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Examining the Internal Structure of Protein Aggregates using
Two-Dimensional Infrared Spectroscopy

by Ruben Steendam

Two proteins are examined in order to determine the internal couplings of the PPII
helices present in some forms of amyloid protein and to verify a proposed configura-
tion of Islet Amyloid Poly peptide (IAPP). Two-dimensional infrared (2DIR) spec-
troscopy is used for this purpose, as it has the capability to resolve the structure of
proteins within the time frame necessary to observe protein-protein interactions. Us-
ing the amide I vibration as a marker for secondary structure, several Hamiltonians
are constructed from which information about internal couplings of the protein, and
interactions with the environment, can be extracted. To simulate the Hamiltonian
during 2DIR, the Numerical Integration of the Schrödinger Equation (NISE) method
is used. In silico isotopic labeling is performed on IAPP to confirm in vitro experi-
mental data and hypotheses about its conformation, which is done by linking results
obtained from isotopically labeled absorption spectra with predictions due to config-
uration and results from in vitro experiments. Although no definitive pattern has
yet been discovered for PPII helices using in silico 2DIR, further research into pro-
teins containing PPII structure could yield valuable comparative information about
the possible internal couplings present within such secondary structures. This can
be achieved by comparing 2DIR results of additional proteins containing the PPII
structure to the absorption spectra obtained from this research. The isotopically la-
beled absorption spectra and couplings show that the IAPP configuration proposed is
indeed a viable iteration of the amylin amyloid, but subsequent experimental research
will be needed to verify these claims.
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Chapter 1

Introduction

1.1 General Introduction

Proteins are ubiquitous inside every living system as they tend to nearly every bi-
ological function imaginable. The functioning of proteins is highly linked to their
structural conformation. As reactive sides fold into themselves and expose other
parts of their conformation, it is possible for proteins to carry out, and react to,
many different chemical and thermodynamical pathways. Some functionalities that
proteins can express are as enzymes, which are a form of catalysts that promote
chemical reaction within cells.9 Or, as antibodies that function as protection of the
body.10

Sometimes, either due to damage in the cell, or by genetic mutation, the synthesis
of proteins can become impaired, and the conformation of the proteins constructed
can change.11 Due to this divergence in conformation the proteins can become prone
to fold themselves erroneously, leading to aggregation of clusters of defective proteins.
Or, in the case of certain prions, in proteins that cause extensive harm to biological
life and can directly be linked with cell-death.12

Amyloid is an amorphous aggregate of proteins that can appear in many organs of
the human body as either a symptom or cause of many (degenerative) diseases.13 As
of yet at least fifty diseases are recognized that are characterized by the deposition of
amyloid.14,15 These diseases can range from Parkinson’s disease, Huntington’s disease,
rheumatoid arthritis, type II diabetes, spongiform encephelopathies (a form of prion
disease) etc.16–20

This research looks at two proteins that exhibit either some form of amyloid
synthesis or show a specific configuration that will hopefully help us to understand
the dynamics behind the formation of amyloid, with the intent of finding a way to
disrupt the formation entirely.

1.2 Protein Structure

Proteins, and thus consequently aggregates, consist of amino acids. These building
blocks are linked through a backbone of repeating nitrogen-carbon-carbon (NCC)
sequence. (Figure 1.1) This NCC backbone repeats itself while the residues attached
to it determine what kind of amino acid the protein contains. These backbones are
not rigid but can move freely as long as the external potential energies allow it, these
dihedral angles are notated as φ,Φ and ω in Figure 1.1.

The sequence in which these amino acids are linked, the primary structure of the
protein, determines the shape of the protein and most importantly its final function.
As amino acids can be either hydrophobic or hydrophilic, certain hydrogen bonding
sites can cause the protein to fold into itself in order to maintain a thermodynamic
minimum energy.21 This folding of the protein causes certain secondary structures to
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Figure 1.1. A simplified model of a protein backbone. The dihedral angles
φ, ψ and ω are shown and represent the angles between two intersecting

planes within the protein. Image adapted from Adam Redzikowski.1

appear that can be subdivided based on geometric constraints and hydrogen bond-
ing patterns present within the protein.21,22 Most secondary structures present in
proteins can be classified as either α-helices or β-sheets. Prominent structures that
cannot be categorized into either of these two groups are commonly classified as
”other” or ”random coil”. The categorization and placement of secondary structures
within proteins can be used to specify orientation, binding sites, and more structural
information, and can therefore be used to illustrate the composition of the protein.
(Figure 1.2)

Figure 1.2. Shown are two secondary structures that occur due to inter-
actions between amino acids. The α-helix curls up due to the close prox-
imate interactions with neighbouring amino acids. β-sheets form between
β-strands that occur when two segments of a protein overlap and form a

row of hydrogen bonds.Image adapted from Campbell et al.2

One of the random coils that is of interest in this research is the Polyproline-II
(PPII) helix. PPII helices are are formed when all the dihedral angles in the backbone
adopt angles of -75◦ and 150◦, causing the structure to exhibit a full rotation every
three residues.† (Figure 1.3) Although the name suggest that this coil only appears

†An amino acid contained within a protein is called a residue
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in proteins rich in proline, the structure also appears in other proteins.23 Unlike
other secondary structures present in proteins, PPII structures are open and show no
internal hydrogen bonding.24 PPII helices are known to be involved in transcription,
self-assembly, cell motility, elasticity and immune response reactions.25 The PPII
structure has an important role in proteins that can form amyloid aggregates, but
unfortunately they are not given in experimentally solved structures and are rarely
used when modeling proteins. As of yet little to no research has been done on the
characteristics of PPII in proteins, even though the rate of cell death has been linked
to the presence of fibrils containing PPII.4,17,26 In order to fully understand the
functionality of proteins, or the formation of amyloid, it is paramount to understand
the composition of such proteins, their (secondary) structure, and their dynamics.

Figure 1.3. A side view of the Polyproline-II helix. The openness of the
structure explains the lack of hydrogen bondings within it. The full rotation
every three residues can also be observed.Image adapted from WilowW.3

1.2.1 The Formation of Protein Aggregates

An example to showcase the importance of understanding the PPII structure is the
formation of specific depositions of amyloid during Huntington’s disease.17,27,28 Due
to a mutation in the gene that transcribes for the formation of the Huntingtin protein
it is possible that a long repeated chain of glutamine can occur within the formed
protein. This so called Poly-Glutamine (Poly-Q) domain is prone to form clusters
(aggregates) with other proteins that also carry this Poly-Q segment.4,27,29 PPII
structures can be found while examining these Huntingtin protein aggregates, as they
occur as secondary structure in the rest of the mutated Huntingtin protein as fibrils
next to Poly-Q stacks. A stacking of Poly-Q in mutagenic Huntingtin proteins can
be seen in Figure 1.4. It is proposed that not necessarily the stacking of the Poly-Q,
and thus the aggregation of the Poly-Q domains themselves, is the most cytotoxic.
But, the fibrils that exhibit PPII structure next to it are the cause of cell death in
the presence of amyloid.4,30
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Figure 1.4. Due to stacking of the Poly-Q domains an amyloid core is
formed. The Huntingtin mutagenic protein exhibits 3 structures, the Poly-
Q domain (green), α helices (dark blue) and PPII helices (light blue). A
single protein is shown in yellow, and shows the folding within the protein.
The image right shows the interfilament flanking between two amyloid cores.
It is proposed that the configurations, and angles between PPII helices, that

are formed here determine cell toxicity. Image adapted from Lin et al.4

One of the reasons we look at the structural formation of such fibrils is that the
exact mechanisms that cause cell death are not known, although links between its
structural configuration and reactivity with the cells is highly investigated.31 Unfor-
tunately even processes that have been linked to the formation of amyloid and cell
death are poorly understood.32,33 And, some even speculate that it is not the fi-
nal formation, but the intermediate configurations of amyloid formation that are the
most toxic to living cells.34 In addition to that it has been found that the formation
of amyloid fibrils in vitro has been greatly accelerated by the presence of lipid mem-
branes, although this link with in vivo experiments is not yet understood.35 As some
experiments have shown that one of the speculated reasons for cytotoxicity is the
disruption of membranes forming due to the presence of protein aggregation.14 One
of the reasons that the exact nature of protein aggregation is still unclear is that the
existing experimental setups do not posses the required structural or time resolution
necessary to observe real time protein-protein interaction and aggregation kinetics.8

1.2.2 Antifreeze Protein 2PNE

The first protein of interest in this research is the snow flea antifreeze protein (2PNE).
The protein data bank (PDB) file for 2PNE was obtained by Pentelute et al. Pentelute
and coworkers used X-ray crystallography to structurally resolve a protein previously
found in a Canadian snow flea during initial research by Davies et al.36–38 PDB files
contain the positions of the atoms that are known to be present within the proteins.
The most important aspect of 2PNE is its secondary structure, as the protein consists
of six left-handed anti parallel PPII helices, which are stacked in two sets of three
and form a compact brick-shaped structure. (Figure 1.5) As one of our main point
of interest is the PPII structure, 2PNE can help structurally resolve PPII. As was
stated earlier, most proteins exhibiting Poly-Q characteristics are hard to resolve
structurally.39 By looking at a protein that exhibits mainly PPII structures it may
be possible to discover a certain fingerprint. Which may help resolve the structures
within, and around, the Poly-Q region of several protein amyloid diseases and maybe
discover the link between their conformation and observed cytotoxicity.
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(a) (b)

(c)

Figure 1.5. (a) Top view, (b) Side view and (c) Ribbon representation of
the 2PNE protein. The protein primarily consists of six anti-parallel PPII

coils in a compact brick-shaped configuration.

1.2.3 Amylin Fibrils 6Y1A

6Y1A is a certain configuration of the islet amyloid polypeptide (IAPP) that appears
in the pancreas during diabetes mellitus type II.40,41 It is proposed that the presence
of these amyloid peptides in the pancreas causes the beta cells to die, although this
is highly debated.42 The PDB structure for 6Y1A was created by Röder et al. where
cryo-electron microscopy was used to resolve the structure of the protein.5,41,43 6Y1A
consist of two S-shaped interwoven filaments, that have the ability to stack lengthwise
into amyloid, the same way as IAPP. (Figure 1.6)

The 6Y1A configuration is based on IAPP, but differs slightly in structure as only
the residues that have been attributed to the direct formation of the amyloid have
been kept from the original IAPP fibril. (figure 1.7) These residues are the Phe23-
Gly24-Ala25-Ile26-Leu27 (FGAIL) sequence present in the middle of the protein,
the tyrosine 37, and the amidated C-termini, which are essential for the forming or
amyloid in IAPP.43–45

The structure of 6Y1A used during this research appears similar to Amyloid β,
a protein amyloid found in the presence of Alzheimer’s disease.46,47 Similarities be-
tween the two proteins include having similar β-sheet structures, binding to the same
receptor, and being degraded by the same enzyme protease.43,48–50 Because of these
similarities it is assumed that amylin fibrils may be associated with amyloid β, but
the exact nature of these similarities remain unclear.47,48

One of the reasons in silico experiments have been performed on 6Y1A is that
experimental data has not been sufficient to conclude a definitive structure for this
protein.8 Although (infrared) absorption spectra of IAPP are known, less data of
6Y1A is available, meaning that more comparative data is necessary to verify claims
about the correctness of 6Y1A as a configuration of IAPP.
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(a) (b)

(c) (d)

Figure 1.6. How the 6Y1A aggregate is built up. (a) A single protein
chain. (b) A single layer conformation consisting of two protein chains. (c)
Top view of the complete aggregate. (d) 3/4 view of the complete amylin

aggregate.

(a) 6Y1A (b) IAPP

Figure 1.7. A comparison between the structure of 6Y1A and IAPP. The
residues that contribute the most to aggregation of IAPP are kept in the
6Y1A. The same tyrosine at the terminal of a single protein chain can be
seen encircled in both proteins. IAPP structure obtained from Cao et al.5
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1.3 Resolving the Structure of Proteins

There are several ways to determine the structure and composition of proteins, as was
discussed in the origins of the proteins in section 1.2.2 and 1.2.3. X-ray crystallog-
raphy is one of the known ways of examining the structure of proteins and was used
to determine the structure of 2PNE.51 By scattering x-rays on the protein it is pos-
sible to track the conformational changes that the protein undertakes, unfortunately
this method lacks the dynamical information that sometimes is required to examine
protein-protein interactions. This was a motivation for the team of Hamm et al.
to develop the femtosecond non-linear-infrared spectroscopy method.52 Infrared (IR)
and two-dimensional infrared Spectroscopy (2DIR) have over the years been proven
to be the ideal methods of examining the structures of proteins, especially since the
time resolution of these methods is small enough to analyse protein dynamics within
the femtosecond.7,52

1.3.1 Amide I Vibrations

Amide I vibrations are one of several distinct vibrational modes present in amino
acids. They vibrate in the domain between 1600 and 1700 cm−1 and are caused by
the stretching of the C=O bond present in the backbone of proteins. (Figure 1.8)

Figure 1.8. A schematic rep-
resentation of the Amide I Vi-
bration in the backbone of a
protein. Exhibited as stretch-
ing of the C=O bond as shown

by the red arrow.

One of the reasons the Amide I vibrations are used as
a marker during IR spectroscopy, is that it has a high exci-
tation coefficient. This implies that when infrared pulses
are used during the examination of proteins, the amide I
vibrations are not only sensitive to the surrounding, but
also the internal structures of the protein.53 From this it
follows that it is possible to probe the secondary struc-
ture present in proteins through the observation of the
vibrational spectra of the amide I band.54

As such this the amide I vibration has been used as a
marker for secondary structures in proteins, where it it has
been determined that that β-sheet secondary structure
shows two peaks at 1630 cm−1 and 1680 cm−1 and the
α-helices show peaks in the absorption spectrum at 1650
cm−1.55–57 As such 2DIR spectroscopy can be used to show the difference between
α-helices and β-sheets within proteins.57,58

Unfortunately, it is not yet known if PPII has such a characteristic absorption
spectrum. If it is possible to show the existence of PPII helices inside proteins through
a specific absorption peak. It might be possible to resolve such secondary structures
within proteins with the use of 2DIR. This would, conceivably, lead us one step closer
to solving the complex dynamical processes that cause cell-death due to the presence
of amyloid.

The problem with using the amide I vibrations as markers, is that the vibrations
caused by excitation can spread over the entire protein due to internal amide cou-
plings. These vibrational couplings causes the excitation to spread its energy over
multiple residues throughout the protein, as vibrations between different residues
are linked through electronic interaction. Fortunately, the accuracy of 2DIR can be
enhanced when several residues are altered using isotopic labeling.59
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The vibrational frequency of atomic bonds can be given by the equation of motion
for a particle on a spring:

ω =
1

2π

√
k

m
(1.1)

Where ω denotes the frequency that the particles vibrates at. k is the ’spring
constant’, which in the case of proteins signifies the strength of the bond between
two atoms, and m is the mass of the atom in question. Isotopic labeling relies on
the fact that by exchanging 12C and 16O by the heavier atomic isotopes 13C and 18O
the frequency of vibration changes by 70 cm−1.60–62 Which causes the absorption
wavelengths of the labeled residues to shift away from the bulk and give site specific
information.63 As we only change the residue by its isotope this replacement will have
minimal effect on the protein as a whole. This makes 2DIR spectroscopy ideal for the
examination of structures and dynamics within the aggregation processes of proteins.
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Chapter 2

Methods

In order to accurately analyze the proteins in question we need to first simulate their
behaviour and interactions with Molecular Dynamic simulations. From these simula-
tions exciton Hamiltonians will be constructed using so-called mapping calculations.
The Hamiltonians will contain the strength of the amide I vibrations and internal
vibrational couplings, and will thus contain all the necessary information to simulate
2DIR spectroscopy in silico. This will be done using the Numerical Integration of the
Schrödinger Equation (NISE) method, which has been by implemented into the NISE
programme by T. L. C. Jansen and coworkers.6,64 From the results of the 2DIR spec-
troscopy the internal structure of the proteins can be viewed as a function of several
wavelengths. These results gives a close look into the internal couplings present in
the protein and will hopefully yield a certain pattern that, when compared to other
results, can help solve several question about protein conformation, interactions, and
functionality.

Figure 2.1. A flow diagram showing the processes preceding the NISE
software Image adapted from Jansen et al.6
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2.1 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations are used to study the dynamics of atoms and
molecules, where they are allowed to move freely for a certain a amount of time.
By giving the initial interaction energies between individual atoms, the inter-atomic
forces can be calculated, and prospective movement for the proteins can be simulated
for every time step of the simulation. MD simulations are performed using classical
methods by setting up a certain force field. These force fields contain function that
describe the potential energy of the atomic interactions that can occur between the
different atoms present in the system.65 Equations described within the force fields
can specify the force that represents the bonds between the atoms, or the energetic
potentials for the dihedral angles. These potential equations can be derived from
experiments or by solving ab initio quantum mechanical calculations.66 When a MD
simulation is started, the interactions between every atom is calculated using their
distance, and the necessary potentials given by the force field for every time step spec-
ified. It should therefore be noted that the accuracy of the MD simulation depends
almost wholly on the accuracy of the force field, which will be discussed in Chapter 4.
Gromacs will be used as the main software package to perform the MD simulations
during this research.67–73

It should be stated that for both proteins discussed in this research the same initial
inputs were used during MD simulations. All input files used during this research can
be found on my Github repository.74 It should first be noted that during this research
an older version of Gromacs (Version 4.6.3) will be used.‡ This is to ensure that the
ensuing steps are successful, as the programme used to construct the Hamiltonians is
build on this version of Gromacs. Following normal MD simulation procedures; The
system is solvated and ions are added to the system to ensure that a net zero charge is
maintained. The temperature inside the system is set to 300◦ Kelvin and allowed to
energetically minimize. All inter-atomic interactions are calculated using the OPLS-
AA force field, which has been proven to be the most effective at calculating the
behaviour of proteins at the time of writing.75,76

Based on earlier observations on the vibrational states on the C=O bond in
haemoglobin, it was found that relaxation of the excited states takes place in c.a.
20 picosecond.77,78 For this reason a time step of 20 femtosecond interval was chosen
for the simulations, which entails that the programme saves the coordinates and di-
rections of the atoms within the protein every 20 femtoseconds to a trajectory file,
for the entire duration of one nanosecond, yielding a total of 50,000 time steps. This
trajectory file, in combination with the topology of the system, can subsequently be
used to analyze the behaviour of the entire protein.

2.2 Constructing a Hamiltonian for the Amide I Vibra-
tions of the Proteins

After initial MD simulations have been performed on the proteins in question, the
necessary information needs to be extracted such that we can construct a specific
Hamiltonian of the system, which shows the behaviour of the amide I vibrations within
the protein.79 This Hamiltonian will contain the necessary information for further
examination of the amide I stretching as it will show not only the frequencies of the
amide I vibrations within the protein, but also their couplings. In order to accurately

‡The newer versions of Gromacs do not differ from this version as far as research on proteins is
concerned.
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interpret the results of experiments several theoretical calculations need to be made
on the MD simulations. Vibrational spectra of the amide I bands are obtained by
treating the amide stretching quantum mechanically and the other degrees of freedom
present in the protein classically.80,81

Because a normal MD simulation gives information on the position and trajec-
tory of all the atoms in the protein within a certain time frame, the evolution of this
Hamiltonian can be extracted, and a specific one-exciton Hamiltonian can be con-
structed. The diagonal terms within this Hamiltonian will describe the transitional
frequencies of the amide I band and the off-diagonal terms will describe the couplings
between pairs of residues.79 Using this Hamiltonian it is possible to calculate the
amide I couplings within a protein, without the use of ab initio electronic structure
calculations for every time step, using nothing more than the outputs of standard
MD simulations. In order to do this the information from the MD simulations needs
to be mapped.

Several maps have been developed that calculate the Hamiltonian from MD simu-
lations. First the electronic structure can be calculated for a grid of relevant dihedral
angles within the protein. This is done by using a method called the Hessian matrix
reconstruction approach.82 This Hessian is a matrix of second order partial derivatives
of a scalar valued function. This approach leads to the Nearest-Neighbour Frequency
Shift (NNFS) maps.83 These NNFS maps show how the amide I frequency of the
residues depend on the neighbouring dihedral angles. Next to the NNFS interactions,
the Hessian matrix reconstruction can be used to determine the Nearest-Neighbour
Coupling (NNC) maps and more distant Transition Dipole Couplings (TDC) to pre-
dict all internal interactions that can influence amide I behaviour within a protein.59,80

Next to the internal interactions, the effects of the environment to the perturbation
of the protein need to be taken into account. Many of these maps exists, where the
most common method is by taking a molecule with only one amide I residue, namely
N-Mehtylacetamide (NMA), and placing it in water.84 The interaction that the NMA
molecule has with the electric potential or electric field of the different atoms of the
solvent can be mapped to accurately determine the environmental interactions.85,86

It should be noted that the amino acids Asparagine (Asn) and Glutamine (Gln) also
have amide groups in their sidechains, meaning that their presence influence internal
couplings. This can be solved by taking their existence into account when creating
the exciton Hamiltonian.79 This is done by considering a different mapping, as their
surroundings are different from backbone amide I vibrations. These different vibra-
tions can be mapped using N-deuterated acetamide (ACED).79 The Hamiltonians
used in this research will be generated with the AmideIMaps programme written by
S. Roy and coworkers, where the Skinner mapping will be chosen as it is the eas-
iest way to account for the presence of amide I vibrations in the sidechains of the
protein.79,84,87–91

2.3 Analyzing the Hamiltonian of the Proteins

2.3.1 Numerical Integration of the Schrodinger Equation

It is stated by Hamm et al. that the infrared pump probe spectroscopy is capable
of giving us a much more information about the amide I vibrations present within
proteins than by using other similar methods.52 Next to the increased time resolution,
in vitro 2DIR is capable of analysing proteins in solution, which nullifies the necessity
of crystallizing proteins before experimentation.52
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In order to simulate this process in silico we make use of the Numerical Integration
of the Schrödinger Equation (NISE), which has been transferred by T.L.C. Jansen
and coworkers into the NISE programme.6,64,92–94 The NISE method first divides the
system into a part that is allowed to react with the applied laser fields (The system)
and the other part which does not (The Bath). The bath is obtained by the previous
amide I mapping as a Hamiltonian that describes the environment.92. One important
assumption made is that the system is affected by the applied laser field and the bath,
but the system does not affect the bath. Using this bath it is now possible to simulate
the trajectory of the Hamiltonian of the system. This is done quantum-mechanically,
which implies that the Hamiltonian of the system is now considered a wave that
changes according to the time-dependent Schrödinger.

dΦ(t)

dt
= − i

h̄
H(t)Φ(t) (2.1)

Where the wave-function Φ describes the evolution of the Hamiltonian H(t). The
problem is that such an equation cannot be solved as long as both the Hamiltonian
and the Schrödinger equation are time-dependent. This is solved by dividing the
trajectory of the Hamiltonian into very short time intervals, which can taken to be
constant.95 By solving all these time-independent frames numerically and putting
them back together, the time-evolution of a Hamiltonian can be calculated and used
to solve the Schrödinger equation of the system.

The Generic Hamiltonian used to describe 2DIR experiments is given by equation
2.2.6

H(t) =
∑
i

ωi(t)B
+
i Bi +

∑
i 6=j

Jij(t)B
+
i Bj −

∑
j

∆i(t)

2
B+

i B
+
i BiBi

+
∑
i

~µi(t) ~E(t)(B+
i +Bi)

(2.2)

Here B+ Denotes the Bosonic creation operator, and B denotes the Bosonic anni-
hilation operators of the vibration i, with frequency ωi. The coupling between a pair
of vibrations is given by Jij . The ∆i(t) is the anharmonicity of the system and can be
said to be the deviations of the system from being a perfect oscillator. This value has
been set to 16 following earlier research by Hamm et al.52. ~νi is the transition dipole
vector and ~E(t) denotes the externally applied laser field (the laser pules that the
NISE method emulates). Most of the necessary values for this Hamiltonian equation
are obtained from initial mappings on MD simulations. With in vitro 2DIR, three
laser pulses (ω1,ω2 and ω3) are fired in sequence with a certain time delay (t1,t2), be-
fore detection is measured (t3). After initial excitation by a pump pulse, the system
is allowed to react before a probe pulse is used to determine how the system manip-
ulated the prior excitation through the pump pulse. The laser field that is applied
to the Hamiltonian through the NISE software emulates these inputs and simulates
the response of the system. Throughout this research t2 has been set to zero, which
implies that the system has no time to disperse the initial excitation through the
system.

In order to get useful results from the data, the data needs to be Fourier trans-
formed with respect to the delay between the first and second pulse (t2), as well as
transforming them with respect to the time delay between the final pulse and emis-
sion of the system (t3). Finally we will end up with a 1D response and absorption
spectrum as well as a 2D absorption spectrum. These absorption spectra can be
used to analyse the configuration and composition of the proteins. As the absorption
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spectrum is nothing more than the internal couplings of the protein (The structure)
and the diagonal energies present (The environment).

Next to calculating 2DIR spectra, it is possible to take the energy mapping files
generated by the previous step, and generate an average Hamiltonian of the entire
time frame within NISE using the Analyse functionality.64 This will yield the average
value of the Hamiltonian of the entire protein. These averages are necessary as
the analysis of the Hamiltonian depends on the average dipoles during the entire
simulation during excitation (Section 3.3.1), and it will allow us to verify whether
isotopic labeling will have been successful by highlighting strong couplings within the
protein.

2.4 Isotopic Labeling

To understand exactly which residues within the protein cause the behaviour we wish
to examine, several residues are selected within the NISE programme and run through
the 2DIR script. The selected residues will be the same as that discussed in section
1.2.3 and in the research by Wang et al. This entails that the residues that will be
examined are Alanine (Ala) on positions 13 and 25, Leucine (Leu) on position 16 and
27, Serine (Ser) on position 19 and 20, Phenylalanine (Phe) on position 23 , Glycine
(Gly) on position 24 and 33, Isoleucine (Ile) on position 26, Valine (Val) on position
32, and Tyrosine (Tyr) on position 37.8 The placement of the residues within the
complete 6Y1A amyloid can be found in section A.4.

The idea behind isotopic labeling is explained in section 1.3.1. Within the NISE
programme it is possible to select the residues that you wish to examine without the
encumbrance of doing the experiments in vitro. This makes in silico isotopic labeling
a perfect tool to compare data from different experiments. By using isotopic labeling
the absorption spectrum of that specific residue will move away from the main amide
I vibrational bonds.60,61 As the normal amide I vibrations are quite delocalized, such
isotopic labelings can help pinpoint the behaviour of the residues within the protein.
The main focus of the isotopic labeling performed is to determine the experimental
validity of the observed Absorption spectra from the labeled proteins from Skinner
et al and Serrano et al.8,44
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Chapter 3

Results

3.1 Molecular Dynamics Simulations

The first step is to check the validity of the MD simulations performed. If the sim-
ulations were to give erratic or false behaviour of the proteins, then all subsequent
data will be wrong. This can be done by a quick visual examination to verify that
the protein did not collapse during simulation. The internal structure of the protein
cannot be verified this way, but as internal couplings will become apparent in the
next step the validity of the MD simulations can be re-verified thereafter.

3.2 Analyzing the Hamiltonians

In order to understand which couplings within the protein are responsible for the spec-
trum obtained with the NISE programme, it is important to look at the Hamiltonian
of the proteins themselves and search for the most prevalent couplings. Because the
diagonal entries of the Hamiltonian files show the strong amide I vibrations of the
protein, these need to be filtered out for visual inspection, as the internal couplings
between residues are of a much smaller scale. In order to ensure that all following
visual inspections of the Hamiltonian will use the same colour scheme, the diagonal
entries of the Hamiltonian will be set to zero. Two values of -11 and 15 will be placed
somewhere along the Hamiltonian diagonal to secure a constant colour grading along
all obtained Hamiltonians during this research.74

2PNE contains an Asn residue at positions 11, 35, 38 and 40. This means that
four extra sidechain amide I vibrations need to be accounted for. The way the Hamil-
tonian is constructed, the backbone of the protein is calculated and written first and
sidechains are accounted for afterwards. This can be see in Figure 3.1 where internal
couplings of the protein are visualized.
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Figure 3.1. The strength of internal couplings within the entire 2PNE
protein (left) and the same Hamiltonian zoomed in for the first 20 residues

(right). The diagonal entries are removed and a gradient is applied.

The values presented within these Hamiltonians show the value of Jij in Equation
2.2 and are given without units. The repetition of the six PPII helices can clearly be
seen, as strong couplings between local residues in a turn are marked with strongly
coupled, repeated, crosswise patterns. The first 80 residues are the amide I vibrations
in the backbone, while the following four are the sidechain vibrations due to the
presence of Asn. The relative strength of the coupling can be read from the colourbar.

Following the analysis of the Hamiltonian of 2PNE, the Hamiltonian of 6Y1A can
be visualized using the same parameters. The 6Y1A amyloid consists of 16 protein
chains (A-P) and each protein chain has Asn residues on positions 14, 21, 22, 31 and
35. This denotes the presence of an additional 80 sidechain bonds. The Hamiltonian
for 6Y1A can be seen in Figure 3.2.

Figure 3.2. A complete Hamiltonian (left) and a Zoomed in Hamiltonian
(right) of 6Y1A. Zoomed in are the first 75 residues such that the internal
backbone couplings of the first three protein chains are fully visible visible.

It can be observed that the repetition in the Hamiltonian of 6Y1A matches the
sixteen different protein chains that make up the amylin structure. Couplings between
neighbouring residues are clearly present, showing how the structure is folded into
itself. The S-shaped pattern of the amyloid fibrils can also be observed as parts where
protein chains meet create small couplings between direct neighbours, these can be
seen as small isolated couplings between the lines. The zoomed in image shows that
residues of protein chain A couple the best with residues from protein chain C. This
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is due to the way the protein is constructed from the PDB file, as these protein chains
are directly on top of each other.

3.3 Two Dimensional Infrared Spectroscopy for 2PNE

After the Hamiltonians have been constructed for the proteins, we needed to go
verify the results that have been generated by the NISE programme. As the main
focus was to find a certain fingerprint or characteristic that could define the PPII
structure within 2PNE to other secondary structures, the first step would be to check
the response function to see whether the system has had enough time to relax after
initial excitation.

Figure 3.3. The response function of 2PNE after excitation. The graph
shows that the system returns to normal within the time frame of the sim-
ulation, and thus results obtained for the (2D) absorption will not show

artifacts from convolution.

Figure 3.4. The absorption spectrum of 2PNE. The graphs shows that
the system absorbs light with wavelengths within the expected values that

coincide with the amide-I excitation.
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Figure 3.5. The results of 2DIR excitation of 2PNE with parallel (left)
and perpendicular (right) excitation. ω1 denotes the frequency of the pump

pulse and ω3 denotes the probe pulse.

The results of the 2DIR spectroscopy of 2PNE can be seen in Figure 3.5. The
blue area indicates excited-state absorptions (increased absorption) and the red are
indicates bleaching (reduces absorption) between the pump pulse(s) (ω1,ω2) and probe
pulse (ω3) that the system exhibits. The direction of excitation does not matter as
energy is delocalized enough to pass the excitation easily across the entire protein.
This causes the absence of off-diagonal peaks in the spectrum as the off-diagonal terms
show interactions between the different vibrational eigenstates within the protein.

Figure 3.6. The results of 2DIR with cross polarized light on 2PNE (left)
in comparison to the results of 6Y1A (right) using the same inputs.
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Another way to visualize the results of 2DIR spectroscopy is with the use of cross
polarized light.96 Figure 3.6 shows a comparison between the 2DIR results from 2PNE
and 6Y1A using cross polarized light. A full comparison between the 2DIR results of
2PNE and 6Y1A can be found in A.1 For 2PNE there are several distinct peaks along
the ω1 axis, namely around 1620, 1640 and 1670 cm−1. Smaller peaks can be seen at
different points along the diagonal axis. It is possible that these large peaks consist
of multiple eigenvalues that contribute to the total absorption present. This can be
verified by calculating the exciton within the system and looking at the frequencies of
those excitations. One of the ways to analyze the spectra obtained with NISE is by
taking the results from the parallel polarized light, and subtracting three times the
value from the perpendicularly polarized light.† Doing this will give another insight
into the internal couplings within the protein, as it will show different cross peaks
that are not visible with normal cross-polarized light.7Results of the Zanni spectrum
of 2PNE are given in Figure 3.7.

Figure 3.7. The 2DIR spectra visualized using the Zanni method.7 cross
peaks that were present in Figure 3.6 can still observed. Extra off-diagonal
transitions may be indications of multiple eigenvalues contributing to the

absorption spectrum at specific wavelengths.

†Subsequently coined the Zanni method, as no other name has yet been chosen for this quite
common method of analyzing 2DIR data.
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3.3.1 Exciton Analysis

One of ways to look at the behaviour of a protein during 2DIR is to look at how the
eigenfrequencies of a protein behave during excitation. As there are certain couplings
within the protein that have a maximum allowance of vibrational delocalization. By
finding and visualizing these, it is possible to understand how the couplings within
the protein help form and shape it. The script used to visualize the eigenfrequencies
was developed by T.L.C. Jansen and can be found on Github.74,97

Figure 3.8. (The relative strength of absorptions present within 2PNE as
a function of the frequency of light.

In order to accurately simulate the transfer of excitation across different frequen-
cies after excitation, a Gaussian is applied to the results from Figure 3.8 to end up
with Figure 3.9. This figure also shows how the initial peaks, that can be observed
in Figure 3.6 and Figure 3.5 are indeed a result of multiple different eigenfrequencies
interacting.

Figure 3.9. An overlap of the stick spectra and the Gaussian convolution
where absorption is given as a relative value to the maximum absorption

measured.
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It should be noted that in order to visualize the data this way, the average Hamil-
tonian and dipole moments of the entire simulation are taken, this is discussed further
in Chapter 4. Using a Hamiltonian that represents the average energy and dipole val-
ues of the protein during the entire simulation, it is possible to see which eigenstates
contribute the most to the internal dynamics of the protein. Such an eigenstate
describes the vibrational coupling of all amide I vibrations present in the protein.
Following the results seen in Figure 3.8 for 2PNE we have chosen a threshold of 20
or greater for frequencies in the range of 1600 to 1650 cm−1, but as there are clear
peaks present in the 2DIR results in Figure 3.6 and Figure 3.7 at higher frequencies,
the strongest absorptions between 1660 and 1700 cm−1 are also examined. The re-
sults can be seen in Table 3.1 and a visual representation of the direction of amide I
couplings and oscillations due to excitation can be found in Figure A.4.

Exciton Eigenstates with value and transition dipole direction

Eigenstate
number

Oscillator
strength

Frequency
(cm−1)

X direction Y direction Z direction

5 22.31 1619.84 -0.56 -0.10 4.69
32 38.87 1638.78 -3.35 -3.22 -4.15
35 27.88 1640.17 3.68 2.82 -2.50
75 10.32 1667.91 -2.17 -1.22 2.03
79 12.79 1672.31 -2.97 -1.97 -0.32

Table 3.1. Oscillator strength, Frequency of oscillation, and Cartesian
directions of the largest absorptions measured in the 2DIR spectrum of

2PNE.

From the data it can be seen that there are five prominent eigenstates that con-
tribute the most to the behaviour of the protein. Eigenstate 5 shows that the oscilla-
tion is predominantly in the Z direction, which helps orientate the protein in Figure
A.4. Other eigenfrequencies do not show a clear direction, which can be attributed
to the lack of symmetry in the 2PNE protein. If we look at Figure 1.3 the full ro-
tation every three residues, that was expected from PPII, can indeed be seen in the
directions of the couplings within 2PNE in Figure A.4. A section of nine residues has
been selected to highlight this three repeat in Figure A.3. If all the strong eigenstates
were indeed the results of strong couplings within the PPII structure, the directions
of oscillation would be more uniform, this is unfortunately not the case for 2PNE.

Although differences between the 2DIR spectra of 2PNE and 6Y1A can be found,
it is yet unclear if the results obtained from 2PNE are purely due to the PPII struc-
ture. As such, unfortunately no characteristics could be determined for PPII yet. The
structure is indeed organized and shows some clear peaks and off diagonal elements,
yet there are no strong couplings visible that could be used to predict the presence
of PPII in other proteins as is the case for α-helices and β-sheets. This could be do
to the fact that there are no strong internal hydrogen bondings inside PPII helices,
but further research is necessary to confidently establish this.
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3.4 Isotopic Labeling for 6Y1A

When looking at the data from the isotopic labeling it is important to verify that
the isotopic labeling exhibits couplings that could be predicted from the complete
Hamiltonian. To check the validity of the obtained NISE spectra it is important
to check whether the individual couplings, that have been observed in the complete
Hamiltonian of the protein, are visible in the smaller Hamiltonian as well. (Figure
3.11) As isotopic labeling within NISE is simply done by isolating the necessary
residues from the complete Hamiltonian. All Hamiltonians obtained for the isotopic
couplings can be found in section A.3 where the couplings between residues from
different protein chains can clearly be seen.

When simulating the behaviour of the protein during 2DIR it is possible to increase
the so-called coupling cut. Which is the distance at which the couplings between
residues is neglected. By increasing the coupling cut we can simulate the behaviour
of the model as if the protein is diluted. By diluting the sample the couplings between
neighbours are less likely to occur and assumed to be localized, as the isotopically
labeled residues are more likely to vibrate independently. This difference between a
”normal” state and the labeled state can show how the individual residues contribute
to the overall absorption spectrum. The response function and absorption spectrum
for isotopically labeled Ala13, showing the shift in absorption between a diluted and
non-diluted sample, can be see in Figure 3.10.

Unlike the research done by Skinner et al. we are not confined by the selection
of residues, as we are doing experiments in silico, and as such it is possible to label
virtually all residues within the protein.79 For this reason all the residues that have
been discussed in section 1.2.3 have been isotopically labelled to see the individual
behaviour of the residues within the protein.

(a) Response Function for Ala13 (b) Absorption Function for Ala13

Figure 3.10. The Response function and the Absorption spectrum ob-
tained for the isotopic labeling of Ala13 using the NISE programme. The
absorption is shifted 12 cm−1 which is in slightly larger than the 10 cm−1

shift found by Wang et al.8
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(a) Visualized internal couplings for 6Y1A (b) Hamiltonian of Ala13

(c) Hamiltonian of Ser19 (d) Hamiltonian of Ala25

Figure 3.11. A selection of the coloured Hamiltonians, Ala13, Ser19 and
Ala25, which show the internal couplings between the residues present in the
6Y1A protein. Shown is how the couplings, between a protein chain and its
second neighbour, as seen in Figure 3.2 are also present in the Hamiltonians

of the isotopically labeled proteins.
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3.4.1 Absorption Spectra of the Isotopically Labeled Residues

After the calculations were performed within the NISE software the spectra of the
diluted and undiluted isotopically labeled residues could be compared. First the
residues that exhibited a redshift in the isotopically labeled spectrum when the sam-
ples are coupled together are examined. (Figure 3.12)

(a) Ala13 (b) Ser19

(c) Ser20 (d) Ile26

(e) Leu27 (f) Tyr37

Figure 3.12. Absorption spectra of several isotopically labeled samples.
The graphs show minimal difference except the expected redshift of the
spectrum. All the residues shown here have a negative coupling, which

coincides with the coupling Jij in Equation 2.2
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The following residues show a blueshift in fully labeled samples. Meaning that the
dilution caused the spectra to absorb at a lower wavelength than when the residues
are coupled. (Figure 3.13)

(a) Phe23 (b) Gly24

(c) Val32 (d) Gly33

Figure 3.13. The absorption spectra of isotopically labeled where the
graphs show a blueshift. Which corresponds with a positive coupling Jij .

(a) Leu16 (b) Ala25

Figure 3.14. Absorption spectra of isotopically labeled samples that show
a peculiarity next to the expected shift in peak position.
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Some absorption spectra showed extra peculiarities between the normal and di-
luted samples. (Figure 3.14) Leu16 showed two peaks in the diluted case, meaning
that the residue has two frequencies where it can dissipate the excitation across the
protein. Ala25 shows the reverse results, and exhibits two absorption peaks when the
system is coupled together. The results of the absorption spectrum shifting, as well
as the strength of the coupling between the residues can be found in Table 3.2

3.4.2 Overall Results

If we compare the data obtained from the isotopic labeling with the measured cou-
plings and the shift in absorption, the link between the direction of the coupling and
the direction of the absorption shifting, can immediately be connected. The narrow-
ing of the absorption spectrum in the fully labeled sample could be attributed to
exchange narrowing, intensity borrowing, or the contribution of multiple eigenstates
to the new absorption spectrum.98,99

Absorption Shift and Coupling Strength

Residue Peak fully la-
beled sample

Peak diluted
labeled sample

Relative Shift
(cm−1)

Coupling
(cm−1)

Ala13 1609.77 1621.99 12.22 -3.832
Leu16 1612.22 1621.98† 9.76 -5.906
Ser19 1625.25 1634.20 8.95 -2.640
Ser20 1623.62 1640.72 17.10 -6.511
Phe23 1654.56 1645.60 -8.96 2.214
Gly24 1654.56 1652.93 -1.63 1.121
Ala25 1615.47 1630.13 14.66 -6.446
Ile26 1628.50 1645.60 17.40 -6.370
Leu27 1635.83 1649.68 14.03 -5.744
Val32 1648.05 1643.16 -4.89 1.961
Gly33 1661.89 1657.01 -4.88 1.718
Tyr37 1611.40 1622.80 11.40 -3.435

Table 3.2. Peak positions of fully labeled and diluted labeled samples, and
their relative shift in the position of their maximum absorption peak. † For
Leu16 Two peaks are observed, the peak of the strongest coupling is used

as a marker

It can be seen that if the coupling present in the residue is of a positive value, then
the labeled graph moves towards a higher range in the wave function spectrum. And
it is reverse if the coupling is negative. Most residues follow the trend that the relative
shift is between negative three and negative five times the coupling strength, with
some notable exceptions. Skinner et al. found that the couplings in the fully labeled
samples could result in the absorption spectrum moving by as much as 10 cm−1, and
this is also found by the isotopic labeling performed in silico.8 Yet, some labels show
an even greater alteration. We can state that initial results show a greater and more
varying degree of absorption shift. It is quite possible that the increases magnitude
of observed shifts after isotopic labeling in silico is due to relative scaling present
in the system. The FGAIL sequence behaves similarly to the earlier research on
the amylin structure with relatively strong coupling between Ila25, Ile26 and Leu27.
(Table A.1) Initial results show that the 6Y1A is indeed a probable configuration of
the amylin amyloid, but in vitro experimentation will need to be performed to verify
these claims.8,44
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Chapter 4

Discussion

One point of discussion is whether the usage of in silico simulations to predict the
behaviour of, or complex process involving, protein dynamics is valid as a compari-
son to in vitro experiments. In silico experiments have long been used to prove or
enhance the results obtained from in vitro experiments.100 And, it has been found
that some in silico experiments can be more efficient at predicting the behaviour of
molecules, than similar experiments performed on animals.101 Unfortunately, in some
prominent fields of research, in silico experiments lack the accuracy needed to accu-
rately predict results.102 The most important factor that determines the accuracy of
in silico experimentation are the specific computational approaches that have been
used to obtain the results.103 As was specified in chapter 2 the Amide I mapping
software and NISE package have been proven to be relatively accurate as they do
nothing more than apply computationally expensive calculations on the trajectories
of the atoms provided by MD simulations. The most important aspect, in regards
to the accuracy of our data, is the correctness of the MD simulations performed.
Even though the version of Gromacs used for MD simulations is not up to date, the
accuracy of MD simulations depends almost completely on the completeness of the
chosen Force Field.104 In our case that would be the OPLS-AA force field, which is
based upon ab initio calculations and experimental data to maximize its validity.75,76

As in silico experiments will become more and more common for researchers as an
alternative to expensive and time consuming in vitro experimentation it is important
to constantly re-asses the validity of the systems and models used.105 Most, if not all,
of the models used during in silico experimentation are derived from previously ac-
quired data, meaning that as long as the ways in which the models are build, be they
ab initio, experimental, or quantum mechanically. If it is discovered that one of the
assumptions are faulty, then all subsequent usage of this data is also wrong. Fortu-
nately, the accuracy and validity of the models used in this research has been proven
to be sufficient enough to predict, or accompany, in vitro experimentation.93,106
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Another point of discussion could be the usage of the averages for the Hamiltonian
and dipoles for calculations necessary to get the 2DIR results. As the proteins are
started from man-made static configurations in the form of a PDB file, it is quite
possible that sudden shifts during initial MD simulations can cause alterations in
the Hamiltonian or dipole files obtained with the amide-I mapping. One way to
verify the integrity of the data is by checking whether the system does indeed change
spontaneously during simulation. This is done by separating the total duration of the
simulation into two equal parts. This can easily be done within the NISE programme
by stating that the numerical calculations start and stop at different points. If the first
half of the MD simulation is compared against the second half, minimal differences
should be observed. Differences between these halves would indicate that the protein
needed to find an thermodynamic minimum before necessary couplings be established.
The cross-related 2DIR results of the first and second half of the total run time of
2PNE and 6Y1A are plotted in Figure 4.1 and Figure 4.2.

(a) 2PNE First half (b) 2PNE Second half

(c) 2PNE complete

Figure 4.1. The 2DIR results first and Second half of the 2PNE simulation
in comparison to results obtained from the average Hamiltonian. All the

images are constructed with cross polarized light.
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(a) 6Y1A First half (b) 6Y1A Second half

(c) 6Y1A complete

Figure 4.2. The 2DIR results first and Second half of the 6Y1A simulation
in comparison to results obtained from the average Hamiltonian

As can be seen in Figure 4.1 and Figure 4.2; 2PNE shows little to no difference
between the visible peaks in the spectrum. What can be observed is how it takes time
for the internal couplings in 6Y1A to manifest themselves clearly. This can be seen
as by the appearances of off-diagonal couplings in the second half, where excitations
can traverse the protein better as couplings between residues are better. As the MD
simulation progresses the residues within the protein will more more closely as they
slowly move to their final energetically favourable position. Luckily it can be stated
that as the protein itself does not change during simulation, and the wavelengths of
the absorption peaks stay the same, that the transition dipoles used for calculations,
where the average value of the entire run are necessary, are still accurate enough to
predict in vitro behaviour of the proteins.
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Chapter 5

Conclusion

Protein aggregates are found as a result of several degenerative genetic diseases. It
is unclear whether these clustering of faulty proteins are a symptom of the disease,
or the source. Two-Dimensional Infrared Spectroscopy has been chosen to examine
such protein conformations, as it is one of the few methods available that can resolve
structures within the time frame that is necessary for protein-protein interactions to
be examined, as well as the fact it can be applied to proteins in solution. Hamilto-
nians containing the information about internal couplings of the amide I vibrational
mode have been constructed from trajectories obtained by MD simulations, which
have subsequently be analyzed using the Numerical Integration of the Schrödinger
Equation (NISE).

The snow flea antifreeze protein (2PNE) consists of three pairs of anti-parallel
PPII helices. These PPII helices have been found to be involved in the cytotoxicity of
Poly-Q amyloid clusters, although the exact nature of this is still under investigation.
6Y1A is a proposed configuration of the amylin amyloid found in the pancreas during
diabetes mellitus type 2. In order to verify this configuration, isotopic labeling has
been applied to 6Y1A to investigate whether the obtained absorption spectra and
couplings agree with proposed hypothesis and experimental results.

No direct identifiable fingerprint could be discovered for the PPII structure. As
is common with the other more prevalent secondary structures, the α-helix and the
β-sheet, internal hydrogen bondings cause the transfer of excitation to show in the
absorption spectrum of 2DIR. It is possible that characteristics absorption spectra
the PPII structure are present within the protein, but they are not clearly visible
within 2PNE using current settings. Isotopic labeling on the 6Y1A configuration
was performed in order to verify speculations about the possible internal structures.
This was done by repeating isotopic labeling performed by Wang et al.8 and exam-
ining the relationship between observed absorption spectra and predicted behaviour
due to residue proximity. 6Y1A was indeed deemed a possible configuration of the
amylin amyloid, but further in vitro experimentation will be necessary to definitively
conclude the validity of the 6Y1A protein.

The validity of using in silico experiments to verify in vitro results is discussed,
and it was concluded that the methods involved in this research have al been proven
accurate enough to simulate real physical processes. In silico experimentation could
be used to verify or further examine in vitro experiments, as the lower costs and extra
variability of the method allow for different aspects of the protein interactions to be
examined. Although no clear results have been obtained, it is my hope that further
research is possible from here, where more knowledge about the formation of protein
aggregates will lead to a way to stop them from forming altogether.
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Appendix A

Appendix

A.1 2D infrared results 2PNE and 6Y1A Comparison

(a) 2PNE parallel polarized (b) 6Y1A parallel polarized

(c) 2PNE perpendicular polarized (d) 6Y1A perpendicular polarized

Figure A.1. The comparison between 2D IR spectra obtained from 2PNE
and 6Y1A 1
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(a) 2PNE cross polarized (b) 6Y1A cross polarized

(c) 2PNE Zanni method (d) 6Y1A Zanni method

Figure A.2. The comparison between 2D IR spectra obtained from 2PNE
and 6Y1A 2
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A.2 2PNE Exciton magnitude and direction

(a)

(b) (c)

Figure A.3. (a) All the transition dipole moments within the 2PNE pro-
tein. (b) and (c) show a segment of nine residues in the beginning of protein
which exhibit the full rotation every three residues, as discussed in section

1.2.2
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(a) 1619.84 cm−1 (b) 1638.78 cm−1

(c) 1640.17 cm−1 (d) 1667.91 cm−1

(e) 1672.31 cm−1

Figure A.4. The exciton weighted value of excitation for the eigenvalues
calculated in section 3.3.1. The couplings within the protein are shown as
beads and the arrows show the direction and magnitude of the oscillation of

the 2PNE protein for different eigenfrequencies.
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A.3 Hamiltonians obtained with isotopic labeling

These Hamiltonians in Figure A.5 and Figure A.6 show the couplings that the iso-
topically labeled residues have with their neighbours of a different protein chain

(a) Ala13 (b) Leu16

(c) Ser19 (d) Ser20

(e) Phe23 (f) Gly24

Figure A.5. Hamiltonians showing the internal couplings between residues.
(1/2)
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(a) Ala25 (b) Ile26

(c) Leu27 (d) Val32

(e) Gly33 (f) Tyr37

Figure A.6. Hamiltonians showing the internal couplings between residues.
(2/2)



Appendix A. Appendix 43

A.4 Structural placement of Residues in isotopic label-
ing

(a) Top view (b) Side view

Figure A.7. Ala13 residues in the 6Y1A aggregate

(a) Top view (b) Side view

Figure A.8. Leu16 residues in the 6Y1A aggregate
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(a) Top view (b) Side view

Figure A.9. Ser19 residues in the 6Y1A aggregate

(a) Top view (b) Side view

Figure A.10. Ser20 residues in the 6Y1A aggregate

(a) Top view (b) Side view

Figure A.11. Ala25 residues in the 6Y1A aggregate
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(a) Top view (b) Side view

Figure A.12. Val32 residues in the 6Y1A aggregate

(a) Top view (b) Side view

Figure A.13. Gly33 residues in the 6Y1A aggregate
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A.5 Internal Couplings per chain for the FGAIL sequence

Couplings between FGAIL sequences

Initial Protein
Chain

F-F G-G A-A I-I L-L

A 1.850 1.374 -6.702 -6.123 -6.348
B 1.785 1.031 -6.513 -5.794 -4.539
C 2.081 1.607 -6.579 -6.222 -5.529
D 1.908 0.898 -6.359 -6.275 -5.611
E 2.231 1.351 -6.382 -6.459 -6.082
F 1.908 0.617 -6.395 -6.273 -5.858
G 2.155 1.440 -6.573 -6.358 -5.512
H 2.209 0.733 -6.457 -6.612 -5.323
I 2.049 1.327 -6.482 -6.478 -5.961
J 2.735 0.745 -6.508 -6.544 -6.465
K 1.859 0.804 -6.316 -6.707 -6.132
L 2.459 0.686 -6.498 -6.460 -6.179
M 2.639 1.965 -6.549 -6.474 -4.875
N 3.128 1.118 -5.926 -6.400 -6.006

Table A.1. Internal Couplings between the FGAIL sequence of a protein
chain and the protein chain directly beneath it. Data is within expected

margins from Serrano et al.44
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