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Chapter 1

General Introduction

We introduce the current issues on structure, dynamics, and folding of proteins
and address the applicability of linear infrared absorption spectroscopy and its
two-dimensional version (2D IR) for resolving protein structure at the atomic
level and determining protein dynamics. Proteins are involved in many bio-
chemical reactions and also perform mechanical functions such as providing
strength and elasticity of living systems. Determination of structure and dy-
namics of proteins is essential to understand their functions. A fully extended
protein structure can spontaneously fold into its three dimensional thermo-
dynamically stable native structure, this represents a phenomenon known as
protein folding. Resolving and identifying different structural motifs of pro-
teins in a folding process are important to track the folding pathways. To this
end, here, we provide linear infrared absorption and 2D IR spectroscopy based
simulation methodologies that can be combined with experiments to charac-
terize the local structures and dynamics of proteins. We set up a simulation
protocol for unraveling the unfolding kinetics of proteins and the tools that
will allow one to distinguish between the folding intermediates that differ by
hydrogen bonding patterns. We show from a combined study of theory and
experiments that 2D IR is an ideal spectroscopic technique for resolving the
structure of those proteins which are intrinsically disordered, amorphous and
have sub-nanosecond conformational stability.
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1.1 Characteristics of Proteins

Proteins are indispensable components of living systems which participate
in almost any biological process in the organism. Enzymes are proteins
which function as catalyst in chemical reactions to favor the reactions in
the forward direction by lowering the activation energy of the reactions such
that the equilibrium condition is reached faster [1]. In the animal body fi-
brous proteins perform mechanical functions and keep the body in shape.
For example, collagen, the most abundant protein in the body [2], is the
principal component of connective tissues and is generally found in tendon,
ligament, skin, and bone, where it provides tensile strengths. Elastin which
is found together with collagen provides elasticity of the body, i.e. it helps
to restore the original shape of the tissues subject to mechanical deforma-
tion [3]. Immunoglobulins (antibody) [4] are used by the immune system of
the body for identification and neutralization of foreign objects (antigen)
such as bacteria and viruses. Proteins also function as transporter, for ex-
ample, hemoglobin transports oxygen through the blood [5] and membrane
transport proteins or channel proteins are involved in transporting water,
ions, small molecules, and urea [6].

Functions of proteins are directly related to their structures and dynamics.
There are 20 naturally occurring fundamental building blocks of proteins,
known as amino acids [1]. Except for proline, all amino acids have an iden-
tical backbone; they only differ by side chain structure. For proline the side
chain binds to the backbone forming a ring (Fig. 1.1), which makes it a
structurally special amino acid. Peptide bonds are formed between amino
acids to build the main chain of a polypeptide, that is, a given amino
acid sequence describes a primary structure of a protein. This polypeptide
chain folds spontaneously into a three-dimensional structure and this phe-
nomenon is called protein folding. During folding local secondary structures
can form, such as α-helices, 310-helices, π-helices, β-sheets and tight turns
(some of these are depicted in Fig: 1.2) stabilized by hydrogen bonding.
The third level of protein structure is called tertiary structure, which is
the three dimensional structure of a single protein molecule, possibly con-
taining several secondary structural components. The tertiary structure is
stabilized by both local and non-local interactions such as hydrogen bonds,
salt bridges, disulfide bonds, and the tight packing of side chains due to hy-
drophobicity. Finally, tertiary structures assemble to form a multiprotein
complex. This complex configuration is named the quaternary structure.

The protein folding problem [8, 9] arose from the thermodynamic hypothe-
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Figure 1.1: A schematic picture to demonstrate a primary structure built
with the amino acid residues: valine (Val), proline (Pro), and glycine (Gly).
Red, blue, cyan, and white colored atoms are oxygen, nitrogen, carbon, and
hydrogen, respectively. Blue circles are used to indicate carbonyl groups.
For Pro, the side chain forms a ring with the backbone making it structurally
different from other amino acid residues.

sis [10, 11] that given an amino acid sequence a protein folds into a thermo-
dynamically stable unique three-dimensional native structure. In a folding
process proteins may not find the correct native state, but get stuck in
kinetic traps resulting in misfolding [12]. Misfolding causes aggregation of
partially folded or unfolded polypeptide chains, which is involved in dis-
eases like Alzheimers’ and Parkinson’s disease, cancer, and type II diabetes
[13, 14]. Thus, the protein folding/misfolding problem has aroused a lot of
attention of scientists from different disciplines and they have been address-
ing the following crucial issues: ”What are native structures of proteins?
What are the folding pathways leading toward the native structure, i.e. the
paths leading to the global minimum in the free energy surface? What are
the folding intermediates accessed in a folding process? What are the tran-
sition rates among these intermediates?” In the early stage of the folding
problem, it appeared to be a great challenge to answer these questions, but
with the advancements of experimental [15–25] and computational tech-
niques [26–29] in the last decades important advances have been made on
structure determination and folding of proteins.

To understand the folding process or function of proteins, it is necessary
to have a clear understanding of their structures. Then, to understand the
global three dimensional structure of proteins, it is necessary to understand
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Figure 1.2: The cartoon (left) of the immunoglobulin binding domain
of streptococcal protein G, resolved with nuclear magnetic resonance spec-
troscopy [7]. The atomic structure of a part of the α-helix and the β-sheet
are depicted on the right side. The blue dashed lines between the oxygen
and hydrogen atoms indicate hydrogen bonding.

their local structures first. Thus, small peptides having secondary struc-
tural elements are generally considered for primary investigation. To this
end, in this thesis, we study three types of peptides in water solution (Fig.
1.3). First, a β-hairpin peptide (Trpzip2) [30] is examined which has β-
sheet structure accompanied with a β-turn, the stability of this peptide is
attributed to tryptophan side chain packing forming a hydrophobic core and
cross-strand hydrogen bonding. The dynamic surroundings of each building
block for this peptide are characterized. The heterogeneous configuration
space of the turn, that is, a collection of structurally distinct sub-ensembles
of the turn is obtained. Second, a cyclic β-hairpin peptide (GS10, an ana-
log of an antibiotic peptide, gramicidin S) [31] with a highly stable and
rigid backbone also having β-sheet structure and a β-turn is investigated.
Kinetics of structural components of this peptide are determined following
a sudden thermal denaturation (temperature-jump). Third, an elastin like
peptide [32] and its mutants are considered. These are intrinsically disor-
dered rubber like peptides with highly flexible backbone. The distributions
of their turn structures are resolved in terms of hydrogen bonding patterns.
Altogether, we investigate the configuration space and conformational dy-
namics of the local structures for two types of peptides: peptides with high
structural rigidity and peptides with high structural flexibility.
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Figure 1.3: (a) Trpzip2: the backbone and tryptophan (TRP) side chains
are depicted, (b) the cyclic peptide GS10 with a very stable and rigid back-
bone, (c) a folded configuration of an elastin like peptide.

Techniques for probing structures and dynamics of proteins

X-ray crystallography [33] is a well known technique to provide high reso-
lution atomic structure of crystallizable proteins although it lacks the dy-
namics information. Small angle X-ray scattering allows to tract the con-
formational changes in proteins in solution and thus allows one to monitor
the transitions between native and non-native structures [15, 16]. Nuclear
magnetic resonance (NMR) experiments are excellent to determine ensem-
bles of protein structures in solutions, it resolves conformational changes
occurring on microseconds and longer time scales and has been used in
folding studies of proteins [17, 18]. Circular dichroism spectroscopy can
provide insights into protein structure and folding for the optically chiral
proteins [19, 20]. Fluorescence spectroscopy is another powerful tool in this
context, but it requires that the proteins contain a fluorescent chromophore
[21]. Such chromophores can be chemically attached but are bulky which
may affect the studied protein. Single-molecule fluorescence spectroscopy
[22, 23, 34] has turned out to be a promising technique to tract the struc-
tural changes at the single molecule level, making it possible to follow
the folding pathways of individual molecules. Infrared (IR) spectroscopy
[24] and its two-dimensional version (2D IR) [35] have been proven to be
ideal choices for investigating hydrogen bonding network based structures
of proteins in solutions [36–50] or membranes [51–55]. The uniqueness of
the infrared spectroscopic techniques is the possibility to resolve ultrafast
dynamics, offering a time resolution of nanoseconds down to femtoseconds.

Results of infrared spectroscopic measurements of complex systems such as
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proteins are often hard to interpret and theoretical investigation is required
to understand the underlying physical phenomenon. Molecular dynamics
(MD) simulation is extensively used to theoretically examine the dynam-
ics of proteins. A continuous MD trajectory of a protein at a particular
temperature can explore its configuration space, although in some cases
the length of the trajectory is not sufficient to cover the whole configu-
ration space. The trajectory may get trapped in a few local minima in
the free energy surface and move back and forth between them, therefore,
other local minima and the global minimum may be missed. The replica
exchange molecular dynamics (REMD) method [56, 57] is very useful to
overcome such difficulties. Using this technique multiple MD simulations
of a protein run in parallel at exponentially distributed temperatures and
replicas of the protein at two adjacent temperatures are exchanged with
a certain probability based on the standard Metropolis criteria [57]. The
purpose is to make configurations at high temperatures available to the MD
simulations at low temperatures and vice versa, hence accessing the most
part of the configuration space by passing over the activation barriers at
higher temperatures. Recently developed Markov state models for the con-
figuration space of proteins [58, 59] allow to decompose it into kinetically
metastable macro-states such that most of the configurations are reached.
It is important to note here that the configuration space depends also on
the force fields used to describe a protein and its surroundings. Use of a
particular force field gives a particular structural preference which differs
between force fields [60]. Some biological systems are very large and their
structural changes occur on a time scale not accessible with atomistic sim-
ulations. For such systems, coarse-grained molecular models [61–65], for
example, the MARTINI model [61] is very useful. In this model, several
atoms are grouped together to reduce the degrees of freedom of a system of
interest and the groups interact through an effective potential. Thus, the
model is computationally very efficient allowing one to investigate large
systems.

1.2 Amide I vibrations

Looking at the peptide backbone (Fig. 1.1) a carbonyl group (CO) is ob-
served in every building block. Its stretching vibration dominates the amide
I region (generally 1600-1700 cm−1) of the infrared spectrum. Because of
the large transition dipole of the CO stretch, it exhibits strong infrared
absorption. The frequency of the amide I vibration is sensitive to the sur-
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rounding structure and dynamics due to electrostatic interactions and the
oscillators are coupled via electrostatic interactions between them. Probing
the amide I vibration it is possible to obtain information about the struc-
ture and dynamic environment surrounding the corresponding CO group.
Especially, hydrogen bonding of the carbonyl oxygen to the amide or water
hydrogen is resulting in a red shift of the frequency. Thus, with linear in-
frared absorption and 2D IR spectroscopic techniques backbone structures
with different hydrogen bonding patterns can be resolved. For example, the
amide I band for an α-helix is located between 1640 cm−1 and 1660 cm−1

with two sub-bands (A and E1) separated by 10 cm−1, while for a β-sheet
structure two peaks are observed at 1640 and 1680 cm−1 [45, 66, 67]. In
2DIR spectra β-sheet structures are recognized by the Z shape resulting
from excitonic couplings [68, 69].

In the amide I band of a peptide, the contribution from all CO groups
overlap leading to a rather congested spectrum. Isotope labeling is a tech-
nique which is used to isolate the spectrum of a particular amide I site
from the main band by red-shifting the frequency of that site. 13C16O and
13C18O labeling are commonly used, resulting in redshifts of 41 cm−1 and
60 cm−1, respectively. Linear infrared absorption and 2D IR spectroscopy
combined with isotope labeling provide local structural and dynamics in-
formation [43, 52, 53]. These techniques together with temperature-jump
experiments allow one to determine the temperature dependence of protein
structure and the unfolding kinetics [70–73]. The amyloid fibril formation
mechanism and structural details of amyloid-inhibitor complex have also
been resolved with 2D IR spectroscopy [74–76]. Recently, determination
of tertiary structure of a transmembrane protein with isotope label 2D IR
spectroscopy has been reported [77].

1.3 Questions to be answered: Outline

While it is now clear that the linear infrared absorption and 2D IR tech-
niques may be successfully applied to obtain structural and dynamical in-
formation on proteins and peptides, several important questions remain to
be answered.

First, to understand and interpret spectra of proteins is a great challenge
and it requires spectral modeling and thorough theoretical enquiry. There
are existing models and parametrizations [78–91] to describe a quantum
vibrational system embedded in a surrounding classical system. In Chap-



8 Chapter 1: General Introduction

ter 2, the background theory and methods used in this thesis for modeling
and simulating linear infrared absorption and 2D IR spectra are discussed.
Here, the first question appears: ”Are the existing parametrizations appli-
cable for describing the amide I vibrations in all proteins?” The existing
parametrization can be used for the amide unit of all amino acid residues of
a peptide chain except the one which is preceding proline. This is because
of the structural difference between proline and other amino acid residues
as shown in Fig. 1.1. Proline is an important amino acid, frequently found
in the turns of proteins and responsible for the conformational stability of
the turn. To describe the amide I vibrations in proteins containing proline
such as elastin and collagen a new parametrization is necessary. In Chapter
3, we present such parametrization for the amide unit preceding proline.
The quality and the applicability of the parametrization are tested by car-
rying out spectral simulations of a number of peptides with proline in D2O
and comparing with experimental observations.

Second, there are existing lineshape analysis methods for 2D spectra which
quantitatively characterize the system dynamics. Here, questions are: ”How
accurate are the methods? Is it possible to distinguish the frequency de-
pendent spectral dynamics (non-Gaussian) from the frequency independent
spectral dynamics (Gaussian) using these analysis methods? Can frequency
correlation functions which encode the occurrence and time scales of dy-
namics be extracted from the spectra? Is there any way to measure the
non-Gaussianity present in systems with frequency dependent dynamics?”
To address these questions we examine the accuracy of commonly used line-
shape analysis methods for 2D spectra in Chapter 4. Systems with both
Gaussian and non-Gaussian dynamics are considered to check whether these
analysis techniques can distinguish between them. A direct link is estab-
lished between the frequency dependent correlation functions and a number
of lineshape metrics. We extend the existing lineshape analysis methods to
allow the extraction of the third-order correlation function from 2D spectra,
which is indeed a measure of non-Gaussianity.

Third, modeling, simulating, and analyzing spectra and then comparing
with experimental observations can lead to understanding the structure
and dynamics of proteins. Here a few questions arise: ”To what extent can
the dynamical surroundings of an amide I site be characterized? Can we
classify the amide I sites of a peptide or protein into groups each having
unique spectroscopic features depending on the local structures? What is
the most important lineshape parameter that should be monitored to dis-
tinguish spectroscopically between a solvent exposed unfolded configuration
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and a folded configuration of a peptide?” These questions are addressed in
Chapter 5. There, we use isotope edited 2D IR spectroscopy to obtain site
specific structural information in trpzip2, a small β-hairpin peptide spe-
cially designed as a model system for studying protein folding in β-sheet
structures. The dynamic environment surrounding the amide I sites are
characterized, followed by spectroscopic and structural classification of the
amide I groups into two categories: (a) the amide I unit is hydrogen bonded
to peptide forming a stable conformation, (b) solvent exposed sites form-
ing fast fluctuating hydrogen bonding with the solvent. This classification
is achieved from spectral simulations followed by lineshape analysis of the
simulated 2D spectra. These results enable future studies to identify dif-
ferent folding intermediates with different hydrogen bonding pattern in a
protein folding process.

Fourth, if a protein is subject to sudden thermal change caused by a
temperature-jump, it relaxes to a new equilibrium, allowing one to deter-
mine the relaxation kinetics. Now, questions are: ”Is there any simulation
methodology that can be used to model a temperature-jump experiment in
order to determine the unfolding kinetics of proteins? How sensitive is the
spectral change to the relaxation process after the temperature-jump?” An-
swering these question helps to track the pathway through different folding
intermediates in a folding/unfolding process. This leads us to Chapter 6,
where we introduce a simulation protocol to model a temperature-jump ex-
periment combined with linear infrared absorption and 2D IR spectroscopy
to resolve the relaxation kinetics of a cyclic β-hairpin peptide. To make
sure that most of the configuration space is explored an extensive REMD
simulation is carried out and the configuration space generated from the
simulation is decomposed into structurally distinct sub-ensembles used to
set up the T-jump simulation. These sub-ensembles have unique spectro-
scopic signatures and different populations at a particular temperature. All
of them contribute to the total spectrum which carries the characteristics
of the whole configuration space. We show how the T-jump affects the
populations of these sub-ensembles and thereby the total spectrum. The
corresponding kinetics and the underlying physical phenomena are unrav-
elled. We also address the question whether the force field used here is the
right choice or the use of different other force fields is necessary for access-
ing all possible configurations required to determine the unfolding kinetics
for this particular peptide.

Fifth, the last issue is determining the structure of proteins with high
conformational flexibility, such as elastin. Elastin and elastin-like peptides
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are amorphous and it is impossible to prepare samples of these peptides for
X-ray crystallography. Hence, this technique can not be used to determine
the crystal structure. NMR spectroscopy cannot be used to dig into their
structural heterogeneity because the conformational changes are expected
to occur on sub-nanosecond time scales. Now the question is: ”To what
extent is it possible to determine the structural sub-ensembles of these
peptides with the help of 2D IR spectroscopy?” To answer this, in Chapter
7, we report on a combined theoretical and experimental investigation to
resolve the hydrogen bonding structures of an elastin like peptide and its
mutants with 2D IR spectroscopy and determine their actual occurrence.
Probing the vibrational dynamics of the amide I unit preceding proline we
show that different turn structures can be distinguished and mutating the
amino acid residue preceding proline substantially alters the preferences
for the turn types. Here, we establish a methodology to determine the
distribution of structures of peptides and proteins of which conformational
changes occur on sub-nanosecond time scales.

We approach theoretically to answer the above questions, interpreting the
related infrared experimental observations for a number of small peptides.
Thus, we provide the tools to bridge between theory and experiments and
set up a new direction for further study of large peptides and proteins to
investigate structure, dynamics, and folding.
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Chapter 2

Spectral Modeling:
Theory and Methods

We introduce the theoretical background required for linear infrared absorp-
tion and two-dimensional infrared (2D IR) spectral modeling and simulation.
Interpreting experimental spectra of complex molecules such as proteins is a
great challenge, because their structural diversity results in spectra with com-
plex lineshapes. Theoretical models are required to investigate the underlying
physical phenomena. There are existing models which are used to construct
the amide I vibrational Hamiltonian that describes the system of interest. In
this thesis, we show how electrostatic maps and maps based on Ramachan-
dran angles, developed with density functional theory, can be used to extract
frequencies of and couplings between the amide I vibrations from a molecular
dynamics (MD) trajectory. After mapping the MD trajectory to a Hamiltonian
trajectory, the time dependent Hamiltonian is used in the Numerical Integration
of Schrödinger Equation scheme to obtain linear and 2D IR spectra. Character-
istic features of a 2D IR spectrum are discussed emphasizing important factors
such as correlation between molecular structures and spectra and sensitivity of
a 2D IR spectrum to the dynamics in the environment.
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Chapter 2: Spectral Modeling:

Theory and Methods

2.1 Introduction

Vibrations in molecules such as peptides and proteins have frequencies in
the infrared region of the electromagnetic spectrum. Linear infrared ab-
sorption and two-dimensional infrared (2D IR) spectroscopy are ideal tools
to apply for investigating molecular vibrational dynamics. ”What is the
methodology to model a linear or a 2D IR spectrum of a peptide?” is the
question that we address in this chapter. This requires that we address the
following issues: ”Which particular vibrations do we investigate and how
do we determine the frequencies of these vibrations? Are these vibrations
coupled? How do we determine the couplings? How does the molecular
vibrational system respond to applied external electric fields generated by
a laser? What is the form of the Hamiltonian that can be used to describe
the vibrational system and how is it used to calculate spectra?” Below, we
answer these questions accordingly.

Frequencies of molecular vibrations are determined by the Potential En-
ergy Surface (PES), on which the nuclei of the molecule move. The PES
is determined by the electronic structure of the molecular system. When a
peptide is solvated, for example in water, the potential energy not only de-
pends on the electronic configuration of the molecule itself, but also on the
forces exerted by the solvent. The vibrational frequencies thus change due
to solvation. The solvent effect on the vibrational frequency is called vibra-
tional solvatochromism. In polar solvents, typically, the electrostatic force
dominates and the vibrational solvatochromism can be well approximated
as the electrostatic effects of the solvent on the peptide.

As mentioned in Chapter 1, in this thesis we focus on the amide I vibration
in proteins and peptides, which is dominated by the backbone CO stretch-
ing vibration. Because of the large transition dipole it exhibits a strong
infrared absorption. In addition, this large dipole leads to the electrostatic
couplings between different CO oscillators in a polypetide chain. The fre-
quencies of and the couplings between the amide I oscillators of a peptide-
configuration can be calculated using quantum chemical methods such as
density functional theory (DFT) [92], which describes the peptide-solvent
system at the electronic level. But, instead of treating the whole system
quantum mechanically, maps (discussed below) developed with electronic
structure calculations of the building blocks of a peptide to determine the
frequencies and couplings for a configuration of the peptide are used. This
is helpful to avoid the computational costs required for the former case.
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The number of structurally unique configurations that a peptide can adopt
depends on its flexibility, i.e. its degrees of freedom and the forces that
drive it to those configurations, originating from the interactions such as
hydrogen bonding, electrostatic interactions, and hydrophobicity in the
peptide-solvent system. To explore the configuration space of a peptide,
molecular dynamics (MD) simulation is generally used. DFT based molec-
ular dynamics, which is also known as Carr-Parrinello molecular dynamics
(CPMD) [93] is an excellent simulation tool for small systems and for short
trajectories (typically picoseconds). But it is computationally expensive
for longer simulation (nanoseconds and longer), therefore, it may not be
an ideal choice for exploring the most part of a peptide’s configuration
space, where longer simulations are needed. On the other hand classical
MD simulation which describes the peptide at the atomic level allows one to
explore the configuration space faster with less computational costs. Thus,
methodologies [78–91] have been developed to map trajectories from clas-
sical MD simulations to trajectories for the frequencies of and couplings
between amide I oscillators. The amide I oscillators can be classified into
structurally distinct units as depicted in Fig. 2.1: primary, secondary and
tertiary amide units. They differ in the number of amide hydrogens (deu-
terium) connected to the amide nitrogen. The primary amide units are
mostly found in side chains and termini of a peptide or a protein. Both the
secondary and tertiary units are found in the backbone, but the later one
appears as the unit preceding proline.

We do not consider the primary amide unit in this thesis, but it is impor-
tant to note that recently empirical maps [91] have been reported for this
unit. For the secondary amide unit there are existing maps [78–91] and in
this thesis we use those reported in Ref. 86, 87. For the tertiary amide
unit we develop maps in Chapter 3 in order to study peptides containing
proline. Although not studied further in this thesis, it is worth mentioning
another interesting vibrational band, the amide II band dominated by the
CN stretch vibrations in the amide units [94–96]. Recently, density func-
tional theory based maps [84, 97] have been developed to jointly describe
the amide I and amide II vibrational dynamics of proteins.

The mapping we use in this thesis to extract frequencies from MD tra-
jectories is based on a method analogous to the Stark effect. The Stark
effect describes the splitting (or shifting) of spectral lines of molecules in
the presence of an external electric field, originating due to the electrostatic
interaction between the charge distribution on the molecules and the exter-
nal electric field. Here, for a secondary amide unit (Fig. 2.1) we consider



14
Chapter 2: Spectral Modeling:

Theory and Methods

Figure 2.1: The structural difference among the primary, secondary and
tertiary amide units: deuterated acetamide (ACED), N-methyl acetamide
(NMA), and N,N-dimethyl acetamide (DMA) are the model systems to rep-
resent them, respectively.

the electric field and its gradient on the C, O, N and D atoms [86] gen-
erated by the surroundings and the frequency is approximated as a linear
function of the field and gradients. For a tertiary amide unit (Fig. 2.1)
the field and gradient are considered on the C, O, N and Cδ atoms [98].
Ramachandran angles (see Fig. 2.2) based nearest-neighbor frequency shift
maps [87, 98] are used to correct these frequencies accounting for through-
bond effects from nearest-neighbor units. The couplings between differ-
ent amide I oscillators are calculated in two ways: (a) couplings between
the nearest-neighbors are calculated using the Ramachandran angle based
scheme [87, 98], (b) couplings between non-nearest-neighbor units are found
using the transition charge coupling scheme [87, 98]. The detailed descrip-
tion of all the models used for determining frequencies and couplings and
the parametrization bases on these models for the tertiary amide units are
discussed in detail in Chapter 3.

Generally in an infrared experiment heavy water (D2O) is used as a solvent
instead of water to avoid the overlapping of the water bending vibration
with the amide I vibration. The peak at 1645 cm−1 in the infrared absorp-
tion spectrum for H2O corresponding to the bending mode shifts to a peak
at 1210 cm−1 for D2O [99]. In this thesis, to reproduce the experimental
conditions MD simulations are also performed in D2O replacing acidic pro-
tons with deuterium. For the same reason, maps for the secondary amide
unit are developed on NMA-D.
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Figure 2.2: Model structures for Ramachandran angles (Φ and Ψ) based
maps for the secondary (a) and tertiary amide units (b and c): Φ and Ψ
are the dihedral angles of the peptide backbone.

Quantum-Classical Molecular System

The molecular vibrational system that we investigate is approximated as a
quantum system surrounded by a classical system. The quantum system
for a peptide-solvent complex is basically a collection of a number (N) of
coupled amide I oscillators and the rest is the classical one. We assume
that the quantum system is affected by the classical system, but the effects
of the quantum system on the classical system are not accounted for. We
approximate an amide I oscillator with three vibrational energy levels (Fig.
2.3) corresponding to the ground state (g), single excited state (e), and
double excited state (f), where the transition frequency between g and e
is ωeg and between e and f is ωfe and between g and f is ωfg. Due to the
presence of anharmonicity (∆), ωfg turns out to be 2ωeg −∆. The consid-
eration of the three-level amide I oscillator is the minimum needed, because
the double excited state is accessed in a 2D IR experiment (discussed later
in detail).

We employ a Hamiltonian of a commonly used form [25] to describe the
quantum vibrational system of N coupled amide I oscillators interacting
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Figure 2.3: First three levels of a vibrational quantum oscillator.

with applied infrared laser electric fields:

H(t) =
N∑
i=1

[
ωi(t)b

†
ibi −

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj

+

N∑
i=1

~µi(t) · ~E(t)

[
b†i + bi

]
(2.1)

Here, b†i and bi are the Bosonic creation and annihilation operators for
the amide I vibration on the site i. ωi(t) and Jij(t) are the fluctuating
frequency of site i and coupling between site i and site j, respectively,
which are extracted from MD trajectories using the maps mentioned earlier.
The anharmonicity, ∆i(t) is set to the experimentally determined value, 16
cm−1 [25]. The last term describes the interaction of the applied infrared
laser field ~E(t) with the amide I site through the transition dipoles ~µi. The
transition dipole moments between the single excited state and ground state
(µeg) and between the double excited state and single excited state (µfe)
are extracted from MD trajectories using the electrostatic maps [86, 98].

For spectral modeling we use methods based on time-dependent perturba-
tion theory and nonlinear response theory describing the system-field in-
teractions. We use the Numerical Integration of the Schrödinger Equation
(NISE) scheme [100–102] to obtain response functions required to calculate
linear infrared absorption and 2D IR spectra. In the remainder of this chap-
ter, we discuss the interaction between the system and the external field
and how the NISE scheme can be used to calculate spectra. At the end, we
discuss how to interpret the characteristic features of a 2D IR spectrum.
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2.2 Light-Matter interactions: induced polarization

When a continuous wave (CW) laser field interacts with the system it
induces polarization, which can be described with the following expansion
[103].

P (t) = P (1)(t) + P (2)(t) + P (3)(t) + P (4)(t) + · · ·
= ε0(χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + χ(4)E4(t) + · · · )(2.2)

Here, χ(1) is the linear susceptibility, whereas χ(2), χ(3), χ(4), · · · are the
non-linear contributions. In a system with inversion symmetry such as
an isotropic medium, the polarization changes sign if the electric field is
reversed, therefore the terms of even order in the electric field must vanish.
Therefore, the even order susceptibilities χ(2), χ(4), · · · are absent for such
systems.

The macroscopic polarization is given by the ensemble average of the ex-
pectation value of the transition dipole.

P (t) = 〈〈Ψ(t)|µ|Ψ(t)〉〉E (2.3)

where 〈· · · 〉E denotes for the ensemble average. The wavefunction Ψ(t)
is the solution of the time-dependent Schrödinger equation for a system
interacting with the external electric field. Now, the nth order polarization
induced by n external electric fields can be defined as

P (n)(t) =

m=n∑
m=0

〈〈Ψ(n−m)(t)|µ|Ψm(t)〉〉. (2.4)

To give an expression for Ψm(t) let us introduce the interaction picture,
where the wave function ΨI(t) is related to the wavefunction Ψ(t) in the
Schrödinger picture via unitary operation: ΨI(t) = U †(t, t0)Ψ(t). Here,
U †(t, t0 is the time evolution operator which is responsible for the time evo-
lution of the wavefunction: Ψ(t) = U †(t, t0Ψ(t0). The mathematical expres-
sion for this operator is given in the next section. The Hamiltonian in the
interaction (HI(t)) picture is obtained from the unitary transformation of
the Hamiltonian in the Schrödinger picture: HI(t) = U †(t, t0)H(t)U(t, t0).
Now, the wavefunction, ΨI(t), can be expressed as the solution of the
Schrödinger equation in terms of a Dyson series, where the mth order term
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is Ψm
I (t) [104].

Ψm
I (t) =

(
− i

~

)m ∫ t

t0

dτm

∫ τm

t0

dτm−1 · · ·∫ τ2

t0

dτ1H
I(τm)HI(τm−1) · · ·HI(τ1)ΨI(t0) (2.5)

Here, τ1, τ2, τ3, · · · are the time points at which the system interacts
with the fields. Ψm

I (t) in the interaction picture turns into Ψm(t) in the
Schrödinger picture, Ψm(t) = U(t, t0)Ψm

I (t). Introducing a new set of vari-
ables that describes the intervals between these time points, i.e. t1 = τ2−τ1,
t2 = τ3 − τ2, · · · , tn = τn − τn−1, the nth order polarization can be written
in an integral form [104]:

P (n)(t) =

∫ ∞
0

dtn

∫ ∞
0

dtn−1 · · ·
∫ ∞

0
dt1S

(n)(tn, tn−1, · · · , t1)

× E(t− tn)E(t− tn − tn−1) · · ·E(t− tn − tn−1 − · · · − t1). (2.6)

Where, S(n)(tn, tn−1, · · · , t1) is the nth order response function. Later we
give the expression for the linear response function (S1(t1)) and third-order
response function (S3(t3, t2, t1)) required for linear absorption and 2D IR
spectral calculations, respectively.

2.3 Numerical Integration of Schrödinger Equation

In practice, to obtain spectra, first the time-dependent Schrödinger equa-
tion is solved numerically. To do that, we assume instantaneous interaction
of the laser electric field and the system, tuned to be resonant with the
change of one excitation number, i.e. the electric field vanishes after it ex-
cites or de-excites the system. This is analogous to using short laser pulses
in experiments (typical pulse duration <100 fs), we thus ignore the effects
from the finite pulse width. The Hamiltonian of the system with N amide I
oscillators can be decomposed into different blocks. When the electric field
vanishes there is no coupling between the states with different excitation
number, therefore, only the block diagonals exist in the Hamiltonian and
the block corresponding to ground state block (Hgg), single excited state
(Hee) and double excited state (Hff ) can be separately treated.
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The time-dependent Schrödinger equation for the individual block diago-
nals reads:

∂

∂t
Ψ(t) = − i

~
H(t)Ψ(t). (2.7)

where Ψ(t) represents the wave function at time t. To solve the above
equation a site basis set is used considering that the excitations are localized
on the amide I sites. We consider the site basis state φi = b†i |g > to expand
the wave function as follows:

Ψi(t) =
∑
j

φjcji(t) (2.8)

where, cji(t) are the expansion coefficients. A matrix differential equation
is obtained by inserting Eq. 2.8 in the Schrödinger equation (Eq. 2.7).

∂

∂t
C(t) = − i

~
H(t)C(t) (2.9)

To solve the above equation, numerical integration is performed for the
short time steps (∆t) during which the Hamiltonian can be considered as
constant. Then the coefficient matrix after a single step turns out to be:

C(∆t) = exp

[
− i
~
H(0)∆t

]
C(0)

= U(∆t, 0)C(0) (2.10)

where U(∆t, 0) is the time evolution operator which is responsible for sys-
tem’s evolution from time 0 to time ∆t. A general expression of evolution
of the coefficient matrix for N number of time steps is given by

C[N∆t] = U(N∆t, (N − 1)∆t)C[(N − 1)∆t]

=

[m=N∏
m=1

U(m∆t, (m− 1)∆t)

]
C(0) (2.11)

The property of the time evolution operator is used in Eq. 2.11.

U(t2, t0) = U(t2, t1)U(t1, t0) (2.12)

Adding superscript indices to U , i.e. Uff , U ee, and Ugg, we distinguish the
time evolution for the double excited, single excited, and ground state block
of the Hamiltonian. These time evolutions do not mix as the corresponding
blocks in the Hamiltonian are decoupled in the absence of the field.
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Figure 2.4: Double-sided Feynman diagram for the linear response function
used for the calculation of a linear infrared absorption spectrum. The arrow
pointing towards a diagram indicates excitation, whereas, the arrow pointing
away from a diagram indicates de-excitation.

2.4 Linear infrared absorption and 2D IR spectra

In case of a linear infrared absorption experiment, the interaction between
the laser field and the vibrational quantum system through the transition
dipole moment, µeg, leads to the creation of a coherent superposition of
the single excited and the ground state. The system in this coherent super
position then evolves with time. At the end the system goes back to the
ground state. For simplicity and to have a pictorial understanding of these
phenomena, double-sided Feynman diagrams [104] for the corresponding
evolution of the density operator can be used. Fig. 2.4 represents a double
sided Feynman diagram describing the linear response. In the diagram
vertical lines represent the time evolution of the ket (depicted on the left
side) and the bra (depicted on the right side) and the time increases in the
upward direction. Arrows represent the interactions between the field and
the system, either exciting the system (pointing towards) or de-exciting
system (pointing away), the dashed arrow on the left side represents the
final emitted signal.

The linear response function takes the form [100]:

Slinear = −

(
i

~

)
〈〈g|µge(τ2)U ee(τ2, τ1)µeg(τ1)|g〉〉E . (2.13)

The linear absorption spectrum can be obtained taking Fourier transform



2.4: Linear infrared absorption and 2D IR spectra 21

of the response function.

I(ω) =

∞∫
0

dt1S
linear exp[−iωt1]Γlinear(t1) (2.14)

Here, t1 = τ2− τ1. Γlinear(t1) is the relaxation factor which accounts for an
ad hoc vibrational life time T1 for the single excited state.

Γlinear(t1) = exp(−t1/2T1) (2.15)

The imaginary part of I(ω) is the linear absorption spectrum.

For a 2D IR experiment (left panel in Fig. 2.5), three laser pulses separated
by short delay times interact with the system. t1 is the delay time between
the first two lasers, t2 is the delay time between the 2nd and 3rd one, and t3 is
the delay time after the 3rd interaction. Thus, there are four absolute time
points, τ1, τ2, τ3 and τ4, where, t1 = τ2 − τ1, t2 = τ3 − τ2, and t3 = τ4 − τ3.
The first pulse creates a coherent superposition of the ground state and a
single excited state. The system evolves then in this superposition during t1.
The second pulse either de-excites the system back into the ground state, or
creates a single excited population state, or creates a coherent superposition
of two single excited states followed by the time evolution during t2. The
third laser pulse brings the system into either a coherent superposition
between the ground state and a single excited state or between a single and
a double excited state. Finally a time domain emitted signal, S(t1, t2, t3),
is obtained. If this is Fourier transformed with respect to t1 and t3 the
frequency domain signal, S(ω1, t2, ω3), can be obtained, where ω1 and ω3

represent the frequency axes of a 2D spectrum.

Three processes [104, 105] occur connected with the field-system interac-
tions in a 2D experiment as indicated in Fig. 2.6: ground state bleaching
(GB), stimulated emission (SE), and excited state absorption (EA). GB
reflects the phenomenon that once the system is excited out of the ground
state, it is impossible to excite another ground state to a single excited
state again. Thus, GB differs from SE and EA during t2, when the single
excited population state evolves in both SE and EA, whereas the system
is back to the ground state in GB. The difference between EA and SE is
observed during t3; the double excited state is accessed in EA, but not in
SE. GB, SE, and EA have been accounted for in the two directions of signal
detection: ~kI = − ~k1 + ~k2 + ~k3 and ~kII = ~k1 − ~k2 + ~k3, where, ~k1, ~k2, and
~k3 are the wave vectors of the incident fields. ~kI and ~kII correspond to the
rephasing and non-rephasing double sided Feynman diagrams, respectively
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Figure 2.5: The 2D IR set up, where three interactions occur between the
system and the laser field separated by short delays (left). 2DIR spectrum is
schematically depicted, where peak A and peak B on the diagonal correspond
to two coupled vibrations, the off-diagonal cross peaks (peak C and peak D)
arise due to their coupling. Red indicates stimulated emission and ground
state bleaching, whereas, blue indicates excited state absorption (right).

[35]. In the rephasing diagram the phase of the coherent oscillation during
t3 is opposite to the phase of the coherent oscillation during t1, producing
an echo signal which is not observed in the non-rephasing diagram.

The non-linear response functions which are needed to obtain 2D IR spectra
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read [100]:

S
~kI

GB(t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ1)U ee(τ1, τ2)µeg(τ2)µge(τ4)

U ee(τ4, τ3)µeg(τ3)〉〉EΓ(t3, t2, t1)

S
~kI

SE(t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ1)U ee(τ1, τ3)µeg(τ3)µge(τ4)

U ee(τ4, τ2)µeg(τ2)〉〉EΓ(t3, t2, t1)

S
~kI

EA(t3, t2, t1) =

(
i

~

)3

〈〈µge(τ1)U ee(τ1, τ4)µef (τ4)Uff (τ4, τ3)µfe(τ3)

U ee(τ3, τ2)µeg(τ2)〉〉EΓ(t3, t2, t1)

S
~kII

GB(t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ4)U ee(τ4, τ3)µeg(τ3)µge(τ2)

U ee(τ2, τ1)µeg(τ1)〉〉EΓ(t3, t2, t1)

S
~kII

SE (t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ2)U ee(τ2, τ3)µeg(τ3)µge(τ4)

U ee(τ4, τ1)µeg(τ1)〉〉EΓ(t3, t2, t1)

S
~kII

EA(t3, t2, t1) =

(
i

~

)3

〈〈µge(τ2)U ee(τ2, τ4)µef (τ4)Uff (τ4, τ3)µfe(τ3)

U ee(τ3, τ1)µeg(τ1)〉〉EΓ(t3, t2, t1) (2.16)

The vibrational lifetimes, T1 is included in an ad hoc style in the relaxation
factors Γ(t3, t2, t1):

Γ(t3, t2, t1) = exp

[
− t3 + 2t2 + t1

2T1

]
(2.17)

The rephasing and non-rephasing signal in the frequency domain are ob-
tained performing 2D Fourier transforms of the sum of the time domain
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Figure 2.6: Double-sided Feynman diagrams for the nonlinear response
functions used in 2D IR spectral calculations. An arrow pointing towards
a diagram indicates excitation, whereas, an arrow pointing away from a
diagram indicates de-excitation.

signals for GB, SE, and EA:

S
~kI (ω3, t2, ω1) =

∫ ∞
0

∫ ∞
0

[S
~kI

GB(t3, t2, t1) + S
~kI

SE(t3, t2, t1) +

S
~kI

EA(t3, t2, t1)] exp[−i(ω3t3 − ω1t1)]dt3dt1

S
~kII (ω3, t2, ω1) =

∫ ∞
0

∫ ∞
0

[S
~kII

GB(t3, t2, t1) + S
~kII

SE (t3, t2, t1) +

S
~kII

EA(t3, t2, t1)] exp[−i(ω3t3 + ω1t1)]dt3dt1

(2.18)

The 2DIR spectrum for a particular t2 is the sum of the rephasing and
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non-rephasing signals:

I(ω3, t2, ω1) =
[
S
~kI (ω3, t2, ω1) + S

~kII (ω3, t2, ω1)
]

(2.19)

Throughout this thesis we only consider the imaginary part of I(ω3, t2, ω1),
which is denoted as the absorptive 2DIR spectrum [106].

2.5 What does a 2D spectrum portray?

Characteristic features

In Fig. 2.5 we made a schematic representation of a 2D spectrum where
two three-level systems are coupled. The diagonal peaks (red) represent GB
and SE and arise when the systems are in the same coherent super position
during t1 and t3. The cross peaks (red) arise from the same diagrams,
when the system is in the coherent superposition between one single excited
state and the ground state during t1 and in the coherent superposition
between the other single excited state and the ground state during t3. All
blue peaks represent EA. From the double sided Feynman diagram for
EA it is clear that the system is in a coherence between a double excited
and a single excited state during t3. The transition energy of the double
excited state (ωfg) is slightly smaller than twice the transition energy of
the single excited state (ωeg). The difference between these energies is
known as anharmonicity of a site vibration (∆ = 2ωeg − ωfg). EA peaks
in a 2D spectrum are typically shifted below the GB and SE peaks by the
anharmonicity. If the anharmonicity is zero the EA peaks fall on top of
the GB and SE peaks, therefore, no detectable signal is left as EA has
opposite sign of GB and SE and the transition dipole moment µfe is

√
2

times the transition dipole moment µeg in the harmonic approximation of
the vibrational system.

Structure-spectrum correlation

In Chapter 1 we have mentioned that 2D IR spectrum is sensitive to hy-
drogen bonding structures and it can distinguish between the secondary
structures of proteins such as the α-helix and the β-sheet. One of the main
purposes of this thesis is to establish correlation between protein structure
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and it spectrum. Using classical MD simulations we explore the configura-
tion space of a number of peptides and we divide the configuration space
into clusters, i.e. structurally distinct sub-ensembles. Then, we determine
spectroscopic features of these clusters to find out how distinct these are
from each other. For example, in Chapter 5 we show that different types
of turn structures exist for a β-hairpin peptide (Trpzip2) and for each type
of structure, spectra of amide units in the turn have unique features. In
Chapter 6, we show how the side chain orientation of a cyclic peptide af-
fects the peptide structure and therefore it spectrum. Finally in Chapter
7, we show a direct correlation between the spectrum of an elastin like
peptide and the number of hydrogen bonds formed between the amide unit
preceding proline and the peptide or solvent (Fig. 2.7).

Figure 2.7: (a) Simulated 2D IR spectra of an elastin like peptide
(GVGVPGVG) peptide as a function of peptide-peptide hydrogen bond num-
ber. The indices on the spectra (for example 2/0) indicate the number of
hydrogen bonds: the first one is the number of hydrogen bonds between the
amide unit preceding proline and the peptide itself. The second one is the
same between that amide amide unit and the solvent. (b) Simulated 2D IR
spectra of the same peptide as a function of peptide-peptide vs. peptide-
solvent hydrogen bonds. Contours are plotted between -1 to +1 with a 0.1
spacing between the contours. The low frequency peak corresponding to the
amide unit preceding proline is seen to split off the main band for increasing
number of hydrogen bonds.
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Spectral dynamics

The second time delay t2, which is known as the waiting time (also called
delay time in pump-probe spectroscopy), can be used to determine the un-
derlying dynamics of the system [101, 107–111]. This is done by varying
the waiting time and for every waiting time a 2D spectrum is obtained.
A change in the peak shape of the spectrum is observed, it spreads in the
anti -diagonal direction with the increase of t2 (Fig. 2.8). This happens
because of the following reasons [108]. A 2D spectrum is basically a cor-
relation spectrum that describes the correlation between the frequency at
which the system is excited (pump frequency) during first time delay and
the frequency at which the system is probed (probe frequency) during the
third time delay, where t2 is the delay between excitation and probing. If
t2 = 0, i.e. the system is probed directly after the excitation and it is not
allowed to relax, a strong correlation is observed between the pump and
probe frequencies resulting in a diagonally elongated peak. In this case
the small broadening in the anti -diagonal direction is attributed only to
the dynamics during t1 and t3. As t2 increases, the system gets time to
relax, the correlation between the pump and probe frequencies starts to
decay and therefore, the 2D peak elongates in the anti -diagonal direction.
When the waiting time is long enough such that there is no correlation
between these frequencies, the peak becomes round. The shape change
actually reveals how fast the vibrational frequency fluctuates, faster fluc-
tuation causes faster correlation loss, which therefore, results in quicker
anti -diagonal broadening [108]. The frequency fluctuations depend on the
dynamic environment; faster dynamics in the environment results in faster
frequency fluctuations. Thus, the correlation times of the frequency fluc-
tuations do reveal the nature of the dynamic environment. In Chapter 4,
several analysis methods will be discussed, which can be used to extract
correlation times from the shape change of a 2D spectrum with the wait-
ing time. In Chapter 5, we show that even with t2 = 0 and considering
dynamics during only t1 and t3 it is possible to distinguish between the
spectrum of a solvent exposed amide I oscillator with fast fluctuating envi-
ronment and the spectrum of an oscillator that is hydrogen-bonded within
the peptide. The 2D peak for the former one is more broadened in the
anti -diagonal direction than the later one.

Although we do not consider this further in the thesis, it is important to
note two important applications of waiting time dynamics of the 2D spec-
trum: chemical exchange and population transfer. Waiting time dynamics
can be used to investigate chemical exchange where a reversible process is
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Figure 2.8: Waiting time dynamics as schematically depicted in 2D spectra.

observed between the reactant and product states. For example, the cross
peak intensity of a 2D spectrum increases with the increase of the waiting
time for a model system moving in a double well potential [112]. An exam-
ple of chemical exchange happening in a real molecular system is formation
and dissociation of phenol-benzene complex, this results in growth of the
cross peak intensity in the 2D spectra of this system [113]. The popula-
tion transfer between vibrational states [46, 114, 115] is another situation
where the intensity of the cross peak also grows. For example, a 2D IR
simulation study of a β-hairpin, trpzip2, in aqueous solution, reveals the
population transfer between two dominant vibrational excitonic bands [46].
This causes the growth of the cross peak intensity between these two peaks
and decay of the diagonal peaks upon increasing the waiting time.



29

Chapter 3

Amide I Vibrations in Peptides
Containing Proline

We present a density functional theory based parametrization for studying the
amide I vibrational dynamics (predominantly CO stretching) in peptides and
proteins containing proline. There are existing models developed for determin-
ing frequencies of and couplings between the secondary amide units. However,
these are not applicable to the amide unit preceeding proline in an amino acid
sequence because it is a tertiary amide unit. Therefore, a new parametrization
is required for infrared-spectroscopic studies of proteins that contain proline,
such as collagen, the most abundant protein in humans and animals. Here,
we construct the electrostatic and dihedral maps accounting for solvent and
conformation effects on frequency and coupling for the tertiary amide unit.
We examine the quality and the applicability of these maps by carrying out
spectral simulations of a number of peptides with proline in D2O and compare
with experimental observations.

This work has been published in J. Chem. Phys. 135, 234507 (2011)
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3.1 Introduction

Investigating the three dimensional structure and dynamics of proteins is
crucial to understand their biological functions. Numerous experimental
techniques allow the examination of the complex structures of proteins
and their conformational changes over a wide range of time scales. For
example, nuclear magnetic resonance (NMR [116, 117]) is extensively used
for atomistic structure determination in solution and probing folding or
unfolding dynamics on microseconds and longer time scales [17, 118]. Other
techniques, such as small angle X-ray scatering [119, 120], circular dichroism
[121], fluorescence [21], Raman [122], Fourier transform infrared (FTIR)
and two dimensional infrared (2DIR) [25, 35, 123, 124] spectroscopy are
excellent complementary tools that provide insights on local and global
structure and dynamics.

Infrared spectroscopy is a great tool for studying local secondary structures
of proteins, i.e. α-helix and β-sheet structures [24], which are stabilized by
the hydrogen bonding between carbonyl groups and amide hydrogens. The
stretching vibrations of these carbonyl groups form the amide I band (1600-
1700 cm−1) which exhibits strong infrared absorption. The amide band for
an α-helix is located between 1640 cm−1 and 1660 cm−1 with two subbands
(A and E1) separated by 10 cm−1, while for a β-sheet structure two peaks
are observed at 1640 and 1680 cm−1 [45, 66, 67]. The 2DIR technique
distinguishes β-sheet structures by producing Z shape like spectra [68, 69]
when this particular structural motif is present. In the past decades a
number of 2DIR studies have been reported of peptides and proteins in so-
lution [36–50] or confined in membranes [51–55], revealing structural details
and conformational changes from femtosecond (fs) to nanosecond (ns) time
scales, and the nature of dynamic environments. For the structure determi-
nation of peptides that are in gas phase or micro-solvated (surrounded by
few solvent molecules) the mid-infrared spectroscopic technique has become
a promising tool [125–128].

Interpreting experimental 2D spectra is a great challenge and modeling of
the amide I band is required to understand the spectra. Exisiting mixed-
quantum classical models which describe the frequency and interaction of
amide vibrations located at each peptide site of a protein are applicable to
all proteinogenic amino acids except proline. Here, we present a model to
describe the amide I vibrational dynamics of proline containing proteins.
Proline is a unique amino acid because the side chain binds to its backbone
nitrogen forming a tertiary amide unit, which results in a lower vibrational
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amide I frequency than the secondary amide I unit found in other amino
acids. Proline is typically located in γ- and β-turns of proteins and plays an
important role in determining folding rates of proteins [129, 130]. Proline
is an integral amino acid in proteins in connective tissue such as elastin and
collagen. Proline doesn’t typically contribute to the standard delocalized
amide I vibrational modes, because of its site frequency shift, and therefore
it is generally considered to be more of a local mode. To study the amide
I vibrations in proteins with proline we have constructed a Density Func-
tional Theory (DFT) based parametrization for the vibrational properties
of the tertiary amide unit.

For the secondary amide units there are already existing frequency and cou-
pling maps [78–91]. N-methyl acetamide (NMA), a simple model system
for a single secondary amide unit, was considered to construct these maps.
For example, for the Cho4 map [80] restricted Hartree-Fock (RHF) calcu-
lations were carried out on NMA-D in water molecules with the CHELPG
charges [131] and the frequency was correlated with the electrostatic po-
tential at C, O, N, and D atoms. The construction of the Skinner map [82]
is based on DFT calculation at B3LYP/6-3111G** level of theory on the
deuterated NMA (NMA-D) surrounded by TIP3P water molecules [132].
The frequency was considered to be a linear function of the electric field at
the C, O, N, and D atoms due to charges from the water molecules. An
electrostatic map was constructed where the frequency was correlated with
the electric field and electric field gradients at C, O, N, and D atoms of the
NMA-D molecule [86]. This map may be considered transferable because
general point charge environments were considered instead of a particular
solvent force field. The transferability was tested by simulating NMA-D in
a number of solvents and comparing with experiments. The mapping was
found to work well in polar solvent, but fail in non-polar solvent where the
direct electrostatic effects are less dominant.

To describe the interaction between the amide I modes, the electrostatic
map was later combined with maps describing the nearest neighbor in-
teraction (Ramachandran angle based nearest neighbor frequency shifts
(NNFS) and nearest neighbor coupling (NNC)) as well as the long range
through space transition charge coupling (TCC) [87]. In predicting spec-
tral line shapes this combined parametrization works in excellent agreement
with the experiments, apart from a systematic shift in the peak position
[46, 49, 90, 133]. Recently, empirical maps [91] have been developed for
the amide I vibrations in the backbone and side chains of proteins. This
was done using the experimental spectra and the vibrational life time of
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NMA and acetamide in both polar and non-polar solvents. However, all
the maps reported till now are applicable to a secondary amide unit, and
thus not to the tertiary amide unit in proline. Here, we construct the
electrostatic map for the solvent effect, nearest neighbor maps, and long
range TCC map for proline using the mapping methods essentially identi-
cal to those reported in Ref. 86, 87. We can use this parametrization to
simulate infrared spectra for proteins with proline to reveal the structural
and dynamical information, especially related with the hydrogen bonding.
Applying these maps we carry out spectral simulations of a number of pro-
line containing peptides: AcP (N-Acetyl-LPro-COOH), VP (N-Acetyl-Val-
LPro-COOH), PG (N-Acetyl-LPro-Gly-COOH) and the β-hairpin peptide,
PG12 (Ac-RYVEV-DPro-GKKILQ-NH2) [43]. We compare the simulated
FTIR and 2DIR spectra with the experimental ones to examine the fre-
quencies and line shapes and determine the quality of the maps and to
what extent these can be applied to other proteins and peptides containing
proline.

The remainder of this chapter is outlined as follows. In Section 3.2 we
introduce the theory and the methods used to construct the map. In Section
3.3 we compare between simulated and experimental spectra and discuss
the applicability of the maps. Finally, we draw conclusions in Section 3.4.

3.2 Theory and Methods

Modeling of the amide I band of a peptide requires treatment of the elec-
trostatic interaction between amide I oscillators and solvent molecules as
well as interactions between the oscillators of the peptide. The electrostatic
interaction within the peptide can be broken down into two parts: nearest
neighbor and long range interactions. Based on these interactions frequen-
cies of and couplings between the amide I oscillators are calculated. The
following floating oscillator Hamiltonian is generally employed to represent
a system of N amide I oscillators [25].

H(t) =

N∑
i=1

[
ωi(t)b

†
ibi−

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj+

N∑
i=1

~µi(t)· ~E(t)

[
b†i+bi

]
(3.1)

Here, i labels the amide I units counting in the direction from the N-
terminus to the C-terminus of a peptide. b†i and bi are the Bosonic creation



3.2: Theory and Methods 33

and annihilation operators for the amide I vibration on site i. ωi(t) and
∆i(t) are the fluctuating frequency and anharmonicity, respectively, of the
ith site, Jij(t) is the fluctuating coupling between the ith and the jth site.

The external electric field ~E(t) interacts with the system through its tran-
sition dipole ~µi(t). The site frequency ωi(t) is expressed as

ωi(t) = ωgas
i + δωsolvent

i (t) + δωNN
i (t) (3.2)

ωgas
i is the frequency of the ith amide I oscillator without the influence

from surroundings and non-nearest neighbor protein units. δωsolvent
i (t) is

the frequency shift due to the interaction between the oscillator and the
solvent. δωNN

i (t) is the frequency shift due to the influence from the nearest
neighbors (site i−1 and i+1). Except the nearest neighbors the peptide is
treated as a part of the solvent. We predict the solvent shift and the nearest
neighbor shift using an electrostatic map [86] and a dihedral angle based
map [87], respectively. The coupling, Jij has two parts: nearest neighbor
coupling for j = i ± 1, and long range coupling for other j, treated with
the TCC scheme [87, 134].

3.2.1 Electrostatic map for proline

To construct the electrostatic map we chose the N-N-Dimethyl acetamide
(DMA) molecule which is obtained by truncating the proline ring (see Fig.
3.1a). This was done because the truncation of the ring hardly affects the
gas phase amide I frequency except for a small systematic shift. Using the
smaller molecule reduces computational costs. However, the full ring was
included while considering the nearest neighbor map, where it is important
to account for the rigidity of the proline ring.

Figure 3.1: The DMA molecule (right): truncation of the proline ring (a
to b). CO is pointing along the x axis.
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Density functional theory (DFT) based geometry optimization of DMA
was done with the ORCA package [135] using the Def2-TZVP basis sets
[136, 137] and the revised Perdew-Burke-Ernzerhof (RPBE) exchange cor-
relation functional [138, 139]. At the same level of theory, normal modes
and frequencies were obtained constructing the Hessian calculated numer-
ically by distorting the geometry from its equilibrium. In this procedure
all the methyl groups were frozen and the position of the carboxyl carbon
and oxygen as well as the nitrogen were varied. The methyl groups were
fixed to make sure that the same amide normal mode can be used in further
calculations. To construct the amide I Hamiltonian the following procedure
was followed. A potential energy surface (V (r)) was obtained as a function
of the distortion from the equilibrium geometry with a step size of 0.06 Å
using the amide I normal mode. V (r) was expanded in a Taylor series upto
6th order.

V (r) = V0 +

6∑
n=1

Vnr
n (3.3)

Using a least-square fit the coefficients were extracted. Then, the Hamil-
tonian (H = P 2

2m + V (r)) was obtained by transforming the coordinate (r)
and the momentum (P ) to b and b† [140, 141]. This Hamiltonian was then
expanded using the lowest 21 harmonic basis functions. Diagonalizing the
Hamiltonian we obtained the eigen frequencies and vectors for the ground
state (g) and the singly (e) and doubly (f) excited states. Using the first
order derivative of the dipole moments obtained from DFT calculations

and the dipole operator, ~µ = ~µ0 + ∂~µ
∂r

√
~

2mω (b† + b), the transition dipole

moments (µeg, µfe, and µfg) were calculated.

In order to model the solvent shift we followed a Stark shift based method,
where, the change in a molecular quantity (δΩ) (frequency shift, transition
dipole moment, etc) can be expressed as

δΩ = 〈CΩ|E〉. (3.4)

Here, |E〉 is a vector with electric field parameters and |CΩ〉 is the map
vector. We considered the x and y components of the electric field and
the zz and xy components of the electric field gradient (∂Ez

∂z and
∂Ey

∂x ) on
the C, O, N, and Cδ atoms of DMA (Fig. 3.1a) to parametrize the map.
Here, x, y, and z refer to the axis system fixed to the molecular frame
as shown in Fig. 3.1b. For constructing the map, the fundamental (ωeg)
and overtone (ωfg) frequencies and transition dipole moments µeg, µfe,
and µfg were calculated in the gas phase as well as in 74 different point
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charge environments to make sure that all the electric field and gradient
components were sufficiently sampled. We applied both the least squares
fit (LSF) method and the singular value decomposition (SVD) method to
fit these molecular properties to the electric field and gradient components.
The purpose of using two different fitting methods is to check if there
exist any linear dependencies of the fit coefficients [86]. In case of linear
dependencies the fit constants will get large values in the LSF method
and smaller values in the SVD method. We found almost identical fit
coefficients (|CΩ〉), which shows that there is no linear dependency. The
LSF coefficients (listed in Table 3.5 and Table 3.6 in Appendix) will be
used later as the map coefficients.

We note here that the experimental gas phase frequency of DMA (1690
cm−1 [142]) was underestimated in the DFT calculation by a factor of
1.0157. Hence, this factor was used as a scaling factor for the calculated
frequency to reproduce the gas phase experimental frequency. After this
scaling, the frequency for the doubly excited state was estimated to be
3366.09 cm−1. The corresponding anharmonicity, ∆ is then 13.9 cm−1.
We have made a comparison between frequencies obtained from the DFT
calculations (ωDFT) and frequencies calculated using these map coefficients
(ωtert

Map) for the 74 charge environments (Fig. 3.2a). We find a strong correla-
tion between the frequencies calculated with both methods, demonstrating
that the DFT frequencies are well represented by the map. We compared
this map with the map developed for the secondary amide I unit [86], but
with a shifted gas phase frequency from 1717 cm−1 (experimental gas phase
frequency of NMA-D [143]) to 1690 cm−1. The frequencies estimated from
the map for the secondary amide I unit (ωsec

Map) are compared with ωDFT

in Fig. 3.2b. While the overall behavior is quite well represented by such
mappings, more outliers are found compared to the new map. The slope
of the line passing through these points is 0.91 and ωsec

Map is still correlated

with ωDFT. Thus, applying a 27 cm−1 shift of the original map and scaling
the frequency shift could be a working approximation. Of course, having
the more accurate new map it is preferable to apply that.

3.2.2 Dihedral map for proline

To construct the dihedral map for proline we systematically chose Gly-Pro
and Pro-Gly configurations. The trans configurations of these peptides are
depicted in Fig. 3.3a and Fig. 3.3b. For both the peptides the Ramachan-
dran angles (Φ = C − N − Cα − C, Ψ = N − Cα − C − N [144]) were
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Figure 3.2: Correlation plots between frequencies calculated with the DFT
method and frequencies calculated with the electrostatic maps: (a) using the
map parameters developed for the proline unit, and (b) using the electro-
static map reported for the secondary amide unit [86].

varied from -180 to +180 with a separation of 30 degree between every two
conformations and each conformation was optimized by the DFT method
for a fixed Φ and a fixed Ψ. The optimized energy landscapes for the
trans-Gly-Pro and trans-Pro-Gly are given in the Fig. 3.3c and 3.3d. The
energy minimum is set to zero. It turns out that for trans-Pro-Gly the
region 90°<Φ <180°is energetically unfavorable due to strain in the proline
ring and the corresponding conformations are unlikely to occur. There-
fore, these conformations were neglected for the coupling and frequency
calculations.

The normal mode frequencies and vectors were calculated for all the opti-
mized conformations. Hessian reconstruction [81] was employed to obtain
site frequencies and couplings between the neighboring sites. The magni-
tude of the CO stretch vibration was used to obtain the eigenvector matrices
needed in the reconstruction [83]. All frequencies for the secondary amide
unit (site i-1 and i+1 in Fig. 3.3a and 3.3b) and the tertiary amide unit
(site i in Fig. 3.3a and 3.3b) were scaled with a factor of 1.02157 and
1.01864, respectively. This was done because in the DFT calculations the
NMA and DMA gas phase frequencies (here methyl groups were not fixed)
were underestimated by these factors compared to the experimental ones.
The couplings were scaled with the average factor (1.020105). Although
the change in the couplings due to this scaling is not significant, we scaled
them for consistency. The couplings between site i-1 and i and between
site i and i+1 are depicted in Fig. 3.3e and Fig. 3.3f, respectively. The fre-
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Figure 3.3: The Gly-Pro (left) and Pro-Gly map (right) for the trans-
configuration: structure and energy landscape (Hartree) of trans-Gly-Pro
(a and c) and trans-Pro-Gly (b and d). Couplings (cm−1) between site i
and site i − 1 (e) and between site i and site i + 1 (f). Frequency shift
(cm−1) of site i − 1 from the NMA gas phase frequency due to the site
i (g). The frequency shift (cm−1) of the site i from the DMA gas phase
frequency due to the site i+ 1 (h) and site i− 1 (i). The frequency shift of
site i + 1 from the NMA gas phase frequency due to site i (j). The black
shaded region (f, h and j) is the energetically unfavorable zone which is
unlikely to be encountered in simulations.
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quency shifts of the oscillators i-1 and i+1 were calculated by subtracting
the NMA gas phase frequency (Fig. 3.3g and 3.3j) and for the frequency
shift of site i the DMA gas phase frequency was subtracted (Fig. 3.3i
and 3.3h). The couplings and frequency shifts for the cis-configurations
were also obtained. These can be found in the supplementary material
[98]. The couplings are stronger for the trans-configurations than the cis-
configurations. These dihedral maps are for L-proline and can be converted
to the maps for D-proline by Φ→ −Φ and Ψ→ −Ψ transformations.

Proline can be found in an α-helical or β-sheet structure forming a turn,
where the corresponding Ramachandran angles [145] are approximately, Φ
= -61◦, Ψ = -35◦ and Φ = -65◦, Ψ = 150◦, respectively. For another fre-
quently occurring structure, prolyproline II (PPII [146]) the Ramachandran
angles are around Φ = -75◦ and Φ = 145◦. We have extracted the couplings
between two nearest neighbor sites and their frequency shifts (δωC: shift of
the first one induced by the second one, and δωN: shift of the second one in-
duced by the first one) from the dihedral maps (NNPro-Gly) and NNGly-Pro)
as presented in Fig. 3.3(c-j) and also from the dihedral maps developed on
glycine dipeptide (NNGly-Gly[87]). From Table 3.1 it appears that the cou-
plings extracted from both maps are found to be within 0.9 cm−1 of each
other. The difference in frequency shifts is larger, typically with a signifi-
cant red-shift of the amide I frequency of proline. In an experimental 2DIR
study of alanine dipeptide [147], the coupling between two amide units was
reported as 1.5 ± 0.5 cm−1. The peptide is thought to exist in the PPII

conformation for which our mapping predicts a coupling of 3 cm−1. In re-
ality, of course, in solution a broad distribution of conformations exists and
the exact weight of those is difficult to predict [60]. Therefore, verifying the
map against gas phase measurements [125–128], where the conformation is
well known, will be more reliable.

3.2.3 The Transition Charge Coupling map

The transition charge coupling model [87, 134] is based on the electrostatic
interaction between the charge clouds in the vicinity the site oscillators. A
point charge approximation of the charge clouds is made, i.e. the point
charges are positioned on the atomic sites. Therefore, the charge density
in the vicinity of a site oscillator i, can be expressed as

ρ(xi, ri) =
∑
j

δ(ri − rj(xi))(Qj + δQj). (3.5)
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NNGly-Gly NNGly-Pro NNPro-Gly

αhelix

JNN 2.77 2.90 2.60
δωC 8.97 0.48 -2.71
δωN 13.24 -14.3 4.87

βSheet

JNN 4.13 3.60 4.26
δωC 5.15 -2.07 -11.99
δωN 11.69 -11.57 1.86

PPII

JNN 3.28 2.70 3.15
δωC 2.58 -3.80 -12.55
δωN 7.96 -14.84 0.90

Table 3.1: Comparison between the nearest neighbor dihedral maps devel-
oped on glycine dipeptide and proline containing dipeptide, respectively. The
couplings and the energy shifts are given in cm−1.

Here, rj(xi) is the position vector of the jth atom while xi, Qj , and δQj are
oscillator displacement, partial charge of the jth atom, and the derivative
of the partial charge with respect to the oscillator coordinate, respectively.
The position vector is evaluated as rj(xi) = rj(0) + xiv

i
j , where vij is the

normal mode coordinate for the jth atom of the ith oscillator. Now, the
coupling between the non-nearest neighbor sites, site i and site j is

JTCC
ij =

1

4πε0

[
∂2

∂xi∂xj

∑
k,l

(Qk + δQkxi)(Ql + δQlxj)

|rk(xi)− rl(xj)|

]
xi=0,xj=0

. (3.6)

For the TCC parametrization of proline amide unit, we used the Mulliken
charge analysis of the DMA molecule to estimate the partial charges of
its atoms. The partial charges of the atoms of each methyl group were
summed up and assigned to the carbon atom to which these are covalently
connected. All methyl groups were kept frozen while calculating the normal
modes required for this model. The TCC parameters (transition charges
and normal mode coordinates) are listed in Table 3.7 in Appendix. In the
original TCC model [134] a parametrization for NMA-D was obtained with
the B3LYP exchange correlation functional. The parameters obtained here
for DMA with the RPBE functional are quite different, even in the partial
charges, because of the replacement of the deuterium with a methyl group.
This also results in differences in the normal mode coordinates. The actual
numbers are compared in Appendix (Table 3.7).
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3.3 Validation of the map

3.3.1 Experiments

FTIR and 2DIR experiments were performed on four peptides: AcP, VP,
PG, and PG12. AcP was synthesized and purified by Sigma-Aldrich, Saint
Louis MO. VP and PG were synthesized and purified by NeoBioScience,
Cambridge MA. PG12 was synthesized and purified by the MIT Biopoly-
mers Laboratory, Cambridge MA. All samples were lyophilized repeatedly
against a solution of DCl in D2O, Cambridge Isotope Laboratories, An-
dover MA, to remove trifluoroacetic acid and acidic protons. Finally the
AcP, VP, PG and PG12 samples were dissolved in pH = 1.0 DCl in D2O
at a concentration of 15 mg/ml, pH = 1.0 DCl in D2O at a concentration
of 15 mg/ml, and pH 3.85 deuterated acetate buffer at a concentration of
10 mM, respectively.

The sample cell used for all measurements consisted of a brass sample holder
that held two 1 mm thick CaF2 windows that were placed on either side
of a 50 micrometer Teflon spacer. The brass sample holder was mounted
inside a brass cooling jacket that was thermally regulated to T = 10◦ C
by a recirculating water chiller. Infrared absorption spectra were collected
using a Thermo Scientific Nicolet 380 FTIR Spectrometer. The spectra for
the deuterated AcP, VP, and PG were acquired at a spectral resolution of
2.0 cm−1 and averaged over 64 one-second scans. The AcP, VP, and PG
2DIR data were collected as described previously [106], using a rephasing
evolution time of t1 = 3.1 ps and a nonrephasing evolution time of t1 = 2.5
ps in 4 fs time steps. The PG12 data was collected as described in Ref. 43.

3.3.2 Simulations

The structures of AcP (Fig. 3.4a), VP (Fig. 3.7a) and PG (Fig. 3.8a)
were built using the Gabedit software [148] and then optimized with the
DFT method using the same basis sets and exchange correlation function
as used for constructing the proline map. These optimized structures were
used as the initial structures of MD simulations. For PG12 (Fig. 3.10a),
the initial structure was taken from a set of NMR structures provided by
Prof. Samuel Gellman at the University of Wisconsin, Madison. All three
peptides were solvated in D2O to mimic the experiments and all the acidic
protons were replaced with deuteriums. PG12 has two lysine, one arginine
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and one glutamic acid, which have charged side chains under the experi-
mental conditions (pD 4.25). The total formal charge of the system is +2.
Two chlorine ions were added to keep the system neutral in the simulation.
All the solvated systems were subjected to MD simulations performed with
Gromacs-4.0.7 [149]. The all atoms OPLS force field [150] was used to
describe the peptides and for the water the SPC/E force field [151] was
used. The MD simulations were done with 2 fs time steps using the LINCS
algorithm [152] to constrain all bond lengths. For the long range electro-
static interactions a cut-off of 1.4 nm was employed with the reaction field
method. The trajectories of all three peptides were obtained in the canoni-
cal (NVT) ensemble at 300 K. The Nośe-Hoover thermostat [153, 154] was
used to couple the system to a constant temperature bath (300 K). The
length of each trajectory was 10 ns, where the last 8 ns was used for the
spectral simulations. For all trajectories snapshots were saved every 20 fs
and for every snapshot the Hamiltonian (Eq. 3.1) was constructed. For
a secondary amide unit the parametrization reported in Ref. 86, 87 was
used, while the new parametrization developed for proline was used for a
tertiary amide unit. The time dependent Hamiltonian was used in spectra
calculations with the Numerical Integration of the Schrödinger Equation
(NISE) scheme [100, 101]. In this scheme the Hamiltonian is considered
to be constant for short time intervals (20 fs) during which the time inde-
pendent Schrödinger equation can be solved. The time evolution for the
total time is determined by the successive propagation during the short
time intervals. Linear and nonlinear response functions are then calculated
to obtain FTIR and 2DIR spectra. An ad hoc vibrational lifetime (1 ps)
[105] is accounted for in the spectral simulations.

The line shape analysis of FTIR or 2DIR spectra give a quantitative com-
parison between simulations and experiments [108, 109, 155]. Here, we
analyze the Full Width at Half Maximum (FWHM) of FTIR peaks, diago-
nal (DW) and anti -diagonal width (ADW) of 2D peaks, and nodal slopes.
We define DW as the FWHM of the slice through the maximum intensity
of the diagonal peak of a 2D spectrum. ADW is the FWHM of the slice
through the diagonal peak in the anti -diagonal direction centered at a par-
ticular ω1. The nodal slope is the slope of the nodal line passing between
the diagonal and overtone peak, where the intensity is zero.
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Figure 3.4: Trans-AcP (a) and its linear absorption spectra at low pH(b).
The arrows indicate the origin of the absorption peaks.

3.3.3 Results and Discussion

AcP contains a single amide unit and can be used to validate only the elec-
trostatic map for proline. The simulated FTIR spectrum of this peptide
is compared with the experimental one in Fig. 3.4b. The experimental
spectrum has two peaks: the first one centered at 1607 cm−1 corresponds
to the proline amide I vibration and the second one centered at 1711 cm−1

corresponds to the CO vibration in the acid carboxyl group. The latter is
not included in our spectral simulation and we get a single peak due to the
proline amide unit. The simulated spectrum is red shifted by 31.7 cm−1

to match the experimental peak position for the proline amide unit. Apart
from this shift and slightly smaller asymmetry than the experimental spec-
trum, the line shape of the simulated spectrum (FWHM = 29.5 cm−1) is in
good agreement with the experimental one (FWHM = 30.1 cm−1). We note
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here that the FTIR peak for NMA-D in D2O is almost as broad (FWHM
= 27.8 cm−1 [86]) as for AcP. The origin of the discrepancy between the
experimental and simulated frequencies observed for AcP and for the other
peptides described below is discussed in detail at the end of this section.

Figure 3.5: 2DIR spectra (parallel polarization) of trans-AcP and nodal
lines (red). 20 equally spaced contours are plotted from -100 % to 100 % of
the maximum intensity.

The 2DIR spectra of AcP at different waiting times (t2 = 0 fs, t2 = 300
fs, and t2 = 600 fs) are depicted in Fig. 3.5. The diagonal peak (red)
of a 2D spectrum comes from the stimulated emission and ground state
bleach, whereas the overtone peak (blue) appears due to the excited state
absorption. Here, the shape of the 2D peaks in the simulated spectra as a
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function of waiting time at first glance appear to be in very good agreement
with the experimental one. To be more quantitative, we made a nodal slope
analysis of these 2D spectra. The nodal lines are plotted on the 2D spectra
in Fig. 3.5. We estimated the slope of the nodal lines in the region, 1600
< ω1 < 1620, making sure that the nodal line is straight in this region.
We find an exponential decay of the nodal slope (Fig. 3.6) with a time
scale ∼ 1.5 ps for both experiment and simulation. The small differences
between the simulated and experimental nodal slopes in the early time
regime might be due to slightly slower dynamics of the solvent in the MD
simulation than in reality or by the simple fact that the laser pulses have
a finite pulse duration, while they are taken to be instantaneous in the
spectral simulation.

Figure 3.6: Waiting time dynamics in the 2DIR spectra of AcP from the
nodal slope: green and blue circles are from experiments and simulations,
respectively.

In the spectral simulation of the dipeptides we can combine the electrostatic
and the nearest neighbor dihedral maps. For the VP dipeptide, the exper-
imental FTIR spectrum (Fig. 3.7b) contains two peaks. The peak at 1714
cm−1 originates from the terminal acid carboxyl. Both of the two amide
units contribute to the first peak (1615 cm−1). This is also seen in the
simulated spectrum which has only one peak. Like for AcP, here, similar
frequency shifts of both units (28.7 cm−1) are made to match to the exper-
imental peak at 1615 cm−1. After this shift the frequencies of the two sites
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Figure 3.7: The molecular structure of the trans-VP dipeptide (a) and its
linear absorption (b) and 2DIR spectra (parallel polarization) (c-f). Con-
tour lines in the 2D spectra are plotted as in Fig. 3.4.

are found to be 1609.7 cm−1 and 1614.1 cm−1. The simulated linewidth
(FWHM = 31.9 cm−1) is close to that found in experiment (FWHM =
30.3 cm−1). One possible reason of the same shift for both AcP and VP
can be attributed to the presence of the C-terminal carboxyl group. This
argument will be justified later when we will discuss the spectra for PG12,
where this terminus is absent. The 2DIR spectra of VP at t2 = 0 fs and
t2 = 600 fs are shown in Fig. 3.7c-f. DW and ADW extracted from these
spectra are listed in Table 3.2. The simulated DWs are within ∼2-4 cm−1

of the experimental ones. The simulated and experimental ADW deviate
less than 1 cm−1 from each other.
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Exp. Sim.

t2 = 0 fs

DW 29.7 27.5
ADW 10.4 10.7

t2 = 600 fs

DW 31.7 27.6
ADW 12.0 12.3

Table 3.2: Diagonal width (DW) and anti-diagonal width (ADW) in cm−1

of 2D spectra for VP. ADW were extracted at ω1 = 1614 cm−1.

Figure 3.8: The molecular structure of the trans-PG dipeptide (a) and its
linear absorption (b) and 2DIR spectra (perpendicular polarization) (c-d).
In the 2D spectra the contours are plotted from -100 % to 100 % of the
maximum intensity with a spacing of 8% between the contours.

The FTIR and 2DIR spectra of PG are given in Fig. 3.8b-d. A two peak
structure is observed in spectra: the Pro peak (1607.6 cm−1) corresponding
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to proline amide unit and the Gly peak (1650 cm−1) corresponding to the
amide unit between proline and glycine. The respective frequency red-shifts
for these sites made in simulation to reproduce the experimental ones are
26.6 cm−1 and 12.7 cm−1. One interesting point to note here is that both
experimental and simulated 2D spectra for PG show ridge like cross peaks
around 1613 cm−1 which originate from the coupling of the proline amide
unit to its C-terminal neighbor, i.e. glycine. The two peak structure of
PG and single peak structure of VP may lead to the conclusion that the
coupling of the proline amide unit to the C-terminal unit is stronger than
the N-terminal unit. To investigate that we have compared between these
couplings estimated from simulations. We find that the coupling in PG
has a broader distribution than that in VP ((Fig. 3.9)), though both are
centered at the same position (4.4 cm−1). From the line shape analysis of
2D spectra for PG (Table 3.3) we find that the experimental Gly peak is
well reproduced by the simulation. The simulated DW of the Pro peak is
4-5 cm−1 narrower than the experimental one, while ADW is reproduced
within 1 cm−1.

Exp. Sim.

Pro peak

DW 29.2 24.6
ADW 12.4 11.7

Gly peak

DW 34.2 34.9
ADW 11.7 12.1

Table 3.3: Diagonal width (DW) and anti-diagonal width (ADW) in cm−1

of 2D spectra for PG: experiment at t2 = 150 fs and simulation at t2 = 140
fs. ADW values were extracted at ω1 = 1610 cm−1 and ω1 = 1645 cm−1,
respectively, for the Pro peak and the Gly peak.

Finally, for PG12 with 12 backbone amide I oscillators, all the maps i.e.
electrostatic map, dihedral map as well as TCC map can be applied. The
charged side chain of glutamic acid and arginine also contribute to the
amide I band. In the spectral simulation these two side chain amide I
oscillators and the side chain as well as backbone amide I oscillators of
glutamine are not considered. The analysis for the 5th amide unit (proline
amide unit, refered to as V5) in PG12 will help us understand whether the
shifts of the simulated proline frequency in VP, PG, and AcP with respect
to the experimental ones are due to the presence of the terminal or not. A
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Figure 3.9: Distribution of nearest neighbor couplings in VP and PG.

comparison between the experimental and simulated FTIR spectra is rep-
resented in Fig. 3.10b-e. It turns out that a systematic shift of 14 cm−1

is required for all the amide I site frequencies except for the proline amide
unit to match with the experimental peak (Fig. 3.10b). The required shift
for the proline amide unit is negligible (only 3 cm−1). These shifts arise
because the electrostatic map was developed only considering the amide I
group, hence, the boundary between the amide I groups and the surround-
ing peptide is not well defined. This type of shift was previously observed
in other studies as well [46, 48, 49, 90, 156]. When we take the difference
between the experimental and the simulated FTIR spectrum (Fig. 3.10b),
we find two pronounced peaks at 1590 and 1610 cm−1 which originate from
the symmetric and asymmetric CN stretching vibrations of the deuterated
arginine side chain [157]. To investigate this, we have done a simple mod-
eling of these stretching vibrations by fitting a linear combination of two
Gaussian functions (Eq. 3.7) to the difference spectrum (green curve in
Fig. 3.10b).

f(ω) = αs exp
[
− (ωs

0 − ω)2

2σ2
s

]
+ αa exp

[
− (ωa

0 − ω)2

2σ2
a

]
(3.7)

Here, s and a stand for symmetric and and anti-symmetric stretch vibra-
tion. From the fit parameters (listed in Table 3.4) a FTIR spectrum for
the CN stretching vibrations is obtained and added to the simulated FTIR
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spectrum of PG12, then the total simulated spectrum reproduces the ex-
perimental spectrum in good agreement (Fig. 3.10c).

Parameter Value

αs 0.13
αa 0.18
ωs

0 1590.8
ωa

0 1608.7
σs 10.1
σa 5.6

Table 3.4: Parameters for modeling the CN stretch vibration in the arginine
side chain (Eq. 3.7). ωs

0, ωa
0, σs, and σa are given in cm−1.

The FTIR and 2DIR spectra for PG12 with the V5 isotope labeled with
13C16O are given in Fig. 3.10d and Fig. 3.10f-g, respectively. In the
simulated FTIR and 2DIR spectra, the peak corresponding to V5 (41 cm−1

red shifted with respect to its original peak position due to the labeling) is
clearly isolated from the main band. In the main band of the 2D spectra
a Z-shape like structure is observed, which is consistent with the β-hairpin
structure of PG12. This Z-shape like structure is much less pronounced
than observed for the ideal β-sheet structure [68, 69]. Such features were
also found in the studies of other β-hairpin peptides [40, 46]. In the 2D
spectra in Fig. 3.10f-g ridge like cross peaks appear (ω1 ∼ 1625 cm−1,
ω3 ∼ 1675 cm−1) due to couplings between the amide I oscillators. The
peaks between the V5 peak and the main band in the experimental 2D
spectrum are again due to the CN stretching vibration of the arginine side
chain, which is absent in the simulated spectrum. Both the position and the
shape of the simulated 2D spectrum for the labeled V5 unit fit nicely with
the experimental observations. In the experimental isotope labeled FTIR
spectrum for V5, the peak corresponding to V5 is overlapping slightly with
one of the arginine side chain peaks, and not completely comparable with
the simulated FTIR spectrum. We have therefore obtained the difference
spectrum for V5 by subtracting the unlabeled FTIR spectrum from the
V5 labeled FTIR spectrum, that isolates the spectrum for V5. We have
done this for both the experimental and simulated spectra and compared
in Fig. 3.10e. In the simulation, we predict the line shape of the linear
difference spectrum for the proline amide unit in good agreement with the
experiment.

We will now revisit the origin of the site frequency shifts in simulation of
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Figure 3.10: Main chain of PG12 along with the arginine (R), glutamic
acid (E) and glutamine (Q) side chains (a). Comparison between the exper-
imental and simulated linear absorption spectra of PG12: the arginine side
chain vibration is not included in the simulation (b), while it is included in
the model in (c), the V5 unit is labeled with 13C16O (d), difference spectra
for V5 (e). Experimental (f) and simulated (g) 2DIR spectra (perpendicular
polarization) for PG12 with the isotope labeled V5 unit. In the 2D spectra,
the contours are plotted from -100 % to 70 % of the maximum of the square
root of the intensity with a spacing of 6% between the contours.
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the peptides while compared to experiments. The electrostatic map was
developed on DMA and the dihedral map was developed on the Pro-Gly
and Gly-Pro dipeptides where the C-terminal -COOD unit was absent.
However, Acp, VP, and PG contain the C-terminal -COOD unit, which
can affect the site frequencies. The proline frequencies were red-shifted by
a similar amount (∼30 cm−1) in these peptides. In PG, the frequency shift
corresponding to the Gly peak in simulation is similar to the systematic
shift found for PG12 and has the same explanation. To overcome the
problems with studying a single peptide unit or dipeptides arising due to
the C-terminal, future study with explicit modeling of the C-terminal -
COOD unit is recommended. Otherwise, for a dipeptide, a systematic shift
(as reported for VP) of both sites can be a working approximation when
proline is close to the C-terminal -COOD group. When proline is close the
N-terminal in a dipeptide, the shifts observed in the PG simulation can be
used. We suggest this because, apart from these frequency shifts the line
shape agreement between simulations and experiments are good. In the
case of PG12, proline is situated in the turn and its simulated frequency
is almost the same as the experimental one. Like PG12, our maps can be
applied to large peptides with proline located in the turn, just making a
systematic 14 cm−1 frequency shift of the secondary amide I units, where
no shift of the proline frequency is required. These maps can also be applied
to the gas phase mid-infrared study of bare or micro-solvated peptides to
determine amide I vibrational frequencies and corresponding backbone and
hydrogen bonding structures.

3.4 Conclusions

We have developed a parametrization applicable for studying structure and
dynamics of proline containing proteins. More precisely, the modeling ad-
dresses probing the amide I vibration of the tertiary amide unit. To build
up the parametrization, DFT calculations were used. The frequency of an
amide I unit was modeled by accounting for the electrostatic interaction
between the solvent and the amide I unit in addition to treating the elec-
trostatic effects due to the conformational changes within the peptide. The
coupling between two nearest neighbor amide I units is treated with an
NNC map, for longer-range interactions the TCC map is employed. We
have tested our model by simulating infrared spectra for the single amide
I unit in AcP, two amide I units in the VP and PG dipeptides and finally
twelve amide I units in PG12 and then comparing with experiments. It
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turns out that in all three cases, the line shapes of the simulated spectra
are in good agreement with the experimental observations. In the dipeptide
case, it turns out that proline is more strongly coupled to the C-terminal
neighbor than the N-terminal neighbor in the amino acid sequence. The
largest shortcoming of the model is that the presence of C-terminal -COOD
shifts the proline frequency in simulation by a large amount (∼ 30 cm−1)
with respect to the experimental one. However, when proline is not a
neighbor of the terminal (like in PG12), the shift of the simulated proline
frequency is negligible. Proline is mostly found in the turn of large pep-
tides or proteins and hardly ever located next to a terminal. Therefore,
our model will be a good tool for studying amide I vibrational dynamics of
proline containing peptides and proteins.
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3.5 Appendix

Atom Field c(ωge) c(ωfg)

Gas phase 1690 3366.09

C Ex 4178.94 8655.21
Ey 1045.99 2204.88
Ezz 506.529 1279.07
Exy 2079.24 5696.18

O Ex 416.453 924.028
Ey -1448.31 -3573.18
Ezz -2.61955 58.2984
Exy 1458.73 3493.46

N Ex -812.651 -1953.89
Ey -2351.57 -4550.64
Ezz -475.445 -849.318
Exy 1141.32 3314.71

Cδ Ex 1530.94 3669.27
Ey 733.508 1769.54
Ezz -595.518 -1371.38
Exy 2963.12 7584.79

Table 3.5: The electrostatic map parameters for the oscillator fre-
quency given in cm−1/Eh/Bohr

e for the electric field components and in

cm−1/Eh/Bohr2

e for gradient components.
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DMA

Atom Q
e

dQ
e vx vy vz

Cα(C) 0.015998 0.011574 0 0 0
C 0.159744 0.010457 -0.836 -0.004 0
O -0.347870 -0.044243 0.537 0.023 0
N 0.024241 0.013641 0.099 -0.018 0
Cδ(N) 0.061036 0.003277 0 0 0
Cα(N) 0.086851 0.005295 0 0 0

NMA-D

Atom Q
e

dQ
e vx vy vz

Cα(C) -0.119992 -0.007173 0 0 0
C 0.603948 0.014889 0.730 -0.030 0
O -0.53416 0.018198 -0.430 0.040 0
N -0.515416 -0.015666 -0.070 -0.030 0
D 0.390304 0.000135 -0.100 -0.100 0
Cα(N) 0.175312 -0.010383 0 0 0

Table 3.7: Comparison between the new TCC parametrization for DMA
and the original TCC parametrization for NMA-D [134]. The normal mode
coordinates for DMA and NMA-D are given in the units of the vibrational
amplitude 0.0280896 Å and 0.03 Å, respectively.
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Chapter 4

2D CS analysis methods that
distinguish between Gaussian

and non-Gaussian dynamics

We investigate how accurate different methods of the spectral lineshape analy-
sis work in two-dimensional correlation spectroscopy (2D CS) for systems with
non-Gaussian dynamics. A direct link is established between the frequency de-
pendent correlation functions and a number of lineshape metrics. Two model
systems are constructed mimicking a typical molecular system with conven-
tional Gaussian and non-Gaussian spectral dynamics. The frequency depen-
dent correlation function and several lineshape parameters extracted from the
2D CS spectra at different waiting times reveal dissimilar dynamics in differ-
ent frequency domains in the non-Gaussian case and similar dynamics in all
domains in the Gaussian case. The extracted frequency dependent correlation
times agree well with the local dynamics in the underlying model for all analysis
methods. We also find an extension of the existing lineshape analysis methods
that allows the extraction of the third-order correlation function.

This work has been published in J. Phys. Chem. B 115, 5431 (2011)
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and non-Gaussian dynamics

4.1 Introduction

Frequency fluctuations of optical transitions in the visible or IR domains
have been extensively used in the last decades to obtain information about
system dynamics in physics, chemistry, biology, and material sciences. The
frequency fluctuation auto-correlation functions can be extracted from third-
order nonlinear optical experiments [104, 158, 159]. One notable example
of such an experiment is the photon echo peak shift [160, 161]. The emer-
gence of two-dimensional correlation spectroscopy (2D CS) [25] made it
possible to obtain much more detailed information on the frequency fluc-
tuations than the photon echo peak shift. 2D CS is closely related to the
well known two-dimensional NMR COSY technique [162] and basically re-
lies on correlating the frequencies observed at one time with those that
are detected after a time delay. In this way the information is spread in
two-dimensions and the technique is particularly sensitive to correlations in
frequency fluctuations. However, one needs to develop more or less direct
methods to analyze the complex two-dimensional lineshapes in an efficient
way to extract a wealth of information such as the frequency fluctuation
auto-correlation functions from the peak shape.

In such analysis, the central limit theorem is often used, explicitly or im-
plicitly, to ensure frequency fluctuations have Gaussian dynamics. There-
fore, lineshapes in linear and nonlinear optical and infrared spectra can
be described within the well known Kubo lineshape paradigm of theories
[163–165], also known as the second-order cumulant approximation. We
would like to stress, however, that the requirement of Gaussian dynamics
is much stronger than simply demanding the frequency distribution to be
Gaussian. The latter only requires that the higher-order cumulants are
zero for frequencies taken at the same time. The Gaussian distribution
is fully defined by the average frequency and the standard deviation of
the distribution. Gaussian dynamics imply that the higher-order cumu-
lants 〈〈ω(t1) · · ·ω(tn)〉〉 (n > 2) are zero for all combinations of the time
variables ti. In other words, a Gaussian frequency distribution or linear
absorption lineshape does necessarily mean that the underlying dynamics
is Gaussian as appears to be a common misconception.

Most 2D CS studies so far have limited themselves to the same basic as-
sumption of Gaussian dynamics for analysis as were used for the photon
echo peak shift. Among the suggested metrics, the first moment of the 2D
spectrum [166], using the ellipticity of the peak [155], the slope of the max-
line [167, 168], the nodal slope [169], and phase slopes [110] are used. The
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study of the relative intensity between the rephasing and non-rephasing
signals denoted the inhomogeneity index is another suggested method for
analyzing the two-dimensional spectral peaks [109]. An excellent review for
the application of these methods to characterize 2D CS lineshapes can be
found in Ref. 109.

For a long time, the only noticeable known exception of non-Gaussian dy-
namics was chemical exchange systems, which can be accounted for by the
Kubo jump models [163, 164]. However, recently a number of systems with
significant non-Gaussian frequency fluctuations have been found using 2D
CS. The first example of non-Gaussian dynamics is the 2D CS spectrum of
the OH stretch of water [111, 170]. A particular extreme case is H2O in ace-
tonitrile, where the non-Gaussian dynamics leads to distinctively dissimilar
dynamics of the predominantly symmetric and asymmetric OH stretch vi-
brations [107]. However, non-Gaussian dynamics has also been reported in
the optical spectra of light-harvesting complexes of bacteria [171]. Other
examples are the 2D CS spectra of the amide I mode of the model peptide
unit molecule, N-methyl acetamide, in methanol [105, 172] and a number
of chemical exchange systems [112, 113, 173–176]. Also, three-dimensional
(3D IR) spectroscopy [177] has been proposed to probe the deviation from
Gaussian dynamics directly. A few attempts have been made to perform
frequency dependent analysis [178] of experimental spectra mostly focus-
ing on the use of slope analysis [107, 167, 179, 180]; however, the analysis
clearly lacked a solid theoretical basis.

In this chapter, we investigate how to obtain dynamical information from
the 2D spectra of systems with non-Gaussian dynamics. A theoretical con-
nection will be derived between frequency-dependent correlation functions
and different metrics. To test the assumptions made in the theory, we set
up a model, where the non-Gaussian dynamics is introduced through a fre-
quency dependent friction parameter. Then the numerically calculated 1D
and 2D spectra will be subjected to different methods for lineshape analysis,
and the results will be compared with the frequency-dependent correlation
functions obtained directly from the trajectory. This will allow us to assess
the reliability of the different line shape analysis methods and justify the
application to a broad range of systems that exhibit non-Gaussian dynam-
ics. Finally, we will demonstrate how a higher-order correlation function
can be derived from 2D spectra.

The remainder of this chapter is organized as follows. In the next section
we will describe the theory for inducing the non-Gaussian dynamics in a
model system and define different types of frequency fluctuation correla-
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tion functions. In Section 4.3 we will discuss the methods that we use to
calculate 2D CS spectra and introduce the lineshape parameters that we
will analyze. We will present and discuss the results in Section 4.4. Finally,
we will draw conclusions in Section 4.5.

4.2 Theory

In a 2D CS experiment three laser pulses separated by short delay times
interact with the sample. t1 is the delay time between the first two lasers,
t2 is the delay time between the 2nd and 3rd one, known as waiting time,
and t3 is the delay time after the 3rd interaction. The 2D spectrum with
the frequency axes ω1 and ω3 is obtained by taking the Fourier transform
of the time-domain output signal (both real and imaginary parts) with
respect to t1 and t3. t2 is kept constant for a spectrum and several spectra
with different t2 are obtained to investigate the underlying waiting time
dynamics. The 2D CS signal then consists of the imaginary (absorptive)
part of the sum of the rephaising (kI) and non-rephasing (kII) signals [106].

4.2.1 Construction of the model system

Let us consider a three level quantum system coupled with a classical har-
monic bath. The harmonic bath is again coupled with a Markovian heat
bath. Here we assume that the harmonic bath is not affected by the quan-
tum system and that the heat bath is not affected by the harmonic bath.
The quantum system is described by the following Hamiltonian.

H(t) = [ω0 + cx(t)]B†B − ∆

2
B†B†BB (4.1)

The usual Bosonic creation and annihilation operators are denoted B† and
B. The average frequency of the singly excited state is ω0. The magnitude
of the coupling to the harmonic bath coordinate, x(t), is determined by the
coupling constant c. The anharmonicity is given by the constant ∆.

In order to describe the motion of the harmonic bath a stochastic differential
equation, i.e the Langevin equation is used [181].

m
d2x

dt2
= −kx−mγ(x)

dx

dt
+ F heat (4.2)
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The mass and the harmonic constant are denoted m and k, respectively.
The friction connected with the coupling with the heat bath is given by
γ. In contrast to the standard Langevin equation the friction is allowed
to depend on the coordinate of the harmonic bath, which allows us to
introduce non-Gaussian dynamics. The term F heat is a fluctuating random
force exerted by the Markovian heat bath and has the following properties.

〈F heat(t)〉 = 0 (4.3)

〈F heat(t)F heat(0)〉 = 2δ(t)γ(x(t))mkBT. (4.4)

The essential difference between our harmonic bath and that commonly
used is that we use a position dependent friction. We apply the position
dependent friction as given bellow:

γ(x(t)) = γσ[tanh(σx(t)) + 1]/2 + γ0 (4.5)

This function gives rise to a smooth change between two friction constants
(γ0 and γ0 + γσ) that will be found at the extreme values of the bath coor-
dinate. This difference in friction induces the non-Gaussian dynamics. The
non-zero values of constant, σ, determine how fast the change between the
two domains of friction is. For σ = 0, the friction is constant, resulting in
Gaussian dynamics. The lack of memory in the heat bath ensures that a
Gaussian distribution of the bath coordinate is still obtained, even when
the friction is not constant. When the characteristic frequency of the har-
monic bath coordinate, ωbath =

√
k/m, is low compared with the friction

the system is over-damped. In this case one would expect a local corre-
lation function of the harmonic bath coordinate corresponding to that of
a Brownian over-damped oscillator that will decay with a bath relaxation
time [104] given by

τbath = γ/ω2
bath. (4.6)

Later we will choose our parameters so we are in this overdamped regime.

4.2.2 Correlation functions and joint probability distributions

The frequency auto-correlation function gives the measure of the amplitude
and correlation time of the frequency fluctuations. For a given frequency
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trajectory (ω(t)) the 2nd (C11) and 3rd (C21) order correlation functions
are given by the following equations, respectively:

C11(t) = 〈(ω(t)− 〈ω〉)(ω(0)− 〈ω〉)〉 (4.7)

C21(t) = 〈(ω(t)− 〈ω〉)2(ω(0)− 〈ω〉)〉, (4.8)

where the brackets denote the ensemble average. C21(t) is interesting as
it is the simplest correlation function that vanishes for Gaussian dynamics
and its normalized value is a measure of time-dependent skewness. It is
possible to extract the correlation functions from the 2D CS spectra in the
spectral diffusion limit, i.e. assuming the dynamics to be slow at the time
scales of t1 and t3 time intervals (but not during the waiting time t2). In
this limit the 2D spectrum of a single mode is determined by the joint
probability distribution (JPD) D(ω1, t2, ω3), i.e the probability to find ω1

as the initial frequency and ω3 as the final frequency after a waiting time
t2. The signal intensity, S(ω1, t2, ω3), can then be approximated as the
following:

S(ω1, t2, ω3) = D(ω1, t2, ω3)−D(ω1, t2, ω3 −∆) (4.9)

D(ω1, t2, ω3) and D(ω1, t2, ω3 +∆) correspond to the diagonal peak (stimu-
lated emission and ground state bleaching) and the peak corresponding to
excited state absorption (EA) of the 2D CS spectrum, respectively, where ∆
is the anharmonicity. If the anharmonicity is large compared to the absorp-
tion spectrum width, the JPD can easily be extracted from the spectrum.
If the JPD is known one can use it to calculate the frequency dependent
correlation functions [182].

CS(ω1, t2) =

∫∞
−∞D(ω1, t2, ω3)(ω1 − 〈ω1〉)(ω3 − 〈ω3〉)dω3∫∞

−∞D(ω1, t2, ω3)dω3
(4.10)

where 〈ω1〉 and 〈ω3〉 are the average values for ω1 and ω3, respectively, and
the superscript, S, indicates that the correlation function is extracted from
a 2D spectrum and thus not mathematically exact. Hence, for i = 1 or
i = 3,

〈ωi〉 =

∫∞
−∞

∫∞
−∞D(ω1, t2, ω3)ωidω1 dω3∫∞

−∞
∫∞
−∞D(ω1, t2, ω3)dω1 dω3

(4.11)
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Further integration of Eq. 4.10 with respect to ω1 leads to the normal
correlation function [182].

CS11(t2) =

∫∞
−∞

∫∞
−∞D(ω1, t2, ω3)(ω1 − 〈ω1〉)(ω3 − 〈ω3〉)dω1 dω3∫∞

−∞
∫∞
−∞D(ω1, t2, ω3)dω1 dω3

(4.12)

In order to determine whether the correlation function behaves differently
(or similarly) in different frequency domains, the total spectrum is divided
into a number of domains along the ω1-axis, and CS11(t2) is extracted in
each domain and then compared with each other. For a particular domain
defined as ωi1 ≤ ω1 ≤ ωf1 , where ωi1 and ωf1 are the limiting values for ω1,
Eq. 4.12 for such interval is

CS11(t2) =

∫ ωf
1

ωi
1
dω1

∫∞
−∞ dω3D(ω1, t2, ω3)(ω1 − 〈ω1〉)(ω3 − 〈ω3〉)∫∞
−∞

∫∞
−∞D(ω1, t2, ω3)dω1 dω3

. (4.13)

The higher-order correlation functions, for example, the third-order corre-
lation function can also be obtained as the following

CS21(t2) =

∫∞
−∞

∫∞
−∞D(ω1, t2, ω3)(ω1 − 〈ω1〉)(ω3 − 〈ω3〉)2dω1 dω3∫∞

−∞
∫∞
−∞D(ω1, t2, ω3)dω1 dω3

. (4.14)

When D is the actual JPD Eq. 4.12 and Eq. 4.14 are mathematically
identical to Eq. 4.7 and Eq. 4.8, respectively. When D is extracted from
the spectra Eq. 4.12 and Eq. 4.14 give extracted correlation functions.

4.2.3 Metrics and their connection with correlation functions

Figure 4.1 illustrates a number of metrics that will be used to analyze the
frequency-dependent dynamics. The anti-diagonal width is the full width at
half maximum (FWHM) of a slice along the anti-diagonal direction centered
at a particular value of ω1. The max-line slope is the slope of the line
obtained by plotting the value of ω3, where the intensity is the highest for
a particular value of ω1, as a function of ω1. The phase slope is defined
in the following way. The output intensity in the 2D CS experiment has
a dispersive (d) and an absorptive (a) part, and the phase is defined as
tan−1(d/a). Initially a point on the diagonal (ω1 = ω3 = Ω) is chosen to
calculate the phase, then a constant phase line with the same phase on the
diagonal peak is obtained. Finally, the nodal slope is defined as the slope
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Figure 4.1: Illustration of different metrics to analyze frequency-dependent
dynamics: the max-line (black), phase line (magenta dashed line), nodal
line (green) on the 2D peaks. The intersection points between these lines
and the vertical dashed line indicate ωi = ωc, the point of expansion intro-
duced in Eq. 4.15.

of the line in the nodal plane between the diagonal and EA peaks, where
the intensity is zero.

The max-line, nodal line or phase line can be used to extract the second-
and third-order correlation functions in an approximate way, by assuming
that they are a good measure of the average final frequency ωf of the
subensemble excited with the initial frequency ωi apart from a constant,
which is independent of the initial frequency. This line is a function, ωf (ωi),
which can be expanded into Taylor series around a point ωc.

ωf (ωc + ∆ω) = ω′f (ωc)∆ω +
1

2
ω′′f (ωc)(∆ω)2 +O(∆ω3) (4.15)

Here, we cut the series beyond the second-order term. ω′f (ωc) =
dωf (ωi)
dωi

|ωi=ωc

and ω′′f (ωc) =
d2ωf (ωi)

dω2
i
|ωi=ωc are the slope and curvature, respectively,
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at the point of expansion, ωc. Considering the Gaussian distribution,

D(ωc + ∆ω) = 1√
2πσ2

exp
(
− ∆ω2

2σ2

)
, we obtain the correlation functions

as

CS11(t, ωc) =

∫ ∞
−∞

∆ω × ωf (ωc + ∆ω)D(ωc + ∆ω)d(∆ω)

= σ2ω′f (ωc) +O(∆ω4) (4.16)

CS21(t, ωc) =

∫ ∞
−∞

(∆ω)2 × ωf (ωc + ∆ω)D(ωc + ∆ω)d(∆ω)

= (3/2)σ4ω′′f (ωc) +O(∆ω6) (4.17)

CS11(t, ωc)/σ
2 and CS21(t, ωc)/σ

3 are the normalized second and third-order
correlation functions, respectively, and σ =

∫∞
−∞∆ω∆ωD(ωc + ∆ω)d(∆ω).

The argument, ωc, emphasizes that the correlation functions are obtained
by an expansion around that particular point. In practice, we will consider
a region of the spectral range (as will be defined later) with ωc in the center
of this domain, and the slope and curvature will be calculated at each point
of this domain by calculating finite differences between neighboring points.
We then average over all points within the domain to obtain the final slope
and curvature.

4.3 Methods

A Hamiltonian trajectory was constructed by numerical propagation of Eq.
4.2 with snapshots stored every 10 fs for a total time interval of 400 ns. The
values for all parameters used to construct the trajectory are listed in Table
4.1. Note that the central frequency is our arbitrarily choice, and the model
can be readily re-scaled to any other frequencies, for instance, visible or UV.
Linear absorption and 2D CS spectra were calculated from this trajectory
by solving the time-dependent Schrödinger equation using the Numerical
Integration of Schrödinger Equation scheme (NISE) [100, 101]. In this
scheme, the total time is divided into a number of short time intervals (10
fs) and we treat the Hamiltonian as constant for the short time intervals
and during each time interval the time independent Schrödinger equation
is solved. The successive propagation in these short time intervals is used
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to get the time evolution for the total time. The linear and non-linear
response functions are then calculated to get the linear absorption and 2D
CS spectra.

Parameters Values

k 10 (kJ/mol/nm2)

m 20 (u)

γ0 0.1×10−3 (fs−1)

σ 2 (nm−1)

γσ 0.3×10−3 (fs−1)

T 300 (K)

c 100 (cm−1/nm)

ω0 1050 (cm−1)

4 150 (cm−1)

Table 4.1: The values for all parameters used in the simulation.

For the purpose of analyzing the lineshapes of the 2D CS spectra we cal-
culate the anti-diagonal width and max-line slope, phase slope, and nodal
slope. To do this we obtain the diagonal peak in two ways. First, we con-
sider only the positive part of the spectrum which gives the diagonal peak
influenced by the interference with the negative peak. We call this the ac-
tual spectrum. Secondly, a positive signal is added to the spectrum for each
ω1 in the decreasing direction of ω3 when ω3 > ωinitial

3 + ∆, assuming the
positive diagonal peak and the negative EA peak are equal. In other words,
we trust the signal till ωinitial

3 + ∆, then correct the rest part by adding a
positive signal which essentially eats up the negative part. Thus, we ob-
tain a corrected spectrum on the diagonal without the influence from the
interference. We call this the corrected spectrum. Such a treatment is only
valid when the dynamics determining the two peaks are the same and the
anharmonicity is frequency independent. The diagonal peaks obtained in
both ways are subjected to the calculation of anti-diagonal width, max-line
slope and phase slope.

4.4 Results and discussion

All the calculations were performed for two cases. First, the Gaussian case
where a constant friction (0.25×10−3 fs−1) is considered. Using Eq. 4.6
and the parameters listed in Table 4.1 the correlation time of the bath
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dynamics for this case turns out to be 500 fs. Second, the non-Gaussian
case where the friction is changing smoothly between 0.1×10−3 fs−1 and
0.4×10−3 fs−1 as a function the harmonic bath coordinate, i.e. the time
scale of the bath dynamics is between 200 fs and 800 fs.

For both cases we present a comparison between the distribution of fre-
quencies calculated from the frequency trajectory and the calculated linear
absorption spectrum in Fig 4.2. Both the distributions and the linear ab-
sorption spectra are centered at the average frequency, 〈ω〉 = 1050 cm−1.
The almost perfect overlapping of the linear absorption spectrum with the
frequency distribution reveals that motional narrowing is practically negli-
gible, i.e. we fulfill the assumption of the spectral diffusion limit discussed
previously. It should be realized that the linear spectra both in the Gaus-
sian case and the non-Gaussian case have a practically perfect Gaussian
lineshape determined by the underlying Gaussian frequency distribution,
D(ω), which is dictated by the Boltzmann distribution of the harmonic
bath coordinate:

D(ω) = exp

[
−
−1

2k(ω/c)2

kBT

]
(4.18)

For analysis purposes we will define three frequency domains: red domain
(ω < 1020 cm−1), central domain (1020 cm−1 < ω <1080 cm−1), and blue
domain (ω >1080 cm−1). A direct correspondence between the frequency
and the friction (Eq. 4.1 and Eq. 4.5) is depicted in Fig. 4.2. We chose
these domains such that for the non-Gaussian case, the red and blue do-
mains correspond to the domains of small and large friction, respectively,
whereas the friction is independent of frequency for the Gaussian case.

4.4.1 2D CS and correlation functions

The 2D CS spectra were calculated for both the Gaussian and non-Gaussian
case with waiting times spaced by 100 fs, from t2 = 0 to t2 = 2000 fs.
The representative 2D spectra at several waiting times are shown in Fig.
4.3. For both the cases, for t2 = 0 fs, the peaks in the 2D spectrum are
diagonally elongated and as the waiting time increases the spectrum starts
to spread in the anti-diagonal direction. The peaks at longer waiting times
aquire a round shape. This is due to the fact that the correlation between
the pump and probe frequencies is lost for the longer waiting time. One
way to quantify how fast this correlation decays is to extract the correlation
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Figure 4.2: The linear absorption spectra (red) and frequency distribu-
tions (black) for the Gaussian case (a) and non-Gaussian case (b). (c)
The relation between the friction and frequency for the Gaussian (A) and
non-Gaussian case (B). The whole frequency domain is divided into three
domains: red, central, and blue.

function (CS11(t2)) from the spectra as defined in Eq. 4.12. For this purpose
we obtain the actual spectrum and the corrected spectrum as described in
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Section 4.3. An example of the corrected spectrum is depicted in Fig. 4.4.

Figure 4.3: 2D CS spectra at different delay times for the non-Gaussian
and Gaussian case. A total of 18 equally spaced contours are plotted between
±10% and ±90% of the most intense peak. Black, magenta, and green lines
indicate max-line, phase and nodal slopes, respectively.

Figure 4.4: Removal of the EA peak from a 2D CS spectrum: obtaining a
corrected spectrum.

We calculate CS11(t2) for each spectral domain (Eq. 4.13) and also for the
whole spectrum (red + central + blue) and compare with C11(t) (Eq. 4.7)
calculated directly from the frequency trajectory in Fig. 4.5 and 4.6. To
calculate CS11(t2) we employed the frequency averages obtained from spec-
tra calculated at t2 = 1800 fs. This ensures that the extracted correlation
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Figure 4.5: The correlation functions for the Gaussian case for the red
domain (a), blue domain (b), central domain (c), and total spectrum (d).
The dash-dotted lines, full lines, and circles correspond to the frequency tra-
jectory, corrected spectra, and actual spectra, respectively. The correlation
functions in the central domain (c) are scaled with a factor of 10.

Figure 4.6: The same as Fig. 4.5, but for the non-Gaussian case.

functions decay to zero at long times. Summation of the correlation func-
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tions from the red, blue and central domains gives the total correlation
function of the whole domain. The central domain contributes very little
to the total correlation function. This is because the initial value of the
frequency is bound to be close to the average in this domain value always
resulting in a small value of the product in the correlation function. For
the non-Gaussian case (Fig. 4.6), the correlation function decays faster in
the red domain than in the blue domain, because the frequency fluctuation
is faster in the red domain. For each of the domains, the initial value of
the correlation function calculated from the frequency trajectory (C11(0))
is greater than that extracted from the spectrum (CS11(0)). This reflects
the motional narrowing caused by the dynamics during t1 and t3. The
long time behavior of CS11(t2) is found to be the same as of C11(t). For
the Gaussian case motional narrowing is also observed (Fig. 4.5), and the
correlation functions in the red and blue domain display similar dynamics.

C11(t) in the red and blue domain for both the Gaussian and the non-
Gaussian case are presented in Fig. 4.7. In the Gaussian case the cor-
relation functions on the red and the blue side are identical up to 1500
fs where differences are observed due to the limited sampling. For the
non-Gaussian case, the correlation function at the red side initially decays
faster than that on the blue side. However, at times longer than 500 fs the
red domain correlation function decay with the same rate as the blue do-
main correlation function. At this time the correlation functions are deter-
mined by the slowest motion found at the blue side. For the non-Gaussian
case, the time scale of the dynamics in the blue and middle domain were
found by fitting the correlation functions to a mono-exponential function
C(t) = A exp(−t/τ)., while in the red domain we used a biexponential
function (C(t) = A exp(−t/τ) + B exp(−t/τblue)) where the value for τblue
extracted from the fitting in the blue domain is used. For the Gaussian case,
all the correlation functions were fitted to the mono-exponential function.
The correlation times, τ , for the all the correlation functions are given in
Table 4.2. For the non-Gaussian case, the correlation times calculated di-
rectly from the frequency trajectory are very close to those extracted from
the corrected spectra. It is observed in both red and blue domain that the
dynamics predicted for CS11(t2) from the actual spectra is slower than the
dynamics predicted for CS11(t2) from the corrected spectra. Obviously, it
turns out that the red domain (τred is 250-300 fs) is involved in faster dy-
namics than the blue domain (τblue is 550-700 fs). In the Gaussian case, the
correlation times are more or less the same (τ ∼ 470 fs) with an exception
for that calculated in the blue domain of the actual spectra.



72
Chapter 4: 2D CS analysis methods that distinguish between Gaussian

and non-Gaussian dynamics

Figure 4.7: Correlation functions calculated from the frequency trajectory
in the linear (a) and (b) logarithmic scale in the red (red line) and blue (blue
line) domain for the Gaussian (full line) and non-Gaussian case (dashed
line). For the Gaussian case the blue line overlaps with the red line.

Non-Gaussian case τred (fs) τcentral (fs) τblue (fs)

C11(t) 255 560

CScorrected(t2) 285 565

CSactual(t2) 320 730

Max-line slopecorrected 195 505 750

Max-line slopeactual 190 530 750

Nodal slope 205 425 560

Phase slopecorrected 220 530 745

Phase slopeactual 205 515 710

Gaussian case τred (fs) τcentral (fs) τblue (fs)

C11(t) 470 470

CScorrected(t2) 460 480

CSactual(t2) 465 575

Max-line slopecorrected 540 500 500

Max-line slopeactual 550 505 500

Nodal slope 415 435 465

Phase slopecorrected 505 495 500

Phase slopeactual 500 490 500

Table 4.2: Correlation times in the dynamics for the non-Gaussian and
Gaussian case. The subscripts, corrected and actual, stand for the corrected
and actual spectra, respectively.
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Figure 4.8: Variation of max-line, nodal, and phase slopes as a function of
waiting time: red and blue lines stand for the red and blue domains. Circles
correspond to the actual spectra, whereas, the full lines correspond to the
corrected spectra. The vertical lines are the error bars.

4.4.2 Lineshape analysis

The max-line, nodal, phase slopes and anti-diagonal width are lineshape
parameters which can be useful to investigate quantitatively how the shape
of the 2D CS spectrum changes as the waiting time increases and learn
about the underlying dynamics. For both the non-Gaussian and Gaussian
case the max-line and phase curve lines for the actual spectra and the nodal
curve lines at all waiting times are presented in Fig. 4.3. As the waiting
time increases, for the non-Gaussian case these curve lines are rotating
faster towards a horizontal orientation on the red side than the blue side
of the 2D CS spectrum, whereas for the Gaussian case these are rotating
simultaneously in the two domains. For each spectrum we calculated the
average max-line and nodal slope in the range for which ω1 is between 1000
cm−1 to 1020 cm−1 in red domain and between 1080 cm−1 to 1100 cm−1

in the blue domain. To calculate the phase slope, first we chose a point,
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ω1 = ω3 = 1050 cm−1, in the center of spectrum at t2 = 0 fs, and a constant
phase line with the phase calculated at this point is obtained. The average
slope of this constant phase line was calculated using the same range for
ω1 in the red and blue domain as done for the other slopes. The decay
of the average max-line, nodal, and phase slopes as a function of waiting
time for the non-Gaussian and Gaussian case are depicted in Fig. 4.8. The
average max-line slopes for both corrected and actual spectra overlap with
each other. We observe the same for the phase slopes as well. For the non-
Gaussian case faster decay of the different slopes in the red domain than in
the blue domain clearly separates the dynamics with different time scales,
i.e. dissimilar dynamics in the red and blue domain. For the Gaussian
case, in the decay of the different slopes similar dynamics are observed in
both domains. To quantify how fast these slopes decay we follow here the
same fitting procedure as we did for the correlation functions. The fitted
correlation times are given in Table 4.2. For the non-Gaussian case, the
fitted correlation times corresponding to these slopes are in the range 190-
220 fs in the red domain and in the range 550-750 fs in the blue domain.
For the Gaussian case, these are clustered around 500 fs.

The anti-diagonal widths (see Method section) of the corrected and the
actual spectra for all waiting times corresponding to different frequencies
(Table 4.3) were calculated. In Fig. 4.9 the time dependent exponential be-
havior of the anti-diagonal widths of the corrected spectra is depicted. The
following function is used to extract the corresponding correlation times.

Γ = Γa − Γb exp(−t/τ) (4.19)

These fitted times scales for the anti-diagonal widths are listed in Table
4.3. From this table and Fig. 4.9 it is clear that the anti-diagonal width
does reflect the dissimilar dynamics in different frequency domains for the
non-Gaussian case and the similar dynamics in all frequency domains for
the Gaussian case.

In Fig. 4.10 we give a summary of the correlation times extracted from all
the correlation functions and spectral lineshape parameters, as compared
to the correlation time for the dynamics of the harmonic bath (τbath). The
purpose is to examine to what extend the different metrics provide a cor-
rect estimation of the local dynamics. Revisiting Eq. 4.6, for the Gaussian
case we find, τbath = 500 fs, in all domains. In this case (Fig. 4.10a
and 4.10b), the correlation times calculated from all the spectral analysis
fluctuate around the constant, τbath= 500 fs and all of the analysis tool
show almost similar accuracy. For the non-Gaussian case the following
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Figure 4.9: The time evolution of the anti-diagonal widths calculated from
the corrected spectra for the Gaussian and non-Gaussian case. Red, green
and blue stand for different values of ω1, i.e 1020 cm−1, 1050 cm−1, 1090
cm−1, respectively.

ω1 (cm−1) τcorrected (fs) τactual (fs)

Non-Gaussian case

1010 245 150

1050 440 470

1090 665 690

Gaussian case

1010 435 415

1050 430 455

1090 465 475

Table 4.3: The fitted correlation times corresponding to different frequen-
cies (ω1) exctracted from the anti-diagonal width for the non-Gaussian and
Gaussian case. τcorrected and τactual indicate the correlation times for the
corrected and actual spectra, respectively.

is observed. The correlation times calculated from the correlation func-
tions separate the dynamics of the red domain from the blue domain, but
these calculated from the frequency trajectory and the corrected spectra
are slightly underestimated with respect to τbath in the blue domain (Fig.
4.10c). The correlation times corresponding to the nodal slopes show a
good agreement with τbath in the red and central domain and a slight un-
der estimation in the blue domain. The dynamics predicted from the decay
of the max-line slopes in the red, central, and blue domain also show a good
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Figure 4.10: The correlation times for the Gaussian (a and b) and non-
Gaussian (c and d) dynamics. The black lines are τbath. The other correla-
tion times are calculated from the anti-diagonal width (red triangle and cir-
cle for the actual and corrected spectra, respectively), correlation functions
(blue cross, box, and plus indicate values obtained from frequency trajectory,
corrected spectra, and actual spectra, respectively), max-line slopes (green
circle and triangle pointing left, respectively), nodal slope (green triangle
pointing up), and phase slope (green diamonds and star for the corrected
and actual spectra, respectively.). The time scales for the Gaussian (a and
b) and non-Gaussian (c and d) dynamics. The black line is τbath. The red
circles and triangles (down) are calculated from the anti-diagonal widths of
the corrected and actual spectra. The blue box, cross, and plus correspond
to the correlation functions calculated from corrected spectra, frequency tra-
jectory, and actual spectra, respectively. The green circles and triangles
pointing left correspond to the max-line slopes extracted from the corrected
and actual spectra. The green triangles pointing up indicate the time scales
calculated from the nodal slopes. The green diamonds and stars indicate
the phase slopes for the the corrected and actual spectra.

agreement with the dynamics of the harmonic bath. The correlation times
corresponding to the phase slopes show the best match with the τbath in
all domains. Both for the Gaussian and non-Gaussian case (Fig. 4.10a and
4.10c) the correlation times corresponding to the anti-diagonal widths are
very close to τbath, with slight underestimation for the actual spectra in the
red domain for the non-Gaussian case.
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Figure 4.11: 3rd order time correlation function calculated for the Gaus-
sian (red) and non-Gaussian (blue) case. Full, dash-dotted and dashed lines
correspond to the frequency trajectory, corrected spectra, and actual spectra,
respectively.

The third-order frequency correlation function (Eq. 4.8 and Eq. 4.14)
shown in Fig. 4.11 can also be used to distinguish the dynamics between
the Gaussian and non-Gaussian cases. C21(t) calculated for the Gaussian
case vanishes at all times. For the non-Gaussian case C21(t) is also zero
initially, then it increases and reaches maximum at 370 fs and then decreases
to zero. CS21(t2) extracted from the corrected spectra shows similar features
as C21(t) for both the Gaussian and non-Gaussian case. For the actual
spectra, CS21(t2), starts with positive values for both cases and goes to zero
at longer time. The deviation for the corrected spectra is caused by the
fact that the contribution from the wings of the spectrum is large and
the metric is sensitive to undersampling. For the actual spectra the effect
of the interference with the EA peak induce an artificial skewness. This
shows that higher order-correlation function can be expected to be very
challenging to extract from the actual 2D CS spectra in this way provided
that there is interference with the EA peak. For the corrected spectra the
estimate works reasonably well.

In Section 4.3 it was shown that the normalized second-order correlation
functions can approximately be estimated from the slope extracted from the
maxline, nodal line or phase line. We compare these from the actual spectra
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Figure 4.12: (a) Normalized second-order correlation function calculated
from the max-line slope (blue diamond), nodal slope (red circle), and phase
slope (green circle) for the actual spectra and compared with that from fre-
quency trajectory (black line). (b) Skewness calculated directly from the
frequency trajectory (full lines) for the Gaussian (red) and non-Gaussian
(blue) case are compared with those extracted from max-line (circles), phase
line (triangles), and nodal line (crosses) curvatures. (b) Skewness calcu-
lated directly from the frequency trajectory (full lines) for the Gaussian
(red) and non-Gaussian (blue) case. Blue circles and triangles indicate
skewness corresponding to the max-line and phase line, respectively, for the
non-Gaussian case, whereas red circles and triangles imply the same for
the Gaussian case. The blue and red crosses correspond to the skewness
calculated from the nodal line in the non-Gaussian and Gaussian cases,
respectively.

with the normalized correlation function and skewness calculated directly
from the frequency trajectory in the Fig. 4.12 a. There is an excellent
agreement between the normalized second-order correlation function and
the decay curve of the slopes apart from the slightly lower initial values for
the slopes due to motional narrowing.

We have also shown that the normalized third-order correlation function,
i.e. the time-dependent skewness C21(t)

σ3 is proportional to the curvature (Eq.
4.17). The agreement between the skewness calculated from the frequency
trajectory and curvature for the Gaussian and non-Gaussian case is also
reasonably good (Fig. 4.12 b). At short times there is no memory loss
on either side and the initial distribution was symmetric so the skewness is
zero. At longer times the skewness is essentially the (normalized) difference
between the blue side and the red side correlation functions (Fig. 4.7).
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When the red side loses memory faster, the skewness starts growing to
reach its maximum value of 0.21 at the waiting time of 370 fs. At even
longer times the skewness decays because the memory is lost on both sides
of the spectrum.

Note that the skewness estimated for the non-Gaussian case from the curva-
ture are systematically overestimated. This deviation can be due to the fact
that the skewness from the trajectory covers the whole frequency domain,
whereas the skewness from the average curvature was calculated in the cen-
tral domain only. In other words, the higher-order derivatives neglected in
Eq. 4.17 contribute for our choice of the friction dependence. Nonetheless,
the qualitative behaviour of the skewness is reconstructed reasonably well.

In recent studies of 3D IR spectroscopy it was found that the full two time
third-order correlation function [183]

C3(t1, t2) = 〈ω(t2)ω(t1)ω(0)〉 (4.20)

at least for the OH stretch in liquid water primarily depends on the total
population time. Therefore the full third-order correlation function can be
approximated by the simpler single time correlation function that we find
from the 2D CS phase-line curvatures

C3(t1, t2) ≈ 〈ω2(t2)ω(0)〉 = C21(t2). (4.21)

Of course the 3D IR experiment [177] depends on the full three-time third-
order correlation function and thus potentially provides more information.
Despite recent efforts [177, 183–185] unraveling this dynamic information
from 3D IR experiments still remain largely an open challenge.

4.5 Conclusions

We have investigated a quantum system coupled with a harmonic bath
with frequency dependent friction, which is again coupled with a heat bath,
and we have treated the same system, but with a constant friction for the
purpose of comparison. We showed that in the spectral diffusion limit a
Gaussian linear absorption spectrum was obtained in both cases. This il-
lustrates what appears to be a common misconception that a Gaussian
frequency distribution warrants the underlying dynamics to be Gaussian.
The strict definition of Gaussian dynamics is that all time-dependent cu-
mulants of higher than second-order are zero. In turn, Gaussian dynamics
does ensure a Gaussian frequency distribution.
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For both the Gaussian and the non-Gaussian case we have tested several
methods to extract the correlation times from 2D CS spectra. The two
point correlation functions calculated from the frequency trajectory and
extracted from the 2D CS spectra (corrected and actual spectra) turn out
to be extremely useful for obtaining information about the correlation times
in the red and blue domains. For the Gaussian case the predicted corre-
lation times from these correlation functions agree very well with the un-
derlying dynamics of the bath. For the non-Gaussian case the correlation
functions do show the difference between the dynamics in the red domain
(faster dynamic) and the dynamics in the blue domain (slower dynamics),
and corresponding correlation times show a good agreement with the bath
relaxation time. The second-order correlation functions extracted from the
corrected spectra give the same correlation times as those calculated di-
rectly from the frequency trajectory, but differ in the amplitude of the
frequency fluctuation due to the motional narrowing. Hence, practically,
the second-order correlation function can be extracted from the corrected
spectra with correct correlation times, but with underestimation in the ini-
tial value. We have also constructed the third-order correlation function
from the corrected spectra that appeared to be in good agreement with that
calculated from the frequency trajectory. We have shown that within the
spectral diffusion limit, second and third-order correlation functions can be
extracted from the slope and curvature, respectively, at the center of the
2D spectra from the max-line, nodal line or phase line.

The spectral lineshape parameters, i.e. the max-line slope, nodal slope,
phase slope, and anti-diagonal width reveal the correlation times in the
red, blue, and central domain, which clearly distinguish the non-Gaussian
dynamics from the Gaussian dynamics in good agreement with the known
local dynamics. We found that the analysis of the anti-diagonal width is
an excellent tool to extract the correlation times of the dynamics for a
particular frequency. Hence, given 2D CS spectra at different delay times,
one will be able to extract the correlation times of the involved dynamics as
a function of the frequency by measuring the anti-diagonal width. One can
track whether the dynamics is similar or dissimilar in the different frequency
domains and extract the corresponding correlation times by analyzing the
phase, nodal or max-line slopes in these domains.

In real experiments a number of other effects that we have presently not
accounted for might complicate the analysis. One of those is finite pulse du-
ration that is always present in experiments. This might lead to the wrong
mapping of the real absorption spectrum onto the ω1/ω3 axis thereby dis-
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torting the analysis. Another potential complication is non-Condon effects
that are known to be quite important for the OH-stretch of water [186]. It
is still an open question how these effects will affect the analysis of the spec-
tral lineshapes. In cases where these effects are large numerical simulations
will be needed for interpreting the spectra.
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Chapter 5

Structural classification of the
amide I sites of a β-hairpin

We present a theoretical study of the possibility to use isotope label two-
dimensional infrared (2DIR) spectroscopy to obtain site specific structural in-
formation in trpzip2. This small β-hairpin peptide was designed as a model
system for studying protein folding in β-sheet structures. In order to unravel
the folding mechanism, the surroundings of local sites should be character-
ized, which in principle is possible by using 2DIR in combination with isotope
labeling. This requires a classification that correlates local structures to two-
dimensional spectra. To this end, we provide the first spectral simulation of
the isotope label spectra of all the amide I sites in trpzip2. We find that the
anti-diagonal width of the 2DIR peak associated with a labelled site is a good
measure of solvent exposure and the key parameter to distinguish between
solvent exposed and internal sites. The diagonal widths are not particularly
sensitive to this, but they do reveal the presence of slowly interconverting turn
structures.

This work has been published in Phys. Chem. Chem. Phys 12, 9347 (2010) and

partly in J. Phys. Chem. B 114, 10913 (2010).
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5.1 Introduction

The structure of proteins determine their function and one needs to know
this structure to understand the function. Proteins that have folded into
a wrong structure are involved in numerous common diseases, such as,
Alzheimer’s, Parkinson’s disease [13], and diabetes [14]. Therefore, the
protein folding [12] problem achieved a considerable amount of attention
from the scientific community and there have been numerous studies, as
for example, the folding at home programme [26] in the effort to unravel
the underlying mechanism. However, the problem is still largely unsolved
even for small peptides. Protein structure and dynamics can be followed
with different experimental methods, such as nuclear magnetic resonance
(NMR) [116, 117], small angle X-ray scattering (SAXS) [119, 120], flu-
orescence spectroscopy [21], circular dichroism (CD) spectroscopy [121],
Fourier transform infrared (FTIR) and two dimensional infra-red (2DIR)
[25, 123, 187] correlation spectroscopy. Using SAXS it is very challenging
to track the intra-molecular structural changes during the folding process.
The NMR technique is suitable for studying folding and unfolding dynam-
ics of proteins [17], but it is limited to slow dynamics on microsecond and
longer time scales [118]. Fluorescence is fast enough to catch folding dy-
namics, but limited by the need of fluorescent chromophores to be located
in the protein and even when those are present gives a limited spatial res-
olution. Likewise, CD spectroscopy is only sensitive to overall structural
changes and provides little site specific information. FTIR spectroscopy
coupled with isotope labeling can provide information on local structural
changes [70]. 2DIR spectroscopy, which is analogous to 2D-NMR spec-
troscopy, can resolve dynamics down to the picosecond and femtosecond
time scale. Isotope label 2DIR spectroscopy has already been proven to
be useful to extract the details of the local site specific structural informa-
tion in membrane proteins [52, 53] as well as to investigate amyloid fibril
formation mechanism [74].

Interpreting any complex isotope label 2DIR spectra and understanding
the origin of the lineshapes are real challenges, which requires theoretical
studies of the IR lineshapes in isotope labeled peptides. Here, we report the
theoretical description of site-specific vibrational dynamics of a β-hairpin
peptide and investigate to what extent it is possible to classify the pep-
tide units based on their signature in isotope labeled 2DIR spectra. The
effect of local distributions of conformations and dynamics on the site fre-
quencies will be addressed. This will provide useful insight into protein
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structure and folding studies using 2DIR spectroscopy with isotope label-
ing. We choose trpzip2 (Fig. 5.1:A) as a model system, a synthesized
artificial β-hairpin with four fluorescent tryptophan units with the amino
acid sequence SWTWENGKWTWK [30]. This peptide was designed spe-
cially for fluorescence and CD spectroscopic studies of protein folding and
has been subjected to several folding studies [188–193].

Figure 5.1: (A) Main chain of trpzip2. (B) Variation of average frequencies
and standard deviations as a function of site position. Site numbers start
from ACE (0) and end up at W (11). Black and red lines are for the
simulated results at pH 7 and pH 2.5, respectively. Blue squares indicate
the experimental result at pH 7.

For simple β-hairpin peptides mainly four different folding mechanism have
been suggested. These are the zip-out [194, 195], hydrophobic collapse
[196, 197], reptation [198], and the hybrid zipper model [199]. In the zip-
out model folding begins with formation of the turn and the inter-strand
hydrogen bonds then form sequentially towards the terminals. The hy-
drophobic core forms at the end. In the hydrophobic collapse mechanism
the hydrophobic core forms first, then the inter-strand hydrogen bond for-
mation propagates in both directions. The reptation mechanism describes
the sliding motion of one strand with respect to the other strand of the β-
sheet, initially formed with non-native hydrogen bonds, until it reaches its
native state. In the hybrid zipper model the turn forms first, then the non-
polar residues collapse into a hydrophobic core. The terminal salt bridges
help stabilizing this core by closing the terminals and hindering opening up
of the core again. Finally, the cross-strand hydrogen bonds are formed. The
NMR structure of trpzip2 has a type I

′
β-turn with ENGK as the amino

acid sequence in the turn. Simultaneously two other zippers (trpzip1 and
trpzip3) were designed, differing only in the turn units. These zippers were
found to have type II

′
β-turns. Although these peptides only differ by

their turns, a study of folding kinetics of these peptides [192] shows that
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they have different folding rate, suggesting that the formation of the turn
is an essential step in the folding process. Trpzip2 has a faster time scale
of folding (1.8 µs) than trpzip1 (6.3 µs), but slower than trpzip3 (830 ns).
Here, we will examine the stability of the turn of the trpzip2 peptide and
show how it influences the isotope label spectra of the turn residues.

Trpzip2 has been subjected to FTIR and 2DIR correlation spectroscopic
studies in the amide I region (1600 to 1700 cm−1) at neutral pH, both
experimentally [41, 43] and theoretically [40, 46, 47]. The characteristic Z-
shape signature of the β-sheet structure [68, 69] is seen in those spectra and
the two delocalized exciton states (a− and a+) are identified. The use of
these states and the vibrational population transfer among them to identify
β-sheet structure is well established [40, 46, 68, 69]. The isotope labeling
of individual solvent exposed sites, W2 and G7, and the influence of the
local environment on their spectra have been addressed [41, 47]. Dual iso-
tope labeling of the T3 and T10 sites that have carbonyl groups pointing
into the interior of the peptide, was examined [43]. The frequencies of the
T3 and T10 sites were extracted and used to make a rough estimate of
the internal E5 and K8 site frequencies. The study of thermal denatura-
tion of trpzip2 using 2DIR spectroscopy and its effect on the inter-strand
coupling have been investigated [39]. Trpzip1, trpzip2, and a trpzip2 mu-
tant (trpzip2B), where the serine (S1) and threonine (T10) residues were
replaced by alanine, have been subjected to (un)folding study with time re-
solved temperature jump (T-jump) IR spectroscopy [71]. (Un)folding time
constants were found to be a few microseconds.

T-jump experiments with only these few isotope labeled sites of trpzip2 will
be insufficient to distinguish among the proposed folding mechanisms. It
is furthermore impossible to draw any solid conclusions from these studies
on the general trends about the relation between the lineshape parameters
and the local structure and dynamics. Hence, in this chapter, we will fo-
cus on all the amide I sites of this peptide and investigate the variation of
the site frequency and its standard deviation, full width at half maximum
(FWHM) of the FTIR peak, the diagonal and anti-diagonal linewidth of
2DIR peaks as a function of the amide I oscillator’s position in the peptide.
We will examine how these spectral lineshape parameters can be useful
for classifying the amide I sites into distinguishable groups in trpzip2 and
discuss the transferability of these results to other peptides or proteins as
well as the possibility of using this classification in protein folding studies.
We will address the structural heterogeneity of the turn using a cluster-
ing method [200] to distinguish different configurations and examine the
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frequency distributions of some turn sites in these configurations.

The outline of the remainder of this chapter is as follows. The methods
used in MD simulations, clustering, and spectra calculations are described
in section 5.2. In section 5.3, the results are presented and discussed. We
make our final remarks and draw our conclusion in section 5.4.

5.2 Methods

MD simulations were performed at both neutral pH (7) where the glutamic
acid residue is deprotonated and low pH (2.5) where it is protonated. We
used the GROMACS-3.3.3 program [201] with the implemented all atoms
OPLS force field [150] for the β-hairpin peptide and the SPC force field
for water [202]. The initial trpzip2 structure was taken from the Protein
Database (PDB 1LE1 [30]). The N-terminal and C-terminal were capped
with an acetyle group (ACE) and an amine group (NH2), respectively.
These are the actual terminals used in the 2DIR experiments presented in
Ref. 43. The formal charge of the system is +1 at pH 7 and +2 at pH
2.5. Chlorine counter ions were added to keep the systems neutral. The
structure (at both pH values) was solvated in heavy water and all acidic
protons were replaced by deuterium. This is done because the bend vibra-
tion of normal water overlaps with the amide I region and the experiments
are performed in heavy water to eliminate this spectral overlap. All MD
simulations were performed with 2 fs time steps using the LINCS algorithm
[152] in order to constrain all bond lengths. The reaction field method was
applied for the treatment of long range electrostatic interactions with a
cut-off of 1.4 nm. The structure was equilibrated for 2 ns at 300 K using
the Berendsen method for temperature and pressure coupling [203] in an
NPT ensemble at one atmospheric pressure. A production run for 20 ns
was performed to obtain the trajectory for spectral simulation. During the
production run snapshots were saved every 20 fs.

At every snapshot the vibrational Hamiltonian was constructed. We employ
a Hamiltonian of the commonly used form [25]:

H(t) =
N∑
i=1

[
ωi(t)b

†
ibi−

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj+

N∑
i=1

µi(t)·E(t)

[
b†i+bi

]
(5.1)
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Here, b†i and bi are the Bosonic creation and annihilation operators for the
amide I vibration on the site i. ωi(t) and ∆i(t) are the fluctuating frequency
and anharmonicity, respectively, of ith site, Jij(t) is the fluctuating coupling
between the ith and the jth site. The last term describes the interaction
of the applied infrared laser field E(t) with the amide I site through the
transition dipoles µi. The summations run over the (N = 12) amide I sites
in trpzip2.

The site frequencies (ωi) were found with a Stark effect based approach
using the electric field and its gradient on the C, O, N and D atoms [86].
The frequencies were corrected for through bond effects with neighboring
units, using a Ramachandran angle based nearest-neighbor frequency shift
(NNFS) map [87]. The anharmonicity needed for describing doubly excited
states was set to 16 cm−1 on all units [25]. The couplings between different
units were found using the transition charge coupling (TCC) scheme [87].
For the nearest-neighbor couplings the Ramachandran angle based NNC
scheme [87] was used. Parameterizations similar to the one we employed
are widely used [48, 81, 134, 156, 170, 204]. After the construction of the
time dependent Hamiltonian, the spectra were calculated using the Nu-
merical Integration of Schrödinger Equation scheme (NISE) [100]. In this
scheme the Hamiltonian is considered to be constant for short time inter-
vals. During each of these time intervals the time independent Schrödinger
equation can then be solved. The time evolution for longer time is deter-
mined by the successive propagation in the short time intervals. Linear
and nonlinear response functions are then calculated to obtain FTIR and
2DIR spectra. For the 2DIR spectra we used a waiting time of 0 fs. This
is the time between the pump and the probe at frequencies ω1 and ω3, re-
spectively. An ad hoc vibrational lifetime (1 ps) is accounted for [105]. For
analysis purposes, the spectral calculation was performed in three different
cases: A) considering the frequency shift from the total electric field and
the NNFS map, B) considering the frequency shift from the electric field
generated by only the peptide and the NNFS map, and C) considering the
frequency shift from the electric field generated by only the water. In all
cases the electric field generated by charges within a radius of 20 Å from
the amide I site was accounted for. The frequency shift was found to have
converged for this distance.

For simplicity, when considering isotope labeling, we calculated the spectra
of isolated sites, which means that the couplings between the isolated site
and the other sites are neglected. This is a good approximation, when
the signal from the labeled unit is well separated from the main band. In
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Figure 5.2: 2DIR spectrum (parallel polarization) of trpzip2 with the T10
site labeled with 13C 16O (A) and 2DIR spectrum of only the T10 site (B)
at pH 2.5. A total of 18 equally spaced contours are plotted between ±10%
and ±90% of the most intense peak. Blue contours are negative (simulated
emission and bleaching) and red contours are positive (excited state absorp-
tion). In A, labeled spectrum for T10 is separated from the main spectrum
of trpzip2 and is same as the spectrum for only the T10 site. Therefore,
calculating the spectrum for only a particular site suffices for studying site-
specific vibrational dynamics.

the calculated spectra, we shifted the frequency by 41 cm−1 to the red,
which corresponds to a 13C16O label. Experimentally it is unfortunately
not always possible to separate completely the absorption of the isotope
labeled site from the main band. In Fig. 5.2 we have given a comparison
between the 2DIR spectrum obtained for the isolated labeled site T10 and
the full spectrum with the site T10 labeled with 13C16O at pH 2.5. In
this case the spectral shape of the labeled site is only little affected by
the presence of the main band. In case of an overlap between the 13C16O
labeled peak and the main peak, a 13C18O label can be used to shift the
frequency of the labeled site by an additional 19 cm−1. The difference
between isolated and coupled isotope labeled sites have also been discussed
in Ref. 205.

We performed a cluster analysis [200] of the pH 7 MD trajectory to obtain
structurally distinct sub-ensembles of the turn. This was done calculating
the root mean square deviation (RMSD) of the positions of all atoms in
the mainchain of the turn (N, H, Cα, C and O of E5, N6, G7 and K8).
First, the RMSD of the chosen atoms between all pairs of conformations
is calculated. For every conformation the number of neighbors, which are
conformations for which the RMSD is less than or equal to a chosen cutoff
(0.035 nm), is determined. The conformation which has the maximum
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number of neighbors is denoted the central structure of cluster 1 and that
cluster is formed by this structure and all its neighbors. The conformations
of the cluster 1 are then eliminated from the whole set of conformations
and the procedure is repeated until the whole set is empty. In this way one
obtains a series of structurally distinct clusters. More advanced clustering
method exists [58], but the present method is sufficient for our needs.

5.3 Results and discussion

In Fig. 5.3:A a comparison between the experimental and simulated FTIR
spectra of unlabeled trpzip2 is depicted. The simulated FTIR curves are
red-shifted by 20 cm−1 to fit to the experimental peak position. The main
origin of this shift is a systematic overestimation of the amide I site fre-
quencies, as will be explained below. Apart from this shift an excellent
agreement between theory and experiment is found. The measured [43]
and simulated 2DIR spectrum with parallel and perpendicular polarization
of trpzip2 are given in Fig. 5.3:B-E. The simulated cross peaks are some-
what too strong, indicating a slight overestimation of the couplings among
the sites, which give rise to the off-diagonal anharmonicity resulting the
cross peaks between the a− and a+ states. These spectra support the con-
clusion that the overall structure of trpzip2 is the β-hairpin structure found
by NMR [30]. For site specific information we turn to isotope labeling.

We start by dividing the 12 amide I sites of trpzip2 into four groups based on
their location in the NMR structure [30] of the hairpin-peptide (Fig. 5.1:A):
terminal (ACE), turn (N6 and G7), internal (S1, T3, E5, K8, and T10), and
external (W2, W4, W9, and W11). The internal sites are characterized by
the fact that the carbonyl groups are pointing inwards and are involved in
hydrogen bonding with an NH group on the opposite strand. Similarly, the
external sites have the carbonyl groups pointing outwards and are involved
in hydrogen bonding with the solvent water. The carbonyl groups of the
terminal and turn sites are also exposed to the water solvent. From the
MD trajectory at pH 7 we have calculated the actual average number of
hydrogen bonds between the amide I CO for each site and the solvent
(Hsolvent) and between the amide I CO for each site and the rest of the
peptide (Hpeptide). These are presented in Fig. 5.4. It turns out that E5 in
the MD simulation is behaving partially as an external site, with frequent
hydrogen bonding to the solvent.

The average frequency and the standard deviation calculated for each iso-
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Figure 5.3: (A) Experimental and simulated linear absorption spectra of
trpzip2 in D2O. (B,D) and (C,E) are the experimental and simulated 2DIR
spectra, respectively. (B,C) are for parallel and (D,E) are for perpendicu-
lar polarization. Simulated spectra are red shifted by 20 cm−1 to fit to the
experimental ones. In the 2DIR spectra, a total of 20 equally spaced con-
tours are plotted between ±2% and ±20% of the most intense peak. Blue
(negative) contours correspond to simulated emission and bleaching, while
red (positive) contours indicate excited state absorption.

lates site (unlabeled) are given in Table 5.1 and plotted in Fig. 5.1:B. The
experimental assignments of the frequencies of T3, T10, W2, and G7 at
pH 7 have been reported in the literature [41, 43]. Compred to these ex-
perimental vaules, our calculations predict frequencies that are higher by
13.3 cm−1 and 12.1 cm−1 for T3 and T10, respectively [43], and 17.5 cm−1

and 13.2 cm−1 for W2 and G7, respectively [41]. The main origin of this
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Figure 5.4: Average number of hydrogen bonds between the amide I CO of
the different sites and the solvent, Hsolvent, (black) and between the amide
I CO of the different sites and the peptide, Hpeptide, (red).

discrepancy is a systematic overestimation of the amide I site frequencies.
This is due to the fact that the boundary between the amide group for
which the electrostatic map was developed and the surrounding peptide
is not well defined. Previous studies also found a systematic frequency
shift for all sites with a magnitude depending on the force field charges
[48, 87, 90, 156]. This shift does not affect the frequency fluctuations and
only results in an overall shift of the FTIR spectra (as seen above) and the
2DIR spectra, not in a change of the line shapes.

Classification of the residues into four groups (terminal, internal, external
and turn) makes sense when we look at the standard deviations of the site
frequencies reported in Table 5.1. The terminal residue ACE has the largest
standard deviation (22.5 cm−1 at pH 2.5 or 26.3 cm−1 at pH 7), whereas
internal residues except E5 have the lowest standard deviations, around 9-
15 cm−1 at both pH values). The high value for the E5 site is attributed to
its position in the β-turn. The standard deviations for the external residues
and the turn residues are more or less the same, around 17 cm−1. While
those standard deviations are not directly observable experimentally, they
may be compared with the measured lineshape parameters, such as width
of the FTIR spectra, which are influenced by the time-dependence of the
frequency fluctuations.

We have investigated the time scales of the frequency fluctuations in the
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pH 2.5 pH 7

Residues < ω > /2πc σ < ω > /2πc σ

Terminal

ACE 1647.2 22.5 1633.7 26.3

Internal

S1 1669.3 10.7 1663.4 15.2

T3 1674.3 10.0 (1666.0*) 1679.3 11.5

E5 1668.6 16.6 1662.8 18.9

K8 1672.4 12.6 1674.9 12.9

T10 1676.4 9.9 (1668.0*) 1680.1 11.9

External

W2 1675.2 16.7 (1661.0†) 1678.5 16.6

W4 1672.5 19.2 1663.3 18.5

W9 1675.2 16.0 1671.1 16.2

W11 1691.4 18.1 1696.5 18.3

Turn

N6 1676.4 17.6 1677.4 18.9

G7 1663.1 17.0 (1645.0†) 1658.2 17.2

Table 5.1: Averages and standard deviations for the frequencies of the 12
sites (unlabeled) in trpzip2. All numbers are in cm−1. Experimental values
are taken from Ref. 41 (†) and 43 (*).

system by calculating the normalized auto correlation functions of the site
frequencies (C(t) = 〈δω(t)δω(0)〉

σ2 , σ is the standard deviation of the site
frequency.). These are plotted for the pH 7 trajectory in Fig. 5.5. We find
that they can be fitted very well by a triexponential function:

C(t) = α1 exp(−t/τ1) + α2 exp(−t/τ2) + α3 exp(−t/τ3) (5.2)

Here, the amplitudes (αi) are constrained to sum up to one. These and
the time scales (τi) are listed in the Table 5.2. Here three fundamentally
different time scales are found: (67-124) fs, (2-13) ps and (223-2098) ps. In
the remainder of this chapter we will denote these three time scales as the
fs, ps, and ns time scales, respectively. The internal sites, especially E5, S1
and K8 exhibit ns time scale dynamics with significant amplitudes (30%,
32% and 26%, respectively), which can be attributed to slow local structural
changes such as backbone conformational changes. For the external sites
and the turn sites the fs time scale dynamics dominates. This dynamics
can be mainly attributed to the hydrogen bond dynamics. The relative
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importance of the dynamics at the intermediate speed is similar for all
sites: α2 varies from 0.14 to 0.32. We have found similar results at pH 2.5
(not shown).

Figure 5.5: Normalized auto-correlation functions for the site frequencies.

The zero time cross correlations between site frequencies, defined as
〈δωi(0)δωj(0)〉

σiσj
,

were calculated (see left panel in Fig. 5.6). Here σi and σj are the standard
deviations of ith and jth site frequencies, respectively. The frequencies of
the nearest neighbor sites are slightly anti-correlated and the corresponding
correlation coefficient is on average -0.11. The lack of correlation between
the frequencies of different sites shows that these are not sensitive to the
global structure, but mostly determined by the local hydrogen bonding
environment. This can justify treating the site frequencies as largely inde-
pendent in the models used in the simulations, which has frequently been
done [69].

The average couplings were calculated from the Hamiltonian trajectory at
pH 7 (see right panel in Fig. 5.6). The strongest coupling is found between
the nearest neighbors along the strand and the units close to each other
across the strand. These large cross-strand couplings are typical for the
anti-parallel β-sheet structure.
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Residues α1 τ1 (ps) α2 τ2 (ps) α3 τ3 (fs)

Terminal

ACE 0.08 137 0.20 3.7 0.72 98

Internal

S1 0.30 2098 0.17 7.4 0.53 103

T3 0.21 829 0.14 5.3 0.65 67

E5 0.32 312 0.22 5.4 0.46 124

K8 0.26 370 0.19 13.2 0.55 98

T10 0.19 436 0.15 8.2 0.66 77

External

W2 0.08 367 0.30 2.1 0.62 90

W4 0.09 223 0.26 3.7 0.65 118

W9 0.07 354 0.27 2.5 0.66 100

W11 0.10 234 0.27 3.2 0.63 120

Turn

N6 0.19 356 0.22 2.2 0.59 112

G7 0.04 244 0.32 1.6 0.64 96

Table 5.2: The amplitudes and the time scales of the time correlation func-
tion (C(t)) for each site frequency at pH 7.

5.3.1 Site specific spectra

In the following we examine how the frequency fluctuations are reflected in
the spectra of the individual sites and investigate how the spectra can be
used to characterize the structure. As it was noted above already that for
several specific quantities the pH 2.5 and pH 7 results show little difference.
Therefore, we focus on the spectral calculations at pH 7. In Fig. 5.7 the
2DIR spectra with parallel polarization calculated for all isolated sites at
pH 7 are shown. These spectra were calculated for the case A introduced
in section 5.2. Following the backbone we see a trend of alternation be-
tween diagonally broad and narrow spectra, whenever there is a switching
between an external site and an internal site with the exception of E5.
This is because the internal sites are more rigid as their carbonyl groups
are involved in the hydrogen bonds in the interior of the peptide, which
renders the local conformation relatively stable. The external sites interact
with the solvent water molecules and have a broad frequency distribution
due to the hydrogen bond fluctuations. In order to quantify the lineshapes
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Figure 5.6: Left panel: Zero time cross-correlation plot for site frequencies.
Red and blue correspond to correlation and anti- correlation, respectively.
Right panel: Couplings (cm−1) between the amide I sites of trpzip2.

we cut along the diagonal and anti-diagonal of the negative peak in the
2DIR spectra for all the sites and measure the full width at half maximum
(FWHM) for each slice. A pictorial way of comparing these peak widths
along with the FWHM of the FTIR spectra and the previously discussed
standard deviations of the site frequencies is given in Fig. 5.8. Exact values
of these widths are listed in Table 5.3. In the following subsections we will
discuss these spectral features in detail for the individual groups we have
defined for trpzip2.

5.3.2 Spectral behavior of the internal sites

For the internal sites the diagonal widths of the corresponding 2DIR peaks
lie in a wide range (between 15 and 27 cm−1). The anti-diagonal widths are
similar for all internal sites (between 7 and 8 cm−1) apart from E5, where
it is slightly larger (8.9 cm−1). The different behavior observed for E5 is
due to the fact that the hydrogen bond between the CO of this site and
the NH group on the opposite strand is frequently broken and hydrogen
bonding with the solvent water takes over making this site partially solvent
exposed (see Fig. 5.4).

T3 and T10 show similar spectral behavior (Fig. 5.7). We choose T10
for the 2DIR spectra calculation considering the cases B and C introduced
in section 5.2. In both the cases, the 2DIR spectra for T10 are narrow
along the diagonal (Fig. 5.10). This is because the T10 site is involved in
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Figure 5.7: Simulated 2DIR spectra (parallel polarization) of all the sites
of trpzip2 at pH 7. A total of 18 equally spaced contours are plotted between
±10% and ±90% of the most intense peak.
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2DIR FTIR

Residues DW AW R FWHM

Terminal

ACE 27.1 14.1 1.9 43.0

Internal

S1 26.8 8.1 3.3 33.5

T3 18.5 6.9 2.7 21.8

E5 20.9 8.9 2.3 35.2

K8 23.3 7.4 3.1 27.6

T10 15.8 7.2 2.2 19.8

External

W2 16.1 9.3 1.7 25.3

W4 27.1 11.1 2.4 35.3

W9 16.9 9.4 1.8 26.2

W11 26.3 10.5 2.5 35.8

Turn

N6 26.3 11.0 2.4 37.4

G7 23.3 11.4 2.0 32.1

Table 5.3: Spectral line widths of the trpzip2 sites at pH 7. DW = diagonal
width, AW = anti-diagonal width, R = DW/AW.

the stable and rigid inter-strand hydrogen bond and does not get exposed
to the solvent water molecules. Hence, T10 (and T3) shows the spectral
signature of a true internal site.

E5 and K8 are the special internal sites which belong to the β-turn region
and the strong influence of the turn conformational change on their spectra
is obvious. The diagonal widths of the 2DIR spectra in Fig. 5.7 for E5 and
K8 are visibly larger than that of a true internal site (T3). The comparison
between the diagonal slices through the E5, K8, and T3 spectra is given in
Fig. 5.9. We will discuss E5 and K8 further in sub-section 5.3.4, where the
spectra for the turn sites are discussed.

S1 is the last internal site. It is the closest one to the C-terminal and
its carbonyl oxygen forms a hydrogen bond with the amide hydrogen of
K12. The fluctuation of this hydrogen bond length is expected to have a
strong influence on the spectra of S1. Fraying of the terminal causes an
increase of the distance (dS1−K12) between the carbonyl oxygen of S1 and
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Figure 5.8: Comparison between standard deviations and FWHMs for the
12 sites in trpzip2. The black circles are the scaled standard deviation
2.355σ. The red squares are the FWHM of the FTIR peaks. The blue
diamonds and the green crosses represent the diagonal and the anti-diagonal
widths of the negative 2DIR peaks, respectively.

the amide hydrogen of K12. The distribution of dS1−K12 from the 20 ns
MD trajectories at both low and neutral pH is calculated and is shown in
Fig. 5.11:A. At pH 7, dS1−K12 is mostly distributed around 0.2 nm, but
it has a small population around 0.4 nm as well. At pH 2.5, this distance
is entirely distributed around 0.2 nm. The partial fraying of the terminals
seen in the pH 7 trajectory explains the broader spectrum of S1 at pH 7
(Fig. 5.11:B-E). It is unclear if the difference between the two trajectories
on this point is really due to the pH or simply due to the fact that the
dynamics between the partially frayed structures and the strongly bound
ones is slow and our trajectories are not long enough to sample this.

5.3.3 Spectral behavior of the terminal and external sites

The terminal site ACE has the largest diagonal (27.1 cm−1) and anti-
diagonal widths (14.1 cm−1). Hence, ACE has the widest frequency distri-
bution, which results from the combination of solvent exposure and flexi-
bility of the terminal. For the external sites the diagonal and anti-diagonal
widths vary between 16 and 27 cm−1 and between 9 and 11 cm−1, respec-
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Figure 5.9: Comparison of the diagonal slices of the 2DIR peaks of T3, E5,
and K8.

tively.

From the standard deviation, diagonal width, anti-diagonal width, and
FWHM of the FTIR peaks for the external sites, we find that these spectral
lineshape parameters have larger values for W4 and W11 than those for
W2 and W9. The explanation for this difference is found in the number
of hydrogen bonds between the carbonyl group of all the external sites
(CO) and the solvent molecules (D2O). The distribution of the number of
hydrogen bonds is depicted in Fig. 5.12. W4 and W11 are forming two
hydrogen bonds with the solvent more frequently than W2 and W9. This
results in the broader spectra for W4 and W11.

Let us now consider the site W11 in more detail. Its 2DIR spectrum re-
sulting from only the water electric field is much broader than that for only
the peptide contribution (Fig. 5.10). This is because the carbonyl group
is exposed to water and the interaction with the water molecules gives the
dominant contribution to the frequency distribution. Fast frequency fluc-
tuation resulting from the interaction of the external sites with the solvent
water leads to the large values of the anti-diagonal widths.
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Figure 5.10: 2DIR spectra (parallel polarization) of the K8, E5, G7, W11,
and T10 for considering only the peptide electric field and only the water
electric field, respectively. Contours are as in Fig. 5.7.
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Figure 5.11: (A) Histogram of the distance between the carbonyl oxygen
of S1 and amide hydrogen of K12. (B) and (C) represent the correlation
between the S1 site frequency and this distance at pH 7 and pH 2.5 re-
spectively. D and E are the 2DIR spectra of S1 for pH 7 and pH 2.5,
respectively. Contours are as in Fig. 5.7.

5.3.4 Spectral behavior of the turn sites

The turn sites, N6 and G7 have almost identical spectral behavior. The
diagonal and anti-diagonal widths are around 24 cm−1 and 11 cm−1, respec-
tively. For further analysis we choose G7 as representative of this group.

The carbonyl group of G7 in the turn is exposed to the solvent water.
From the analysis of the 2DIR spectra accounting for the water and the
peptide contributions separately (Fig. 5.10), it is seen that the water is
responsible for the majority of the line broadening. It is clear from the
spectrum for only the peptide contribution that the frequency of this site
is hardly affected by the structure of the turn.

As mentioned in subsection 5.3.2, here we will discuss the spectra of the
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Figure 5.12: Distribution of number of hydrogen bonds between CO of all
the external sites and solvent molecules using the standard hydrogen bond
criteria with angle cutoff for acceptor-donor-hydrogen of 30◦ and distance
cutoff for donor-acceptor distance of 0.35 nm.

Figure 5.13: FTIR spectra for the K8 (A) and the E5 (B) sites. Black,
red and green, respectively, are for the cases A, B and C introduced in the
methods section.

special internal sites K8 and E5. The 2DIR spectrum of the K8 site (Fig.
5.7) is highly inhomogeneous and the calculated normalized auto correlation
function shows that the ns time scale dynamics has considerable amplitude
(0.26). This shows that there are multiple slowly interchanging states. In
Fig. 5.10, the 2DIR spectra of the K8 site for only the peptide and only
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the water contributions, respectively, are presented and the corresponding
simulated FTIR spectra are depicted in panel A of Fig. 5.13. Due to
only the peptide contribution, three diagonal peaks (two intense peaks and
one small peak) are observed in the 2DIR spectrum, whereas in the FTIR
spectrum two peaks and one shoulder are seen. This indeed shows that
multiple states exist for the K8 site. This peak structure is not seen in the
2DIR spectrum when only the water electric field is accounted for. The
2DIR spectrum of the E5 site at pH 7 (Fig. 5.7) has a two peak structure
along the diagonal. The peptide effect splits the E5 site frequency into three
peaks, whereas the water field generates an inhomogeneous spectrum (Fig.
5.10). The corresponding FTIR spectra are plotted in Fig. 5.13:B. From
these results we conclude that it is the peptide’s conformational change
that is responsible for the multiple states of the K8 and E5 sites. We have
analyzed the effect of the structural changes in the peptide on these site
frequencies calculated for the total contribution from the whole system.
Both K8 and E5 are involved in the β-turn region, therefore we expect that
structural changes in the turn influence their spectra and we will investigate
that using the cluster analysis of the pH 7 MD trajectory.

Figure 5.14: The configurations of the turn for the central structures of the
first four clusters obtained from the pH 7 MD trajectory.
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From the cluster analysis on the turn region performed as described in
section 5.2, 32 clusters are obtained. We only consider the four dominant
clusters: cluster 1 (29%), cluster 2 (25%), cluster 3 (25%), and cluster 4
(8%). The configurations of the turn region for the central structures of
these clusters are shown in Fig. 5.14. Each cluster is characterized by the
Ramachandran angles of the turn residues. A β-turn is formed by four
amino acid residues and characterized by the Ramachandran angles of the
2nd and 3rd residues in the sequence of these four residues. For the central
and average structures of the first four clusters these Ramachandran angles
are given in Table 5.4. We have listed the ideal values for the Ramachan-
dran angles for the most common types of the β-turn in Table 5.5. The
Ramachandran angles for other standard types of the β-turn can be found
in Ref. 206. The turns in cluster 1 and cluster 3 are close to type I

′
, but

with high deviation from the ideal value of ΨN6 and ΦG7. A type II turn
is observed in cluster 4, but, there are also large deviations from the ideal
values of ΨN6 and ΦG7. The turn in cluster 2 does not match with any
of the standard types of β-turns discussed in Ref. 206. We saw that the
E5 CO exhibits both hydrogen bonding with solvent water and the peptide
backbone (see Fig. 5.4). It is a tempting thought that the hydrogen bond-
ing pattern is strongly correlated with the clusters and water exposure is
only present in some of the clusters. This is, however, not the case. Cluster
1, 2, and 3 all have around 0.75 hydrogen bonds with water, while cluster
4 is less water exposed than the other clusters with an average of 0.13 hy-
drogen bond to water. Cluster 2 and 4 both have around 1 hydrogen bond
with the peptide on average, while cluster 1 and 3 on average have 0.24
and 0.4 hydrogen bond with the peptide, respectively.

Average value Central structure

Clusters ΦN6 ΨN6 ΦG7 ΨG7 ΦN6 ΨN6 ΦG7 ΨG7

1st 54.3 56.9 119.9 -8.4 63.3 52.9 115.2 -8.1

2nd 76.8 -58.7 -131.6 1.4 73.9 -53.3 -125.0 -5.9

3rd 76.5 10.7 108.4 9.3 71.9 13.9 112.3 15.9

4th -64.0 89.2 115.7 -8.5 -56.3 86.3 110.2 -3.2

Table 5.4: (ΦN6,ΨG7) angles of the central structures and the average
(ΦN6,ΨG7) angles of the first four clusters. These values are in degree.

In Fig. 5.15 we show the frequency distribution of K8 and E5 in the first
four clusters. The clusters 1, 2, and 3 have different distributions of the K8
site frequency. Cluster 4 has the same K8 site frequency as cluster 3. The
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types of β-turns Φi+1 Ψi+1 Φi+2 Ψi+2

I -60 -30 -90 0

I
′

60 30 90 0

II -60 120 80 0

II
′

60 -120 -80 0

Table 5.5: The most common of the standard β-turns: ideal Ramachandran
angles (in degree) of second and third of four amino acid residues forming
the turn region.

E5 site frequency is different in these clusters. Therefore the slow struc-
tural transitions among the clusters is responsible for the inhomogeneity
of the K8 or E5 isotope labeled peaks. However, the clusters found here
do not satisfactorily explain the double peak structure for the K8 site ob-
served in experiment [50], because the measured frequency splitting in the
double peak structure is not recovered by us; the peaks that are well re-
solved experimentally are hardly resolved in the simulation, when the total
contribution is accounted for (Case A).

Figure 5.15: Distribution of the K8 (left) and E5 (right) site frequencies in
the first four clusters. Black, red, green, and blue indicate cluster 1, cluster
2, cluster 3, and cluster 4, respectively.

5.3.5 Discussion

From the discussions on the spectral behavior of each group we find that
anti-diagonal widths for the sites with solvent exposed carbonyls are signif-
icantly larger than that of the internal sites. The other spectral lineshape
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parameters can not distinguish these two groups clearly. In this sense, the
anti-diagonal width is the only useful lineshape parameter to distinguish
between the solvent exposed and the internal sites. The reason that this is
a good indicator is that the hydrogen bound water gives rise to large and
fast frequency fluctuations, whereas the fluctuations due to different pep-
tide structures are slow. The shape of the 2DIR peaks is determined by the
system dynamics [123]. When the waiting time is zero and if the frequency
fluctuations are slower than the dephasing time one will obtain a signal
elongated along the diagonal. If the fluctuations are faster the 2DIR peaks
will be broadened in the anti-diagonal direction giving a rounder shape due
to the loss of correlation between the frequency during the pump process
and the frequency during the probe. The dephasing time corresponding to
peaks with a width of about 20 cm−1 is 1.5 ps and fluctuations slower than
this will contribute little to the anti-diagonal width. This width is there-
fore only sensitive to fs time scale fluctuations and therefore predominantly
to the presence of hydrogen bound water. The solvent exposure can only
be determined from the anti-diagonal widths of the 2DIR spectra, linear
absorption (FTIR) spectroscopy cannot resolve this information.

In the context of measuring spectral lineshape parameters there are recent
studies of site-specific isotope labeling in 2DIR spectroscopy [41, 52, 53, 156]
where both the diagonal and the anti-diagonal widths were measured. It
was found that the anti-diagonal widths are almost independent of site
position in CD3ζ trans-membrane peptide [52]. This concurs well with our
findings, since all the investigated sites in CD3ζ are isolated from solvent
water and are according to our findings expected to have identical anti-
diagonal widths. The diagonal widths are large at the end of the peptide,
near the membrane interface, and small at the middle of the membrane [52,
53, 156]. This reflects the highly disordered electrostatic environment near
the interface of the membrane. In experimental isotope label studies of the
W2 and G7 sites of trpzip2 [41] the aspect ratio (R) was determined. This
aspect ratio is defined as the ratio between the half width at half maximum
along the major axis and that along the minor axis of an elliptically shaped
2DIR peak. Experimentally R was determined to be 2.3 and 1.9 for W2
and G7, respectively. We found 1.7 and 2.0 in our simulations (see Table
5.3). For W4 and W11 R is 2.4 and 2.5, respectively, which could suggest
that the real W2 sites behave more like our W4 and W11 sites.

From the diagonal linewidths obtained in our simulations, we find that T3
and T10 have narrower spectra than the other internal sites (S1, E5, and
K8). This is because S1 is the closest to the terminal and E5 and K8 are
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Figure 5.16: B-factors of the peptide units of trpzip2.

part of the β-turn. Conformational changes in the turn occurring on the ns
time scale lead to the transition between different types of turns and result
in the diagonally elongated spectra of E5 or K8.

The B-factors, which can be obtained from X-ray diffraction, are used as
reporters of structural fluctuations due to the thermal motion of the atoms
of the peptide units. We have calculated the B-factors for the peptide units
of trpzip2 (see Fig. 5.16 in Appendix). We find that the units that are found
to be flexible in our analysis of the 2D IR spectra are generally also having
large B-factors. However, we do not find a direct correlation between the
magnitude of the B-factors and the observables in the 2D IR spectra. One
reason for the incomplete correlation is that the solvent fluctuations play
a large role in the spectra and do not contribute directly to the B-factor.
Still our conclusion about the presence of large flexibility of the terminal
and turn residues based on the 2D IR analysis is supported by the large
B-factors for those sites.

Two sources exist for the deviation of the simulation results from the exper-
imental observation. First, we used an empirical classical force field for MD
simulations. A study of comparing four different classical force fields [60]
in a 20 ns long MD simulation of trialanine shows that the Ramachandran
angle (Φ,Ψ) distribution of trialanine is substantially different for different
force fields. The results of MD simulations are sensitive to which particular
force field is used. Second, we see from the frequency auto correlation plots
that internal sites exhibit slow dynamics ranging from the picosecond to
the nanosecond time scale, with significant amplitudes. This shows that
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for tracking the slow local conformational changes and investigating their
influence on the spectral behavior the simulations need to be on this time
scale and preferably even longer. As for the dynamics reported in Figure
4 (and Table 2) the reported time scales are 2 ns or faster, which is one
order of magnitude shorter than the integration time, which should be suf-
ficient. It is impossible to guarantee that we have sampled the complete
relevant configuration space. In order to improve this we would need longer
simulation times combined with replica exchange molecular dynamics [56–
58]. Finally, we note that we started the MD simulation from the NMR
structure and sample in the neighborhood of this structure. We therefore
expect that our results are representative for the most commonly occurring
natural structure.

5.4 Conclusions

By studying the trpzip2 hairpin, we have investigated how isotope label
2DIR spectroscopy can be used as a tool to reveal the structure and dynam-
ics of peptides. The amide I sites were classified into four groups according
to their location in the hairpin: terminal, internal, external and turn. These
groups could be characterized by the standard deviation of their amide I
frequency fluctuation, which relates to the diagonal and the anti-diagonal
width of the peak of an isolated site in the 2DIR spectrum. The broadening
of the spectra for the water exposed sites is mainly caused by the electric
field generated by water on the amide I site. Relatively narrow spectra
are seen for the sites with the carbonyl groups buried in the interior of the
peptide, where they are protected from interacting with the solvent water.
Quantifying the lineshapes by means of the spectral linewidths shows that
the anti-diagonal widths make a clear distinction between the group of in-
ternal sites and the group of solvent exposed sites. We find a significant
contribution to the frequency fluctuations on the nanosecond time scale for
the internal sites. On the other hand the frequency fluctuations of the sol-
vent exposed sites are dominated by the femtosecond timescale dynamics
stemming from the water motion. The type I

′
turn originally observed in

the NMR structure of trpzip2 is not preserved throughout the MD sim-
ulation. From the cluster analysis we find that it switches to a different
β-turn and a non-standard turn resulting in multiple states that should be
observable in the isotope label spectra for the E5 and K8 sites.

Partial fraying of the terminals leads to a broader 2DIR spectrum seen for
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S1 at pH 7 compared to when the terminals do not fray at pH 2.5. Based on
this phenomenon together with the spectral behavior of the internal and the
external sites we draw the conclusion that the (anti-)diagonal linewidth of
isotope label 2DIR spectra will be an excellent tool for studying the folding
dynamics in trpzip2 and other peptides. When the peptide unfolds, car-
bonyl groups buried in the interior of the peptide get exposed to the solvent,
which will lead to broadening of the spectra in the anti-diagonal direction.
One should therefore be able to distinguish experimentally between the sug-
gested zip-out, hybrid zipper, hydrophobic collapse, and reptation mecha-
nisms by T-jump experiments on trpzip2 with different internal carbonyl
sites labeled.
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5.5 Appendix

The origin of the two-peak structure in the isotope labeled spec-
trum for the K8 site

We have presented the FTIR and 2D IR study on the NMR structure of
trpzip2, where we have been able to smaple the neighborhood of the NMR
structure. The configuration space generated in the 20 ns MD simulation
cannot explain the two-peak structure in the experimental istope labeled
2D IR spectrum for the K8 site (Fig. 5.17a). In the spectrum these two
peaks (K81 and K82) are seperated by 18 cm−1 and there is not detectable
cross-peak between the peaks. Therefore, two structurally distinct sub-
ensembles correspond to the two peaks.

In the way to find the sub-ensembles, five kinetically metastable macrostates
states of trpzip2 (Fig. 5.17b) are chosen from the decomposition of the con-
figuration space [58] for the spectral simulations: folded (250851), bulged
turn (214369), disordered (271154), and frayed (11131). The numbers refer
to the designation for the states. In the case of folded and frayed states
each have a K8 amide group oriented so that its carbonyl oxygen forms
a cross-strand hydrogen bond with the W4 amide hydrogen, as expected
for a type I’ β-turn. In their calculated spectra, the K8 peak is split from
the amide I maximum by 25-30 cm−1, and the diagonal line width is a
compact 5-6 cm−1. In addition, a distinct cross peak is observed between
the K8 band and the band correspond to the a− state in the spectra for
these states. The K8-a− amide I peak splitting for each of the other states
(disordered, bulged turn and extended disordered) is 30-36 cm−1, and the
label resonance has distinctly broader diagonal linewidths of 10-14 cm−1.
The calculated spectrum for the bulged turn state shows the largest shift
and line width. The observed differences can be attributed to variation
in hydrogen bonding to the K8 carbonyl. Fully solvated carbonyls will on
average participate in two hydrogen bonds to water, as opposed to one
cross-strand hydrogen bond in the case of properly folded β-turns. For the
K8 carbonyl, it is observed that each hydrogen bond contributes on average
a 16 cm−1 red shift in amide I frequency. Therefore, the solvent-exposed
K8 conformers should exhibit an additional red shift relative to the folded
state, but the conformational disorder and fluctuations in the peptide back-
bone and water hydrogen bonds will also lead to a larger inhomogeneous
width. Based on these observations, we finally conclude that the K81 peak
represents the non-native turn structures and the high frequency K82 peak
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is the signature of the native type I’ β-turn.

Figure 5.17: (a) In the experimental 2D IR spectrum of trpzip2 with the
isotope labeled K8 site twenty seven evenly spaced contours are plotted be-
tween -18% and +18% of the maximum intensity. (b) Representative struc-
tures of the selected Markov states that are obtained from the decomposition
of the configuration space [58] for trpzip2 and their simulated isotope labeled
2D IR spectra for the K8 site: on the left side of the yellow dashed line,
there are 24 equally spaced contours between -20% to +20% of the most
intense peak, whereas, on the right side of the yellow line 24 equally spaced
contours are plotted between -100% to +100% of the most intense peak.
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Chapter 6

Temperature-jump relaxation
kinetics of a β-hairpin

We introduce a simulation protocol to model a temperature jump (T-jump)
experiment combined with linear infrared absorption and two-dimensional in-
frared spectroscopy. For complex protein molecules it is often hard to interpret
the infrared spectral changes observed in such experiments. Simulating T-jump
experiments which allow to analyze the infrared spectra of proteins subject to
the T-jump, is needed to understand the relaxation kinetics and the underlying
physical process. In this chapter, we propose a new strategy for that and apply
it to a cyclic β-hairpin peptide. The spectral changes in the relaxation process
after the T-jump are probed and a sub-nanosecond kinetics of the peptide side
chain is observed. Determining the unfolding kinetics is not possible as it turns
out that the fully unfolded configuration is not accessible with the force field
employed here.
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6.1 Introduction

Research activities on the protein folding problem [8] have made great
progress in last decades with the advances of experimental [21, 116, 119–
121] and computational techniques [26–28]. This problem originated from
a thermodynamic hypothesis [10, 11] which states that given an amino acid
sequence a protein folds into a thermodynamically stable unique three-
dimensional native structure. ”What is the pathway followed in a folding
process to reach the native structure?” is one of the major questions ad-
dressed in this context. In the modern view, protein folding is described as
an ensemble of many parallel pathways going through several transitions
among different intermediate structural sub-ensembles [9]. This leads to
the question: ”What are the transition rates among these sub-ensembles
required to describe the folding/unfolding kinetics?” Simple statistical me-
chanical models are used to determine the kinetics of peptides studied with
fluorescence [194, 195] and linear infrared absorption [72], and nuclear mag-
netic resonance (NMR) [17, 18, 207, 208] spectroscopies. Recent develop-
ments on single molecule spectroscopic techniques [22, 34, 209] have allowed
to track the folding pathways and determine the corresponding kinetics at
the single molecule level. To distinguish between different folding interme-
diates with unique hydrogen bonding structures, two-dimensional infrared
(2D IR) spectroscopy [35] is an ideal tool to apply. This technique has been
applied to study protein misfolding and aggregation such as the amyloid
fibril formation [74] and to the temperature-dependent study of protein
folding [42, 50, 73, 133, 210]. On the other hand, as a computational
tool, molecular dynamics simulation is used for theoretical investigation
of structure, dynamics, and, kinetics of proteins and has been applied to
study folding of fast-folding proteins [28]. The recently developed Markov
state model [58, 59, 211] is a useful tool to determine the kinetics between
the metastable structures accessed in MD simulations.

The infrared experimental spectra of proteins are often hard to interpret,
because their complex structures and dynamics result in complex congested
spectral shapes. Thus, theoretical models are required to identify the un-
derlying physical phenomena in experimental observations. Here, we intro-
duce a simulation protocol to model a temperature-jump (T-jump) exper-
iment combined with linear infrared absorption and 2D IR spectroscopy,
which can be used to unravel the unfolding kinetics of proteins and pep-
tides. In a T-jump experiment for a protein a sudden thermal change is
brought into its surroundings, followed by the relaxation of the protein to



6.1: Introduction 115

the new thermal equilibrium. Experimental T-jump studies in combination
with linear infrared absorption and 2D IR spectroscopies have revealed the
folding/unfolding rates for a number of proteins and peptides [42, 50, 70–
73, 133, 210, 212, 213]. To bridge the gap between experiment and theory,
a T-jump simulation methodology using Markov states was reported ear-
lier [214]. This devised a protocol to simulate a T-jump experiment, but
did not provide a way to give a detailed physical interpretation of the un-
derlying kinetics determining the spectral changes in relaxation process.
How the kinetics between the Markov states is related to the relaxation
rates measured in a T-jump experiment, was not determined. To fill this
void, here, we introduce a new T-jump simulation protocol. This proto-
col is based on a thorough conformational search using replica-exchange
molecular dynamics (REMD) simulations [56, 57, 215, 216] to obtain struc-
tural sub-ensembles. These sub-ensembles are used for modeling a T-jump
experiment. We establish a connection of the kinetics between these sub-
ensembles to the spectral changes observed in the T-jump simulation, ex-
plaining the underlying physical phenomena. We will investigate whether
this kinetics is related to the folding/unfolding rates measured in a real
T-jump experiment.

To understand protein folding it is crucial to have deep insights into the
three-dimensional structure of proteins. The secondary structural motifs of
proteins, the α-helix and the β-sheet, are generally considered as the units
for developing models to investigate protein folding. Here, to build up
the simulation methodology for a T-jump experiment, we consider a cyclic
β-hairpin peptide which is an analog of gramicidin S. Gramicidin S is a
very stable cyclic decapeptide with anti -parallel β-sheet structure bordered
with two type II’ β-turns as revealed by X-ray crystallography [217], NMR
spectroscopy [218], gas phase linear infrared absorption [127, 219], and
2D IR spectroscopy [43]. Water soluble analogs of this antibiotic peptide
were designed for circular dichroism and NMR spectroscopic investigation
of the effects of amino acid substitution on the beta-sheet structure and
the turn [31]. Like for the original gramicidin, the turn is type II’ for
the analog with 10 amino acids, GS10 (cyclo(VKLYPVKLYP)) (see Fig.
6.1). A linear infrared absorption experiment combined with a T-jump
disclosed that folding/unfolding time scales for this analog are around 140
nanoseconds (ns) [72].

Because of the fast kinetics and the rigidity of the very stable peptide,
GS10, it should be possible to explore most of its configuration space and
determine the kinetics among the structural sub-ensembles with MD sim-
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Figure 6.1: The backbone structure of GS10: the red circles indicate the
amide units preceding proline (Y4 and Y9), which are called the tertiary
amide units. The other units are called the secondary amide units. Because
of the ring in proline, a tertiary amide unit is structurally distinct from a
secondary amide unit.

ulations. Thus, we expect that GS10 is an ideal system to investigate a
new methodology for modeling a T-jump experiment. Advanced clustering
techniques combined with Markov states modeling [58] used in the ear-
lier proposal for the T-jump simulation [214] are not needed for such a
small, rigid, and stable cyclic peptide, because the corresponding config-
uration space is expected to have a small size. Therefore, here, we probe
the backbone structure involved in cross-strand H-bonding and side chain
structures for this peptide as determined from an extensive REMD simu-
lation. Theoretical investigations combined with linear infrared absorption
spectroscopy have been carried out on this peptide [220, 221], but the ki-
netics between different structural components have not been reported and
a T-jump experiment accompanied by 2D IR spectroscopy has been neither
performed nor simulated for this peptide. In this chapter, we theoretically
examine to what extent the linear infrared absorption and 2D IR spectra
are sensitive to conformational changes of the peptide subject to a T-jump,
and determine the underlying kinetics.

GS10 contains ten amide I oscillators, each one is associated with pre-
dominantly a CO stretch vibration. The amide units of tyrosine (Y4/Y9)
preceding proline (P5/P10) are tertiary amide units (Fig. 6.1), the other
amide I units are secondary ones. The amide unit preceding proline is an
exceptional amide I unit of which the gas phase vibrational frequency is 27
cm−1 lower than the secondary amide I oscillators [142]. Thus, the peak
originating from an amide I unit preceding proline is expected to be lo-
cated in the red side of absorption spectra of peptides containing proline
[98]. Based on a newly developed parametrization for the amide I vibra-
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tional frequencies in proteins containing proline [98], a recent combined
study of MD simulation and 2D IR spectroscopy has shown that by prob-
ing the amide I vibration of the unit preceding proline one can distinguish
between different turn structures induced by mutation [222]. Formation of
turns in proteins are crucial steps in protein folding and identifying different
types of turn configurations in a folding process with 2D IR spectroscopy
combined with MD simulations allows to understand how the turns form.
In this chapter, we choose to probe the vibrational dynamics of the amide
units preceding proline located in the turns by simulating linear and 2D IR
spectra of different structural sub-ensembles of GS10. We examine how the
spectral region corresponding to the amide units preceding proline change
in the relaxation process after the peptide experiences a T-jump.

The remainder of this chapter is organized as follows. We describe the
theory used in modeling a T-jump in Section 6.2. The details of MD and
spectral simulations are given in Section 6.3. Discussions of results and
concluding remarks are presented in Section 6.4 and Section 6.5, respec-
tively.

6.2 Simulation protocol

In a T-jump experiment the water solution of a peptide or protein is heated
by exciting the overtone transition of the O-H (or O-D) stretch vibrations
of water using a an intense near infrared laser pulse [72, 212]. The laser
pulse duration for heating is typically < 10 ns. If the kinetics of a protein
is faster than the time period for heating, the corresponding dynamics
cannot be resolved by a T-jump experiment. To give a simple illustration
of what happens if a peptide with two structural sub-ensembles (S1 and
S2) is subject to a T-jump, the one dimensional free energy landscape
of the system as a function of a reaction coordinate is depicted in Fig.
6.2. A reaction coordinate describes the path to monitor the transition
between S1 and S2. The relative free energy (A) in a canonical ensemble
at temperature T , is related to the occurrence of S1 (ΩS1) and S2 (ΩS2),
i.e. A = −kBT ln(ΩS1/ΩS2), where, kB is the Boltzman constant. The
shape of the free energy landscape changes if the temperature is changed,
because at a particular temperature each state has a particular equilibrium
population. Let us consider that at an initial temperature, Ti, S1 has more
population than S2. Now, we make the assumption that no structural
changes of the peptide occur during the jump to a new temperature, Tf ,
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Figure 6.2: Left panel: Schematics representation of the one-dimensional
free energy landscape of a system with two states, S1 and S2, at temperature
Ti. The blue lines filling the minima are used to indicate the equilibrium
relative populations of S1 and S2. Right panel: Assuming the populations
do not change during the T-jump from Ti to Tf , these evolve with time
following the T-jump to relax to the new free energy landscape in thermal
equilibrium at the final temperature, Tf .

that is, the population of S1 and S2 do not change. After the T-jump,
the system will relax to the new thermal equilibrium corresponding the
new free energy landscape, where S2 is more populated than S1. Below,
we present a model to simulate a T-jump experiment for a system with N
structural sub-ensembles that constitute its configuration space.

The configuration space of a system (peptide or protein) can be generated
by performing MD simulations of the system. In a constant temperature
MD simulation it is possible that all possible configurations may not be
accessed, the MD trajectory may get stuck in kinetics traps on the free
energy surface. REMD is a very useful simulation technique to overcome
this problem. Using this technique multiple MD simulations of a protein
run in parallel at exponentially distributed temperatures and replicas of
the protein at two adjacent temperatures are exchanged with a certain
probability based on the standard Metropolis criteria [57]. For example, if
Ti and Tj are the temperatures of the two adjacent replicas i and j and
Ui and Uj are their corresponding potential energies, then the probability
that these replicas will exchange is:

P (Ti ↔ Tj) = min(1, e∆) (6.1)

Where,

∆ = (βi − βj)(Ui − Uj) (6.2)
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Here, βi = kBTi and βj = kBTj . The main purpose of REMD is to make
configurations at high temperatures available to the MD simulations at low
temperatures and vice versa, allowing to access most part of the configura-
tion space by passing over the activation barriers at higher temperatures.

The configuration space can be divided into a number (Ns) of structural
sub-ensembles (states) that are defined by local minima on the potential
surface of the system. When the system is in a canonical ensemble at
temperature Ti, the populations of the states in this thermal equilibrium

are P Ti1 , P Ti2 , ......., P TiNs
, where,

Ns∑
j=1

P Tij = 1, and 0 ≤ P Tij ≤ 1. The

states interconvert between each other with specific rates that determine the
equilibrium at a specific temperature. We assume that the system subject
to a T-jump (∆T) in short period of time (δt) does not undergo structural
changes during that period. After the T-jump, the system will follow a
relaxation process to get to a new equilibrium at the final temperature
temperature, Tf = Ti + ∆T . We assume that the populations of the
states remain unchanged during the T-jump and evolve afterwards with
time depending on the kinetics at the final temperature, T f .

The master equation for the kinetics at the temperature Tf is

dP
Tf
j

dt
= −P Tfj

Ns∑
k 6=j

λjk +

Ns∑
k 6=j

P
Tf
k λkj . (6.3)

P
Tf
j is the population of state j, and λjk is for the rate at which state j

converts to state k. This can also be formulated as a matrix differential
equation:

dPTf

dt
= ΓPTf (6.4)

Where, P =


P1

P2

.

.
PNs

 and Γ =



−
∑
k 6=1

λ1k λ21 . . λNs1

λ12 −
∑
k 6=2

λ2k . . λNs2

. . . . .

. . . . .

. . . . −
∑
k 6=Ns

λNsk


The solution of Eq. 6.4 is

PTf (t) = exp(Γt)PTf (0). (6.5)
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The initial population vector, PTf (0), is the same as the population vector
before the T-jump, PTi , because of the assumption that the populations of
sub-ensembles do not change during the T-jump.

Linear infrared absorption and 2D IR spectra of the system can then be
obtained as the sum of the spectra of all states weighted according to their

populations. If I
Tf
j is the spectrum of state j at the final temperature Tf ,

the weighted spectrum at this temperature for the system is

ITf (t) =

Ns∑
j

P
Tf
j (t)I

Tf
j . (6.6)

In the relaxation process following the T-jump from Ti to Tf the spectral
change is expressed as ∆I given by

∆I(t) = ITf (t)−
Ns∑
j

P Tij I
Ti
j . (6.7)

Here, ITij is the spectrum of state j when the system is in the thermal equi-
librium at the initial temperature, Ti. In Fig. 6.3, we pictorially demon-
strate the simulation protocol for a T-jump experiment.

6.3 Methods

6.3.1 REMD and the Configuration Space

The NMR structure [31] of GS10 was chosen as the initial structure for the
REMD simulation and it was solvated in D2O. All MD simulation reported
later in this study were also performed in D2O. This is to be consistent
with infrared experiments, where D2O is used instead of H2O to avoid the
overlapping of water bending vibrations in H2O with the amide I vibrations
in proteins. The acidic protons of GS10 were replaced with deuterium. The
formal charge of GS10 is +2 because it has two lysine amino acid residues
with positively charged side chains. Therefore, two Cl− ions were added in
the simulation to keep the system neutral in simulation. 32 replicas of the
system were obtained at 32 temperatures generated between 273 K and 410
K with the exchange probability of 0.2 between two neighboring replicas
[223]. The time step used for the 32 parallel MD simulations at constant
volume was 2 fs, and attempts were made every 1 ps for the exchange
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Figure 6.3: The simulation protocol for a T-jump experiment: First,
REMD simulations are performed to explore the configuration space of
a peptide. Analyzing the REMD trajectories structurally distinct sub-
ensembles, S1, · · · , Sn are obtained. Now, to model a T-jump from tem-
perature Ti to temperature Tf , the kinetics, i.e. the transition rates among
the sub-ensembles at Tf are determined. On the other hand, the spectrum
of each sub-ensemble at both temperatures is calculated. The weighted spec-
trum at Ti is obtained accounting for the REMD populations of the sub-
ensembles at that temperature. Based on the kinetics, the population of each
sub-ensemble is determined as a function of time following the T-jump. The
spectra calculated at Tf are weighted according to the time-dependent pop-
ulations, and then the weighted spectrum as a function of time is obtained.
We note that the populations immediately after the T-jump are assumed to
be the same as those before the T-jump. Finally, the difference between the
weighted spectra at different time points after the T-jump and the weighted
spectrum at Ti are calculated.
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Figure 6.4: The backbone structure of GS10 (a) and the side chain orien-
tation of the two lysine residues (b). The blue boxes are drawn to show the
tertiary amide unit preceding the proline residues. Distributions of the H-
bonding distances at 330 K show that mid-strand the H-bonds do not break
(c). The free energy landscapes are shown in kJ/mol at 330 K as a function
of the H-bonding distances (d) and the orientation angles of the side chains
(e). Contours are equally spaced by 0.8 kJ/mol starting from 0.0 kJ/mol.

between two adjacent replicas. The all-atom OPLS [150] and SPC/E force
fields [151] were used to describe the peptides and the water, respectively.
The LINCS algorithm [152] was employed to constrain all bond lengths.
The reaction field method based long range electrostatic interactions were
treated within a cut-off of 1.4 nm. The Nośe-Hoover thermostat [153, 154]
was used to couple the replicas to the constant temperature baths.

Each replica was simulated for 468 ns and the last 456 ns of every trajectory
was used for the production run. Thus, a total length of 14.6 µs was used
to explore the configuration space. All simulations were performed with
Gromacs-4.0.7 [149].

Analyzing the REMD trajectories we found that we could categorize the
structural sub-ensembles for this peptide in two ways: (a) the first is based
on the distribution of distances between cross-strand amino acids describing
the backbone and H-bonding structures, (b) the second is related to side
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chain orientation of the two lysine amino acid residues. In Fig. 6.4a four
possible cross-strand H-bonds are depicted. To identify H-bonding states
we introduced four H-bonding distance parameters: d1, d2, d3, and d4.
From the distribution of these distance parameters (Fig. 6.4c) at 330 K we
see that the H-bonds in the turn continuously form and break, whereas the
middle strand hydrogen bonds remain intact for this cyclic peptide. This is
true for the complete temperature range that we have investigated. Thus,
here, we constitute four H-bonding states corresponding to four minima in
the two-dimensional relative free energy surface (at 330 K) as a function
of only d1 and d4 ignoring d2 and d3 as presented in Fig. 6.4d: SHB

1 ,
SHB

2 , SHB
3 , and SHB

4 . The SHB
3 state is the global minimum (0 kJ/mol) on

the free energy surface. Except for SHB
2 the energy barrier between these

states is within 5 kJ/mol. SHB
2 is least likely to occur because of its high

relative free energy. By rotational symmetry SHB
1 and SHB

4 are the same
states and together we denote them the intermediate H-bonding state, IHB.
Representative structures of these states are depicted in Fig. 6.5.

To identify the states corresponding to the side chain orientation of lysine,
we calculated the angle between the side chain nitrogen atom (NZ), the
backbone Cα atom, and the backbone nitrogen atom (N) of lysine (Fig.
6.4b). Since there are two lysine amino acid residues, we have two angles
(θ1 and θ2). In the two-dimensional relative free energy surface obtained
at 330 K as a function of these angles (Fig. 6.4e) we can clearly distinguish
four states: Sθ1, Sθ2, Sθ3, and Sθ4. Here, Sθ2 is the global minimum (0 kJ/mol)
on the free energy surface. The barriers between these states are in the
range of 5 to 10 kJ/mol. Sθ1 and Sθ4 are identical by rotational symmetry
and therefore, these states together constitute an intermediate state, Iθ.
We denote these states as the θ-states and representative structures are
depicted in Fig. 6.5.

We note here that the H-bonding states and the θ-states are independent of
each other. As shown in the free energy landscape for these parameters (Fig.
6.6), we observe hardly any correlation between the H-bonding distances
and the orientation angle of the lysine side chains.

Every state has a certain occurrence at a particular temperature. The
population of all the states are shown in Fig. 6.7 as a function of tem-
perature. We find that the population of sate SHB

3 which has all H-bonds
intact decreases with increasing temperature. The population of the states
with broken H-bonds in the turn (SHB

1 , SHB
2 and SHB

4 ) increases as tem-
perature increases. The decay or growth of the populations are monotonic
and quantitatively small as a function of temperature which could be at-
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Figure 6.5: The H-bonding states and the states with different orientation
of the lysine side chains (θ-states).

tributed to the rigidity and stability of the cyclic peptide. For the θ-states,
the populations vary as depicted in Fig. 6.7b. The population of Sθ1 and Sθ4
remain almost unchanged at all temperatures, whereas the population of Sθ3
increases and the population of Sθ2 decreases with increasing temperature.
It is important to point out that the populations of SHB

1 (or Sθ1) are almost
identical to those of SHB

4 (or Sθ4) for all temperatures, this is expected by
symmetry. Therefore, we conclude that the REMD simulations have con-
verged and the configuration space has been sufficiently sampled. However,
one cannot exclude the fact that other stable structures exist, which are
kinetically not accessible from our initial structure.
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Figure 6.6: Left panel: Two-dimensional relative free energy landscape
(kJ/mol) for one of the parameters defining the H-bonding states (d1) and
one of the parameters defining the θ-states (θ1) at 330 K. The contours are
spaced by 0.8 kJ/mol starting with 0 kJ/mol. Right panel: Slices through
the surface for θ1 = 99◦ (black), θ1 = 115◦ (red), and θ1 = 132◦ (green).
This shows that the dependency of the free energy on d1 is hardly affected
if θ1 is changed, except for the almost systematic shifts of the slice. The
observation is the same for other parameters defining the H-bonding states
and the θ-states, therefore, the H-bonding states are independent of the θ-
states.

6.3.2 Kinetics

To obtain transition rates between the states at 330 K, five MD simula-
tions in NVT ensembles are performed, where the initial configurations are
chosen arbitrarily from the REMD simulations. Each MD trajectory has
a length of 390 ns and the last 378 ns of every trajectory is used for the
production run, resulting in a total of 1.89 µs (5×378 ns) used for analy-
sis. To be consistent, the force fields and the methods used in these MD
simulations are kept the same as those for the REMD simulation and are
also used for further simulations reported later in this chapter.

In the MD trajectories we find that the system visits different states and the
time intervals for multiple transitions between two states are exponentially
distributed. For example, if there are N transitions between state Si and
Sj , the histogram of the N time intervals gives an exponentially decaying
function. From this function we find the time scale (τij) at which transitions
occur between the two states. Then the transition rate is given by λij =
τ−1
ij . In the appendix, the histograms corresponding to the transitions

between the θ-states are depicted.
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Figure 6.7: Temperature dependence of populations determined from the
REMD simulation for all the states.

Figure 6.8: Sub-nanosecond kinetics of the θ-states at 330 K (values are
in ps) (a). Time evolution of the populations of θ-states in the relaxation
process after a T-jump from 300 K to 330 K (b).

From the two-dimensional free energy surface of the H-bonding states (Fig.
6.4d) at 330 K we find that transitions occur mainly between SHB

3 and the
intermediate state, IHB. The time scale for the transition from SHB

3 to IHB

is 80 ps, whereas, it is 20 ps for the reverse transition. For the θ-states the
kinetics at 330 K is pictorially presented in Fig. 6.8a. The transitions from
Iθ to Sθ2 (or Sθ3) to are more frequent than the reverse transitions. The
least frequent transitions are from Sθ3 to Iθ (τ ∼ 300 ps). By symmetry,
the time scales of transitions between Sθ1 and other states must be identical
as those between Sθ4 and other states. Due to sampling limitations this is
not exactly fulfilled; the maximum deviation is ∼ 15%, which is observed
when these states convert to Sθ2 . In these cases, the average values are
considered for further analysis.

We choose the θ-states for simulating a T-jump from 300 K to 330 K,
because the time scales for the H-bonding states are so short (maximum is
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80 ps) that we can assume that these states are equilibrated within the life-
time of the θ-states (minimum time scale is 110 ps). The kinetics between
the θ-states may not be resolved in a real T-jump experiment as it is of
the order of sub-nanoseconds, smaller than the typical time duration for
a T-jump. Nevertheless, in this study, the main purpose is to establish
the relation between the kinetics and the spectral changes in the relaxation
process after the T-jump and the consideration of the θ-states is expected
to fulfill the purpose.

The initial population vector (PTf (0) = PTi , see Section 6.2) for the θ-
states is taken at 300 K determined from the REMD populations. Depend-
ing on the transition rates among the θ-states at 330 K the populations
evolve with time constants as shown in Fig. 6.8b. The population of the
intermediate state, Iθ, is almost invariant (0.9 % increase) in the relaxation
process, which is consistent with the REMD simulation where the popula-
tion of Sθ1 and Sθ4 hardly change with temperature. The population change
from the initial value to the equilibrium one is -3% for Sθ2 and is 2% for Sθ3 .
We later investigate whether these small changes are sufficient to display
spectral changes.

6.3.3 Spectral Modeling

The spectral calculations followed a series of steps. First, MD simulations
of Sθ1, Sθ2, Sθ3, and Sθ4 were performed at 300 K and 330 K. For the MD
simulation of a particular θ-state, five initial configurations were chosen
from the central region of the local minimum corresponding to that θ-state
on the two-dimensional free energy surface. Then, five trajectories, each
with 100 ps length, were obtained resulting in a total length of 500 ps.
Snapshots were saved every 20 fs. These trajectories were then used to
construct the following floating oscillator Hamiltonian [25].

H(t) =

N∑
i=1

[
ωi(t)b

†
ibi−

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj+

N∑
i=1

~µi(t)· ~E(t)

[
b†i+bi

]
(6.8)

Here, the amide I oscillators are labeled with i. The Bosonic creation
and annihilation operators for the amide I vibration on site i are b†i and
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bi, respectively. ωi(t) and ∆i(t) are the fluctuating frequency and anhar-
monicity, respectively, of site i, Jij(t) is the fluctuating coupling between

the ith and the jth site. The external electric field ~E(t) interacts with the
system through its transition dipole ~µi(t).

The frequencies (ωi) for the secondary amide units were found with a Stark
effect based approach using the electric field and its gradient on the C, O,
N and D atoms [86]. For the amide I unit preceding proline the field
components were considered on the C, O, N and Cδ atoms [98]. A Ra-
machandran angle based nearest-neighbor frequency shift map [87, 98] was
used to correct these frequencies accounting for through bond effects from
nearest neighbor units. For the nearest-neighbor couplings the Ramachan-
dran angle based scheme proposed in Refs. [87, 98] was used. The couplings
between non-nearest neighbor units were found using the transition charge
coupling scheme [87, 98]. Finally, the anharmonicity was set to the exper-
imentally determined value, 16 cm−1, for all units [25] to describe doubly
excited states. A systematic 14 cm−1 red-shift of frequencies for all amide
I sites except the one preceding proline was applied, because the frequency
maps for the secondary amide unit overestimate its frequency by the same
amount [98].

The time dependent Hamiltonian (Eq. 6.8) was used for spectral calcu-
lations with the Numerical Integration of Schrödinger Equation scheme
(NISE) [100–102]. In this scheme the time independent Schrödinger equa-
tion is solved for short time intervals (10 fs) during which the Hamiltonian
is considered to be constant. The time evolution for longer time is deter-
mined by the successive propagation in the short time intervals. The linear
and nonlinear response functions (rephasing (kI) + nonrephasing (kII)) are
then calculated to obtain linear infrared absorption and 2DIR spectra, re-
spectively. An ad hoc vibrational lifetime (1 ps) is accounted for [105] in
the spectra calculations. For the 2DIR spectra we used a waiting time of
0 fs. This is the time between the pump and the probe at frequencies ω1

and ω3, respectively.

6.4 Results and Discussion

The simulated linear infrared absorption and 2D IR spectra for the θ-states
are given in Fig. 6.9. The spectra for the intermediate states, Sθ1 , and Sθ4 ,
are combined to obtain the spectra for state Iθ. The linear spectra of these
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states look similar, except on the left side of the spectra originating from
the amide I vibration of the units preceding proline (Y4 and Y9). The peak
in this spectral region ( ω

2πc < 1635 cm−1) is more pronounced for Sθ3 and
Iθ than for Sθ2 .

Figure 6.9: Simulated FTIR and 2D IR spectra for the θ-states at 330 K
(top) and 300 K (bottom). Contour lines in 2D spectra are plotted between
-100% and 100% with a spacing of 10% between two neighboring contours.
Red indicates positive and blue indicates negative.
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Figure 6.10: The linear absorption difference spectrum (top) and 2D IR
difference spectrum (bottom) between Iθ and Sθ2 (left) and between Sθ3 and
Sθ2 (right) at 330 k.

The general features of the 2D spectra (Fig. 6.9) are similar to those
observed before for other β-hairpins [40, 46, 49]. For example, the ridge
like cross peak region ((ω1, ω3) ∼ 1660-1675 cm−1) arises due to excitonic
couplings between the amide I oscillators in the peptide. Like in the linear
absorption spectra, the significant difference between the 2D IR spectra for
the θ-states is reflected in the spectral region for ω1

2πc ,
ω3
2πc < 1635 cm−1.

That is, the amide I vibrational band for the units preceding proline are
more red-shifted for Sθ3 and Iθ than that for Sθ2 . The difference spectra
between these states are presented in Fig. 6.10.

To find out the origin for the spectral differences between the θ-states,
we investigated the H-bonding environment between water and Y4 (Y9)
analyzing the 330 K MD trajectory. We found that the probability of
forming a H-bond between Y4 (Y9) and water is high (∼75%) in Sθ3 and
is very low (∼ 10%) in state Sθ2 (Fig: 6.11). These are consequences of the
fact that in state Sθ2 the side chains of both lysines are oriented towards the
turns resulting in close distances between these bulky side chains and Y4
(Y9). Therefore, water molecules get little access to these amide I units. In
case of state Sθ3 , the side chains of both lysines point away from the turns,
resulting in an increases probability that both the Y4 and Y9 units get
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Figure 6.11: Histogram for number of H-bonds between carbonyl oxygen of
Y4 (Y9) and water in the θ-states.

water exposed. For the intermediate states (Iθ) there is a high probability
(65%) to find at least one unit water exposed, i.e. Y4 is water exposed in
Sθ1 and Y9 is water exposed in Sθ4 . The water exposure is responsible for
the more red-shifting of the amide I band corresponding to units preceding
proline in the spectra for Sθ3 and Iθ relative to that for the Sθ2-spectrum.
In the 2D IR studies of an elastin like peptide a similar observation has
been reported [222]; the shift of the peak corresponding to the amide unit
preceding proline depends on the change in the number of hydrogen bonds
between this unit and the peptide (or solvent).

The populations of the θ-states change when a T-jump is performed from
300 K to 330 K and the spectroscopic signatures of these states signifi-
cantly differ from each other in terms of the amide I vibrations of the units
preceding proline. Thus, we choose to track changes in the spectral region
corresponding to these amide units, following the T-jump. To determine
the spectral changes while the system relaxes to a new equilibrium after
the T-jump, we calculated the weighted linear infrared absorption and 2D
IR spectra at 330 K as a function of time (Eq. 6.6) considering all θ-states.
The weighted spectrum at 300 K is the spectrum before the T-jump and is
subtracted from the weighted spectra at 330 K at different time points to
obtain the difference spectra (Eq. 6.7). In the linear infrared absorption
difference spectra (Fig. 6.12) we observe a gradual growth of the intensity
with time in the region between 1610 cm−1 and 1630 cm−1. In the 2D IR
difference spectra (Fig. 6.13) the negative peak (centered at ω1

2πc = 1619
cm−1, ω3

2πc = 1619 cm−1) gains positive intensity and the intensity of the
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Figure 6.12: Linear absorption difference spectra as time progresses after
the T-jump from 300 K to 330 K: spectra are plotted at 0 ps, 25 ps, 50 ps,
100 ps, 200 ps, and 350 ps with the zoomed in regions around 1615 cm−1

and 1624 cm−1, respectively. Time increases in the direction from black to
magenta.

positive peak (centered at ω1
2πc = 1619 cm−1, ω3

2πc = 1601 cm−1) decays with
time. To display the spectral changes more clearly, slices are extracted from
the 2D IR difference spectra (Fig. 6.13) at ω1

2πc = 1619 cm−1. The inten-
sity change with time follows a similar trend as was observed for the linear
infrared absorption difference spectra (Fig. 6.12). This growth of intensity
is attributed mainly to the population increase of state Sθ3 for which the
spectral region corresponding to the amide I units preceding proline is well
resolved and the population decrease of state Sθ2 for which it is not resolved.

To determine quantitatively the time evolution of the intensity growth, the
intensity at ω

2πc = 1615 cm−1 and ω
2πc = 1624 cm−1 of the linear infrared

absorption difference spectra (Fig. 6.12) for all time points were calculated.
For the slices through the 2D IR difference spectra (Fig. 6.13), the intensity
at ω1

2πc = 1601 cm−1 and ω3
2πc = 1619 cm−1 for all time points are also

collected. These are depicted in Fig. 6.14 and it is possible to fit a single
exponential function to all these curves resulting in the same time scale
(∼45 ps) for the intensity evolution. This means that there is one dominant
relaxation process, although a combination of multiple exponential process
are expected to be observed. If the population evolution of the θ-states
(Fig. 6.8b) are fit with an exponential function, the obtained relaxation
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Figure 6.13: Top Panel: 2D IR difference spectra following the T-jump;
contours plotted between -0.8 and 0.6 with a spacing of 0.06 between neigh-
boring contours. Green dashed lines are drawn to indicate ω1

2πc = 1619 cm−1.
Bottom Panel: Slices through the 2D IR difference spectra at ω1

2πc = 1619
cm−1 with zoomed in regions around 1601 cm−1 and 1619 cm−1, respec-
tively. The slices are extracted at the same time points as for the linear
absorption difference spectra (Fig. 6.12).

times are 45 ps, 50 ps, and 30 ps, respectively for Sθ2 , Sθ3 , and Iθ. Thus, the
relaxation process observed in the spectral changes following the T-jump is
dominated by the population decay of Sθ2 . We note that these time scales
correspond to the eigenvalues of the transition matrix for the θ-states and
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Figure 6.14: Change in the intensity of the spectral region with time cor-
responding to the amide units preceding proline after T-jump: (Top) The
intensity at ω

2πc = 1615 cm−1 (a) and at ω
2πc = 1624 cm−1 (c) of the linear

absorption difference spectra (Fig. 6.12). (Bottom) The intensity at ω3
2πc =

1601 cm−1 (c) and ω3
2πc = 1619 cm−1 obtained from the slices through the

2D IR difference spectra (Fig. 6.13).

these are smaller than the rates shown in Fig. 6.8a.

We assumed that no structural changes occur during the heating of the
peptide-solvent system in the T-jump experiment and following the T-jump
the peptide structure changes. Now the question is, ”How significant is the
effect of heating on the spectra obtained after the T-jump, compared to
the effects from the structural changes after the T-jump?” The effects of
heating are as follows. In the 2D IR spectra presented in Fig. 6.9 we
see that the diagonal and the overtone peaks are positive and negative,
respectively, whereas in the 2D IR difference spectrum calculated at 0 ps
after the T-jump (Fig. 6.13) these peaks have interchanged their signs in
the region corresponding to the amide units preceding proline. After that,
the structural changes are reflected in the spectral changes but the signs
remain the same. Thus, the effect of heating is more significant than the
effect of the structural changes.

The significant spectral changes due to structural changes occur at hun-
dreds of picoseconds in our simulation (Fig. 6.14), which differs from
the existing experimental observation [72] where the significant spectral
changes were observed around 140 ns. This is because we have restricted
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ourselves to studying the sub-nanosecond side chain dynamics of the cyclic
peptide subject a T-jump, therefore, the kinetics of the θ-states does not
reflect the experimentally [72] determined folding/unfolding time scales (∼
140 ns). Considering the H-bonding configurations it is possible to ob-
tain the kinetics to compare with experiment, but with the current force
fields we do not find the fully unfolded configuration (mid-strand H-bonds
remain intact even at a high temperature), although extensive REMD sim-
ulations were performed. In a future study different types of force fields
should be considered to access the fully unfolded configuration, as it is well
known that the configuration space depends on the choice of force fields
[60]. Then, using the T-jump protocol described in this study one can find
out what particular conformation changes and kinetics are hidden in the
experimentally measured folding/unfolding rates.

To resolve the kinetics of the θ-states experimentally, a faster triggering
mechanism might be needed. A photo chemical triggering mechanism [224]
allowing the observation of ps time scale dynamics may thus be useful.

6.5 Conclusions

To summarize, we have developed a protocol to model and simulate a T-
jump experiment combined with infrared spectroscopy using the following
steps. We have investigated the backbone and side chain structures of GS10
with REMD simulations. The kinetics of the states corresponding to the
orientations of the lysine side chains obtained from the MD simulations at
330 K are used to model and simulate the T-jump from an initial temper-
ature 300 K to the final temperature 330 K. The system in equilibrium at
300 K relaxes to a new equilibrium at 330 K following the T-jump. During
the relaxation process structural changes occur, i.e. the populations of the
states change with time until the system reaches its new equilibrium. This
phenomenon is reflected in the changes of the linear infrared absorption
and 2D IR difference spectra with time. In this way we have simulated a
T-jump experiment combined with the infrared techniques allowing to un-
ravel the connection between the conformational dynamics and the spectral
changes following a T-jump and determine the underlying kinetics.

The folding or unfolding rates for this peptide have not been determined
in this study because our REMD simulations did not access the fully un-
folded configuration. This leads us to conclude that the classical force field
used here should be improved in order to obtain the correct configurations.
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Once the correct configurations are generated, using our T-jump protocol
combined with linear infrared absorption and 2D IR experiments, it will
be possible to follow the folding/unfolding dynamics and reveal the related
kinetics of proteins and peptides. For example, proteins containing proline
could be useful systems to study unfolding dynamics, because proline is
generally found in the turn and investigating spectral changes of the spec-
tral region corresponding to the amide I unit preceding proline allows one
to focus on the turn conformational changes caused by the T-jump.

6.6 Appendix

We present here the histograms of time intervals for the transitions between
the θ-states. The exponential fits to the histograms shown in Fig. 6.15
give the times scales for the transitions. The histograms corresponding to
the transitions between Sθ1 and Sθ4 , between Sθ4 and Sθ1 , Sθ2 and Sθ3 , and
between Sθ3 and Sθ2 are not good enough to make exponential fits, because
the number of the corresponding transitions were not sufficient to provide
nice histograms (Fig. 6.16). In such case, the average of the time intervals
for a particular transition is assigned as the time scale for that particular
transition.

Figure 6.15: Histograms of time intervals corresponding to the transitions
between the θ-states, for which the exponential fits can be done to obtain
the transition times.
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Figure 6.16: Histograms of time intervals corresponding to the transitions
between the θ-states, for which exponential fits cannot be done.
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Chapter 7

Resolving the turn structures
in intrinsically disordered

peptides

The peptide amide I vibration of a proline turn encodes information on the turn
structure. For this study FTIR, two-dimensional infrared spectroscopy (2D IR),
and molecular dynamics simulations were employed to characterize the varying
turn conformations that exist in the GVGXPGVG family of disordered peptides.
This analysis has revealed that changing the size of the side-chain at the X
amino acid site from Gly < Ala < Val substantially alters the conformation of
the peptide. To quantify this effect, proline peak shifts and intensity changes
were compared to a structure-based spectroscopic model. These simulated
spectra were used to assign the population of type II β-turns, bulged turns,
and irregular β- turns for each peptide. Of particular interest is the Val variant
commonly found in the protein elastin, which contained a 24% population of
irregular β- turns containing two peptide hydrogen bonds to the proline CO.

This work has been published in : J. Am. Chem. Soc 134, 5032 (2012)
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7.1 Introduction

Extensive study of small peptides has revealed the local forces that con-
tribute to protein secondary structure [43, 44, 50, 225–231]. In contrast,
far less is known about the forces that contribute to the structure of dis-
ordered proteins where local effects dominate [32, 232–237]. This dearth of
molecular level information on disordered systems results from the lack of
detailed structural tools. Disordered proteins cannot be crystallized, and X-
ray diffraction or scattering studies provide limited structural information.
Although NMR is selective to long lived conformational states, since con-
formational exchange typically occurs on picosecond to microsecond time
scales, NMR cannot be used to fully resolve conformational heterogeneity
[32, 238] . 2D-IR, with its sub-picosecond time resolution, provides a man-
ner in which to characterize distinct conformers and structural variation in
intrinsically disordered systems [50, 74, 239, 240].

In the present study we investigate the role that the amino acid preced-
ing a PG turn plays in determining the turn structure of an intrinsically
disordered peptide. The XPG sequence is commonly found in fibrous and
elastomeric proteins, in which X influences their structural and mechani-
cal properties. Examples include collagen (X=Pro) [241], elastin (X=Val)
[242], mussel byssus (X=Gly)[243], dragline spider silk (X=Gly) [244], and
wheat glutenin (X=Gln) [245]. To better understand the structure and
folding of a XPG peptide turn, we investigated how the side chain size of
proline’s N-terminal amino acid modulates the structure of the Pro-Gly
turn in the disordered peptide GVGXPGVG, where X = Gly, Ala, or Val.
These peptides were characterized with amide I 2D-IR in combination with
structural modeling of spectra [86, 87, 98].

While protein secondary structure assignments from amide I spectra have
been used for years, it is only recently that structure-based spectral cal-
culations have become available for detailed interpretation [87, 246]. The
amide I vibration is primarily a C=O stretching motion of a peptide unit;
however, the normal modes of vibration are delocalized and can involve all
of the backbone amide units of a peptide. The frequency and lineshape
of the amide I vibration depends on conformation dependent vibrational
couplings between neighboring amide units, and the interactions of peptide
groups with the local electrostatic environment such as hydrogen bonding
to the amide’s C=O or N-H moiety. As a result the amide I spectrum
encodes information about protein secondary structure.
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Unlike other proteinogenic amino acids, proline’s tertiary amide structure
changes the amide I vibration of the peptide linkage preceding proline in
sequence. The three heavy atoms bound to its nitrogen give proline’s amide
I vibration a larger reduced mass, shifting it to a lower frequency. This fre-
quency shift largely decouples proline’s amide I vibration from the amide I
vibrations of its neighbors, moving its resonance to a predominantly back-
ground free region on the red side of the absorption spectrum. As a result,
proline amide I spectroscopy can also be used as a local probe of protein
structure. Because the proline amide I vibration has almost all C=O stretch
character, a frequency shift of the proline amide I vibration is either pre-
dominantly the result of a change in hydrogen bonding to the amide oxygen
or other changes in the electric field experienced by the amide C=O. (For
spectroscopic reasons, we refer to the main chain amide or carbonyl pre-
ceding proline as the proline C=O, although it derives from the proceeding
amino acid). With the help of a recently parameterized structural model
for proline IR spectroscopy [98] we are now able to exploit this intrinsically
local vibration and use it as a sensitive probe of proline turn structure.

The series of model peptides studied here differ in the volume of the side-
chain on the N-terminal side of proline. The peptide with the smallest
volume in the series is Gly with a volume increase of ∆(X-Gly) = 25.1 and
75.3 Å3 for X = Ala and Val respectively [247]. The resulting change in turn
conformation is detected in the experimental infrared spectra as a red shift
of the low frequency proline amide I vibration with increasing side-chain
size, from Gly = 1625 cm−1 to Val = 1614 cm−1 (Fig. 7.1). The features
in β-turn peptides at 1670 cm−1 and 1640 cm−1 are commonly assigned to
the parallel and perpendicular bands of an antiparallel β-sheet [43]. Since
proline’s amideI vibration is only weakly coupled to the remaining amide
units of the peptide, the observed frequency shift primarily reflects vari-
ation in hydrogen bond configurations to the oxygen of the C=O moiety
preceding proline.

As a rule of thumb for a time-averaged observation, the amide frequency red
shifts by roughly 16 cm−1 for each hydrogen bond accepted, and on average
the oxygen can accept up to two [50]. Therefore these shifts encode consid-
erable changes in turn hydrogen bond configuration and possible changes
in solvent exposure. We note that these spectra were acquired at pH 1.0 in
order to shift the C-terminal COO- asymmetric stretch at 1590 cm−1 out
of the spectral window, but that our findings are consistent with spectra
measured at neutral pH (see Appendix).

To extract information on peptide structure from the infrared data, FTIR
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Figure 7.1: (Top) FTIR and (Bottom) 2D IR spectrum of GVGXPGVG
at T = 10◦ C in pH = 1.0 DCl in D2O. The proline resonance frequencies
are Gly: 1625 cm−1, Ala: 1619 cm−1, and Val: 1614 cm−1. Contours are
plotted between -100% to 100% with 8% spacing between two neighboring
contours.

and 2D IR spectra are calculated from molecular dynamics (MD) simula-
tions of the three peptides using a mixed quantum-classical model in which
classical structures map onto elements of a local-mode Hamiltonian for the
coupled amide I vibrations. Our model assigns frequencies to the individ-
ual amide I oscillators based on the electric field experienced by individual
amide units and allows for through bond and through-space coupling ef-
fects [86, 87, 98]. This model is accurate enough that general features,
such as peak splitting and relative amplitudes can be used for structure
interpretation, but exact frequencies are less reliable metrics.

7.2 Configuration Space and Spectra of GVGXPGVG

Eleven structurally distinct initial configurations (Fig. 7.2) were selected
from a 200 ns MD trajectory of the Val peptide carried out previously
[32, 234–236]. These initial configurations were representative of the main
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structural and dynamical motifs observed, including extended and collapsed
states, and a variety of PG turn configurations. This judicious choice of
initial conformations enabled us to carry out rather short simulations to
compute 2D IR spectra of local structural motifs, since the picosecond time
scale of the experiments is far shorter than the (multi)nanosecond relax-
ation times of the peptide. These 11 configurations were then mutated to
obtain the initial configurations of the Ala and Gly variants. New MD tra-
jectories were generated starting from these initial configurations (for the
protocol, see Appendix) and subsequently used to simulate 2D IR spectra.
The simulations of these disordered peptides sampled a variety of config-
urations, including variations in turn structures, fraying or extension, and
side-chain packing. Although these simulations may not have provided a
complete sampling of all configurations, the sampling was extensive enough
to provide a diversity of trial structures from which structure/spectrum cor-
relations could be created.

We distinguished turn conformers on the basis of their hydrogen-bonding
patterns to the X carbonyl preceding the proline. Six hydrogen-bond bins
were investigated: 0/0, 1/0, 0/1, 1/1, 2/0 and 0/2, where the first digit
corresponds to the number of hydrogen bonds the CO accepts from other
amide groups in the peptide and the second digit to the number of hydrogen
bonds the CO accepts from water. Dynamic FTIR and 2D IR spectra were
then calculated for each hydrogen-bond bin by ensemble-averaging only the
parts of the trajectories belonging to a particular bin (see the Appendix for
a detailed description). As expected, the calculated FTIR spectra showed
that the lowest-frequency amide-I peak red-shifted with increasing number
of hydrogen bonds to the proline. From the simulated FTIR spectra of
Gly in Fig. 7.3 we see that (1) the proline resonance is not resolved for
the 0/0 bin which consists of disordered turns or condensed states that do
not accommodate hydrogen bonds; (2) the proline resonance has a weakly
red-shifted tail and a small increase in intensity for the 1/0 bin, which
predominantly consists of type-II β-turns (i → i + 3 hydrogen bonds) or
bulged turns (i → i + 4 hydrogen bonds); and (3) the proline resonance
has both a large red shift and an increase in intensity for the 2/0 bin,
which predominantly consists of an irregular β-turn with dual hydrogen
bonds (i → i + 3 and i → i + 4) corresponding to φ/ψ angles for the
VPGV sequence of (i) -79◦/151◦, (i + 1) -59◦/127◦, (i + 2) 118◦/-29◦, and
(i + 3) -128◦/-30◦. These simulated proline peak shifts were also observed
for the lowest-frequency amide-I peak in the experimental spectra. For
example, a high population of the irregular β-turn was observed in the
experimental spectra for the Val peptide, which has a proline peak with a
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Figure 7.2: The initial configurations for the MD simulations in this study
extracted from an existing 200 ns trajectory of the GVGVPGVG peptide.
These configurations are mutated to obtain the initial configurations for
GVGAPGVG and GVGGPGVG.

red shift relative to the band maximum of ωmax - ωp = 31 cm−1. This model
reproduced the features in the experimental spectra except for the parallel
mode of the antiparallel β-sheet, which was found to be more intense in
the experimental data, where it was observed as a subtle shoulder on the
blue side of the amide-I band (Fig. 7.1). Since the proline red shift was
the primary observable used to predict the structure in this study, a small
difference in intensity on the blue side of the spectra did not diminish the
value of the model.

To assign the hydrogen-bond population for each peptide, 2D IR spectra
were simulated for the six hydrogen-bond bins. The nonlinear intensity
dependence in conjunction with the additional frequency dimension of a 2D
IR spectrum reveals information on hydrogen-bond composition not seen in
FTIR spectra. Complete simulations for the three peptides are provided in
Appendix, and the salient features common to all of the peptides simulated
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Figure 7.3: (Top) Visualization of representative turn structure in the 0/0,
1/0 and 2/0 bins. (Bottom) Simulated FTIR spectra for the Gly peptide in
the 0/0, 1/0 and 2/0 bins.

are summarized in Fig. 7.4. Now better resolved, the red shift of the
proline resonance provides a count of the number of hydrogen bonds to
proline (Fig. 7.4a). Fitting the simulated lowest mode peak frequency as a
function of the total number of hydrogen bonds to proline (nHB) for all six
states gave the equation ωp(cm−1) ' -12.6nHB + 1642.

In addition, spectral modeling of the six bins showed that for these pep-
tides, the proline peak is more intense when proline is hydrogen-bonded
to a peptide amide unit than when proline is hydrogen-bonded to water.
This effect is amplified by the nonlinear intensity dependence of a 2D IR
spectrum, thereby providing a method of distinguishing whether the pro-
line hydrogen bonds are donated by peptide groups or water. It happens
because of the fact that (details are in Appendix) when the amide unit is
solvent exposed it interacts with the fast fluctuating solvent resulting in
fast fluctuations in its frequency, but when it is involved in stable hydrogen
bonding with the peptide the frequency fluctuation is slower, although in
both cases same frequency distribution is observed. The faster dynamics
in the former case leads to the spreading of intensity in the anti-dagonal
direction of the 2D peak, whereas, in the later case we observe a sharp
peak.

Although it remains a challenge to simulate precise line shapes, features
such as the relative intensity or frequency splitting of the proline and main
amide bands are characteristic enough to distinguish uniquely those states
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Figure 7.4: (a) Simulated 2D IR spectra of the Val peptide as a function
of peptide-peptide hydrogen bond number. (b) Simulated 2D IR spectra of
the Val peptide as a function of peptide-peptide vs. peptide-water hydrogen
bonds. Contours are the same as in Fig. 7.1.

with varying peptide-to-proline hydrogen-bonded configurations. These
conformers can be grouped as irregular i → i + 3 and i → i + 4 turns
[2/0 or two-hydrogen-bond (2HB) turns]; i → i + 3 β-turns or i → i + 4
bulged turns (1/0 and 1/1 or 1HB turns); compact disordered states (0/0
and 0/1); and the 0/2 states, which consist primarily of extended conform-
ers.

7.3 Populations of Hydrogen-Bonded Bins

To assign an approximate hydrogen-bond composition for each peptide,
the experimental 2D IR surfaces were fit for frequencies <1650 cm−1 with
the simulated 2D IR spectra for all of the peptide bins using a genetic al-
gorithm containing a least-squares fitness function and no additional con-
straints (Fig. 7.5). The Gly peptide was found to contain 15% 1HB turns
and <1% 2HB turns, with the remainder consisting of highly disordered
peptide configurations. The Ala peptide was found to contain 70% 1HB
turns and <10% 2HB turns, with the remainder in disordered condensed
or extended states. This is consistent with a high population of type-II
β-turns and bulged turns for the folded state of the Ala peptide. Finally,
the Val peptide was found to contain 60% 1HB turns and 25% 2HB turns,
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which is consistent with a high population of type-II β-turns, bulged turns,
and irregular β-turns.

Figure 7.5: (Top row) Experimental 2DIR data, (Bottom row) Fitted spec-
tra, generated by fitting the experimental data over the frequency range
1575 to 1650 cm−1 with the simulated spectra for all six peptide bins using
a generic algorithm containing a least squares fitness function and no ad-
ditional constraints. Since the amide I band maximum is located at ∼1645
cm−1, this fit is range allowed for fitting both the proline peak shift and
its intensity relative to the main band. Listed to the right of each surface
is the population of individual HB bin’s predicted from the fitting routine.
Contours are same as in Fig. 7.1.

7.4 Discussion and Conclusion

From the 2D IR data, we observed a systematic change in the turn con-
formational preference as a function of point mutation. We found that as
the size of the side chain of the X amino acid decreases, the number of
proline hydrogen bonds to the peptide decreases and the number of proline
hydrogen bonds to water increases. This indicates that the preference for
the X-Pro-Gly sequence to form a β-turn increases in the order Gly < Ala
< Val. The observed stabilization of the X-Pro-Gly turn may arise from
a number of factors, including steric clashes between the side chain of the
point mutation and the proline pyrrolidine ring and hydrophobic clustering
of the X and Val side chains.
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The Val peptide’s irregular 2/0 β-turn was found to result from the forma-
tion of dual hydrogen bonds between proline and the N-H moieties of two
sequential amino acids following the PG loop. A search of 75587 Protein
Data Bank entries using the φ/ψ values for the Val peptide VPGV segment
in a 2/0 turn and a search tolerance of 30◦ found 158 protein segments con-
taining a four amino acid sequence with these φ/ψ angles [248]. Of these
sequences, 21% have a proline in the i position, 21% have a proline in the i
+ 1 position, and 87% have a glycine in the i + 2 position. Clearly, the Gly
residue plays a crucial role in accommodating the tight 2/0 turn conforma-
tion in this sequence. Interestingly, a similar conformation was previously
observed by X-ray diffraction in the cyclic peptide (APGVGV)2, where the
cyclic constraint generates a closed turn [249].

To summarize, we have presented three findings that should prove useful in
future studies of structure in proline-containing systems. First, the X point
mutation provides a robust means of tuning the compactness or stability
of turns in engineered proteins and biopolymers. Second, the frequency
shift of the lowest-frequency amide-I vibration in the FTIR spectrum can
be employed as a measure of the number of hydrogen bonds to proline.
This finding is particularly interesting because it provides a simple method
for interrogating the protein structure in proline-rich tissue samples such
as elastin and collagen matrices that are not readily addressed by other
methods. Third, through the use of 2D IR, it is possible to assign the
hydrogen-bond composition of these turns. With further refinement of the
modeling methods, it will be possible to obtain a quantitative assignment of
the populations of the different conformations in the equilibrium structural
ensemble of each peptide from the 2D IR spectrum. This analysis will
thereby provide a new approach for characterizing conformational states
in intrinsically disordered proteins. In addition, it can be used in the fu-
ture to benchmark the accuracy of force fields commonly used to describe
structural and dynamical properties of small peptides.
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7.5 Appendix

MD simulations: details

The MD simulations for the configurations shown in Fig. 7.2 and their mu-
tants (GVGAPGVG and GVGGPGVG) were performed in NVT ensembles
at 300 K using Gromacs-4.0.7 [149]. An all atoms OPLS force field [150]
was used to describe the peptide solvated in a box of TIP3P water [132].
D2O was used to reproduce the experimental conditions and all acidic pro-
tons of the peptides were deuterated. These simulations were carried out
with 2 fs time steps and the LINCS algorithm was used to constrain all
bond lengths [152]. For temperature coupling the Nose-Hoover thermo-
stat was used [153, 154]. The reaction field method was used to treat the
long range electrostatic interactions with a cutoff of 1.4 nm. The length of
each trajectory was 2.5 ns, where snapshots were saved every 10 fs yielding
2750000 conformations for each peptide studied.

Hydrogen bond criteria

A peptide-peptide hydrogen bond was defined as having an Opeptide.....Npeptide-
Dpeptide angle ≤ 30◦ and a Opeptide.....Npeptide distance ≤ 3.5 Å and a
peptide-water hydrogen bond was defined as having an Opeptide.....Owater-
Dwater angle ≤ 30◦ and a Opeptide.....Owater distance ≤ 3.5 Å.

Binning of peptide structures

The hydrogen bonding criteria were used to define the structural bins for
all peptides. The structural bins are categorized based on whether the
carbonyl oxygen of the proline amide unit forms hydrogen bonds with the
amide hydrogen (HBpeptide) or with the hydrogen of the solvent (HBsolvent).
This definition created six structural bins (2/0, 1/0, 0/0, 0/1, 0/2 and 1/1)
where the first and the second index represent the number of HBpeptide

and HBsolvent, respectively. The description of the spectral calculations for
these bins is given below.
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Spectral modeling

A vibrational Hamiltonian was constructed for every snapshot by employing
a Hamiltonian of the form [25]:

H(t) =
N∑
i=1

[
ωi(t)b

†
ibi−

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj+

N∑
i=1

µi(t)·E(t)

[
b†i+bi

]
(7.1)

Here the summations run over the amide I sites in the peptide where for any
amide site i, b†i and bi are the Bosonic creation and annihilation operators
for the amide I vibration, ωi(t) is the frequency, ∆i(t) is the anharmonicity,
Jij(t) is the coupling between the ith and jth site, E(t) is the applied laser
field and µ(i) is the transition dipole.

Amide I site frequencies ωi for secondary amide groups were calculated with
a Stark effect based approach using the electric field and its gradient on the
C, O, N and D atoms [86]. For the proline amide unit the field components
were considered on the C, O, N and Cδ atoms [98]. Next, frequency shifts
and couplings due to through bond effects with neighboring amide units
were determined using Ramachandran angle based maps [87, 98]. The non-
nearest-neighbor couplings were then calculated using a transition charge
coupling scheme [87, 98]. Finally the anharmonicity needed for describing
doubly excited states was set to a value of 16 cm−1 for all amide units
[25]. We made a 14 cm−1 systematic red-shift of the frequencies of all
amide units except proline, because the frequency maps developed for the
secondary amide units overestimate their frequency by the same amount
[98].

The FTIR and 2D IR spectra were calculated by solving the time dependent
Schrödinger equation. This was accomplished using a numerical integration
of the Schrödinger equation scheme [101]. For this scheme the Hamiltonian
was considered to be constant for the 10 fs time intervals between successive
saved structures of a MD trajectory. This approximation reduces the prob-
lem to solving the time independent Schrödinger equation for each time
step in a trajectory and then using these time ordered matrices to obtain
the linear and nonlinear response functions from which the FTIR and 2D
IR spectra are calculated. An ad hoc vibrational life time (1 ps) was used
in the spectral simulations [105]. The total time interval for calculating a
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sample for an FTIR spectrum was 2.5 ps and for a 2D IR spectrum it was
5 ps (τ1 = 2.5 ps, τ2 = 0 ps, τ3 = 2.5 ps, where τ1, τ2, and τ3 are the time
delays between the pulses). For obtaining a spectrum of a particular bin
we checked for every sample whether the bin was found in the middle of
next 5 ps used for the spectral simulations. If it was found the spectrum
was calculated.

Figure 7.6: Val peptide 2D IR collected in ZZYY polarization at T =
10◦C in a (Left) pH = 1.0, DCl in D2O solution using τ2 = 150 fs, and
in a (Right) pH = 7.0, 50 mmol phosphate buffer solution using τ2 = 0
fs. Changing the solvent conditions produces the appearance of on-diagonal
broadening for the proline peak, a blue-shift of the main amide I band, and
a reduction in the off-diagonal line width. The change in the appearance
of the proline peak results from the generation of the COO moiety upon
changing the pH, creating a peak at 1590 cm−1 from the COO asymmetric
stretch. The blue shift of the main amide I band and the reduction in the
off-diagonal line width observed at pH = 7 are likely due to the addition of
buffer salts which produces a similar effect in pH = 1.0 samples. Contours
are same as in Fig. 7.1.
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Figure 7.7: Average frequency of the simulated proline peak maximum for
all six bins plotted as a function of the total number of peptide and water
hydrogen bonds to proline. The linear fit to this data produced an equation
relating the frequency of the proline peak and the total number of hydrogen
bonds to proline: ωp(cm−1) ' −12.6nHB + 1642.
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Figure 7.8: Comparison of the experimental data (Top row) to the six
simulated surfaces generated for each peptide. Contours are same as in
Fig. 7.1.
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Figure 7.9: Comparison of experimental and simulated FTIR spectra for
the Gly, Ala and Val peptides in the six hydrogen bond bins. Note the non-
zero offset of the blue side of the spectrum is the result of a broad -COOD
stretching vibration centered at 1722 cm−1.
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Population (%)

BIN 200 ns 25.7 ns Fit

2/0 5.9 4.9 23.7
1/1 3.2 1.3 < 1.0
1/0 12.7 11.5 58.4
0/0 19.6 19.1 < 1.0
0/1 47.1 49.9 < 1.0
0/2 11.1 12.9 17.9

Table 7.1: Comparison between MD populations of hydrogen bonded bins
and their fit populations.

Figure 7.10: Comparison of the experimental spectrum for the Val peptide
to simulated spectra using the bin populations generated for the fitting of the
experimental data and populations calculated from a 200 ns MD trajectory.
Contours are same as in Fig. 7.1.

Origin of the more intense proline peak in the 2D IR spectra when
the carbonyl unit is hydrogen bonded to the peptide than to the
solvent

To investigate this, we choose two trajectories (traj1 and traj2) of length
100 ps which have following decomposition (Table 5.2) into the hydrogen
bonded bins. traj1 is dominated by the HBpeptide cinfigurations (65%),
whereas, traj2 is dominated by the HBsolvent configurations (86%). The full
width at half maximum of the frequency distribution (Fig. 7.11a) for the
amide I unit preceding proline is 33.4 cm−1 in traj1 and 33.8 cm−1 in traj2,
i.e. they have almost identical distributions. A bi-exponential fittings of
the corresponding correlation functions (Fig. 7.11b) reveal the correlation
times 50 fs (46%) and 3 ps (54%) for traj1 and 26 fs (38%) and 419 fs
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Population (%)

BIN traj1 traj2
2/0 21 0
1/1 0 0
1/0 44 0
0/0 35 12
0/1 0 64
0/2 0 22

Table 7.2: Hydrogen bonding decomposition of the two 100 ps trajectories.

(62%) for traj2. Therefore, the fast frequency fluctuations for the HBsolvent

configurations are responsible for spreading of the 2D-peak intensity in
the anti -diagonal direction resulting in lower visibility, while, the slower
fluctuations in the HBpeptide configurations give a sharp peak for the amide
I unit preceding proline which is clearly observed in their spectra. For
better comparison, the diagonal slices are extracted from the 2D spectra
of the HBpeptide and HBsolvent configurations for the GVGVPGVG peptide
and presented in Fig. 7.12.

Figure 7.11: (a) Frequency distribution of the amide I unit preceding
proline in traj1 (green) and traj2 (blue). (b) Frequency auto-correlation
functions for the amide I unit preceding proline in traj1 (green) and traj2
(blue).
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Figure 7.12: The slices through the diagonal of the 2D peaks for 2/0, 1/0,
0/2, and 0/1 bins of the GVGVPGVG peptide.
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[130] S. Osváth and M. Gruebele, Biophys. J. 85, 1215 (2003).

[131] M. W. Wong, M. Frisch, and K. B. Wiberg, J. Am. Chem. Soc. 113,
4776 (1991).

[132] W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and
M. L. Klein, J. Chem. Phys. 79, 926 (1983).

[133] Z. Ganim, K. C. Jones, and A. Tokmakoff, Phys. Chem. Chem. Phys.
12, 3579 (2010).

[134] P. Hamm and S. Woutersen, Bull. Chem. Soc. Jpn. 75, 985 (2002).

[135] F. Neese, ORCA – an ab initio, Density Functional and Semiempirical
program package, Version 2.6. University of Bonn, (2008).



Bibliography 167
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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.



182



183

Samenvatting

Baanbrekende wetenschappelijke en technologische ontwikkelingen hebben
ons in deze en de vorige eeuw geholpen om Moeder Natuur beter te be-
grijpen, en een veelvoud aan mysteries te ontrafelen. Experimenten bieden
de mogelijkheid om natuurverschijnselen te observeren, en deze observaties
vormen een bron van nieuwe vragen. Om deze vragen te beantwoorden wor-
den theorieën ontwikkeld, die een dieper begrip geven van de onderliggende
fenomenen. Kortom, een combinatie van experiment en theorie is cruci-
aal in wetenschappelijk onderzoek. Het probleem dat in dit proefschrift
wordt behandeld betreft het alom bekende vouwen van eiwitmoleculen, iets
dat de afgelopen 50 jaar onderzocht is in experimenteel en theoretisch on-
derzoek van verschillende disciplines (biologie, scheikunde, natuurkunde en
wiskunde).

Eiwitten zijn opgebouwd uit aminozuren. Ze vormen essentiële compo-
nenten van organismen en zijn verantwoordelijk voor een veelheid aan me-
chanische en scheikundige functies die onontbeerlijk zijn voor het leven.
Zo zorgt elastine voor elasticiteit, terwijl de meeste biochemische reacties
worden geactiveerd door enzymen. De ontdekking dat een eiwit met een
bepaalde sequentie van aminozuren zich spontaan vouwt tot de thermody-
namisch stabiele, driedimensionale structuur met de laagst mogelijke vrije
energie, heeft veel aandacht getrokken in de wetenschappelijke gemeen-
schap. Sindsdien hebben wetenschappers geprobeerd dit vouwproces te
doorgronden. Het incorrect vouwen van eiwitten leidt tot een groot aantal
aandoeningen, zoals de ziekte van Alzheimer, Parkinson, diabetes mellitus
type 2 en kanker. Het is daarom van groot belang om het vouwmechanisme
te begrijpen, de verschillende tijdelijke structuren gedurende het vouwtra-
ject te identificeren, en de tijdsschaal waarop het vouwen plaatsvindt te
bepalen.
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Het vaststellen van de eiwitstructuur is de meest belangrijke stap voor
het begrijpen van de werking van eiwitten en het ontrafelen van de mys-
teries omtrent de vouwen van eiwitten. De ontwikkeling van experimen-
tele technieken zoals Röntgenkristallografie, kernspinresonantie, circulair
dichröısme- en fluorescentiespectroscopie hebben geholpen om de verschil-
lende eiwittenstructuren te onderscheiden en karakteriseren. Recent ont-
wikkelde technieken maken het zelfs mogelijk om een individueel eiwit-
molecuul te bestuderen. Lineaire infraroodabsorptie- en tweedimensionale
infraroodcorrelatiespectroscopie (2DIR-spectroscopie) zijn nuttig gebleken
voor het onderzoeken van ultrasnelle dynamica, welke plaatsvindt op een
tijdschaal van nanoseconden of zelfs femtoseconden. In dit proefschrift
wordt aangetoond hoe 2DIR-spectroscopie kan worden toegepast om de
locale structuren en dynamica van eiwitten vast te stellen. Hiertoe zijn
modellen en simulatietechnieken ontwikkeld die, in combinatie met 2DIR-
experimenten, nieuwe wegen openen om eiwitstructuren en de vouwproble-
men te onderzoeken.

Moleculaire dynamica (MD) simulatie is een numerieke methode om ei-
witstructuren en de bijbehorende dynamica theoretisch te onderzoeken.
Hierbij worden de eiwitten op een atomaire schaal beschreven, en hun be-
wegingen (MD-trajecten) volgen uit Newton’s bewegingsvergelijking. Een
MD-traject vormt een configuratieruimte voor het gesimuleerde eiwit. De
omvang van deze ruimte hangt af van eiwitgrootte en de vrijheidsgraden die
overeenkomen met de moleculaire flexibiliteit. Regelmatig is de lengte van
een MD-traject bij een bepaalde temperatuur niet voldoende om de gehele
configuratieruimte te beschrijven. In andere woorden, het afgelegde traject
is niet lang genoeg om alle mogelijke eiwitstructuren tegen te komen. Dit
gebrek is grotendeels verholpen door middel van parallelle MD-simulaties
met verschillende temperaturen, met daarbij de mogelijkheid tot uitwisse-
ling van configuraties tussen de verschillende temperaturen: de zogenaamde
replica exchange moleculaire dynamica (REMD). In dit proefschrift zijn zo-
wel MD- als REMD-simulaties uitgevoerd, naargelang de situatie.

Het geraamte van een eiwit bevat een “ruggengraat” die ontstaat door de
vorming van peptidebindingen tussen de aminozuren van het eiwit. Alle
aminozuren hebben dezelfde ruggengraat, maar ze verschillen in hun zijke-
tens (zie figuur 1.1 in hoofdstuk 1). De ruggengraat van een eiwit bevat car-
bonylgroepen (CO), welke een dominantie band in het infraroodspectrum
veroorzaaken middels een strekkingsvibratie. De vibrationele frequentie van
deze zogenaamde amide-I-band bevindt zich tussen 1600 en 1700 cm−1. De
precieze vibrationele frequentie van de amide-I-band hangt af van de pepti-
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destructuur en de dynamische omgeving, aangezien de exacte locatie van de
amide-I-oscillatoren van invloed zijn op de onderlinge vibrationele koppe-
ling. Het gebruik van infraroodspectroscopie biedt daarom de mogelijkheid
om structuurveranderingen in een peptide te onderscheiden. Karakteristie-
ken in de infraroodspectroscopie als gevolg van de secundaire structuur van
eiwitten (α-helix en β-sheet, zie figuur 1.2 in hoofdstuk 1) worden als volgt
gëıdentificeerd: de amide-I-band voor een α-helix bevindt zich tussen 1640
en 1660 cm−1, en bestaat uit twee sub-banden welke gescheiden zijn door
∼10 cm−1, terwijl voor een β-sheetstructuur twee pieken worden waarge-
nomen op respectievelijk 1640 en 1680 cm−1. Laatstgenoemde structuur
wordt herkend als een Z-vormige piek in het 2DIR-spectrum.

Gecompliceerde eiwitstructuren leiden tot ingewikkelde spectra, en de inter-
pretatie van deze spectra is een grote uitdaging. Dit vereist de ontwikkeling
van theorieën en modellen, teneinde inzicht te krijgen in de onderliggende
fenomenen. In hoofdstukken 2, 3 en 4 worden modellen en methoden gepre-
senteerd voor de simulatie en analyse van spectra. Het toegepaste protocol
omvat een reeks van stappen. Ten eerste wordt een MD-traject gesimuleerd
voor het eiwit of de peptide. De uitkomst van de MD-simulatie wordt afge-
beeld op een traject voor de frequenties en koppelingen tussen de amide-I-
oscillatoren. Hiertoe wordt een parametrisatie gebruikt die gebaseerd is op
dichtheidsfunctionaaltheorie (density functional theory, DFT). De frequen-
ties en koppelingen leiden tot een tijdsafhankelijke Hamiltoniaan, welke
wordt gebruikt om numeriek de tijdsafhankelijke Schrödingervergelijking
op te lossen. Zodoende worden volgens de methode Numerieke Integratie
van de Schrödingervergekijking de spectra berekend. Tenslotte worden de
gesimuleerde spectra vergeleken met experimentele spectra om het bestaan
van de gesimuleerde configuraties te bevestigen.

In hoofdstuk 2 worden drie types amide-I-oscillatoren onderscheiden, en
de corresponderende amides worden als primair, secundair en tertiair aan-
geduid (zie figuure 2.1 in hoofdstuk 2). Voor de primaire en secundaire
amides zijn parametrisaties bekend. Deze parametrisaties zijn echter onge-
schikt voor de beschrijving van het aminozuur proline, aangezien deze tot de
tertiaire amides gerekend wordt. In hoofdstuk 3 wordt een DFT-gebaseerde
parametrisatie gëıntroduceerd voor proline, welke het mogelijk maakt om
proline-bevattende eiwitten zoals elastine en collageen te beschrijven.

De analyse van 2DIR-spectra is cruciaal voor het vaststellen van de struc-
tuur en dynamica. In hoofdstuk 4 worden verschillende methoden beschre-
ven voor spectrale analyse waarmee de frequentieafhankelijke dynamica kan
worden onderscheiden. Frequentiecorrelatiefuncties, die de onderliggende
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dynamica weerspiegelen, worden op directe wijze aan een aantal kenmer-
ken in 2DIR-spectra gerelateerd. Zodoende kunnen zekere tijdschalen in
deze frequentieafhankelijke dynamica direct worden toegeschreven aan be-
paalde spectrale gebieden.

De in hoofdstukken 2, 3, en 4 gëıntroduceerde modellen, simulatietech-
nieken en analyses worden in de hoofdstukken 5, 6 en 7 gebruikt om de
structuur en dynamica van peptiden te bestuderen. Het vouwen van ei-
witten in β-sheetstructuren wordt onderzocht in hoofdstuk 5, met als mo-
delsysteem trpzip2, een kleine peptide met een haarspeldstructuur. Iso-
toopmarkering wordt toegepast om de lokale structuren en dynamica rond
de amide-I-oscillator spectroscopisch te karakteriseren. Volgens deze me-
thode kan de betreffende oscillator spectraal worden gëısoleerd middels het
veranderen van de oscillatiefrequentie, waardoor informatie over de lokale
omgeving kan worden verkregen. De onderzoeksresultaten leiden tot de
classificatie van amide-I-oscillatoren in twee groepen: (a) de eerste vari-
ant is op stabiele wijze met een waterstofbrug gebonden aan de peptide,
(b) de tweede variant is blootgesteld aan de oplossing waarmee het snel-
fluctuerende waterstofbruggen vormt. Deze classificatie kan in toekomstig
onderzoek worden gebruikt om tussentoestanden in het vouwproces te iden-
tificeren aan de hand van verschillen in waterstofbruggen. Tevens hebben
wij spectroscopisch-waarneembare verschillen aangetoond voor draaistruc-
turen, wat een heterogene configuratieruimte impliceert voor de draaige-
ometrie. Het identificeren van draaistructuren is erg nuttig aangezien de
draaibeweging een zeer belangrijke stap vormt in het vouwproces.

Essentieel voor het begrijpen van het vouwen van eiwitten is het bepa-
len van de kinetiek, dat wil zeggen, de tijdschalen van de transities tussen
de verschillende tussentoestanden. Om de relaxatiekinetiek te onderzoeken
kan een temperatuursprong (T-jump) worden toegepast, die een plotselinge
thermische verandering in het systeem teweegbrengt. Wij hebben een si-
mulatieprotocol ontwikkeld voor een T-jump-experiment in combinatie met
lineaire infrarood- en 2DIR-spectroscopie. Daartoe is een cyclische peptide
als modelsysteem genomen. Middels een REMD-simulatie zijn structureel
verschillende subensembles onderscheiden, met elk eigen spectroscopische
kenmerken en populaties voor een bepaalde temperatuur. Aan de hand van
deze populaties dragen alle subensembles bij aan het totale spectrum. Wij
hebben aangetoond dat een T-jump het totale spectrum bëınvloed door
een verandering van de populaties. Omdat de compleet-uitgevouwen con-
figuratie onbereikbaar was, zijn we er niet in geslaagd om de vouwkinetiek
vast te stellen. Wel is de dynamica van de zijgroep lysine onthuld op de
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subnanoseconde-tijdschaal.

Het laatste onderwerp dat in dit proefschrift aan bod komt is het karakteri-
seren van de structuur van eiwitten met een grote mate van conformationele
flexibiliteit, met als voorbeeld elastine. Dit is een grote uitdaging, en wel
om het volgende. Vanwege het amorfe karakter van dergelijke eiwitten is het
onmogelijk om monsters te prepareren voor Röntgenkristallografie. Kern-
spinresonantie, met een resolutie van microseconden of langer, schiet ook
tekort, aangezien de structurele veranderingen plaatsvinden op de schaal
van enkele honderden picoseconden. Als oplossing hiervoor hebben wij the-
oretische en experimentele bevindingen gecombineerd op basis van 2DIR-
spectroscopie, zoals beschreven in hoofdstuk 7. We hebben aangetoond hoe
moleculaire dynamica in combinatie met 2DIR-spectroscopie kan worden
gebruikt om de structuur van waterstofbruggen in elastine-achtige peptiden
te achterhalen, en de populaties van de structuren te bepalen. De vibratio-
nele dynamica van de amide-I-oscillator van het aminozuur dat vooraf gaat
aan proline is onderzocht om de verschillende draaistructuren te identifi-
ceren, en om aan te tonen dat het muteren van het aminozuur dat vooraf
gaat aan proline leidt tot een verandering in de geprefereerde draaistruc-
tuur. Deze studie heeft aldus geleid tot een methodologie om de verdeling
van peptide- en eiwitstructuren vast te stellen met behulp van ultrasnelle
conformatiedynamica.

Samengevat hebben wij modellen, methodes en simulatieprotocollen ont-
wikkeld die in combinatie met 2DIR-spectroscopie kunnen worden gebruikt
voor het ontwaren van de lokale structuren van eiwitten met unieke water-
stofbrugpatronen. Deze methodes bieden de mogelijkheid tot het identi-
ficeren van de verschillende tussentoestanden in het vouwproces, en het
vaststellen van de bijbehorende kinetiek. Hiermee is een veelbelovende me-
thode gevonden die gebruikt kan worden in toekomstig onderzoek naar het
vouwproces van eiwitten.
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