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Abstract

Proteins are one of the most important families of biological macromolecules.
Proteins can assume many different structures. This make them perfect to
serve a wide range of functions in all organisms. In the last decades, molecular
modelling has become an important and powerful tool in the investigation of
biological systems. Adopting different computational methods many protein
functions and structure related problems can be explored.

This thesis focuses on three different protein issues. The structural changes
induced by high temperature on a large enzyme were investigated simulating
the denaturation of glucose oxidase. Molecular dynamics (MD) simulations at
different high temperatures were performed. The transition state of the denatu-
ration process was found and the relative ensemble of structures characterized.
Different protein properties were analyzed and found in agreement with exper-
imental and theoretical data. Moreover the breaking points of the protein were
localized and point mutations on the protein sequence were suggested.

Antifreeze proteins (AFP) allow different organisms to survive in subzero
environments. These proteins lower the freezing point of physiological fluids.
MD simulations of the snow flea AFP (sfAFP) in water have shown the partial
instability of the protein structure. When attached to different ice planes at
the ice/water interface, the sfAFP induces local ice melting. AFPs are divided
into two categories: hyperactive and moderately active depending on their an-
tifreeze power. The water diffusion profile of ice/water systems containing one
protein from each family were compared. The ice/water interface width was
found to be broadened to different extent by the two proteins, while a control
protein (ubiquitin) did not affect the interface thickness.

Hemoglobin is the oxygen carrier in all vertebrates. Mutation along the
protein sequence can alter the protein functionality and its capability of binding
molecular oxygen. Density Functional Theory methods were applied in the
calculation of the oxygen binding energy of the wild type hemoglobin and
four other variants. Evaluations on the electronic structures and on the binding
energies of the different hemoglobin variants suggest that perhaps none of the
mutated hemoglobins efficiently bind oxygen.





"Everything that living things do can be understood
in terms of the jiggling and wiggling of atoms"

Richard Feynman
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1. Introduction

Proteins are one of the most important families of macromolecules. They are
found in all living oranisms. They are essential for life and moreover for life
variety. Proteins are decoded from the DNA and can have very different three-
dimensional structures. The enormous number of structures assumed by pro-
teins makes them perfect to serve different functions. Proteins structures and
functions have been of great interest for scientists for a long time. Never-
theless the first protein structure was solved only in the middle of the last
century. In less than ten years the first protein was sequenced1–4 by Freder-
ick Sanger and the first 3D proteins structures5,6 were solved by Max Perutz
and John C. Kendrew. Their discoveries led to entire new fields of research.
In the 70s computers became powerful enough to investigate proteins using
mathematical methods that were created some years before. These methods,
including Quantum Mechanics (QM), Molecular Dynamics (MD) and Monte
Carlo (MC) are nowadays widely used in the study of proteins and many other
kinds of molecules. Computational chemistry has become an useful tool in
understanding protein interactions and functions. Coupled with experiments,
computers simulations can be used to either understand or predict the behavior
of proteins. Moreover computer simulations allow us to look at the problem at
atomic resolution. In the last decades, adopting different methods, simulations
have been used to understand the functions of many different proteins.

Proteins can interact with other macromolecules like DNA or RNA or other
proteins as well. Simulations can be used to understand the nature of the inter-
action as well as the modification induced on the protein structure by the in-
teraction.7–9 When proteins work as enzymes they usually interact with small
molecules. Here computational methods can provide detailed description of
the reaction from both energetic and structural points of view.10–12

Proteins assume their characteristic shape by a process called folding. The
protein folding issue has been challenging for scientists for many years. Com-
puters have provided a better understanding of the pathways followed by pro-
teins to assume and loose their 3D conformations.13–17 Many other aspects of
the protein world are and can be investigated, applying computational meth-
ods.

In this work, computational methods have been applied to different protein
issues. The most used methods are Molecular Dynamics and Density Func-
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tional Theory, which are described in the following sections. First, high tem-
perature MD simulations were performed on a large enzyme (Glucose oxi-
dase) to investigate its denaturation process. The goal was to find and describe
the transition state of the denaturation process of the enzyme. A Root Mean
Square Deviation (RMSD) based clustering method was successfully applied
in the research of the transition state. The studied protein is the largest protein
so far where this method has been applied. Antifreeze proteins (AFP) are the
next subject of study. These proteins, found in organisms that live in subzero
environments, have been shown to prevent freezing of the physiological fluids.
MD simulations of a newly discovered AFP were performed in both water and
at different ice/water interfaces. The work aims to describe the dynamics of
the protein in water at room temperature and its interactions with the ice sur-
face. Different subzero temperatures and ice planes as well as different protein
orientations were investigated.

In a second investigation on this subject, the influence of two AFPs on the
ice/water interface were studied. Diffusion profiles data were used to measure
the variation of the ice/water interface thickness when AFPs are bound to ice.
A non-AFP protein was also simulated as control. In the last work the bind-
ing energy of five hemoglobin variants were investigated using DFT methods.
Mutations can alter the oxygen binding site of hemoglobin, leading in some
cases to serious diseases. Five hemoglobin variants were compared in terms of
binding energy and geometry of their complexes with O2.

The thesis is organized as follows: in chapter 2 an overview of proteins
and proteins structures is given; in chapter 3 the methods applied are briefly
described; in chapter 4 the work on the protein denaturation is summarized
(Paper I). Chapter 5 contains the studies on AFP-ice interactions and chapter 6
DFT investigations on different hemoglobin variants.
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2. Proteins

2.1 Molecules of Life

Many different molecules are crucial for life. Water is absolutely one of them.
It is thought that life developed first in the oceans. Our body is mainly made
of water as well as the body of all living organisms. Moreover, most processes
and chemical reactions take place in water solution. Among the one hundred
elements of the Periodic Table, very few are basic constituents of life. These
are hydrogen, carbon, nitrogen, oxygen, sulfur and phosphorus. These ele-
ments are the building blocks of the three most important macromolecules:
nucleic acids (DNA and RNA), proteins and carbohydrates, which are all es-
sential for all living organisms. The most important carbohydrate is cellulose,
a polymer of glucose, which is the main constituent of all plants. The deoxyri-
bonucleic acid (DNA) is the molecule where the genetic information is stored.
Also proteins are polymers, namely of smaller units called amino acids. Pro-
teins are found in all living things and all viruses. Proteins are responsible
for viruses structure, while in the other organisms they exert a wide range
of functions. DNA existence was known since the 19th century, even if its
structure was still unknown. In the middle of the 20th century, physicist Er-
win Schrödinger in his book What Is Life? The Physical Aspect of the Living
Cell,18 introduced the idea of an "aperiodic crystal" that contained all genetic
information for all chemical bonds. Schrödinger postulated the existence of a
molecule that could store the basic information necessary for life. This idea
inspired two other scientists, J. D. Watson and F. Crick, that ten years later
discovered the DNA double helix structure.19,20 DNA is not only essential for
life and its replication, but it is also the source of life diversity. The phys-
ical characteristics of living things are stored in its code and expressed into
proteins.

2.2 Delivering Life Variety

DNA, through a mechanism called replication, can reproduce itself during cell
division. This process is essential for any organism growth. Another funda-
mental aspect of the replication process is the transfer of genetic information
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into the new generations. The units of heredity are called genes, which con-
tain the information for the synthesis of proteins. The DNA is translated into
proteins by a process called transcription. In this process the genetic code
is translated into amino acids by simple rules. DNA is a polymer formed by
units called nucleotides. Each nucleotide is composed of a nitrogenous base,
a five-carbon sugar and one phosphate group. The nitrogenous bases that dif-
ferentiate the four nucleotides are adenine (A), guanine (G), cytosine (C) and
thymine (T). A and G are purines being formed of condensed five and six
atoms heterocyclic compounds. C and T are instead pyrimidines, formed by
six atoms rings. During the transcription process, a 3 nucleotides sequence,
called codon, is translated into one specific amino acid. The four bases can
create 64 different 3-nucleotides sequences.21–23 Since the amino acids de-
coded from DNA are only 20, it is obvious that there is more than one bases
combination for each amino acid (see Table 2.1). Among the 64 possibilities,
three are translated as stop codons (TAA, TAG and TGA), which represent the
stop signal for the transcription process. The impressive aspect of the DNA
replication process is its precision. The DNA sequence is copied with less
than one mistake every 109 bases. However, even if very rarely, there will al-
ways be mistakes. All this mistakes can be of different kind. The replication
process can skip or add few bases or copy them wrongly, when for example
a T is copied instead of a C or A is copied instead of a G. Any of the above
mistakes result in what is called a mutation.

Mutations can be of different kind depending in which position of the codon
the mistake is made. As can be seen from Table 2.1 a mistake made on the
third base most of the time would bring the same amino acid (i.e. proline is
translated from the sequence CCX, where X can be any of the four bases). A
mistake in the second and even more in the first base would instead entail a
translation into a different amino acid. When, inevitably, mutations occur they
lead to a protein with a different amino acid sequence. If the mutation takes
place in a crucial position the protein may loose its functionality resulting in
the death of the cell. When instead the mutation occurs in a nonessential region
of the protein, it may be without consequence. During organisms evolution it
can also happen a mutation that brings an improvement of protein functional-
ity. This would create an offspring with an advantage on other organisms, and
the mutation could eventually become part of the DNA of future generations.

2.3 The Building Blocks of Proteins.

As we already mentioned, proteins are polymers formed by amino acids (aa),
which represent their monomeric units. All amino acids, as their name states,
contain one amine and one corboxylic group. The amino acids are linked to
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Table 2.1: The Genetic Code. Sets of Three Nucleotides, Codons, are Translated
into Amino Acids.

1st 2nd base 3rd
base T C A G base

Phe Ser Tyr Cys T

T
Phe Ser Tyr Cys C
Leu Ser STOP STOP A
Leu Ser STOP Trp G

Leu Pro His Arg T

C
Leu Pro His Arg C
Leu Pro Gln Arg A
Leu Pro Gln Arg G

Ile Thr Asn Ser T

A
Ile Thr Asn Ser C
Ile Thr Lys Arg A

Met Thr Lys Arg G

Val Ala Asp Gly T

G
Val Ala Asp Gly C
Val Ala Glu Gly A
Val Ala Glu Gly G

Amino acid names are in 3-letters code

Table 2.2: The 20 Amino Acids. Name, 3-Letters and 1-Letter Codes.

amino 3-letters 1-letter amino 3-letters 1-letter
acid name code code acid name code code

Alanine Ala A Leucine Leu L
Arginine Arg R Lysine Lys K
Asparagine Asn N Methionine Met M
Aspartic acid Asp D Phenylalanine Phe F
Cysteine Cys C Proline Pro P
Glutamic acid Glu E Serine Ser S
Glutamine Gln Q Threonine Thr T
Glycine Gly G Tryptophan Trp W
Histidine His H Tyrosine Tyr Y
Isoleucine Ile I Valine Val V
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Figure 2.1: The peptide bond.

each other by a particular bond, called peptide bond. As shown in Fig. 2.1
a peptide bond is a covalent bond formed between two amino acids. It occurs
when the acid part of one amino acid reacts with the amino part of another
amino acid with the loss of one water molecule. Two amino acids linked by
a peptide bond form a dipeptide, three amino acids form a tripeptide and N
amino acids form a polypeptide. When the length of a polypeptide exceeds
a certain number of amino acids (there is not clear definition of this number,
usually in the neighborhood of 70-80 aa) and it has a biological function the
polypeptide is called protein. It is common to refer to the 20 building blocks
of proteins, decoded from DNA, using two different codes: the 3-letters code
and the 1-letter code (see Table 2.2). All 20 amino acids, but glycine, are chiral
molecules having four different groups attached to the α-carbon (glycine has
two hydrogens bound to it). Hence, they all exist in two enantiomeric forms
called L and D. The amino acids found in proteins are all L-amino acids, with
few exceptions. What differentiates them is the fourth functional group, being
the amine, the carboxylic and one hydrogen the first three groups bound to the
α-carbon. This fourth group is generally labeled as R-group (as shown in Fig.
2.1) and it is commonly called side chain. The side chains bring to the amino
acids different functionalities and chemical physical properties. The different
chemical physical properties of the 20 amino acids can be used to classify them
into different groups. One common classification is made by the polarity of the
side chain (see Fig. 2.2). In this way they can be split into 10 apolar and 10
polar amino acids, that can be further divided into sub groups.

24



Figure 2.2: The 20 amino acids grouped by the polarity of their side chains.
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Figure 2.3: The primary structure.

2.4 Protein Structure

The structure of a protein can be divided into four different levels called pri-
mary, secondary, tertiary and quaternary structure. The primary structure
of a protein is the simple sequence of amino acids that form the protein. It
is common to report this level of structure as a string using the 1-letter code
like shown in Fig. 2.3. The primary structure of a protein drives the so called
folding of proteins. By folding is intended how the long polypeptide chain is
shaped in the three-dimensional space. The main chain, or backbone, of a pro-
tein is formed by four atoms from each amino acid as shown in Fig. 2.3. These
four atoms form two dihedral angles called φ and ψ which are in principle
free to rotate. The dihedral angles give to the protein backbone the flexibility
necessary for the protein to fold. The rotational freedom of the φ and ψ angles
should give to each protein the possibility to fold in an enormous number of
conformations. However for each protein in its biological environment, only
one of those conformations is adopted. The reason is that all the amino acids
side chains interact with each other establishing weak non-covalent bonds (like
hydrogen bonds and van der Waals interactions) which drive the protein fold-
ing. Another factor that governs protein folding is the distribution of the two
main class of amino acids, polar and hydrophobic. During the folding process
the majority of hydrophobic side chains tend to be buried inside the protein
forming the protein core. In this way they can avoid contacts with the sur-
rounding water molecules. The polar residues instead tend to be on the exterior
of the protein, mainly interacting with water.

When the protein folds there are some particular shapes that are adopted by
the backbone. These patterns represent the second level of the protein struc-
ture, or as it is most commonly called the secondary structure. The two
most common patterns found in proteins structures are the α-helix24 and the
β -strand.25 The α-helix is generated when the backbone of the protein turns
around itself in a regular trend (see Fig. 2.5). In this way the backbone atoms
form a hydrogen-bonding scheme where the oxygen of one amino acid is hy-
drogen bonded to the nitrogen of the other amino acid four residues away in
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Figure 2.4: The protein backbone and the φ and ψ torsional angles.

Figure 2.5: Secondary structure: α-helix. A): hydrogen bonding pattern. B)
cartoon representation. C) top view.

the protein sequence. Some geometrical parameters are typical for an α-helix:
there are 3.6 residues per helix turn, the distance between two helical turns
(pitch) is equal to 5.4 Å, every amino acid takes 1.5 Å along the helix.

The β -strand is instead an extended segment of a polypeptide chain which is
the unit of the β -sheet. Depending on how two or more β -strands interact with
each other it is possible to form two different kinds of β -sheet (see Fig. 2.6).
If the two strands run in the same direction they form a parallel β -sheet, while
when they run in opposite directions an anti-parallel β -sheet is formed. An-
other fundamental difference between parallel and anti-parallel β -sheets is the
hydrogen bonding pattern. In the anti-parallel arrangement every N-H group of
one strand is hydrogen bonded to the C=O group of another strand and the hy-
drogen bonds are planar. In the parallel conformation the hydrogen bonds are
instead non-planar, which make the parallel conformation less stable than the
anti-parallel one. It is also possible to find in some proteins extended β -sheet
with mixed conformations, where some strands connect in parallel and some
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Figure 2.6: Secondary structure: β -sheet. Parallel (top) and anti-parallel ar-
rangement.

other strands connect in anti-parallel way. The protein backbone can also fold
following other patterns. For example other helical forms are possible, like the
310-helix or the π-helix. The former has 3 residues per turn while the latter
has 5 residues per turn. Then there are the turns that connect one secondary
structure element to another.

In order to assign the secondary structure to all amino acids of a protein
is commonly used the Dictionary of Proteins Secondary Structure (DSSP).26

DSSP assigns the secondary structure according to the hydrogen-bond patterns
and geometrical features of a protein structure. It defines eight different sec-
ondary structure elements: α-helix, 310-helix, π-helix, β -sheet, β -bridge, turn,
bend and coil. B-bridges are formed by only two β -strands, bends and turns are
connectors of other secondary structure elements, coils or random coils refer
to residues in none of the above conformations. Usually the protein structure
is also represented as distribution of the dihedral angles φ and ψ in the Ra-
machandran plot.27 This map shows the amino acids population in different
conformational areas that correspond to the secondary structure elements.

A single polypeptide chain, with more then one secondary structure element,
represent the tertiary structure of a protein (see Fig. 2.7). The tertiary struc-
ture of a protein is described by its atomic coordinates in the three-dimensional
space. The process of finding these atomic coordinates is called solution of the
structure of the protein. Mainly two experimental techniques are used to solve
the protein structure: X-ray crystallography and Nuclear Magnetic Resonance
(NMR). The atomic coordinates of all known proteins structures are deposited
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Figure 2.7: The tertiary structure. Cartoon representation of the human glucoki-
nase.

into a data bank: the Protein Data Bank (PDB).28

The highest level of protein organization is the quaternary structure. A
protein has a quaternary structure when two or more chains or subunits interact
with each other to form a single biological entity. The single subunits that form
the quaternary structure of a protein can be identical or different. The most
common example of a protein that has a quaternary structure is hemoglobin.
The hemoglobin structure together with myoglobin (a single chain protein re-
lated to hemoglobin) were the first proteins to be solved in the late 50’s.5,6

The hemoglobin is composed of four subunits (see Fig. 2.8), two called α and
two called β . The two α subunits are identical as well as the two β , while
the α and β subunits are different. The different subunits are held together
by non-covalent interactions usually referred as salt bridges. The salt bridges
are the combination of two types of interactions: hydrogen bonds and elec-
trostatic interactions. Hemoglobin, like many other proteins, has attached by
non-covalent interactions a non-protein molecule, the heme group.

2.5 Protein Functions

As we have seen proteins have the possibility to fold into a great variety of
structures. This gives them the possibility to serve for a very large number
of different functions. Within the cell, proteins perform many different func-
tions ranging from structural to transport of signals or small molecules. Protein
functions can be split into seven main different categories: antibodies, move-
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Figure 2.8: The quaternary structure. Cartoon representation of the human
hemoglobin.

ment, enzymes, hormones, structural, storage and transport. Antibodies or
immunoglobulin are generally glycoproteins that can interact or bind to bac-
teria and viruses in order to neutralize them and defend the organism. They are
produced by the plasma cells and are the main component of the immune sys-
tem. Proteins like actin or myosin are responsible for body movement. They
form the muscle microfilaments and are responsible for muscles contraction
allowing organisms to move. Hormones are proteins involved in the regu-
lation of organs activity and metabolism. Insulin for example is the protein
which regulates glucose metabolism. Proteins like collagen and elastin are fi-
brous proteins which provide support to connective tissues. Tubulins are the
basic component of microtubulus which provide structure to the cell. More-
over viruses shape is mainly determined by proteins which are used as shell to
protect their genetic material. Ferritin is an example of storage proteins. It is
responsible for storing iron and release it where is required. Another example
of storage proteins is casein which is found in the milk and provides amino
acids, calcium and phosphorus. Hemoglobin is probably the most important
transport protein. It carries molecular oxygen from the lungs to the rest of the
body. Acting as enzymes is one of the most important function of proteins.
They are responsible for a countless number of processes and chemical reac-
tions that take place in all living organisms. Enzymes are biological catalysts
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that accelerate reaction rates and lower the energetic barriers of metabolic re-
actions. Protein structures create specific places on the protein surface where
an external molecule, called substrate can bind and react. This specific moiety
of the protein is usually called binding site. It can be either a "pocket" created
on the protein surface by a specific arrangement of amino acids or by a coen-
zyme. A coenzyme is a specific ligand bound non-covalently to the protein
which perform the catalytic reaction. An example of coenzyme is the heme
group (see Fig 2.8) that allows hemoglobin to bind and release oxygen.
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3. Molecular Modelling

3.1 Computer: a Tool for Science

The English scientist Charles Babbage already in the beginning of the 19th
century got the idea of a programmable machine designed to perform calcula-
tions. He actually started creating such a machine but unfortunately, for differ-
ent reasons, he never accomplished his wish. In Babbage’s conception, what
we now call input and software had to be provided to the machine by punched
cards, as it was at that time for looms. A century later, another British mathe-
matician, Alan Turing put the basis for computers as we know them today. He
introduced the concepts of algorithms and computation in what is called the
Turing machine. This machine was only idealized, and in Turing’s mind it
could be programmed and used for a particular task. A generalization of this
idea was the universal Turing machine which could perform any task done by
all the Turing machines. Turing ideas become reality in the end of the 30’s and
beginning of 40’s of the 20th century. At that time the first digital computers
started to be made. They were still quite different from how a computer looks
today, but they could be programmed and perform calculations.

Since then, computers developed very fast, becoming always more powerful
and small so that nowadays they are everywhere. Computers are used today for
any task that deals with numbers. It is difficult to find a human activity where
a computer is not used. Computers help humans to perform repetitive and
complicated calculations that would be impossible to be done without them.
Furthermore they are also used to conduct equipments and remotely control
them. Of course they become fundamental tools also for scientists. In the
everyday life of a scientist there is always some task performed by a computer:
from writing texts about the scientific work to make science itself. By making
science I mean not only analyzing data or producing data by running some
instrument controlled by a computer, but to investigate matter properties from
the smallest scale like electrons and atoms to the largest scale like planets and
stars. In chemistry during the last decades a new entire branch was developed:
computational chemistry.

Computational chemistry uses computers and mathematical models to solve
chemical problems. Many different methods were developed to investigate
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and understand the chemistry of small molecules as well as macromolecules.
They are used not only to better understand some experimental results but also
to make predictions of properties and mechanisms behind chemical reactions
and phenomena. Computational methods are divided into two main categories:
quantum mechanics and classical mechanics based. To the former belong ab-
initio and semi-empirical methods, the latter comprehend Monte Carlo sim-
ulations (MC), molecular mechanics (MM) and molecular dynamics (MD).
Ab-initio methods are based on the solution of Schrödinger equation,29 while
semi-empirical methods introduce empirical constants into the equations in
order to limit the computational costs and increase the size of the problem (in
terms of number of particles). MC, MM and MD methods are instead all based
on the solution of Newton equation of motion given a predetermined forcefield.

3.2 Molecular Dynamics

In the 1920s and 30s a great revolution took place in physics. Great scientists,
among which Werner Heisenberg, Wolfgang Pauli, Niels Bohr, Max Plank,
Erwin Scrhödinger gave birth to a new interpretation of the atomic world:
quantum mechanics. With the advent of the new theory, Newton’s mechanics
was thought to be off the table in understanding the motion of small particles
like electrons and atoms. Since science is in constant evolution, it was just
a matter of time before Newton’s mechanics was reintroduced in the discus-
sion. Some 20 or 30 years after the "quantum revolution", Newton’s mechan-
ics become the central part of computational techniques that are widely used
nowadays: Monte Carlo and Molecular Dynamics simulations. The technique
named Monte Carlo is due to Nicholas Metropolis along with Stanislaw Ulam
and John von Neumann during their work at Los Alamos. Metropolis and his
coauthors published the first article based on the MC method in 1953.30 The
first works based on the MD technique appeared some years later. Alder and
Wainwirght published in 1959,31 while Aneesur Rahman in 1964 published a
study on liquid argon.32 All these pioneering studies were done at a very early
stage of computers development. When in the 70s computer power increased
enough to study more complex systems like DNA and proteins, Michael Levitt
and Arieh Warshel started simulation studies of these macromolecules.33–36

Today scientists have the possibility to use much more powerful machines and
even clusters of machines, where thousands of single computers can perform
large computations running in parallel. One of the most adopted technique
used in the study of macromolecules is Molecular Dynamics, and it is also the
most applied method in this thesis.

Molecular dynamics, as mentioned above, is based on the integration of
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Newton’s law of motion, in particular on the integration of Newton’s second
law. If we consider a particle of mass m and a force Fxi acting on it along the
coordinate x, we can get the particle position at the time t solving the following
equation:

d2xi

dt2 =
Fxi

mi
(3.1)

Since the modeled systems contain several thousands of particles (in some
cases even millions), the force that act on a single particle changes every time
that it interacts with the other particles. Unfortunately, this kind of problems
can not be solved analytically for more than two particles, as shown by Henri
Poincaré. Hence the equations have to be solved numerically applying some
assumptions. In order to calculate the evolution of a system of N interacting
particles, we have to sum over finite time intervals the forces acting on a given
particle. In this way the force acting on the i-th particle with coordinates ri at
time t is obtained as vectorial sum of all forces due to the other particles:

Fi({ri(t)}) =
N

∑
j 6=i

Fi j (3.2)

Knowing the force acting on the i-th particle, it is possible to calculate the
velocity and then the acceleration of the particle at time t. In this way the
particle position at time t + ∆t can be obtained assuming that the force is
constant during the interval ∆t. So, the forces acting on the i-th particle in
the new configuration can be computed obtaining new position and velocity
for a new configuration. Repeating this process a large number of times allows
us to get the evolution of the simulated system, or as it is commonly called, the
trajectory.

All integrators used in MD are based on Taylor series expansion.37 Given a
particle with mass m and coordinates r at time t, the new coordinates after a
discrete ∆t (time step) can be obtained from:

r(t +∆t) = r(t)+ v(t)∆t +
1
2

a(t)∆t2 +
1
6

b(t)∆t3 + ... (3.3)

Dropping all terms higher than ∆t3 and applying Newton’s second law a(t) =
F(t)/m, Loup Verlet suggested one of the first integrators38 which is based on
the expansion of a particle’s position on the previous and following time step:

r(t−∆t) = r(t)− v(t)∆t +
F(t)
2m

∆t2 (3.4)
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r(t +∆t) = r(t)+ v(t)∆t +
F(t)
2m

∆t2 (3.5)

Summing up equations 3.4 and 3.5, the new coordinates can be obtained from
position and acceleration at time t and the position of the previous time step:

r(t +∆t) = 2r(t)− r(t−∆t)+
F(t)
2m

∆t2 (3.6)

Since all third and higher order terms are dropped, numerical errors might be
introduced into the update scheme. Velocities are not calculated, so if they
are needed they have to be computed separately. To overcome these problems
the so called leap-frog algorithm39 is usually preferred. The algorithm uses
positions r at time t and velocities at half-time step:

v(t +
1
2

∆t) = v(t− 1
2

∆t)+
F(t)

m
∆t (3.7)

r(t +∆t) = r(t)+ v∆t(t +
1
2

∆t) (3.8)

3.2.1 Force Field

The term force field refers to a set of parameters and a mathematical function
which describe the potential energy of the studied system of particles. The
potential energy is related to the force acting on a particle by the equation:

Fi =−
δUi

δ ri
(3.9)

The potential energy U can be obtained as a sum of different contributions
which include bonded and non-bonded interactions:

U =Ubonded +Unon−bonded (3.10)

The bonded interactions are divided into three different contributions, due to
bond stretching, angle bending and torsional angle along the bond:

Ubonded =Ubond +Uangle +Utorsion (3.11)
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Figure 3.1: The five different interactions contributing to the total potential en-
ergy.

The non-bonded interactions are instead divided into two contributions, due to
pairwise electrostatic (Coulomb) and van der Waals interactions:

Unon−bonded =Uelec +UvdW (3.12)

The five different terms that contribute to the total potential energy are shown
in Fig. 3.1 All five contributions can be described by different potential forms.
The most common way of describing the bonded interactions is through a har-
monic potential, as shown in equations 3.13, 3.14 and 3.15 for bond, angle and
torsion respectively:

Ubond = ∑
bond

k(r− r0)
2 (3.13)

Uangle = ∑
angle

kθ (θ −θ0)
2 (3.14)

Utorsion = ∑
torsion

kφ (1+ cos(nφ −φp)) (3.15)

Other potential forms can be used to describe the bonded interactions. In the
simulation software package GROMACS40–43 (used in this thesis to perform
all MD simulations) for example are also available the Morse potential44 for
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bond stretching, the Urey-Bradley potential45 for angle bending, Ryckaert-
Bellemans potential and Fourier function46 for dihedral angles. The non-
bonded interactions are usually described by the Coulomb potential for the
electrostatic interactions and a 6-12 Lennard-Jones the repulsion and disper-
sion terms as shown in equations 3.16 and 3.17 respectively:

Uelec = ∑
elec

qiq j

4πε0ri j
(3.16)

ULJ = ∑
LJ

4εi j

((
σi j

ri j

)12

−
(

σi j

ri j

)6
)

(3.17)

3.2.2 Periodic Boundary Conditions and Long-Range Interactions

In computer simulations the studied systems have to have limited dimensions,
defined in a simulation box. The simulation boxes can have different shapes,
from the simplest cubic to more sophisticated like rectangular, rhombic do-
decahedron or truncated octahedron. In all the above cases, particles close to
the walls of the simulation box would experience different forces from those
particles in the middle of the box. To overcome this issue Periodic Boundary
Conditions (PBC) are applied in three dimensions. An illustration of PBC in
two dimensions is given in FIG. 3.2. In the two-dimensional example, when a
molecule approaches the wall of the box and crosses it going out of the box,
another molecule in one of the box replicas enters from the opposite wall. In
this way the number of molecules is kept constant in all box replicas. One
problem can rise from the replicas of the central box. In systems containing a
single macromolecule like a protein or a DNA fragment, the box dimensions
have to be long enough to avoid interactions of the solute with its replicas in
the neighbor boxes.

Both electrostatic and van der Waals interactions are long-range interac-
tions. In systems with several thousands of particles the amount of long-range
interactions represent the main part of the computation during a MD simu-
lation. Hence the computation of long-range interactions is limited in order
to perform long MD simulations in reasonable amount of time. The simplest
way to limit the amount of interaction to be computed is applying a cut-off
distance. In this way all the particles farther than a certain distance are not
considered interacting with each other. Since this can create artifacts in the
neighborhood of the cut-off region, the potential energy can be switched or
shifted towards zero by a function which gradually reduces the interactions

38



Figure 3.2: Schematic representation of periodic boundary conditions in two
dimensions.

to zero. This method works well for van der Waals interactions which de-
cay as r−6, so they decay very fast. Electrostatics interactions have a major
long-range nature (decay as r−1), so a simple cut-off would introduce severe
artifacts in the interaction energy. A common way to compute the electrostatic
interactions is the Ewald summation method.47 This method was first intro-
duced to calculate long-range interactions of the periodic images in crystals.
The electrostatic potential of N particles interacting with their periodic images
is given by:

Uelec =
1
2 ∑

nx

∑
ny

∑
nz∗

N

∑
i

N

∑
j

qiq j

4πε0ri j,n
(3.18)

where nx, ny and nz are the box vectors and the star (*) indicates that terms with
i = j should be omitted when (nx,ny,nz)=(0,0,0). This method is anyway quite
slow, so in order to improve its performance the Particle Mesh Ewald (PME)
method was introduced by Tom Darden and coworkers.48,49

3.2.3 Control of Temperature and Pressure

Molecular dynamics simulations can be performed in different ensembles. This
means that certain state functions have to be constant. Generally three differ-
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ent ensembles are used in MD simulations: NVE, NVT and NPT. In NVE en-
semble (microcanonical) the number of particles, volume and energy are kept
constant. Since not many real systems are thermally isolated, it is common to
simulate at constant temperature or pressure. In an NVT ensemble (canoni-
cal) the temperature is kept constant along with the volume and the number of
particles. Inthe NPT ensemble (isobaric and isothermal) both temperature and
pressure are maintained constant.

In order to control pressure and temperature different algorithms have been
developed. Thermostats and barostats are applied to couple temperature and
pressure respectively. Berendsen thermostat50 couple the system temperature
to an external heat bath. Any deviation from the desired temperature is cor-
rected according to:

dT
dt

=
T0−T

τ
(3.19)

where τ is the time constant representing how often the system and the heat
bath are coupled. This thermostat anyway suppresses the kinetic energy fluc-
tuations, so it does not generate a proper canonical ensemble. The velocity
rescaling thermostat, which is based on the same idea of the Berendsen ther-
mostat, produces a proper canonical ensemble with a correct kinetic energy
distribution:

dK = (K0−K)
dt
τT

+2

√
KK0

N f

dW
√

τT
(3.20)

where K is the kinetic energy, N f is the number of degrees of freedom and τT

is related to τ by:

τ = 2CV τT/N f k (3.21)

where CV is the total heat capacity, k is Boltzmann’s constant. Other ther-
mostats are also available like the Nosé-Hover thermostat.51,52

Pressure can also be controlled by different algorithms. Berendsen barostat
is very similar to the temperature coupling. Coordinates and box vectors are
rescaled with a matrix µ , coupling the pressure of the system to an imaginary
pressure bath:

dP
dt

=
P0−P

τp
(3.22)
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where τ p is the time constant representing how often the system and the pres-
sure bath are coupled and it is related to the scaling matrix by:

µi j = δi j−
nPC∆t
3τp

βi j{P0i j−Pi j(t)} (3.23)

The scaling can also be computed in just one or two box dimensions. Again the
Berendsen barostat produces the correct average pressure but not the correct
NPT ensemble. The Parrinello-Rahman pressure coupling, which is similar to
the Nosé-Hoover temperature coupling, gives the correct NPT ensemble. In
the Parrinello-Rahman barostat the box vectors are represented by a matrix b
and they change according to:

db2

dt2 =VW−1b′−1(P−Pre f ) (3.24)

3.3 Trajectory Analyses

A fundamental step in MD simulations is the analysis of the trajectories. The
nature of the investigation and the peculiar properties of the molecules involved
in the study affect very much the kind of analyses needed to extract relevant
information from the trajectories. The analyses of the data can vary very much
depending on the studied system. However some analyses are almost always
performed in protein simulations. Analyses like root mean square deviation
(RMSD), root mean square fluctuation (RMSF), number of hydrogen bonds
(H-bonds), solvent accessible surface (SAS), radius of gyration (RoG) and
secondary structure are usually always computed when a protein is the main
body of the investigation.

The RMSD gives the average distance between the protein and a reference
structure. The reference structure is usually the starting configuration of the
production run or the X-ray structure. It can be calculated either on all or on a
specific selection of atoms of the protein (usually the backbone atoms N, O, C
and Cα).

RMSD(t1, t2) =

[
1
M

N

∑
i=1

mi‖ri(t1)− ri(t0)‖2

] 1
2

(3.25)

where ri(t0) are the positions of the selected atoms of the reference structure.
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The RMSF represents a measure of the deviation of atoms from reference
positions. The difference with RMSD is that in RMSF the average is computed
over time while in RMSD is computed over atoms. Moreover RMSD gives a
values for every time step while RMSF gives a value for every atom.

RMSF(t1, t2) =

[
1
T

T

∑
t=1

(ri(t1)− ri(t0))2

] 1
2

(3.26)

The SAS is a measure of the protein surface accessible to the solvent. The
idea was first proposed by Lee and Richards.53 The SAS is usually computed
by an algorithm which uses a small sphere to probe the protein surface.54 Dif-
ferent solvents can be investigated adjusting the radius of the probe molecule.

The RoG gives a rough measure of the compactness of a protein. It is useful
to characterize the structure of a protein during its denaturation process.

RoG =

(
∑i ‖ri‖2mi

∑i mi

) 1
2

(3.27)

where mi is the mass of atom i and ri is the position of atom i with respect to
the center of mass of the protein.

The number of H-bonds is a simple and important parameter for protein
molecules. In all H-bonds there is always a group which donates (donor, D)
and a group that accepts (acceptor, A) the hydrogen bond. In proteins the donor
is always an OH or an NH2, while the acceptor is always a C=O or a N. It is
usually computed using a geometrical criterion. Two parameters have to be
set for the calculation of the H-bonds: the distance between the donor and the
acceptor atoms and the angle D̂HA. The former is usually set between 2.9 and
3.4 Å while the former with a cut-off between 30◦ and 45◦.

The secondary structure can be generally computed in two ways: through
the DSSP algorithm or mapping the torsional angles with a Ramachandran
plot.

The length and the size (in terms of Gb) of trajectories can represent a prob-
lem during the analysis. Depending on the number of particles and the tra-
jectory length, files of several hundreds of Gb can be easily produced. Single
analyses can require considerable amount of time and produce large amount
of files. In these cases homemade scripts represent a smart way to handle the
enormous number of files generated by the single analyses.
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3.4 Quantum Mechanics

As already mentioned, at the beginning of the 20th century the quantum rev-
olution took place in science. In particular the study of one problem led to
the quantum theory. Different scientists were struggling with the black-body
radiation problem, when Max Plank introduced a revolutionary concept. Elec-
tromagnetic energy could only be transfered in quantized units:55

E = hν (3.28)

where h is the Plank’s constant and ν is the frequency. Further studies on
the nature of electromagnetic waves led to other discoveries. In his annus
mirabilis, Albert Einstein published his paper on the photoelectric effect56

showing that light could also be represented as a particle (the photon). Later
Luis De Broglie introduced the concept which is nowadays known as the wave-
particle duality. Very simply the wave-particle duality states that a particle can
be seen as a particle or as a wave. All these new ideas were put together
into new representations of the atomic world and of the atom itself. Erwin
Schrödinger and Werner Heisenberg independently proposed two mathemat-
ical formulations of quantum mechanics (QM) known as wave mechanics57

and matrix mechanics respectively.58

The main concept in quantum theory is the wavefunction Ψ which repre-
sents the evolution of a particle over space and time Ψ(r, t). If the particle is
treated as a wave, then the state of the particle can not be calculated. Only the
probability that the particle is in that particular state can be computed. The
probability density is obtained integrating |Ψ|2 between two points:

P =

b∫
a

|Ψ(r, t)|2dr (3.29)

This equation means that in QM it is only possible to predict the probability
of a certain phenomenon. The main problem in QM is to solve Schrödinger
equation which can be written in its most general form as time-dependent:

ih̄ ∂

∂ t Ψ(r, t) = Ĥ(r, t)Ψ(r, t)

Ĥ(r, t) = T̂ (r)+V̂ (r, t)
(3.30)

where i is the imaginary unit, h̄ is the Plank constant divided by 2π and Ĥ
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is the Hamiltonian operator which can be divided into kinetic (T̂ ) and poten-
tial (V̂ ) energy operator. Equation 3.30 involves differentiation with respect
to both space and time, with the former containing the kinetic energy of the
Hamiltonian operator. For stationary states the potential energy operator is
time-independent and the Ĥ operator becomes time-independent giving the to-
tal energy when applied on the wavefunction:

Ĥ(r) = T̂ (r)+V̂ (r)

Ĥ(r)Ψ(r, t) = E(r)Ψ(r, t)
(3.31)

substituting this into the time-dependent equation (Eq. 3.30) makes possible
to separate time and space variables of the wavefunction:

Ĥ(r)Ψ(r, t) = E(r)Ψ(r, t) = i ∂Ψ(r,t)
∂ t

Ψ(r, t) = Ψ(r)ϕ(t) where ϕ(t) = e−iEt

(3.32)

and the Schrödinger equation can be written in its most famous form ĤΨ =
EΨ. The Hamiltonian operator can be written in the most general form for a
system with N electrons and M nuclei as a sum of five different contributions:

Ĥ = −
N

∑
i=1

h̄2

2mi
∇

2
i︸ ︷︷ ︸

T̂ elec

−
M

∑
A=1

h̄2

2mA
∇

2
A︸ ︷︷ ︸

T̂ nuclei

− 1
4πε0

N

∑
i=1

M

∑
A=1

ZAe
riA︸ ︷︷ ︸

V̂ elec−nuclei

+
1

4πε0

N

∑
i< j

e2

ri j︸ ︷︷ ︸
V̂ elec

+
1

4πε0

M

∑
A<B

ZAZB

rAB︸ ︷︷ ︸
V̂ nuclei

(3.33)

As we have already seen it is impossible to solve analytically a three-body
problem, so approximations are needed in order to solve Schrödinger equation.
The Born-Oppenheimer approximation is the first introduced in the attempt
of solving Schrödinger equation. It simply states that the nuclei being much
heavier than the electrons can be considered moving much slower than the
electrons. Hence nuclei are considered fixed and the second term in Eq. 3.33
is neglected while the fifth term is a constant.
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3.4.1 Hartree-Fock Method

For chemical problems, with many-electron systems one intrinsic property of
the electrons must be specified: the spin. The wavefunction is then written
as Ψ(r,ω) having three spatial and one spin coordinates. The spin function is
usually written as α(ω) or β (ω) with values +1⁄2 and -1⁄2. The wavefunction of a
system with N electrons is then a function of all the coordinates of all electrons.
According to the orbital approximation the many-electrons wavefunction can
be written as a product of one-electron wavefunctions, known as the Hartree
product (HP):

Ψ(x1,x2...xN) = χ1(x1)χ2(x2)...χN(xN) (3.34)

Hartree product does not satisfy the Pauli’s principle which states that the
wavefunction of electrons (fermions) has to be antisymmetric with respect to
the exchange of two particles. If we take two electrons which occupy orbitals
χ i and χ j and we put e(1) in χ i and e(2) in χ j we obtain:

Ψ
HP
12 (x1,x2) = χi(x1)χ j(x2) (3.35)

if then we exchange the electrons and we put e(2) in χ i and e(1) in χ j we
obtain:

Ψ
HP
21 (x1,x2) = χi(x2)χ j(x1) (3.36)

Both HP distinguish between electrons, but taking a proper linear combination
of Eq 3.35 and 3.36 we get an antisymmetric wavefunction:

Ψ(x1,x2) =
1√
2
(χi(x1)χ j(x2)−χ j(x1)χi(x2))

so Ψ(x1,x2) =−Ψ(x2,x1)

(3.37)

Eq. 3.37 can be rewritten as a determinant, known as Slater determinant59–63

(SD):

Ψ(x1,x2) =
1√
2

∣∣∣∣∣∣
χi(x1) χ j(x1)

χi(x2) χ j(x2)

∣∣∣∣∣∣ (3.38)

A SD is the simplest antisymmetric wavefunction describing the ground state
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of a system and it can be written for a N electrons system according to Dirac’s
bracket notation as:

|Ψ0〉= |χ1χ2...χN〉 (3.39)

The variational principle states that the best wavefunction is the one that
gives the lowest energy:

E0 = 〈Ψ0|Ĥ|Ψ0〉 (3.40)

where E0 is the energy of the ground state. Minimizing E0 with respect to the
choice of spin orbitals, one can derive the Hartree-Fock (HF) equation:64

f̂ (i)χ(xi) = εχ(xi) (3.41)

where f̂ is the Fock operator

f̂ (i) = −1
2 ∇2

i −
M
∑

A=1

ZA
riA

+V HF(i)

= ĥ(i)+V HF(i)

(3.42)

where ĥ(i) is the one-electron Hamiltonian for the i-th electron and VHF rep-
resents the average potential experienced by the i-th electron due to the other
electrons. The average potential is usually written as sum of the Coulomb and
exchange operator:

f̂ (i) = ĥ(i)+
n/2

∑
j=1

(
2Ĵ j(i)− K̂ j(i)

)
(3.43)

being the Coulomb operator defined as

Ĵ j(i) =
∫

χ
∗
j ( j)χ j( j)

1
ri j

dx2 (3.44)

and the exchange operator as

K̂ j(i) =
∫

χ
∗
j ( j)χi( j)

1
ri j

dx2 (3.45)

The HF equation (Eq. 3.41) has to be solved iteratively, since the Fock operator
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depends on its solutions. The procedure used is called self-consistent field65

(SCF). A guess of the spin orbitals (χ(xi)) is needed in order to get the Fock
operator which will give new spin orbitals. These new spin orbitals are then
used to get a new Fock operator. The procedure is repeated until the change
in total electronic energy is within a predefined threshold or in other terms
convergence is reached. The initial guess on the spin orbitals is based on a
basis set. The basis set is a set of functions which represents atomic orbitals
and they are used in linear combination to create molecular orbitals.

3.4.2 Density Functional Theory

Even if the Hartree-Fock method is applied correctly to any molecular struc-
ture, the calculated energy differs from the true value. This is due to two main
reasons. One of the Hartree-Fock approximations neglects relativistic effects,
which might be quite large for core electrons with high kinetic energy (espe-
cially for transition metals). Furthermore Hartree-Fock method does not take
into account the electron correlation. The local distortion of an orbital due
to the vicinity of another electron is counted in an averaged way, so Hartree-
Fock method neglects local electron-electron effects. This means that the ob-
tained energy is always an overestimation of the true value. The discrepancy
between the true energy and the Hartree-Fock energy is called correlation en-
ergy.60,62,63,66,67 Density functional theory (DFT) is perhaps the most popu-
lar method which considers the correlation energy. The most important idea of
DFT is that the energy of a system is simply determined by the electron den-
sity which depends on the spatial coordinates of the electrons. As the name
DFT states, the properties of a many-electrons systems are obtained by a func-
tional of the electron density. Early attempts of deriving such functionals de-
scribed the energy functional as a sum of kinetic energy, nuclei-electron attrac-
tion energy and electron-electron repulsion. The energy functional known as
the Thomas-Fermi-Dirac68–71 (TFD) model for example calculate the energy
functional as follows:

ET FD = T [ρ]+Ene[ρ]+ J[ρ]+KD[ρ] (3.46)

unfortunately the assumption of a uniform electron gas used in the TFD model
did not predict bonds for molecules. DFT became applicable only after the
work of Kohn through the Hohenberg-Kohn theorems72 and the Kohn-Sham
formulation.73 The Hohenberg-Kohn theorems state that for a many-electron
system the electron-nuclei attraction potential (Vext) is an unique functional
of the electron density (ρ(r)) and that the variational principle applies to the
electron density. Kohn-Sham (KS) introduced the use of orbitals into the DFT.
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In the orbital-free models the kinetic energy was poorly represented. KS had
the idea to split the kinetic energy into two terms, one which could be calcu-
lated exactly and a correction term. This was possible assuming a Hamiltonian
operator with the following form:

Ĥλ = T̂ +V̂ext(λ )+λV̂ee (3.47)

where 0 ≤ λ ≤ 1, V̂ ee is the electron-electron potential operator and the ex-
ternal potential operator V̂ ext is equal to V̂ ne for λ=1, but for intermediate λ

values it is assumed that V̂ ext(λ ) is such that the same density is obtained for
λ=1, λ=0 (system with non-interacting electrons) and all the other values of
λ . In the electrons non-interacting case the exact solution of Schrödinger equa-
tion is a Slater determinant composed of molecular orbitals. The exact kinetic
energy is then given by:

TS =
N

∑
i=1
〈φi|−

∇2

2
|ϕi〉 (3.48)

where φ i is the orbital. The exact kinetic energy can also be calculated from
natural orbitals (NO, which are eigenvectors of the density matrix ρ):

T [ρexact ] =
∞

∑
i=1

ni〈φ NO
i |−

∇2

2
|φ NO

i 〉 (3.49)

ρexact =
∞

∑
i=1

ni|φ NO
j |2 (3.50)

but the exact density matrix is unknown, since it would require an infinite num-
ber of NO. An approximate density can be calculated from a set of auxiliary
one-electron functions:

ρexact =
N

∑
i=1
|φi|2 (3.51)

As we already mentioned the KS theory calculates the kinetic energy assum-
ing a non-interacting electrons system, but in reality electrons do interact. The
discrepancy between the exact kinetic energy and that calculated from the non-
interacting electrons system is adsorbed into an exchange-correlation term.
Hence a general functional for the energy can be written as:

E[ρ] = TS[ρ]+Ene[ρ]+ J[ρ]+Exc[ρ] (3.52)
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KS equation is solved as in HF method with an iterative procedure. A first
guess of the electron density (from the orbitals) is used to get the operator
which will give new orbitals, so a new density is computed and the proce-
dure repeated until convergence. Many different functionals have been derived
from the general form of the energy (Eq. 5.1). They are usually divided into
exchange, correlation and hybrid functionals. The first two as to be combined
in order to get a proper method, i.e. the exchange functional of Becke74 with
the correlation functional of Lee, Yang and Parr75 will form the BLYP func-
tional. The hybrid functionals include a mixture of HF exchange with DFT
exchange-correlation. Perhaps the B3LYP76 is the most popular among these
last functionals.
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4. Protein Denaturation (Paper I)

All proteins get their characteristic three-dimensional shape through a process
called folding. The long chain of amino acid folds up establishing a large num-
ber of weak interactions like hydrogen bonds and Van der Waals interactions.
Protein folding is nowadays an important topic in the computational chemistry,
it is studied using different techniques like bioinformatics and molecular mod-
elling. Scientists know that the protein shape is related to the protein sequence
and that certain amino acid prefer to stay on the protein surface rather than in
the interior of the protein structure. Amino acids have been also studied by
their propensity of being in a particular secondary structure element. Large
projects have been developed in order to understand protein folding. One of
them, rosetta@home,77 asked even the help of non-scientists people who could
try to fold amino acid sequence using their own computers. Despite all efforts
protein folding still remains a huge question mark.

We have investigated an issue related to protein folding, but looking at it
from the opposite direction. In Paper I we have studied the denaturation of
a protein, triggered by high temperature. The denaturation of proteins can
be seen as the inverse of the folding process. During denaturation, proteins
loose their secondary and tertiary structure. This is why this process is also
called unfolding. The denaturation have been studied both experimentally and
theoretically. Anyway using computational techniques is much easier to get
into the process at atomic resolution. Proteins denaturation can take place due
to different reasons. Denaturation can be induced by high temperature,15,78–80

by pressure81–83 or by chemicals84,85 which destabilize the protein structure.

The unfolding of a protein is a stochastic process, so a protein can take many
different pathways during its denaturation. This means that in order to study
unfolding using molecular dynamics different simulations are needed. Only
in this way mechanistic conclusions can be drawn. Previous studies86 have
shown that usually 5 to 10 simulations are enough to sample the denatura-
tion process. MD simulations can help to individuate those regions of proteins
where the denaturation starts. Those breaking points produce a distorted struc-
ture of the protein that is considered to be the transition state87–91 (TS) of the
denaturation process.

51



Figure 4.1: Schematic representation of an EFC. The reaction shown is the one
catalyzed by glucose oxidase

4.1 Enzymatic Fuel Cell and Glucose Oxidase

Fuel cells are devices that convert chemical energy into electricity. They use
a redox reaction between molecular oxygen and another chemical. In one of
many varieties fuel cells include proteins. This last type is called enzymatic
fuel cell (EFC). In this particular fuel cell, the enzyme catalyzes the reaction
that oxidize the fuel. A schematic representation of a EFC is shown in Fig.
4.1. EFCs have many advantages like a high selectivity and efficiency and the
possibility to use abundant and cheap fuels like glucose or simple alcohols.
These devices can be also miniaturized and used for medical purposes.92,93

Unfortunately, they present also some drawbacks. Only a small part of the
enzyme used in the EFC is active, it is difficult to promote the electron transfer
to the electrode and the enzymes usually used in EFC have low stability and
short life time. The latter is the main reason why understanding the unfolding
process can be important to design stronger enzymes.94–96

A very promising enzyme for these devices is a protein produced by many
insects and fungi97,98 called glucose oxidase (GOx). GOx is a homodimer
with a prosthetic group FAD (flavin adenine dinucleotide) which catalyzes the
oxidation of β -D-glucose to δ -gluconolactone and the reduction of molecular
oxygen to hydrogen peroxide. We have studied the GOx produced by Penicil-
lium amagasakiense (GOx-pa) since it was shown to be more efficient93 than
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Figure 4.2: Conformational clustering. 3D projection of the pairwise RMSD
data.

the GOx produced by Aspergillus niger (GOx-an) which anyway is the most
common source of GOx.

4.2 Finding and Characterizing the Transition State of
the Unfolding Process

The main goal of our study was to find the transition state of the denatura-
tion process. As we already mentioned, the TS is represented by a distorted
structure of the protein and it should occur at the beginning of the unfolding
process.88 We have performed simulations at 300 K (used as a reference) and
at higher temperatures (400, 500 and 600 K). At the two higher temperatures,
500 and 600 K, three independent simulations were computed. A total of 14
dynamics of the monomers were produced at high temperature. The different
temperature influenced the length of the trajectories, since the higher was the
temperature the faster the protein denatured. At 400 K 500 ns were produced,
while at 500 and 600 K were produced 150 and 15 ns respectively because the
denaturation process gets faster at increasing temperature.99 To identify the TS
we used a cluster method based on the calculation of the Cα RMSD between
all protein structures in the first nanoseconds of simulations. These pairwise
RMSD data are then collected in a matrix and projected into three dimensions.
The result of this method is shown in Fig. 4.2 for one of the simulations used
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Figure 4.3: Double view of the GOx. The breaking points are highlighted.

here as example. The TS is defined as the 5 ps time period before the exit of
the protein from its native structure ensemble.88 The 5 ps time window repre-
sents the time when the protein crosses the energy barrier between the native
structure and the distorted conformation of the protein.87 We have systemati-
cally applied the cluster method to all high temperature simulations. The TS
was reached by the protein on average after 366 ± 179 ps at 600 K and after
1038 ± 307 ps at 500 K. The identification of the TS was obtained combining
the cluster method with a plot of Q vs RMSD, where Q represents the fraction
of native contacts between all amino acids in one protein monomer.

To characterize the TS ensemble protein properties like hydrogen bonds, Q
contacts, radius of gyration, solvent accessible surface and secondary structure
contents were calculated in the 5 ps time window before the TS. All these data
were then compared with the data collected by the dynameomics project.100

The dynameomics project collects TS data of proteins folding and unfolding
of different proteins fold classes. All investigated properties were found to be
in agreement with the data from the same protein fold class (GOx is an α/β
protein according to SCOP101 classification). The secondary structure contents
were compared also against experimental data obtained by an IR investigation
of Wang et al..102 Our data confirmed that α-helices are less stable then β -
strands during GOx denaturation.

4.3 Breaking Points and Proposed Mutations

The other main point of our study was the localization of the breaking points
of the protein structure. By breaking point we mean those residues from which
the denaturation starts. To individuate those points we compared the protein
structure in the TS ensemble with the protein structure obtained from the 300
K reference simulation. We have subtracted from the TS ensemble the residue
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Table 4.1: Residues, Secondary Structure of the Unstable Regions and Suggested
Mutations.

Moietya Residue Residue Secondary AAPb Suggested
Name Number Structure Mutationc

A AIIE 65-68 αααα αββα ALLE
B TNKAV 275-279 βγγγβ βγααβ TNNSV
C DL 464-465 αα γα EL
D GYN 495-497 ααα γβγ AQQ
Y ATC 166-168 ααα αβα AAC
Z T, G 262, 265 β β β γ T, T

aMarkers from Figure 4.3
bAccording to Malkov et al.105

cThe entire moiety sequence is shown

by residue secondary structure differences between the 300 K simulation and
the X-ray structure. Assigning a value of either 0 or 1 to a residue that kept
or respectively lost its secondary structure when compared with the crystal
structure, we considered it stable if the secondary structure was retained for at
least 60 % of time. In this way we found the different regions of the protein
were the denaturation was initiated. The red protein moieties shown in Fig.
4.3 represent the first breaking point of the protein. The two moieties colored
in yellow are unfolded at the TS, but they shown partiall instability also in the
300 K simulation.

According to studies on amino acid propensity (AAP) towards secondary
structure36,103–105 we have suggested point mutations to strengthen the protein
native structure. In Table 4.1 are listed the residues that form the weak moieties
of the protein and the suggested mutations.
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5. Influence of Anti Freeze
Proteins on Ice and on the
Ice/Water Interface (Papers II and
III)

A new class of proteins was discovered more than 40 years ago. Trying to
find an explanation for the abnormal freezing point of the sera of Antarctic
fishes,106–108 DeVries and Wohlschlag isolated a glycoprotein.109 They shown
that this protein was partially responsible for the low freezing point of the
physiological fluids of fishes. Later other proteins were found having the same
antifreeze activity.110,111 This new protein class was called AntiFreeze Protein
(AFP). They have been found in a great variety of species like insects,112–116

fishes117–120, plants121 and bacteria.122,123 AFPs lower the freezing point of
a solution without affecting the melting point and the osmotic pressure of the
solution. This property is called thermal hysteresis (TH) which represents the
temperature difference between the freezing and the melting point of a so-
lution. AFPs exert their antifreeze activity by binding to the ice surface124,125

and creating a microcurvature126 of the ice surface, which makes the growth of
ice less favorable due to the Gibbs-Thomson (Kelvin) effect. The term "bind-
ing" has been widely debated, first it was considered as a receptor-ligand kind
of interaction,124,127,128 but now it indicates the adsorption of AFPs into the
ice/water interface.129–132

AFPs due to their thermal hysteresis activity have been already very useful
in industry133 and they are very promising in the preservation of tissues and
organs for transplant.134 As we already mentioned, AFPs are found in different
species. It is very interesting to notice that different organisms have developed
AFPs with very different three-dimensional structures. The AFP produced by
the winter flounder117 for instance is a single long α-helix, while the spruce
budworm moth113 and the ocean pout118 produce AFPs with a globular shape.
In other words we could say that evolution has found different answers to the
same problem. One characteristic is shared by all AFPS. They all are amphi-
pathic, having one hydrophilic and one hydrophobic surface. The hydropho-
bic surface has been shown to be the surface that interacts with the ice sur-
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Figure 5.1: RMSF of Cα atoms.

face.116,118,129,132,135–138 AFPs are divided into two main families according to
their thermal hysteresis.139 To the moderately active family belong AFPs from
the winter flounder, the pure calcium-dependent type II of Atlantic herring,
the shorthorn sculpin; while to the hyperactive family belong AFPs from the
spruce budworm, the Tenebrio molitor, the Antarctic bacterium Marinomonas
primoryensis and the snow flea. The AFP from the snow flea (sfAFP) was
used to study its impact on the ice surface (Paper II), while AFP from the snow
flea along with the AFP from the winter flounder (wfAFP) were simulated to
study their influence on the ice-water interface (Paper III). Ubiquitin (a non-
antifreeze protein) was used as control for the ice-water interface study.

5.1 Stability of the Snow Flea AFP in Water

The stability of the sfAFP structure was evaluated performing simulations in
water at two different temperatures: 277, 298 K; furthermore collecting data
from the simulations at the ice-water interface at temperature in the range of
220-232 K. The RMSF profile shown two high peaks at the loops between the
poly-proline II helices as shown in Fig. 5.1. The hydrogen bonds between
this segments of the protein were found to break at room temperature, while
at 277 K only half of them were found to break. Mapping the mutual distance
between residue pairs, the same segments, at 298 K, were found at a greater
distance than the same segments either at 277 K or if compared with the X-ray
structure (see Fig. 5.2). Also other properties like SAS and number of hydro-
gen bonds indicate an instability of the protein structure at 298 K. Our data
confirmed the partial instability of the sfAFP structure at room temperature
predicted by a previous study.140 Anyway we concluded that the minor struc-
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Figure 5.2: Cα-Cα inter-residue distance matrix

tural changes observed at room temperature should not influence the antifreeze
activity of the sfAFP.

5.2 Ice-Water Systems

Ice-water systems were first investigated to test the water model and to find
its melting point. TIP4P141 was chosen because it was the water model used
for the development of the OPLS-AA142–148 force field, which we used to
model the proteins. Four different ice planes were simulated at the ice-water
interface: prism, secondary prism, basal and bipyramidal plane. To find the
ice melting point we used the method described by Fernandez et al.149 We
simply evaluate the drift of the total energy plot. When the drift is negative ice
is growing, instead when the drift is positive ice is melting. If ice completely
melts during the simulation it results in a big jump of the energy (see Fig.
5.3). We measured a melting temperature (Tm) for the TIP4P model of 228K.
From the same systems were also computed the diffusion profiles in order to
estimate the thickness of the ice-water interface. The diffusion coefficient was
estimated using the Einstein relation:56,150,151

D = lim
t→∞

〈[r(t)− r(0)]2〉
6kT

(5.1)

The different thickness of the ice-water interface for the four ice planes along
with their melting temperature are reported in Table 5.1.

5.3 Proteins at the Ice-Water Interface

Simulations placing AFPs and one non-AFP (ubiquitin) were performed to
evaluate the effect of AFPs on the ice surfaces and on the ice/water interfaces
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Figure 5.3: Evolution of the total energy of the bipyramidal plane

Table 5.1: Widths of the Ice/Water Interfaces and Melting Temperature of the
Four Ice Planes.

ice plane average width (Å) Tm (K)

prism 15.5 (±1.0) 228
secondary prism 14.4 (±1.2) 228
bipyramidal 14.5 (±0.8) 228
basal 16.4 (±1.1) 228

The STD is given in parentheses
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Table 5.2: Widths of the Ice/Water Interfaces with Different Proteins Adsorbed.

protein ice plane average width (Å) ∆width
a

snow
prism 21.4 (±1.1) +37%

flea
secondary prism 20.4 (±1.7) +38%
bipyramidal 19.8 (±0.3) +37%
basal 20.4 (±0.9) +26%

winter
prism 17.6 (±0.5) +13%

flounder
secondary prism 17.1 (±1.0) +16%
bipyramidal 17.4 (±0.9) +20%
basal 17.5 (±1.4) +8%

ubiquitin

prism 15.5 (±1.0) +0%
secondary prism 15.9 (±1.2) +10%
bipyramidal 15.1 (±1.2) +4%
basal 16.9 (±1.1) +3%

acalculated with respect to the ice/water interface and relative ice plane
The STD is given in parentheses

at the different ice planes. Our simulations show that the sfAFP can induce
local ice melting when placed near the ice surface of all different ice planes.
Only the basal plane was found stable at temperature below the melting point
of ice. This fact is in agreement with experimental findings, which found the
sfAFP attached onto the basal plane.139

The analysis of the diffusion profiles for the AFPs and non-AFP (ubiquitin)
systems shown a clear different influence of the proteins on the ice/water in-
terface (see Table 5.2). The sfAFP clearly broadened the ice/water interface
of all ice planes. The wfAFP increases the thickness of the bipyramidal and
secondary prism interfaces twice as much the increased width of the two other
interfaces. Ubiquitin has instead a negligible effect of the ice/water interface
thickness. Analyses of SAS and number of hydrogen bonds between protein
and water suggest a correlation between the different TH activity and the hy-
drophobic surface of the AFPs.
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6. Binding energy calculations by
DFT (Paper IV)

Hemoglobin is a protein found in all vertebrates. It appeared 1.8 million
of years ago, as a consequence of the oxygen released in the atmosphere.
Hemoglobin (Hb) is a heterotetrameric protein formed by two 141 residues
long chains, called α , and two 146 residues long chains, called β . It is the
protein responsible for the transport of oxygen from the lungs to the tissues.
Hb binds molecular oxygen through its cofactor heme, an iron porphyrin ring.
Many human diseases are connected to hemoglobin. The first was discovered
at the beginning of the 20th centrury. J. Herrick noticed sickle-shaped red
cells in patients affected by anemia.152 This disease became later the first to
be known at molecular level when V. M. Ingram found a single amino acid
difference in the hemoglobin sequence.153 This was the first of over 1200
hemoglobin mutations that are known today.154 Some positions along the hemo-
globin sequence are more important than others. For example a mutation on
the sixth amino acid of the beta chain (GLU6 to VAL6) is the cause of sickle
cell anemia. Other key positions along the protein sequence are the two amino
acids that interacts with the iron in the heme group. They are both histidines
and referred as distal and proximal histidine (see Fig. 6.1). The mutation of
these two amino acids can bring some diseases ranging from very severe (like
methemoglobin issues) to very difficult to be noticed. Proximal and distal
residues are very important in the regulation of the bond strength between iron
and oxygen.

Through DFT calculations (B3LYP functional74,75,155) we have computed
the binding energy on the wild type hemoglobin (Hb wt) and compared it with
the energy of different hemoglobin variants. All the variants share the mutation
on the same amino acid. His87 (proximal histidine) of the α-chain is mutated
into Asp87 (Hb Bonn156), Pro87 (Hb Grifton157), Gln87 (Hb Lansing158) and
Leu87.159 Two different structures were studied for Hb Gln87, since it can
coordinate the iron in the heme group with both N and O atoms.

63



Figure 6.1: Model of the hemoglobin-O2 (FePXp(O2)Hd) complex.

6.1 Heme-O2 Bond

Three different electronic structures have been proposed to explain the bond
between molecular oxygen and the iron atom at the center of the porphyrin
ring in the heme group. In the Weiss electron structure160,161 one α-electron
on Fe is coupled with one β -electron on oxygen in an open-shell singlet con-
figuration. In the McClure electron structure162 two α-electron on Fe are cou-
pled with two β -electron on oxygen. In this configuration both oxygen and
heme-group have the same electronic structure as they would have without
any bond. Linus Pauling proposed a third configuration163–165 where iron is
double bonded to the first oxygen which forms a single bond with the second
oxygen atom.

The spin population analysis (Table 6.1) show that Hb wt and Hb Asp87
have a Weiss configuration, while Hb Pro87 and Hb Leu87 have a McClure
configuration. The iron coordination from the proximal position promotes the
electron transfer from iron to oxygen. In the McClure configuration both Fe
and O2 have the same electron configuration that they have when they are
unbound. Comparing the spin population for the systems with and without
distal residue, it is clear a larger charge transfer from iron to oxygen when the
distal histidine is in the model.

All the binding energies presented in Table 6.2 include dispersion effects,
which were computed with the D2 function of Grimme.166,167 Dispersion ef-
fects are very important to correct the energy values obtained with the B3LYP
functional on heme-related systems.168 The binding energies obtained for the
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Table 6.1: Mulliken Spin Populations for the Heme-O2 Complexes with and
without the Distal Histidine

Hb type Fe O(1) O(2)

with Distal His
Hb wt 1.13 -0.41 -0.64
Hb Gln87(O)a 1.44 -0.65 -0.72
Hb Asp87 1.15 -0.43 -0.63
Hb Leu87 1.78 -0.80 -0.84
Hb Pro87 1.82 -0.81 -0.88

without Distal His
Hb wt 1.29 -0.49 -0.73
Hb Gln87(O)a 1.65 -0.70 -0.85
Hb Asp87 1.19 -0.43 -0.68
Hb Leu87 1.86 -0.80 -0.95
Hb Pro87 1.84 -0.78 -0.93

arefers to the coordination through the O

Hb wt models are close to the experimental values. These values are anyway
overestimating the binding energy since in the calculations are missing the
multireference effects. If we add them, by summing up the spin contamination
contributions, the obtained energies are much higher than the experimental val-
ues. The Hb variants show all binding energies lower than the Hb wt. All of
them should then form a weaker bond with oxygen, if they bind oxygen at all.
This does not mean that a person carrying this mutation would have a complete
malfunctioning hemoglobin. The four hemoglobin chains are expressed from
different chromosomes. Moreover the α-chains (all studied variants are on the
α-chain) are expressed by two different genes which work at different rates.
Hence, if the mutation is in one of the genes, the other gene encodes for the
right protein sequence.
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Table 6.2: Calculated Gibbs Free Energy of Binding for the Heme-O2 Com-
plexes. Energies Are Expressed in kcal/mol.

Hb type with Distal His without Distal His

Hb wt -8.5 (-13.7) -2.1 (-8.6)
Hb Gln87(O) -1.0 (-6.5) 2.2 (-2.8)
Hb Asp87 -2.3 (-6.5) 2.3 (-3.6)
Hb Leu87 -4.3 (-8.5) -1.3 (-2.0)
Hb Pro87 -2.9 (-5.6) -1.0 (-3.8)

Mb -6.1a -0.1b

aDissociation barrier for Myoglobin169,170

bDissociation barrier for Myoglobin169,170

corrected for the "protein effect"
Values within parentheses are spin-corrected

6.2 Geometries

The optimized geometries of all hemoglobins were also analyzed to highlight
their structural differences (see Table 6.3). The position of the Fe with respect
to the porphyrin plane is very important in heme-complexes. In the Hb wt the
Fe moves toward the oxygen molecule when they form the heme-O2 complex.
In the oxy-heme the Fe is found in plane with the porphyrin ring. In Hb Asp87
the Fe has a larger displacement due to the iron position in the deoxy-heme.
When Fe is not coordinated from the proximal position (Hb Leu87 and Hb
Pro87) is almost in plane with the porphyrin ring in the deoxy-heme, while
it is pulled out of the plane, towards the O2 molecule in the oxy-heme. The
O-O bond length is close to the free O2 in Hb Leu87 and Hb Pro87. In the
other three variants the O-O distance is longer than in the free molecule. The
O-O interatomic distances for the different Hb variants are related to the differ-
ent electronic structures. McClure-type structures have shorter O-O distances
than Weiss-type structures. The presence of the distal His increases the O-O
distance and congruously increases the charge transfer from Fe to O2.
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Table 6.3: Structural Parameters of the FeP(Xp)O2 and FeP(Xp) Complexes with
and without the Distal Histidine. All Distances (D) Are Expressed in Å

Hb type FeP(Xp)O2 FeP(Xp)
DO−O DN4−Fe DN4−Fe

with distal His
Hb wt 1.297 -0.012 0.326
Hb Gln87(O) 1.271 0.036 0.303
Hb Asp87 1.300 0.093 0.584
Hb Leu87 1.251 -0.139 0.011
Hb Pro87 1.242 -0.128 0.012

without distal His
Hb wt 1.277 -0.017 0.209
Hb Gln87(O) 1.262 -0.036 0.290
Hb Asp87 1.290 0.012 0.562
Hb Leu87 1.228 -0.009 0.015
Hb Pro87 1.246 -0.192 -0.005
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7. Conclusions

In this work the main subject was proteins and some of their enormous number
of functions. Computer simulation methods were used to study properties and
structural changes of different proteins.

In the first investigation (Paper I) the denaturation process of a large enzyme
(Glucose oxidase) was simulated. Glucose oxidase has many industrial appli-
cations and looks very promising in the design of miniaturized enzymatic fuel
cell. Several molecular dynamics simulations were performed at both room
and high temperatures. Using a clustering method based on the RMSD the
structural evolution of the protein in the first ns of simulations was investi-
gated. The transition state of the denaturation process was successfully identi-
fied applying the clustering method coupled with a plot of the protein tertiary
contacts versus RMSD. Moreover, comparing the protein secondary structures
in the transition state ensemble with the crystal and the room temperature MD
a group of residues were identified to be first "breaking points" of the protein.
Point mutations of these residues were also suggested using substitution matri-
ces and amino acid propensity for secondary structural elements studies. The
study shows how MD simulations and the clustering methods can be used to
identify a pattern in the first step of the denaturation process also for proteins
of GOx as large as glucose oxidase.

In Paper II and III Antifreeze proteins and their interactions with ice were
the focus. This particular class of proteins lowers the freezing point of physi-
ological fluids in many different organisms. AFPs can be divided into hyper-
active and moderately active depending on their thermal hysteresis activity. A
new AFP, belonging to the hyperactive class, was recently found in the snow
flea. The interactions of the sfAFP with different ice planes were studied by
MD simulations. The protein was placed at different distances from the ice sur-
face and simulated at different temperatures. The MD simulations show that
the sfAFP induces local melting of all ice planes. The nature of the protein-ice
interaction is most likely not a receptor-ligand type. Our study agrees with pre-
vious studies that the AFPs exert their activity when adsorbed at the ice/water
interface. The adsorption of AFPs at the ice/water interface could also ex-
plain controversial experimental results which found AFPs attached both per-
manently and reversibly to ice. Starting from the conclusions made on Paper
II the influence of two different AFPs on the ice/water interface region become
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the logical development of the investigation on AFPs. The sfAFP protein influ-
ence on the ice/water interface was compared with a protein belonging to the
moderately active family (wfAFP) and a non-AFP (ubiquitin). The ice/water
interface thickness was estimated for four ice planes analyzing diffusion co-
efficient profile. The two AFPs clearly broaden the ice/water interface of all
ice planes but to a different extent. The sfAFP makes the interfaces thicker
than the wfAFP by a factor of two. The control protein (ubiquitin) instead al-
most does not alter the interface width. The origin of this difference has to be
found in the chemical-physical properties of the proteins. The surface of both
sfAFP and wfAFP is mainly hydrophobic and sfAFP has a greater hydropho-
bic surface than wfAFP. The activity of AFPs has previously been shown to be
related to the protein surface. Our study also suggests that perhaps the propen-
sity of the AFP surfaces to form hydrogen bonds with water might influence
the thermal hysteresis activity of AFPs.

In the last part of this thesis the binding energy and geometric differences
induced by mutations on hemoglobin were investigated. DFT methods were
chosen to optimize the geometries and to calculate the oxygen binding ener-
gies of five different Hb models. The wild type Hb along with another four
Hb variants having the same amino acid mutated were studied. The optimized
geometries obtained using the B3LYP functional are in agreement with exper-
imental measurements. The oxygen binding energy is instead overestimated
when multireference effects are included. The empirical calculation of dis-
persion effects is again shown to be very important for the B3LYP functional
when used for heme related systems. The obtained binding energies and the
electronic and atomic structures indicate that none of the Hb variants can effi-
ciently bind oxygen.
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