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Abstract

The work presented in this thesis has striven toward improving the ca-
pability to study proteins using infrared (IR) spectroscopy. This includes
development of new and improved experimental and theoretical methods to
selectively observe and simulate protein vibrations.

A new experimental method of utilising adenylate kinase and apyrase as
helper enzymes to alter the nucleotide composition and to perform isotope ex-
change in IR samples was developed. This method enhances the capability of
IR spectroscopy by enabling increased duration of measurement time, making
experiments more repeatable and allowing investigation of partial reactions
and selected frequencies otherwise difficult to observe. The helper enzyme
mediated isotope exchange allowed selective observation of the vibrations of
the catalytically important phosphate group in a nucleotide dependent pro-
tein such as the sarcoplasmic reticulum Ca2+-ATPase. This important and
representative member of P-type ATPases was further investigated in a differ-
ent study, where a pathway for the protons countertransported in the Ca2+-
ATPase reaction cycle was proposed based on theoretical considerations. The
transport mechanism was suggested to involve separate pathways for the ions
and the protons.

Simulation of the IR amide I band of proteins enables and supports
structure-spectra correlations. The characteristic stacking of β-sheets ob-
served in amyloid structures was shown to induce a band shift in IR spectra
based on simulations of the amide I band. The challenge of simulating pro-
tein spectra in aqueous medium was also addressed in a novel approach where
optimisation of simulated spectra of a large set of protein structures to their
corresponding experimental spectra was performed. Thereby, parameters de-
scribing the most important effects on the amide I band for proteins could be
determined. The protein spectra predicted using the optimised parameters
were found to be well in agreement with experiment.
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Chapter 1

Introduction

The rapid development in all areas of natural science during the past decades, and
in particular the explosively growing amount of information on the molecules of
terrestrial life, has transformed the challenges of the life science community. No
more than fifty or sixty years ago, the determination of the DNA helix structure
or the characterisation of a protein function such as that of membrane bound ion
pumps were considered great hallmark discoveries. Since then, technological devel-
opment has turned many highly sophisticated methods into standard procedures
in scientific laboratories. Starting in the beginning of the 1980’s, great effort was
put into genome sequencing, culminating in the mapping of the human genome in
2001.1 Now the turn has come to the characterisation of all gene products, the pro-
teins. This is a task even greater than the mapping of the genome, as the number
of proteins produced far exceeds the number genes, not even counting biotechno-
logically designed and modified biomolecules. The past decade, with large scale,
high-throughput investigation of proteins and their structure, function and inter-
actions, is often referred to as the proteomic era.

The proteomic era involves both experimental and theoretical challenges. Given
the numerous proteins waiting to be characterised, speed of analysis has become
of essence. This calls for improved biochemical and biophysical techniques as well
as advancement of computer technology and theoretical methods to support ex-
perimental predictions and findings. A complete understanding of a biological sys-
tem, its properties and functionality, requires that pieces of knowledge contained
in many different fields of research to be puzzled together. The combined knowl-
edge contained in biophysics, the application of physics to study biological systems,
mathematics, bioinformatics, molecular biology and chemistry, are all required to
make the picture complete.

The structure of a protein holds the key to elucidating its function. The
structures determined using X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy are of great value, but complementary methods are required
for proteins where the structure is not easily determined using these techniques
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2 Chapter 1. Introduction

as well as for determining other properties. For instance, to investigate impor-
tant structural transitions and processes such as protein folding or aggregation,
time-resolved methods capable of residue-level observation are required. One such
technique, excellently suited for these types of studies is infrared (IR) spectroscopy,
the biophysical method of choice for the work presented in this thesis.

IR spectroscopy is one of the classical spectroscopic techniques, the development
of which started already in the year 1800 by the discovery of IR light by Herschel.2
Initially, IR spectroscopic studies involved only the study of small molecules and
water, but already in the beginning of the 20th century the applications turned to
the biological systems still under investigation such as lipids, DNA and proteins.
IR spectroscopy is a fast and cost-efficient method for investigating proteins of all
sizes under physiological conditions and in a time-resolved manner. Its versatility is
demonstrated by its wide range of applicability, it can be utilised for investigation
of many important and complex biological systems such as membrane bound ion
transporters, proteins involved in amyloid diseases and many, many more. IR spec-
troscopy observes the absorption of light by vibrations of molecular bonds and is
sensitive to virtually all aspects of the local environment of a bond that can change
the electron density and thus the vibrational frequency of the bond. This abundance
of information contained in an IR spectrum is simultaneously a great advantage but
also the main drawback of IR spectroscopy. To be able to make observations and
conclusions on group or residue level, methods of selective observation that filter
out the information of interest are required. One special technique of only ob-
serving the vibrations of those groups in a structure that undergo change during
a molecular reaction is reaction-induced difference spectroscopy.3 New methods to
further enhance this technique for the study of nucleotide dependent proteins are
presented in Papers I and II of this thesis. Despite that IR spectroscopy is a several
centuries old method, technological and methodological progress has recently been
made through the development of 2D IR.4,5 With the advent of 2D IR, IR spec-
troscopy has advanced into a multi-dimensional tool much like NMR with capacity
for observation of molecule dynamics on a sub-picosecond scale. A compelling anal-
ogy compares the experimental 2D IR observation of the breaking of a hydrogen
bond on a femtosecond timescale6 to a molecular movie, directed by the scientists
performing the experiment.7

IR spectroscopy method is an excellent match for meeting the challenge of mem-
brane protein studies. The sarcoplasmic reticulum Ca2+-ATPase, discovered in
1961,8 is one of the membrane proteins essential for life, a transporter of Ca2+
across muscle cell membranes.9 It has an important physiological role in our daily
lives, inducing muscle relaxation by pumping Ca2+ ions from the cytosol into a spe-
cialised Ca2+ storage organelle. The pumping is coupled to the consumption of the
cell’s fuel, ATP, by the Ca2+-ATPase, a process that requires intricate orchestration
between different parts of the pump over a distance greater than 50 Å. The study
of the molecular machinery of the Ca2+-pump is important not only in itself, but
also because knowledge of its mechanism is transferrable to a large family of mem-
brane proteins that are structurally and functionally similar, the P-type ATPases.
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Members of the family include, e.g., the Na+/K+-ATPase, the first P-type ATPase,
discovered by Jens Skou in 1957,10 a finding for which he was 40 years later awarded
the Nobel Prize in Chemistry. Thus, new findings on the Ca2+-ATPase function
will aid in the development of pharmaceuticals targeted at diseases involving this
important group of proteins. However, despite the availability of high resolution
X-ray crystal structures, many questions still remain unanswered regarding the
mechanisms of ATPases, e.g., the driving forces involved in the ion translocation
and the catalytic mechanism. Also, the pathway and mechanism of the proton
countertransport taking place during Ca2+ pumping, investigated in Paper III, is
still not fully understood.

Experimental structure-spectra correlations are increasingly difficult to make
with increasing system size as the number of vibrations increase linearly with every
additional molecule in the system, making spectral crowding a significant problem
for proteins. Therefore, smaller model peptides are often employed for investigat-
ing the basic properties and underlying biochemical and biophysical mechanisms.
The most powerful approach is the combination of experimental and theoretical
studies. The theoretical elucidation of structure-spectra correlations is, however,
associated with similar problems. The most sophisticated, most accurate, full quan-
tum mechanical calculations are still too computationally demanding to be feasible
for large biological systems. Instead, in order to peel off layers of complexity and
creating a starting point for the journey of understanding the vibrational proper-
ties of proteins, calculations are performed for smaller peptides. This challenge
to simulate larger systems such as real proteins, currently has to be met using
approximate methods based on the understanding of smaller units, the building
blocks of proteins. To reduce the complexity of the task even further, most in-
vestigations focus merely on the vibrations of the protein backbone atoms, which
influence the shape of the IR amide I band. Each repeating unit in the chain-like
protein backbone is associated with a so-called amide I vibration, and depending
on the three-dimensional shape of the backbone, the vibrations couple and exhibit
a collective behaviour. The choreography of these collective motions reflects in the
shape of the amide I band and provides an excellent tool for conformational anal-
ysis. The properties of such coupled systems, exhibiting coupling between highly
similar subunits, can be described using exciton theory.

Improved understanding of exactly how the structure is reflected in the amide I
band of an IR spectrum and how observed spectral changes can be interpreted in
terms of conformational changes of the structure, requires the support of theoreti-
cal descriptions of the mechanisms which render the shape of band. This challenge
is addressed in Paper V of this thesis. As further discussed in Chapter 4, there
is not only interaction between the subunits but also the local environment influ-
ences the amide I vibrational frequencies. This makes the vibration of each of the
subunits slightly different from the other, thereby altering the premises for and the
patterns of the collective motions. In order to correctly simulate experimental spec-
tra, suitable theoretical descriptions must be found for all of the influencing effects.
Important factors include short- and long-range interpeptide coupling, hydrogen
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bonding as well as solvent-induced shifts from peptide-water interactions.
IR experimentation and simulation has high potential for finding valuable in-

formation on many disease related molecular mechanisms. The common molecular
structure associated with the pathology of amyloid diseases such as Alzheimer’s and
type 2 diabetes is large insoluble aggregates with a specific repetitive structure that
accumulates as a plaque in the brain and organs of the human body. This group
of diseases is one of today’s largest threats to the well being of the elderly commu-
nity, which makes elucidation of the underlying molecular mechanism of amyloid
formation an urgent challenge. The investigation of amyloid structures and their
aggregation processes is generally complicated by the phase transition from solu-
ble peptides to large insoluble plaques. This is. however, not a problem for IR
spectroscopy, which is applicable to all states of matter. This, together with the
fact that IR spectroscopy is very sensitive to the characteristic structural motif of
amyloids, makes it an excellent choice for this type of research. Based on simula-
tions, the aggregation can be observed as a band shift of the IR amide I band, as
described in Paper IV.

The work presented in this thesis includes both experimental and theoretical
work, with the common goal of improving methods for investigating and analysing
IR spectra of proteins. This introduction to the central themes of this work and
their interconnectivity is followed by more detailed descriptions of the core subjects.
Chapter 2 provides background information on the biological systems investigated
in this work, the Ca2+-ATPase, which is subject to investigation in Papers I–III
and to amyloid structures, which are discussed in Paper IV. In Chapter 3, the
basic physical and experimental principles of IR spectroscopy are discussed. This is
followed by an overview of the theoretical methods for simulation of the IR amide I
region in Chapter 4, relevant for Papers IV and V. Other computational tools
utilised for producing the results in the included papers are presented in Chapter 5.
In Chapter 6, an introduction to the included papers is provided together with
comments, highlights and notes on recent development. Finally, a summarising
discussion of the conclusions made in this thesis together with an outlook to future
perspectives is given in Chapter 7.



Chapter 2

Biological Systems

This chapter provides a background to the biological systems investigated in the
work presented in this thesis, starting with a brief overview of relevant aspects of
protein structure. This is followed by a description of the structure and function
of the sarcoplasmic reticulum Ca2+-ATPase, which is subject to investigation in
Papers I–III. Also, an account of the characteristics and properties of amyloid
structures is given.

2.1 Proteins – the building blocks of life

Proteins belong to the essential cornerstones of life together with polysaccharides,
fatty acids and nucleic acids. Proteins are long chains consisting of assemblies of the
20 naturally occurring amino acids encoded in the universal genetic code. Proteins
can have a wide range of roles in the cell, they can act as, e.g., signal transmitters in
specific pathways in cells, antibodies in the immune system, providers of structural
stability or mediators of movement or transporters. A very important class of
proteins are enzymes, which catalyse essentially all chemical reactions in the cells.
Proteins can range from small soluble proteins to large membrane proteins, which
are embedded and anchored in the hydrophobic environment of cell or organelle
membranes. An important membrane protein is at the focus of this thesis, the
sarcoplasmic reticulum (SR) Ca2+-ATPase, which pumps Ca2+ from the cell cytosol
into the SR in response to muscle contraction. An overview of the structure and
key mechanisms of the Ca2+-ATPase is provided in this chapter.

Protein structure can be described in terms of primary, secondary, tertiary and
quaternary structure. Good, detailed descriptions of protein structure with illus-
trative examples are provided in many textbooks within the life science area11–14
and the topic is here discussed only in brevity. The primary structure of a protein
is uniquely defined by its amino acid sequence. Amino acids consist of a central car-
bon atom Cα, an amino-group (-NH2), a carboxyl group (-COOH), and a side-chain
(-R), which varies between different amino acids. The side-chains create diversity

5



6 Chapter 2. Biological Systems

Figure 2.1: The polypeptide backbone consists of covalently linked amino acids,
residues, with different side-chains R. The basic repetitive unit considered in this
work is the peptide unit, consisting of the C, O, N and H atoms. The conformation
of the polypeptide is defined by the dihedral angles φ and ψ.

among the amino acids by having different properties in terms of charge, size, sol-
ubility, pKa etc. Amino acids form polypeptides by a condensation reaction where
covalent bonds, peptide bonds, are formed between the amino acids. In this poly-
merisation reaction, the carboxyl group of one amino acid is joined with the amino
group of another amino acid and one water molecule is expelled. A polypeptide
chain (-NH-CαH-CO-) is illustrated in Figure 2.1, which also serves as a definition
of nomenclature for atoms and angles used in this thesis. The exceptions from this
structure is proline, which forms a five-membered ring that connects its N to its
Cα and glycine where the side-chain is simply (-H). A peptide unit is defined as the
unit between two consecutive Cα’s and has the fundamentally important property
for this work that it is almost the same in all polypeptides in terms of bond lengths
and associated angles.

The peptide bond is planar, and the conformation of the polypeptide chain is
determined by the dihedral angles φ and ψ around the N-Cα and Cα-C bonds,
respectively, around which the chain can rotate. The possible range of dihedral
angles is described by a Ramachandran plot, as illustrated in Figure 2.2. Also, it
can adopt two possible configurations for the peptide bond, cis or trans, referring to
the rotation of the Cα relative to the peptide bond. Almost all peptides in proteins
exist in the trans configuration. The polypeptide backbone is completely defined
by the primary sequence and the dihedral angles.

Non-sequential residues in a chain further associate through hydrogen bonds
to form different regular hydrogen bonded patterns depending on their character-
istic dihedral angle distributions. These are classified as secondary structures of
the polypeptide and the most common ones include α-helices, β-sheets and turns.
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Figure 2.2: The Ramachandran map illustrates the sterically allowed conformations
of the polypeptide backbone. Different secondary structure types have dihedral angles
in different characteristic ranges. This map is generated from the dihedral angles
of proteins included in the Rationally Selected Protein (RaSP) set15 utilised for
optimisation and simulation in Paper V.

Different amino acids have different propensities to participate in a particular sec-
ondary structure type. The α-helices are defined by a hydrogen bonding pattern
between residues (i, i+4) between peptide backbone -NH and C=O groups where i
is the sequential residue number, whereas 310-helices have hydrogen bonds between
residues (i, i+3). Different helix types have slightly different ideal dihedral angles,
tightness of twist and diameter. The β-sheet secondary structure can exhibit two
distinctively different hydrogen bond patterns. Carboxyl groups in the backbone
of one strand hydrogen bond to the -NH group of an adjacent strand and depend-
ing on the relative direction of the strands, the β-sheets are considered parallel or
anti-parallel. They can also exhibit variations in the number of strands, length of
strands, planarity/twist of the sheet etc. Turns come in many variations, but the
motif always involves Cα’s that are not involved in any other secondary structure
and are separated by a few Ångströms and (often) form hydrogen bonds between
the residues. Turns do not necessarily have stretches with repeating dihedral an-
gles and are classified according to how many residues separate the Cα’s and the
hydrogen bond pattern.

The rotational freedom about the backbone dihedral angles allows the protein
to fold into a 3D shape. This shape, the tertiary structure, is determined by the
primary structure and can be described by atomic coordinates. Proteins are con-
sidered to be in their native, functional state when folded. This fold is stabilised by
non-covalent interactions, disulphide bonds and the hydrophobic effect. Hydropho-
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bic parts are generally buried within the protein, whereas polar residues are exposed
to the surface. Atoms that are not already fully bonded due to internal hydrogen
bonding can make hydrogen bonds also to solvent. The highest level of protein
organisation is quaternary structure, which describes the geometrical association of
several folded units through non-covalent interactions.

Atomic structures of proteins are determined using X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy13 and can be found in the RSCB
Protein Data Bank (PDB),16,17 which currently contains almost 75000 structures.
The structures are further classified according to structural content, fold and super-
family in the Structural Classification of Proteins (SCOP) database18,19 or CATH
protein structure classification database.20 Secondary structure assignments are
generally done using DSSP (Define Secondary Structure of Proteins) or similar
algorithms.21

2.2 Sarcoplasmic reticulum Ca2+-ATPase

The SR Ca2+-ATPase is an ATP driven pump that actively transports Ca2+ ions
against a ∼104 concentration gradient from the cytosol to the SR, an organelle
specialised in Ca2+ storage. By pumping Ca2+ ions into the SR, the cytosolic
Ca2+ concentration is lowered and thereby muscle relaxation is induced.22 In each
cycle, two Ca2+ ions are transported and 2–3 H+ are countertransported at the cost
of one ATP.23–26 The isoform considered here, SERCA1a (hereafter only referred to
as the Ca2+-ATPase) is abundantly present in the muscle cell membranes of skeletal
muscle. The SERCA family of Ca2+-ATPases contains three major isoforms, which
are expressed in different tissue types. They are functionally distinct and encoded
by different genes.27,28

The Ca2+-ATPase belongs to a large family of pumps driven by energy from
ATP hydrolysis, the P-type ATPases. P-type ATPases are cation transporters,
which share the common property of having a high-energy phosphoenzyme inter-
mediate formed by the phosphorylation of a conserved aspartate residue in the
catalytic site.28–30 Prominent members of the family include the Na+/K+-ATPase
and the H+/K+-ATPase. Other families of ATP-driven transporters include the
V-and F-ATPases and the ABC-transporters.31 The Ca2+-ATPase is, however,
the structurally and functionally best studied member of the P-type ATPases and
has been the subject of intense research for decades. There are several excellent
reviews available, which cover all major structural and functional aspects of the
pump.9,32–37 For a perspective on the mark of time on the ATPase research, a re-
view from 1979 by DeMeis and Vianna is recommended.38 Here, a general overview
of the structure and the reaction cycle is given with a special emphasis on the phos-
phorylation and the proton countertransport upon Ca2+ translocation, as these are
subject to investigation in Papers I–III.

The Ca2+-ATPase is essential not only to the muscle excitation-contraction pro-
cess but also for maintaining the low cytosolic Ca2+ levels required for the proper
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function of other pathways involving Ca2+ dependent signalling and thus for cell
function in general.39,40 P-type ATPases are of great physiological importance and
thus the elucidation of their mechanism is key for development of pharmaceuticals.
The Ca2+-ATPase is a target for cancer treatment by inducing cancer cell death by
Ca2+-dependent apoptosis,41 and for heart disease treatment (SERCA2a).42,43 In-
hibitors of Na+/K+-ATPase and H+/K+-ATPase have been used for the treatment
of heart and stomach related diseases for a long time.37

2.2.1 Structure of the Ca2+-ATPase

The SR Ca2+-ATPase was the first of the P-type ATPases to have its crystal struc-
ture solved at high resolution.44,45 Since then, representatives of almost all major
functional reaction cycle intermediates have been crystallised.44–53 More recently,
crystal structures of the Na+/K+-ATPase and H+/K+-ATPase have also been pub-
lished.37,54

The Ca2+-ATPase consists of a single polypeptide chain with 994 amino acids
with a molecular mass of about 110 kDa.9,32,55 It was discovered in 1961 by Hassel-
bach and Makinose,8 with complementary important findings made by the Ebashi
group around the same time.22,32 The structure is modular in character and con-
sists of a transmembrane (TM) domain with 10 transmembrane helices (M1–M10)
which harbor the bound Ca2+ ions, and three cytosolic domains. The overall mod-
ular features of the structure are common to all P-type ATPases.9,37 The cytosolic
domains include the highly conserved phosphorylation domain (P), the nucleotide
binding domain (N) and the actuator domain (A). A fifth functional domain, the
“core domain”, has been proposed to be defined as consisting of all the tightly glued
essential parts of the Ca2+/H+ translocation machinery and its empowerment.9
The structure of two reaction cycle intermediates of Ca2+-ATPase are shown in
Figure 2.3. A structure with ATP and Ca2+ bound (left, PDB ID: 1T5S)48 and a
structure where the Ca2+ exit path to the lumen is clearly visible (right, PDB ID:
3B9B),52 are shown.

The P-domain has the overall highest conservation among the P-type ATPases
and contains in particular a highly conserved aspartate residue, Asp-351, responsi-
ble for phosphoenzyme formation in the Ca2+-ATPase. All residues of the catalyt-
ically important phosphate binding pocket are highly conserved.9

The A-domain functions as an actuator, or positioner, of the transmembrane
Ca2+-transport gating mechanism, by its connection to helices M1–M3. The A-
domain contains the conserved TGES motif, essential for the catalytic mechanism
and particularly for the dephosphorylation. The TGES motif blocks or allows access
to the phosphorylation site of Asp-351 depending on the state of the cycle.9,36

The N-domain is furthest away from the membranous part and contains a groove
of conserved residues responsible of nucleotide binding and interaction with the P-
domain upon phosphorylation. The N-domain is the least conserved domain among
the P-type ATPases.36



10 Chapter 2. Biological Systems

Figure 2.3: The sarcoplasmic reticulum Ca2+-ATPase. The structure is composed
of the three cytoplasmic domains, the nucleotide (N) domain, phosphorylation (P),
actuator (A) domain and the transmembrane (TM) domain containing the Ca2+

binding sites. The structure is shown in an ATP and Ca2+ bound conformation (left,
PDB ID: 1T5S) and after ATP hydrolysis and exit of the Ca2+ ions (right, PDB ID:
3B9B).

The TM-domain is built up from the 10 TM helices, which can be divided into
three bundles. Helices M1 and M2 and M3 and M4, respectively, are the two N-
terminal pairs whereas M5–10 are C-terminal helices. Helices M1–M2, and M4–M5
extend out of the membrane and particularly M5 forms a long pillar inserted to
the P-domain. The Ca2+-binding sites are located side by side between helices
M4–M6 and M8 and the cations are ligated primarily by negatively charged, polar
residues.9,33 There is substantial similarity between the ion binding sites of Ca2+-
ATPase, Na+/K+-ATPase and H+/K+-ATPase.37

2.2.2 The E1/E2 model of Ca2+ transport

In the reaction cycle of Ca2+ transport, the Ca2+-ATPase undergoes conforma-
tional changes and forms interconvertible phosphorylated and unphosphorylated
intermediates, which tightly couple Ca2+ and H+ translocation in the TM region
with ATP hydrolysis in the cytoplasmic region. A highly simplified scheme of the
molecular mechanism is shown in Figure 2.4, where the ATPase is proposed to ex-
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Figure 2.4: The E1/E2 scheme is commonly used to describe the reaction cycle and
different intermediates of the Ca2+-ATPase.

ist in two distinct forms E1 and E2. The fundamental aspects of this scheme were
proposed already by de Meis and Vienna back in 1979,38 and despite that some
details of the initial proposal have been proven wrong, the scheme is still commonly
used to annotate the states.

In the E1 conformation, two Ca2+ ions can bind to high-affinity binding sites in
a sequential and cooperative manner,56–59 concomitantly releasing 2–3 H+ into the
cytoplasm.23–25 The binding of Ca2+ activates the Ca2+-ATPase to bind ATP (or
other nucleotides, but with less efficiency32) as a substrate. Subsequently, the γ-
phosphate of ATP phosphorylates Asp-351 in the P-domain, forming the Ca2E1P
high-energy phosphoenzyme intermediate. The Ca2+ ions are now occluded and
not available from either side of the membrane.60 The phosphorylation induces
translocation of the ions across the membrane and the phosphoenzyme transforms
into E2P. In this transition, a channel to the lumen opens, exposing the Ca2+ bind-
ing ligands and decreasing their affinity for the ions.9,52 Dissociation of the Ca2+
ions into the SR lumen is accompanied by uptake of 2–3 protons.61,62 Hydrolysis of
E2P to E2 and regeneration of the high-affinity binding sites completes the cycle,
which is reversible in every step.63,64 There is a pH dependent equilibrium between
E1 and E2.33,65 Detailed reviews on the structural changes accompanying the Ca2+
pumping have been published.9,36

Over the years, different variations of the reaction cycle have been proposed,
with a different number of intermediates, binding sites or alternative translocation
mechanisms.32,33 The physiological co-substrate is Mg2+, although other substrates
are accepted but with resulting lower activity.32,66 The number of ATP binding
sites have been a subject of controversy,67 but it has been shown that there is
always a modulatory nucleotide bound throughout the reaction cycle.9,50 The rate
of dephosphorylation is stimulated by the presence of monovalent ions, with highest
efficiency for K+ ions.9,68 The phosphoenzyme formation, or in other words, the Pi
affinity is instead promoted by the presence of organic solvents such as Me2SO.32,66
These properties are utilised when designing samples to accumulate specific states
of the Ca2+-ATPase for investigation.
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2.2.3 Phosphorylation and phosphoenzyme specificity

Coupling of ATP hydrolysis with ion pumping involves several steps that must oc-
cur in a well-defined order to ensure efficient use of the chemical energy stored
in ATP.34,69 This order of events is sensitively controlled by the phosphoryla-
tion/dephosphorylation reaction, and particularly by the environment of the tran-
siently bound phosphate group of the two phosphoenzyme intermediates Ca2E1P
and E2P.70–72 The two intermediates have distinctively different catalytic prop-
erties. Ca2E1P is ADP-sensitive, meaning that the phosphoenzyme can generate
ATP from ADP in the reverse reaction, whereas E2P only can react with water and
thereby dephosphorylate.38

Structural changes related to phosphoenzyme conversion

Details on the phosphorylation reaction and the associated structural changes have
been reviewed9,36 and are only briefly summarised here. After the conformational
change from E2 to Ca2E1 upon Ca2+ binding, the A-domain and its highly con-
served TGES (Thr-Gly-Glu-Ser) motif are rotated away from the position between
the P- and the N-domain. This promotes interaction between the γ-phosphate of
the bound ATP of the N-domain and the carboxylate residue of Asp-351 in the
P-domain. Consequentially, the Ca2+-ATPase is phosphorylated and the Ca2+
ions occluded. A divalent cation (physiological ion Mg2+) mediates the contact
between Asp-351 and the γ-phosphate. The cation causes, together with a closely
positioned Lys-residue, a partial charge neutralisation, which provides a more elec-
trostatically favourable environment for the phosphorylation.9,36 After transfer of
the γ-phosphate to the enzyme, the interaction between the P- and the N-domain
is relaxed and a conformational transition from the Ca2E1P to the E2P state takes
place. During this transition, the Ca2+ binding sites are disrupted, ADP disso-
ciates and the A-domain rotates back and positions the TGES motif so that it
occupies the space where ADP was bound and also protects the aspartyl-phosphate
against attack. The phosphoenzyme is now no longer ADP-sensitive. The TGES
motif is subsequently involved in positioning a water molecule for attack on the
aspartyl-phosphate bond to hydrolyse it. After hydrolysis, the TGES loop is again
pulled back from the phosphorylation site to allow the hydrolysis product Pi to
dissociate and thus start of a new cycle of pumping. In Paper I, it is shown that
ADP dissociation from the Ca2+-ATPase does not induce a transition from E1P to
E2P and that bound ADP in fact stabilises the closed conformation of Ca2E1P.

Determination of phosphoenzyme properties using IR spectroscopy

It is possible to readily observe the phosphorylation reaction and distinguish the
two phosphoenzyme intermediates using IR difference spectroscopy.72–77 In partic-
ular, the phosphate bond properties of the respective phosphoenzyme intermediates
reveal information valuable for elucidating the differences in reactivity and reaction
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rates between the two states. IR spectroscopy is uniquely well-suited for investiga-
tion of this type of properties, as its sensitivity for bond lengths and bond strengths
exceeds that of both X-ray crystallography and NMR.78 Using empirical relations
and the bond valence model it is possible to correlate the vibrational frequencies to
bond lengths and bond strengths.71 For the E2P state, the phosphate frequencies
have been determined in a reaction-induced IR difference spectroscopy experiment
using an auto-catalysed isotope exchange with water.71,79 The determined frequen-
cies were subsequently used to calculate the bond properties of E2P and compared
to those of the model compound acetyl phosphate. The calculations show that the
high hydrolysis rate is at least partially due to a shift of electron density from the
P-O bond that connects Asp-351 to the terminal P-O bonds. This destabilisation of
the P-O bond facilitates hydrolysis, the activation energy is decreased by 64–90 kJ,
which corresponds to a 1011 to 1015-fold rate enhancement of the reaction.71

Determination of the Ca2E1P frequencies would allow a more detailed compar-
ison of the phosphoenzyme properties. The phosphate frequencies and thus the
phosphate bond properties of the ADP-sensitive phosphoenzyme Ca2E1P cannot
be determined using the same experimental approach as the one used for E2P, as it
is not reactive with water. Initial band assignments have been made where differ-
ent samples with unlabelled/isotope labelled phosphoenzyme were compared, not
providing the high-resolution spectra achievable when isotope exchange takes place
within the cuvette.80 In order to enable determination of the Ca2E1P frequencies,
a general method to observe isotope exchange at the phosphate group using helper
enzymes was developed, as described in Paper II.

2.2.4 Ca2+ ion translocation

The two Ca2+ binding sites in the transmembrane region are located at helices M4–
M6 and M8. Coordination of the Ca2+ ions involves carboxyl groups of residues
Glu-309 (site II), Glu-771 (site I), Asp-800, (sites I and II), and Glu-908 (site I) as
illustrated in Figure 2.5. Additional coordination for site I is provided by side-chain
oxygens from Asn-768 and Thr-799. For site II, the backbone carbonyl oxygens
of the M4 helix residues Val-304, Ala-305, Ile-307 and the side-chain oxygens of
Asn-796 participate in coordination of the Ca2+.33,81 The only residue involved in
coordinating ions in both sites is Asp-800, which is a part of a hydrogen bonded
network involving also some water molecules.44,82 Helices M4 and M6 are unwound
near the Ca2+ binding sites to allow for an optimised coordination geometry, as
well as to provide a path lined with oxygens for the Ca2+ transport.44

The Ca2+ entry path from the cytosol has still not been established with cer-
tainty but pathways have been suggested between M2, M4 and M644,83 and on
the opposite side of M4 between M1, M2 and M4 leading to Glu-309.33,37,45 This
pathway also seems to be present in the Na+/K+-ATPase.37 The putative channel
described by Toyoshima et al.44 is identical to the one proposed to alternatively or
additionally function as a proton path in Paper III of this thesis. The first Ca2+
passes the not yet properly formed site I and binds to site II, thereby allowing
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Figure 2.5: The Ca2+ ion binding sites in the transmembrane domain. The side-
chains of the Ca2+ ion binding ligands Asp-800, Glu-908, Glu-771 and Glu-309, which
coordinate the ions (green) are visualised in stick representation. Transmembrane
helices M4–M6 and M8 are shown in cartoon representation.

complete formation of site I and subsequent binding of the second ion.37 Glu-309 is
considered to act as a gating residue for Ca2+-binding, first giving access to site I
and then capping it to form site II.9,45,84

Binding of the ions to the Ca2+ ligands neutralises the negatively charged sites
and produces the ion occluded Ca2E1P state.35 The subsequent E1P to E2P tran-
sition involves structural rearrangements, where helices M1–M2 and M3–M4 are
pulled and rotated away from M5–M10 by the force exerted by the rotation of
the A-domain. This creates a large lumenal opening where the Ca2+ ligands are
exposed and have diminished affinity, thus allowing the Ca2+ ions to escape.9,52
During ion transport, the interface between the N-, P- and A-domains is altered,
but the respective domains are structurally intact.9,85 This Ca2+ exit path to the
SR lumen was discovered by the Nissen group in an E2P analogue without inhibitor
bound,52 it had not been observed in the crystal structures published before 2007.
Other structures of this state published around the same time by the Toyoshima
laboratory51 did not show the same large scale opening, possible reasons for this
are thoroughly discussed by Moller et al.9 The discovered exit pathway is similar
to that for sodium in Na+/K+-ATPase.37

2.2.5 Proton countertransport

The transfer of protons is one of the most common chemical reactions in nature
and directional proton transport is known to occur in many proteins.86,87 Pro-
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tons can be transferred according to the Grotthuss mechanism,88 where the pro-
tons “hop” through a chain of hydrogen bonded water molecules, or via protonable
residues. Proton pathways in proteins usually consist of hydrogen-bonded chains
of polar/charged residues and water molecules in combination. In this section,
the proton countertransport mechanism is discussed to provide a background to
Paper III, which concerns the theoretical investigation of proton pathways in the
Ca2+-ATPase.

The countertransported protons are proposed to bind primarily to the carboxyl
groups of Glu-309 (site II), Glu-771 (site I), Asp-800, (sites I and II), and Glu-
908,24,26,57,89 as supported by mutagenesis studies.90–92 This would provide a well
needed charge neutralisation of the four negative elementary charges in the absence
of Ca2+ ions,26 thereby stabilising the structure and allowing the TM helices to
come together and produce a state where the protons are occluded.52 No physio-
logical relevance of the directionality of the proton transport has been found and it
has been shown that SR vesicles are leaky to H+.93 Countertransport of protons is
reduced at high lumenal pH, implying that the residues participating in the proton
countertransport should be less protonated at higher pH.26

The details of the countertransport mechanism are not fully understood. It
is not clear if each Ca2+ ion competes with one proton, or if all protons have to
be released before the first Ca2+ ion can bind.57,61,62,65,89 Also, it has not been
established whether the protons are transported through the same channels as the
Ca2+ ions or if separate proton pathways exist.9 In Paper III, a proton path from
the lumen is proposed between helices M5–M8, starting from water molecules close
to Glu-785. The Ca2+ entry route proposed by Toyoshima et al.,44 is proposed to
serve alternatively, or additionally, as a proton pathway to the cytosol in Paper III.
In E2 and E2P structures, there is a C-terminal cavity filled with water as observed
by us in Paper III and others.9,35,82 Two possible exits to the cytosol exist, but
proton transfer is prevented by the charge distribution from positively charged,
conserved residues flanking the potential exit, as noted in Paper III and by Bublitz
et al.37 Recently, a separate C-terminal proton path has been discovered in the
Na+/K+-ATPase, allowing protons to enter from the cytoplasm and transiently
neutralise the third ion binding site, which is empty during transport of two K+

ions.94

Electrostatic calculations and experimental observation of protonation

Electrostatic calculations have been performed to elucidate details of the events
taking place at the Ca2+ binding ligands Glu-309, Glu-771, Asp-800 and Glu-
908.82,95,96 Using electrostatic calculations it is possible to determine the pKa val-
ues for the Ca2+ ligands, that is to study when they protonate/deprotonate. In
Ca2+-bound structures, all calculations indicate that the ligands, with the possible
exception of Glu-908,95 are unprotonated at physiological pH. Glu-771 is unequiv-
ocally assigned as protonated in Ca2+ free structures9 and is proposed to partici-
pate in the countertransport together with Glu-908 and Asp-800.96 Depending on
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which computational approach is utilised and which crystal structure is investi-
gated, there is some disagreement regarding the pKa values of the remaining three
ligands and thus their participation in the countertransport.9,82,95 Particularly, the
Ca2+-gating residue Glu-309 has been investigated. In early E2 structures, it was
found to adopt a conformation where it was oriented outwards to the cytosol (low
pKa conformer),45,49 whereas it in more recent structures only has been found in
an inward orientation (high pKa conformer)51,52,82 such as that found in Ca2+-
bound structures. Electrostatic calculations with side-chain flexibility have show
that it can adopt both inwardly and outwardly oriented conformers in the Ca2+-free
states96 and that it is always oriented toward the cytoplasm when deprotonated.
This property is proposed to exclude it from being involved in the countertransport,
but instead suggests a role where it could act as a proton shuttle between Ca2+
binding site I and the cytosol.96 The pKa calculations for the E2 structures were,
however, performed on the early structures in which the exit path to the lumen was
not present. The new, more hydrophilic structures, could lead to higher dielectric
constants and thus lower pKa values.9,52

IR spectroscopy is particularly suitable for investigating the protonation state
of amino acid carboxyl groups as they absorb in the region 1700–1800 cm−1, a
region free of other major absorbing groups.97 In a paper combining theoretical
calculations with IR spectroscopic investigation of protonation states of Ca2+ lig-
ands, three of the protonation bands of the ADP-insensitive E2P state were found
to be pH dependent and have pKa values similar to the theoretically determined
values98 (publication not included in thesis).

2.2.6 Studies of Ca2+-ATPase using infrared spectroscopy

The Ca2+-ATPase has been studied using a plethora of biophysical and biochemi-
cal techniques, including many studies using IR spectroscopy. The first IR studies
concerned absorbance measurements and comparisons between samples prepared in
different states of the Ca2+-ATPase for the purpose of, e.g., investigating secondary
structure content and conformational changes.99,100 However, as these investiga-
tions were based on comparison of absorbance spectra and subsequent manipulation
with band narrowing techniques, the small differences between the different states
could not be clearly observed.

By the use of reaction-induced difference spectroscopy with caged compounds,
it became possible to record high-resolution spectra of reactions within a single
sample (see further section 3.4.3). This drastically increased the sensitivity of the
measurements and enabled studies of the Ca2+-ATPase dynamics in a time-resolved
manner.101 This was the first FTIR study of P-type ATPase dynamics and also
the first protein study using caged compounds. At this time of study, only very
crude structures of the Ca2+-ATPase produced from small angle X-ray scattering
experiments, fluorescence energy transfer and electron microscopy experiments were
available.9,32,72
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Since then, almost all major steps in the Ca2+-ATPase reaction cycle have been
investigated using time-resolved IR spectroscopy.72,102 Studies include nucleotide
binding and specificity,73,74,80,103–107 Ca2+-binding and release,73,108–110 phospho-
rylation reaction and phosphoenzyme properties,71,73,74,76,77,79,80,111,112 protona-
tion of Ca2+-ligands98,113 and enzyme activity studies,101,114,115 which have re-
vealed important properties such as kinetics and conformational dynamics. Re-
cently, the close relative Na+/K+-ATPase has also been studied using reaction-
induced difference spectroscopy.116

2.3 Amyloids

Amyloids are very stable, insoluble peptide aggregates with specific structural char-
acteristics. Amyloidosis, a term originating from the starch-like properties of the
aggregate, is the pathogenic condition associated with accumulation of this type of
aggregates in the brain and the organs.117–121

There are more than 20 amyloid-related diseases, including, e.g., Alzheimer’s,
Parkinson’s, senile systemic amyloidosis, type 2 diabetes and prion diseases such
as Creutzfeldt-Jacob disease.122–126 Some of these belong to the most common dis-
eases among the elderly population and are subject to intense research efforts. To
be able to develop drugs or therapeutic intervention, the molecular mechanism of
amyloid formation and the interactions that stabilise the product need to be fur-
ther elucidated. Amyloid structures result from self-assembly of peptides yielding a
highly stable end product, which makes them, apart from being important in patho-
genesis, intriguing for use in biomaterials and for technological purposes.120,127,128
Also, the amyloid properties are naturally occurring in nature in the form of, e.g.,
spider silk.129,130

A signature feature of amyloid structure is the cross-β motif.131 The cross-β
structure is comprised of a stack of two β-strands, which can associate laterally
by hydrogen bonding to other strands, to form β-sheets (illustrated in Figure 2.6).
The cross-β motif constitutes the spine of the amyloid fibril, with the strands per-
pendicular to the spine of the amyloid fibril. The resulting amyloid fibril resembles
long ladders of β-strands. The β-sheets can be either parallel or anti-parallel, how-
ever, parallel in-register sheets seem most common.119,120,132,133 The cross-β motifs
can be further characterised and subdivided into different classes of “zippers”, de-
pending on the relative orientation of the strands in the sheets, the facing of the
sheets and if they are parallel or antiparallel with respect to each other.134 Also,
the sheets can be oriented at an angle with respect to each other, sometimes re-
ferred to as staggering.120 The distance between the β-sheets typically ranges from
9–12 Å depending on the character of the side-chains, whereas adjacent strands
within a sheet are separated by about 4.7 Å as found in X-ray diffraction exper-
iments.117,120,131 The basic cross-β structure is a stack of only two β-sheets, but
stacking of more β-sheets, i.e., several cross-β motifs, has been suggested to occur
in fibrils.119,120,135,136
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Figure 2.6: Amyloid structure is defined by the presence of cross-β motif, a stack
of two β-sheets. Several cross-β-motifs can through hydrogen bonding associate to
form multiple-stranded sheets. Here, a structure of the Alzheimer’s Aβ1−40 fibril
composed of two stacked cross-β is illustrated.135

A fully formed fibril is constituted from protofilaments that run with their long
axes parallel to each other and the fibril, wrapped around each other in groups
of 3–6 filaments. The fibrils are 100 Å wide and 0.1–10 µm long.117 The cross-β
structure makes the amyloid structure a very stable one, as it fully exploits the
hydrogen bonding capacity of the backbone and at the same time maximises other
hydrophobic contacts.120 The formation from peptide to full fibril contains several
intermediate species. The process is complicated and still poorly understood but
involves a secondary structure conversion from random coil to predominantly β-
sheet structure to form the cross-β motifs. The process involves assembly from a
monomeric species to an oligomeric species and further via protofilaments, shorter
precursors, to full-length fibrils. It is still unclear which aspect of the formation or
aggregation is the pathologically most important, but it has been suggested that it
in fact is an intermediate form in the fibril forming process that is the most neuro-
toxic.125,137 For the Alzheimer’s Aβ1−40-peptide the oligomers have been found to
be substantially more toxic than the full fibrils, causing memory impairment and
neuronal dysfunction.138

Amyloid structures have been studied by a variety of biophysical and biochemi-
cal techniques, such as NMR spectroscopy, X-ray diffraction, X-ray crystallisation,
EPR, neutron scattering, IR and CD spectroscopy.118,120,139 IR spectroscopy is
particularly well-suited to study the aggregation process as the phase transition
from soluble protein to insoluble aggregate does not pose a problem.3 Also, its
sensitivity to hydrogen bond patterns is very informative. Recent studies utilising
IR spectroscopy for studying amyloids have proven the excellent capabilities of the
method for this purpose.130,140–160 Amyloid structures are discussed in Paper IV
of this thesis, where structure-spectra correlations of stacked β-sheets were investi-
gated with the aim of improving the understanding of how IR spectroscopy can be
utilised to identify changes in the amyloid structure.



Chapter 3

Infrared Spectroscopy

Infrared (IR) spectroscopy and improved experimental and theoretical methods for
fulfilling its potential as a biophysical tool for protein investigations, is the cen-
tral theme of this thesis. In this chapter, a basic introduction to IR spectroscopy is
provided, both from a theoretical and a practical perspective. The underlying phys-
ical principles are reviewed, followed by a description of experimental techniques
and considerations. Particularly, the technique of reaction-induced difference spec-
troscopy with caged compounds, utilised in Papers I and II is described. This is
followed by an overview of what type of information can be inferred from an IR
spectrum and how spectra can be interpreted, focusing on the amide I region of
polypeptides.

3.1 Applications and advantages

Biological IR spectroscopy has since its advent in the beginning of the 20th century
been utilised to characterise and investigate many types of molecules important
for life such as DNA, lipids, proteins and even living cells and tissue.2 One of the
great advantages of IR spectroscopy is its versatility, it is applicable to all systems
ranging from small soluble proteins to large membrane proteins and even insoluble
aggregates. In more general terms, it can be used to measure samples in all physi-
cal states, gas, liquid or solid.161 IR spectroscopy is a well-established method for
secondary structure determination,162,163 but it also allows investigation of molec-
ular reactions at an atomic level in a time-resolved manner, thus revealing protein
dynamics.164,165 It is possible to simultaneously monitor backbone conformation
and specific groups in the protein, without the need for introducing artificial chro-
mophores or labels, adding to its list of benefits that it is a non-invasive technique.
Other advantages of IR spectroscopy include that it is cost-efficient and fast. Ex-
amples of conformation-altering environmental changes which can advantageously
be studied using IR spectroscopy include ligand binding, pH-, temperature-, and
pressure-changes.164

19
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IR spectroscopy provides an abundance of information about the sample and its
environment. It provides information on, e.g., chemical structure, bond strength,
bond length, protonation state and hydrogen bonding. It is also intrinsically sen-
sitive to conformation and can provide information on the polypeptide backbone
configuration as well as on conformational freedom. This great information content
is, however, very difficult to leverage – the larger the molecule, the more signif-
icant becomes the problem of spectral crowding, which complicates extraction of
information and the correlation between band position and origin of effect. To cir-
cumvent this, special experimental techniques such as reaction-induced difference
spectroscopy, can be used. This, together with the need for highly concentrated
samples for measurements of proteins in aqueous media, are the main drawbacks
of the method. There are excellent textbooks and reviews on biological IR spec-
troscopy available,161,165–167 as well as some classical publications, which critically
examine applications of IR spectroscopy.162,168–170

Atomic structures are generally determined using X-ray crystallography or NMR
spectroscopy, but NMR studies are however not possible for proteins larger than
30 kDa.13 Circular dichroism (CD) spectroscopy is commonly used for secondary
structure studies, but requires clear solutions and is not as sensitive to β-sheet
content as IR spectroscopy. Fluorescence spectroscopy is also an important com-
plementary method, but relies on the insertion or existence of chromophores, for
which spatial relationships, accessibility and the environmental properties can then
be determined. Other spectroscopic techniques that probe vibrational frequencies
include Raman spectroscopy and vibrational CD spectroscopy (VCD), which allow
observation of other optically active vibrations and provide sensitivity to chirality,
respectively. For descriptions of other biophysical methods, the reader is referred
to textbooks.13,171,172

IR spectroscopy is an excellent method for studying the Ca2+-ATPase, whereas
the protein is too large for NMR studies. Thanks to the high sensitivity of IR
spectroscopy to, e.g., bond lengths, which even surpasses the resolution of X-ray
crystallography in this sense,3,78 uniquely detailed information on, e.g., the cat-
alytic properties has been possible to extract.71 Also, the time resolution of the
measurement allows all intermediates in the Ca2+-ATPase reaction cycle to be re-
solved.72

3.2 The physics of infrared spectroscopy

The energy of a molecule is the sum of its translational, rotational, vibrational
and electronic energies. The energy of most molecular vibrational transitions falls
within the mid-IR region (400–4000 cm−1) of the electromagnetic spectrum and
can be measured using methods such as such as IR or Raman spectroscopy, which
probe the vibrational frequencies. The main spectral parameters of IR spectra are
position, intensity and line width of the absorption bands.
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Figure 3.1: The wavelength ranges of the electromagnetic spectrum. Energy is
proportional to wavenumber, but inversely proportional to wavelength.

Electromagnetic radiation can be characterised by its wavelength λ, or its fre-
quency ν. Instead of these, IR spectroscopists generally use the wavenumber, ex-
pressed in cm−1. The wavenumber of the absorbed or emitted photon is equal
to the change in molecular energy expressed in wavenumbers. The ranges of the
electromagnetic spectrum and the relations between wavelength, wavenumber and
energy are shown in Figure 3.1.

A molecule can be thought of as constituted of oscillating masses joined by
massless springs. To further understand what determines the vibrational frequen-
cies of the oscillations, it is instructive to consider a simple diatomic molecule with
masses m1 and m2. The vibrational frequency ν of this construct is determined by
Hooke’s law, familiar from classical mechanics

ν =
1

2π

√
k

mr
(3.1)

The force constant k reflects the strength of the bond between the atoms and mr

on the reduced mass of the two atoms. The force constant is dependent on the
electron density of the bond and will increase, resulting in a higher frequency, if
the electron density increases. Based on the relationship in Equation 3.1, one can
infer that everything that alters either the electron density or the atomic masses
will change the vibrational frequency.

In most relevant cases, the frequency of absorption will be equal to the vibra-
tional frequency. Assuming that the vibrations can be approximated by quantum
mechanical harmonic oscillators, the allowed energy levels are discrete and spaced
hν apart. Thus, only photons with energies matching gaps δE = hν between these
energy levels will be absorbed. Also, according to the first selection rule of IR
spectroscopy vibrational transitions can only occur to the next level. At room tem-
perature, the majority of molecular vibrations are in their ground states and IR
absorption leads to a transition to the first excited state.

The second selection rule states that, in order to absorb IR light, there must
also be a change in dipole moment during the vibration. That is, there must exist
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two partial charges +q and −q separated by a distance d which can be perturbed
by the electric field of the incoming radiation, and thereby experience a change in
dipole moment. The absorbed energy is proportional to the square of the change of
dipole moment and thus the absorption is stronger if the change in dipole moment
is larger. In quantum mechanical terms, this interaction and coupling of the electric
field vector of an electromagnetic wave with the electric dipole moment leads to the
subsequent change of the molecule’s quantum state.

3.3 Properties of molecular vibrations

When IR light hits a sample, the light interacts with the vibrational modes of
the molecules, and if allowed by the selection rules, excitation occurs. In a non-
linear molecule with N atoms, there are 3N − 6 vibrational normal modes.161 A
normal mode of vibration is often a collective vibration of several atoms, where
the atoms vibrate with the same frequency and pass through their equilibrium
positions simultaneously. These normal modes equal the frequencies observed in
IR spectroscopy. Each normal mode can, to a first approximation, be considered
as a harmonic oscillator where the displacement of the atoms from the equilibrium
position can be described as a displacement of the normal coordinate Q.

The composition of the vibration is controlled by the interactions between the
participating atoms, that is, the coupling between local modes. A local mode can
couple to a nearby local mode that has similar frequency and belongs to the same
symmetry group. When the local vibrations couple, their energy levels mix and
the vibration becomes delocalised over all the participating groups. The number of
modes is still the same but the absorption occurs at different frequencies than for
the uncoupled local modes, these are the normal mode frequencies. The number of
bands in the IR spectrum is however generally not equal to the number of vibra-
tional modes. There can be fewer absorbing modes due to that not all vibrations
are IR active, and additional modes may arise due to overtone and combination
bands as well as coupling between modes. The number of possible combinations
leads to a unique IR spectrum for each molecule.

A normal mode is thus usually the result of coupling of several local modes. In
the harmonic approximation, all normal modes are independent of each other. For
a perfectly harmonic system, diagonalisation of the Hamiltonian matrix expressed
in local mode basis yields the normal mode frequencies.173 For example, the local
amide I vibrations of the backbone peptide groups can couple, which makes the
amide I normal mode, and thus the position of the amide I band sensitive to the
polypeptide conformation. If there is anharmonicity, coupling can occur between
normal modes, e.g., between the amide I and amide II modes.174,175

Vibrational modes involving functional groups whose vibrations can be consid-
ered more or less isolated from the rest of the molecule have characteristic absorp-
tion frequencies, which do not vary much from molecule to molecule. This could
for instance be the result when a group is attached to a much heavier atom or when
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Figure 3.2: A principle schematic of a Michelson interferometer.

there is a double bond isolating the group from the rest of the molecule. Tables
of chemical groups and associated frequencies (group frequencies) can be found in
databases and textbooks, such as the classical textbook by Colthup.161

3.4 Fourier transform infrared spectroscopy

Fourier transform IR spectroscopy (FTIR) emerged as an alternative to traditional
dispersive IR spectrometers in the late 1960’s and the first commercial computer-
controlled FTIR instrument was available in 1969.2 Today, practically all IR spec-
trometers are FTIR instruments as a result of their important advantages, as com-
pared to dispersive instruments. Advantages include drastically reduced measure-
ment times due to simultaneous measurement over the whole wavelength range,
better signal-to-noise ratio as more light reaches the detector and the noise is
sampled over the full wavelength range. Also, FTIR instruments have absolute
wavenumber accuracy, which comes from precise instrumentation control by a laser
interferogram.161

A Fourier transform spectrometer is basically a Michelson interferometer with
a movable mirror (see Figure 3.2), which allows measurement at different spatial
points at different times. The interferometer consists of a beam splitter that ideally
splits the beam from the light source into two equal parts that are reflected at two
different mirrors, introducing a difference in optical path length. This difference in
traversed path is varied by moving one of the mirrors, while the other one is held
at a fixed distance from the beam splitter. When the beams recombine in the beam
splitter after reflection, there will be a phase difference between them introduced
by the moving mirror, and they will interfere either constructively or destructively
according to classical wave mechanics. About 50% of the beam reflected from the
fixed mirror is transmitted to the detector, while the remaining half is reflected
back in the direction of the source. The same applies for the movable mirror. A
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detector measures the light intensity in dependence of the position of the movable
mirror. This results in an interferogram.

The intensity of the detected signal due to radiation in the wavenumber interval
[ν̂, ν̂ + dν̂], denoted I(p, ν̂)dν̂ varies with the difference in path length p as a cosine
function

I(p, ν̂)dν̂ = I(ν̂)(1 + cos 2πν̂p)dν̂ (3.2)

Taking into account that the signal is actually composed of contributions from
signals in a wide range of wavenumbers, the total intensity I(p) at the detector is
the integral of all these contributions

I(p) =

∫ ∞
0

I(ν̂)(1 + cos 2πν̂p)dν̂ (3.3)

Now, the desired function I(ν̂), the variation of the intensity with wavenumber, can
be calculated from I(p) by Fourier transformation

I(ν̂) = 4

∫ ∞
0

[I(p)− 1

2
I(0)](cos 2πν̂p)dp (3.4)

The Fourier transformation back to the frequency domain is performed by a com-
puter. In total, two Fourier transformations are performed, one by the interferom-
eter, and one by the computer. Usually, to obtain a good signal-to-noise ratio, a
large number of scans are recorded and the resulting signals are averaged.161

3.4.1 Time-resolved FTIR measurements

Time-resolved measurements allow the study of dynamics, reaction intermediates
and kinetics. There are several ways of performing IR spectroscopic experiments to
follow protein reactions in real-time, one of which is the rapid-scan technique161,165
utilised in the measurements made in Paper I and II. The rapid-scan technique,
allows a time-resolution in the range of tens of milliseconds. An interferogram sig-
nal is collected as the movable mirror of the interferometer is being translated at
a maximum speed of 10 cm/s, making it possible to obtain a complete record of
an event with 2–8 cm−1 spectral resolution. Successive interferograms are recorded
after triggering the reaction and are subsequently analysed in a time-resolved man-
ner. A principle scheme for a time-resolved spectral recording after triggering of a
reaction is shown in Figure 3.3.

The time-resolution is determined by the speed of the movable mirror and the
time it takes to change its direction. The 65 ms time resolution of the IR spec-
troscopic measurements in Papers I and II, allows monitoring of the reaction cycle
intermediates of the Ca2+-ATPase as well as of the kinetics of partial reactions and
changes to specific groups.73,110

An alternative to the rapid scan technique is the step scan method, where the
limitation in time resolution is overcome by measuring at discrete mirror positions
instead of being limited by the mirror speed. This, however, requires re-initiation
of the experiment at each recording position.161,165
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Figure 3.3: Schematic of calculation of different types of difference spectra from
time-resolved reaction-induced IR spectroscopic measurements. Difference spectra
(DS) result from subtraction of absorption spectra (S) and double difference (DDS)
spectra from subtraction of difference spectra. “Ref.” refers to a reference spectrum,
recorded before the triggering of the event by flash-photolysis (UV).

3.4.2 Experimental considerations

Investigation of proteins often requires that measurements are performed in aqueous
solution in order to preserve protein functionality. IR measurements of proteins suf-
fer from overlapping water absorption in the amide I region. Due to this, samples
need to have short path lengths, cuvettes with a path length of 5 µm are typi-
cal.161,165 Water absorption can be reduced by preparing a semi-dried protein film
from the protein solution, which is subsequently rehydrated before closing the cu-
vette, thereby preserving protein functionality.176 Performing experiments in D2O
leads to shift of the water absorption to lower wavenumbers, thereby clearing the
amide I region.177 This may, however, result in incomplete H/D exchange of the
protein hydrogens, which is difficult to account for and complicates analysis. Rel-
atively high protein concentrations are required for good spectra. Concentrations
around 1–10 mM, i.e., close to cellular concentrations, are desirable.164,178

Preparation of IR samples is a tedious and time-consuming task. Air-bubbles
are easily introduced into samples, resulting in differences in effective path-length
and consequently spectral distortions. Due to the handling of minute volumes, the
substance concentration in the samples is also difficult to control precisely. There-
fore, small differences between samples are difficult to avoid and for best possible
results, it is advantageous to measure one sample several times for improved spectral
averaging and more sensitive measurements. Also, multiple measurements per sam-
ple reduces measurement time relevantly, as purging of the sample compartment to
eliminate water vapour and the equilibration of samples normally takes more than
one hour. New techniques to make repeated and more sensitive measurements are
presented in Papers I and II.
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Figure 3.4: A difference spectrum is the result of a subtraction of a spectrum in
state A from a spectrum in state B. The difference spectrum will only reveal changes
between states A and B, thereby allowing observation of changes which are only
∼0.1% of the total absorbance. The reaction from A to B can be induced within the
IR cuvette using reaction-induced difference spectroscopy.

3.4.3 Reaction-induced difference spectroscopy

The IR spectrum of a protein contains in principle a lot of very detailed infor-
mation on the structure and interactions of different groups. An average protein
has about 25000 vibrational degrees of freedom, yielding a very complex spectrum
with many overlapping bands. To overcome the problem of spectral crowding and
enable studies on the residue-level of a protein, it is necessary to resort to spe-
cial techniques. Reaction-induced difference spectroscopy allows the observation of
only those groups that undergo change during a reaction, rather than of all protein
groups.164 A difference spectrum is the result of subtracting a spectrum of a sample
recorded in state A from a spectrum of state B, thereby annihilating the signals
from groups that did not change during the reaction from A to B. Positive bands
in the difference spectrum are characteristic of the product states, negative bands
of the disappearing educts. The resulting spectrum reveals details on a molecular
level despite a thousand-fold larger background absorption. A principle illustration
is provided in Figure 3.4.

The principle of difference spectroscopy could be used on spectra resulting from
two different samples, prepared and measured in different states. However, this
approach is in many cases not sensitive enough to reveal the small changes of inter-
est because of heterogeneities between samples. Much better is to instead initiate
the reaction from A to B within the cuvette, thus avoiding sample-to-sample dif-
ferences. Reaction-induced IR spectroscopy can be performed using a light source
that triggers the reaction cycle of a photosensitive protein, or by the release of an
effector molecule from a “silent” caged compound or, e.g., by means of a pH, tem-
perature or pressure jump.164 The principle of difference spectroscopy as such has
been used since the late 1960’s, whereas reaction-induced difference spectroscopy
was first introduced in the beginning of the 1980’s.2 It has since then become a
valuable technique for biological IR spectroscopy and has enabled time-resolved
studies of many important systems including the SR Ca2+-ATPase.3,164,179–182
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Figure 3.5: Caged ATP is a biologically inert precursor of ATP, which becomes
activated upon flash photolysis. The flash cleaves off the nitrobenzyl “cage”, which
protects the γ-phosphate and hinders binding of ATP to, e.g., the Ca2+-ATPase.
The release induces a concentration jump of ATP in the sample, allowing it to bind
to its target and thereby initiate a reaction.

In Papers I and II of this thesis, the method of reaction-induced difference spec-
troscopy in combination with caged compounds is utilised and hence, only this
approach will be discussed in detail. Caged compounds are photolabile molecules
prepared with a chemical cage, which makes them biochemically inert until the
photolabile group is cleaved off by a light-induced reaction. When released, a rapid
concentration jump of the freed substance is induced, and the molecule is free to
bind to its target.183 For the case of ATP and ADP, the cage is generally a nitroben-
zyl moiety, which caps the γ-phosphate of ATP and thus inhibits binding to, e.g.,
the Ca2+-ATPase.184 Flash photolysis and concomitant release of the cage yields
absorbance signals in the IR spectra mainly around 1324 cm−1 and 1524 cm−1,
as indicated in Figure 3.6.101 The IR signals from the release of ATP have been
characterised in detail in the presence and absence of the Ca2+-ATPase.101,185 Fig-
ure 3.5 illustrates ATP release from caged ATP upon flash photolysis. Caged ATP
has been available since the 1970’s,186 but the SR Ca2+-ATPase was in fact the
first protein to be investigated using caged compounds in IR spectroscopic exper-
iments.101 Not only caged nucleotides have been produced for use in life sciences,
but also, e.g., caged neurotransmitters, caged protons, caged Ca2+, as well as other
second messengers and even macromolecules such as peptides.187,188 The appli-
cation areas range from studies of living cells to spectroscopic measurements. In
Papers I and II, the ATPase substrates ADP and ATP were used in their caged
forms to enable time-resolved reaction-induced measurements of the Ca2+-ATPase
partial reactions.

3.5 Interpretation of protein infrared spectra

IR spectroscopy of proteins is commonly performed in the range 900–1800 cm−1,
where the polypeptide backbone and amino acid side-chains absorb. Experiments
usually focus selectively on one or a few group frequencies or modes, preferably
those that have high absorption and do not mix with other modes, and are therefore
clearly observable and straight-forward to analyse.
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More specific band assignments are needed for analysis on a molecular level.
Generally, the frequency range in which a band appears allows an educated first
guess, as the group frequencies of common IR active groups of interest in biological
spectroscopy are known and tabulated.161 For protein studies, the normal modes of
the polypeptide backbone (see section 3.5.1) provide a natural starting point. Com-
parative studies of isolated model compounds in appropriate environments provide
the next level of assignment (used in Paper I for nucleotide spectra). To provide
unambiguous assignments for larger molecules, selective observation using isotope
labeling or point-substitutions of the group of interest are often required.3,143,182
Further support for structure-spectra correlations can be found from theoretical cal-
culations using, e.g., normal mode analysis, if there is a structure available.161,173

For interpretation of difference spectra, a frequently used approach is the anal-
ysis of spectral changes based on similarity of spectral shape.109,164 The changes
in the amide I region are then considered as a fingerprint of the conformational
change, e.g., when mapping the interaction between Ca2+-ATPase and different
substrates.105 The magnitude of the bands reflects the extent of the conformational
change, whereas the similarity in shape indicates conformational similarity between
reaction intermediates, partial reactions or sample preparations. Inspection of the
time-course allows determination of number and kinetic progression of intermedi-
ates.3,110 However, precaution is needed when interpreting the extent of change in
absolute terms. For example, the movement of rigid domains of a macromolecule
may yield only a small absorbance change if it is only a small linking portion that
undergoes change. Also, one has to consider that the associated IR signals can
overlap and cancel, thus only reflecting the net change.3 This type of interpreta-
tional approach is utilised, e.g., in Paper I where the conformational change upon
ADP dissociation from the ATPase was observed and concluded to be the opposite
of that of ATP binding, but smaller in magnitude.

3.5.1 Interesting regions of protein infrared spectra

The most important modes for the analysis of peptide and protein conformation
are the amide modes of the peptide group. The amide modes have been extensively
studied using N-methylacetamide (NMA) as a model compound.189,190 Nine amide
modes have been identified, but mainly the amide I, the amide II and to some extent
the amide III bands are used for conformational analysis of polypeptides.3,190 The
work presented in this thesis is focused on the analysis of the amide I band, but
also other modes are briefly discussed as they are becoming more frequently used
as structural probes.

Amide I (1600–1700 cm−1)

The amide I band arises mainly from the polypeptide C=O stretching vibration
(85%) and to some extent from the C-N stretching vibration.189 It is highly sensitive
to the conformation of the polypeptide backbone as well as to hydrogen bonding.
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The structural sensitivity is a result of interpeptide interaction, a transition dipole
coupling of the amide I vibrations of the backbone.189 The effect of this coupling on
the amide I band depends on the relative distance and orientation between peptide
groups, thus giving rise to characteristic structure-spectra correlations, as further
discussed in section 3.5.3. A natural consequence of which atoms are involved in the
amide I vibration, the exact vibrational frequencies of the amide I (and amide II)
band also depend on interpeptide and solvent hydrogen bonds involving the peptide
C=O and -NH groups.3

The amide I band has high absorbance in a region with few overlapping bands
from other vibrations, however, there is some absorption from amino acid side-
chains in the amide I region. The Gln, Asn and Arg carbonyl groups in H2O
overlap with the amide I and thus add to the intensity in this region.97 Also, a
well-known obstacle in amide I analysis is the overlapping water absorption from
the O-H bending vibration at 1640 cm−1, which has also been shown to couple to
the amide I mode.191 Thus many studies are instead performed in D2O which shifts
the water absorption away from the amide I region. Other effects influencing the
exact amide I band positions are further discussed in section 3.5.3, and Chapter 4,
which concerns theoretical efforts to describe the amide I band.

Amide II (1500–1600 cm−1)

The amide II band results primarily from N-H bending with a contribution from
the C-N stretching vibration.189 Also the amide II band is sensitive to backbone
conformation, but the correlation with secondary structure is less straightforward
than for the amide I mode.169,179,192 Analyses of the amide II band as a complement
to secondary structure prediction using the amide I band have, however, been shown
to improve the prediction quality using 2D IR spectroscopy193 and multivariate
data analysis techniques.163 The position of the amide II band is very sensitive to
the hydrogen isotope in the NH group, deuteration shifts the amide II band from
∼1550 cm−1 to ∼1450 cm−1.177

Amide III (1220–1330 cm−1)

The amide III band contains contributions from N-H bending and C-N stretching,
but also some contribution from C-C stretching and C=O in-plane bending.189
It is structurally sensitive and has been used for secondary structure determina-
tion.163,170,194 The amide III vibration has been shown to mix with other modes
such as C-H wagging vibrations, complicating its analysis.163,189 The advantage of
the amide III vibration in terms of conformational analysis is, however, that it has
no overlap from water absorption. The amide III band is relatively weak in IR
spectra and therefore better suited for analysis using Raman spectroscopy, where
it is more readily observable.194
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Figure 3.6: The mid-IR region commonly used for protein spectra analysis. A
difference spectrum of the Ca2E1 to E2P transition is shown. The region labelled
protonation shows bands from carboxyl groups due to Ca2+ pumping. The amide I
region reflects conformational changes of the backbone, whereas phosphate region
refers to absorption changes due to nucleotide conversion and the bound phosphate
group of the E2P phosphoenzyme. Adapted from Barth.72

Other interesting regions

In addition to the backbone amide modes, the 900–1800 cm−1 region contains ab-
sorption from many functional groups relevant for analysis of proteins and their
side-chains. Side-chains are important for the stabilisation of protein structure as
well as the function and activity of proteins. The 20 side-chains that occur natu-
rally in proteins are expected to absorb in the whole 900–1800 cm−1 spectral range
discussed here, depending on which functional groups they contain. Side-chain ab-
sorption in H2O and D2O has been reviewed in detail.97 The exact band positions
are of course dependent on hydrogen bonding, protonation state and whether the
side-chain is in a protein or a solution environment. The carbonyl groups of pro-
tonated carboxyl groups of side-chains absorb in the region 1710–1790 cm−1 where
they can be monitored without interference from other overlapping bands (indi-
cated in Figure 3.6).97 This has been utilised in, e.g., proton pathway/pumping
studies182,195 of bacteriorhodopsin and to determine which ligands participate in
proton transfer in the Ca2+-ATPase (publication not included in thesis).98

The region below 1300 cm−1 is dominated by the absorption of phosphate
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Figure 3.7: The band position of IR absorption depends on the mass of the atoms
involved in the vibration. If an atom is replaced by a heavier variant, e.g., upon 16O
to 18O substitution, the band position is shifted to lower wavenumbers.

groups,161 and is excellent for monitoring nucleotide conversion, e.g., ATP hydrol-
ysis.115,196 This allows a direct monitoring of enzyme activity for enzymes which
utilise a phosphate compound as power source.115,167 Also, the bound phosphate
group of phosphorylated Ca2+-ATPase absorbs here.79

Lipids are important components of membranes. The most intense lipid absorp-
tion arises from CH2 and CH3 stretching vibrations found around 2800–3100 cm−1.
The strongest absorption in the region discussed here is found at ∼1730 cm−1, orig-
inating from the C=O stretching vibration. Also, the phosphate region contains
absorption from the polar head groups of phospholipids.168,197

3.5.2 Selective observation of vibrations using isotope labelling

To be able to selectively observe individual residues, or functional groups, the band
of interest can be shifted away from its original position by isotope substitution
and thereby be identified despite heavy spectral crowding.143 Isotope substitution
draws on the fundamental relationship between mass and vibrational frequency,
as an increased atomic mass will lead to a band shift to lower wavenumbers. A
principle illustration of band shift upon isotope labelling is provided in Figure 3.7.
Many types of atoms and groups can be labelled for the purpose of studying their
properties or interactions with other groups or molecules. This can be done either
by performing the isotope exchange within the IR cuvette using special techniques
such as the one described in Paper II or by comparing labelled and unlabelled
protein samples, prepared using mutagenesis techniques.

H/D exchange is non-specific isotope exchange where the solvent accessible hy-
drogens of the protein are exchanged to deuterium. This has several benefits, such
as clearing the amide I region from overlapping water absorption, allowing inves-
tigation of conformational flexibility, solvent accessibility and exchange kinetics.
Also, it may allow assignment of side-chain absorption bands because the band
positions are slightly altered in D2O.3,177,198,199

In order to selectively observe the absorption of specific residues, the associated
amide I modes need to be isolated, decoupled, from the coupled modes of the
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Figure 3.8: ATP with 18O labelling of the oxygens of the β- and γ-phosphate
groups. This compound is utilised in Paper II as a substrate for the Ca2+-ATPase,
to produce phosphoenzyme with labelled aspartyl-phosphate, thus allowing detection
of the associated frequencies when compared to a spectrum with unlabelled aspartyl-
phosphate.

polypeptide backbone giving rise to the amide I band. Due to the composition of
the amide I vibration, isotopic labelling of either the carbon or the oxygen of the
backbone carbonyl shifts the vibration. When a backbone carbonyl is labelled with
13C labelling, the amide I band of that residue is shifted by about 40 cm−1. To shift
the absorption further away from the amide I absorbance, a larger shift (∼60 cm−1)
can be obtained by labelling also the carbonyl oxygen.5,143 Still, precaution is
needed in making the band assignments due to overlapping absorption from side-
chains.5 Isotope labelling of the backbone also allows the study of coupling as it
only affects the frequencies, not the coupling strength. These types of studies have
allowed important band assignments and measures of coupling and interactions in
different secondary structure elements.5,143,200

In Paper II, a novel method of performing an isotope exchange within the cuvette
using a helper enzyme was developed. ATP with 18O labelling of the γ- and the
β-phosphate (illustrated in Figure 3.8) was used together with the helper enzyme to
mediate an isotope exchange at the E2P aspartyl-phosphate, shifting the associated
phosphate frequencies and thereby enabling their identification.

3.5.3 Conformational analysis using the amide I band

The relationship between conformation and spectral position of the polypeptide
amide I band was first acknowledged in the beginning of the 1950’s.201,202 During
the following decades, experimental2,169,203–206 and theoretical (see section 4.1)
investigations lead to a greatly improved understanding of the effects that shape
the amide I band. More recently, efforts at pinpointing exactly how structural
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Figure 3.9: The amide I band of a fictive protein. The underlying component
bands originating from different secondary structures are indicated in the figure,
representing typical average positions and ranges of absorption.

differences impact the vibrational frequency have been made by performing both
high-level ab initio calculations and experiments on oligopeptides of well-defined
structures, as will be further described in Chapter 4.

As indicated in the introduction to the amide I band section, the secondary
structure of the backbone is reflected in the position of the amide I band. The ab-
sorption bands originating from α-helices are generally found in the 1648–1660 cm−1

region. β-sheets have a low frequency mode around 1615–1640 cm−1 and a high
frequency mode in the 1675–1695 cm−1 region. Turns are generally assigned as
absorbing in the 1660–1690 cm−1 range, but are in reality found to absorb over the
whole amide I region depending on their exact conformation and hydrogen bond
pattern. Unordered structures absorb in the regions 1640–1657 cm−1 and 1660–
1675 cm−1. Tables of band assignments for secondary structures in H2O and D2O
can be found in the literature.3,163,192,207 The average band positions associated
with different secondary structures are illustrated in Figure 3.9.

These empirical band assignments are useful as rules of thumb, but precaution
is needed when making assignments as there is a multitude of effects that influence
the exact band positions. Hydrogen bonding between peptide groups or to solvent
also has a drastic impact on the amide I band positions, redshifting the frequency by
tens of wavenumbers (see section 4.5.1). The strongest hydrogen bonding, and thus
the absorbance in the lowest wavenumber region exists in β-sheets. Non-hydrogen
bonded amide groups have been shown to absorb around 1665–1670 cm−1.170

Trends and patterns for how the amide I frequency is affected by systematic
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variation of some secondary structure properties have been found. Naturally oc-
curring β-sheets exhibit conformational heterogeneity such as twisting and various
numbers of residues per strand, leading to several modes becoming activated. This
results in a less characteristic, continuous spectrum over the whole range of 1610–
1690 cm−1 with the main absorption band usually below 1640 cm−1. For β-sheets,
the exact position of the amide I maxima is further influenced by increased hy-
drogen bonding,208 increased planarity of the sheet,141,209 or a larger number of
strands,210,211 all of which shift the amide I maximum to lower wavenumbers. Amy-
loid structures, which in general are extended structures with little heterogeneity,
absorb at lower wavenumbers than native proteins (1610–1625 cm−1).141 For he-
lices it has been found that the frequency is dependent on, e.g., the helix-type and
length.3,212 As recently demonstrated, the band positions are also influenced by in-
teractions between secondary structures, such as between β-sheets156,157 discussed
in Paper IV, and between α-helices213,214 (manuscript in preparation). Also, the
local electrostatic environment, as well as mechanical coupling, are relevant factors
(see section 4.4).

Caution in the interpretation of band positions as structural markers has been
called upon already a long time ago in several critical, but very enlightening publi-
cations.162,169,170 The amide I band analysis is further obstructed by the fact that,
in real proteins, in contrast to simple short model peptides, a number of differ-
ent secondary structures are present and contribute to the amide I band. The
band thus becomes a complex, featureless composite of overlapping bands. The un-
derlying component bands can sometimes be resolved using different mathematical
procedures, called band narrowing techniques.163,192,215 The need for mathematical
manipulation of the recorded spectra is avoided when using difference spectroscopic
techniques.



Chapter 4

Theoretical Methods for Simulation
of the Amide I Band

This chapter concerns the principles behind simulation of the IR amide I band ab-
sorption of proteins. An introduction to the challenges and purposes of amide I
band simulations is followed by a description of the underlying physical model for
polypeptide interactions, the exciton model. To construct a vibrational Hamilto-
nian for a polypeptide, the exciton model is used in combination with a so-called
building block approach, where ab initio data for small peptide units are transferred
unit-wise to longer polypeptides. The building block approach and all the effects
that influence different terms of the Hamiltonian are described.

4.1 Amide I simulations – motivations and milestones

The IR amide I band of polypeptides has for more than 50 years attracted at-
tention and been subject to analysis due to its many advantageous properties. It
is a well-resolved and strongly IR active band that can be utilised as a sensitive
probe of polypeptide conformation and hydrogen bonding. To further advance
our understanding of the underlying structure-spectra correlations for the amide I
band, accurate physical models to describe the interactions in the polypeptide chain
and subsequent critical comparison to experimental data are required. The under-
standing of the different physical effects shaping the amide I band has emerged over
decades. The first recognition of the structural sensitivity of the amide I band dates
back to 1950, when Elliot and Ambrose201 observed different IR band positions as-
sociated with different secondary structures. Early theoretical work was performed
by Higgs, who investigated the symmetry properties and IR active modes of infi-
nite helices.202 This work was continued and extended by Miyazawa who treated
the peptide units as weakly interacting amide I oscillators connected by hydrogen
bonds and covalent interactions and described the IR active modes for different infi-
nite secondary structures.216 In the beginning of the 1970’s, Krimm and co-workers

35
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introduced an important missing link in describing the IR amide I absorption, tran-
sition dipole coupling (TDC).217,218 TDC, further described in section 4.4.1, was
found to explain features not previously understood, such as the splitting of the
amide I band of antiparallel β-sheets.211,218 The findings regarding the underlying
mechanisms affecting the amide I vibrations made during the 20th century have
been reviewed in detail,3,189,194 and are mentioned where appropriate in the fol-
lowing sections.

Since the beginning of this century, the development of computational methods
for many-electron systems and the increase in available computational power has
had a large impact on the field of IR amide I simulations. However, approximate
models are still much needed as the computational cost of full quantum mechani-
cal calculations is inherently dependent on the size of the considered system, and
for large polypeptides and proteins this is not yet attainable. Approaches utilis-
ing a combination of classical models and parameterised ab initio data in so-called
building block models for the Hamiltonian, or using tensor property transfer from
small to larger fragments, have quickly become state-of-the-art for simulations of
IR polypeptide and protein spectra.200,219–221 The building block approach lever-
ages the fact that the constituent peptide units in a polypeptide chain are almost
identical and that their properties can be represented by ab initio data derived
from N-methylacetamide (NMA) or small peptides. To further reduce the com-
putational complexity, the simulation studies have selectively focused on only one
mode of interest at a time and often neglecting, e.g., the side-chains, rather than
simulating all interactions in the peptide. The major challenge for simulations of IR
amide I spectra is to find a Hamiltonian, which as accurately as possible describes
the physics of the system, until such time that full quantum mechanical calculations
of also large systems become viable.

Many studies based on ab initio calculations or building block models have been
performed for polypeptides (< 25 residues) adopting different secondary struc-
tures, such as helices,222–224,224–238 β-sheets209,210,239–248 and β-hairpins.249–261
These studies have aimed at elucidating important secondary structure properties,
structure-spectra correlations and the improvement of simulation models. Empir-
ical and semi-empirical efforts to simulate the amide I band of proteins have also
been presented, with varying agreement with experimental spectra.262–269 Recent
efforts in the simulation of the amide I band of polypeptides and proteins have been
reviewed.200,219–221,270–273

The development of theoretical methods to simulate the amide I band is, how-
ever, not driven only by the access to more computational power, but also by
development of experimental methods. The advances in the ability to experimen-
tally study peptides and proteins on a higher level of molecular detail by using,
e.g., site-specific isotopic labelling and 2D IR spectroscopy have seemingly created
renewed interest in simulations of IR spectra. The physical basis of simulation of
2D IR spectra is the same as that for 1D-spectra, the exciton model, but requires
that anharmonicity is considered to describe excitations to the second level.5

Simulation protocols for vibrational techniques such as VCD, which is sensi-
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tive to the chirality of molecules and can thereby provide additional information
on structure, have been developed.200,274,275 Also, theoretical work has begun on
exploring the potential to use the amide II,193,276,277 amide III276–279 and the high-
frequency amide A276,280,281 modes as additional or alternative structural reporters.
Methods and modes other than 1D IR and amide I are merely mentioned as inter-
esting venues for further and broader studies and are not part of the work presented
in this thesis.

4.2 Exciton coupling model for amide I oscillators

To investigate the correlation between structure and spectrum for the amide I band,
a physics model relevant for describing only the interactions that give rise to this
particular mode and its collective behaviour is desired. Selective investigation of
the amide I mode entails that, instead of looking at all 3M − 6 vibrational modes
in theM atom polypeptide, only the contribution of one vibration per peptide unit
is of interest. The amide I mode is highly localised on the peptide C=O bond and
the amide I vibration can thus to a good approximation be described by movement
along this local coordinate.189 This reduction from the full vibrational space, to
what is denoted as the amide I subspace, reduces the computational complexity of
the task strikingly.

The amide I subspace consists thus of N amide I oscillators, where N is the
number of peptide units in the polypeptide chain. These amide I oscillators can be
considered as harmonic oscillators, which interact with each other. This interaction,
or coupling, gives rise to a collective vibrational behaviour of the oscillators, de-
scribed by amide I modes with characteristic frequencies where each mode involves
a set of oscillators depending on the structure of the polypeptide. The superpo-
sition of bands corresponding to these delocalised amide I modes then yields the
amide I band observed in the IR spectrum.

The molecular vibrations of the peptides, as well as their interactions, can be
described in terms of the exciton coupling model. The exciton model is a state
interaction model originally used to describe delocalised electronic excitations in
aggregates of optical chromophores.5,282–284 Exciton states involve excitation of an
assembly of atoms rather than just an individual atom, i.e., delocalisation. The
exciton is a bound pair that consists of an excited, negatively charged electron and
its positively charged vacancy, “hole”, left behind. It can be thought of as a wave
packet propagating through the assembly of excited atoms, leading to a transfer of
energy. Vibrational excitons resulting from vibrational excitations can be treated
similarly.5,285,286 The exciton model has been widely applied to describe both 1D IR
and 2D IR amide I spectra.4,194,272,287–290

The exciton model provides a simple picture of the delocalisation of excitons
that occurs upon interaction of the amide I oscillators. The model applies to sys-
tems consisting of a collection of approximately equivalent units that are nearly
resonant, such as the amide I vibrations of polypeptides. Also, the separability of
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the amide I subspace from other vibrational degrees of freedom needs to be ful-
filled,291 as the exciton model fails to adequately describe coupling to modes with
significantly different frequencies.5 The exciton Hamiltonian in the basis of local
amide I oscillators can be written as

H =
∑
i

(h̄ωibib
†
i ) +

∑
ij

βij(b
†
i bj + b†jbi) (4.1)

where b†i and bi are the bosonic creation and annihilation operators of the individual
oscillators, the h̄ωi’s are the intrinsic energies (frequencies) of the amide I oscillators
and βij are the couplings between oscillators i and j, leading to excitation of one
oscillator and relaxation of the other. The analogous Hamiltonian matrix is thus

H =

[
h̄ω1 β12
β12 h̄ω2

]
(4.2)

for a two-oscillator system. If there would be no coupling (βij=0), then the two
oscillators would not influence each other and there would be no excitation transfer
and thus no delocalisation. Delocalisation can be thought of as the excitation energy
hopping back and forth between the coupled oscillators.5 Higher order terms in the
expansion of the coupling are not included. The terms b†i bj and b†jbi are the only
coupling terms retained, as they couple two closely resonant states.

All the physics required to describe the system is contained in this 1D harmonic
exciton Hamiltonian. Diagonalisation of the Hamiltonian matrix yields the eigen-
values, which are the vibrational frequencies of the system. The resulting coupled
states are still harmonic, and the frequencies are determined by the intrinsic fre-
quencies, as well as the couplings. The description of the exciton model is analogous
to the “floating oscillator model” by Torii and Tasumi262,292 in the case when the
couplings are much smaller than the vibrational site energies β/h̄ω � 1.4,287

The exciton model provides a conceptual framework for describing the interac-
tions between amide I oscillators upon excitation, but does not presume a form of
the interaction nor does it provide any guidance as to how to determine the intrinsic
frequencies. The coupling is dependent on the geometry of the molecule and is fre-
quently described with the TDC model (section 4.4.1). The intrinsic frequencies or
energies of the amide I oscillators depend on the local environment and its electron
density, and are therefore modulated by a variety of effects, as will be discussed
in section 4.4. A conceptual model for determination of the frequencies and the
couplings is discussed in the next section.

The interactions between amide I oscillators cause the vibrational excitations
to delocalise, depending on both the interpeptide couplings and the gaps between
intrinsic site energies. Heterogeneity and lack of symmetry in the structure leads to
localisation of the excitons. It has been found that an amide I vibrational exciton
can delocalise over ∼8 Å4,214 and has a decay time of ∼1.2 ps before relaxation.4
Energy transport through exciton transfer in α-helices has been investigated theo-
retically and experimentally.214,293–295
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The extent of delocalisation can be expressed as the inverse participation ratio

IPRα =

 N∑
j=1

R4
αj

−1 (4.3)

where IPRα is the IPR for the αth amide I normal mode, and the summation is
over all N peptides. Rαj is the jth eigenvector element of the αth normal mode.
IPR = 1 equals complete localisation on just one peptide, whereas IPR = N im-
plies delocalisation over the whole polypeptide chain.4,296 Delocalisation patterns in
β-structures,157,245,246,297 α-helices213,227 and in proteins263,266 have been investi-
gated. The delocalisation patterns in stacked β-sheets extracted from real proteins
are discussed in Paper IV.

4.3 Parameterised amide I simulations

To accurately describe the amide I band, ideally all interactions that influence the
electron density at the bonds involved in the amide I vibration should be included
in the modelling, as they will influence the intrinsic frequencies and couplings of the
oscillators. As discussed in section 4.2, the simulation of IR spectra requires these
effects to be incorporated and expressed as elements of the exciton Hamiltonian
matrix.

4.3.1 A building block approach for polypeptides

Due to the high computational cost of ab initio calculations of large systems,
it is highly interesting to turn to fragmentation schemes where small molecule
data are transferred to larger systems, popularly termed “building block mod-
els”.287,288,298,299 In the study of polypeptides, this involves conceptual segmen-
tation of the polypeptide backbone into its constituent building blocks, the peptide
groups, which can to some approximation be considered as identical. A fundamen-
tal assumption regarding transferability of properties of the amide I vibrations is
made, it is assumed that the local amide I vibrations in a polypeptide depend on
the local conformational structure and environment in the same way as in small
peptides. Also, the use of a building block model postulates that amide I modes
in the polypeptide can be described by a linear combination of the local amide I
vibrations.

The building block approach for determining the terms of the Hamiltonian com-
bines well with the exciton model, which also assumes localised and repeating units
with similar frequencies that interact via a coupling βij . The dependencies of the in-
trinsic frequencies and couplings on the structural parameters need to be accurately
determined, parameterised and appropriately included in the Hamiltonian matrix
elements. The amide I Hamiltonian is constructed using parameterised ab initio
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data for properties of a unit peptide and for interpeptide couplings, potentially to-
gether with other parameterised physical models, as described in section 4.4. These
parameterisations are found through investigation of properties of small peptides,
such as NMA and dipeptides, for which ab initio calculations are computationally
inexpensive.

NMA, which contains only a single peptide bond, is the prototype for peptide
units and has been utilised experimentally and theoretically as a model compound
for studying the different amide modes (see section 3.5.1) and how different effects
such as hydrogen bonding and solvation (see section 4.5.2) influence the intrinsic vi-
brational frequencies. To understand the couplings between adjacent peptide units
NMA is, however, no longer a suitable model as it contains only one amide I oscil-
lator and can thus not be used to model the coupling between the units. Instead, a
two-oscillator system, such as a glycine dipeptide, is considered. In the dipeptide,
the two modes are coupled through electrostatic and mechanical interactions. This
coupling has been shown to depend on the dihedral angles of the dipeptide,300 see
further section 4.4.2. Ab initio fragmentation schemes can also yield parameterised
data for transition dipole strengths, atomic polar tensors and rotational strengths
for a unit peptide.301,302

A conceptually different “building-block” approach from the one above, is the
Cartesian coordinate transfer scheme by Bour, Keiderling and co-workers.200,303
This is a method is based on transfer of ab initio calculated values for force con-
stants and other properties such as atomic polar tensors and atomic axial ten-
sors from small fragments with well-defined secondary structure to longer peptide
stretches with the same geometry. This method relies on the assumption of repeat-
ing geometry for successful parameter transfer. A modified version of this method,
which is applicable also to irregular structures has been developed by the same
group.200,253,304

4.3.2 Ab initio calculations of building block parameters

In ab initio calculations, the electronical Schrödinger equation is solved using no em-
pirical approximations. Numerical, thus approximate, solutions to the Schrödinger
equation for many-electron systems, can be calculated at different levels of theory.
Systematic comparisons of different levels of theory and appropriate functionals for
calculation of vibrational frequencies of polypeptides are available.200,287

To be able to parameterise the results from the ab initio calculations, so that
they can be utilised as building blocks for the amide I simulation, they first need
to be converted from the normal mode basis to the local amide I oscillator basis.
Procedures for determining frequencies and coupling constants in the amide I local
mode basis have been presented,287,305,306 however, the most frequently used is the
Hessian matrix reconstruction method developed by Cho and co-workers.306,307

In order to determine the harmonic vibrational frequencies, coupling constants
and intensities using quantum mechanical calculations, it is necessary to first per-
form a geometry optimisation of the molecules to find the minimum of the poten-
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tial energy surface where the harmonic approximation is valid. When investigating
small structures representative of different secondary structures, the backbone di-
hedral angles are constrained while the other bond parameters are optimised. The
details of the geometry optimisation affect the results and can introduce, e.g., large
non-planarities of the peptide group.287 The calculated vibrational frequencies are
dependent on the level of theory and basis set with which the calculations are per-
formed, whereas the calculated coupling constants are influenced only weakly by
the computational details.287

4.4 Interpeptide coupling models

The coupling interactions between peptides, which give rise to exciton delocalisation
and splitting of the amide I band, are generally subdivided into short-range and
long-range interactions. Long-range interactions are often described using TDC,
whereas nearest neighbour peptide interactions are better described using parame-
terised ab initio data.

4.4.1 Transition dipole coupling

TDC is one of the fundamental mechanisms that renders the amide I band sensi-
tive to polypeptide backbone conformation.217,218,308,309 It has over the years been
extensively utilised to elucidate important correlations between IR absorbance and
properties of different secondary structures, such as dependence on the number of
strands and strand length in β-sheets,211,310 as well as on α-helix length.212 The
results of these pioneering papers, as well as more recent applications, have been
thoroughly reviewed.3,189,292

TDC is a coulombic through-space coupling of transition dipoles, where a tran-
sition dipole is the change in charge distribution upon excitation of a vibration. The
coupling is a resonance interaction, which is most efficient when the two oscillators
have the same frequency. Due to the coupling, a splitting of the energy levels is
observed, the size of which depends on their frequency separation and the strength
of the coupling.3,5 This can be observed as a band splitting with each of the bands
carrying a part of the intensity, however, the sum of the intensities is constant.

Transition dipole coupling is the simplest model that relates the coupling con-
stant βij in the Hamiltonian (Equation 4.1) to the molecular structure. Each pep-
tide unit in the polypeptide chain, or amide I oscillator as defined in section 4.2,
is assigned a transition dipole associated with its amide I vibration. The vibra-
tional coupling between amide I oscillators depends on the relative orientation and
distance between transition dipoles as well as on their respective magnitudes. The
coupling constant βij between peptides i and j can be expressed as

βij =
0.1

ε

δµi · δµj − 3(δµi · nij)(δµj · nij)
r3ij

(4.4)



42 Chapter 4. Theoretical Methods for Simulation of the Amide I Band

Here, δµi and δµj are the transition dipoles for peptides i and j. rij and nij are
the distance and unit vector between the transition dipoles, respectively. ε is the
dielectric constant, generally assumed to be unity.

Some crude approximations are made in the TDC model, which limit its ap-
plicability and accuracy to describe the amide I band. A fundamental assumption
is that each amide I oscillator can be represented by a point transition dipole and
that the interpeptide interaction between oscillators can thus be described by a
simple dipole-dipole interaction. A more accurate description that goes beyond the
simplest approximation of mere point dipoles and also considers effects of higher
multipoles on the coupling is the transition charge coupling model, where the point
charge approximation is extended to include also the point charge flow based on
charge derivatives.288,311 Another alternative is calculation of the transition den-
sity derivative distribution.312 At large distances, all of the aforementioned models
yield equivalent results.

The fundamental parameters of TDC include a point location, a magnitude
and a direction. A commonly used set of parameter values189,262 is one where the
location of the transition dipole moment is located on the C=O bond, d1=0.868 Å
from the carbon. The magnitude of the transition dipole is 3.70 D/Åu1/2, oriented
γ=20◦ from the C=O bond axis and towards the nitrogen atom, see Figure 4.1. The
orientation of the transition dipole originates in that there is a charge flow from
the carbonyl oxygen site towards the backbone nitrogen, responsible for about
half of the total transition dipole moment.189 The values for the direction and
magnitude are consistent with the range of values found experimentally in dichroic
experiments,189,228,292 but the different parameter sets have been optimised to fit
different experiments. Originally, equal transition dipoles for all peptide groups
were assumed, which corresponds to assuming that all peptide groups have the
same extinction coefficient.313 This has approximation has, however, been shown
not to be strictly valid, but that the strength of the dipole varies as a function of
the dihedral angles,301,302 and is also affected by solvation.314 The magnitudes of
the transition dipoles influence not only the couplings between peptide groups but
also the IR intensities.189 A comparison of the published parameter sets189,245,300
is performed for the simulations of β-structures presented in Paper IV.

The TDC model has been found inadequate for describing short-range inter-
actions such as those between neighbouring peptide groups.300,311,312,315,316 This
deficiency is circumvented by using parameterised ab initio data for the coupling
between nearest neighbours in a polypeptide chain, as further discussed in the next
section. Several groups have investigated the validity of using the TDC model for
calculation of the long-range coupling constants of secondary structures by compar-
ing TDC results to data from DFT calculations, and found different degrees of agree-
ment depending on structures and computational details.221,245,299,307,312,316,317

The TDC model is however, despite its shortcomings, a highly useful model as
long as its used within its limitations. It is still frequently used for describing long-
range interactions in polypeptide chains, both because it is physically intuitive and
because it is simple to implement. The TDC model was found to achieve surpris-



4.4. Interpeptide coupling models 43

Figure 4.1: Schematic drawing of the position (described by d1 and d2) and orienta-
tion (angle γ) of the transition dipole moment of the peptide group. The solid arrow
represents the standard position used in calculations in Papers IV and V. Adapted
from Torii and Tasumi.262

ingly good agreement with experiment when utilised as the sole model to describe
the interactions between coupled amide I oscillators in globular proteins.262,292
This approach, however, required some tweaking of the parameters of the model
depending on the secondary structure, which could not be explained in physical
terms. Krimm and Bandekar included TDC in their force field description, and
were thereby able to improve the agreement with experimental data for polypep-
tides.189

The TDC model is utilised as the only interaction model when simulating
amide I spectra of stacked β-sheets in Paper IV. In that case, the use of the TDC
model was found acceptable as only the long-range interactions between stacked
sheets, and how the relative position of the amide I band maximum was influenced
by different quaternary associations of the sheets, was investigated. In Paper V,
TDC was used to describe long-range interactions and new TDC parameters were
found through fitting of simulated spectra to experimental protein spectra.

4.4.2 Nearest neighbour coupling

Interpeptide couplings originate from electrostatic (through-space) and through-
bond (mechanical) interactions. It has been concluded that the coupling between
nearest neighbours in a polypeptide chain cannot be treated in the same way as
long-range interactions, i.e., using only TDC. The point-dipole approximation is a
very dubious choice at distances as small as those between peptide groups because
of the magnitude of the transition dipole.315 Also, it has been shown that the Cα
does not, as previously thought, act completely insulating and thereby localising
the amide I vibration, but does in fact also vibrate along with the amide I vibra-
tion, which means that mechanical coupling cannot be neglected.311 These effects
cannot be accounted for by TDC or multipole generalisations thereof and there-
fore accurate determination of the nearest-neighbour couplings require ab initio
calculations.300,312,315
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The coupling constant βi,i+1 between two amide I oscillators is a function of
the local conformation and predominantly of the dihedral angles φ and ψ. By
performing ab initio calculations for different energy-optimised conformations of a
dipeptide, coupling maps which include the effects of both electrostatic and me-
chanical coupling for the full Ramachandran space have been produced at different
levels of theory and using different basis sets.227,263,276,288,298,300,315,317–319 These
can be utilised as look-up tables for the coupling elements in the Hamiltonian by
identifying the (φ, ψ) pair between the two peptides of interest. Properties of the
ab initio dipeptide maps have been investigated with respect to transferability to
longer polypeptides,227,287 polypeptides with other side-chains287,320 as well as to
solvent environment.287 These aspects, as well as the impact from the computa-
tional details of the calculation on the resulting map have been evaluated in thor-
ough studies by Stock and co-workers,299,319 who found that the coupling constant
is quite robust with respect to these changes and that it is not sensitively dependent
on the level of theory or the basis set as long as proper scaling factors are used.
They also found that accurate calculation of the coupling requires only a small basis
set, already 6-31G(d) yields results that are within 1% accuracy as compared with
6-311++G(3df,2pd) data. Thus, all published maps available for the couplings are
found acceptable for use in amide I simulations. Ab initio coupling maps are used
in the simulations performed in Paper V.

4.5 Modelling of effects on the intrinsic frequency

Early approaches, such as Torii and Tasumi’s simulations of globular proteins, which
uses only TDC to simulate structural dependence,262,292 but also later work, made
the assumption that all oscillators are identical and thus have the same intrinsic
frequency. A first, ambitious step of systematically improving on this crude ap-
proximation was published by Mendelsohn and co-workers, who presented a set
of empirically based correction formulas for, e.g., valence bond interactions and
hydrogen bond interactions when simulating the amide I band for small globular
proteins and model collagen peptides.240,265,321

It has since then been shown to be paramount to have accurate intrinsic frequen-
cies in order to obtain realistic simulation results, in particular for real, heteroge-
neous proteins that exhibit a variety of local conformations and environments.267,268
The intrinsic frequencies of the individual peptide units have been found to depend
strongly on the local environment,221,268 and as previously stated, everything that
alters the electron density at the bonds participating in the amide I vibration will
alter the frequency and would thus ideally need to be modelled.

The gas phase value of isolated NMA is 1707 cm−1,208 whereas the aver-
age frequency of an amide I oscillator in a protein is generally considered to be
1650 cm−1.262 When a peptide unit is incorporated into a polypeptide chain, the
gas phase value thus needs to be adjusted depending on the local interactions. It is
well established that the amide I frequencies depend on the number and strength of
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hydrogen bonds the amide group makes to other peptides or to solvent, electrostatic
influence of the environment, as well as local through-bond interactions,3,200,221 as
will be further discussed in the following sections. In the spirit of the building
block approach, these interactions are expected to have equivalent effects on a sin-
gle peptide group, independently of its particular side-chain or location, and thus
the effects should be parameterisable and transferable from ab initio results. The
resulting shifts of the oscillator frequencies originating from the respective sources
are further assumed to be independent of each other and thus additive. This yields
the following expression for the oscillator frequency ωi, resulting from environmen-
tal perturbation

ωi = ωNMA + δωH
i + δωS

i + δωL
i (4.5)

where ωNMA is the gas-phase frequency of unperturbed, uncoupled NMA and δωH
i

is the shift induced by intramolecular hydrogen bonding and δωS
i is the shift caused

by solvation effects. The δωL
i describes the influence of the local environment

and can either be taken from ab initio data for dipeptides287,288,298 or from a
parameterisation, which stems from optimisation of simulation parameters to fit
experimental spectra, as described in Paper V. Many of the recent models for
determining the intrinsic amide I oscillator frequencies are based on fitting to ab
initio data rather than empirical corrections. These models generally concern slight
variations of associating the shift of the amide I frequency to the electrostatic
potential (or alternatively the electric field, and/or gradients thereof) at the atoms
of the peptide group, as described in section 4.5.4.

4.5.1 Interpeptide hydrogen bonding

Hydrogen bonds belong to the fundamental interactions that stabilise folded pro-
teins, and in particular their secondary structures. Most hydrogen bonds in a
protein exist between main chain -NH and C=O groups.322,323 IR spectroscopy is
very sensitive to hydrogen bonding – interpeptide hydrogen bonds, as well peptide-
solvent hydrogen bonds, cause large redshifts of the IR amide I frequencies.3 Every
peptide group can form up to three hydrogen bonds, the carbonyl oxygen can par-
ticipate in two bonds and the amide hydrogen can act as a donor for one hydrogen
bond.324 The hydrogen bonds cause a shift of the amide I oscillator frequency to
lower wavenumbers, typically about 20-25 cm−1 for each hydrogen bond made to
the carbonyl group and about 10-15 cm−1 when a bond is made to the amide
hydrogen.3,208,325,326 The frequency shift induced by hydrogen bonding has been
explained in terms of stabilisation of the resonance structure of the peptide bond
by hydrogen bonding to the carbonyl oxygen, resulting in a shorter C-N bond and
a longer C=O bond.327,328 The effect from hydrogen bonding has been found to be
approximately additive,325,329,330

δωH
i = δωCO1

i + δωCO2
i + δωNH

i (4.6)

where δωH
i is the shift of the amide I frequency due to intramolecular hydrogen

bonds and superscripts CO1, CO2 and NH indicate first and second hydrogen bonds
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to the carbonyl oxygen and the amide hydrogen, respectively. This results in a total
redshift of about 80 cm−1 when the peptide group is fully hydrogen bonded,331 e.g.,
for a solvent accessible peptide group in a protein. Exactly how much the hydrogen
bond shifts the frequency of the amide I oscillator depends on the strength of the
hydrogen bond. The strength, in turn, depends on both the properties of the
donor and acceptor atoms as well as the geometrical arrangement of the involved
atoms.21 This is reflected in the relative positions of the amide I absorbance maxima
for different secondary structures, the β-sheets have the strongest hydrogen bonds
and absorb at the lowest wavenumber.3 Effects of intra- or intermolecular hydrogen
bonding on the amide I frequency can be studied using clusters of NMA molecules
or formamides to simulate hydrogen bonds between peptides,208,298,305,325,332 or by
using NMA-water clusters to investigate hydrogen bonding to solvent, as will be
described in section 4.5.2.

Several suggestions as for how to parameterise the hydrogen bond induced shift
of the amide I frequency have been presented in the literature.4,221,265,333 A fre-
quently used simple expression for the frequency shift induced by hydrogen bonds
assumes a linear relationship between the hydrogen bond length and the frequency
shift.4,289

δωH,S
i = −α(2.6− rOH) (4.7)

where rOH is the hydrogen bond length and the parameter α is a fitting parameter,
typically selected to be 30 cm−1. This yields shifts which are on the order of
20 cm−1 when the hydrogen bond length is ∼2 Å. Criticism against this approach
includes that it does not take into account the influence of the geometry on the
hydrogen bond strength or the possibility to make a hydrogen bond to the amide
hydrogen. Also, it is not parameterised considering that the carbonyl oxygen can
take part in two hydrogen bonds. The formula has despite its shortcomings been
widely used in simulations of the amide I band, both to account for intramolecular
hydrogen bonds as well as hydrogen bonds to solvent.5,266,290

The existence of intramolecular hydrogen bonds can be evaluated using the
formula given by Kabsch and Sander, which considers both the distance and angle
dependence on the energy EKS

21

EKS = fq1q2(r−1ON + r−1CH − r
−1
OH − r

−1
CN) (4.8)

with q1 = 0.42 e, q2 = 0.2 e, f = 332 e−2Å kcal/mol and all interatomic distances
r in Ångströms. If the hydrogen bond energy value EKS is less than the threshold
value −0.5 kcal/mol, a hydrogen bond is predicted to exist. This criterion was
utilised in Paper V, as well as in conjunction to several other amide I simulations
involving explicit consideration of hydrogen bonds.289,333,334 Ge and co-workers
proposed a model based on a correlation between the hydrogen bond energy as
defined by Kabsch and Sander and the amide I frequency shifts δωCO1,CO2

i and
δωNH

i .333

δωCO1,CO2
i = ξOEKS (4.9)
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δωNH
i = ξNEKS (4.10)

The correlation coefficients ξO and ξN for O(=C) and H(-N), respectively, were
found by fitting to ab initio data. In a study comparing this relatively simple
method to more advanced electrostatic approaches of calculating the hydrogen bond
correction to the oscillator frequencies (described in section 4.5.4), this model was
found to give comparably good results.334 It is utilised for calculation of the δωH

i

term in Paper V, but with coefficients ξ determined from optimisation to a large
set of experimental spectra.

4.5.2 Solvation

A crucial goal of amide I simulations from an application perspective is to be able
to compare the simulated spectra to experimental data – and most experiments
of biological systems are performed in solvents such as H2O or D2O. An obvi-
ous consequence of solvation is the introduction of additional hydrogen bonding
and thus further redshift of the frequencies for those peptide groups that are ex-
posed to the solvent. The shift from the gas phase frequency of NMA (1707 cm−1)
when fully water solvated is ∼80 cm−1.335 Solvation can also have more com-
plex effects on the equilibrium structure of the molecule, distorting the struc-
tural arrangement and the vibrational mode patterns.221 Hydrogen bonding to
solvent water (as well as other solvents) and its effect on the amide I frequency
of NMA,208,305,314,324–326,330,331,336–348 as well as on oligopeptide and protein spec-
tra223,225,269,349 has been thoroughly studied over the years.

Solvent can in quantum mechanical calculations be modelled on different lev-
els of detail, providing various levels of accuracy and of course at different com-
putational costs. The computationally least expensive model is the inclusion of
bulk solution described by a dielectric constant that surrounds the solute molecule.
Commonly used continuum models of the self-consistent reaction field type are the
Onsager model and the polarized continuum model.200,350 Inclusion of even a sim-
ple solvent model in ab initio geometry optimisation can be very beneficial in terms
of avoiding non-planarities of the peptide group and for finding true minima of
the potential energy surface.229,287 Explicit inclusion of water molecules and thus
explicit hydrogen bonding yields the most exact results. Often only the first hy-
dration shell is included, but studies show that inclusion of additional hydration
layers or continuum solvent further improves the agreement with experiment.331,337
If explicit water molecules are considered, this is preferably combined with molec-
ular dynamics (MD) simulations from which realistic orientations and positions
of the water molecules can be extracted.345 A popular compromise between actu-
ally simulating explicit waters and their fluctuations and calculating the induced
frequency shifts, is to include them using a parameterised electrostatic solvent cor-
rection of the amide I frequency, see further section 4.5.4. This approach requires
less computational effort than application of continuum solvent models.351
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For peptide groups that are already hydrogen bonded in a secondary structure,
the additional redshifting effect caused by solvent hydration will depend on the
specific structure considered. MD simulations of polypeptides with explicit water
molecules show that the average number of hydrogen-bonded water molecules is
less than one for helices and closer to two for extended structure β-sheets.221,352
Interactions between peptide and solvent give rise to frequency fluctuations and
changes in the delocalisation pattern of the vibrations. This causes broadening of
the amide I band and alters the line shape of the spectrum. Depending on solvent
accessibility of different parts of the polypeptide, the amide I frequencies become
inhomogeneously distributed. This has been demonstrated, e.g., in a study where
partial solvation as a mimic of helices in proteins was investigated.223 This study
showed clearly that the difference between the solvated and the unsolvated groups
caused a large broadening of the amide I band and probably would require inclusion
of hydrogen bond dynamics to fully be able to replicate experimental spectra. This
situation is similar to that of helix termini, which are more accessible to solvent
and more flexible than the rest of the polypeptide, causing dispersion of the amide I
band.235

The solvent accessible surface (SAS) of the oxygen of the C=O bond and the
amide hydrogen determines the likelihood of making a hydrogen bond to solvent.353
The SAS of an atom is a simple a geometrical property. Every atom is represented
by a sphere with a radius that is the sum of the corresponding to the Van der
Waal-radius of the particular atom and the radius of a solvent probe sphere of
radius 1.4 Å. The resulting surface can be thought of as defined by the trace of the
center of the probe rolled over the protein surface. The concept of SAS was first
established by Lee and Richards.354 In Paper V, a function correlating the SAS and
the redshift of the amide I frequency δωS

i due to solvation for an amide I oscillator
i, is constructed as

δωS
i = δωO1

i + δωO2
i + δωH

i (4.11)

where the resulting shift δωS
i is the sum of the induced shifts from all three possible

hydrogen bond contacts the peptide group can make. If hydrogen bond contacts
exist between main-chain atoms, these are considered stronger and therefore of
higher priority. A redshift as a result of non-zero SAS is thus only calculated when
there is room for making additional bonds to solvent.

4.5.3 Effect of the local conformation

The local environment has been found to be important in determining the local
amide I frequencies in a heterogeneous polypeptide. The nearest neighbours on both
sides of a peptide unit in the polypeptide chain influence the intrinsic frequency of
that peptide. It has been suggested that this influence can be extracted from ab ini-
tio dipeptide data, just like the nearest neighbour coupling constants.287,288,298,301
Maps for the vibrational frequency shift due to the nearest neighbour peptide group
are extracted from ab initio results using Hessian matrix reconstruction.306 This
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Figure 4.2: Interactions between peptide units in the polypeptide backbone as used
in the building-block model. βi,i+1 refers to coupling between nearest neighbours in
the chain, βi−1,i+1 to long-range couplings. The dihedral angles (φ, ψ) associated
with the respective peptide units are indicated.

yields two maps, one for each terminus of the dipeptide, which are parameterised
with respect to the dihedral angles. These maps are then used to predict the fre-
quency perturbation of an uncoupled peptide, i.e., from the gas phase value of
NMA as induced by the covalently bonded neighbours. This perturbation δωL

i is
one of the terms, which influences the resulting amide I oscillator frequency in
Equation 4.5 together with, e.g., effects from intramolecular hydrogen bonds and
solvation effects.

For application of these maps to longer polypeptides, one needs to consider that
the calculation is performed only for a dipeptide, which is representative of the
N- and C-termini of a longer polypeptide, whereas the majority of peptide groups
in a longer polypeptide are in fact “inner” peptide groups. Tripeptides, such as
the glycine tripeptide, provide a model for transfer to longer chains.287,288,299 The
resulting frequency shift of an inner peptide group due to the shift from the nearest
neighbours in the polypeptide chain can then be calculated as

δωL
i = δωpre(φi, ψi) + δωpost(φi+1, ψi+1) (4.12)

where i is the index of the amide I oscillator and φi/ψi the dihedral angles around
the Cα of the peptide unit where the oscillator is located.288,299 For definitions, see
Figure 4.5.3. Calculation of the oscillator frequency of the middle peptide as the
average of the surrounding peptides was shown to underestimate the frequency.299
For the terminal peptides in a polypeptide chain for which all dihedral angles are not
defined, only the effect of one site is taken into account. Therefore, the development
of additional, separate maps for polypeptide termini would be desirable.355
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Unlike in the case of the coupling constants, the calculation of the uncoupled
frequencies is rather sensitive to the details of the calculation, as shown by Stock
and co-workers.287 Both the level of theory, the basis set and inclusion of solvent
greatly influence the resulting values and thus precaution is needed when comparing
different results. B3LYP with the 6-31G+(d) basis set was found to be a good choice
both in terms of computational cost, accuracy, and because it does not distort the
planarity of the peptide group.279,287,318

This approach of modeling the frequency shift induced by the nearest neighbours
has been incorporated into several simulation protocols.288,356,357 Its transferability
to longer peptides has, however, not been systematically validated. In a comparison
of different popular electrostatic approaches (see section 4.5.4) to calculate the
amide I frequencies, Ge and co-workers355 found that using this type of map yielded
worse agreement with experimental data than using an electrostatic approach for
all atoms. In Paper V, the approach of using these shift maps derived from ab
initio calculations for protein simulations is evaluated. Also, their performance is
compared to that of new maps developed in Paper V to describe the frequency shift
due to the local conformation, found through optimisation to experimental results.

4.5.4 Electrostatic approaches to calculate the amide I shift

Several maps for how to adjust the intrinsic amide I frequencies due to perturba-
tion by solvent using a correction term have been proposed during the past decade.
These “maps”, generally correlate the electric potential or the electric field with
the amide I frequency shift of NMA surrounded by clusters of water molecules as
compared to isolated NMA. It has been found that there is a linear correlation be-
tween the C=O bond length, stretching frequency and electrostatic potential at the
atoms of NMA,305,343,358 providing a link between perturbation of molecular (and
electronic) structure by the electric field of the solvent, and the resulting shift of
the vibrational frequency. The maps correlating these properties are found via pa-
rameterised results from ab initio calculations and MD coordinate trajectories.221
Generally, the parameters do not distinguish between peptide-peptide hydrogen
bonds and peptide-water hydrogen bonds, although they may have different cova-
lent contributions.290

This type of electrostatic solvent correction was first proposed by Cho and co-
workers343,358 and their approach is here described in brevity, approaches to param-
eterise the electrostatic potential by other groups closely follow Cho’s lead and are
very conceptually similar,298,306,334,335,341,345,358,359 sometimes differing only in the
computational details. The shift of the amide I frequency δωi is linearly dependent
on the potential at four peptide bond sites

δωi =

4∑
j

ljφij (4.13)
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where φij is the electrostatic potential at the jth site of the ith peptide unit. The
parameters lj at the respective sites can be found by fitting to ab initio results from
calculations of NMA and clusters of explicit water molecules.306 This formula can
then be used in combination with configurations from MD simulation trajectories
to predict the solvent-induced shift of the amide frequency of a peptide. This
correction model is conceptually generalisable to any solvent and any number of
sites, alternatives include, e.g., parameterisations using six or seven sites instead of
only four.343,345,360 Not only the electrostatic correlation with the shift induced by
NMA-water clusters but also that by NMA-NMA clusters have been constructed.298

Others have instead parameterised the amide I frequency correction with re-
spect to the electric field, and in some cases also gradients thereof, rather than the
electrostatic potential.175,314,344,356,360,361 A conceptually interesting approach has
been presented by Skinner and co-workers, where they determine the parameter
values of an electric field parameterisation of the amide I frequency with respect
to experimental values rather than ab initio results.356,357 This approach aims to
provide the best possible fit to experiment and also avoid issues arising from com-
putational details of the ab initio calculations. Other ambitious efforts include
maps that provide electrostatic corrections also for amide modes I-III as well as the
amide A mode.344,361 Analogous studies of the solvation induced shift of the water
OH-stretching frequency have also been performed.362

Different approaches of calculating the local amide I frequencies of peptides and
proteins based on electrostatic calculations have been compared.267,288,334,355,363
The different approaches are generally found to yield reasonable agreement with
experimental data or ab initio data, although clearly resulting in different simulated
spectra depending on choice of model. There are several questions related to the
transferability of the electrostatic maps, involving both the conceptual question of
transfer from NMA to longer polypeptides as well as transferability between differ-
ent solvents than what was used in the parameterisation. Transferability to longer
peptide chains has been demonstrated by several authors.221,245,345,361,364 How-
ever, when considering the performance of these maps to simulate the frequency
correction for real proteins, they have been found less successful in replicating ex-
perimental spectra.268,365 Transferability to other solvents has been demonstrated
for two of the aforementioned maps.314,341,358 The maps have been critisised for
only considering effects induced by the first hydration shell, which has been shown
not to provide the full picture (section 4.5.2). Also, errors might arise when us-
ing geometry optimised positions of the explicit waters for determining the fitting
parameters for the map,343,358 rather than positions more representative for the
liquid such as those determined from MD simulations.345,360 An important point
is made by La Cour Jansen and Knoester,314 who stated that if the solvent-solute
interactions actually were purely electrostatic, then all electrostatic maps should
be solvent-transferable. A principal question, that remains unanswered is that con-
cerning which is the more transferable parameterisation, that of the electric field
or the potential.334,360

This lengthy discussion of electrostatic corrections of the amide I frequency is
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motivated by the fact that the approach is de-facto standard in recent amide I
simulations, both for treating effects from the peptide environment and from sol-
vent. The approach has been evaluated for use in the present work, although not
combined with MD simulations. These efforts have resulted in very dispersed spec-
tra for the investigated proteins, very similar to those of Watson.365 Instead, the
hydrogen bond model of Ge and co-workers333 is utilised in the optimisation and
simulations in Paper V.

4.6 From structure to spectrum

The preceding sections have been focused on one out of the three main observables
of 1D IR spectra, the frequency of a coupled oscillator, whereas the two remaining
parameters that shape the spectra have hitherto not been considered, the intensity
and the line width associated with each mode. The intensity is proportional to
the transition dipole strength and can be analytically determined for ideal struc-
tures.3,189 For proteins, however, the intensity can be found from the eigenvectors
of the diagonalised Hamiltonian262,292

Ik =

3∑
i=1

(
∂µi
∂Qk

)2

=

3∑
i=1

∣∣∣∣∣∣
N∑
j=1

(
∂µi
∂qj

)(
∂qj
∂Qk

)∣∣∣∣∣∣
2

(4.14)

Ik is the IR intensity of mode k. ∂qj/∂Qk is the vibrational amplitude of a local
amide I oscillator of group j to collective mode k, ∂µi/∂qj is the ith component of
the transition dipole for peptide group j and N is the number of peptide groups in
the polypeptide. The validity of this equation in terms of producing correct relative
intensities of bands has been investigated.365 This expression is used for calculation
of the mode intensities in Papers IV and V. The expression for the intensity de-
pends on the magnitudes of the transition dipoles as well as their orientation. The
magnitudes of transition dipole moments have been found to be weakly dependent
on the dihedral angles301 and whether the peptide group is solvated or not.314

The band shape associated with a single mode can be approximated as a Gaus-
sian or Lorentzian function. For simulation of protein spectra in solvent, the use
of Gaussian functions is a more appropriate choice in order to find agreement with
experiment.206,292,366 A simple approach for building up the amide I spectral shape
is to assign each amide I mode a function with an intensity derived from the tran-
sition dipole moments and an appropriate band width (typically ∼10 cm−1)4,341
and subsequently calculate the resulting amide I band by superposition of all com-
ponent bands. In Paper IV, the band shape is simulated through use of a static
width of the Gaussian, whereas in Paper V attempts were made to use the band
width as one of the optimised parameters. The effects of dynamics on the band
shape is further discussed in the next section.
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4.7 Vibrational dynamics

Biological systems are inherently dynamic and the structural fluctuations may both
promote large-scale conformational changes as well as be of importance for protein
selectivity and activity.367 The dynamics of proteins take place on a wide range of
time scales. Side-chain and hydrogen bonds fluctuate in a range of 10−13–10−11 s,
whereas nucleation and folding of secondary structures (10−9–10−6 s), as well as
folding and aggregation (> 10−3 s) occur on slower time scales.273 Also, in a system
not undergoing a conformational change per se, the vibrational modes fluctuate
with time as a result of thermal fluctuations and fluctuations due to peptide-solvent
interactions. These fluctuations modulate both the couplings between peptide units
as well as the intrinsic frequencies, resulting in band profiles with different width.
In 1D IR experiments only the resulting averaged effect will be observable, whereas
using 2D IR, different aspects of the dynamics can be investigated.5,368

For the purpose of amide I simulations, dynamics of a system can be taken
into account by combining MD simulations with a dynamic, fluctuating exciton
Hamiltonian, which explicitly depends on the instant geometries taken from the
MD trajectory. The resulting quality of this type of calculation will depend on
the accuracy of the force field for the considered system. Superior alternatives to
classical force fields include, e.g., Car-Parinello type MD, which is highly suitable for
including effects of the solvent as well as polarisation effects in the system.350,369,370

Conformational fluctuations and irregularity lead to diagonal disorder in the
Hamiltonian matrix.248,267 A simple method for simulating conformational disor-
der, i.e., inhomogeneous broadening, is to create diagonal disorder in the Hamil-
tonian by randomly perturbing the frequencies according to a Gaussian distribu-
tion and subsequently calculating the average of the resulting spectra for many
such Hamiltonians.263,289,297,311 A limitation of this type of approach is, however,
that the introduced disorder is not correlated with the structural changes. Also
off-diagonal disorder, a variation of the coupling elements, results from conforma-
tional fluctuations.248,297 The diagonal fluctuations are significantly more impor-
tant than the coupling fluctuations for the resulting spectrum.267 Diagonal disorder
affects how well coupling mixes two modes and thereby the extent of delocalisation,
whereas off-diagonal disorder only randomises the coupling.5

4.8 Neglected effects and potential sources of error

As has been explained in the foregoing sections, the simulation of protein amide I
IR spectra requires a number of assumptions and approximations. A first, impor-
tant simplification is to reduce the complexity of the problem to only comprise
the subspace of the amide I oscillators, rather than considering all atoms of the
polypeptide. Furthermore, the harmonic approximation is invoked and thereby the
separability of the amide I mode from other modes. In this section, other non-
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prominent effects and dependencies, which have been neglected or highly simplified
in the amide I simulations, are briefly commented upon.

By reducing the polypeptide to its backbone units, all absorption originating
from side-chain atoms is neglected. The coupling to side-chains with carbonyl
groups has been considered negligible, as their frequency is generally somewhat
higher or lower than that of a typical amide I frequency depending on their proto-
nation state.4 The carboxylate side-chains of Asp and Glu have, however, recently
been found to couple with the amide I mode.371 In another study, the amide-group
of Asn, the NH2 bending in Arg, as well as the OH bending in Ser, were shown
to couple to the amide I mode.320 Also, the amide I region contains absorption
from the Asn and Gln side-chains,3 which has recently been taken into account in
amide I simulations.357

No effects that are caused by the polarisable properties of the protein medium in
which the peptide groups are immersed, have been explicitly modelled. For distant
peptide groups, the effect of the intervening matter and the resulting polarisation
should probably be considered.305 Also, Torii suggests that there is a cooperative
effect, originating in the enhancement of electric field by the other peptide groups,
on the amide I oscillator frequency. This effect manifests in the way that frequencies
for longer polypeptides are different than for shorter ones.305,332 Dispersion forces
arising from aromatic rings and sulfur atoms can probably be safely neglected as
they are not found close to amide groups and the force is of short-range character.314
Internal electrostatic field effects that modulate the amide I frequency are also
expected to be induced by polar side-chains,320,372 as well as from ions.

Also the validity of the building block model, i.e., the transferable character of
the small peptide ab initio data needs to be commented upon. The peptide ab initio
data that has been used for constructing and also validating the approximate mod-
els, such as Equation 4.13 for the frequency shift induced by a hydrogen bond to
the peptide group, are generally short, homogeneous peptides. Few attempts have
been made to simulate spectra of real proteins with a complex 3D structure, vari-
ous secondary structure content and relevant heterogeneity.267,268 When simulating
the spectrum of the 76 residue protein ubiquitin, Cho and co-workers themselves
concluded that the agreement between the simulated and the experimental spec-
trum was less than satisfactory, and attributed this to the extent of heterogeneity
between amide oscillators due to the variations in the local environment.268

Last but not least, no effects related to dynamics of the system have been consid-
ered as a part of the work presented in this thesis (Papers IV and V). Only the static
picture provided by the PDB structures has been used as input to the simulations.
This is of course an enormous simplification, as dynamics has several observable
effects on the system and the resulting IR band shape as discussed in the previous
section. A related comment is that as all structural data utilised for simulations
are determined from X-ray crystallographic experiments, errors inherent to these
data have been propagated into the simulation results. Distortions as compared to
a native solution structure, such as different artifacts of the crystallisation, have
not been possible to estimate or incorporate.
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Computational Tools

This chapter provides brief descriptions of computational tools utilised in the work
presented in this thesis. Dowser and Multi-conformation continuum electrostatics
(MCCE) are used in Paper III for finding internal water molecules and possible
side-chain conformations for the Ca2+-ATPase, respectively, in order to determine
a proton pathway through the protein. HBPLUS and DSSP are used in Paper V
as complementary tools to produce input files to the in-house developed MATLAB
(The Mathworks, Inc.) code for amide I simulations.

5.1 Placement of internal water molecules using Dowser

Essentially all large proteins contain cavities that can accommodate one or more
water molecules. Whether these cavities are hydrated and to what extent, can be
predicted given that structural characteristics of the cavity such as shape, volume,
surface area and polarity are known.373,374 For a water molecule to be stabilised
inside the cavity, the free energy of transfer from liquid water to the cavity must be
negative for the water molecules. The minimum energy positions of water molecules
in protein cavities can be calculated for a given PDB structure. In Paper III, the
Dowser software developed by J. Hermans and co-workers,375,376 was utilised for
finding internal water molecules that may participate in proton transfer in the
Ca2+-ATPase. Dowser has previously been used for investigations of, e.g., oxygen
and proton pathways in cytochrome c oxidase,377 proton pathways and H+/Cl−
stoichiometry in bacterial chloride,378 and more recently in simulations of amy-
loidogenic intermediates of transthyretin.379

Dowser places water molecules by searching for hydrophilic cavities, where hy-
drophilicity is defined as interaction energy between a water molecule in the cavity
and the surrounding protein. A cavity is filled with water if the interaction energy
is less than −10 kcal/mol, otherwise it is left empty.376 The default procedure used
by Dowser for finding internal water molecules is described in brevity. Dowser ac-
cepts input in form of PDB files, to which it adds hydrogen atoms and computes
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Lennard-Jones parameters and atomic charges.380 First, a smoothed molecular sur-
face is generated by what can be thought of as rolling a probe sphere over the surface
spanned by van der Waals-radii spheres representing the protein atoms. Thereafter,
this surface is reduced to only consist of the portions not accessible from the out-
side, i.e., buried surface, and the potential internal waters are added with the option
of also adding the original crystallographic waters. Subsequently, the position and
orientation of the water molecules are refined by translation and rotation in order
to obtain the lowest energy configurations with respect to the protein. Next, pairs
of overlapping waters (< 2.3 Å apart) are handled by removing the water molecule
with the highest energy. The remaining set of waters is further optimised with
respect to position and orientation in the environment of the protein and to all
other waters. Finally, any remaining overlaps are eliminated, only waters with a
maximum energy of −10 kcal/mol are retained and any waters translated in the
optimisation process to the exterior of the protein are removed.

5.2 Multi-conformation continuum electrostatics

Function and stability of proteins is highly dependent on electrostatic interactions
in the protein. These interactions participate in controlling many electrogenic bio-
logical events such as proton transfer, ion transport through a channel or binding of
a charged ligand. Changes in charge distribution occur as charged residues change
ionisation state due to conformational changes or due to change of external factors
such as solvent pH. How different parts of the structure respond to these changes
is a complex function of position, intervening matter, as well as structural flexibil-
ity.381,382 The ionisation state of a residue can be characterised by its pKa value,
related to the equilibrium constant for the dissociation of protons, which reveals at
which pH the residue will protonate/deprotonate.

Protein electrostatics can be analysed using the Poisson-Boltzmann equation of
continuum electrostatics, which can be utilised to determine the electrostatic po-
tential given a non-uniform distribution of dielectric material, as well as presence
of solvent, and additional mobile ions. This is used in the MCCE383,384 software,
which is a hybrid method combining continuum electrostatics and molecular me-
chanics. MCCE calculates the equilibrium distribution of residue ionisation and
side-chain conformation as a function of pH. It uses explicit conformers for polar
and ionisable side-chains, buried water molecules and cofactors. These conform-
ers are systematically constructed from rotamer libraries and differ in their pro-
tonation/oxidation state, their conformation and/or polar hydrogen position. An
important advantage of the MCCE approach is the ability to incorporate some re-
organisation of the protein in response to charge distribution changes, rather than
just averaging them in the dielectric constant. Thus, when a residue is subject to a
change in charge distribution, the surrounding dipoles are allowed to change orien-
tation, which leads to a more accurately calculated pKa value. This is an extension
of traditional continuum electrostatics methods, where protein microstates differ
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only in residue ionisation, and where other protein and solvent responses to charge
distribution changes are implicitly accounted for in the dielectric constant.

A protein microstate is determined by specified conformers for all residues, co-
factors and buried water molecules in the protein. Monte Carlo sampling yields
the occupancy probability of each conformer according to a Boltzmann distribu-
tion. The free energy of the conformers is calculated considering their reaction field
energies, torsion energies, pairwise electrostatic energies, and Lennard-Jones in-
teractions with fixed groups and other conformers. The protein dielectric constant
absorbs the parts of the protein electrostatic response that are not explicitly treated,
i.e., bond stretching, bond twist and charge-induced polarisation. The end result
is the set of pKa values calculated from conformer occupancy probabilities for each
residue as a function of pH. MCCE was used in Paper III to investigate side-chain
conformer occupancy for side-chains possibly involved in proton countertransport
in the Ca2+-ATPase.

5.3 Hydrogen bond determination using HBPLUS

As hydrogens are not explicitly detectable by X-ray crystallography, their posi-
tions need to be inferred from criteria for the geometry of the surrounding atoms
as well as properties of the donor/acceptor atoms. In Paper V, the HBPLUS
software385,386 was utilised for determining hydrogen positions as well as hydrogen
bond contacts. HBPLUS generates a PDB file with positions of polar hydrogens.387
Hydrogens are added depending on how many heavy atoms are covalently bonded
to the donor atom and depending on hybridisation geometry. Existence of hydro-
gen bonds is determined using the criteria established by Baker and Hubbard in
their benchmarking study of protein hydrogen bonds.322 These distance criteria are
a maximum distance between donor and acceptor of 3.9 Å and a donor-hydrogen
distance of 2.5 Å. The minimum angle between donor, hydrogen and acceptor is
90◦. Software for the determination of hydrogen positions and their performance
has been evaluated by Forrest et al.388

5.4 Secondary structure determination using DSSP

Protein secondary structure is an important level of protein structural hierarchy,
defined by hydrogen bond patterns between residues and characteristic backbone
conformations as defined by the dihedral angles. The objective assignment of sec-
ondary structure requires an automatised procedure applicable to all polypeptides
and proteins, preferably using only the structural coordinates.

The DSSP (Define Secondary Structure of Proteins) algorithm published by
Kabsch and Sander21,389 has become the standard tool for secondary structure
determination, against which all other algorithms are compared. The DSSP al-
gorithm utilises the hydrogen bond patterns as first defined by Pauling390 as the
sole criterion for secondary structure assignment. A hydrogen bond is predicted to
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exist if the electrostatic interaction energy between two hydrogen bonded groups
as calculated using Equation 4.8 is less than a threshold value of −0.5 kcal/mol.
Depending on the pattern of identified hydrogen bond contacts, each residue is then
classified as belonging to one out of eight classes of secondary structure.

Other algorithms are available that utilise different or additional criteria, e.g.,
STRIDE,391 which uses also the dihedral angles of the residue as criterion. The dif-
ferent methods produce very similar results, discrepancies generally concern details
such as helix length or assignment of residues in the helix termini.391,392 The DSSP
algorithm has been incorporated in many modern software packages such as GRO-
MACS.393 Secondary structure classification using DSSP is utilised in Paper V,
where the amide I frequency dependence on what type of secondary structure the
peptide unit is a part of, is used for simulations.



Chapter 6

Results and Discussion

This chapter provides an introduction to the papers included in Part II of this
thesis. For each paper, the main aims and methods are briefly summarised and the
principal results in the papers are highlighted. Also, recent findings related to the
papers are included when appropriate.

6.1 Paper I – Helper enzymes in infrared experiments

In Paper I, a method for nucleotide removal and generation in IR spectroscopic
experiments was established and applied to investigation of partial reactions of
the Ca2+-ATPase, using adenylate kinase (ADK) and potato apyrase as helper
enzymes. ADK can regenerate ATP from ADP (2ADP ⇀↽ ATP + AMP) and thus
remove ADP generated by Ca2+-ATPase during ATP hydrolysis. Potato apyrase
also removes ADP, it cleaves off inorganic phosphate (Pi) from ATP and ADP
in the presence of divalent cations (ATP → ADP + Pi → AMP + 2 Pi). The
IR difference spectra of the helper enzyme reactions and their kinetics using flash
photolysis of caged nucleotides, in the absence and in the presence of Ca2+-ATPase,
were characterised.

The two helper enzymes have somewhat different applications and advantages,
and the choice of enzyme depends on the particular experiment. By regenerat-
ing ATP with ADK, it is possible to make repeated measurements with the same
sample. This is particularly valuable in IR spectroscopy, where sample prepara-
tion and equilibration is very tedious and time consuming and change of sample
medium is not possible. Also, repeated measurements using a single sample greatly
improves the signal-to-noise ratio resulting from averaging of several experiments,
because differences between samples are avoided. ATP regeneration by ADK also
prolongs the experiment by 50%, which allows for longer observation times or the
release of less caged ATP, thereby reducing signals from flash photolysis. Apyrase
does not regenerate ATP, but instead consumes it while producing AMP and in-
organic phosphate. There is thus competition between Ca2+-ATPase and apyrase
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for the ATP released in flash photolysis, leaving less ATP available for the Ca2+-
ATPase, and thus shortening the duration of the experiment. To counteract this,
more caged ATP needs to be released, which in turn increases photolysis signals.
If, however, it is of interest to accumulate the E2P state of the Ca2+-ATPase, it is
preferable to choose apyrase over ADK as helper enzyme because of the resulting
high concentration of Pi which is known to stabilise the E2P state.

The use of helper enzymes has important applications and advantages in terms
of studying the partial reactions of the Ca2+-ATPase or other phosphoenzymes of
interest. The potential of this approach was demonstrated by the use of apyrase
in combination with Ca2+-ATPase. ADP removal by apyrase allowed observation
of ADP dissociation from the Ca2E1P state. This revealed that when ADP dis-
sociates from the Ca2+-ATPase, a conformational change takes place which is the
opposite of that of ADP binding to Ca2E1, but of smaller magnitude.74 This im-
plies that ADP plays an important role in stabilising the closed conformation of
Ca2E1, whereas ADP dissociation promotes relaxation to the open conformation
(see section 2.2.1). Also, no signs of conversion to the E2P state were observed,
leading to the conclusion that ADP dissociation does not trigger this transition.

The concept of using helper enzymes to facilitate experimentation and enable
study of partial reactions is general and can be applied to other nucleotide depen-
dent proteins using these or other enzymes as facilitators, e.g., pyruvate kinase for
regeneration of ATP or thymidylate kinase for regeneration of TTP. Also, helper
enzymes enhance the usability of caged compounds by generating nucleotides of
interest if the desired caged compound is not available or binds to the protein de-
spite its cage. In addition, the ADK and apyrase activity spectra add to the list of
enzyme activity measurements using IR spectroscopy. Enzyme activity measure-
ments is yet another IR application with high practical and commercial potential,
as it allows direct observation of substrates and products, instead of developing
an activity assay.164 The method of using helper enzymes is further extended in
Paper II, where ADK is utilised to perform an isotope exchange, which enables a
selective study of the vibrations of the catalytically important phosphate group of
the Ca2+-ATPase.

6.2 Paper II – Helper enzyme mediated isotope exchange

Paper II concerns the development a novel method of achieving in-sample isotope
exchange at the phosphate oxygens of a phosphoenzyme by using the helper en-
zyme ADK discussed in Paper I. This approach allowed measurement of an IR
difference spectrum where monitoring of a very small group, contributing to only 3
out of a total of 50000 protein vibrations, was possible. Phosphorylation controls
the catalytic activity of the Ca2+-ATPase, providing energy for the pumping of
Ca2+ across the SR membrane. To further the understanding of the differences
between the ADP-sensitive Ca2E1P state and the water-reactive E2P state, the
phosphate bond properties of the respective states need to be determined. Three
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P-O stretching vibrations of E2P have already been determined in an isotope ex-
change experiment, where the Ca2+-ATPase catalyses exchange of the phosphate
oxygens with water oxygens in solvent water.71,79 However, as the Ca2E1P interme-
diate is not reactive with water, a different approach for finding the P-O vibrations
of this state was needed.

This called for the development of an alternative method to perform isotope
exchange within a sealed sample. It was here demonstrated that isotope exchange
at the phosphate oxygens can be mediated by ADK. ADK catalyses the transfer of
γ-phosphate from one ADP molecule to a second ADP molecule, producing ATP
and AMP. This property of ADK was utilised to, in a sequential manner, obtain
different isotopic labellings of the transiently bound phosphate group of the Ca2+-
ATPase, as illustrated in Figure 2 of Paper II. Proof of concept was presented for
the E2P state, for which the bands were already known and could thus be used for
validating the method. The exchange process was monitored through observation
of the E2P phosphate frequencies 1194 cm−1, 1137 cm−1 and 1115 cm−1, assigned
under conditions where E2P accumulated. The prominent band 1194 cm−1 of
unlabelled phosphate was chosen as marker band of isotope exchange. This band
shifts to 1157 cm−1 upon labelling of all terminal phosphates.71,79

The isotope exchange of the Ca2+-ATPase phosphate oxygens by ADK was ob-
servable in the difference spectra by following the fate of the 1194 cm−1 marker
band. The 1194 cm−1 band gradually appeared as the labelled oxygens were ex-
changed for unlabelled ones. During this time, other bands characteristic of the
conformation of the E2P state remained constant. The 1194 cm−1 band reached
its maximum value after ∼140 s and then decayed simultaneously with the other
protein bands when the Ca2+-ATPase returned to its initial state. Control experi-
ments, one without any ADK to mediate the exchange, and one with only unlabelled
ATP released, indicated that the absorbance changes of the 1194 cm−1 band were
indeed associated with isotope exchange, and that this exchange was mediated by
ADK.

The presented method of using helper enzymes as mediators of isotope exchange
is a general method which allows the selective observation of very small changes
in large proteins by avoiding the need of comparing spectra from different sam-
ples. The method can be applied to other phosphoenzymes using ADK or, e.g.,
creatine kinase or other helper enzymes. A study of the phosphate frequencies of
Ca2E1P using the approach described here is currently under way (N. Eremina et
al., unpublished work).

6.3 Paper III – Proton pathways in the Ca2+-ATPase

In Paper III, possible proton transport pathways of the Ca2+-ATPase were investi-
gated. Proton countertransport of 2–3 protons is known to take place upon Ca2+
translocation. The Ca2+ ions and the protons compete for the same binding sites,
and the protons supposedly stabilise the Ca2+-ATPase by neutralizing the negative
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charge of empty Ca2+ binding residues.9,37 Despite the fact that almost all struc-
tural intermediates of the Ca2+-ATPase have now been crystallised and published,
the details regarding the proton transport pathways are still unclear. Protons are
too small to be identified and pinpointed with high certainty using X-ray analysis.
Here, a proton pathway from the SR lumen to the cytosol, separate from the Ca2+
exit path, was proposed.

Possible proton pathways were investigated by inspection of the E2/E2P and
Ca2E1/Ca2E1P structures available before 2007. The structures were assigned
internal water molecules using the Dowser program package.376 Structures of anal-
ogous states were superimposed and considered to represent an ensemble reflecting
possible conformations under physiological conditions. Flexibility and pKa val-
ues of relevant side-chains for proton transport were calculated using the MMCE
software,383 as described in detail in another publication.96

Protons are expected to be transported according to the Grotthuss mechanism
or via protonable side-chains. For the Ca2+ free states, inspection and sterical
analysis revealed two chains of water molecules with water O-O distances up to
5.6 Å between transmembrane helices M1, M2 and M4–M8, which constitute possi-
ble proton or Ca2+ paths (illustrated in Figure 2 of the paper). The chain marked
with blue arrows is the proposed proton path from the lumenal side to Ca2+ bind-
ing site I. The proton path consists of a sponge of water molecules (a–d) lining
the lumenal access channel, which leads to the proton path consisting of waters I–
IV, sequentially enumerated. The proposed passage consists of protonable residues
characteristic of proton pathways in addition to the waters. Water IV is part of a
central water crevice, which contains the Ca2+ binding residues interconnected via
a ring of water molecules, with the hydroxyl group of Ser-767 pointing towards the
center of the ring. This structural arrangement enables rapid distribution of the in-
coming protons among the Ca2+ ligands.9 Four water molecules were placed closed
to Glu-309, which could, when oriented towards the Ca2+ ligands,96 participate
in proton transfer in cooperation with Asn-796. By inspection of the Ca2E1 and
Ca2E1P structures with added water molecules, the proton exit pathway was pro-
posed to be located at the same location as a putative Ca2+ entry path,44 serving
additionally or alternatively as a proton path.

In the E2P analogue structures available at the time of publishing of Paper III,
no obvious Ca2+ exit pathway had been found. However, as several new E2P
structures emerged, a clear Ca2+ exit route toward the lumen was discovered.52 It
opens up during the conformational change to the E2P state, when M1–M2 and
M3–M4 are pulled and rotated away from M5–M10 to expose the Ca2+ ligands.
This exit path is a combination of two paths previously suggested by us96 and
others.47

A conceptual scheme of Ca2+ release and proton countertransport, where the
proton entry pathway is different from the Ca2+ exit pathway was also outlined in
Paper III. This transport design has the advantage of allowing protonation of the
Ca2+ ligands as soon as Ca2+ leaves the binding sites, thus minimising the desta-
bilising effect of the negative charges.85 A model for this is presented in Figure 3 of
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Paper III. The proposed mechanism is suggested to be advantageous also for other
types of P-type ATPases, including those which do not normally transport protons
such as the Na+/K+-ATPase. Recently, a similar mechanism as the one proposed
here was found for the Na+/K+-ATPase, where they found that one of the ion
binding sites was transiently charge stabilised by a proton that enters through a
pathway separate from that for ion transfer.94

6.4 Paper IV – Amide I simulations of stacked β-sheets

The amide I IR absorption of stacked β-sheets was simulated in Paper IV. β-sheets,
and particularly the cross-β motif, which is a stack of two sheets, is of great biolog-
ical interest for the amyloid-disease research community. Cross-β motifs constitute
the spine of amyloid fibrils, the insoluble aggregates that result from amyloid-
related diseases such as, e.g., Alzheimer’s and Parkinson’s.120 Understanding of
the aggregation and fibril formation process is crucial to be able to design ther-
apeutic intervention. IR spectroscopy is particularly well suited for the study of
amyloids due to its versatility in terms of sample state, sensitivity to β-structure
and because it allows time-resolved studies of the aggregation process.

In Paper IV, the dependence on amide I absorption on the specifics of the
β-sheet quaternary structure was investigated to provide theoretical support for
spectral assignments. As β-sheets appear in a diversity of configurations when it
comes to size, twist etc., a set of sheet structures was selected and extracted from
real protein PDB structures to encompass naturally occurring variations. Based
on these sheet-structures, assemblies of two or more stacked sheets were generated
to model different variations and combinations of cross-β structures. The amide I
region of IR spectra was simulated using the TDC model (see section 4.4.1), which
builds on the coupling between transition dipole moments of the peptide groups.
Three commonly utilised parameter sets for TDC were compared and found to yield
similar trends for all simulations, differing only in the magnitude of the simulated
effects.

For stacks of two sheets, the position of the amide I maximum and the spectral
features were evaluated as a function of the inter-sheet distance and the relative
orientations of the sheets. Upon decreasing the intersheet distance from 20 Å (cor-
responding to uncoupled sheets) to the smallest relevant distance, 5 Å, the amide I
maximum shifted ∼5 cm−1 to higher wavenumbers due to increased coupling, an
effect that should be observable in experimental spectra. Also the effect of rela-
tive orientations of the sheets at a fixed distance (9 Å) was investigated. When
rotating one of the two sheets around the sheet normal, maximum coupling lead to
a shift of ∼3 cm−1. A 0–30◦ tilt from the sheet normal produced a shift of only
∼1 cm−1. Furthermore, the stacking of four to eight sheets was found to yield the
largest observable effect, a shift of about 6 cm−1 to lower wavenumbers when four
sheets were stacked, and a shift of 9 cm−1 when stacking eight sheets. Stacking of
more than eight sheets did not shift the amide I maximum further. All observed
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trends were found to be the same for all the sheets in the test set, thus allowing
the conclusion that these effects are in fact general and common for all β-sheets.

To study the transferability of the model results to real systems, the spectrum of
the Aβ1−40, a well-studied peptide associated with Alzheimer’s disease, was simu-
lated. The protofilament of the full length Aβ-peptide has been proposed to consist
of one or two stacked cross-β motifs.135 Results were in reasonable agreement with
the model calculations, discrepancies can mainly be attributed to non-constant dis-
tances between sheets and edge-effects. Also, it was concluded that exclusion of
turn-residues connecting the sheets only marginally affected the results.

Simulation of the amide I absorption from association of multiple β-sheets using
IR and VCD spectroscopy has recently drawn the attention also of other research
groups.156–158 The results presented here, however, provide a more thorough anal-
yses of the dependence of amide I absorption on the quaternary structure of sheet
stacks. A secondary purpose of this study was to create awareness of the fact that
the traditional secondary structure analyses, based on rule-of-thumb correlations
between structure type and spectral position, are not always very straight-forward
or accurate due to the multiple effects that influences band positions. Not only
heterogeneity within a secondary structure segment, but also interactions between
structural segments are important for the band assignment, i.e., effects originating
from the tertiary and quaternary structure.

6.5 Paper V – Simulation of amide I band of proteins

In Paper V, a new simulation protocol for the prediction of the IR amide I band of
proteins was developed. This method is in line with the recently developed building
block models for amide I simulations200,221,287,298 and incorporates known effects
on the intrinsic frequencies and couplings of amide I oscillators in a parameterised
manner. A key difference is, however, that here the parameters of the physics
models, which describe the different effects, are found by optimisation of a large
set of simulated spectra to experimental spectra of proteins. Due to the direct
connection with experimental data, these parameters should be better suited to
describe protein spectra, as compared to paramterisations based on small molecule
ab initio data. To simplify the calculations, only the amide I subspace, consisting
of N amide I oscillators, where N is the number of peptides in the protein was
considered within the framework of the exciton model. This method was developed
as full quantum mechanical computations are not yet feasible for large proteins.

The simulations were based on the PDB structures of the proteins, and it was
assumed that the total influence of all known effects that shift the local oscillator
frequencies away from the gas phase value of NMA, can be determined from the
structure. The basic assumption of the building block models was made, i.e., that
the polypeptide chain can be considered assembled of repeating peptide units with
properties transferable from those of NMA. The sum of these effects on the intrinsic
frequencies, should then together with appropriately described couplings between



6.5. Paper V – Simulation of amide I band of proteins 65

peptide units result in agreement with the experimental spectrum once the coupled
normal modes were calculated. The optimization procedure was based on mini-
mization of the least squares deviation between the experimental and simulated
spectra. This is a highly complicated optimization problem due to several hundred
parameters being involved, and to guide the optimizer in this complex parameter
space, the parameters had to be bounded within ranges which could be considered
realistic.

The test set selected for optimization and simulation, the Rationally Selected
Protein set by Goormaghtigh and co-workers,15 was originally developed to encom-
pass maximum variation of protein structure in terms of different folds, secondary
structure content etc. It was therefore highly suitable for the purpose of this project,
as the attempt was to find general parameters capable of predicting any protein
spectra. Also, this is one the few sets available in literature where many protein
IR spectra have been measured under the same experimental conditions. The set
was subdivided into an optimization set consisting of 30 proteins used for finding
the optimal parameters and a simulation set with 14 proteins used to assess the
predictive quality of the found parameters.

The effect of interpeptide hydrogen bonding was modelled using linear corre-
lations between the Kabsch-Sander energy of a hydrogen bond and the resulting
frequency shift of an oscillator.333 The correlation coefficients were determined
through the optimization procedure and found to be ξO = 3.0 cm−1/kcal and
ξH = 0.83 cm−1/kcal, for the carbonyl oxygen and amide hydrogen, respectively.
85% of the oscillators were found to be affected by interpeptide hydrogen bonds.
For these, the average shift was about −24 cm−1. Solvation was treated using a
new model based on an optimized proportionality between solvent accessible surface
of the atoms capable to form hydrogen bonds and the shift of intrinsic frequency
of an oscillator. The shifts were described using different linear functions for the
different hydrogen bonds to solvent. 61% of all oscillators were classified as sol-
vated with an average shift of about −21 cm−1. To describe the effect of the local
conformation on the intrinsic frequencies, maps describing the shift of the intrinsic
frequencies as a function of the dihedral angle pairs before and after the oscillator
were found through optimization. The resulting maps are shown in Figure 4 of the
manuscript. Interpeptide couplings were described using published ab initio maps
without any modification for the nearest-neighbour coupling, and using TDC for
long-range interactions. Different optimized TDC parameter sets were found for
α-helices, β-sheets and other secondary structures.

For the 30 optimised proteins, the resulting spectra yielded in most cases very
good agreement with experiment and in some cases the agreement was excellent.
For proteins with > 40% α-helical content, the central peak was reproduced in
all cases whereas for β-rich proteins the overall impression was slightly less visually
satisfying than for proteins with high α-helical content. The optimized spectra were
generally much better than spectra calculated using a model,262 which assumes the
same intrinsic frequency for all oscillators, and only considers the effect of TDC on
the amide I band.
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The 14 spectra predicted using the optimized parameters, did not yield as good
agreement with the experimental spectra as the optimized ones, as concluded both
from visual inspection as well as from the objective values, which were about twice
as high as those for the optimized spectra. The predicted spectra were still in most
cases a relevant improvement over those calculated using only TDC. The relative
intensities of spectral features were much better reproduced, and the intensity was
much better contained within the wave number range of the experimental spectra.
This is clearly demonstrated in Figure 3 of the manuscript, which shows the devia-
tion from experiment for the position of the amide I band maximum and FWHM.
In both cases, the spread of the distributions was much larger for the TDC based
spectra, than for the optimized or predicted spectra.

Future improvements should foremost be focused on improved physics models
for the parameters, as those used in the simulations were highly approximate and
only provide values which show a realistic trend. Also the reduction of the number
of optimised parameters is of high priority. This is particularly true for the local
conformation map, for which a low dimensional parameterization would be highly
beneficial in terms of reducing the computational demands and the complexity
of the optimization. This would possibly reduce the computational requirements
enough to allow inclusion of a simple model for dynamics, which has high potential
for improving the agreement to experiment.



Chapter 7

Conclusions and Outlook

All work presented in this thesis has striven towards improving our capability to
study biological systems, proteins in particular, using IR spectroscopy. The sci-
entific contributions in this thesis can be divided into three main areas, the de-
velopment of improved experimental methods to selectively observe vibrations in
IR spectra, investigation of the reactions and mechanism of the Ca2+-ATPase of
muscle cells, and the development and use of improved theoretical methods for
simulation of the amide I absorption of proteins. The central theme in this work
is the investigation of the interconnection between structure and function, as well
as structure and IR spectrum, and how knowledge on either of them can aid in
elucidating the mechanism of a protein.

The methods developed in Papers I and II tie into one of today’s great challenges,
the characterisation of protein mechanisms. The two papers describe ways to fur-
ther improve on the capabilities of IR spectroscopy by using helper enzymes to alter
the nucleotide composition of IR samples designed to observe the Ca2+-ATPase.
This is a general method applicable to most nucleotide dependent proteins, which
enables selective observation of specific groups and partial reactions of interest. A
series of consecutive reactions can be induced, which can then be monitored dur-
ing the time course of the experiment. The presented approach also facilitates IR
spectroscopic experimentation by enabling several measurements per sample and
prolonged measurement time. The methods described in Papers I and II were ap-
plied to elucidate partial reactions of the Ca2+-ATPase. Findings included that the
conformational change associated with ADP dissociation from the phosphorylated
enzyme resembles the reverse of that brought about by ADP binding and that it
does not induce a transition to the ADP-insensitive state of the phosphoenzyme.
The isotope exchange method is generally applicable to nucleotide dependent phos-
phoenzymes and is currently used in our laboratory to find the Ca2E1P frequencies.

Improved understanding of the Ca2+-ATPase mechanism provides knowledge on
the whole P-type ATPase family, and is thereby fundamentally important for drug
development for many diseases. Half a century has passed since the discovery of the
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Ca2+-ATPase, but many questions regarding its function still remain unanswered
despite the availability of high resolution structures and mutational studies. The
field has seen continuous progress over the years, and to some of the questions which
were considered urgent a few years ago, when the work presented in this thesis was
initiated, answers have been found – such as the discovery of the exit pathway of
the Ca2+ ions, which was still unknown when Paper III was published.

In Paper III the Ca2+-ATPase structures available at that time were investi-
gated and searched for possible water cavities. A proton pathway from the lumen
to the cytosol was proposed based on sterical analysis and evaluation of conserved
residues capable of proton transfer. Its location has to date neither been confirmed
nor disproved. Also, it is still not known exactly how the protons are countertrans-
ported in the Ca2+-ATPase, it has not been verified whether they pass through
the same channels as the Ca2+ ions or if they arrive through other pathways as
proposed in Paper III. Recently, however, a C-terminal proton pathway for the
Na+/K+-ATPase was proposed, giving substance to the predictions made in Pa-
per III regarding the general mechanism of transient charge stabilisation by protons
by separate transport routes for the ions.37,94 A crystal structure that traps the
HxCa1E could possibly shed light on the proton pathway, clarifying the route be-
tween HxE2 and Ca2E1.37 Also the proposed potential functional role of water in
the proton transport should be further investigated.82 Future infrared spectroscopic
investigations aimed to learn more about the proton pathway, include blocking the
Ca2+ transport using known inhibitors, and examine if protonation of carboxyl
groups still takes place. Related fundamental questions about the Ca2+-ATPase
remaining to be answered include determining the driving forces for the structural
movement and ion translocation, and investigating whether these effects are mech-
anistic or electrogenic in nature.9,30,394

The second major biological application of this work is focused on the amyloid
structures and how to elicit their structural properties using IR spectroscopy. IR
spectroscopy has been established as a valuable tool in amyloid-related research
due to its versatility and capability to report on, e.g., β-sheet conformation and hy-
drogen bonding patterns. In Paper IV it was shown using simulation of the amide I
band that stacking of β-sheets, a characteristic structural feature of amyloid fib-
rils, can be detected in IR spectra. A second, important goal of the Paper IV,
was to draw attention to the fact that analysis of the amide I region is not as
straight-forward as sometimes presumed, but that the band positions familiarly
associated with different secondary structure are influenced by many effects, such
as the quaternary interactions between sheet assemblies. The interactions between
α-helices have also been investigated and it was found that interactions between
helices, such as those in seven-transmembrane proteins, induce a blueshift of the
amide I frequency (manuscript in preparation). This could potentially explain the
unusually high wavenumber amide I absorption of bacteriorhodopsin.197 Further
theoretical IR studies aimed at investigating amyloid structures can hopefully con-
tribute to the understanding of the amyloid formation process from soluble oligomer
to insoluble plaque. For the purpose of elucidating the details of this process from
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experimental spectra, improved theoretical methods to simulate the amide I band
are highly valuable. Contribution to the understanding of amyloid structures is
interesting not only for their involvement in disease but also for the development
of future technological applications. The property of self-assembly found inherent
to amyloid formation127,128 can be exploited in the construction of new materials
such as nanotubes.

Papers IV and V both concern the theoretical simulation of the IR amide I
band. Whereas Paper IV employs only the basic TDC model to calculate the
amide I band absorption, Paper V details the development of a new model for
simulation of the amide I band of proteins using optimisation of model parameters
to fit experimental spectra. The model attempts to take into account all physical
effects commonly agreed upon to influence IR spectra and yields predicted spectra
that are well in agreement with experiment. The model developed in Paper V differs
from other recent studies by focusing primarily on the reproduction of experimental
spectra of real proteins as measured in typical IR spectroscopic experiments, rather
than reproducing high level computational data for short model peptides. The
concept should in principle be transferable by reoptimisation of the parameters
for spectra measured under different experimental conditions, such as for other
solvents. Finding descriptions for the frequencies in apolar solvents is important
for, e.g., membrane-embedded residues.

Efforts to increase the prediction quality should be focused at improving the
descriptions of the underlying physical effects. The descriptions currently used
are highly approximate, in some cases only targeting the general trend of a phys-
ical effect, making improvements capable of capturing more detail a high priority.
The optimisation of model parameters can also be improved by development of an
objective function that better defines similarity between two spectra. Improved
models will hopefully result in fewer model parameters and thereby a reduction of
the dimensionality and thus improved convergence of the problem. Particularly, a
parametrised function to describe the maps for the intrinsic frequency as function
of the local environment is desirable. Improvements cannot be discussed without
mentioning the neglect of dynamics, structural fluctuations of the protein and sol-
vent, in these calculations. However, incorporation of MD-type simulations into the
optimisation approach is not feasible as this would result in unreasonable compu-
tational demands for the optimisation. Future improvements could also include a
more precise dependence on the polypeptide backbone dihedral angles by not using
two separate maps, but a single multi-dimensional map, as a function of the angles
closest to the transition dipole.

As this approach is applicable only to proteins with a known structure, the
simulation of mere absorption spectra is only a step toward the ultimate goal and
test of the method, calculation of difference spectra. This would truly assess the
quality of the simulation protocol, and could be further exploited and developed in
cases where there are several structures available for different states of a protein.
Then, specific optimisation. based on structures of that protein, could be utilised
for predicting the spectrum, or difference spectrum, for a state of interest and
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support the experimental band assignment. This could prove particularly useful
when combined with computer manipulation of the structure to simulate a spectrum
of a hypothesised state, or in optimisation of a few selected structural parameters
controlling the alignment of approximately rigid domains of the protein.

One single technique, such as studying merely the vibrational motions, cannot
cover all possible needs and questions related to proteins. There is an evident need
of a multitude of techniques to study the many aspects of not only proteins, but all
building blocks of life. IR spectroscopy does not compete directly with techniques of
structure determination, but is highly valuable for investigating proteins with both
known and unknown structure and very well suited for elucidating details of their
mechanisms. Finding a method which is able to provide a theoretical complement, a
robust simulation protocol for protein IR spectra based on structural information, is
a true challenge. Until such time that full ab initio calculations are feasible also for
the larger biological systems, the need for approximate methods will prevail in order
for IR spectroscopists to be able to test their hypotheses and provide support for
experimental assignments. To make IR spectroscopy of biomolecules more readily
available for the life science community and create a higher commercial appeal,
more user-friendly tools to support fast and exact analysis of spectra need to be
developed. Several efforts of this sort are under way, seemingly encouraged by the
development and success of 2D IR, hopefully creating a future for IR spectroscopy
alongside techniques such as NMR spectroscopy in the labs of biotechnology and
pharmaceutical companies.
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Sammanfattning

Proteinvibrationernas koreografi
Förbättrade metoder för att experimentellt studera och teoretiskt beräkna
proteinvibrationers infrarödabsorption

Den röda tråden för forskningen som presenteras i denna avhandling är utveckling
av metoder för att både experimentellt och teoretiskt bättre kunna utnyttja po-
tentialen hos infrarödspektroskopi för studier av biologiska system och i synnerhet
proteiner. Inom biofysiken används fysikaliska undersökningsmetoder och modeller
för att beskriva biologiska system. Exempel på biologiska system är makromole-
kyler såsom DNA, där vår arvsmassa finns lagrad och de peptider och proteiner
som arvsmassan kodar för och som är nödvändiga för cellens överlevnad och funk-
tion. Proteiner är långa kedjor av sammanlänkade aminosyror som vecklar ihop sig
till molekyler med specifika biologiska funktioner och har en roll i nästan samtliga
av de processer som pågår i en levande cell. Trots den otroliga variationsrikedom
som proteiner uppvisar i fråga om funktion, är de alla uppbyggda av samma upp-
sättning av de 20 naturligt förekommande aminosyrorna, länkade efter varandra
i olika kombinationer i kedjor av varierande längd. I denna avhandling studeras
särskilt ett kalciumpumpande protein, Ca2+-ATPase, som finns i kroppens muskel-
celler, samt bildandet av peptidaggregat, en sorts plack, som vanligen associeras
med demenssjukdomar.

Proteinernas vibrationer avslöjar deras egenskaper

Infrarödspektroskopi (IR-spektroskopi) är en spektroskopisk metod som bygger på
att ljus i våglängdsområdet 3–50 µm, motsvararande energinivåerna hos molekylära
vibrationer, kan excitera molekyler till högre energinivåer. När detta sker, absorbe-
ras ljus med en våglängd som matchar avståndet mellan energinivåerna, och denna
absorption kan detekteras i ett IR-spektrum. Allt som påverkar elektrontätheten
i närheten av de vibrerande atomerna, såsom kemiska bindningslängder, lösnings-
medium eller närheten till laddade atomer, påverkar vibrationernas frekvens. Stora
molekyler, såsom större proteiner, kan ha många tiotusentals vibrationer. Eftersom
vibrationerna ofta är så många till antalet, överlappar de i spektrat med följden
att det blir svårt att särskilja dem och entydigt analysera dem. Detta problem kan
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delvis kringgås genom användning av särskilda tekniker som utvecklats för att se-
lektivt observera de vibrationer man är särskilt intresserad av. En sådan teknik är
differensspektroskopi, där enbart bidrag till IR-spektra som härrör från de delar
av molekylen som på något sätt ändras under loppet av en reaktion, observeras.
Det är möjligt att förbättra upplösningen ytterligare genom att dessutom markera
grupper som man är särskilt intresserad av med till exempel tyngre isotoper av
atomer. I de två första artiklarna i denna avhandling presenteras nya metoder för
att selektivt kunna observera reaktioner och vibrationer. Dessa metoder bygger på
användandet av så kallade hjälpenzymer för att dels genomföra ett isotoputbyte
inuti den tillslutna provbehållaren och dels ta bort restproduker från reaktioner
och därmed tillåta flera experiment per prov. Dessa metoder tillämpas i Artikel I
och II på studier av Ca2+-ATPase och dess egenskaper.

En transportväg för protoner i den livsviktiga kalciumpumpen

Ca2+-ATPase är en typ av kalciumpump med komplext maskineri som sitter i mem-
branet på en organell, en behållare, i cellen som kallas sarkoplasmatiskt retikulum.
Vid muskelavslappning pumpar den undan kalciumjoner från insidan av cellen till
behållaren. Pumpandet är en energikrävande process som kräver energi i form av
cellens bränsle ATP. Ny kunskap om Ca2+-ATPase är inte bara intressant i sig utan
kan även överföras till en annan grupp av viktiga proteiner med liknande struktur
och funktion – ATPaser av P-typ. Detta är en grupp proteiner med många med-
lemmar som är nödvändiga för cellernas och kroppens funktioner. Därmed är de
också viktiga med avseende på läkemedelsutveckling, då deras funktion inverkar
på ett antal sjukdomar, såsom hjärtsjukdomar och cancer. Trots att man har känt
till Ca2+-ATPasens existens i ungefär 50 år, finns det fortfarande många frågetec-
ken rörande viktiga detaljer ifråga om dessfunktion. Till exempel är det inte helt
känt hur den förflyttar protoner i motsatt riktning under kalciumpumpandet för
att uppnå laddningsbalans i proteinet. Detta ämne behandlas i Artikel III i denna
avhandling, där en transportväg och en förflyttningsmekanism för protoner föreslås
baserat på analys av strukturella betingelser och förekomsten av vattenmolekyler i
kristallstrukturen.

Infrarödspektroskopi kan lära oss mer om demenssjukdomar

Det andra biologiska system som undersöks närmare i avhandlingen är peptidag-
gregat. Mer specifikt studeras hur en viss typ av strukturförändring hos dessa mani-
festeras i ett IR-spektrum. Demenssjukdomar som Alzheimers och Parkinson leder
till bildandet av sådana aggregat, olösliga plack, i hjärnan och i kroppens organ.
Dessa plack utgörs av staplar av beta-flak som ligger ovanpå varandra, tvinnar sig
runt varandra och bildar långa fibrer. De teoretiska beräkningarna av IR-spektra i
Artikel IV visar att ju fler beta-flak som staplar sig ovanpå varandra, desto större
effekt kan observeras i spektrat. Att denna förändring bör kunna detekteras med
IR-spektroskopi är ännu ett exempel på att IR-spektroskopi är en värdefull metod
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för att studera denna typ av problemställningar, särskilt metodens känslighet för
beta-strukturer samt egenskapen att kunna mäta på prover oavsett materialtill-
stånd är viktigt i sammanhanget. Ett sekundärt syfte med Artikel IV var att lyfta
fram det faktum att traditionella strukturanalyser, gjorda utifrån välkända tumreg-
ler för korrelationer mellan molekylens struktur och bandpositionen i IR-spektrat,
inte är så entydiga utan även påverkas av växelverkningar mellan olika delar av
systemet som till exempel beta-flak.

Teoretiska beskrivningar ger stöd åt experimentella tolkningar

För att styrka tolkningar av experimentella spektra och göra analyser på hög de-
taljnivå är teoretiska beräkningar ett ovärderligt komplement till experiment. De
teoretiska beräkningar som presenteras i Artikel IV är baserade på den enklaste
fysikaliska modell som beskriver IR-spektrat för systemet, en övergångsdipolkopp-
lingsmodell där varje peptidenhet i proteinskelettet för enkelhets skull representeras
av en vibrerande dipol. Dipolkopplingen mellan peptidenheterna leder till att pro-
teinets struktur reflekteras i det så kallade amid I-bandet i IR-spektra. Detta är en
mycket förenklad bild som dock lämpar sig bäst för att beskriva allmänna trender
i amid I-bandet. För att på en högre detaljnivå förutsäga amid I-bandets utseende
för ett protein behöver man fysikaliskt beskriva alla viktiga interaktioner som inbe-
griper proteinskelettet. Det bästa möjliga sättet att göra detta är givetvis genom
fullständiga kvantkemiska beräkningar, dock är dessa beräkningar alltför krävande
ifråga om datorkraft för stora molekyler.

En ny metod för att beräkna proteinvibrationer

Det som istället är möjligt, är en simuleringsmetod som bygger på approximationer
av de viktigaste interaktionerna och deras effekter på spektrat. Exempel på viktiga
interaktioner är vätebindningar mellan peptidenheter och till vatten samt påverkan
från den närmaste omgivningen. Sambanden mellan interaktioner och effekter på
spektrat tas ofta fram genom studier av små molekyler, modellpeptider, för vilka
kvantkemiska beräkningar lätt kan genomföras. Om man gör antagandet att ef-
fekten på modellpeptiden är representativ för hur en peptidenhet i en peptidkedja
(protein) påverkas av samma effekt, kan man genom parametrisering av informatio-
nen överföra den till proteiner. En dylik metod för att bygga ihop beskrivningar av
proteiner, baserad på kunskap om de mindre byggstenarna, har utvecklats i Arti-
kel V. Metoden bygger på optimering mellan ett större antal experimentella spektra
och simulerade spektra framräknade med en byggstensbaserad modell utifrån pro-
teinstrukturen. Denna optimering syftar till att bestämma optimala parametrar för
överföring av information för byggstenarna till riktiga proteiner med avseende på
överensstämmelse med experiment. Detta angreppssätt leder till mycket god över-
ensstämmelse mellan optimerade och experimentella spektra. Prediktion av spektra
med de optimerade parametrarna leder också till god överensstämmelse, särskilt
jämfört med tidigare enklare simuleringsmodeller.
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