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Summary

The revolutionary progress of research in science and technology in this
and the past century has been a great help to understand our Mother Na-
ture and unravel many mysteries. Performing experiments allow one to
directly observe how nature behaves and lead to many questions related to
the observations. To address these questions theories are developed, which
provides a deeper understanding of the underlying phenomena. Thus, a
combination of experiment and theory is crucial to investigate scientific
problems. The problem addressed in this thesis is the well known protein
folding problem which has been investigated both experimentally and the-
oretically by scientists of different disciplines, i.e. by biologists, chemists,
physicists, and mathematicians, in the last 50 years.

Proteins are composed of amino acids and are essential components of liv-
ing systems and perform many mechanical and chemical functions necessary
to survive. For example, elastin provides elasticity and enzymes activate
most bio-chemical reactions. The thermodynamic statement that a pro-
tein with a given amino acid sequence spontaneously folds into its native
thermodynamically stable three-dimensional structure, aroused a lot of at-
tention in the scientific community. Since then, scientists are trying to
understand how proteins fold into their correct native structures. Folding
into a wrong structure, i.e. into a misfolded state, leads to numerous dis-
eases such as Alzheimer’s diseases, Parkinson’s diseases, type II diabetes
and cancer. Therefore, it is crucial to understand the mechanism of protein
folding, identify the intermediate structures that proteins adopt to get to
the native state and determine the folding time scales.

To understand functions of proteins and unravel the mysteries of the folding
problem, structure determination of proteins is the primary and important
step to be carried out. Development of experimental techniques such as
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X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy,
circular dichroism and fluorescence spectroscopy have allowed to resolve
and characterize structural components of proteins. The recently devel-
oped single molecule spectroscopy even allows one to investigate an indi-
vidual protein molecule. Linear infrared absorption, also known as Fourier
transform infrared (FTIR) spectroscopy and two-dimensional infrared (2D
IR) correlation spectroscopy have been proven to be useful tools to resolve
ultrafast dynamics, occurring on nanoseconds (ns) down to femtoseconds
(fs). In this thesis we have shown how 2D IR spectroscopy can be used
to resolve local structures and dynamics of proteins. To do that we have
developed models and simulation techniques which in combination with 2D
IR experiments are powerful tools that open a door for investigating protein
structure and the folding problem in a new direction.

Molecular dynamics (MD) simulation is a computational technique to in-
vestigate theoretically the protein structure and dynamics. Proteins are
treated at the atomic level and an MD trajectory of a protein is obtained
by Newton’s laws of motion. An MD trajectory of a protein basically
constitutes a configuration space for that peptide. The size of the configu-
ration space depends on the size of the protein and the degrees of freedom
reflecting the flexibility of the protein. In some cases, the length of an
MD trajectory at a particular temperature is not sufficient to explore the
whole configuration space, that is, it may not be possible to access all
possible structures that a protein can adopt. Replica exchange molecular
dynamics (REMD) simulation allows to run many parallel MD simulations
at exponentially distributed temperatures, where there is a chance that a
configuration at the higher temperature can exchange with a configuration
at the lower temperature. This makes it possible to access most part of
the configuration space. In this thesis, we have carried out both MD and
REMD simulations, whenever needed.

The skeleton of a protein or peptide contains a backbone which is built
due to formation of peptide bonds between amino acids. Amino acids are
identical in the backbone structure, but differ in the side chain structure
(Fig. 1.1 in Chapter 1). Along the backbone of a peptide carbonyl (CO)
groups are located. The stretching vibrations of these groups dominate a
band of the infrared spectrum, which is called the amide I band. The amide
I band is identified between 1600 and 1700 cm−1 in an infrared spectrum.
Vibrational frequencies of the amide I oscillators depend on the structure of
a peptide and the dynamical surroundings. Vibrational couplings between
the amide I oscillators are sensitive to where the oscillators are located in
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a peptide. Therefore, probing the vibrational dynamics of these oscillators
with infrared spectroscopies allows one to resolve structural changes of a
peptide. For example, infrared spectroscopic signatures of the secondary
structural motifs (α-helix and β-sheet, see Fig. 1.2 in Chapter 1) of proteins
are identified as follows: the amide I band for an α-helix is located between
1640 and 1660 cm−1 with two sub-bands separated by 10 cm−1, while for
a β-sheet structure two peaks are observed at 1640 and 1680 cm−1. A β-
sheet structure is recognized by a Z shaped 2D IR peak resulting from the
vibrational couplings between the oscillators of a peptide.

Complex structures of proteins result in complex congested shapes of spec-
tra and interpreting these spectra is a great challenge. This requires the
developments of theories and models to provide the correct understanding
of the underlying phenomena. In Chapters 2, 3, and 4 we have introduced
models and tools that can be used to simulate and analyze spectra. The
protocol used in this context comprises a series of steps. First, molecu-
lar dynamics simulations of a peptide or protein of interest is performed
to obtain an MD trajectory. Second, the MD trajectory is mapped to a
trajectory for the frequencies of and the couplings between the amide I
oscillators, employing density functional theory (DFT) based parametriza-
tions. These quantities change with time along the trajectory and result in
a time-dependent Hamiltonian. Third, this time-dependent Hamiltonian
is used in solving the time-dependent Schrödinger equation numerically;
we use a scheme known as numerical integration of Schrödinger equation
(NISE) to obtain the simulated spectra. Fourth, the simulated spectra are
then compared with the experimental ones to verify the actual existence of
the simulated configurations.

In Chapter 2, we have described that the structure of an amide I oscilla-
tor of three types and the corresponding amide units are called primary,
secondary and tertiary units (Fig. 2.1 in Chapter 2). There are existing
parametrizations for the primary and secondary amide units, but these are
not applicable to those peptides or proteins containing the proline amino
acid residue. This is because an amide unit preceding proline is a tertiary
one and there is no parametrization reported yet. In Chapter 3 we have
introduced a DFT based parametrization for such a unit, making it possible
to study proline containing proteins such as elastin and collagen.

Analyzing 2D spectra is crucial to extract the information about structure
and dynamics. In Chapter 4, we have described different methods for spec-
tral analysis, which can be used to distinguish between frequency dependent
dynamics. Frequency correlation functions which describe the underlying
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dynamics have been directly linked to the a number of lineshape metrics
of 2D spectra. Therefore, for a system involved in frequency dependent
dynamics, analyzing these lineshape metrics one can assign a particular
spectral region to a particular time scale of dynamics.

The modeling, simulation, and analysis methodologies introduced in Chap-
ters 2, 3, and 4 are applied to study peptide structure and dynamics in
Chapters 5, 6, and 7. In Chapter 5, trpzip2, a small β-hairpin peptide, has
been considered, which was specially designed as a model system for study-
ing protein folding in β-sheet structures. To characterize spectroscopically
the local structures and dynamics surrounding the amide I oscillator, iso-
tope labeling has been used. This technique allows to isolate the spectrum
of a labeled oscillator from the main band by lowering its frequency, thus
allowing to extract the site specific information of a peptide. This study
has led us to classify the amide I sites into two groups: (a) the first one
is hydrogen bonded to the peptide forming a stable conformation, (b) the
second one is solvent exposed resulting in fast fluctuating hydrogen bonding
with the solvent. This classification can be used as a tool in future studies
of protein folding to identify different folding intermediates differing by hy-
drogen bonding patterns. We also have found distinct turn structures that
are spectroscopically distinguishable, showing the existence of a heteroge-
neous configuration space for the turn geometry. The ability to identify
different turn structures is very useful, as the turn formation in a folding
process is a particularly important step.

Determination of kinetics, that is, time scales of transitions between dif-
ferent folding intermediates, is essential to understand protein folding. A
temperature-jump (T-jump) that induces a sudden thermal change in a sys-
tem, can be used to determine the relaxation kinetics of proteins. We have
developed a simulation protocol for a T-jump experiment combined with
FTIR and 2D IR spectroscopy. To do that, we have considered a cyclic
peptide as a model system and have obtained structurally distinct sub-
ensembles from an REMD simulation. These sub-ensembles have unique
spectroscopic signatures and different populations at a particular temper-
ature. All of them contribute to the total spectrum according to their
populations. We have shown how a T-jump affects the populations of these
sub-ensembles and thereby the total spectrum. We have not been able to
determine the unfolding kinetics because of inaccessibility of the fully un-
folded configuration, but sub-nanosecond kinetics of the lysine side chain
has been revealed.

The last issue that we have discussed in this thesis is determining the struc-
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ture of proteins with high conformational flexibility, such as elastin. This
is a great challenge. The reasons are the following. It is impossible to
prepare samples of elastin and elastin-like peptides for X-ray crystallogra-
phy as these peptides are amorphous. NMR spectroscopy cannot be used
because the conformational changes are expected to occur on hundreds of
picosecond, whereas the time resolution that NMR provides is of the or-
der of microseconds and longer. To overcome these difficulties, in Chapter
7, we have combined theoretical and experimental investigations based on
2D IR spectroscopy. We have shown how one can use molecular dynamics
simulation and 2D IR spectroscopy to resolve the hydrogen bonding struc-
tures of elastin like peptides and determine their actual occurrence. We
have probed the vibrational dynamics of the amide I unit preceding proline
to show that different turn structures can be identified and mutating the
amino acid residue preceding proline substantially alters the preferences for
the turn configuration. This study, therefore, has established a methodol-
ogy to determine the distribution of structures of peptides and proteins
with ultrafast conformational dynamics.

To conclude, we have developed models, tools, and simulation protocols
that can be combined with 2D IR spectroscopy to resolve the local struc-
tures of proteins having unique hydrogen bonding patterns. These tools
have the capability of identifying different folding intermediates and de-
termining their kinetics. We, thereby, have provided a promising way for
future investigation of protein folding.
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