models studied along time. The findings from

this part of the research informed the choice of SPC/E as the water component of the

aqueous glycerol solutions used in the last part of the dissertation.

Finally, the last part of the dissertation presented a computational investigation of the

structural dynamics and energetics of the RVFV L protein domain in glycerol solutions

with the goal of understanding and explaining the sensitivity of the peptide to viscous

liquids such as glycerol and its mixture with water at both high and low concentrations.

It was found that solvents have a significant effect on the conformation of the peptide in

solvation and hence we conclude that the structural conduct and preference of a protein are

highly sensitive to its accommodating environment. These effects play an important role in

protein folding in the presence of glycerol. From the results of this part of the research, it

is reasonable to predict that the peptide structure is maintained only when the modeling

strategy considers the solvent with less glycerol concentration. It was also found that the
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solvent-peptide interaction becomes more cohesive with decreasing glycerol concentrations.

The densities and radial distribution function of glycerol and its solutions calculated with a

modified generalized amber force field by including restrained electrostatic potential atomic

charges for the glycerol molecules shows a very good agreement with the experimental

results at 298.15 K and other simulations. Based on the observed energetics, the more stable

structures were those obtained from the simulation with higher water concentration in the

solvent. The RVFV L protein domain structures produced from the water dominant solvent

models turn to have the lowest interaction energy showing a strong attraction between the

peptide and solvent molecules. This shows that the solvent-peptide become more cohesive

with decreasing glycerol concentrations. These findings suggest that the peptide helices

and sheets are maintained only when the modeling strategy considers the solvent with less

glycerol concentration.

6.2 Future Work

In the immediate future, I would like to further explore and analyze other polymers and

biomolecules (including peptides from the RVFV L protein) and incorporate machine learn-

ing with molecular dynamics for accurate, faster, and on-the-fly analysis of the MD simu-

lations trajectories. Machine learning is transforming almost every area of computational

science. The complex and time-consuming calculations in molecular dynamics simulations

are particularly suitable for a machine learning revolution and have already been profoundly

impacted by the application of existing machine learning methods. I hope to review re-

cent machine learning methods such as random forest, neural networks, support vector

regression, Kernel regression, and k−nearest neighbors for the prediction of coarse-grained

molecular dynamics, quantum-mechanical energies and forces, the extraction of free en-

ergy surfaces and kinetics and also generate other network approaches to sample molecular

equilibrium structures and compute structural and thermodynamic properties.
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Appendix A: mol2 file showing BCC Atomic Charges for the

Glycerol Molecule

@<TRIPOS>MOLECULE

GOL

14 13 1 0 0

SMALL

bcc

@<TRIPOS>ATOM

1 C1 -0.0140 0.0010 -0.2600 c3 1 GOL 0.100100

2 O1 -0.0680 1.2950 0.2860 oh 1 GOL -0.612800

3 C2 -1.2800 -0.7030 0.1940 c3 1 GOL 0.115900

4 O2 -2.4170 -0.0190 -0.2380 oh 1 GOL -0.603800

5 C3 1.2530 -0.7020 0.1870 c3 1 GOL 0.115900

6 O3 2.3290 0.0910 -0.2520 oh 1 GOL -0.603800

7 H1 -0.0140 0.0590 -1.3460 h1 1 GOL 0.061700

8 H2 -1.2700 -0.7940 1.2780 h1 1 GOL 0.043450

9 H3 -1.3300 -1.6990 -0.2290 h1 1 GOL 0.043450

10 H4 1.3050 -1.6990 -0.2430 h1 1 GOL 0.043450

11 H5 1.2590 -0.7910 1.2710 h1 1 GOL 0.043450

12 H6 0.7310 1.7510 0.0550 ho 1 GOL 0.425000

13 H7 -2.3250 0.8900 0.0220 ho 1 GOL 0.414000

14 H8 3.1420 -0.2320 0.1080 ho 1 GOL 0.414000

@<TRIPOS>BOND

1 1 2 1

2 1 3 1

3 1 5 1
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4 1 7 1

5 2 12 1

6 3 4 1

7 3 8 1

8 3 9 1

9 4 13 1

10 5 6 1

11 5 10 1

12 5 11 1

13 6 14 1

@<TRIPOS>SUBSTRUCTURE

1 GOL 1 TEMP 0 **** **** 0 ROOT

81



Appendix B: mol2 file showing RESP Atomic Charges for

the Glycerol Molecule

@<TRIPOS>MOLECULE

GOL

14 13 1 0 0

SMALL

resp

@<TRIPOS>ATOM

1 C1 -0.0140 0.0010 -0.2600 c3 1 GOL 0.143911

2 O1 -0.0680 1.2950 0.2860 oh 1 GOL -0.671611

3 C2 -1.2800 -0.7030 0.1940 c3 1 GOL 0.205929

4 O2 -2.4170 -0.0190 -0.2380 oh 1 GOL -0.679681

5 C3 1.2530 -0.7020 0.1870 c3 1 GOL 0.205929

6 O3 2.3290 0.0910 -0.2520 oh 1 GOL -0.679681

7 H1 -0.0140 0.0590 -1.3460 h1 1 GOL 0.071700

8 H2 -1.2700 -0.7940 1.2780 h1 1 GOL 0.018920

9 H3 -1.3300 -1.6990 -0.2290 h1 1 GOL 0.018920

10 H4 1.3050 -1.6990 -0.2430 h1 1 GOL 0.018920

11 H5 1.2590 -0.7910 1.2710 h1 1 GOL 0.018920

12 H6 0.7310 1.7510 0.0550 ho 1 GOL 0.444191

13 H7 -2.3250 0.8900 0.0220 ho 1 GOL 0.441816

14 H8 3.1420 -0.2320 0.1080 ho 1 GOL 0.441816

@<TRIPOS>BOND

1 1 2 1

2 1 3 1

3 1 5 1
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4 1 7 1

5 2 12 1

6 3 4 1

7 3 8 1

8 3 9 1

9 4 13 1

10 5 6 1

11 5 10 1

12 5 11 1

13 6 14 1

@<TRIPOS>SUBSTRUCTURE

1 GOL 1 TEMP 0 **** **** 0 ROOT
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