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Abstract 
The copper-binding ability of the prion protein may be closely connected to its 
function. Identifying the exact function of the prion protein can clarify the 
underlying mechanism in prion diseases. In this work, the copper-binding 
octapeptide region in the human prion protein has been studied. The structural 
characteristics of the binding site are examined by quantum chemical structural 
optimization. The calculations aim at identifying a substitute for copper(II) to be 
used in NMR-spectroscopic studies of the copper-binding region. The dynamical 
and structural features of the peptide region are investigated in molecular 
dynamics simulations. Aspects of importance in the development of model 
systems in molecular dynamics simulation are addressed. 
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1 Introduction 
Prions have gained wide public attention during the past years due to prion-
induced diseases, such as the mad-cow and Creutzfeldt-Jacobs diseases. Prion 
diseases have been an especially great concern in Great-Britain; however, new 
manifestations of prion diseases are encountered continuously in different 
countries.  

The mad-cow disease or bovine spongiform encephalopathy (BSE) is the 
most widely known of the prion diseases. The first known cases of prion diseases 
date back to the 18th century, when scrapie, a prion disease that attacks sheep, was 
first discovered. In the 1950s, a human form, kuru, was found on New-Guinea 
among a tribe practicing cannibalism. The cause of the prion diseases remained a 
mystery for centuries, a virus for long being the primary suspect. In 1982, Stanley 
Prusiner proposed that the infectious agent could be a protein. The word prion was 
coined by Stanley Prusiner, as a derivation of the words proteinaceous and 
infectious. Prions are proteins whose conformational change is responsible for 
prion diseases. Prusiner’s work concerning prions was awarded the Nobel Prize in 
1997 [1-2]. 

The prion disease that appears to be transmissible from cows with BSE to 
humans is called Creutzfeldt-Jacobs disease new variant (nvCJD). The 
transmission from cows to humans is restricted by a species barrier, which hinders 
interspecific transmission. However, the extent of the effect of this barrier is 
unknown. Another form is the hereditary form, where a mutation of the prion 
protein results in the same effects as the acquired form of CJD. A third form of 
CJD is the sporadic form, where the prion protein becomes misfolded by random. 
The rarest type of CJD is the sporadic form, whose annual incidence per million 
habitants typically ranges from 0.4 to 1.8, varying from country to country [3]. 
Even rarer is the hereditary human prion disease fatal familial insomnia (FFI) that 
does not allow the patient to sleep. The different prion diseases are closely related, 
but they affect different regions of the brain. Prion damage can occur in other 
organs as well as in the brain, although the malfunction of the brain gives the most 
apparent symptoms. Despite the rareness of the human prion diseases, there is 
great interest in them because of the potential risk of a widespread outbreak due to 
contaminated food. The fact that prion diseases have spread through a 
fundamentally new biological mechanism – one that is completely different from 
viruses or bacteria - is an additional point of interest. Unraveling the fundamentals 
of prion diseases would also help to gain a better understanding of other 



  2

neurodegenerative diseases, such as Alzheimer’s and Parkinson’s that are related 
to prion diseases [4].      
 

1.1 The Prion Protein 
The prion protein is present in many body tissues and especially high levels are 
found in the central nervous system. The protein is bound to the outside surface of 
the cell through a glycosylphosphatidylinositol (GPI) anchor. Through 
endocytosis, the protein can enter inside the cell by becoming trapped in 
intracellular vesicles, from which it is then cycled back to the surface. The cycling 
takes place rapidly; the estimated transit time for the whole process is 60 minutes 
[5]. 

Upon infection in a prion disease, the normal cellular prion protein 
becomes folded differently into another conformer. The healthy cellular form is 
denoted PrPC and the misfolded form is PrPSc after scrapie. The two conformers 
differ in some aspects, for example in solubility and proteinase K resistance [6]. 
This type of differences could arise as a consequence of ligands binding to only 
one of the forms or as a result of different secondary or tertiary structures of the 
conformers. The three-dimensional structure of the prion protein is unknown 
although it has been determined that PrPC mainly consists of α-helical structure, 
whereas PrPSc has a larger degree of β-sheets. An analysis with Fourier-transform 
infrared spectroscopy (FTIR) allowed an approximate estimation of the fractions 
of secondary structure [7]. According to this study, PrPC consists of 42 % of α-
helical and 3 % of β-sheet structure. In contrast, PrPSc contains 30 % α-helical and 
43 % β-sheet structure. 

A proposed mechanism for the infection is that a misfolded PrPSc first 
enters the cell with the help of the healthy PrPC. Then, inside the cell, PrPSc can 
transfer PrPC to its misfolded form using the help of another protein. The 
formation of PrPSc causes additional PrPC to misfold, because PrPSc acts as a 
template for the conversion process. In contrast to PrPC, PrPSc is protease-resistant 
and can thus not be broken down by the protease [8]. The misfolded proteins form 
clusters and amyloid plaques are developed. The name spongiform, “sponge-like”, 
is an accurate description of the appearance of the affected part of the brain. 
Alzheimer’s disease progresses in a similar fashion, although a mutation of the 
amyloid precursor protein is the protein responsible for that condition [4]. 
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1.2 Possible Functions of the Prion Protein 
Several possible roles of the prion protein have been suggested in order to explain 
the destructive effect of the misfolding process. A simple explanation would be 
that the misfolded PrPSc itself is harmful or poisonous. Another suggestion is that 
PrPSc can begin some reaction that is dangerous to the surroundings. However, the 
most likely possibility is that PrPC has some important function, which can no 
longer be fulfilled in the misfolded form.  

The proposals for the function of the healthy prion protein are dominated 
by its ability to bind copper ions. Several studies have shown that PrPC is able to 
bind copper ions, whereas PrPSc does this to a lesser degree or not at all [9-11]. In 
all mammalian prion proteins, there is an octapeptide that is repeated 4-5 times. 
The octapeptide in different mammals does not necessarily consist of the same 
sequence of amino acids, but it is able to bind copper ions in all cases. The well-
conserved homology supports the copper-binding capability being central to the 
function of the prion protein. The copper-binding region in the human prion 
protein contains four repeats of the sequence PHGGGWGQ. The location of the 
copper-binding region is in the highly disordered N-terminal domain between the 
amino acids 60-91. There is also evidence of another copper-binding region in the 
human prion protein, GGGTH, between the amino acids 92-96, but this region has 
not been investigated to the same extent as PHGGGWGQ [4]. 

It has been suggested that PrPC acts as a copper-ion shuttle that assists in 
the trafficking of copper ions across the cell membrane. This suggestion is 
supported by a study showing that higher concentrations of copper and zinc 
increase the rate of endocytosis – the process where PrPC enters the cell [12]. 
Another theory characterizes PrPC as a copper-ion buffer that can sequester excess 
copper ions and thus protects the cells from the harmful redox activity of free 
copper ions [13]. It is also possible that PrPC is involved in the scavenging and 
detoxification of oxygen-containing radicals like superoxide dismutase (SOD) 
[14].  

 

1.3 The Role of Copper in Biochemistry  
The copper metabolism is a complicated combination of the many different 
systems that employ copper ions in their function. Copper is present mainly in two 
oxidation states, the reduced form Cu(I) and the oxidized Cu(II). Copper(II) ions 
are often bound to nitrogen ligands, or a combination of nitrogen and sulfur 
donors, and they have an especially high affinity for histidine imidazoles. 
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Copper is an important cofactor in the active sites of many metalloenzymes. 
The wide range of reactions that are catalyzed by these enzymes include reactions 
of electron transfer, dioxygen transport, substrate oxygenation or oxidation, and 
reduction of nitrogen oxides [15]. 

Copper enzymes are divided into three different types. Type I copper 
enzymes are also called blue copper proteins due to their color, and they are 
involved in electron transfer. Type II copper enzymes can adopt several different 
geometries and are included in catalytic oxidation of substrate molecules. Type III 
copper enzymes contain two copper(II) ions and reduce O2 [16]. 

The intracellular Cu(II) ion concentration is much lower than the 
extracellular one. Inside the cell, most of the Cu(II) ions are bound to enzymes, 
which means that the free Cu(II) ion concentration could be as low as one free 
copper ion per cell [17]. The extracellular copper ion concentration is 70 μM [18], 
but neuronal depolarization can lead to local copper ion concentrations that are as 
high as 100-300 μM [19].  
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2 Computational Methods 
The field of computational chemistry has been able to expand rapidly due to the 
development of computers. In this work, two different computational methods 
were employed. Molecular dynamics simulations were used to study changes of 
different dynamical time-dependent properties of the copper-binding region of the 
human prion protein. Quantum mechanical methods provided a useful tool for a 
detailed comparison of the binding of several metal ions to this region.  
 

2.1 Molecular Dynamics Simulations 
Quantum chemical methods are not suitable for studying systems with a large 
number of atoms, because this would be far too time-consuming. Molecular 
mechanics methods consider only the nuclear positions of the atoms and atom-
atom interactions are handled by interaction potentials. Consequently, only a 
fraction of the computational time is needed in comparison with quantum 
chemical methods. However, since changes in electronic distribution are not 
explicitly considered, it is not possible to investigate properties depending on 
them, such as bond breaking and formation. 

Molecular mechanics methods are based on modeling of the forces in a 
molecular system by some simple equations. The forces in the molecular system 
are collected in a potential energy function or a force field, where bonded and non-
bonded interactions in the system are considered. The bonded interactions include 
the intramolecular processes of bond stretching, rotation about a bond, bond angle 
opening and closing. The non-bonded interactions comprise electrostatic and van 
der Waals interactions. It is common to use a Coulomb potential to model the 
electrostatic interaction and a Lennard-Jones potential for van der Waals 
interaction. In more sophisticated force fields, even more terms can be included to 
describe the interactions. The required computational time for evaluating non-
bonded interactions is proportional to N2, where N is the total number of atoms in 
the system. Therefore, the calculation of the non-bonded contributions is the 
computationally most exhaustive part when dealing with larger systems. A 
limitation in molecular mechanics methods is the availability of parameters in the 
force field. The molecules that differ slightly from the ordinary often lack good 
parameters. The force field used in the calculations of this work was AMBER 94 
[20], which is developed for the simulation of proteins, nucleic acids and organic 
molecules [21].  



  6

In molecular dynamics simulations, the evolution of a molecular system in 
the applied force field is followed. The molecular system behaves according to 
Newton’s laws of motion. The acceleration at a given point can be obtained from 
Newton’s second law, F = ma. Successive configurations of the molecular system 
can be calculated and trajectories are created. It is possible to study time-
dependent properties of the system when following the trajectories. Therefore, 
dynamical information of the system can be extracted from its time evolution.  
 

2.1.1 Modeling Solvent Effects 
A real challenge in molecular dynamics simulations is to identify an appropriate 
way to model the solvent. Water is the solvent used in the molecular dynamics 
simulations in this work, and also in many other molecular dynamics simulations. 
The description of water as solvent is more demanding than most other solvents 
due to the complex structure of water and the strong effects of hydrogen bonding. 

When considering the different possibilities for solvent representation, one 
has to determine what kind of accuracy is needed and how long simulation times 
are acceptable. The models that require the least computational effort are the ones 
that do not consider individual water molecules. In reaction field models, the 
solvent is treated as a uniform, polarizable medium, where the solute is placed in 
an empty cavity. Depending on the system under study, it is possible to achieve 
good agreement with experimental data. However, short-range solvation 
interaction can never be properly modeled. Explicit water molecules should be 
included when simulating biomolecular systems, because water molecules 
constitute an essential part of these systems. Water molecules are a structural part 
of biomolecular systems, for example through solvation of metal ions and 
participation in the solvation of polar or charged groups of proteins. Also, it 
should not be forgotten than nucleotides are polyelectrolytes [22]. 

 

1.0 Å1.0 Å

109.47o

q=+0.4238q=+0.4238

q=-0.8472

 
Figure 1. The SPC/E water model. 
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An explicit water molecule can be described by various water models. The 
water model used in this work, SPC/E [23], can be seen in Figure 1. Some other 
common water models, such as SPC and TIP3P, differ in geometry, charge 
distribution and Lennard-Jones parameters.      

In order to model the continuous bulk in molecular dynamics simulations, it 
is common to use periodic boundary conditions. For simulations of biomolecules, 
the periodic boundary condition approach is the most widely spread. The 
biomolecule is first placed in the center of a box. The surrounding empty space in 
the box is filled with water molecules. During the simulation, the molecules 
diffuse out of the box, but the corresponding image of the diffusing molecule 
enters from the opposite side of the box. The impression of a continuous bulk is 
thus created and unwanted boundary or termination effects at the walls of the box 
are decreased. Although the use of periodic boundary conditions considerably 
decreases the required number of water molecules, long simulation times emerge 
nevertheless. In this work, two types of periodic boundary conditions are 
employed, which are illustrated in Figure 2. Orthorhombic periodic boundary 
conditions were used for the simulations of shorter strands of the peptide, since 
fewer water molecules were required to solvate the smaller peptides. The truncated 
octahedral periodic boundary conditions are more efficient for the longer peptides 
when including a larger number of water molecules, since the volume of a 
truncated octahedron is only a half of a cube defined by the same distance between 
opposite faces. A disadvantage of truncated octahedral periodic boundary 
conditions is that they make the analysis of coordinates more challenging. 
 

 
 

Figure 2. Orthorhombic (left) and truncated octahedral (right) periodic boundary conditions 
were used. 
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In this work, also some other solvation models besides periodic boundary 
conditions were used. In these models, there is no replication of periodic images. 
Water molecules instead constitute only a layer or a sphere around the 
biomolecule, thus forming either a water tube or a drop. In order to keep the water 
molecules from escaping from the layer, it is necessary to introduce some 
modification in the force field. Different models involving water layers or free 
boundary conditions have been used in earlier studies as well [24-32]. Four 
different models are tested in this work. In two of these models, the biomolecule is 
placed inside a sphere of water molecules. The water molecules are kept from 
evaporating either by a restraining surface potential [32] or by a shell of frozen 
water molecules. The diffusion of the biomolecule to the outside of the sphere is 
prevented by the application of a small tethering force on one of its central carbon 
atoms. The third model is based on a water layer around the solute being 
restrained by using a relative dielectric constant, ε0, below unity. The electrostatic 
interaction is thus increased and the water layer is energetically more attractive for 
the water molecules, resulting in fewer water molecules evaporating. The fourth 
model included in the comparison does not contain explicit water molecules; 
instead a distance-dependent dielectric medium is used. The relative dielectric 
constant increases with distance, which mimics the screening of electrostatic 
forces in real systems. The different solvation models are described in more detail 
in Paper I. 

 

2.1.2 Appropriate Choice of Simulation Conditions   
When starting a molecular dynamics simulation, it is first necessary to determine 
the appropriate parameters and simulation conditions. The choices made are based 
on what kind of information should be obtained from the simulations and at which 
accuracy.  

The ensemble used in all the simulations in this work is the canonical 
ensemble, where the number of atoms (N), the volume of the system (V) and the 
temperature of the system (T) are fixed throughout the simulation. A constant 
temperature ensemble gives a better description of the physiological conditions 
than ensembles with constant energy or constant pressure. The temperature is 
controlled using the Nosé-Hoover thermostat [33]. The system is coupled to a heat 
bath, which increases or decreases the energy of the system by scaling velocities. 
Applying the Nosé-Hoover algorithm is considered to be a gentle way for 
maintaining the correct temperature of the system [34].  
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Computational requirements will influence the choice of method for 
calculation of electrostatic interaction. The Ewald summation method [35] is 
considered the best technique for handling electrostatics in periodic boundary 
conditions and is also widely used in simulations of biomolecules as well as ionic 
melts and solids [36]. The reason for its popularity is that is it provides an accurate 
description of long-range electrostatic interaction. The computational costs are 
nevertheless considerable, although the Ewald summation method benefits from 
the total sum being divided into two more rapidly converging series. In the 
periodic boundary condition simulations in this work, the Smooth Particle Mesh 
Ewald (SPME) method [37] has been used for describing electrostatic interaction. 
The SPME method is a faster modification of the standard Ewald summation 
method. 

Since the Ewald summation method is applicable only for periodic 
boundary condition systems, another approach for treating electrostatics was by 
necessity used in the water drop solvation models. In all of the non-periodic 
boundary condition models, shifted and truncated Coulomb sum was employed. 
The truncation decreases the number of interactions that must be calculated. The 
advantage of the shift is that no dramatic step appears at the cut-off distance. 

 

2.2 Quantum Chemistry methods 
Quantum chemistry methods are aimed at the identification of a solution to the 
Schrödinger equation. Electrons are such small particles that they cannot be 
described by classical mechanics. The Schrödinger equation can be seen as the 
quantum mechanical parallel to Newton’s second law. Since the Schrödinger 
equation can be solved exactly only in very simple cases, it is necessary to make a 
series of approximations when dealing with more complicated systems. 

With quantum chemical methods, it is possible to obtain detailed 
information about the molecular systems under consideration. As opposed to 
molecular mechanics methods, the electronic distribution is taken into account, 
and not only the positions of the nuclei. Knowledge about electronic distribution 
allows the modeling of chemical reactions, where there are changes in both 
geometric and electronic structure, such as the making and breaking of bonds. 
Other information depending directly on the electronic structure, such as 
spectroscopic properties and ionization energies, can also be obtained. The 
solutions to the Schrödinger equation at different nuclear coordinates form a 
potential energy surface (PES). Locating the extreme points on the PES allows the 
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prediction of preferred structures in systems studied experimentally. The maxima 
on the potential energy surface correspond to transition states. For larger systems 
with low symmetry, the potential energy surface is very complicated with many 
local minima. This is also the case in the systems that have been studied in this 
work. Therefore, the main point of interest is the characteristic geometry of a 
structure and not the comparison between, potentially many, energetically very 
similar local minima on the PES.  
 

2.2.1 Choice of Basis Set and Level of Theory 
In the quantum chemical calculations that are a part of this work, a density 
functional theory (DFT) method was used. In DFT methods, the energy is 
calculated from the electron probability density and not from the electronic wave 
function. DFT methods differ from, for example, ab initio methods in this aspect. 
With DFT methods it is possible to obtain considerably better accuracy than with 
Hartree-Fock theory while requiring only slightly longer computational time [38]. 
The level of theory used in the calculations in this work was B3LYP, which stands 
for Becke’s three-parameter hybrid functional including the correlation functional 
of Lee, Yang and Parr [39]. Although B3LYP normally is regarded as a DFT 
method, Hartree-Fock exchange is one of the three terms in the exchange-
correlation functional. 

The calculations were made with the basis sets 6-31G(d). The core orbitals 
are a contraction of six primitive Gaussian-type orbitals (PGTO). This basis set is 
of split valence type, where the inner valence orbitals are described by three 
PGTOs and the outer ones by one. Also, the 6-31G(d) basis sets include a d-type 
polarization function for the heavy atoms. These basis sets can be regarded as 
appropriate for systems of this size. The use of larger basis sets is not motivated, 
since the calculations aim only at investigating coordination geometries and not at 
computing exact energies [40].  

The distribution of electron density in the metal atoms was described using 
another approach. As the size of the atom becomes larger, the number of 
chemically less interesting core electrons increases. In order to reduce 
computational time, it is possible to replace the core electrons by a semi-local 
effective core potential (ECP), or a pseudopotential. ECPs are normally used for 
elements in the third row in the periodic system and beyond. In this work, the 
Stuttgart-group ECPs were used. The core electrons in copper, iridium, rhodium 
and zinc were treated with the MDF [41] ECPs, whereas for cobalt, nickel, 
palladium and platinum the MWB [42] ones were used. In the names of these two 
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ECPs, the letter M signifies that the potential is developed for a neutral atom. The 
other two letters supply information about the theoretical level of the potential, i.e. 
DF stands for Dirac-Fock relativistic, whereas WB is Wood-Boring quasi-
relativistic. The relativistic effects become increasingly important as the atoms 
become heavier. The kinetic energy of the inner electrons in heavy atoms 
corresponds to high formal velocities in comparison to the speed of light, which 
implies that relativistic effects should be considered. The ECPs used here are able 
to account for a major part of the relativistic effects - the scalar relativistic effects - 
but they neglect spin-orbit coupling. However, since systems of low symmetry are 
studied in this work, spin-orbit coupling is expected to be less important [43].     

 

2.2.2 Polarizable Continuum Model 
The solvent effects were considered in the quantum chemical calculations by using 
the Polarizable Continuum Model (PCM). It belongs to Self-Consistent Reaction 
Field (SCRF) models, where the solvent is modeled as a reaction field, i.e. a 
continuum characterized by a uniform dielectric constant. A cavity is created in 
the solvent to contain the solute. The different SCRF models differ in how the 
cavity is created in the solvent. In the PCM calculations made in this work, the 
cavities were using the United Atom Topological Model UAHF [44]. The 
electrostatics and the effects of polarization are evaluated numerically, rather than 
by an analytical approximation, as is the case in the simpler Onsager model [40]. 
 

2.3 Programs and Software Packages 
The DL_POLY program package [45] was used in all molecular dynamics 
simulations. The vast amount of atom coordinate and velocity data produced from 
molecular dynamics simulations were analyzed by a large number of in-house 
produced utility Fortran programs and awk scripts. The quantum chemical 
calculations were made using the Gaussian 03 program package [46]. The 
visualization of structures was done with Molden [47]. The plots for graphical 
visualization of simulation data were created with the Xmgrace program [48].  
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3 Searching for Models and Discovering Artifacts 
The modeling of a chemical system requires several simplifications of the actual 
system. The reality contains many factors whose inclusion is limited by if not 
computer power, then by scientific comprehension. When a real-life system is 
modeled theoretically, even the most exact quantum mechanical models convey a 
series of approximations. Limitations in time and computer power call for the 
introduction of even further approximations to the systems; faster and less exact 
methods are the result.  
 When the model of the system is chosen, it must be considered what kind 
of properties are of interest. For example, the SPC/E water model underestimates 
the diffusion coefficient of water, whereas some other properties compare better 
with experimental data. Approximations can easily lead to artifacts, but they do 
not necessarily affect the property of interest and that is monitored. 
 In this chapter, some artifacts in the model systems used in this work are 
considered. The results in the comparison of solvation models in Paper I are 
discussed. The effects of extending the model system to consist of a larger peptide 
in Paper II are examined. Based on Paper III, the necessity of finding a model 
cation for copper(II) in NMR-spectroscopic studies is accounted for and important 
characteristics of a substitute that will result in a good model are considered. 
 

3.1 Comparison of Solvation Models 
Solvation effects and the presence of water molecules are important in biological 
systems. Water molecules influence both structure and function of the systems and 
it is thus important to choose an appropriate way to model them in simulations. 
Periodic boundary conditions are the most common way to model the continuous 
bulk in molecular dynamics simulations. Although the use of PBC is well-
accepted, it does have several disadvantages. Many water molecules are required 
in the system, which makes this solvation model computationally expensive. The 
required computational times increase dramatically when simulating larger 
biomolecules including the increased number of water molecules needed in 
solvation. An artifact caused by the use of PBC is that the periodicity in the system 
might lead to molecules interacting with their images in a neighboring box [49]. 
 The large computational effort required when using PBC motivated a 
search for an alternative, less time-consuming, solvation model. Paper I contains a 
comparison of five solvation models, including PBC. One of these models is a 
distance-dependent dielectric model containing no explicit water molecules 
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(Model 4). The other three alternative solvation models consist of either a 
spherical or a non-spherical water layer around the biomolecule. The water 
molecules are kept from evaporating to the surroundings by applying a restraining 
potential (Model 1), introducing a surrounding ice shell (Models 1 and 2) and by 
dampening the electrostatic interaction through the use of a dielectric constant 
below 1 (Model 3). In Models 1 and 2, an additional modification is that a central 
carbon atom in the biomolecule is tethered to the middle of the solvent sphere. 
Paper I and Section 2.1.1 provide a more thorough description of these models. A 
5 ns simulation was performed with all of the solvation models, except for the 
simulation with Model 3, which was ended at 2 ns due to rupture of the water 
layer.         
 A comparison of computational times shows that by using the alternative 
solvation models, significant reductions in computational costs can be made, as 
displayed in Table 1. The simulations with Model 4, the distance-dependent 
dielectric model, require the least computational effort. The necessary 
computational time when using the other models is affected by the number of 
water molecules included in the simulation.  
 
Table 1. A comparison of computational time required by the different models. 
 
Model Number of water molecules Relative performance 

in computational 
speed 

Model 1  2144 1.47 
Model 2  2391 1.27 
Model 3  1315 2.77 
Model 4  0 165 
PBC 2192 1 

 
         The ability to decrease computational times is not the only feature required 
by a suitable alternative solvation model. It is also necessary that the model can 
generate the kind of conditions that can recreate structural and dynamical features 
from simulations made in a continuous bulk. The comparison of the validity of the 
alternative solvation models is made with the PBC results as the reference, and it 
must thus be assumed that the PBC simulation represents the situation in bulk 
correctly. One way to compare the structural differences caused by the use of the 
different solvation models is to analyze the Ramachandran plots. A Ramachandran 
plot graphically presents the backbone dihedral angle combinations during the 
simulations. The two non-planar backbone angles, φ and ψ, have some 
combinations which result in regions in Ramachandran plots that correspond to α-
helical and β-sheet structures. Some dihedral angle combinations are less likely 
due to steric hindrance. Figure 3 provides a sketch of the different regions in a 
Ramachandran plot [50]. 
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Figure 3. The preferred conformations of the peptide backbone illustrated in a Ramachandran 
plot. The black regions correspond to regions of no steric hindrance, whereas the larger gray 
areas represent some steric hindrance.  
 

In Figure 4, the Ramachandran plots obtained in the simulations using the 
four alternative solvation models are compared with results from PBC. Only non-
proline and non-glycine dihedral angles were included, since proline and glycine 
are able to adopt different dihedral angle combinations than other amino acids and 
are thus unrepresentative of the structure of the biomolecule as a whole. The 
Ramachandran plots clearly show that the choice of a solvation model has a strong 
effect on the structure of the biomolecule, as the resulting dihedral angle 
combinations are very different. The set of data towards the right in the PBC plot 
corresponds to histidine dihedral angles. The conformational change resulting in 
these angles occurs at an early stage in the simulation. Out of the alternative 
solvation models, only Model 1 is able to reproduce the equivalent conformational 
change.   
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Figure 4. Ramachandran plots during the whole simulations with the different solvation models. 
Only non-glycine and non-proline dihedral angles are included. 
         
 The large structural differences are also apparent when comparing the final 
structures at the end of each simulation. Figure 5 contains the final structure from 
the simulation for each model. The biomolecule has clearly not evolved similarly 
during the simulations with the different solvation models.  

Some structural differences arise as side effects from the actions that were 
made in order to keep the water molecules from evaporating. The presence of the 
ice shell restrains the motion of the biomolecule. Test simulations were made 
without the ice layer and tethering potential on the central carbon atom in the 
biomolecule. The direct effect of excluding the ice layer and tethering potential 
can be seen in Figure 6. A part of the biomolecule moves past the sphere boundary 
and the biomolecule becomes exposed to vacuum. The ice shell and the tethering 
potential do not allow the biomolecule to move as it would without their presence. 
It is energetically more favorable for the biomolecule if the hydrophobic parts are 
not solvated, which causes these parts to strive past the sphere boundary and 
towards the vacuum. In continuous bulk simulations, there is obviously no 
possibility for the solute to come in contact with vacuum, and this complication is 
not achievable. In Model 3, the water molecules are kept from evaporating by 
lowering the dielectric constant. The electrostatic interaction thus increases and 
the water layer becomes more attractive for the water molecules. By doing this, 
the intramolecular electrostatic interaction in the biomolecule increases as well 
and the dynamics of the biomolecule are altered as a consequence. Model 3 has 
also the setback that the water layer can break at some stage and allow the peptide 
to come in direct contact with the vacuum. This introduces a lack of control in the 
simulations. Model 4 cannot be considered as a proper alternative to PBC, since 
the explicit water molecules that are of such high importance are completely 
neglected.  
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Figure 5. The structure of the biomolecule evolves differently depending on the solvation model. 
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Figure 6. Maximum distance of any part of the biomolecule to the center of the sphere with and 
without ice layer and tethering of a central atom in the biomolecule. The reaction region ends at 
22 Å.  

 
 Despite the substantial savings in computational time, none of the 

alternative solvation models is a proper alternative to be used instead of PBC in 
the simulations of the kind of system that was considered in the test calculations.  
 

3.2 Finding a Representative Initial Configuration 

3.2.1 Artifacts Caused by End Effects 
When modeling a segment of a protein by performing molecular dynamics 
simulations, it must be considered how long segment is appropriate to include. 
Computational costs are a factor that limits the size of the system. But if the 
segment of the protein is very short, the simulation does not model the behavior of 
this region of the protein correctly. Parallel simulations were made with peptides 
of different lengths from the copper-binding octapeptide region in the human prion 
protein. A mono-, di-, tri- and tetrarepeat of PHGGGWGQ were studied in the 
simulations.  The simulation with the monorepeat was extended to 5 ns, the 
direpeat to 3 ns, whereas the most time-consuming simulations with the tri- and 
tetrarepeats were ended at 2 ns. 
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Figure 7. Ramachandran plots during the simulations of the (a) mono- (b) di-, (c) tri- and (d) 
tetrarepeat. Only non-glycine and non-proline dihedral angles are included. 
 
 Figure 7 demonstrates in Ramachandran plots how the combinations of the 
backbone dihedral angles in the mono-, di-, tri- and tetrarepeats differ. The series 
of Ramachandran plots include plots corresponding to the initial and final 0.5 ns of 
simulation, as well as a plot containing data for the total simulation. Only non-
proline and non-glycine dihedral angle combinations are included. It is evident 
that in the tetrarepeat, approximately the same α-helical initial form is maintained 
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throughout the simulation. The shorter segments, however, produce a wider range 
of dihedral angle combinations. Data is even distributed in a region of the plot that 
is characteristic for β-sheet structures, as well as regions that have some steric 
hindrance. A shorter peptide is able to evolve in a way that is not representative of 
a larger region of the protein. It is thus important to simulate the whole tetrarepeat 
region when modeling the copper-binding octapeptide region in order to obtain the 
most accurate description. 

        

3.2.2 Simulations with α-helical and β-sheet Initial Configurations 
Two parallel simulations were made with a monorepeat of the PHGGGWGQ 
segment using α-helical and β-sheet initial configurations. An analysis of the 
results shows that during the 5 ns simulations, the β-sheet initial configuration 
evolves to predominantly α-helical. Evidence for this can be found in the 
Ramachandran plots in Figure 8, where the non-glycine and non-proline dihedral 
angle combinations are shown during the last 0.5 ns of simulation. The α-helical 
initial structure maintains its α-helical form according to the Ramachandran plot, 
with some exceptions. A series of dihedral angle combinations in the region where 
ψ ranges from -20° to 80° and φ from 30° and 70° is not characteristic for α-
helical structures. This series of data belongs to the histidine residue, which folds 
in this way after 1.1 ns of simulation.  

The choice of α-helical or β-sheet initial configuration does thus not 
severely affect the outcome of the simulation. An initial configuration of the α-
helical form has the advantage of being less extended and thus requiring fewer 
solvent water molecules. Consequently, the smaller system demands less 
computational effort.  
 

 
Figure 8. Ramachandran plots comparing the simulations with (a) α-helical and (b) β-sheet 
initial configurations of the monorepeat. Only non-glycine and non-proline dihedral angles are 
included. 
 



  21

3.3 Modeling Copper(II) for NMR-spectroscopic Studies  
The computational comparison of the coordination of the different cations in Paper 
III aims at identifying a substitute for copper(II) to be used in NMR-spectroscopic 
studies. It is desirable to find a model for copper(II) due to some properties that 
complicate the use of copper(II) as an NMR nuclide. Copper(II) is a d9 ion and 
paramagnetic. Irrespective of what nucleus is studied, the strong interaction with 
the unpaired electron affects chemical shifts and relaxation rates. An additional 
disadvantage is the large quadrupole moment of the 63Cu-nucleus. This will cause 
very broad signals in direct copper experiments in most chemical environments. It 
is difficult to detect slight differences in chemical shift or multiple splittings [51-
52]. 

It is unfortunate to be expelled from the use of NMR spectroscopy as a tool 
when investigating the coordination of copper(II) to the prion protein. NMR 
spectroscopy is a potent and widely used tool for the investigation of the structure 
and function of biomolecules. 

A proper substitute for copper(II) should lack the disadvantages that 
copper(II) displays with respect to NMR spectroscopy, but coordinates to the 
copper-binding region of the prion protein in a similar fashion. The coordination 
of different substitute candidates, e.g. cobalt(II), rhodium(III), iridium(III), 
nickel(II), palladium(II), platinum(II) and zinc(II), was compared with that of 
copper(II) by structural optimization. The peptide ligands employed in the studies 
were two different models of the copper-binding region. The HGGG-model 
consists of a histidine residue followed by three glycines, whereas the longer 
HGGGW-model also contains a tryptophan. The initial structure was derived from 
crystallographic results of the HGGGW-Cu(II) complex [53]. This structure also 
includes three water molecules, and out of these one coordinates axially to the 
cation. The interaction geometries with HGGG, three water molecules and each of 
the eight cations were optimized both in vacuum and using PCM.  

When comparing the interaction geometries, it is notable that the 
coordination structures with cobalt(II) and rhodium(III) are the ones most similar 
to the structures obtained with copper(II). All of the structural results are presented 
in Paper III. In order to illustrate the structural similarities, the interaction 
structures of HGGG with copper(II) and rhodium(III) in PCM are shown in Figure 
7. Only the axially coordinated water molecule was included in PCM calculations. 
The cations nickel(II), palladium(II) and platinum(II) appear to have such a strong 
preference for square-planar coordination geometries that the none of them 
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maintain the axially coordinated water molecule. It is more favorable for the water 
molecules to interact with parts of the peptide ligand through hydrogen bonding.     

Sharing similar coordination geometries with copper(II) is not the only 
requirement for a good substitute in NMR spectroscopy. The NMR properties of 
the cations should also be considered. The NMR characteristics of cobalt(II) are 
no better than those of copper(II), and its use as a substitute is thus not motivated. 
Cobalt(II) is paramagnetic with a nuclear spin I = 7/2 and a high quadrupole 
moment. In comparison, rhodium(III) is a better NMR-nuclide. The d6 character of 
rhodium(III) renders diamagnetic properties most likely in the geometries found in 
this study. The great advantage of 103Rh is that it has a nuclear spin I = 1/2, but its 
low magnetogyric ratio results in a low resonance frequency and long relaxation 
times are a direct effect. However, due to a great interest in rhodium in 
homogenous catalysis, sensitive techniques have been developed that facilitate the 
study of rhodium in biochemical systems using NMR spectroscopy [52]. 

 

 
 
Figure 7. The coordination geometries are similar when HGGG interacts with copper(II) and 
rhodium(III). The structures were obtained using PCM. The marked bond lengths are in 
Ångströms and the angles in degrees. 

 
In the structures containing platinum(II) and water molecules, an agostic 

interaction was noted. Platinum(II) does not interact with water through a lone pair 
of the water oxygen, as the other cations do in their optimized structures. Instead, 
the water molecule is orientated with one of its hydrogen atoms pointing towards 
platinum(II). Figure 8 presents the structures of HGGG and HGGGW interacting 
with platinum through agostic interaction. The Pt(II)-O-H angle is close to linear 
in both structures. The agostic Pt(II)-H bond is approximately 2.5 Å in both cases.  
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Figure 8. Platinum(II) interacting with a water molecule through agostic interaction. The 
marked bond lengths are in Ångströms and the angles in degrees.   
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4 Structure of the Copper-binding Region 

4.1 Structural Features of the Human Prion Protein 
The human prion protein, illustrated in Figure 9, consists of 253 amino acids. The 
amino acids 1-22 in the initial part of the N-terminal are cleaved as a signal 
peptide. The C-terminal end, the amino acids 232-253, is replaced by the 
glycosylphosphotidylinositol (GPI) anchor, which is used by the protein to attach 
to the outer membrane of the cell. The general form of the human prion protein 
thus contains only the amino acids between 23 and 231. The C-terminal domain is 
located between the residues 126 and 231. The amino acids from 23 to 125 form 
the N-terminal [6].  

The C-terminal domain is more structured than the N-terminal one, and its 
structure has been investigated in numerous NMR-spectroscopic experiments [54-
56]. Three α-helices have been shown to exist in the C-terminal domain between 
the amino acids 144-154, 173-194 and 200-228. An anti-parallel β-sheet has been 
identified between the amino acids 128-131 and 161-164 [57].  

Because of the paramagnetic properties of copper(II), NMR-studies of the 
N-terminus with copper(II) have not been successful. Many flexible glycine 
residues consequently make the N-terminal part unstructured. Both copper-binding 
regions in the human prion protein are located in the disordered N-terminal 
domain, which complicates structural studies and explains why little is known 
about the true structure of these regions. However, the coordination of copper 
might induce more structure in the N-terminal end and make it less disordered.  
 

 
 
Figure 9. The different parts in the human prion protein. 
   

4.2 Protonation States of Histidine 
Several different protonation states are possible for histidine. The protonation state 
depends on pH. Figure 10 shows the different protonation states of the imidazole 
ring according to the pH value [58]. Several studies show that copper-binding to 
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the prion protein is pH-dependent [59]. The ability to bind copper increases 
rapidly as pH rises above 6. The increased binding affinity can be explained by the 
deprotonation of the imidazole ring at a pH 6.  
 

N NHH+ N NH

pH < 6.0 pH > 6.0  
Figure 10. Deprotonation of the imidazole ring in histidine. 

 
There is also another possible tautomeric form of the deprotonated 

imidazole ring. A computational study shows that protonation at Nε is preferred by 
3 kJ mol-1 in gas phase relative to protonation at Nδ [60]. The energy difference in 
aqueous solution is predicted to be 4 kJ mol-1. The two protonation states are 
shown in Figure 11. 

 

Nε NδH Nε NδH

ε δ  
Figure 11. Protonation at Nε is energetically more favorable than protonation at Nδ. 

   
When the histidine imidazole acts as a ligand, it is thus more likely that the 

donor atom is Nδ than Nε. In the experimental data of the crystal structure of 
HGGGW coordinating Cu(II), the imidazole ring is protonated at Nε [53]. 

 

4.3 Aromatic Ring Stacking 
Molecular dynamics simulations were made with different segments of the 
octapeptide region in order to investigate its structural and dynamical 
characteristics. A 3 ns simulation was carried out with the direpeat of 
PHGGGWGQ and 2 ns simulations were made with the tri- and tetrarepeats. The 
complete results are presented in Paper II. During the simulations, it was possible 
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to notice ring stacking between the aromatic residues histidine and tryptophan. 
This feature is evident in the structure displayed in Figure 12. Between the 
aromatic rings, an attractive π-interaction takes place and additional stability is 
gained when the rings can interact through stacking. The ring stacking in proteins 
is more diffuse than the base stacking in DNA, where the bases are stacked in 
parallel with a base separation of 3.4 Å. In proteins, there is evidence of two 
different orientations of the rings during stacking, perpendicular and off-centered 
parallel. When the relative stabilities of the two orientations were compared, the 
off-centered parallel one was found to be energetically more favorable [61]. Stable 
ring orientational angles between 50° and 90° have been reported elsewhere [62]. 
Previous studies of distances between ring-stacked tryptophan and histidine 
residues report a distance of 3.5 Å between two rings of parallel orientation [63]. 
Distances of 5-6 Å have as well been found between parallel rings. The large 
differences in the values reported are due to whether the ring-ring distance has 
been defined as the closest distance or the centroid-centroid separation [61].   
  

 
Figure 12. Aromatic ring stacking in the final structure in the simulation with the tetrarepeat. 
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Aromatic ring stacking in the prion peptides was monitored by calculation 

of the distances and angles between the rings throughout the simulations. The 
distance between the rings was calculated by computing the distance between 
defined points on each ring. This point on the histidine ring was taken as the point 
situated halfway between the nitrogen atoms of the imidazole ring. In tryptophan, 
the point used in the distance calculations was the midpoint on the interring bond. 
Figure 13 presents the calculated distances between the rings in the simulations of 
the di-, tri- and tetrapeptides. A distance around 5 Å between the rings appears to 
be stable. It is also possible to notice that regions of stable values around 5 Å are 
rarer in the shorter peptides as well as near the ends of longer peptides. Section 
3.2.1 provides a more thorough discussion on the behavior of end groups.  
 

 
 
Figure 13. The distances between consecutive aromatic rings in the simulations with the (a) di-, 
(b) tri- and (c) tetrarepeats. 
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Figure 14 shows how angles between consecutive rings vary in the 
simulations with the di-, tri- and tetrarepeats. The angles between the rings were 
computed by first defining the ring orientation by a normal to two intersecting 
vectors in the ring, as shown in Figure 15, and then calculating the angle between 
the normals. When examining the angular variations in the ring orientations, it is 
possible to notice that there are regions with stable values that occur in many cases 
simultaneously with the stable values of ring separation in Figure 13. The values 
in the stable regions oscillate mostly around 20° and 160°. A rapid change 
between these values corresponds to a twist of one of the rings. The stable 
orientations cannot clearly be classified as perpendicular or parallel, but rather 
something in between. It is possible to observe some regions in Figure 14, where 
the angles oscillate around 90°, thus corresponding to a perpendicular ring 
orientation.     

      

 
 
Figure 14. The angles between consecutive aromatic rings in the simulations with the (a) di-, (b) 
tri- and (c) tetrarepeats. 
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Figure 15. The definition of the normals of the ring orientation in histidine (left) and tryptophan 
(right). 
 

4.4 Copper-binding to the Human Prion Protein 
After the prion protein’s copper-binding ability was recognized, much research 
has focused on the determination of the structural characteristics of the binding 
sites. The earliest studies with Raman spectroscopy recognized the presence of 
His-Cu bonds and determined that each octapeptide could coordinate one 
copper(II) ion [64]. The spectral data also showed the occurrence of N-Cu bonds, 
signifying that the copper ion binds to a nitrogen atom of a deprotonated backbone 
amide. The second and the third glycine following the histidine were identified to 
participate in the coordination.  

Further studies with ESR could trace that three nitrogen atoms were 
equatorially coordinating to the copper(II) ion. One of these was the histidine 
imidazole and the other two were the amide nitrogens in the two subsequent 
glycines. The two nitrogen atoms were identified from the backbone by 
investigation of a library of peptides where amides in different positions were 
labeled by 15N [4].  

With ESR-spectroscopic studies, it was possible to recognize the 
fundamental copper-binding unit as HGGGW [65]. The tryptophan residue is thus 
also required in the coordination. The studies were made by using a library of 
peptides ranging from the full octapeptide domain to HGG. The role of the 
tryptophan residue was later identified by a crystallographic study - it forms a 
hydrogen bond to a water molecule that is axially coordinated by the copper(II) 
ion [53]. From the crystal structure, it was also possible to recognize that the 
second glycine participates with its amide carbonyl in the copper-ion coordination. 
The copper-binding site is thus highly organized, which in turn suggests that the 
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site could be quite selective for Cu(II). Indeed, other divalent ions such as Ca(II), 
Co(II), Mg(II), Mn(II) and Ni(II) were not able to show similar high-affinity 
interactions [4]. Another study shows that the binding affinity of Ni(II), Zn(II) and 
Mn(II) to this region is lower by more than three orders of magnitude [66]. 

 

4.5 Copper(II) Binding to Prion Peptides  
The coordination of copper(II) to the copper-binding octapeptide region was 
studied by quantum chemical calculations. The crystal structure [53] of HGGGW 
coordinated by copper(II) and containing three water molecules was modified and 
structural optimizations were made with the resulting HGGG-Cu(II) and 
HGGGW-Cu(II) complexes. Some results are shown in Figure 16. One of the 
HGGG-structures has been optimized in vacuum, whereas in the other structure 
solvent effects have been modeled through the use of PCM. It is evident that the 
use of PCM has an effect on the coordination geometry. In the structure with 
HGGGW, the distance to the axially coordinated water molecule is significantly 
longer than in the other structures, thus suggesting that the interaction with the 
axial water molecule is not as strong. The optimized structure with HGGGW 
shows that the binding site is well organized and suggests the reasons behind the 
high selectivity for copper(II).   

As a consequence of copper(II) coordinating to the histidine residues, the 
ability to form ring-stacked structures, observed in the copper(II) free repeats 
studied by MD calculations, might be effected. The presence of copper(II) ions 
might either promote ring stacking or hinder it. Structural stability can be 
influenced in different ways. The ring-stacked structures might be more difficult to 
form, if copper(II) holds the histidine imidazole in positions which do not allow 
the rings to interact though ring stacking. Another possibility is that once the ring-
stacked structures are formed, they are even further stabilized due to copper(II) 
restricting the motions of the imidazole ring. Additional simulations will be 
carried out in the future in order to assess the effect of copper(II) on ring stacking 
and on the structure of the N-terminal domain of the human prion protein. 
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Figure 16. The optimized structures of copper(II) coordinating the HGGG-model in vacuum (left) 
and using PCM (right), as well as copper(II) coordinating the HGGGW-model in vacuum 
(bottom). 
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5 Concluding Remarks 
The computational studies in this work have focused on the copper-binding 
octapeptide region in the human prion protein. Molecular dynamics simulations 
have been performed and the results have been analyzed, in order to elucidate the 
structural and dynamical features of this region without copper(II) present. The 
presence of aromatic ring stacking is found to stabilize the structure of the peptide. 
The effect of copper(II) ions on ring stacking will be examined in future 
simulations. 
 Several solvation models are considered as alternatives to PBC in 
molecular dynamics simulations. Despite the savings in computational time, the 
structural and dynamical differences reveal that none of the examined local 
solvation models is a reasonable alternative to PBC.     
 Molecular dynamics simulations show that peptide end effects result in 
considerable artifacts. Including a very short segment of the protein as a model 
peptide does not provide realistic information. 

Quantum chemical calculations of the binding site demonstrate that the 
supposed binding site for copper(II) is highly ordered. In a comparison with 
several other cations, large structural differences can be noticed. According to the 
computational comparison, cobalt(II) and rhodium(III) appear to give analogous  
structures to the model peptides as copper(II). The NMR-spectroscopic properties 
of rhodium(III) are superior to those of copper(II) and cobalt(II), which makes 
rhodium(III) a suitable candidate for NMR-spectroscopic studies of this region. 
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