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Abstract

A fully quantitative theory connecting protein conformation and
optical spectroscopy would facilitate deeper insights into
biophysical and simulate studies of protein dynamics and folding.
The regular, repeating, chiral nature of secondary structure
elements leads to intense bands in the far-ultraviolet (UV). The
near-UV bands are much weaker and have been challenging to
compute theoretically. We report some advances in the accuracy
of calculations in the near-UV by using the vibrational structure
parameters in the circular dichroism (CD) spectra of proteins.

The near-UV CD region is sensitive to electronic transitions in
aromatic amino acids. This can be used to study local structural
changes arising from processes such as a ligand binding to a
protein. The improvements of the accuracy of the calculated
spectra have been assessed over a set of eight proteins. The near-
UV CD spectra have been calculated with the new parameters
describing the aromatic side chain transitions. An improvement
has been noticed for some calculated spectra. The contribution of
individual chromophores to the CD spectra has been calculated. A
detailed analysis has been presented for the tyrosine
chromophores and the tryptophan chromophores, separately in
different chapters. Further investigations have been conducted to

study the interactions which are most important in determining



the near-UV CD spectrum. An examination of the mechanisms has
been made to understand the types of mechanisms which
participate in generating the calculated spectra of the proteins in
this thesis. The one-electron mechanism has the predominant role
in generating the calculated spectra in the near-UV region. This
mechanism appears mainly in all tyrosine and tryptophan
chromophores. Some chromophores have shown coupling and
mixing between their transitions through different mechanisms,

i.e. the g —m mechanism.

Exciton theory is discussed in detail and in the context of
computing CD in the near-UV regions. We outline the importance
and the influence of electrostatics of the protein environment on
the electronic transitions in the chromophores responsible for CD
signals in the near-UV. The accuracy of the computational
approaches should allow more quantitative studies applying a
combination of experimental data and modelling to a variety of

interesting questions.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1. Protein Structure

Proteins are ubiquitous in all living organisms no matter whether
they are simple or complex. The definition of proteins was
presented at the same time as when Friedrich Wohler in 1828
showed that the decomposition of ammonium cyanate yields urea.
The new idea was the generation in living systems of organic
compounds, such as urea, from simple inorganic chemicals. It
opened the door to many investigations in biochemistry and the
discovery of proteins.

Amino acids are the building blocks of proteins. There are 20
commonly and naturally occurring standard amino acids. 18 amino
acids consist of carbon, hydrogen, nitrogen and oxygen, while
cysteine and methionine also have sulfur. All of them are a-amino
acids with the general structure shown in Figure 1.1. The
structure of an amino acid contains a chiral centre, the a-carbon,
bonded with a carboxyl group, an amino group, a single hydrogen

atom and a side chain group R.
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H

/C‘n IHICOOH

R

HoN
Figure 1.1: Structure of an amino acid

These vary in structure by the side chain R and fall into three
general categories: hydrophobic (e.g. alanine), charged (e.qg.
lysine) and polar (e.g. serine). Glycine (Gly), which is not chiral,
is usually considered by itself, because its side chain consists
simply of a single hydrogen atom. The different properties of

amino acids come from the R group.

Tyr Phe

H,C
N\

Trp
Figure 1.2: Structures of methyl derivatives, representing Phe, Tyr and Trp,

respectively
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The focus in this thesis is on aromatic side chains of phenylalanine
(Phe), tyrosine (Tyr) and tryptophan (Trp). The methyl derivatives
of these side chains are shown in Figure 1.2. In this thesis we do
not consider the disulfide bond chromophore which is formed
between two cysteine side chains. The amino acids are linked
together by a peptide bond, resulting from a condensation
reaction of the a-carboxyl group of one amino acid, and the a-
amino group of another !. That will lead to the creation of a
polymer known as a polypeptide. The backbone of a protein is

shown in Figure 1.3 with the R group sidechains.

R' 0
H /L N OH
0

H

Al

Figure 1.3: A polypeptide

The polypeptide backbone comprises single bonds, either C-C or
C-N, which give flexibility and contribute to the variety of complex
shapes of proteins. The shape or structure of a protein can be
defined by the dihedral angles ¢ and y, as shown in Figure 1.4,
where @ is the angle of rotation about the N-C, bond and y is the
angle about the C-C, bond. There is another dihedral angle known

as w, which is 1809 for trans-peptides and 0° for cis-peptides 2.
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C

v ’ ./. \\
o

Ca S

N

" —_ ¢
Ca ""A\'\I .} \\
./O T J
A c
I‘\/"
N
Figure 1.4: Main chain dihedral angles ¢ and

The two dihedral angles ¢ and @ are the basis of the
Ramachandran plot. In 1963, Ramachandran and his co-workers
investigated the idea of a plot based on the dihedral angles ¢ and
w 3. Since that time, this plot has become one of the simplest
methods to study the structures of proteins # >,

Protein structure is exclusively determined by the sequence of
amino acids along its length, and can be classified into a structural
hierarchy, ranging from primary to quaternary. Firstly, the
primary structure of a protein is the sequence of amino acids as
prescribed by genomic information held by the sequence of
nucleotides in the DNA. It is often represented by a series of a

single-letter amino acid abbreviations. Secondly, the locally
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ordered structure of the peptide backbone is defined as secondary
structure. The most common secondary structural elements are
a-helices and B-sheets. Different types of amino acids tend to form
different secondary structure elements. For example, methionine,
alanine, leucine and glutamate and lysine are commonly found in
a-helices; large aromatic residues such as tyrosine, phenylalanine
and tryptophan often occur in B-sheets. Some branched amino
acids like, threonine, valine and isoleucine are found in B-sheets
as well. Proline tends to break secondary structure, especially a-
helices due to its inability to form hydrogen bonds and because of
steric hindrance due to its cyclised side chain. Proline will also
break [-sheets as the allowed dihedral angles for proline lie
outside of those generally found in B-sheets.

The tertiary structure of a protein is the three-dimensional
structure of the folded polypeptide chain. There are several ways
in which the amino acids—particularly the side chains—may
interact with one another, and these interactions play a role in
determining and maintaining the tertiary structure. Hydrogen
bonding, important in maintaining the stability of secondary
structure elements, also plays a role in stabilising the tertiary
structure. Also important are disulfide bonds between sulfur

containing cysteine residues, which can form covalent linkages
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between two portions of the protein. The disulfide bonds bias the
protein towards its native state and can aid in protein folding.
Hydrophobic interactions also play an important role in protein
folding and formation of the tertiary structures. Residues with
hydrophobic side-chains will tend to cluster together near the
centre of the protein especially in aqueous solution ¢. The amino
acids are classified in different groups. For example, hydrophobic
groups do not favour contact with water, whereas polar groups and
charged groups do. Phenylalanine is considered to be hydrophobic
and it is usually buried inside the protein core. The aromatic residues
tyrosine and tryptophan are often called amphipathic due to their
ability to exhibit both polar and non-polar character. Being partially
hydrophobic, tyrosine and tryptophan prefer to be buried in protein
hydrophobic cores. The aromatic side chain can also mean that
phenylalanine, tyrosine and tryptophan have an effect on
stacking interactions with other aromatic side-chains ”.

For most proteins, the unique three-dimensional structures
determine the biological functions. In order to form the three-
dimensional structure, a protein undergoes a conformational
change, known as folding. Finally, the quaternary structure
describes the stable association of two or more chains of amino
acids 1. One example of a protein with quaternary structure is
haemoglobin, which is made up of four haem-containing subunits;

haemoglobin is heterotetrametric, comprising two a subunits and
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two B subunits. Not all proteins have quaternary structure, since
they might be functional as monomers. Many proteins contain
multiple structurally distinct regions which are known as domains.
Each domain may have a specific function and can fold distinctly.
Protein structure, specifically protein folding, has been the intense
focus for many researchers over many decades. The biological
properties of a protein depend on its three-dimensional structure
and the way in which that structure can be influenced by chemical
and physical factors, for example, pH, temperature, and ligands.
Although the structures of over 100,000 proteins are now known,

much less is known about the pathway of protein folding.

1.2. Structural biology determination

1.2.1 X-ray crystallography

X-ray crystallography is a technique used for determining the
atomic and molecular structure of a crystal, in which the
crystalline structure causes a beam of incident X-rays to diffract
forming a distinctive pattern. By measuring the angles and
intensities of these diffracted beams, a crystallographer can
produce a three-dimensional picture of the density of electrons
within the crystal. From this electron density, the mean positions
of the atoms in the crystal can be determined, as well as their

chemical bonds, their crystallographic disorder, and various other
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information. Structure flexibility can be observed in very high-
resolution electron density maps produced by X-ray
crystallography, particularly when diffraction data is collected at
room temperature instead of the traditional cryogenic
temperature (typically near 100 K).

Production of good quality samples is a prerequisite to successful
structural study by any method, and modern approaches to
protein expression and purification used in structural biology
laboratories help to facilitate this. X-ray crystallography requires
milligram amounts of highly pure, monodisperse protein that
remains soluble at high concentration. Structure analysis by X-ray
crystallography is distinctive in its ability to determine atomic
positions in a crystal lattice and hence yield a detailed and precise
description of a protein’s architecture. For this to be realized,
however, large single protein crystals diffracting at high resolution
are required. Unfortunately, this need is not always easily met due
to, amongst other factors, the technical difficulties in crystallizing
proteins, and, as a result, can delay the understanding of protein
structure 811,

Meaningful models can be constructed from the high-resolution
structures of individual subunits by macromolecular docking or
rigid body refinement using X-ray crystallography tools. Some X-

ray methods have been developed to generate probable
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configurations of missing fragments in the incomplete high-
resolution structures and they were successfully applied in

practice 8.

1.2.2 NMR techniques

Nuclear magnetic resonance (NMR) is one of the most effective
techniques applied since the first experimental observation of
NMR in bulk matter more than 80 years ago. Its history has been
punctuated by a series of revolutionary advances that have
greatly expanded its horizons. Indeed, methodological and
instrumental developments witnessed over the past decades have
turned NMR into the most diverse spectroscopic tool currently
available 12,

In addition to structures, NMR can yield information on the
dynamics of various parts of the protein. This usually involves
measuring relaxation times to determine order parameters,
correlation times, and chemical exchange rates. NMR relaxation is
a consequence of local fluctuating magnetic fields within a
molecule. Local fluctuating magnetic fields are generated by
molecular motions. In this way, measurements of relaxation times
can provide information of motions within a molecule on the

atomic level.
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IH proton is used for protein structure determination. 'H NMR
spectra of proteins have been used to investigate secondary
structure and tertiary structure. It is the origin of their unique
value in the probing of atomic detail. The systems that can be
studied range from simple organic molecules to complex biological
macromolecules, because NMR techniques enable the resolution
of distinct signals from even chemically identical groups when
located in different local or global environments.

In NMR studies of protein dynamics, the 1°N isotope is the
preferred nucleus to study because its relaxation times are
relatively simple to relate to molecular motions. However, this
requires isotope labelling of the protein and it is very expensive.
13C is used commonly in NMR studies. NMR is used to study the
flexibility of protein structure. 2D-NMR and Nuclear Overhauser
Effects (NOEs) are methods used for protein structure

determination.

1.2.3 Optical spectroscopy

Spectroscopy is the study of the interaction of electromagnetic
radiation with matter. Detailed information regarding molecular
structure and chemical properties can be obtained from the atomic
and molecular spectra. Visible light was first considered as a form

of electromagnetic waves by Maxwell in 1855. An electromagnetic

10



Chapter 1 Introduction

wave of any type includes an electric field component and
magnetic field component 13,

The frequency range is divided into separate bands, and
the electromagnetic waves within each frequency band are called
by different names. Beginning at the low frequency (long
wavelength) end of the spectrum these are: the radio waves, the
microwaves, the terahertz waves, the infrared (IR), the visible
light (vis), the ultraviolet (UV), the X-rays, and the gamma

rays at the high frequency (short wavelength) end shown in Figure
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Figure 1.5: The regions of the electromagnetic spectrum taken from reference 4
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The electromagnetic waves in each of these bands have different
characteristics, such as how they are produced, how they interact
with matter, and their practical applications. Most of the frequency
in a technique called spectroscopy can be used to physically
separate waves different frequencies. This technique can produce

a spectrum showing the constituent different frequencies.

1.2.3.1 Absorption and fluorescence in the ultra-violet

Many studies have been carried out in the UV-vis region to
investigate the structure of proteins and nucleic acids. For
example, absorbance measurement is very sensitive and non-
destructive, requiring only small amounts of material for analysis.
It is widely used for measuring concentrations, for the detection
of conformational changes and of ligand binding, and for following
enzyme reactions 1°.

UV absorption spectroscopies are powerful tools for the study of
the reactivity of chemical and biological systems because they are
highly sensitive, rapid, and simple. The concentrations of proteins
or nucleic acids in solution can be easily and accurately
determined by absorbance measurements. The absorbance is

related to the intensity of the light before and after passage

12
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through the protein solution, and the absorbance depends linearly

on concentration, according to the Beer-Lambert law 14,
A =logy, (170) = ¢lc (1.1)
Equation (1.1) shows the relation between A the absorbance and

the initial and final intensities 1o and I, and the role of the
concentration ¢, the pathlength of the cell I, and ¢ the molar
absorptivity or molar absorption coefficient.

UV fluorescence occurs when a molecule absorbs energy causing
an electron to be excited to a higher energy level, and as the
electron returns to the original ground state, energy is lost as light
or fluorescence. Thus, the excitation and emission wavelengths at
which fluorescence occurs are characteristic to specific molecular
structures. Fluorescence spectroscopy is an extremely sensitive
multiparametric technique that provides simultaneous information
about the conformation and size. Fluorescence signatures are
observed with protein fragments and proteins of known
composition and are caused by their tryptophan and tyrosine
content. The fluorescence of aromatic amino acids in proteins
depends on the specific sequence of amino acids and the presence
of surrounding molecular groups 6. Generally, buried tryptophans
show different fluorescence to solvent-exposed tryptophans.

Therefore, fluorescence is often used to follow folding.
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1.2.3.2 Infra-red techniques

Infrared spectroscopy is another valuable technique used to
characterize the structure of proteins, because of the high
information content in its spectrum. A further advantage of this
spectroscopy is a large application range from small soluble
proteins to large membrane proteins. The absorption of infrared
radiation excites vibrational transitions of molecules. This is
generally the case when the dipole moment changes during the
vibration. Since vibrational frequency and probability of
absorption depend on the strength and polarity of the vibrating
bonds, they are influenced by intra- and intermolecular effects.
The approximate position of an infrared absorption band is
determined by the vibrating masses and the type of bond (single,
double, triple). Some bands are strongly associated with the
presence of functional groups. The strength of absorption
increases with increasing polarity of the vibrating bonds. In
protein science, the effect of the environment on vibrational
frequencies is often a sign of how proteins work 17,

Raman spectroscopy is another important technique in the
infrared. In the IR absorption spectroscopy, the molecules absorb
infrared radiation and pass to the excited vibrational state from
the ground state and generate an IR absorption spectrum. Raman

scattering is a two-photon process.
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The molecule in the ground state gains energy from the incoming
photon and transfers some energy to the excited state. This
results in Raman scattering, which is measured in a conventional
Raman experiment. Raman spectroscopy has found wide
applications in physics, chemistry, biology and material science.
For example, biological molecules including DNA, proteins, and
carbohydrates can all be studied with Raman scattering

spectroscopy 8.

1.2.3.3 Circular dichroism

One of the important spectroscopic techniques for studying
proteins is circular dichroism (CD). It has become increasingly
recognised as a valuable biophysical structural technique for
addressing the relationship between the structure and the
function of proteins. An advantage of the technique is that it is a
relatively rapid means of obtaining secondary structural
information and it can be the key method to monitor changes in
structure brought about by ligand binding, or by modifications to
the surrounding pH or temperature. The CD spectroscopy of
proteins is a simple and quick way of evaluating their
conformations for similarities and differences 1°-21, More details

and information about CD will be introduced in section 1.4 in this
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chapter. A CD signal will be observed if a component has a chiral

centre.

1.2.4 Software used for studying CD of proteins

Different software and web interfaces are used to investigate large
molecules. Most of them are well-established ways of studying
proteins. Many factors affect the level of accuracy in different
software, for example, including the solvent in the experimental
structure determination of proteins and efficient computer
modelling algorithms. In addition, the sequences of similar
structures in Protein Data bank (PDB) 22 and the sequences
without appropriate templates both have been considered as
important factors. Development of more sophisticated and
automated computer modelling approaches will dramatically
enlarge the scope of modellable proteins in structural genomics
projects. Different websites have been developed to make the
predictions and the analysis of protein structures clear and
accessible even for the non-expert user.

Analysis tools introduced include a wide range of structure
prediction algorithms, for example, the CDtools software package
for processing, calibrating and archiving CD data 23 and the
Dichroweb analysis webserver for analysis of protein secondary

structure from CD data 24. The Protein Circular Dichroism Data
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Bank (PCDDB) 2> is a public repository that archives CD spectral
data and their associated experimental metadata. The PCDDB
website includes links to other related resources for CD
spectroscopy, including the DichroWeb analysis and CDtools 2°.
2Struc is a website that generates assignments for protein
structures for up to eight different methods enabling easy
analyses of similarities and differences between them 26,
Dichromatch provides the closest three matched spectra to the
guery spectrum produced by different methods 27. ValiDichro runs
a suit of analyses checks on a CD spectrum 28, CAPITO, is a web
server-based analysis tool for interpreting CD spectra. It allows
the simultaneous evaluation of multiple datasets 2°. In 2016 new
developments have been made to the PCDDB website to improve
the use and the benefit 30, PDB2CD is a website used to generate
a CD spectrum from input protein atom structure coordinates 31,
Our in-house code DichroCalc web interface is used to calculate
protein CD spectra with the matrix method 32. Most of the other
websites have statistical methods implemented in them such as,
the PCDDB and the PDB2CD, while the DichroCalc web interface
is based on first principles theory. Calculations of protein CD from
first principles by using high level ab initio methods have been

performed previously by our group 33-36,
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1.3. Chirality

Chirality is a geometric property of various natural and non-
natural objects that makes them non-identical and
nonsuperposable with their own mirror images (Figure 1.6). Every
amino acid (except glycine) can occur in two isomeric forms,
because of the possibility of forming two different enantiomers
(stereoisomers) around the central carbon atom. One enantiomer
of a chiral amino acid is labelled D and the other L. They represent
the direction of the rotation of the different groups linked to a
chiral centre.

Many biologically active molecules are chiral, including the
naturally occurring amino acids. In biological systems, most of
these compounds are of the same chirality: most amino acids are
levorotatory L and sugars are dextrorotatory D. Typical naturally
occurring proteins, made of L amino acids, are known as /eft-
handed proteins, whereas D amino acids produce right-handed
proteins. D-amino acids are very rare in nature and have only

been found in small peptides attached to bacterial cell walls.
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Figure 1.6: The mirror image of a chiral atom represented in grey linked to four

different substituents: a, 3, v, and 6

This broad definition of chirality includes diverse macroscopic
objects such as hands (the word chirality originated from the
Greek word cheir meaning hand), animal organs, biological
organisms, crystals and macromolecules as well as microscopic
objects such as various molecules as chiral entities. Chirality is an
important feature of the three-dimensional structures of peptides
and proteins. The chirality of the secondary structure is key for
protein CD. An effect will occur when a chromophore is chiral
either intrinsically because of its structure or by being covalently
linked to a chiral centre or by being placed in an asymmetric
environment 37,

The question of the origin of biomolecular chirality- Why life is
based on L amino acids and D sugars and not their mirror images?
- has been unresolved since Pasteur’s hand resolution of tartaric
acid in 1848 38, A characteristic hallmark of life is its chirality,

especially in biological systems. Biology uses only one enantiomer
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and not the other, with animals made of proteins based
exclusively on L amino acids, coded for by DNA based exclusively
on D-deoxyribose. However, some of the unnatural D amino acids
and L sugars do occur with specific roles, as in bacterial cell walls,
but not bacterial protein or nucleic acids and antibiotics 3°. These
examples in fact illustrate the dominance of the L amino acids and
the general rule of chirality. D amino acids are used in cell walls
precisely because the enzymes of predators only digest L amino
acids; furthermore, the genetic code does not code for these D
amino acids, which are synthesized by enzymatic inversion of the
L form 40,

Chirality is the most fundamental property underlying protein CD
spectroscopy?. Optical rotatory dispersion (ORD) is another
spectroscopy used successfully and specifically to study chiral
molecules. They show variations, as a function of wavelength, of
the optical rotation angle and ellipticity angle. Although CD and
ORD give equivalent information, there are some points which
differentiate the two techniques and offer particular advantages
in certain cases 4.

One of the main differences between them is that ORD has a
characteristic background effect. This effect arises from the shape
of dispersion curves, where the observation of optical rotation at

a given wavelength results from several contributions due to the
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local environment effect based on position, sign and amplitude.
These cases usually cannot be investigated in the absorption
region because of various factors or instrumental limitations. As
CD is an absorption phenomenon, the shape of the curve is such
that its contribution is detectable only in the close vicinity of the
absorption. Therefore, there are in practice no background effects,
and it is possible to evaluate more accurately the rotational
strength of individual electronic transitions 42. The application of
these two chiroptical techniques often depends on the type of
instrument used, on the nature of compound examined and on the
type of information required. Generally, CD measurements are
preferred for the interpretation of vibrational fine structure and

for low temperature and vapour phase measurements.

1.4. Circular Dichroism

The interaction of optical activity with molecular structure has led
to a vast range of studies of chiroptical properties, from synthetic
organic compounds to natural products, and encouraged the
development of techniques, such as ORD and CD spectroscopy.
CD spectroscopy on proteins 1°-2! provides characteristic bands in
the near- and far-ultraviolet (UV) region. The far-UV spectrum
(190-250 nm) arises in large part from the secondary structure.

This spectrum is affected by the backbone structure of a protein
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while the near-UV bands (>250 nm) arise from aromatic side
chains. The spectra in the near-UV which are the focus of this
thesis, arise from the nn* electronic excitations on the aromatic
rings of phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp)
which can reflect the conformation of aromatic side chains as well
as their surrounding environment.

Each of the aromatic amino acids has a characteristic spectral
profile, tryptophan, a peak close to 290 nm with fine structure
between 290 and 305 nm; tyrosine, a peak between 275 and 282
nm - the fine structure at longer wavelengths may be obscured
by that from tryptophan; phenylalanine, sharp fine structure
between 255 and 270 nm 43. Three factors tend to influence the
intensities of aromatic CD bands: i) the rigidity of the protein, with
the more highly mobile side chains having lower intensities; ii)
interactions between aromatic amino acids, which are especially
significant if the distance between them is less than 1 nm; iii) the
number of aromatic amino acids.

The side chains of aromatic amino acids play an essential role in
both protein structure and function. The aromatic structures tend
to be buried in the interior of proteins as part of the hydrophobic
core 4. They also form key structures with themselves or with
other amino acid side chains in the protein folding process. They

are essential for the function of proteins, such as molecular
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recognition and catalysis. Thus, biophysical measurements of
aromatic amino acids can provide new insight into fundamental
aspects of protein behaviour.

Over many years, CD spectroscopy has been used in humerous
protein studies. One major strategy is the comparison of the CD
spectra of site-directed mutants. Changes in the CD intensity have
been used to study the contribution of individual aromatic residues
using mutagenesis 4° 46, Although CD is one of the most helpful
spectroscopies for examining protein structure, other
spectroscopies are used to achieve similar purposes 1°-21,
However, CD spectroscopy has specific advantages, such as using
lower concentrations and having no size limitations in contrast to
NMR. Compared with X-ray crystallography, results have been
gained without any of the problems in a structure that may occur
during crystallization 21,

CD is the difference in absorption of left and right circularly
polarized light. For chiral molecules, the extinction coefficients for
the left and right circularly polarized light are different ¢ # ¢,
giving a differential molar absorption Ae.

Ae = ¢ — & (1.2)

The units here are cm™1. M1,
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.V

Figure 1.7: Elliptically polarized light. Redrawn from #

Figure 1.7 4! shows the electric vector component of the beams
looking down the direction of propagation of the light source. a)
As the two beams pass through an achiral sample no CD signal is
generated. b) Two circularly polarised beams when passing
through a chiral sample will be unequally absorbed and the
resultant light beam will transcribe an elliptically polarised path.
c) The representation of ellipticity as a measure for CD signal.

In terms of ellipticity the mean residue ellipticity [6] at wavelength

Lis given by:

[6] = (1.3)
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where 6 is the observed ellipticity (degrees), d is the pathlength
(cm) and c is the solute molarity (in units of mol dm-3). The units
of mean residue ellipticity are deg.cm?.dmol™?, at any wavelength.
The numerical relationship between the two quantities:
[6] = 3298A¢ (1.4)

The CD signal is related to the scalar product of the electric
transition dipole moment i and magnetic transition dipole
moment m. Therefore, non-zero values of these two quantities
during the excitation process of a chiral molecule leads to the CD
signal 4’. Even though CD spectroscopy has become a useful tool
to understand protein structure, and has different applications in
studies of protein folding and unfolding, it still has intrinsic
limitations; for example, it provides low structural resolution 2/ 47,
Structure determination is essential to understand protein
function, and to achieve this purpose different CD-based
techniques have been used. Electronic CD (ECD) is the main
technique that we focus on in this thesis with new parameters
including new electronic vibrational levels of the chromophores
which have been introduced by a previous PhD student in our
group “® and this research used these updated parameters. ECD
arises from transitions that are electric dipole and magnetic dipole
allowed. During the excitation of an electron from the ground state

to a higher energy state, some change will occur in the electric
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and magnetic fields. As a result, the net of these fields during the
transition will produce the electric transition dipole moment i and
the magnetic transition dipole moment ni. The rotational strength
of a band in an ECD spectrum is analogous to the oscillator
strength in electronic absorption spectroscopy 42. More details
about the rotational strength will be discussed in chapter two.
Vibrational CD (VCD) shows the differential response to left versus
right circularly polarized light and it arises from simultaneous
change in electric and magnetic dipole moments of the molecule
due to the nuclear motion. VCD spectra are rich in information,
but the instrumentation is not developed or as widely used as that
for ECD. The rotational strength of VCD is less intense than ECD,
which makes it a challenge to achieve the signal/noise ratio 20 4°
-50

Magnetic CD (MCD) is another CD-based technique used for
studying bioinorganic systems °1. It is used to interpret how many
transitions are involved in one absorption envelope, because MCD
signals with different signs may indicate different polarizations of
transitions. Another type of CD which is used in some research is
X-ray CD °2, which studies transitions localized near the core-
excited atom; and nuclear spin-induced CD >3 can provide

information about nuclear magnetization.
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Time resolved CD spectroscopy was possible on millisecond
timescale in the 1950s and 1960s when CD became more common
than ORD with the development of photo elastic modulators >4.
The time regime was improved to nanosecond in 1985 when an
ellipsometry approach was introduced for time-resolved CD
(TRCD) measurements °°. These techniques bring some new
directions of using CD in structure determination. CD spectroscopy
becomes even more powerful when it is coupled with other
techniques such as high-performance liquid chromatography
(HPLC) or stopped-flow apparatus. HPLC-CD was first introduced
in 1980 to analyse acids in wines °°. A combination of
spectroscopy with stopped-flow devices can study fast kinetic
events °7; CD stopped-flow techniques have been used to study
protein folding >8: 39,

The calculation of protein CD has been heavily studied in our group
and improved through the use of more accurate calculations of
chromophores from the first principles 34 3> 48, 60-63  Different
aspects have been considered to improve the accuracy of the
calculations. Recently the contributions of the transitions of
aromatic side chains have been studied and incorporated into the

CD calculations®0. 64, 65,
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1.5. Outline of the thesis

The opening chapter has provided a general background of
proteins and their structure and the different spectroscopic
techniques that are commonly used to investigate protein
structure. The origin of chirality and its relationship to study
protein structure has been discussed to illustrate the role of optical
activity in CD measurements. In addition, CD has been introduced
with the principles and different applications of this technique.
Chapter two will be focusing on the theoretical and computational
methods that have been used in this research, starting with a
detailed discussion on the basic principles of the matrix method
which is implemented in our in-house software DichroCalc 32. The
role of the Frank-Condon effect 4 on the CD calculations is
incorporated by using the new parameters to include the
vibrational electronic transitions in our calculations. The
mechanisms leading to bands in the CD spectrum due to the
aromatic residues in near-UV CD will be illustrated in detail and
relevant work from the literature will be discussed. Calculations of
electrostatic potentials surrounding a specific aromatic residue will
be described.

Chapters three and four present investigations and analysis of the
interactions between aromatic residues and the mechanisms that

generate our calculated CD spectra. Two different groups of
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proteins are considered. The first group will be discussed in
chapter three when we discuss on tyrosine chromophores in
proteins. The second group will show the analysis of tryptophan
chromophores. A further electrostatic analysis for Tyr and Trp of
some proteins from each group will be presented in each chapter.
We investigate the effect of electrostatic environment surrounding
these residues and how that contributes to the CD spectra.

Chapter five provides the conclusions drawn from this research.
Ideas about how this research could be improved and progressed

will be presented.
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1.6. Aim of the work

This work forms a part of an ongoing effort to explore the
relationship between structure and spectrum and the
contributions of aromatic residues of some proteins in near-UVv
CD. In this thesis, we primarily focused on incorporating the
vibrational structure of the excited states of the aromatic residues
(Phe, Tyr and Trp) to improve the quality of our CD calculations.
The conformational diversity is also touched on by computing
protein CD from NMR structures. Consideration of the interactions
of aromatic chromophores should give us a better understanding
of the near-UV CD spectra. We investigate the mechanisms
contributing to the calculated CD spectra and study the effect of
the environment surrounding some interesting aromatic amino
acids. A consideration of electrostatic analyses for the surrounding
environment is useful to provide a further understanding of the

structure-spectrum relationship.
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Chapter 2

Methods

2.1. Introduction

The on-going developments in computing technologies since last
century have revolutionised the use of different theoretical and
computational methods to study protein structure and function.
Some methods have an acceptable level of accuracy and agree
well with the experimental data, enabling further in-depth
analysis. This chapter aims to introduce and describe all methods
used in this research, both computationally and theoretically. The
matrix method is a successful formulation derived from the
exciton model ©® to study large systems such as proteins.
Including more vibration levels in our calculation helps to improve
the calculated spectra. We will explain the mechanisms by which
CD bands arise from the aromatic residues in the near-UV CD. The
electrostatic interactions within proteins are studied by using one
of the most widespread models to evaluate the electrostatic

properties, the Poisson-Boltzmann equation 7.
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2.2. The matrix method

The CD intensity or rotational strength for an excitation is
analogous to the oscillator strength in traditional electronic
absorption spectroscopy. The rotational strength (R%) for an
excitation from the ground state 0 to an electronic excited state k
is the imaginary part of the product of the electric transition dipole
moment, i, and the magnetic transition dipole moment, m, given
by the Rosenfeld equation ©8:

R = Im((°|Alp* )  [milyp°)) (2.1)

Y° and yY* represent the wave functions of the ground and excited
state respectively and the CD spectrum can be calculated based
on this equation. The wave functions for the ground and excited
states can only be fully determined ab initio for relatively small
compounds. For large systems, such as proteins, there are
computational challenges. However, some approximate
approaches are well established, for example, the matrix method
69-71 The matrix method, which is based on exciton theory 6, is
widely used for large molecular systems 72776, particularly for
proteins. It uses an improved version of an approach that was
introduced by Tinoco in 1962 7/. This method involves the
diagonalization of a Hamiltonian matrix to solve an eigenvalue
problem which comprises the interactions between chromophores.

We calculate protein CD spectra with the matrix method as
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implemented in our in-house code DichroCalc 32. In the matrix

method, the protein is treated as M independent chromophores,

with @ monomer wave function b for each chromophoric group i/

and electronic state s. The protein’s k%™ excited state
wavefunction, ¥, is written as a linear combination of electronic

configurations, cDia, in which only one chromophoric group J, is in
an excited state a and the others are in the ground state, 0. Thus

Qi =g - Ba - ¢jo o Do (2.2)

where P is the wave function of chromophore i after the transition

0—)a, and

v=y Yo, @3

where n; is the number of excitations on chromophore j and cf, are
the eigenvector coefficients. The eigenvector coefficients tell us
about the nature of the transition of the protein, for example,
whether it is localized and similar to the transition of the isolated
chromophore (reflected in a value closer to one). If the transition
is delocalized that means it is a linear combination of several
chromophore transitions.

The wave function * of electronic excited state k of protein, and
its corresponding energy, can be calculated by solving the
Schrdédinger equation:

Hyk = EFy* (2.4)
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H=3L H+ X0 0V (2.5)
The Hamiltonian H of the system with M independent
chromophores, is constructed as the sum of the local Hamiltonian
H; of the independent group i plus the interactions between the
separated groups, which is denoted as intergroup potential V;;,
while V7; is the interaction between states on the same
chromophore. In the Hamiltonian matrix below, a two-
chromophore model is considered (denoted 1 and 2) with two
transitions (denoted a and b) for each chromophore. Two
vibrational levels (denoted v; and v,) of the transition to the

excited state a are shown in equation (2.6).

H
E la_vq 0 Vla_v1 ;1b Vla_v1 ;2a_vq Vla_v1 ;2a_v, Vla_v1 ;2b
0 E la_v, Vl a_vy;1b Vl a_vy;2a_vq Vla_vz ;2a_vy Vl a_vy;1b
_ Vla_vl;lb Vla_vz;lb Elb Vlb;Za_vl Vlb;Za_vz Vlb;Zb
Vla_v1 ;2a_vq Vla_vz;Za_vl Vlb;Za_v1 E 2a_vq 0 V2a_v1 ;2b
Vla_v1 ;2a_v, Vla_vz;Za_vz Vlb;Za_vz 0 E 2a_v, VZa_vz;Zb
Vla_vl;Zb Vla_vz;Zb Vlb;Zb VZa_vl;Zb VZa_vz;Zb EZb
(2.6)

The notation 1a_vi refers to the first vibrational level of
transition a on chromophore 1. diagonal element E is the energy
of a distinct transition of one chromophore, the off-diagonal
element V is either the intergroup interaction or the static-field
mixing of excitations of a single group, also known as the one-

electron mixing, as described by Condon, Alter and Eyring 78. The
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interaction between different vibrational levels of a given
electronic excited state in a chromophore is set to zero.

The monopole-monopole approximation is used, and we assume
that the interactions between chromophoric groups are
approximated as being solely electrostatic in nature. These

interactions are calculated as:

PioaTDPjon(T})
Vioasjo» = J | = —LLdrdr; (2.7)

4megTy)
where p;o.(r;) and ijb(rj) are the transition electron densities of
chromophores i and j, ¢, is the vacuum permittivity, , and r; are
the coordinates of the excited electrons on chromphores i and j,
respectively, and r;; is the distance between the chromophores.
The Coulomb interactions between monopoles account for the
interaction between groups:

Vioa;job = s, Itvil% (2.8)
where ¢, and g, are the charges (i.e., the monopoles) on two
chromophores j and j, and r is their separation. Ny, and N, are
the number of charges on the chromophores.
The matrix method involves the diagonalization of the Hamiltonian
matrix given in equation (2.6), solving the eigenvalue problem.
Diagonalization of the Hamiltonian matrix yields the energy of

each transition (eigenvalues) and the expansion coefficients

(eigenvectors).
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The diagonalization process is effected by a unitary matrix U:

U™ H-U = Hgyiqg (2.9)
The results of the diagonalization are used to calculate the electric
and magnetic transition dipole moments of the interacting system
from the initial dipole moments of the single groups ©8.

W =YaUqi g (2.10)

m; = Yo Uq; Mg (2.11)
In the matrix method, we consider the electrostatic potential of
each electronic transition. Monopoles are fitted to reproduce the
electrostatic potential. For small chromophores, the relevant
electrostatic potentials can be calculated ab initio using, for
example, the Complete Active Space Self-Consistent Field

(CASSCF) method 7°.

2.3. Mechanisms of interactions associated with different
types of matrix element

The rotational strength can be generated by three mechanisms
namely: i) the one-electron mechanism which includes both
transitions with electric and magnetic transition dipoles within the
same chromophore, which is also known as intra-chromophore
mixing; ii) the p-u mechanism which is the coupling between
electric transition dipole moments of two separate chromophores;

and iii) the y-m mechanism which is the coupling between the
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electric and the magnetic transition dipole moments of two
separate chromophores 80, The last two mechanisms are called
inter-chromophore mixing or coupled oscillator type.

A couple of studies have considered these mechanisms, to
investigate the influence of conformational changes and the
effects of the electrostatic interactions on the near-UV CD
spectrum of TEM-1 g-lactamase 81-83, Further research has studied
the relationship between chiroptical properties and structural
changes, with more detailed analysis of aromatic contributions of
individual chromophore in TEM-1 pB-lactamase by investigating
these mechanisms which generate CD rotational strength 84-88,
Additionally, a computational study of the CD spectrum of human
carbonic anhydrase was used to evaluate the effects of protein
flexibility on the quality of the calculated spectra 8. Therefore, we
have seen that many studies focus on these three mechanisms to
study aromatic side chain interactions and/or other properties in
different proteins.

The aromatic side chains of a protein are planar and their location
in the chiral environment of a peptide or protein leads to a CD
signal arising from their electronic transitions 1°. Proteins where
the aromatic side chains are isolated from one another exhibit CD
signals which can be particularly useful to study conformational

changes. Protein CD due to the interactions between side chains
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can make some groups that do not contribute to the absorption
spectrum become significant in the CD because they have
transitions that are both magnetic and electric dipole allowed.

In our calculations the interactions of different transitions in the
protein environment have been computed in the exciton matrix
method calculation as purely electrostatic. The Coulombic
interaction energy between two transition charge densities, each
represented by a set of point charges as part of the parameter
set, is described in detail elsewhere 4. It depends on the charge
densities and on their relative orientation and separation. In the
case of the one-electron mechanism, there is a dependence on
the surrounding ground state electronic density.

The Hamiltonian matrix in equation (2.6) was used to describe the
different mechanisms that control the generation of the CD
spectrum in our calculations. The one-electron mechanism or as
it is also called the Condon, Alter, Eyring (CAE) °0 theory has a
predominant role as examined in chapters 3 and 4. This
corresponds two different transitions within the same

chromophore, for example, Vi,_,, 1, ~Which represents the
(n* ™) transition of one chromophore in the Hamiltonian

matrix as presented in equation (2.6).
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2.4. Electrostatic interactions from the ground electronic
state
Electrostatics influence many aspects of biochemical reactions and
play a fundamental role in virtually all processes involving
biomolecules in solution. One of the most fundamental
approaches to study electrostatic properties is based on the
Poisson-Boltzmann equation (PBE) 67: 91,

—V.e(x) Vo (x) + K?(x) sinhgp(x) = f(x) (2.12)
The above differential equation shows the relationship between
the electrostatic potential (¢) and the dielectric properties of the
solute and the solvent (¢), the ionic strength of the solution and
the accessibility of ions to the solute interior (K?), and the
distribution of solute atomic partial charges (f). They are all
functions of the position vector (x). An additional approximation
is often used in PBE, the linearized PBE, LPBE which assumes
sinhgp(x) = ¢(x).
Efficiency and accuracy are two major concerns in finding
solutions of the PBE for applications in biophysics and chemistry.
It is a useful equation in many settings, whether it be to
understand physiological interfaces, polymer science, electron
interactions in a semiconductor, or more. It aims to describe the
distribution of the electric potential in solution in the direction

normal to a charged surface. From the PBE many other equations
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have been derived based on different assumptions. However,
obtaining accurate solutions to the PBE for a large system such as
a protein has a significant computational cost °2.

A continuum solvation model represents solvent as a continuous
medium instead of individual explicit solvent molecules. It is often
used in molecular dynamics simulations and in other applications
of molecular mechanics and is sometimes termed implicit
solvation. The method can be applied to estimate the free
energy of solute-solvent interactions in structural and chemical
processes, such as folding or different conformations of proteins,
association of biological macromolecules with ligands, or transport
of drugs across biological membranes. Although the implicit
solvent model is useful, it is an approximate method with certain
limitations and problems related to parameterization and
treatment of ionization effects 3. A continuum solvation model is
implemented in the software APBS °1. We use the APBS software
to generate all the potential grid points surrounding the
interesting aromatic amino acid in our calculations.

Defining the molecular surface area and the atomic charges which
are usually taken from some force field enabled the investigation
of the molecular-solvent boundary. Some evidence suggests that

the solvent near proteins is mobile, indicating a high dielectric
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constant %4, The software APBS has different force field options
and the CHARMM force field °> has been chosen in our calculations.
The potential grid points surrounding the aromatic amino acids
are a special focus in this study. The electrostatic potentials are

generated using the force field in APBS.

2.5. Franck Condon Principle and vibrational parameters
The Franck Condon principle explains the intensity of a vibrational
progression. In an absorption spectrum, transitions from the
electronic ground state to electronic excited state form a
progression corresponding to the vibrational levels of the excited
state. An electronic transition takes place much more rapidly than
vibrational motion due to the slow motion of nuclei compared to
the instantaneous motion of electrons because electrons are much
lighter than nuclei. The electron configuration of the new state
may result in a shift of the equilibrium position of the nuclei
constituting the molecule.

The intensity distribution along the progression is proportional to
the Franck Condon factor (FCFs), and the Franck Condon factor is
equal to the overlap integral of vibrational wave functions of the
ground and the excited electronic states. This is called the Franck

Condon principle.
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Energy

\ 4

Nuclear coordinates

Figure 2.1: Franck Condon principle for vibronic transitions, where Sy is the
ground electronic state and S is the first excited electronic state, AQ is the shift in

nuclear coordinates

Figure 2.1 illustrates the Franck Condon principle for vibronic
transitions in a molecule. This figure shows the shift in nuclear
coordinates, labeled AQ, between the ground and the first excited
state. The vibrational levels (0, 1, 2, 3) of the ground electronic
state So are shown in the above figure. When the necessary
amount of energy is available, the molecule can undergo a
transition to a vibrational level of the excited state S; when the
photon is absorbed.

We used new parameters considering the vibrational transitions 48
of the phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp)
side chains. Each has four electronic states (Lo, La, Bb, Ba) as
labeled by Platt °¢. They have been investigated previously in
many studies 3% 0, Figure 2.2 shows the (Lb, La) electronic states

for the three aromatic amino acids. The importance of including
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vibrational structure in CD calculations has been shown in
different studies for various molecules, and specifically for the
three aromatic residues that are the focus of this research °7-2°,
The detailed features of near-UV CD spectra evident in
experimental measurements are associated with vibrational

structure of the aromatic chromophores.

H,;C /::\ OH /::\

Trp

Figure 2.2: The La and Ly electronic states for the aromatic amino acid: Tyr,
Phe and Trp

In our calculations the vibrational transitions are incorporated by
modifying the electric transition dipole and the monopole charges
considering the transition charge densities based on the
normalized Frank-Condon overlap integral. The first six to nine
vibrational transitions are considered in a vibrational progression,
with the precise number determined from the threshold of 0.1 for
the Frank-Condon integral. Interaction between the vibrational

levels of the same chromophore was not included in the CD
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calculations, as they are assumed to be orthogonal. The charge
transfer between chromophores was not accounted for. We
considered the Lo and L. transitions for the near-UV CD
calculations. Toluene was used as a representative of the aromatic

side chain of phenylalanine.

Table 2.1:Frank-Condon integrals and the transition energies reprinted from

Toluene p-cresol
‘vib’ level Energy/cm? FC integral ‘vib’ level Energy/lcm? | FC integral
0 37310 0.59 0 34965 0.52
1vBcc 37830 -0.43 1vBcc 35810 0.58
1vBcH 38288 0.49 1vBcH 36221 0.17
1vBcc/ 1vBch 38808 -0.35 2vBcc 36655 0.45
2vBcH 39266 0.26 1vBch/ 1vBcc 37066 0.18
1vBcc/ 2vBcH 39786 -0.18 3vBcc 37500 0.28
1vBch/ 2vBcc 37911 0.14
4vBcc 38345 0.14
3-methylindole L 3-methylindole La
‘vib’ level Energy/cm? FC integral ‘vib’ level Energy/cm™ FC integral
0 34424 0.62 0 35088 0.57
1vScc 35199 0.47 1vScc 35872 0.53
1vBcH 35381 0.44 1vBch 36135 0.32
2vScc 35974 0.23 2vScc 36656 0.34
1vBch/ 1vScc 36156 0.33 1vScc/ 1vBcen 36919 0.30
3vScc 36749 0.09 3vScc 37440 0.18
1vBch/ 2vScc 36931 0.17 1vScc/ 2vBcH 37966 0.19
4vScc 38224 0.08
1vScc/ 3vBen 39013 0.10

For phenylalanine only the Franck-Condon integrals of the Ly first

excited state were considered, since it is the only transition of
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phenylalanine located in the near-UV region. p-Cresol was used to
represent tyrosine. Its electronic ground and first singlet excited
state have been extensively studied experimentally 100, 101 3nd
theoretically 102,103

The Franck-Condon integrals of the !Lp first excited state of
tyrosine were considered. 3-Methylindole was used as a model of
tryptophan and we considered the two electronic excited states
L, and !La. The normalized Frank-Condon integrals and the
transition energies are shown in Table 2.1 48, The table shows the
transition energies and Franck-Condon integrals of transitions to
different vibrational levels (‘vib’ level) of the 1Ly states of toluene,
p-cresol and 3-methylindole and the L, state of 3-methylindole.
The vibrational level is denoted as MvN, where N is the assignment
of the vibrational mode and M is the vibrational level of that mode.
The C-C bend, C-H bend and C-C stretch mode are denoted as
Bcc, Ben and Scc, respectively.

We place the origin of the toluene L, transition at 268 nm to
match the experimental spectra of phenylalanine, while for p-
cresol the 1L, transition is located at 286 nm based on previous
studies 100-103, For 3-methylindole the origins of the L, and !La
bands are placed at 290.5 and 285 nm, respectively 48. At higher
energies, the vibrational structure of the spectra becomes more

complicated and overlapped, due to combination modes and
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anharmonicity. Calculation of the CD spectra considering only the
predominant modes represents a stepwise approach to increasing
the complexity of the computational methodology.

For the calculations, we took the coordinates of the X-ray crystal
structure of proteins from the Protein Data Bank. Later, to
investigate the effect of different conformations on our
calculations and the generated CD spectra we used the NMR

models for the same proteins.
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Chapter 3

Analysis of the tyrosine chromophore

in proteins

3.1 Introduction

Aromatic amino acid chromophores play an essential role in
understanding protein structure, stability, and function. CD in the
near-UV is a widely utilized method to study structural changes in
proteins because of its sensitivity!%4. Aromatic chromophores in
the near-ultraviolet (near-UV) region (240 to 300 nm) are
sensitive to environmental electrostatic changes, for example, the
La transition of tryptophan is very sensitive to its surroundings,
due to the large dipole moment of this excited state 105 106,

A combination of CD spectrum and computational approaches
leads to a better understanding of the conformation of some
proteins. All proteins we consider have a family of NMR structures,
which allow us to investigate the effect of different interactions of

the aromatic side chains. These appear to explain the sensitivity
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of the calculated near-UV CD spectra to the precise conformation
of the protein.

The proteins in this chapter have only phenylalanine and tyrosine
chromophores. The analysis of this chapter focuses mainly on the
tyrosine chromophores in proteins. Tyrosine has a predominant
role in generating CD spectra in the near-UV, which is related to
the effect of the OH substituent. This OH has a stronger effect
than that of an alkyl group, and it shifts the bands to longer
wavelengths 197, Three proteins will be discussed in this chapter,
for each protein the X-ray crystallographic structure and the NMR
models from the PDB are used to generate the calculated CD
spectrum.

Further analysis focuses on only two of the NMR structures. The
selection of these two NMR models is based on statistical
investigations, explained later in the methods section. The
interactions and contributions will be investigated because of their
important role in generating CD spectrum in near-UV. The results
showed that phenylalanine residues have a weak contribution in
this region ¢>. Therefore, no results will be presented for any
phenylalanine in this chapter. Table 3.1 shows the proteins that

have been studied in this chapter.
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Table 3.1: The proteins studied in this chapter: name, PDB codes, length (i.e.,
number of residues in the X-ray structure) and the number of aromatic residues
and disulfide bonds.

Protein PDB entry Length No. aromatic residue
X-ray NMR Phe = Tyr | Trp @ S-S
bovine pancreatic trypsin inhibitor 5PTI 1PIT 58 4 4 0 3
Cardiotoxin 40M4 1CRF 60 2 3 0 4
ribonuclease A 1AFU 2AAS 124 3 6 0 4

3.2 Background on the proteins studied in this chapter

3.2.1 Bovine pancreatic trypsin inhibitor

Bovine pancreatic trypsin inhibitor (BPTI) is a small monomeric
and single-chain globular polypeptide. It is derived from bovine
lung tissue and is the classic member of the Kunitz family protease
inhibitors. It has a chain of 58 residues that folds into a compact
and stable tertiary structure. The high stability of BPTI comes from
three disulfide bonds linking the six cysteine residues of the chain.
It has four tyrosine and four phenylalanine residues, and many of
these side chains are close. Such aromatic clusters are important
since they lead to mixing of optical transitions, thus enhancing the
CD signal. BPTI has been characterized by X-ray diffraction in
three different crystal forms and these are available in the Protein

Data Bank (PDB codes 4pti, 198 5pti, 109 6ptill0).,
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Figure 3.1. Bovine pancreatic trypsin inhibitor (1PIT), a model from the family of

the NMR structure. Tyrosine in green and phenylalanine in red

This protein has a structure determined by NMR (PDB code 1pit
111y comprising 20 models. The visualization of the structure of
this protein and all the proteins in this thesis was done with

Chimera 2 and is shown in Figure 3.1.

3.2.2 Cardiotoxin

Another protein used in this investigation is cardiotoxin. This
protein belongs to a large family of snake venom toxins. It is a
polymer protein with 60 residues, (PDB code 1CRF 113),

It is derived from the venom of Taiwan cobra, naja atra. The

structure determined by X-ray crystallography shows that this
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protein has five chains with the same length of 60 residues (PDB
code 40M4 114), Only one chain is considered in the calculations.
The 3D structure of this protein is highly stable because of four
disulfide bonds. This protein has 12 models in the NMR structure.

The structure is shown in Figure 3.2.

Figure 3.2. Cardiotoxin (1CRF), a model from the family of the NMR structure.

Tyrosine in green and phenylalanine in red

3.2.3 Ribonuclease A

Ribonuclease A or RNase A is a widely studied protein. It is
involved in the degradation of RNA. All organisms contain different
types of this protein, showing that RNA degradation is a very

ancient and important process. Also, it is involved in cleaning of
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cellular RNA that is no longer required. It has a key role in the
maturation of all RNA molecules, both messenger RNAs that carry
genetic material for making proteins, and non-coding RNAs that
function in varied cellular processes. In addition, active RNA

degradation systems are a first defence against RNA viruses.

Figure 3.3. Ribonuclease A (2AAS), a model from the family of the NMR

structure. Tyrosine in green and phenylalanine in red

It has two chains with a length of 124 residues and four disulfide
bonds in each chain. Only one chain is considered in our
calculations. The PDB code for the crystal structure is (1AFU 115)
and for NMR the code is (2AAS!16), comprising 32 models. The

structure is shown in Figure 3.3.
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3.3. Methods

The matrix method ©° 70 is used, as implemented in our in-house
software DichroCalc 32. The parameters to construct the exciton
Hamiltonian are from ab initio calculations of small molecules,
which represent chromophores in proteins. The parameters
consider, N-methyl acetamide (NMA) for studying the peptide
bond while toluene, p-cresol and 3-methylindole are used to
represent aromatic side chains of phenylalanine, tyrosine and
tryptophan, respectively 36 60,

In the parameter files, the excitations, the interactions between
transitions and the permanent dipole moments are represented
by monopoles, which have been modified to include electronic
vibration structure based on the Franck Condon factor 48. A line
spectrum of rotational strength of each transition is generated and
a band shape function 117 is added so that the calculated spectrum
could be compared to the experimental spectrum. A Gaussian
function has been applied to the calculated line spectra with a
bandwidth of 4 nm.

Transitions of the peptide backbone (nr*and nr*) 118 and the B,
Br and La transitions of the aromatic side chains were included in
the calculation, but no vibrational structure is considered for these
transitions. For phenylalanine and tyrosine only Ly electronic
transitions states are considered, since their Ls states are located

at higher energies. For each protein only two models of the NMR
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structures are chosen in our analysis. They were chosen based on
the level of (dis)agreement with experiment as assessed by the
root mean square deviation (RMSD) and mean relative error

(MRE). These measures in Equations (3.1) and (3.2).

2
RMSD = \/%Z?’zl(rix —-17) (3.1)
r¥—rY
MRE = ¥iL, |-+ (3.2)

N is the total number of wavelengths considered, i is an integer
index for the wavelength, r/* is the intensity of the calculated CD
spectrum at wavelength i, and r” is the intensity of the
experimental spectrum at wavelength J.

To investigate the physical origin of variations of the calculated
spectrum, the electrostatic potentials around the aromatic
residues of interest in BPTI were calculated using the software
APBS 11? (with the CHARMM force field). For a residue of interest,
to compute the potential arising from its surrounding
environment, the atomic charge and radius field parameters were
set to zero in the APBS input (PQR file) for all atoms of that side
chain. A Matlab script was used to interpolate the potentials to the
atom centres on the residues of interest. A 2D plot of the
electrostatic potential was generated using the Jmol visualisation

softwarel20,
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To examine the influence of the electrostatic environment and the
structure on the predicted near-UV CD spectra, we choose BPTI
out of the three proteins to discuss in detail in this chapter. To
study the effect of the rest of the protein and assess its impact on
the mechanism generating the calculated near-UV CD spectrum
we consider the interpolated electrostatic potential at the atom

centres of tyrosine chromophore in frame 3 of the NMR structures.

3.4. Results and discussion

3.4.1. The role of Tyr residues in generating CD spectrum

3.4.1.1 Bovine pancreatic trypsin inhibitor

Most of the analysis of BPTI has been presented in our published
work >, The near-UV CD spectra of BPTI calculated using the X-
ray crystal structure (PDB code: 5PTI) and separately an average
over the 20 NMR structures (PDB code: 1PIT) are compared to the
experimental spectrum 2! in Figure. 3.4. The X-ray crystal
structure leads to a computed spectrum that reproduces the
overall shape and location of the peaks reasonably well, but the
intensity across the wavelength range is noticeably

underestimated.
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Figure 3.4. Experimental 2! near-UV CD spectrum (black solid line), and spectra
calculated using the X-ray structure (blue solid line), calculated using an average
over 20 frames of the NMR structure (red solid line) and calculated from
individual frames of the NMR structure: frame 3 (red dotted line) and frame 17

(red triangles).

The spectrum calculated by averaging over the NMR structures is
about 20% more intense and the RMSD with respect to the
experimental spectrum is correspondingly reduced (from 128 to
91 deg cm? dmol~1). The conformational diversity of BPTI in
solution is reflected, at least in part, by the family of NMR
structures. Figure 3.4 shows the CD spectrum calculated using
specific NMR structures: frame 3 which gives the more intense
spectrum (in closest agreement with experiment), and by way of

contrast frame 17, which gives the calculated spectrum of weakest
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intensity. The structural difference across these two frames is
small, 0.9 A all-atom RMSD and the RMSD for Tyr residues is 0.2

to 0.3 A as calculated by the VMD software 122,

-250

[6] / deg cm? dmol™

_500 Il Il n Il n 1
250 260 270 280 290 300
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Figure 3.5. Conformational diversity investigation. The black solid line is the
experimental spectrum 2!, the red solid line is the average over 20 models and the
red lines with triangles (upper and lower) represent the mean average + standard

deviation, respectively.

The level of sensitivity of the calculated CD spectra with respect
to small variations in conformation is of interest. To investigate
the influence of conformational diversity on the computed spectra,
we calculated the standard deviation of the computed intensity at

each wavelength over all the NMR structures as is shown in Figure
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3.5. The spectrum computed from averaging over all the NMR
frames is less intense than the experimental spectrum. However,
one frame of the NMR structures frame-3 leads to a computed
spectrum in excellent agreement (with an RMSD of 49 deg cm?
dmol~1) with experiment. The contributions of the phenylalanine
and tyrosine chromophores are clearly well reproduced. The
analysis will investigate only frame 3, which has the closest
intensity and shape to the experimental spectrum.

The good agreement and the sensitivity to modest structural
differences motivated us to investigate the detailed interactions
that govern the spectrum. Table 3.2 shows the significant
interaction energies for phenylalanine and tyrosine. The
interaction is presented only if it is greater than +1 cml. It
appears that only v1 and v2 electronic vibrational levels of 1Ly
states showed significant interactions. The zero values (0.0 A) in
the separation column correspond to the one-electron mixing of
two transitions on the same chromophore. Coupling between L
states and B states (the latter occurring in the far-UVv) is weak.
The largest interaction energy is 84.9 cm~! and corresponds to
the one-electron mixing of the Ly, v2 and L transitions of 23Tyr.
v2 denotes that the transition is to the second vibrational level of
the excited state. The analogous transitions on 1°Tyr interact via

the same mechanism and with a very similar magnitude. Inter-
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chromophore interactions are much weaker, and with the
exception of the interaction between 2?Phe and 33Phe (27.4 cm™1),
they are all less than 10 cm~!; for example, the interaction

between 22Phe 1Ly, v1 and 4°Phe 1Lsis —1.4 cm~1,

Table 3.2: Calculated interaction energies (shown only if greater than 1 cm™) of
electronic transitions of aromatic side chains in frame 3 of the NMR structure.

Chromophore/Transitions Chromophore/Transitions Distance Interaction

(A) Energy

(cm™)
“Phe-1Lp1 45phe-1Lp; 9.6 1.3
22Phe-1Lp; 33Phe-IL, 5.2 27.4
22Phe-1Lp; 45phe-1L, 7.8 -14
22phe-LLp, 2Tyr-Lp 9.8 1.2
Bphe-1L, BTyr-L, 8.8 1.9
Bphe-1L, 35Tyr-1Lp 8.9 5.4
45phe-1Lp; 21Tyr-1L, 8.6 3.5
OTyr-1Lp, 0Tyr-1L, 0.0 80.9
OTyr-L, BTyr-p, 8.9 2.8
21Tyr-py BTyr-L, 13.5 1.6
23Tyr-Lp, 23Tyr-L, 0.0 84.9
2Tyr-L, B5Tyr-1L, 19.8 1.6
BTyr-1p, BTyr-L, 0.0 6.7

From the interaction energies in Table 3.2, it is clear that the one-
electron mixing of the tyrosine L, states is an important factor in
the appearance of the near-UV spectrum. The relative strong
intensity of the calculated CD spectrum of frame 3 is highlighted

as a point of investigation.
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Figure 3.6: Calculated contributions for each Tyr at different A for frame 3 of
bovine pancreatic trypsin inhibitor (1PIT). The upper panel shows calculated
rotational strengths (in DBM) multiplied by 10000 for each residue at each

wavelength. The lower panel shows the calculated spectrum.

The contributions of the Tyr residues are shown in Figure 3.6,
along with the calculated CD spectrum for frame 3.

Here we can see that “Tyr and 2'Tyr make the biggest
contributions to the overall calculated rotational strength for the
CD spectrum of this structure. Both residues contribute towards
the strong intensity negative peaks across the near-UV region.
Figure 3.6 shows that 23Tyr makes a direct but very modest
contribution to the combined negative rotational strength. 3°Tyr
makes a positive contribution.

It is clear that tyrosine residues are mainly responsible for

generating the near-UV CD-spectrum for this protein.
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Further investigations have been carried out to examine the role
of each aromatic residue.

Table 3.3: Wavelength and associated eigenvector coefficients of tyrosine side

chain transitions in frame 3 of the NMR structure.

Eigenvector Values of Participation ratio Residues/ Wavelength
index Eigenvector )] Transitions (nm)
coefficients
1 0.98 1.0 STyl 286.11
2 0.99 1.0 2Tyrim 286.08
3 0.99 1.0 OTyrin 286.05
4 0.99 1.0 2Tyrin 286.02
5 0.98 1.0 STYrb2 279.74
6 0.99 1.0 2Tyriee 279.71
7 0.99 1.0 OTyr 279.66
8 0.99 1.0 2Ty 279.63

Table 3.4: Wavelength and associated eigenvector coefficients of phenylalanine
side chain in frame 3 of the NMR structure.

Eigenvector ~ Values of Eigenvector =~ Participation Residues/ Wavelength
index coefficients ratio (W) Transitions (nm)
21 -0.71 2.7 *Phen 268.08
22 -0.73 2.6 “*Pheyp 268.04
23 -0.73 2.6 *Pheip 269.02
24 0.71 2.7 22Pheip 267.98
33 0.71 2.7 %3Phep, 264.02
34 -0.73 2.6 “*Pherp, 264.00
35 -0.73 2.7 *PheLp, 263.99
36 0.71 2.7 22Phey p, 263.97

The wavelengths and the associated eigenvector coefficients for
tyrosine and phenylalanine residues, is investigated and some of

the data are presented in Tables 3.3 and 3.4, respectively.
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From these tables we can see that the tyrosine transitions have
eigenvector coefficients close to one with a participation ratio (W)
also close to one. The participation factors represent the
localisation of the transition on a specific chromophore and it is

calculated based on the following equation 123:

W=c—

N o (3.3)
N is the number of transitions; C represents the values of the
eigenvector coefficients. For phenylalanine almost all the
eigenvector coefficients are close to 0.7 with a participation ratio
of 2.6 which represents the delocalisation of the transitions. These
data emphasise that the one electron mechanism appears clearly
in the tyrosines in BPTI.

This is confirmed by a detailed examination of the intensity (i.e.,
rotational strength) of each transition in the calculated spectrum.
The most intense transitions in this region arise from the tyrosine
residues, with the phenylalanine transitions making a more
modest contribution; the electric and magnetic transition dipole
moments of the phenylalanine residues are substantially smaller

than those for the tyrosine residues. The data in Table 3.5 are

computed using frame 3 of the NMR structure.
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Table 3.5: The eight (v =1 to 8) tyrosine 1Ly vibrational states, their wavelengths
(A) and their calculated contributions to the rotational strength (R;)in Debye
Bohr Magneton (DBM) at that wavelength in the near-UV CD spectrum of frame
3 of the NMR structure.

Alnm STyr 2ATyr OTyr BTyr R; % 1000 /
Uimy cos6; u,m, cosB, usms cosbs; u,m,; cosb, DBM
286.1 052 003 039 -006 045 -005 039 -0.01 -29
279.7 064 002 039 -005 059 -005 051 -0.01 -34
276.1 005 003 001 -047 002 -006 001 -0.09 -8
2735 036 002 021 -007 033 -005 029 -0.01 -25
2702 005 002 001 -042 003 -007 0.02 -0.07 -9
2676 013 001 006 -0.16 0.11 -0.05 0.09 -0.02 -16
2645 0.04 000 001 -037 001 -009 0.01 -0.19 -7
2620 004 -001 001 -036 001 -009 001 -0.19 -7

This protein has four tyrosines; thus, there are four contributions
at each wavelength. The ym value given in the table is not the
scalar product, but simply the product of the magnitudes of the
electric and magnetic transition dipole moments. In an achiral
environment, the electric and magnetic transition dipole moments
would be perpendicular (cos6= 0). The rotational strength,
R=umcosf, where puis the magnitude of the electric transition
dipole moment, m is the magnitude of the magnetic transition
dipole moment and 6 is the angle between them. In the absence
of any chirality, the electric and magnetic transition dipole

moments of an excitation would be perpendicular, and the
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rotational strength, which is directly proportional to the dot
product of these two vectors, would be zero. Even small deviations
from perpendicularity give rise to a non-zero intensity.

Table 3.5 shows for each tyrosine 1L, transition, the contribution
made by the angle between the electric and magnetic transition
dipole moments to the intensity. An angle less than 90° would
lead to a positive intensity; an angle greater than 90° gives a
negative rotational strength. The angles in Table 3.5 exhibit some
variation and a delicate balance (of positive and negative
contributions) across the transitions is responsible for the overall
intensity. The predominance of the one-electron mechanism in the
near-UV CD of BPTI leads to significant sensitivity of the spectrum
to the precise nature of the local environment surrounding the

tyrosine residues.

3.4.1.2. Cardiotoxin

The near-UV CD spectra of this protein calculated using the X-ray
crystal structure (PDB code: 40M4) and separately an average
over the 20 NMR structures (PDB code: 1CRF) in comparison to the
experimental spectrum 4> are presented in Figure 3.7. The overall
shape is not well reproduced by either X-ray crystal structure or
the average of the NMR structures. Peaks are clearly missed,

especially in the wavelength range between 250 and 270 nm. The
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average CD spectrum computed from the NMR structure showed
some positive intensities similar to the experimental spectrum.
The variation depending on the structure emphasises the effect of

conformation on the spectrum.

200 T T !“ T
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[6] / deg cm? dmol ™’
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_200 ' 1 ' 1 ' 1 L 1 L
250 260 270 280 290 300
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Figure 3.7. Experimental * near-UV CD spectrum (black solid line), and spectra
calculated using the X-ray structure (blue solid line), calculated using an average
over 12 frames of the NMR structure (red solid line) and calculated from
individual frames of the NMR structure: frame 7 ( red triangles) and frame 3 (red

dotted line).

Figure 3.7 shows the CD spectrum calculated using X-ray crystal

structure and different NMR structures: frame 3 which gives the
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more intense spectrum (in closest agreement with experiment),
and by way of contrast frame 7, which gives the calculated
spectrum of most negative intensity. The structural difference
across these two frames is small, 1.6 A all-atom RMSD and the

RMSD for Tyr residues is 0.5 to 0.7 A.
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Figure 3.8. Conformational diversity investigation .The black solid line is the
experimental spectrum #°, the red solid line is the average over 12 models and the
red lines with triangles (upper and lower) represent the mean average + standard

deviation, respectively.

To investigate the influence of conformational diversity on the
computed spectra, we calculated the standard deviation of the

computed intensity at each wavelength over all the NMR
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structures as shown in Figure 3.8. The spectrum computed from
averaging over all the NMR frames is less intense than the
experimental spectrum. However, one frame of the NMR
structures frame 3 leads to computed spectra with an RMSD of
150 deg cm? dmol-! compared to experiment. However, this
frame does not reproduce the overall shape or peaks positions
well. Despite the limited agreement, we investigated the detailed
interactions that govern the calculated spectrum. All the analysis

was carried on frame 3 of the NMR structures.

Table 3.6: Calculated interaction energies (shown only if greater than 10 cm™) of
electronic transitions of aromatic side chains in frame 3 of the NMR structure.

Chromophore/Transitions Chromophore/Transitions  Distance Interaction
(A) Energy (cm™)
22Tyr-Lps 22Tyr-1L, 0.0 22.0
22Tyr-1Lpg 22Tyr-1L, 0.0 35.3
2Tyr-1, 2Tyr1L, 0.0 40.8
22Tyr-py 22Tyr-1L, 0.0 455
22Tyr-1L, SITyr-1L, 6.10 33.1
2Ty, SITyr-1Lpe 6.10 17.9
22Tyr-1L, SITyr-Lps 6.10 11.5
22Tyr-1L, SITyr-1Lpg 6.10 28.7
2Ty, SITyr-1Lpg 6.10 10.8
2Ty, SITyr-1Lp, 6.10 37.0
S1Tyr-1Ly STyr-1L, 0.0 24.0
S1Tyr-1ps STyr-lL, 0.0 20.7
S1Tyr-1y SITyr-1L, 0.0 26.7
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Table 3.6 shows the significant interactions energies for tyrosine.
The interaction is presented only if it is greater than +10 cm-.
The energies below this threshold are presented in Table A.1 in
the Appendix. The following electronic vibrational levels
vl,v2,v3,v4,v5 and v6 of the !L, states showed significant
interactions. The zero values (0.0 A) in the separation column
correspond to the one-electron mixing of two transitions on the
same chromophore. The largest interaction energy is 45.5 cm~!
and corresponds to the one-electron mixing of the Ly, v2 and !La,
transitions of 22Tyr v2 denotes that the transition is to the second
vibrational level of the excited state.

It appears that mainly 2°Tyr and °'Tyr have the strongest
interactions. Interactions of other chromophores of this protein for
example 2°Phe and !Tyr, are not shown because they are lower
than the threshold that we have chosen for this protein. It is clear
that the one-electron mixing of the tyrosine L, state and 1L,
states are important factors in the appearance of the near-UV
spectrum.

The contributions of the Tyr residues are shown in Figure 3.9. Here
we can see that *'Tyr and 22Tyr make the biggest contributions to
the calculated rotational strength. >'Tyr contributes negative
intensity across the near-UV region, whereas 2?Tyr has a positive

contribution.
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Figure 3.9. Calculated contributions for each Tyr at different wavelengths for
frame 3 of cardiotoxin (1CRF). The upper panel shows calculated rotational
strengths (in DBM) multiplied by 1000 for each residue at each wavelength. The

lower panel shows the calculated spectrum.

HUTyr makes weak contributions but it is important in leading to
the calculated CD spectrum. The positive contribution of 22Tyr,
reduces the contribution of the strong negative intensity CD
spectrum of frame 3. It is clear that the near-UV CD-spectrum for
this protein arises largely from the tyrosine residues. Further
investigations have been carried to examine the role of each
aromatic residue. The wavelengths (corresponding to the
transition energies) and the associated eigenvectors coefficients
for tyrosine residues are investigated and some of the data are

presented in Table 3.7.
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Table 3.7: Wavelength and associated eigenvector coefficients of tyrosine side
chain in frame 3 of the NMR structures.
Eigenvector Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)

coefficients

7 0.80 2.4 SITyrLog 276.1
8 0.99 1.0 UTyrine 276.1
9 0.80 2.4 22Tyr b6 276.1
10 -0.80 2.4 SITyrLes 273.6
11 0.99 1.0 UTyrips 273.5
12 0.80 2.4 22TyrLbs 273.5
13 0.80 2.4 SITyrLba 270.2
14 0.99 1.0 UTyri o 270.1
15 -0.80 2.4 22Tyr s 270.1

The tyrosine residues have varying eigenvector coefficients. For
example, most the values of 22Tyr and °1Tyr are close to 0.8 with
a participation ratio of 2.4. !1Tyr the transitions show little mixing
with eigenvectors and participation ratios of 1.0. Data are not
shown for 1°Phe and 2°Phe because all transitions of these residues
have eigenvector coefficients close to 1.0 and their participation
ratios are 1.0. The transitions of phenylalanines are thus highly
localised. A detailed examination of the intensity (i.e., rotational
strength) of each transition in the calculated spectrum is shown
in Table 3.8. The most intense transitions in this region arise from

the tyrosine residues. The electric and magnetic transition dipole
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moments of the phenylalanine residues are substantially smaller

than those for the tyrosine residues, so their data are not shown.

Table 3.8: The eight (v =1 to 8) tyrosine L, vibrational states, their wavelengths
(A) and their calculated contributions to the rotational strength (R;) in Debye
Bohr Magneton (DBM) at that wavelength in the near-UV CD spectrum of frame
3 of the NMR structures

Alnm STyr UTyr 22Tyr R, x1000/ DBM

uymy cos@; u,m, cosf, usms cos6;

286.1 0.38 -0.30 0.43 -0.03 0.16 0.76 -13
279.7 0.50 -0.28 0.55 -0.04 0.20 0.76 -10
276.1 0.02 -0.98 0.05 -0.02 0.02 0.83 -4
273.5 0.27 -0.32 0.32 -0.04 0.12 0.78 -5
270.2 0.02 -0.95 0.05 -0.03 0.02 0.85 -3
267.6 0.08 -0.51 0.12 -0.04 0.04 0.86 -5
264.5 0.01 -0.91 0.03 -0.02 0.01 0.79 -3
262.0 0.01 -0.92 0.04 -0.02 0.01 0.79 -3

The data in Table 3.8 are computed using frame 3 of the NMR
structure. This protein has three tyrosines; thus, there are three

contributions at each wavelength. The strongest rotational

strength values (—13 X 10~ and —10 X 10_3) resulted from the
1Ly transitions of the three tyrosines in the wavelength region
between 279.2 and 286.1 nm. The contribution to the intensity is
high in the tyrosines. The angle between the magnitudes of the
electric and magnetic transition dipole moments are larger than

90°for 5!Tyr and !Tyr with a negative cosf. 22Tyr has a positive
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cosf, so we can conclude that the angle in this case is less than

90°.

3.4.1.3. Ribonuclease A

Figure 3.10 shows the calculated near-UV CD spectrum of RNase
A computed by using the X-ray crystallography structure and the
average spectrum from the NMR structures (PDB code: 1AFU and

2AAS), in comparison to the experimental spectrum 124,
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(0] / deg cm? dmol ™!

-300 ; L
250 260 270 280 290 300

wavelength A / nm

Figure 3.10. Experimental *24 near-UV CD spectrum (black solid line), and spectra
calculated using the X-ray structure (blue solid line), calculated using an average
over 32 frames of the NMR structure (red solid line) and calculated from individual

frames of the NMR structure: frame 1 (red triangles) and frame 12 (red line).

There is modest quantitative (RMSD drops from 123 to 49 cm™)
improvement with the new vibrational parameters. A detailed

explanation about the improvement showed that a combination of
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the NMR structures with the ‘vib’ parameters better reproduced
the experimental spectra than with the ‘nonvib’ parameters.
Calculation with the NMR structures predicted a less intense
spectrum respect to the an experimental data. The X-ray crystal
structure leads to a computed spectrum that reproduces the
overall shape and location of the peaks reasonably well, but the
calculated intensity in general is weaker than the intensity of
experimental spectrum.

Figure 3.10 shows the CD spectrum calculated using specific NMR
structures: frame 12 which gives the most intense spectrum (in
closest agreement with experiment, but less intense than the
spectrum generated from the X-ray crystal structure), and by way
of contrast frame 1, which gives the calculated spectrum of
weakest intensity and a positive peak in region 290 nm, which is
not observed in the experimental spectrum. The structural
difference across these two frames is small, 0.7 A all-atom RMSD.
To investigate the influence of conformational diversity on the
computed spectra we calculated the standard deviation of the
computed intensity at each wavelength over all the NMR

structures as shown in Figure 3.11.
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Figure 3.11. Conformational diversity investigation .The black solid line is the
experimental 124, the red solid line is the average over 32 models and the red lines
with triangles (upper and lower) represent the mean average + standard deviation,

respectively.

The computed spectrum from averaging over all the NMR frames
is less intense than the experimental spectrum. However, one
frame of the NMR structures frame 12 leads to a computed
spectrum in close agreement (with an RMSD of 78 deg cm?
dmol~1) with experiment. The contributions of the phenylalanine
and tyrosine chromophores have acceptable intensities. The focus

in the analysis will be on frame 12.
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Table 3.9: Calculated interaction energies (shown only if greater than 10 cm™?) of

electronic transitions of aromatic side chains in frame 12 of the NMR structures.

Chromophore/Transitions ~ Chromophore/Transitions Distance Interaction
(A) Energy (cm™)

8Phe-Ly 120Phe-'L., 6.3 11.9

8Phe-Ly 120Phe-Ls 6.3 -10.0
46Phe-L, 25Tyr-'L, 5.8 16.1
25Tyr-"Ls 25Tyr-'La 0.0 14.6
25Tyr-'Ls 25Tyr-'La 0.0 16.9
25Tyr-'Lu, 25Tyr-'La 0.0 18.9
73Tyr-"Log 73Tyr-1L, 0.0 24.8
73Tyr-'Loy 73Tyr-1L, 0.0 24.8
73Tyr-1Lp 73Tyr-'L, 0.0 92.0
73Tyr-Log 73Tyr-L, 0.0 49.5
73Tyr-Los 73Tyr-'L, 0.0 31.8
73Tyr-"Ls 73Tyr-'La 0.0 80.0
73Tyr-'Los 73Tyr-'La 0.0 30.0
73Tyr-Ly 73Tyr-L, 0.0 102.7
115Tyr-'Lys 115Tyr-L, 0.0 10.3
115Tyr-'Ly7 115Tyr-L, 0.0 10.3
115Tyr-1Les 115Tyr-L, 0.0 20.5
115Tyr-'Les 115Tyr-L, 0.0 13.2
115Tyr-*Lps 115Tyr-'La 0.0 33.0
115Tyr-tLys 115Tyr-L, 0.0 12.5
115Tyr-'Lsp 115Tyr-1L, 0.0 425
115Tyr-Ly 115Tyr-L, 0.0 38.0

Table 3.9 shows the significant interaction energies for
phenylalanine and tyrosine. The interaction is presented only if it
is greater than +10 cm 1. The energies below this threshold are
presented in Table A.2 in the Appendix. It appears that the eight

electronic vibrational levels of 1L, states showed significant
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interactions from vl to v8. The zero values (0.0 A) in the
separation column corresponds to the one-electron mixing of two
transitions on the same chromophore. Coupling between L states
and B states (the latter occurring in the far-UV) is weak.

The largest interaction energy is 102.7 cm~! and corresponds to
the one-electron mixing of the Ly, v2 and 1L, transitions of 73Tyr.
The interactions related to two different phenylalanine
chromophores are small (-10 and 11.9 cm™). 15Tyr and 2°Tyr
show weak interactions in comparison to the values of the
interaction energies of 73Tyr. From this table we can see that the
one electron mechanism of tyrosine has a predominant role in
generating the near-UV CD spectrum.

Figure 3.12 shows the contributions of the Tyr residues, along with
the calculated CD spectrum for frame 12. Tyr makes the biggest
contributions to the CD spectrum of this structure. This residue
contributes towards the strong negative peaks across the near-Uv
region. It shows that 113Tyr and 2°Tyr make a direct contribution
to the combined negative rotational strength, but with less effect.
The strength of these contributions, however, is modest. For 76Tyr
a positive contribution appears clearly at the wavelength 286.1
nm. This positive contribution could explain the shifting towards
less intensity that appears in the calculated spectrum at the

wavelength mentioned.
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Figure 3.12. Calculated contributions for each Tyr at different wavelengths for
frame 12 of ribonuclease A (2AAS). The upper panel shows calculated rotational
strengths (in DBM) multiplied by 100 for each residue at each wavelength. The
lower panel shows the calculated spectrum.

The wavelengths and the associated eigenvector coefficients for
tyrosine and phenylalanine residues are investigated and some of
the data are presented in Tables 3.10 and 3.11, respectively.

These tables are for frame 12 of the NMR structures.
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Table 3.10: Wavelength and associated eigenvector coefficients of tyrosine side

chains in frame 12 of the NMR structures.

Eigenvector Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
1 0.98 1.0 "TyrLps 286.1
2 0.94 1.0 3Tyrine 286.1
3 0.85 15 %2TyrLps 286.0
4 -0.85 15 9 Tyriee 286.0
5 -0.96 1.0 UTyripg 286.0
6 -0.99 1.0 Ty Lbs 286.0
7 -0.98 1.0 TyrLn7 279.7
8 -0.95 1.0 BTyror 279.7
9 -0.85 15 O2TyrLp7 279.6
10 0.85 1.5 TTyrier 279.6
11 0.96 1.0 USTyripy 279.6
12 0.99 1.0 STy Loy 279.6

Table 3.11: Wavelength and associated eigenvector coefficients of phenylalanine

side chain in frame 12 of the NMR structures.

Eigenvectors Values of Participation Residues/ Wavelength
Eigenvectors ratio (W) Transitions (nm)
coefficients

55 0.71 25 8PheLns 261.1
56 0.99 1.0 “*Phey s 261.1
57 0.71 25 120Phe, s 261.1
58 0.71 2.5 8PheLps 257.7
59 -0.99 1.0 **Phess 257.7
60 0.71 2.5 120phey g 257.7
61 0.71 2.5 8Phevn, 254.7
62 -0.99 1.0 “5Phep, 245.7
63 0.71 2.5 120Phey p, 245.7
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Most of the tyrosine residues have eigenvector coefficient values
close to one and a participation ratio equal to 1.0, i.e., the
transitions are localised on the individual chromophores. °2Tyr and
’Tyr showed eigenvector coefficients close to 0.85 with a
participation ratio of 1.5, indicating weak delocalisation.
Phenylalanine chromophores showed delocalisation, especially,
8Phe and 120Phe with a participation ratio of 2.5. However, 4°Phe

has a highly localised transition.

Table 3.12: The eight (v =1 to 8) tyrosine L, vibrational states, their wavelengths
(4) and their calculated contributions to the rotational strength (R;) in Debye
Bohr Magneton (DBM)at that wavelength in the near-UV CD spectrum of frame
12 of the NMR structures

76Tyr 73Tyr 92Tyr 97Tyr 115Tyr 25Tyr

wimy cosB; pu,m, cos6, pusms cosBszu,m, cosl, pusmscos s pugmeg cos g

091 o001 185 -045 0.75 0.08 0.50 0.001 0.63 -0.14 0.18 -0.42
113 002 222 -004 092 0.08 0.61 -0.002 0.81 -0.12 0.23 -0.40
005 o0.12 021 -025 0.11 0.06 0.08 -0.002 0.08 -0.19 0.02 -0.44
063 0.02 131 -004 058 0.08 0.39 0.004 051 -0.12 0.14 -0.39
0.06 007 023 -002 012 0.06 0.09 0.005 0.09 -0.17 0.02 -0.42
0.21 0004 053 -003 026 0.07 0.18 0.007 0.21 -0.13 0.06 0.04
0.02 013 015 -0.02 0.09 0.06 0.06 0.008 0.06 -0.17 0.01 -0.39
002 011 015 -002 009 0.05 0.06 001 0.06 -0.16 0.01 -0.38
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A detailed examination is carried out on the rotational strength of
each transition in the calculated spectrum. The most intense
transitions in this region arise from the tyrosine residues, with the
phenylalanine transitions making a more modest contribution; the
electric and magnetic transition dipole moments of the
phenylalanine residues are substantially smaller than those for the
tyrosine residues.

The data in Table 3.12 are computed using frame 12 of the NMR
structure. This protein has six tyrosines; thus, there are six
contributions at each wavelength. The um values are clearly high
for 73Tyr with high negative values of cos@, so it shows noticeable
contributions in the calculated spectrum. 2°Tyr and '°Tyr have
large negative values of cosé but they have low um so their
contributions to the calculated CD spectrum are small. Both 76Tyr
and °2Tyr have positive values of cosf indicating that the angle
between the electric and magnetic transition dipoles are less than
90°. %7Tyr shows cos 6 of almost zero, which indicated that this
chromophore is isolated. No coupling or mixing appears in it, even

it has yum with a high value.

3.5. Influence of electrostatics

The aromatic chromophores in the near-UV region (240 to 300

nm) are sensitive to environmental electrostatic changes.
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Investigating the surrounding environment for each aromatic

residue in BPTI enabled a better understanding of the origin of the

calculated CD spectrum.

Figure 3.13. Contour plane through *°Tyr in frame 3 from the family of the NMR
structure of BPTI. The plane is coloured by calculated electrostatic potential of
the local environment of the tyrosine residue. It is set to cut through Cy, €51 and
€42 of the tyrosine residue. The colours from positive to negative: blue (+20.0),
green, yellow, and red (-6.0); with points outside of the contour range (20.0 to

-6.0 ke T/ec) not shown, i.e., black.
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_..‘

Figure 3.14. Contour plane through #Tyr in frame 3 from the family of the NMR
structure of BPTI. The plane is coloured by calculated electrostatic potential of
the local environment of the tyrosine residue. It is set to cut through Cy, €61 and
€42 of the tyrosine residue. The colours from positive to negative: blue (+20.0),
green, yellow, and red (-6.0); with points outside of the contour range (20.0 to

-6.0 kg T/ec) not shown, i.e., black.
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Figure 3.15. Contour plane through 2Tyr in frame 3 from the family of the NMR

structures of BPTI. The plane is coloured by calculated electrostatic potential of

the local environment of the tyrosine residue. It is set to cut through Cy, €61 and

€62 of the tyrosine residue. The colours from positive to negative: blue (+20.0),
green, yellow, and red (-6.0); with points outside of the contour range (20.0 to

-6.0 ks T/ec) not shown, i.e., black.
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Figure 3.16. Contour plane through *Tyr in frame 3 from the family of the NMR
structure of BPTI. The plane is coloured by calculated electrostatic potential of
the local environment of the tyrosine residue. It is set to cut through Cy, €61 and
€62 of the tyrosine residue. The colours from positive to negative: blue (+20.0),
green, yellow, and red (-6.0); with points outside of the contour range (20.0 to

-6.0 kg T/ec) not shown, i.e., black.
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A couple of studies 81 82 have considered the three mechanisms
outlined in chapter two in section 2.3, to investigate the influence
of conformational changes and the effects of the electrostatic
interactions on the near-UV CD spectrum.

We characterise the electrostatic potential generated by the rest
of the protein and assess its impact on the mechanism generating
the calculated CD spectrum. We compute electrostatic properties
using the Poisson-Boltzmann equation 67 91 as explained in
chapter two.

Both 1°Tyr and 2'Tyr have an essential role in generating the CD
spectrum. They are surrounded by a positive electrostatic
potential as shown in Figure 3.13 and Figure 3.14. 23Tyr shows a
noticeable contribution but is lower than those for 19Tyr and 21Tyr,
it is also surrounded by a positive electrostatic potential (Figure
3.15). The case is similar for 3°Tyr, which makes the smallest
contribution and is surrounded by a positive electrostatic potential
(Figure 3.16). The ranking of Tyr contributions to the CD spectra
could help explain why the electrostatic environment and the local
structure perturbs the electronic transitions on 1°Tyr, 21Tyr and
23Tyr to a degree that would affect the spectra, as seen in the
computed spectra for NMR frames 3.

For NMR frame 3, 19Tyr is located between °Pro which is neutral

and 1Thr which has a polar side chain and it is buried in the middle
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of the protein. While 2!Tyr is also buried inside the protein, it is
located between 2°Arg with a positive charge and %2Phe with a
hydrophobic aromatic side chain. The interpolated electrostatic
potentials evaluated at the eight side-chain atoms for 1°Tyr and
21Tyr are all positive for NMR frame 3 of BPTI.

Further analysis has been performed on frame 3 and frame 17 of
BPTI to investigate the conformation and the surrounding
environment of Tyr residues. Figure 3.17 shows the superimposed
structures of frame 3 and 17 of the NMR conformations. All Tyr

and Phe residues are indicated in the figure.

L
Q=
(L

\\ i 2Tyr

Figure 3.17. Superimposed image for frame 3 (in brown) and frame 17 (in blue)

of BPTI (1PIT). Tyrosine in green and phenylalanine in red
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Table 3.13: Calculated distance between Tyr side chains and other aromatic side
chains in frame 3 and frame 17 of the NMR structure of BPTI.

Chromophorel Chromophore2 Distance (A) Distance (A)
Frame3 Framel?
10 Tyr A Tyr 13.0 13.0
10 Tyr B Tyr 12.9 135
10 Tyr B Tyr 7.8 7.8
10 Tyr 4 Phe 10.5 11.0
10 Tyr 22 phe 8.8 9.2
10 Tyr 33 Phe 9.2 9.3
10 Tyr 4 Phe 13.2 13.7
2 Tyr 2 Tyr 8.1 8.3
2 Tyr B Tyr 9.0 9.0
2 Tyr 4 Phe 13.7 13.8
21 Tyr 22 Phe 55 5.3
2 Tyr 33 Phe 7.1 7.3
2 Tyr 4 Phe 4.4 4.4
2 Tyr 3 Tyr 13.8 14.2
2 Tyr “Phe 8.7 8.8
2 Tyr 22 phe 5.4 5.6
B Tyr 33 Phe 11.0 11.8
2 Tyr * Phe 7.9 8.2
B Tyr 4 Phe 145 15.0
B Tyr 22 phe 8.5 8.8
3 Tyr 33 Phe 6.3 6.3
3 Tyr % Phe 10.2 10.3

This table shows the distances between each Tyr and the other
aromatic side chains. They have been calculated for frame 3 and

frame 17 of the NMR structures by using Chimera 2. From Table
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3.13 and Figure 3.17 we can say that there are no essential
differences between frame 3 and frame 17. The similarity in the
distances and the visualization structures both confirm that the
Tyr residues have similar conformations and surrounding
environments. This supports our focus on studying only one frame

of the NMR structures for each protein.

3.6. Conclusion

In this chapter, the vibrational structure of electronic transitions
of aromatic amino acids is used in our calculations of the near-Uv
CD spectra focusing on Tyr residues. We study the interactions
and the mechanisms that generate the rotational strength by
using new parameters incorporating the vibrational structure of
electronic transitions. Detailed analysis has been presented for the
tyrosine chromophores of the three proteins. Generating a
spectrum by including the vibrational transitions shows an
improvement compared to calculations neglecting the vibrational
structure. Overall, the three experimental CD spectra are well
reproduced in terms of the shape and the peaks, especially, in the
case of BPTI. However, the calculated CD spectrum of cardiotoxin
shows a less close similarity to the experimental spectrum.

Using different frames of the NMR structures in calculating a CD

spectrum shows a noticeable improvement from the X-ray crystal
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structure. In addition, using different frames of the NMR
structures enables us to investigate the protein-structure and
protein-dynamics relationships and their impact on the generated
spectrum. The investigation of the interactions between residues
helps to clarify the role of each chromophore in generating the
calculated CD spectra. Also calculating contributions to the CD
spectrum enables us to conclude that the one-electron mechanism
has the main role in generating the spectrum of all the proteins
examined in this chapter.

Further analysis of BPTI has characterised the electrostatic
potentials generated by the rest of the protein. The investigation
of its impact on the mechanisms generating the calculated CD
spectrum in near-UV region emphasises the role and the influence
of the electrostatic environment surrounding the most interesting
aromatic residues of the BPTI protein. We will be developing the
work further, for example, by generating parameters for disulfide
bonds and by further consideration of the influence of solvent and

conformational dynamics.
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Chapter 4

Tryptophan chromophores in proteins

4.1 Introduction

The contribution of the aromatic side chains to the CD spectrum
has an important role. The sign, the magnitude, and the
wavelength are aspects of the aromatic CD bands that are
necessary to be understood. It is therefore essential to investigate
how aromatic side chains influence the appearance of a CD
spectrum. Tryptophan residues have been studied to investigate
the effects of these residues on the near-UV CD spectrum °°, both
experimentally and theoretically 12 126, Tryptophan in proteins
has a special importance because of the information that can be
obtained from the CD spectrum. Tryptophan transitions can
couple and develop an exciton chirality, which could be used to
determine the relative stereochemistry of the chromophores.
Among aromatic residues, the near-UV spectrum of Trp is most

sensitive to its environment.
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Tryptophan is sensitive to the polarity of its local environment. It
has been wused to probe the internal electrostatics of
chromophores, which are vital to the structure and function of
proteins 127, The near-UV CD of Trp results from overlapping !La
and Ly transitions. It has advantages because both the !L, and
the 1Ly bands are revealed simultaneously. However, the sign and
intensity of those bands in the CD spectra vary depending on their
surrounding environment 128,

Five proteins will be discussed in this chapter with a special focus
on the tryptophan chromophores. For each protein the X-ray
crystallographic structure and the NMR models from the PDB are
used to generate the calculated CD spectrum. Further analysis
focuses on only two of the NMR structures. The selection of these
two NMR models is based on some statistical investigations, as
mentioned previously in chapter three. The interactions and
contributions will be investigated because of their important role
in generating the CD spectrum in the near-UV. The method of this
chapter is exactly as explained in chapter three section 3.3, so to
avoid repetition we will not re-explain it in this chapter. Table 4.1

shows the proteins studied in this chapter.
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Table 4.1: The proteins studied in this chapter: name, PDB codes, length (i.e.,

number of residues in the X-ray structure) and the number of aromatic residues

and disulfide bonds.
Protein PDB entry Length No. aromatic residue

X-ray NMR Phe Tyr Trp S-S
apolipophorin 111 1AEP 1LS4 161 2 0 2 0
Barnase 1A2P 1IFW7 110 4 7 3 0
-2 microglobulin (human) 1LDS 1INJ 100 5 6 2 1
Thioredoxin 2TRX 1XO0A 108 4 2 2 1
hen egg white lysozyme 1HF4 1E8L 258 3 3 6 4

4.2 Background on the proteins studied in this chapter
4.2.1 Apolipophorin III

The apolipophorin III family of proteins are a family of
exchangeable apolipoproteins, which play a critical and important
roles in lipid transport and lipoprotein metabolism. The structure
is shown in Figure 4.1. Apolipophorin III (apoLp-III) is a
prototypical exchangeable apolipoprotein found in many
insect species that functions in the transport of diacylglycerol. It
is derived from locust migratoria. This protein does not have any
disulfide bonds. It has been crystallographically characterized and
it is available in the Protein Data Bank (PDB code 1AEP 129),

Additionally, this protein has a structure determined by NMR (PDB
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code 1LS4 130), with 21 models. It has a single chain with length

of 161 amino acid residues.

Figure 4.1. Apolipophorin 111 (1LS4), a model from the family of the NMR

structure. Tryptophan in yellow and phenylalanine in red

4.2.2 Barnase

Barnase is a bacterial protein that consists of 110 amino acids and
has ribonuclease activity. It is synthesized and secreted by the
bacterium Bacillus amyloliquefaciens, but is lethal to the cell when
expressed without its inhibitor barstar. The inhibitor binds to and
occludes the ribonuclease active site, preventing barnase from
damaging the RNA of the cell after it has been synthesized but

before it has been secreted. It does not require divalent cations or
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non-peptide components to fold. This simplicity, in combination
with its reversible folding transition, means that barnase has been
extensively studied in order to understand how proteins fold 131,
The X-ray crystallography code in the Protein Data Bank is
(PDB:1A2P 132) and there is an NMR family comprising 20 models

(PDB:1FW7 133). Figure 4.2 shows the structure of this protein.

Figure 4.2. Barnase (1FW7), a model from the family of the NMR structure.

Tryptophan in yellow, tyrosine in green and phenylalanine in red
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4.2.3 Beta 2 microglobulin human

Beta 2 microglobulin (-2 micoglobulin) is a protein associated
with the outer membrane of many cells including lymphocytes. It
is the small subunit of the MHC class I molecule. Association with
beta 2-microglobulin is generally required for the transport of
class I heavy chains from the endoplasmic reticulum to the cell
surface. In the past years it has been recognized that B2M has a
prominent beta structure which has been suggested to be
important in the stabilization of the tertiary conformation of class
I HLA heavy chains and other differentiation antigens with which
it is associated on cell surfaces 134, Figure 4.3 shows the structure
of this protein. The X-ray crystallography code is (PDB:1LDs 13°)
and the NMR code is (PDB:1JNJ 13%), the NMR family has 20

models.

Figure 4.3. -2 micoglobulin (1JNJ), a model from the family of the NMR

structure. Tryptophan in yellow, Tyrosine in green and phenylalanine in red
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4.2.4 Thioredoxin

Thioredoxin belongs to a class of small redox proteins present in
all organisms. It plays a role in many important biological
processes, including redox reactions. Figure 4.4 shows the

structure of this protein.

Figure 4.4. Thioredoxin (1XOA), a model from the family of the NMR structure.
Tryptophan in yellow, tyrosine in green and phenylalanine in red

Thioredoxin plays a central role in humans and is increasingly
linked to medicine through their response to reactive oxygen
species. In plants, thioredoxins regulate a spectrum of critical
functions, ranging from photosynthesis to growth, flowering and
the development and germination of seeds. They have also

recently been found to play a role in cell-to-cell communication.
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The X-ray crystallography code in the Protein Data Bank is (PDB:
2TRX 137) and the NMR family comprising 20 models is (PDB:
1XOA 138), Thioredoxins act as antioxidants by facilitating

the reduction of other proteins by cysteine disulfide exchange 139,

4.2.5 Hen egg white lysozyme

Lysozyme is a powerful enzyme of biological significance found in
abundance in tears, saliva, and human milk. The nature of the
amino acid sidechains in the lysozyme polypeptide sequence leads
to regions of varying hydrophobicities and polarities of the enzyme
structure. The code of X-ray crystallography is (PDB:1HF4 140) and

the NMR code is (1E8L 141) comprising 50 models.

Figure 4.5. Hen egg white lysozyme (1E8L), a model from the family of the NMR

structure. Tryptophan in yellow, tyrosine in green and phenylalanine in red
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4.3 Results and discussion

4.3.1 The role of Trp residues in generating CD spectrum
4.3.1.1 Apolipophorin III

The calculated near-UV CD spectrum of this protein was computed
using the X-ray crystallography structure and from the average of
the NMR structures (PDB ID: 1AEP and 1LS4). They are compared

with the experimental spectrum 142 as shown in Figure 4.6.

200 —

100

[0] / deg cm? dmol™

-100 i | ; 1 A ! . 1 .
250 260 270 280 290 300

wavelength A / nm

Figure 4.6. Experimental %2 near-UV CD spectrum (black solid line), and spectra
calculated using the X-ray structure (blue solid line), calculated using an average
over 21 frames of the NMR structure (red solid line) and calculated from
individual frames of the NMR structure: frame 5 (red triangles) and frame 15 (red
dotted line).
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The X-ray crystal structure leads to a computed spectrum that
reproduces the overall shape and location of the peaks reasonably
well, but the intensity across the wavelength range is noticeably
higher than the experimental spectrum. The conformational
diversity of this protein in solution is reflected, at least in part, by
the family of NMR structures.

Figure 4.6 shows the CD spectrum calculated using specific NMR
structures: frame 15 which gives the more intense spectrum (in
closest agreement with experiment), and by way of contrast frame
5, which gives the calculated spectrum of t intensity far from the
experimental. Despite the good intensity and general shape of the
spectrum by using frame 15, the peak positions are not well
reproduced, especially in the region 280- 290 nm. The structural
difference across these two frames is small, 0.9 A all-atom RMSD
and the RMSD of Trp residues is 0.3 to 0.4 A.

To investigate the influence of conformational diversity on the
computed spectra, we calculated the standard deviation of the
computed intensity at each wavelength over all the NMR
structures as shown in Figure 4.7. The spectrum computed from
averaging over all the NMR frames is very similar to the
experimental spectrum. Frame 15 leads to computed spectra in
acceptable agreement (with an RMSD of 90 deg cm? dmol~-1) with

experiment.
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Figure 4.7. Conformational diversity investigation. The black solid line is the
experimental spectrum %2, The red solid line is the mean average computed from
21 NMR models and the red lines with triangles (upper and lower) represent the

mean average + standard deviation, respectively.

The contributions of the phenylalanine and tryptophan
chromophores are generally well reproduced. The analysis focused
on frame 15. Table 4.2 shows the significant interactions energies
among chromophores, with interaction energies presented if
greater than +10 cml. The energies below this threshold are
presented in Table A.3 in the Appendix. Only tryptophan shows
interactions above the 10 cm™ threshold, and w1 electronic

vibrational levels of the L, states have a predominant role.
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Different electronic vibrational levels of the 1L, states interact with

11, states to give the relatively high interaction energies.

Table 4.2: Calculated interaction energies (shown only if greater than 10 cm®) of

electronic transitions of aromatic side chains in frame 15 of the NMR structure.

Chromophore/Transitions = Chromophore/Transitions = Distance Interaction
(A) Energy (cm™)
USTrp-1Ly USTrp-tlar 0.0 17.7
W Trp-LL, U5Trp-tlae 0.0 16.7
U Trp-LL, U5Trp-tlas 0.0 27.9
W Trp-LL, USTrp-tLlaa 0.0 31.6
W Trp-LL, 15T rp-tlas 0.0 29.8
U Trp-LL, U5Trp-tlq 0.0 49.3
USTrp-1L, USTrp-1L, 0.0 53.0
0T rp-1Ly 130T rp-1Lag 0.0 17.3
130T rp-LLy 130T rp-thqs 0.0 13.9
180T rp-1Ly 130T rp-tlyy 0.0 33.0
180T rp-1Ly 130T rp-Llae 0.0 31.2
180T rp-1Ly 130T rp-thys 0.0 52.0
180T rp-1Ly 130T rp-1Las 0.0 59.0
180T rp-1L 130T rp-thas 0.0 55.5
180T rp-1Ly 130T rp-tlq 0.0 91.9
180T rp-1L 180T rp-1L, 0.0 98.8

The zero values (0.0 A) in the separation column correspond to
the one-electron mixing of two transitions on the same
chromophore. Coupling between L states and B states (the latter
occurring in the far-UV) is weak. The largest interaction energy is

98.8 cm~! and corresponds to the one-electron mixing of the 1Ly,
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vl and the !La wvltransitions of 139Trp. There are very few
interaction energies for phenylalanine, and these are not shown
as they are smaller than +10 cm™l. The interactions between
different chromophores were very weak compared to the one-
electron mixing.

The analogous transitions on !1°Trp interact via the same
mechanism and with a similar magnitude. Inter-chromophore
interactions are much weaker. From the interaction energies in
Table 4.2, it is clear that the one-electron mixing of the tryptophan
1L, states is an important factor in the appearance of the near-Uv
spectrum. The relatively strong intensity of the calculated CD
spectrum of frame 15 is highlighted as a point of investigation.
The wavelengths and the associated eigenvector coefficients for
tryptophan residue, are investigated to examine the nature of the
transitions and the data for tryptophan are presented in Table 4.3.
No table is presented for phenylalanine because all eigenvector
coefficients are equal to one.

Further investigations have been carried to examine the role of
each aromatic residue. Most tryptophan residues have an
eigenvector coefficient close to one, and therefore a participation
ratio equal to one. These values confirm the localisation of the

transitions of tryptophan aromatic chromophores.
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Table 4.3: Wavelength and associated eigenvector coefficients of tryptophan side

chain transitions in frame 15 of the NMR structure.

Eigenvector Values of
index Eigenvector
coefficients
1 0.98
2 0.99
3 0.86
4 -0.96
5 0.90
6 0.97
7 -0.95
8 -0.98
9 -0.87
10 0.94
11 -0.98
12 0.93
13 0.77
14 0.89

Participation
ratio (W)

1.0
1.0
2.0
1.0
1.0
1.0
1.0
1.0
2.0
1.0
1.0
1.0
2.5
2.0

Residues/

Transitions

130Trpr7
115-|-rp|_b7
130-|-rpLa 0
115-|-rpLa 0
lSOTrpr 6
115-|-rp|_b 6
130Trpr5
115-|-rp|_bS
130TrpLa8
115-|-rpLa 8
lSOTrpr 4
115-|-rp|_b4
130TrpLa7

USTyp, o

Wavelength

(nm)

291.4
290.6
285.7
285.2
283.4
283.3
282.7
282.6
278.7
278.7
2779
277.8
276.9
276.8

A few cases showed coefficient factors close to 0.87 or 0.77 with

a participation ratio equal to 2.0 and 2.5, respectively. This shows

weak delocalisation of

these

transitions.

Phenylalanine

chromophores showed a high level of localisation of the transitions

with a coefficient factor equal to one and the participation ratio

equal to one.
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Table 4.4: The seven (v =1 to 7) Ly and the nine (v =1 to 9) tryptophan 1L,
vibrational states, their wavelengths (1) and their calculated contributions to the
rotational strength (R;) in Debye Bohr Magneton (DBM) - shown only if greater
than 1 DBM- at that wavelength in the near-UV CD spectrum of frame 15 of the

NMR.

Residue ~ A/nm 130Trp WTrp R, x 1000/

<

transitions uymy; cosB; p,m, cos6, DBM

1 Lywl 2905 044 001 039 0.1 12
3 Lyw3 2826 025 -0.009 0.20 0.01 2
5 w5 2765 215 -0.09 181 0.10 3
7 Lywv7 2707 042 001 038 0.01 3
8 Lawv1 2850 0.23 -0.005 0.80 0.005 6
11 L4 2728 055 -0.01 039 0.01 2
13 L6 2670 013 -0.30 040 0.10 1
14 Low7 2634 020 -030 040 0.16 1

A detailed examination of the rotational strength at each transition
in the calculated spectrum is presented in Table 4.4. This protein
has two tryptophans, the values of cos 6 of 1°Trp is smaller than
the values of 13%Trp, so there is less mixing and coupling of 15Trp
chromophore. In addition, cos 6 of 1>Trp all are positive, which
indicated that the angles between the electric and magnetic
transition dipoles are less than 90°. Other residue transitions with
small contributions, (i.e. less than 1 x 1073 DBM) are not shown in
the table. The strongest rotational strength (12 x 1073 and 6 x 1073
DBM) resulted from the first transition of the !L, states and the

first transition of the L. states, respectively. The surrounding
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environment leads to a significant effect on the tryptophan

residues.

4.3.1.2 Barnase

Figure 4.8 shows the calculated near-UV CD spectrum of barnase
computed by using the X-ray crystallography structure and the
average spectrum from the NMR structures (PDB code: 1A2P and
1FW7), in comparison to the experimental spectrum 143, The
overall shape generally is well reproduced. The NMR structures
predicted spectra of a higher intensity than the X-ray crystal
structure in the wavelength region 280 and 290 nm. The X-ray
crystal structure had some peaks shifted towards shorter
wavelengths. The intensity from both the NMR and the X-ray
structures across the wavelength range is lower than the
experimental spectrum. The CD spectra in Figure 4.9 show two
models of the family of the NMR structures. Frame 20 gives the
most intense spectrum close to the experimental (with an RMSD
of 70 deg cm? dmol1). Frame 8 shows weakest intensity and a
negative peak in region 280 nm. The structural differences across
these two frames is 0.6 A all-atom RMSD and the RMSD of Trp
residues is 0.2 to 0.3 A. All the calculated spectra show a negative
peak in region 290 nm, which is not found in the experimental

spectrum.
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Figure 4.8. Experimental 1*® near-UV CD spectrum (black solid line), and spectra
calculated using the X-ray structure (blue solid line), calculated using an average
over 20 frames of the NMR structure (red solid line) and calculated from
individual frames of the NMR structure: frame 8 (dashed red line with triangles)
and frame 20 (red dot-dashed line).

We calculated the standard deviation of the computed intensity at
each wavelength over all the NMR frames, to investigate the
influence of the conformational diversity on the computed spectra.
Figure 4.9 shows that the computed spectrum from averaging
over all the NMR frames is less intense than the experimental

spectrum.
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Figure 4.9. Conformational diversity investigation. The black solid line is the
experimental spectrum 1*3, The red solid line is the mean average computed from
20 NMR models and the red lines with triangles (upper and lower) represent the

mean average + standard deviation, respectively.

The general contributions of the tryptophan residues are well
reproduced. The focus in the analysis of this protein will be on
frame 20.

Table 4.5 shows the significant interaction energies, i.e. those
greater than 50 cmt. Table A.4 in the Appendix shows the
energies below this threshold. Most of the tryptophans and a few
tyrosines show interactions above the 50 cm™! threshold. Different
electronic vibrational levels of the !L, states interact with 1Ly

states to give the relatively high interaction energies.
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Table 4.5: Calculated interaction energies (shown only if greater than 50 cm™) of

electronic transitions of aromatic side chains in frame 20 of the NMR structure.

Chromophore/Transitions  Chromophore/Transitions

OTyr-1Lpg
OTyr-1Lp,
OTyr-1L,
Trp-1Ly
Trp-1Ly
Trp-1Ly
Trp-1Ly
Trp-1Ly
Trp-tLs
Trp-1Lss
Trp-tLs
Trp-tlp,
Trp-tlp,
%Trp-tLos
%4Trp-1Lss
%Trp-1Los
Trp-'Lie2
%4Trp-tLlpe
%Trp-1Ly
%Trp-1Ly
%Trp-1Ly
%Trp-1Ls
%Trp-1Ls

There are some other

OTyr-1L,
OTyr-1L,
OTyr-1L,
Trp-lL,
Trp-tLlas
Trp-tLlaa
Trp-tlas
“Trp-tLa
Trp-1L,
Trp-1L,
“Trp-tLa
Trp-1L,
Trp-tLls
%Trp-1L,
“Trp-tLa
%“Trp-1L,
“Trp-tLaz
%“Trp-1L,
%Trp-llas
“Trp-tLlaa
4Trp-tlas
“Trp-tLa
%“Trp-1L,

noticeable

Distance
(A)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Interaction Energy
(cm™)
61.2
79.0
71.0
121.0
63.7
72.1
67.9
112.5
64.4
86.0
80.0
91.7
85.3
61.8
76.6
82.4
82.0
88.0
61.1
69.3
65.2
108.0
116.1

interaction energies, for

example, *8Phe (18.8 cm™), "Tyr (16.5 cmt) and 3°Trp (25.4 cm-

1), but they are not shown because they are below the threshold.
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The largest interaction energies are 121 cm™ and 116.1 cm™},
corresponding to the one-electron mixing of the v1 of the 1L, and
the v1 of the 1L, transitions of 7!Trp and °4Trp, respectively. The
interactions between transitions on different chromophores are
not shown because they are below the threshold chosen for this
protein. °°Tyr shows weak interactions in comparison to the
interaction energies of the tryptophan chromophores. From this
table we can see that the one electron mixing mechanism between
the 1Ly and the L. of the tryptophan has a predominant role in
generating the near-UV CD spectrum.

The contributions of the Trp residues are shown in Figure 4.10,
along with the calculated CD spectrum for frame 20. Here we can
see that *Trp and “!Trp make the biggest contributions to the
overall calculated rotational strength of the CD spectrum of this
frame from the NMR family. Both ®*Trp and “'Trp contribute at
some wavelength with positive intensities and at other wavelength
show negative intensities. 7' Trp residue contributes more towards
the strong intensity positive peaks across the near-UV region.
35Trp makes a very modest contribution to the combined
rotational strength. Mainly tryptophan residues are responsible for

generating the near-UVv CD spectrum.
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Figure 4.10. Calculated contributions to the intensity for each Trp at different A
for frame 20 of barnase (LFW7). The upper panel shows calculated rotational
strengths in (DBM) multiplied by 1000 for each residue at each wavelength. The

lower panel shows the calculated spectrum.

Further investigations have been carried to examine the role of
each aromatic residue. The wavelengths and the associated
eigenvector coefficients for tryptophan, tyrosine and
phenylalanine residues are investigated and the data are

presented in Tables 4.6, 4.7 and 4.8, respectively.
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Table 4.6: Wavelength and associated eigenvector coefficients of tryptophan side
chain transitions in frame 20 of the NMR structure.

Eigenvectors = Values of Eigenvector = Participation = Residues/ = Wavelength

index coefficients ratio (W) Transitions (nm)
27 0.72 2.5 TrpLas 278.7
28 0.72 2.5 TrpLas 278.7
29 0.92 1.0 STrpras 278.7
30 -0.95 1.0 TrpLos 277.9
31 0.90 1.0 S TrpLos 277.8
32 -0.90 1.0 “TrpLoa 2717.8
33 -0.69 25 TrpLar 276.9
34 0.67 25 “TrpLar 276.8
35 0.82 1.8 STrpLar 276.8
36 -0.81 1.8 STrPLos 276.4
37 -0.68 25 %TrpLos 276.3
38 0.68 25 TrpLes 276.3

Table 4.7: Wavelength and associated eigenvector coefficients of tyrosine side
chain transitions in frame 20 of the NMR structure.

Eigenvectors = Values of Eigenvector  Participation ratio Residues/ Wavelength

index coefficients (W) Transitions (nm)
4 0.99 1.0 BTYrLng 286.1
5 0.99 1.0 OTyYrips 286.1
6 0.97 1.0 BTyries 286.1
7 0.94 1.0 U Tyrine 286.1
10 0.90 1.0 #Tyrips 286.1
20 -0.99 1.0 BTyl 279.7
21 0.99 1.0 OTyrLp7 279.7
22 0.97 1.0 BTyriey 279.7
23 0.95 1.0 Y Tyriny 279.7
24 0.95 1.0 Ty L7 279.7
25 0.88 1.3 103Tyr 7 279.7
26 0.89 1.3 ATyl 279.7
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Table 4.8: Wavelength and associated eigenvector coefficients of phenylalanine

side chain transitions in frame 20 of the NMR structure.

Eigenvectors Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
72 -0.85 1.8 106phgy g 268.0
73 -0.99 1.0 82Phey g 268.0
74 0.99 1.0 "Pheps 268.0
75 -0.85 1.8 *PheLss 268.0
93 0.86 1.8 106phey s 264.0
94 1.0 1.0 8Phe s 264.0
95 0.99 1.0 "PheLps 264.0
96 0.86 1.8 S6PheLss 264.0

The tryptophan eigenvector coefficients in Table 4.6 show various
values. ?4Trp and “!Trp have eigenvector coefficients of 0.75 with
a participation ratio of 2.5. This shows delocalisation of the
transitions for those two tryptophan residues. 3°Trp has
eigenvector coefficients of 0.92 with a participation ratio of one,
but in some cases, it shows less localisation of the transition with
a participation ratio of 1.8 and eigenvector coefficients close to
0.8. Phe eigenvector coefficients in Table 4.8 have similar values
to 3°Trp. The tyrosine eigenvector coefficients in Table 4.6 are
close to one, and therefore the participation ratio is close to one.
This means these transitions are localised on the individual

residues.
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Table 4.9: The seven (v =1 to 7) Ly and the nine (v =1 to 9) tryptophan 1L,
vibrational states, their wavelengths (1) and their calculated contributions to the
rotational strength (R;) in Debye Bohr magneton (DBM) - shown only if greater

than 1 DBM- at that wavelength in the near-UV CD spectrum of frame 20.

v Residue A/nm %“Trp TTrp STrp R, %1000 /
transitions DBM
Uimy; cosf; u,m, cosf, pusms cos 05

1 w1l 2905 043 029 073 -0.15 0.50 0.03 22
2 w2 2835 0.04 -0.005 0.17 0.07 0.18 0.05 4

3 w3 2826 0.02 00002 0.25 -0.02 0.14 0.09 9

4  Lyw4 2779 009 005 010 0.005 0.06 -0.09 1

5 w5 2765 0.26 -0.006 0.33 0.50 0.33 0.45 15
9 lLw2 2787 052 -006 091 0.02 0.87 -0.001 3
10 L3 2767 0.09 -0.002 0.21 0.23 0.21 0.15 2
11 'Lv4 2728 025 -0.22 041 0.01 0.46 0.11 16
12 L5 2708 0.17 -0.007 0.12 0.05 0.16 0.09 1

A detailed examination of the rotational strength at each transition
in the calculated spectrum of frame 20 from the NMR family is
presented in Table 4.9. This protein has three tryptophans, so
there are three contributions at each wavelength. The most
intense transitions in the near-UV region arise from the
tryptophan residues. Tyrosines and phenylalanines make modest
contributions. The values of cos 6 of 7ITrp is the highest among

the tryptophan residues.
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4.3.1.3 Beta 2 microglobulin human

The near-UV CD spectra of this protein calculated using the X-ray
crystal structure (PDB code: 1LDS) and separately an average
over the 20 NMR structures (PDB code:1]JNJ]) in comparison to the
experimental spectrum 144 is presented in Figure 4.11. The overall
shape is not well reproduced by either X-ray crystal structure or
the average of the NMR structures. Peaks are clearly missed,

especially, in the wavelength range between 270 and 290 nm.
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Figure 4.11. Experimental ** near-UV CD spectrum (black solid line), and
spectra calculated using the X-ray structure (blue solid line), calculated using an
average over 20 frames of the NMR structure (red solid line) and calculated from
individual frames of the NMR structure: frame 19 (dashed red line with triangles)

and frame 16 (red dotted line).
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The average CD spectrum computed from the NMR structure

showed some positive intensities similar to the experimental

spectrum. The variation depending on the structure emphasises

the effect of conformational changes on the spectrum. Figure 4.11

shows the CD spectrum calculated using specific NMR structures:

frame 16 which gives a spectrum in closest agreement with

experiment (RMSD 40 deg cm? dmol1), and by way of contrast

frame 19, which gives the calculated spectrum of intensity far

from the experimental. The structural difference across these two

frames is small, 0.9 A all-atom RMSD.
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Figure 4.12. Conformational diversity investigation. The black solid line is the

experimental spectrum 44, the red solid line is the average over 20 models and the

red lines with triangles (upper and lower) represent the mean average + standard

deviation, respectively.
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To investigate the influence of conformational diversity on the
computed spectra, we calculated the standard deviation of the
computed intensity at each wavelength over all the NMR
structures as shown in Figure 4.12. The spectrum computed from
averaging over all the NMR frames is more intense than the
experimental spectrum in the wavelength region 270 to 280 nm.
Some peaks appear with negative intensity between 285 and 290
nm, which differs from the experimental spectrum for the same
region. We investigated the detailed interactions that govern the
calculated spectrum. All the analysis was carried on frame 16 of
the NMR structures.

Different types of interactions appear in Table 4.10. Some are
intra- and other are inter chromophore mixing. Therefore, there
are two mechanisms have a role in generating the CD spectrum.
The most significant interactions are from the tryptophan
residues. The largest interaction energy is -40.1 cm
corresponding to the one-electron mixing of the Ly, v5and the
1L,, v5 transitions of °>Trp v5 denotes that the transition is to the
fifth vibrational level of the excited state. ®°Trp also shows one of
the large interaction energies of -36.8 cm! between the 1Ly,

v7 and the 1Ls, v5 transitions.
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Table 4.10: Calculated interaction energies (shown only if greater than 10 cm™) of

electronic transitions of aromatic side chains in frame 16 of the NMR structure.

Chromophore/Transitions = Chromophore/Transitions  Distance Interaction Energy

(R) (cm™)
0phe-1L, 8Tyr-1Lps 45 15.1
0phe-1L, 8Tyr-1Ly, 4.5 19.5
0phe-1L, BTyr-1Ly 45 17.5
OTyr-Los “Tyr-'Le 0.0 16.6
65Tyr-1Lps 6Tyr-1L, 0.0 26.7
65Tyr-1Lpy 66Tyr-1L, 0.0 34.4
66 Tyr-1L 86Tyr-1L, 0.0 30.8
OTrp-LL, 60T rp-LLg 0.0 -15.4
80T rp-1L g7 0T rp-Las 0.0 -36.8
0T rp-1Lps 80T rp-1L, 0.0 -29.7
0T rp-Leg 0T rp-1L g 0.0 -24.1
BTrp-1Los BTrp-1Lss 0.0 -40.1
5Trp-Llys STrp-tLlas 0.0 -39.7

Some tyrosine residues have large interaction energies. In
paticular, 6¢Tyr shows the one-electron mixing clearly. The mixing
between two transitions of different chromophores is found
between the !Ls of °Phe and different transitions of the Ly of
’8Tyr. One more interaction of significance occurs between the 'L
of 78Tyr and different transitions of the 1Lys of °>Trp . The residues
are separated by 8.6 A. Other tyrosines and phenylalanines have

some interactions, but they are not shown because their energies
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are below the threshold (10 cm!). The energies below this
threshold are presented in Table A.5 in the Appendix.

Further investigations have been carried to examine the role of
each aromatic residue. The wavelengths and the associated
eigenvector coefficients for tryptophan, tyrosine and
phenylalanine residues are presented in Tables 4.11, 4.12 and

4.13, respectively.

Table 4.11: Wavelength and associated eigenvector coefficients of tryptophan side
chain transitions in frame 16 of the NMR structure.

Eigenvectors Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
1 -0.99 1.0 STrpLor 2914
2 0.99 1.0 OTrpLy7 290.6
9 0.95 1.0 OTrpLag 285.7
10 0.99 1.0 STrpLa 285.2
11 -0.98 1.0 STrpLos 283.4
12 -0.96 1.0 OTrpLps 283.3
13 0.99 1.0 STrpues 282.7
14 0.98 1.0 0T rpLos 282.6
21 0.99 1.0 STrpras 278.7
22 -0.96 1.0 OTrpLas 278.7
23 -0.99 1.0 STrpLos 277.9
24 -0.97 1.0 S0TrPLps 277.8
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Table 4.12: Wavelength and associated eigenvector coefficients of tyrosine side

chain transitions in frame 16 of the NMR structure.

Eigenvectors Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
3 0.80 2.3 OTyrips 286.1
4 0.99 1.0 "8TyrLps 286.1
5 -0.98 1.0 S3TyrLes 286.1
6 -0.80 2.3 oTyrLns 286.1
7 0.80 2.3 " TyrLns 286.1
8 0.80 2.3 2Ty Lps 286.1
15 -0.80 2.3 OTyriny 279.7
16 0.99 1.0 BTyrLoy 279.7
17 -0.98 1.0 S5 Tyrier 279.7
18 -0.80 2.3 6TyrLoy 279.7
19 -0.70 25 S TyrLn7 279.7
20 -0.70 25 2TYrLn7 279.7

Table 4.13: Wavelength and associated eigenvector coefficients of phenylalanine
side chain transitions in frame 16 of the NMR structure.

Eigenvectors Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
55 -0.70 25 0Phe s 268.0
56 -0.97 1.0 %2Pheyps 268.0
57 0.94 1.0 22Pheyps 268.0
58 0.95 1.0 "Pheyps 268.0
59 0.73 2.5 %®Pheyps 268.0
74 0.71 2.5 %Phey ps 264.0
75 -0.98 1.0 %2Pheyps 264.0
76 -0.94 1.0 22Pheyps 264.0
77 0.98 1.0 Pheyps 264.0
78 -0.73 2.5 %Pheyps 264.0
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All the tryptophan eigenvector coefficients in Table 4.11 are one,
so their participation ratios are one, i.e. the transitions are
localised on the individual chromophores. For tyrosines and
phenylalanines the eigenvector coefficients vary between 0.99
and 0.7 with participation ratios of 1.0 and 2.5, respectively. The
participation ratio when it is less than one represents a delocalised
transition for a particular chromophore.

A detailed examination is carried on the rotational strength of each
transition in the calculated spectrum. The most intense transitions
in this region arise from the tryptophan residues, with the tyrosine
and phenylalanine transitions making a more modest contribution.
The electric and magnetic transition dipole moments of the
tyrosine and phenylalanine residues are substantially smaller than
those for the tryptophan residues.

The data in Table 4.14 are computed using frame 16 of the NMR
structure. This protein has two tryptophan residues; thus, there
are two contributions at each wavelength.

The um values are clearly high for ®>Trp and ®Trp with a variety
between negative and positive values of cosf, so it shows

noticeable contributions in the calculated spectrum.
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Table 4.14: The seven (v =1 to 7) 'Ly and the nine (v =1 to 9) tryptophan 1L,
vibrational states, their wavelengths (1) and their calculated contributions to the
rotational strength (R;) in Debye Bohr magneton (DBM ) at that wavelength in

the near-UV CD spectrum of frame 16.

v Residue A/nm STrp Trp R, x 1000/
transitions DBM

uymy; cosb; u,m, cosb,

1 Lywl 2905 013 -0.06 124 0.01 6

2 Lywv2 2835 008 -001 051 0.002 0.06
3 Lyw3 2826 004 -005 055 0.007 1

4 Lywv4 2779 002 -001 0.16 -0.001 -0.7
5 w5 2765 010 0.02 0.01 -0.01 -1

6 Lywe 2721 0.30 -0.1 0.22 0.007 0.2
7 w7 2707 012 001 0.02 -0.01 -1

8 L1 2850 138 001 099 -0.01

9 1Lv2 2787 0.84 0.0006 0.99 0.002

10 L3 2767 034 002 022 -0.01
11 L.v4 2728 034 0.007 0.43 0.003
12 La5 2708 030 005 022 -0.05
13 L6 2670 009 001 012 0.01
14 Lov7 2634 010 001 014 0.01
15 !Lo8 2616 001 007 0.02 0.03
16 L9 2563 002 003 0.04 0.02

N P N N o1 W &~ N 0

Both 2>Trp and ®°Trp have some positive values of cos@ indicating
that the angle between the electric and magnetic transition dipoles

are less than 90°. However, there are a few negative values of

121



Chapter 4 Tryptophan chromophores in proteins

cos 6 which indicated that the angle is more than 90° in this case.

No coupling or mixing appears, even if um has a high value.

4.3.1.4 Thioredoxin

Figure 4.13 shows the calculated near-UV CD spectrum of
thioredoxin computed by using the X-ray crystallography
structure and the average spectrum from the NMR structures (PDB
code: 2TRX and 1XOA), in comparison to the experimental

spectrum 14>,
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Figure 4.13. Experimental **° near-UV CD spectrum (black solid line), and
spectra calculated using the X-ray structure (blue solid line), calculated using an
average over 20 frames of the NMR structure (red solid line) and calculated from

individual frames of the NMR structure: frame 20 (dashed red triangles) and
frame 5 (red dotted line).
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The overall shape generally is well reproduced. The NMR average
structures predict a spectrum of a similar intensity to that from
the X-ray crystal structure. The computed intensity from both the
NMR structures and the X-ray across the wavelength range is
lower than the experimental spectrum. The region between 260 -
270 nm is not well reproduced in the calculated spectra and the
intensity is weaker than the experimental spectrum. The CD
spectra in Figure 4.13 show two models of the family of the NMR
structures. Frame 5 gives a spectrum close to the experiment
(with an RMSD of 39.5 deg cm? dmol!), but it is less intense than
the experimental spectrum. Frame 20 shows weakest intensity.
The structural differences across these two frames is 0.4 A all-
atom RMSD.

To investigate the influence of conformational diversity on the
computed spectra, we calculated the standard deviation of the
computed intensity at each wavelength over all the NMR
structures (Figure 4.14). The spectrum computed from averaging
over all the NMR frames is less intense than the experimental
spectrum. The contributions of the aromatic chromophores are
clearly well reproduced. The focus in the analysis will be on frame

5 of the NMR family.
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Figure 4.14. Conformational diversity investigation. The black solid line is the
experimental spectrum 1. The red solid line is the mean average computed from
20 NMR models and the red lines with triangles (upper and lower) represent the

mean average + standard deviation, respectively.

Table 4.15 shows the main interactions in the table related to the
one-electron mixing of the tryptophan residues. The largest
interaction energy is 53.0 cm™! corresponding to the mixing of the
1Ly, vl and the L, v1 of 31Trp. Generally, the interaction energies
of 31Trp are the highest, and there is no noticeable interaction
energy involving 28Trp. 4°Tyr also shows the one-electron mixing

with large interaction energy values (27.2, 24.4 and 21.1 cm™).
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Table 4.15: Calculated interaction energies (shown only if greater than 15 cm™) of

electronic transitions of aromatic side chains in frame 5 of the NMR structures.

Chromophore/Transitions

12Phe-1Lp,
12Phe-IL,
12Phe-1Lp4
2Phe-1Ls;
OTyr-1L
OTyr-Lg
OTyr-Lp
$1Trp -1l
31Trp -ILps
31Trp -ILps
31Trp -1l
1Trp -1
1Trp -1
$1Trp -1l
31Trp -Ilps
31Trp -Ilps
31Trp -ILis
31Trp -Ilps
31Trp -
31Trp -2
31Trp -2
ATrp -Ipe
$1Trp -2

Chromophore/Transitions

81phe-1L,
81Phe-!Lp,
81phe-1L,
OTyr-1L,
OTyr-lL,
OTyrL,
OTyrL,
Trp 1L,
Trp -1,
31Trp s
Trp 1L,
31Trp s
31T -LLas
31Trp AL
1Trp -1,
31Trp- 1o
31Trp A
31T -l
31Trp Als
3Trp 1L,
31Trp -1y
31Trp -Ilas
1Trp-1la

Distance
A
1.7
7.7
1.7
4.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Interaction

Energy (cm™)

19.0
17.5
155
16.2
24.4
21.1
27.2
28.2
26.2
27.9
53.0
31.6
29.7
49.3
37.6
22.4
21.1
35.0
21.1
40.2
23.9
22.5
37.4

Energies below the above threshold are presented in Table A.6 in

the App

endix.
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The mixing of the transitions of different chromophores appears
between different phenylalanine residues. Different transitions of
the Lo and the L, of '?Phe chromophore are mixed with
transitions of 81Phe, the two chromophores are separated by 7.7
A, while the distance between 2Phe and 7°Tyr is 4.9 A. In both
cases, the short distance contributes to the strength of the
interaction.

The negative contributions for both 3!Trp and 28Trp at different
wavelengths have an effect on the positive contributions at the
same wavelengths. This could explain the change in the computed

intensity that appears in the CD spectrum.
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Figure 4.15. Calculated contributions to the intensity for each Trp at different A
for frame 20 of thioredoxin (1XOA). The upper panel shows calculated rotational
strengths in (DBM) multiplied by 1000 for each residue at each wavelength. The

lower panel shows the calculated spectrum.
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Further investigations have been carried to examine the role of
each aromatic residue. The wavelengths, the associated
eigenvector coefficients and the participation ratio for the
tryptophan and phenylalanine residues of frame 5 of the NMR
structure of thioredoxin are presented in Tables 4.16 and 4.17,
respectively. No table is presented for Tyr because the focus of
this chapter is on Trp. The tryptophans have eigenvector
coefficients that vary from 0.99 with a participation ratio of one,
to 0.7 with a participation ratio of 2.5. The latter shows the
delocalised nature of the transition.

Table 4.16: Wavelength and associated eigenvector coefficients of tryptophan side
chain transitions in frame 5 of the NMR structure.

Eigenvector Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
1 0.99 1.0 ATrpLoy 2914
2 -0.99 1.0 2TrpLo7 290.6
5 -0.96 1.0 3TrpLae 285.7
6 -0.99 1.0 2TrpLag 285.2
7 -0.87 2.0 2TrpLne 283.4
8 -0.87 2.0 3TrpLos 283.3
9 0.71 2.5 2TrPLos 282.7
10 0.71 2.5 ATrpLos 282.6
15 0.95 1.0 2T rpLba 277.9
16 -0.95 1.0 TrpLps 277.8
17 0.7 2.5 TrpLy 276.9
18 -0.7 2.5 BTrpLar 276.8
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Table 4.17: Wavelength and associated eigenvector coefficients of phenylalanine

side chain transitions in frame 5 of the NMR structure.

Eigenvectors Values of Participation Residues/ Wavelength
index Eigenvector ratio (W) Transitions (nm)
coefficients
55 -0.70 25 81Phey s 261.6
56 -0.97 1.0 12Pheyns 261.6
57 0.93 1.0 100phe, p, 261.1
58 -0.75 25 'Pheps 261.1
59 -0.70 25 81Pheyp3 257.7
60 -0.92 1.0 12Phevps 257.7
61 0.99 1.0 100Phe, s 257.7
62 0.76 2.5 2"Pheyps 257.7

Some Trp transitions have eigenvector coefficients of 0.87 with a
participation ratio of 2.0. Therefore, the behaviour of tryptophan
residues varies, and this reflects the variation in the interaction
energies presented in Table 4.15.

All the tyrosine residues have eigenvector coefficients of one, so
their participation ratio is one. This represents a high localisation
of the transitions of tyrosine residues. The role of tyrosine in
generating the calculated CD spectrum for this protein is strong,
but the focus in the analysis in this chapter is mainly on the role
of tryptophan residues.

Phenylalanine residues have some eigenvector coefficients close

to one, and others are 0.7 with participation ratio 2.5, especially
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12Phe which has transition which couple via the y-m mechanism

with other chromophores as shown in Table 4.15.

A detailed examination is carried out on the rotational strength of

each transition in the calculated spectrum. The most intense

transitions in this region arise from the tryptophan residues, with

the tyrosine and phenylalanine transitions making a more modest

contribution.

Table 4.18: The seven (v =1 to 7) 'Ly and the nine (v =1 to 9) tryptophan 'L,

vibrational states, their wavelengths (1) and their calculated contributions to the

rotational strength (R;) in Debye Bohr Magneton (DBM) -shown only if it is

greater than 1 DBM- at that wavelength ) in the near-UV CD spectrum of frame

v

© oo U1 W N

11
12
13
14

Residue

transitions

S|
Ypv2
YLpv3
YL pv5
1Lavl
1Lav2
1Lav3
1Lava
1Lav5
1Lav6
1Lav7

Alnm

290.5
283.5
282.6
276.5
285.0
278.7
276.7
272.8
270.8
267.0
263.4

5.

1Trp

uymy;  cosb,

1.05
0.16
0.06
0.08
1.92
0.81
0.42
0.32
0.46
0.10
0.09

-0.01
-0.05
-0.52
0.009
0.01
-0.01
0.01
-0.006
0.02
0.11
0.002
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UMy
0.45
0.79
0.68
0.68
0.95
1.74
0.26
0.78
0.22
0.04
0.25

8Trp

cos 6,
0.06
0.01
0.05

0.0004
-0.01
0.01
-0.01
0.01
-0.02
-0.20
0.007

R, x 1000 / DBM
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The data in Table 4.18 are computed using frame 5 of the NMR
structure. This protein has two tryptophan residues; thus, there
are two contributions at each wavelength. The biggest

contributions (10 X 1073 and 18 x 10~3 DBM) correspond to first

transitions of the 1L, and the 1Ly of 3!Trp. This chromophore shows
noticeable contributions in the calculated spectrum and has a
predominant role. The um values are high for ?8Trp, but costheta
is small with positive and negative values. This indicates that this

chromophore is isolated.

4.3.1.5 Hen egg white lysozyme

Figure 4.16 shows the calculated spectra using the X-ray crystal
structure (PDB code: 1HF4) and an average over the 50 NMR
structures (PDB code:1E8L) in comparison to the experimental
spectrum 46 | The overall shape is better reproduced by the X-ray
crystal structure than the average of the NMR structures. Peaks
are clearly missed, especially, in the wavelength range between
280 and 295 nm. The average CD spectrum computed from the
NMR structure showed intensities similar to the experimental
spectrum. The variation depending on the structure emphasises

the effect of conformational changes on the spectrum.
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Figure 4.16. Experimental ¢ near-UV CD spectrum (black solid line), and
spectra calculated using the X-ray structure (blue solid line), calculated using an
average over 50 frames of the NMR structure (red solid line) and calculated from

individual frames of the NMR structure: frame 2 ( red triangles) and frame 33
(red dotted line).

Figure 4.16 shows the CD spectrum calculated using specific NMR
structures: frame 33 which gives the more intense spectrum in
closest agreement to the experimental spectrum with RMSD 75
deg cm? dmol!, and by way of contrast frame 2, which gives the
calculated spectrum of weakest intensity. The difference between
the two NMR frames is small, 0.5 & all-atom RMSD.

To investigate the influence of conformational diversity on the
computed spectra, we calculated the standard deviation of the

computed intensity at each wavelength over all the NMR
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structures (Figure 4.17). The spectrum computed from averaging
over all the NMR frames is less intense than the experimental
spectrum. The contributions of the aromatic chromophores are
poorly reproduced at some wavelengths. The focus in the analysis

will be on frame 33.

270 : . . - ‘

240 A A

210 | a “a
180 | & a
150 |
120 |

x AAAAAAAAAAAAAA

8]/ deg cm? dmol™

-270 ‘ —
250 260 270 280 290 300

wavelength A / nm

Figure 4.17: Conformational diversity investigation. The black solid line is the
experimental spectrum ¢, The red solid line is the mean average computed from
50 NMR models and the red lines with triangles (upper and lower) represent the

mean average + standard deviation, respectively.
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Table 4.19: Calculated interaction energies (shown if greater than 100 cm™) of
electronic transitions of aromatic side chains in frame 33 of the NMR structure.

Chromophore/Transitions  Chromophore/Transitions = Distance  Interaction
(A) Energy (cm™)

2Trp -1Lp BTrp-La 0.0 129.8
2Trp -1y 2Trp -1La2 0.0 120.0

®Trp-1Lp Trp -1La 0.0 254.7
3Trp -1Lp 3Trp 1Laa 0.0 152.0
3Trp -LLos 3Trp -1La 0.0 180.8
3Trp - Lps Trp -La2 0.0 168.1
3Trp -ILp2 Trp -ILa2 0.0 179.5
123Trp -LLps 1253Trp-1lq 0.0 102.3
125Tp -LLps 123Trp -1, 0.0 110.0
123Trp -LLyps 123Trp -1as 0.0 109.3
123Trp -y 123Trp -La 0.0 117.5
123Trp -y 123Trp -1a 0.0 110.0
123Trp -y 123Trp -1, 0.0 118.4
Trp - 123T1p 1L 0.0 144.0
123Tp 1Ly 123Trp -1, 0.0 155.0

Table 4.19 shows the interaction energies of frame 33 of the NMR
family. The energies below the threshold are presented in Table
A.7 in the Appendix. The predominant interactions are the one-
electron mixing of the tryptophan transitions. The largest
interaction energy is 254.7 cm! correspond the mixing of lLs,
vland lLs, vl of 83Trp. Generally, all the interaction energies are

high. Most of the interactions energies of 123Trp corresponds to
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the 1Ly, v1,v2 and v3 and the L, v1,v2,v3 and v4 of the vibrational
states. The 28Trp interactions correspond to the Ly, v1,v2 and v3

and the 1L,, v1 and v2 of the vibrational states.
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200 [ . Trp108 memmmm -
a | 063 ww—
100 o - P R—
S of--HEEREN-g-B-= R
o ; " i
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i
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E /—‘\/\
S 0
(=2
g §
©
A ,
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250 25 260 265 27 s 280 285 290 285 300

wavelength A/ nm

Figure 4.18. Calculated contributions to the intensity for each Trp at different A
for frame 33 of hen egg white lysozyme (1E8L). The upper panel shows
calculated rotational strengths in (DBM) multiplied by 1000 for each residue at

each wavelength. The lower panel shows the calculated spectrum.

The contributions of the tryptophan residues of frame 33 of the
NMR structure are shown in Figure 4.18. “"Trp and 123Trp make
the biggest contributions to the calculated rotational strength.
Trp contributes a negative intensity at 278.7 of the near-UV,
whereas 123Trp has a positive contribution at the same
wavelength. 198Trp makes small contributions but these are
important in leading to the calculated CD spectrum, ®2Trp makes

a negative contribution.
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Table 4.20: Wavelength and associated eigenvector coefficients of tryptophan side

chain transitions in frame 33 of the NMR structure.

Eigenvectors index

o o1~ W NP

12
13
14
15

Eigenvector
coefficients
0.90
-0.96
0.96
0.91
0.93
-0.99
0.81
0.85
0.90
-0.90
-0.96

Participation ratio

(W)
1.0
1.0
1.0
1.0
1.0
1.0
2.2
2.0
1.0
1.0
1.0

Residues/
Transitions
STrpLor
13TrpLoy
2TrpLoy
18T rpLp7
MWTrpLer
2TrpLor
23Ty 4o
28TrpLa9
108TrpLa9
Uy 4

2TrpLag

Wavelength
(nm)
292.0
2911
290.9
290.6
290.5
290.5
285.5
285.4
285.1
285.1
285.0

Table 4.21: Wavelength and associated eigenvector coefficients of phenylalanine

side chain transitions in frame 33 of the NMR structure.

Eigenvectors
index
103
104
105
121
122
123
124
125
126

Eigenvector
coefficients
-0.84
-0.99
0.84
0.84
-0.99
-0.84
0.84
0.99
-0.84

Participation
ratio (W)

135

2.1
1.0
2.1
2.1
1.0
2.1
2.1
1.0
2.1

Residues/
Transitions
3Pheos
%*Pheps
*Pheps
8Pherps
34Pheips
3PheLps
%Pheyps
%Pheyps

3Pheyys

Wavelength
(nm)
264
264
264
261.2
261.2
261.2
257.7
257.7
257.7
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The wavelengths and the associated eigenvector coefficients for
the tryptophan and the phenylalanine residues are investigated
and some of the data are presented in Tables 4.20 and 4.21,
respectively. No table has been presented for the tyrosine
residues, because all the tyrosine eigenvector coefficients are
close to one, i.e., they show a high localisation of the transitions
of a specific chromophore. Most of the tryptophan eigenvector
coefficients in Table 4.20 are one, so their participation ratio is
one, i.e. the transitions are localised on the individual
chromophores. Only a few transitions of '23Trp and 28Trp have
eigenvector coefficients equal to 0.81 with a participation ratio of
2.0. For phenylalanines the eigenvector coefficients vary between
0.99 and 0.7 with participation ratio of 1.0 and 2.5, respectively.
The most intense transitions in this region arise from the
tryptophan residues, with the tyrosine and phenylalanine
transitions making a more modest contribution. The data in Table
4.22 are computed using frame 33 of the NMR structure. This
protein has six tryptophan residues; thus, there are six
contributions at each wavelength. The um values are clearly high
for all tryptophan residues with high values of cosf, so they have
the most predominant role in generating the near-UV CD
calculated spectrum. The values of the cosf vary between negative

and positive.
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Table 4.22: The seven (v =1 to 7) 'Ly and the nine (v =1 to 9) tryptophan 1L,

vibrational states, their wavelengths (1) and their calculated contributions to the

rotational strength (R;) in Debye Bohr Magneton (DBM) -shown if greater than 1

DBM- at that wavelength in the near-UV CD spectrum of frame 33.

v [%2]
(<5} [
3 S
g 2
x o
1 Lyl
2 w2
3 1Lw3
8 1LaV1
9 1LaV2
10 Lav3

Alnm

290.5

283.5

282.6

285.0

278.7

276.7

123Trp

Himy
cos 64
0.94
0.02

0.32
-0.02
0.04
0.97
0.34
-0.24
1.6
0.22

0.03
-0.05

111Trp

Um,

cos 6,

0.90
0.02
0.13
0.51
0.50
0.07
0.86
0.02
0.90
-0.33
0.15
0.06

108Trp

H3Mm3
cos 0
0.46
-0.06

0.14
-0.36
0.08
-0.85
0.79
0.01
0.70
0.24

0.09
-0.10

Trp

Uamy

cos 6,

0.12
0.22
0.12
0.09
0.42
0.06
0.37
-0.03
0.20
-0.45
0.16
0.17

%2Trp62

HsMs
cos s
0.30
0.05

0.31
-0.02
0.13
-0.25
1.18
0.08
0.29
0.02
0.14
-0.13

28Trp

HeMe
cos ¢
0.74
-0.05

0.13
-0.003
0.22
0.01
0.69
-0.08
-0.10
0.97
-0.005
0.56

The positive values of cos 6 indicate that the angle between the

electric and magnetic transition dipoles are less than 90°. The

negative values of cos 6 indicate that the angle between the

electric and magnetic transition dipoles is greater than 90°. Table
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4.22 shows that all the tryptophan residues have shown a coupling

or mixing in their transitions.

4.4. Influence of electrostatics

In this section the analysis of the electrostatic is presented for
only one protein from the five that discussed in this chapter. 11°Trp
and 13%Trp of frames 15 of the NMR structure of Apolipophorin III
are investigated. APBS is used to generate the potentials and
investigate the surrounding environment within the mentioned
tryptophans.

We have investigated the surrounding environment for tryptophan
residues. The !L, transition of Trp is very sensitive to its
surroundings, due to the large dipole moment of this electronic
excited state 105106, The data of the electrostatic analysis will be
discussed only for frame 15 of the NMR structure of Apolipophorin
ITI. Further analysis to the electrostatic environment will provide
a better understanding of the role of the tryptophan residues in

the origin of the calculated spectrum in the near-UV region.
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4 ;‘ o

SRR
A LIRS

Figure 4.19. Contour plane through **Trp in frame 15 from the family of the
NMR structure of Apolipophorin I11 (1LS4). The plane is coloured by calculated
electrostatic potential of the local environment of the tryptophan residue. It is set

to cut through Cy, €81 and €62 of the tryptophan residue. The colours from

positive to negative: blue (+20.0), green, yellow, and red (-6.0); with points

outside of the contour range (20.0 to -6.0 ksT/ec) not shown, i.e., black.
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Figure 4.20. Contour plane through 3Trp in frame 15 from the family of the
NMR structure of BPTI. The plane is coloured by calculated electrostatic
potential of the local environment of the tryptophan residue. It is set to cut
through Cy, €51 and €62 of the tryptophan residue. The colours from positive to
negative: blue (+20.0), green, yellow, and red (-6.0); with points outside of the

contour range (20.0 to -6.0 ke T/ec) not shown, i.e., black.

Figure 4.19 shows that the local environment surrounding 11>Trp
is positive. This residue is buried in the core of the protein and it
is located between 114GIn and !1GIn. The GIn residue is a polar
amino acid, so this may affect the potentials of the 11>Trp. Figure

4.20 shows the potential around 13°Trp. Mostly it expressed a
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negative potential. 139Trp is also buried inside the protein and
located between 12°Ala and !3'Ala. Ala is a neutral and nonpolar
residue. This could help explain why the electrostatic environment
and the local structure perturbs the electronic transitions on both
residues to a degree that would affect the spectra, as seen in the
computed spectra for frame 15 of the NMR structure of

Apolipophorin III.

4.5. Conclusion

From the analysis on the five proteins in this chapter, we can
conclude that using the vibrational structure of electronic
transitions of aromatic amino acids in our calculations of the near-
UV CD spectra shows an improvement over spectra calculated
without considering the vibrational structure. Investigation and
detailed analysis have been done for the tryptophan
chromophores of the five proteins, using an extension of the
matrix method approach to include new parameterizations of
chromophores based on the Franck-Condon integrals of toluene,
p-cresol and 3-methyl-indole 48.

Overall, the five calculated CD spectra reproduced some of the
experimental band shapes and peaks, especially, in the case of
apolipophorin III. However, the calculated CD spectrum of

barnase and hen egg white lysozyme show weak similarities to
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the experimental spectrum. Using different frames of the NMR
structures in calculating the CD spectra shows a noticeable
improvement from the X-ray crystal structure. In addition, using
different frames of the NMR structures enable us to investigate
the protein-structure and protein-dynamics relationships and their
impact on the generated spectrum.

The investigation of the interactions between residues clarifies the
role of each chromophore in generating the calculated CD spectra.
Also calculate their contributions of generating CD spectrum
enable us to indicate that the one-electron mechanism has the
main role in generating the spectrum of all the proteins that
examined in this chapter.

Further analysis of Apolipophorin III has characterised the
electrostatic potentials generated by the rest of the protein. The
investigation of its impact on the mechanisms generating the
calculated CD spectrum in near-UV region emphasizes the role
and the influence of the electrostatic environment surrounding the
most interesting aromatic residues of the Apolipophorin III

protein.
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Chapter 5

Conclusion and Future Work

Proteins are an important class of biomolecules, studied in
different scientific subjects, studying their structure-spectrum
relationship is essential to understand their function and folding.
CD spectroscopy is a useful technique used to study proteins, and
it is used in revealing information about conformational changes
of proteins. CD spectra in the near-UV region provide information
on the aromatic side chains present in a protein due to their
electronic transitions. However, the band intensity is highly
sensitive to the environments of these aromatic side chains.
Therefore, spectra can vary considerably for different

conformations of the same protein.

In this thesis we have calculated CD spectra for a set of proteins
in the near-UV region. Exciton theory is used to compute the
spectra as it is implemented in our DichroCalc web interface,

extending the matrix method approach to include new
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parameterizations of chromophores based on the Franck-Condon
integrals of toluene, p-cresol and 3-Methyl-indole #8. We report
some advances in the accuracy of calculations in the near-UV
region by using the vibrational structure parameters in the
electronic CD spectra of proteins. The new parameters are
included, and an improvement in peak positions and intensity has
been noticed for some calculated spectra. Considering the
vibrational features of the chromophores provided some further
insight into the physical origins of the nature of protein CD
spectra. However, the difficulty in interpretation of the signal
remains, as the CD spectrum is a summation of signals arising
from individual chromophores and is affected by the

conformational changes.

The reproduction of the calculated CD spectrum in the near-UV
regions provides the opportunity to study the underlying
mechanisms of interactions between individual aromatic
chromophores which generate the spectrum. Two different types
of mechanisms have been found the one-electron mechanism and

the u — m mechanism. Mainly the predominant role in generating

CD spectra corresponds to the one- electron mechanism. Further
investigations of each aromatic chromophore have been

undertaken by calculating the contributions of each residue to
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generate the rotational strength at each wavelength. These
contributions emphasise the role of the one-electron mechanism

in generating a CD spectrum.

Considering the NMR models in our calculations enable us to
explore the influence of protein conformational flexibility and
changes. Including the NMR models in our calculations shows the
importance of the conformation diversity of proteins in the CD
calculation. Most of the NMR models in this thesis shows a better
reproducing of the calculated spectrum comparing to the X-ray
crystallography. In addition, using different frames of the NMR
structures enable us to investigate the protein-structure and
protein-dynamics relationships and their impact on the generated

spectrum.

Chapter three focuses on investigating the electronic properties of
tyrosine depend on a combination of specific interactions between
the chromophore and its surroundings. Better understanding of
the effects of these interactions would make the spectroscopy of
tyrosine a more valuable intrinsic probe of protein structure.
Tyrosine residues for the three proteins in chapter three show an
effective and predominant role in generating the calculated CD

spectrum. The analysis has supported the generally held belief
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that 'Ly has the strong role in tyrosine spectrum in the near-Uv
region. Overall, the three protein calculated CD spectra are well
reproduced in terms of the shape and the peaks, especially, in the
case of bovine pancreatic trypsin inhibitor. However, the
calculated CD spectrum of cardiotoxin shows a weak similarity to

the experimental spectrum.

Chapter four focuses mainly on tryptophan chromophores,
although some tyrosine residues- and rarely phenylalanine
residues- make an important contribution to the calculated
spectrum. For example, Beta-2-microglobulin shows significant
interaction energies resulted from the coupling and the mixing of
the transitions of 7°Phe, %¢Tyr and 78Tyr. The largest interaction
energy mostly corresponds to the one-electron mixing of the ILp
and the 1L,, transitions of the tryptophan chromophores. The one-
electron mechanism of the tryptophan residues has the main role
of generating the calculated spectra of the proteins investigated

in chapter four.

Electrostatic interactions are vital to the structure and function of
proteins. The investigation of the surrounding environment for
aromatic residues is important. APBS is an established piece of

software used to generate the electrostatic potentials of
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chromophores to study their effect on the calculated CD spectrum.
Therefore, further analysis of the tyrosines 1°Tyr, 21Tyr, 23Tyr and
35Tyr of BPTI and the tryptothans 13%Trp and 1!°Trp of
Apolipophorin III have characterised the electrostatic potentials
generated by the rest of the protein. The investigation of the
impact of the aromatic residues for the above proteins is

presented in detail.

The location of the aromatic residues whether they are buried
inside the core of protein or they locate on the surface also has an
impact on the electrostatic potentials of each residue. In addition,
the location of the tyrosine and the tryptophan chromophores is
affected by the neighbours residues whether they are polar or
neutral. The positively charged residues near the benzene end of
the Trp ring will shift the transitions to longer wavelengths
(produce a redshift) 127, The effects of the aromatic residues on
the mechanisms that generate the calculated CD spectrum in
near-UV region, emphasises the role and the influence of the
electrostatic environment surrounding the aromatic residues of

the BPTI and Apolipophorin III proteins.

In the future we will be developing the work further, for example,

by generating parameters for disulfide bonds, which is not
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considered in our current calculations. Disulfide bonds play an
important role for the near-UV spectra, so including them will
enable a better analysis and understanding to the calculated
spectrum. Further improvement will be gained by consideration of
the influence of solvent. Its effects are crucial in ab initio
calculations. All the calculations in this thesis have been done in
the gas phase for all the small molecules representing the
chromophore. It would be worthwhile to consider solvent effects.
The consideration of disulphide bond and the solvent will make a
noticeable improvement in the calculations. The better the
calculation can aid the interpretation of the experimental data, the

more that CD spectroscopy will be used in protein studies.

A combination between CD calculations and Molecular Dynamics
(MD) will enable more exploration of the influence of the protein
conformational flexibility on the mechanisms of generation of
rotational strength and chromophore interactions. In addition, the
implementation of MD simulation snapshots will be useful because
we will consider the effect of solvent. Therefore, the investigation
of the potentials of the aromatic residues and the impact of the

electrostatic environment will be more accurate.
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Considering the role of hydrogen bonds is also important to
investigate and understand the protein structure. Different
secondary structures of proteins are connected by hydrogen
bonds between peptide bonds in different patterns. The aromatic
side chains of tyrosine and tryptophan can also form hydrogen
bonds with other residues or water molecules. The hydrogen
bonds have a role in hydrophilic and hydrophobic features for the

side chains.

The presence of certain regions of hydrophilicity and
hydrophobicity is a driving force in determining protein structure
when folding. The varying polarities of the side chains influence
the locations of residues in the structure 4’. These interactions
will shift the CD band on a case by case basis. Considering these
effects would help better assign the CD signals and further

improve our understanding of the influence of protein structure.
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Appendix

The interaction energies which have not been presented in chapter

three and chapter four are presented here in this appendix. And

all the tables their threshold is +1 cm-™.

Table A.1: Calculated interaction energies of electronic transitions of aromatic

side chains in frame 3 of (PDB:1CRF) of the NMR structure

Chromophore/Transitions Chromophore/Transitions

ll'l'yr_ll_b8
11-|-yr_1|_b7
llTyr_lLb5
UTyr-Lpg
UTyr-1lp,
22-|-yr_1|_b8
2Tyr-1Ly
22Tyr-1Lps
22Tyr-Lps
2Tyr-1Lpg
22Tyr-1Ly
22Tyr'1|—b3
2Tyr-1pp
22Tyr-Lpg
22Tyl’-1Lbs
22-|-yr_1|_b8
2Tyr-1L g
22-|-yr_1|_b7
2Tyr-1Ly
22Tyr-1Lb7
22Tyr- Ly

UTyr-1L,
UTyr-1L,
UTyr-1L,
UTyr-1L,
2Tyr-1L,
2Tyr-1La
22Tyr-1L,
2Tyr-1La
22Tyr-1L,
22Tyr-1L,
2Tyr-1La
22Tyr-1L,
2Tyr-1La
SITyr-Lpm
SITyr-1py
SITyr-Lp,
STyr-1L,
SITyr-Lp
SITyr-1p,
SITyr-1p
S1Tyr-1L,

Distance (A)

o O o o

16.11

o o o o o o o o
S e a2 22 oo oo o o oo

Interaction

Energy (cm™)

-71.5
-1.5
-9.6
-9.1
-1.1
10.9
10.9
21.9
14.1
35.3
40.8
13.3
45.5
11
1.0
13
-35
11
1.0
13
-3.5



2Tyr-1L g
22-|-yr_1|_b6
2Tyr-1pe
2Tyr-1L g
22-|-yr_1|_b6
2Tyr-1L s
22-|-yr_1|_b5
2Tyr-1L s
2Tyr-1ps
2Tyr-ALp,
2Tyr-1 s
2Tyr-ALp,
2Tyr-1 s
2Tyr-1 s
2Tyr-ALp,
2Tyr-1 s
2Tyr-ALp,
2Tyr-1L,
2Tyr-AL,
2Tyr-1Ly
2Tyr-'Ly
22Tyr-1Ly
2Tyr-'Lp
22Tyr-1Ly
22Tyr-1Ly
22Tyr-Lps
2Tyr-1Lps
22Tyr-Lps
2Tyr-1Lps
2Tyr-Lp,
2Tyr-1p
2Tyr-Lp,
2Tyr-1p
2Tyr-Lp,
2Tyr-1p
2Tyr-1p

SITyr-
SITyr-1Lps
SITyr-Lps
SITyr-Lpy
SITyr-1L,
SITyr-1L,
SITyr-Lps
SITyr-Lpy
SITyr-1L,
SITyr-L g
SITyr-1Ly
SITyr-Lyy
SITyr-1Lpe
SITyr-1Lps
SITyr-1lps
SITyr-1Ls
SITyr-Lp,
SITyr-1Lps
SITyr-Lp
SITyr-1Lyy
SITyr-Lps
SITyr-1Lps
SITyr-1lps
SITyr-1Ls
SITyr-1Lp,
SITyr-Lp
SITyr-Lps
SITyr-Lp,
S1Tyr-1La
SITyr-Lps
SITyr-1Ly,
SITyr-Lyy
SITyr-1 s
SITyr-Lps
SITyr-1 s
SITyr-1pg

6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1

2.3
1.2
2.0
2.6
-7.1
15
1.3
1.7
-4.5
1.0
3.8
1.0
2.0
1.3
3.3
1.2
4.2
11
44
11
2.3
15
3.8
1.4
4.9
1.4
1.2
1.6
-4.3
1.3
4.9
1.3
2.6
1.7
4.2
1.6



2Tyr-1Ly,
2Tyr-1L,
2Tyr-1L,
2Tyr-1La
2Tyr-1L,
2Tyr-1La
2Tyr-1L,
22Tyr-1La
2Tyr-1L,
SITyr-1Lpg
SITyr-1Lp
SITyr-Lyy
SITyr-1Lps
SITyr-1Lps
SITyr-Lps
SITyr-1Lps
SITyr-Lp,

SITyr-Lpy
SITyr-1Lps
SITyr-1Ly
SITyr-L g7
SITyr-1Lps
SITyr-1Lps
SITyr-1Lps
SITyr-1 b
SITyr-1Lp
SITyr-1L,
SITyr-1L,
S1Tyr-1L,
SITyr-1L,
SITyr-1L,
S1Tyr-1L,
SITyr-1L,
S1Tyr-1L,

o O 0O o o o o o o
© 90 90 0 0 9 9 9 L ek PRk R R R R R

5.5
8.9
33.1
8.9
17.8
11.4
28.7
10.8
36.9
6.4
240
6.4
12.9
8.3
20.7
7.8
26.7

Table A.2: Calculated interaction energies of electronic transitions of aromatic

side chains in frame 12 of (PDB:2AAS) of the NMR structure

Chromophore/Transitions

8Phe-1Lp
8 Phe-!Lps
& Phe-1L,
& Phe-1L,
8Phe-1Ls
& Phe-1L,
8 Phe-1Ly
8 Phe-1Lp,
8 Phe-!Lps

Chromophore/Transitions

120phe-1L,
120 phe-1L,
120 Phe-Ly,
120 Phe-1Ly,
120 phe-1L,
120 Phe-1Lyg
120 Phe-1Ly,
120 Phe-1L,

120 Phe-1L g

Distance

(A)

6.28
6.28
6.28
6.28
6.28
6.28
6.28
6.28
6.28

Interaction

Energy
(cm™)

11.8

9.8
8.7
7.1
5.2
3.6
11
11
-1.0



& Phe-Ly
& Phe-1Lys
8 Phe-Ly
8 Phe-'Lps
8 Phe-!L,
8 Phe-1Lp4
8 Phe-'Lp>
8 Phe-!L,
46 Phe-1L,
46 Phe-1L,
46 Phe-1L,
46 Phe-1L,
46 Phe-1L,
46 Phe-1L,
46 Phe-1L,
46 Phe-1L,
& Tyr-lng
IS Tyr-lLb7
B Tyr-1Ly
IS Tyr-lLbe
IS Tyr-lLb5
8 Tyr-1Lpa
IS Tyr-lng
IS Tyr-lLbz
3 Tyr-1pg
IS Tyr-lLb7
= Tyr-1Lp
3 Tyr-pe
I8 Tyr-lLbs
7 Tyr-'Los
3 Tyr-1ps
I8 Tyr-lLbz

120 phe-1Ly3
120 phe-1L
120 phe-1L,
120 phe-1L,
120 Phe-1Lys
120 phe-1L,
120 phe-1L,
120 Phe-1Ly
25 Tyr-pg
5 Tyr-lyy
5 Tyr-ps
5 Tyr-ps
25 Tyr-1lpg
5 Tyr-lps
25 Tyr-tLy
25 Tyr-Lp,
BTyr-L,
BTyr-L,
BTyr-1L,
BTyr-L,
BTyr-L,
BTyr-1L,
BTyr-L,
BTyr-L,
S Tyr-1L,
6 Tyr-1L,
6 Tyr-1L,
8 Tyr-1L,
6 Tyr-1L,
6 Tyr-1L,
8 Tyr-1L,
6 Tyr-1L,

6.28
6.28
6.28
6.28
6.28
6.28
6.28
6.28
5.83
5.83
5.83
5.83
5.83
5.83
5.83
5.83

o O o o o o o

10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56

-1.2
-1.2
-15
-3.6
-5.2
-7.0
-8.6
-9.9
-1.2
-1.2
-2.5
-1.6
-4.1
-15
-4.7
-5.3
24.7
24.7
91.9
49.5
31.8
79.6
30.0
102.6
1.4
1.4
5.3
2.8
1.8
4.6
1.7
5.9



3 Tyr-1Lps
& Tyr-lLb7
3 Tyr-1Ly
3 Tyr-1Ly
% Tyr-Lp
3 Tyr-1Ly
3 Tyr-1Lps
& Tyr-lLbe
3 Tyr-1Lps
3 Tyr-ps
7 Tyr-'Los
3 Tyr-1Lpa
3 Tyr-1Lpa
7 Tyr-'Lps
7 Tyr-'Lps
3 Tyr-1ps
& Tyr-lLbz
3 Tyr-Lp,
B Tyr-1Lp,
3 Tyr-Lp,
3 Tyr-Lp,
B Tyr-'La
B Tyr-l,
B Tyr-,
B Tyr-'La
B Tyr-l,
 Tyr-LL,
6 Tyr-'La
 Tyr-LL,
% Tyr-'Log
2 Tyr-1Lpy
% Tyr-'Los

115 Tyr'll—a
115 Tyr-lLa
115 Tyr'lLbG
115 Tyr-lLb4
115 Tyr'lLbZ
115 Tyr-ll_b
115 Tyr-lLb4
115 Tyr'lLbZ
115'|'yr_1|_b
115 Tyr_lLb2
115 Tyr'll_a
115 Tyr'lLbG
115 Tyr'll—b4
115 Tyr'lLbZ
115 Tyr'll—b
115 Tyr_lLa
115 Tyr'lLbG
115 Tyr'lLbS
115 Tyr-lLb4
115 Tyr'lLbZ
115 Tyr_lLb
115 Tyr'lLbS
115 Tyr'lLkﬂ
115 Tyr'll—bﬁ
115 Tyr_ll_b5
115 Tyr'll—b3
115 Tyr'lLb4
115 Tyr_lLb2
115 Tyr_lLb
2 Tyr-1L,
2 Tyr-1L,
2 Tyr-lL,

4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
4.05
13.23
13.23
13.23

-5.3
-5.3

2.2
-2.8
2.5
1.2
-15
1.3
-1.0
-6.8
1.2
-1.9
-2.5
-2.2
-6.4
-15
-1.0
2.5
-3.2
-2.8
-35
-35
7.1
-4.6
-4.3
1.2
1.6
1.4
-2.9
-2.9



92 Tyr-1Lps
2 Tyr-'Lps
92 Tyr-1Lps
2 Tyr-1Ly

92 Tyr-tLps
92 Tyr-'Lpg
92 Tyr-1Lp,
2 Tyr-1L,

2 Tyr-lLq

2 Tyr-'La

7 Tyr-'L

9 Tyr-'Lpg
I Tyr-'Lb7
97 Tyr-"Los
o7 Tyr-'Lys
I Tyr-'Los
o7 Tyr-'Lys
7 Tyr-'Lyz
115 Tyr-1Lpg
15 Tyr-LL g
15 Tyr-Lpg
115 Tyr-1Lps
15 Tyr-Lpg
15 Tyr-LLpg
115 Tyr-1Lp2
15 Tyr-1Lp

2 Tyr-1L,
92 Tyr-1L,
%2 Tyr-'L,
7 Tyr-'La
7 Tyr-1L,
7 Tyr-'La
7 Tyr-'La
7 Tyr-tLy
7 Tyr-tLps
7 Tyr-Lp,
T Tyr-1L,
7 Tyr-1L,
7 Tyr-1L,
T Tyr-1L,
T Tyr-1L,
7 Tyr-1L,
T Tyr-1L,
T Tyr-1L,
115 Tyr_lLa
115 Tyr-lLa
115 Tyr-lLa
115 Tyr_lLa
115 Tyr-lLa
115 Tyr-lLa
115 Tyr_lLa
115 Tyr-lLa

12.29
12.29
12.29
12.29
12.29
12.29
12.29

O O O O O O o o o o o o o o o o

-3.7
-9.4
-3.5
-2.1
-11
-1.8
-2.4
1.2
11
1.4
-6.2
-1.6
-1.6
-3.3
-2.1
-5.3
-2.0
-6.9
10.2
10.2
20.5
13.1
32.9
12.4
42.4
38.0



Table A.3: Calculated interaction energies of electronic transitions of aromatic
side chains in frame 15 of (PDB:1LS4) of the NMR structure

Chromophore/Transitions Chromophore/Transitions Distance  Interaction

(A) Energy
(cm™)
15Trp-LLpy USTrp-1Lag 0 2.5
15 Trp-Lp7 115 Trp-1lqg 0 2.0
15 Trp-Lpy 15T rp-tLqr 0 4.8
15 Trp-Lpy 115 Trp-2Lqg 0 45
115 Trp-lLb7 U5Trp-1Llgs 0 7.6
15 Trp-Lpy 15 Trp-tLaa 0 8.6
15 Trp-Lpy 15 Trp-Las 0 8.1
115 Trp-lLb7 U5Trp-1Lg 0 13.5
115 Trp-1Ly7 USTrp-LL, 0 145
115 Trp-Lps 15 Trp-Lag 0 1.3
115 Trp-lLb6 115 Trp-1lqg 0 1.0
115 Trp-Lps 15 Trp-tLla 0 25
115 Trp-Lps 15 Trp-Las 0 2.4
15 Trp-LLlps 15 Trp-1l,s 0 4.0
115 Trp-Lps 115 Trp-1Lag 0 4.5
115 Trp-Lpe U5 Trp-tlgs 0 4.3
115 Trp-lLb6 15 Trp-1ly 0 7.1
115 Trp-Lps 15 Trp-1L, 0 7.6
15 Trp-Lps 115 Trp-2Lqg 0 4.9
115 Trp-lLb5 115 Trp-1lqg 0 3.9
15 Trp-Lps U5 Trp-tLly7 0 9.4
15 Trp-Lps 15 Trp-LLlge 0 8.9
115 Trp-Lps 115 Trp-1 g5 0 14.8
15 Trp-LLlps 115 Trp-1Las 0 16.8
15 Trp-Lps 15 Trp-tlys 0 15.8
115 Trp-Lps 15 Trp-iL 0 26.2
115 Trp-Lps 115 Trp-1L, 0 28.2



USTrp-tLpg
115 Trp-tLps
115 Trp-1Lp4
15 Trp-1Lp4
115 Trp-tLps
115 Trp-1Lp4
15 Trp-1Lp4
115 Trp-tLps
15 Trp-1Lp4
115 Trp-*Lp3
115 Trp-LLps
115 Trp-*Lp3
115 Trp-*Lp3
115 Trp-tLps
115 Trp-LLps
115 Trp-*Lp3
115 Trp-tLps
115 Trp-tLps
115 Trp-Lp2
115 Trp-tLp2
115 Trp-tLp2
115 Trp-Lp2
115 Trp-tLp2
115 Trp-tLp2
115 Trp-Lp2
115 Trp-tLp2
115 Trp-LLyz
115 Trp-Ly
15 Trp-Ly
15 Trp-LLy
115 Trp-Ly
115 Trp-tLp

15 Trp-LLq
115 Trp-1Lsg
U5 Trp-Llq
15 Trp-L g
115 Trp-Las
15 Trp-Llag
15 Trp-L gz
15 Trp-1Lqp
15 Trp-iL,
115 Trp-LL g
115 Trp-Lsg
15 Trp-Ll 7
115 Trp-L g6
15 Trp-Las
115 Trp-1Log
15 Trp-Ll g3
15 Trp-1Lq,
15 Trp-1L,
115 Trp-LL g
115 Trp-1Lsg
115 Trp-1Lqgg
115 Trp-L g6
115 Trp-Las
115 Trp-1Lag
115 Trp-Ll g3
115 Trp-1Lq,
15 Trp-1L,
15 Trp-1Lag
115 Trp-Lsg
115 Trp-1Lqgg
15 Trp-Las
115 Trp-Las

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

3.4
2.7
6.5
6.2
10.3
11.7
11.0
18.2
19.6
6.5
5.2
12.5
11.8
19.7
22.4
21.1
34.9
37.6
7.0
5.6
13.3
12.6
21.1
23.9
22.5
37.3
40.1
9.2
7.4
17.6
16.7
27.8



115 Trp-1Lp
115 Trp-tLp
115 Trp-1Lp
115 Trp-tLp
130 Trp-tLp7
130 Trp-tLuy
10T rp-Lpy
130 Trp-tLp7
130 Trp-tLpy
BT rp-1Lb7
130 Trp-tLy7
130 Trp-*Lp7
130 Trp-*Lp7
130 Trp-tLps
130 Trp-tLps
130 Trp-*Lpe
130 Trp-tLps
130 Trp-tLps
130 Trp-*Lpe
130 Trp-tLps
130 Trp-tLps
130 Trp-*Lpe
130 Trp-tLps
130 Trp-tLps
130 Trp-tLps
130 Trp-tLps
130 Trp-LLgs
130 Trp-*Lps
130 Trp-LLgs
130 Trp-LLgs
130 Trp-*Lps
130 Trp-tLps

15 Trp-Llag
USTrp-1Lgs
15 Trp-Llq
15 Trp-L,
130 Trp-1Lgg
130 Trp-Lqg
130 Trp-LLq
130 Trp-1Lgg
130 Trp-LLgs
130 Trp-LL o4
130 Trp-1Lgg
130 Trp-LLq
130 Trp-1L,
130 Trp-1Lgg
130 Trp-1Lqg
130 Trp-LLq7
130 Trp-1Lag
130 Trp-1Lgs
130 Trp-LLq
130 Trp-1Lgg
130 Trp-1Lg,
130T rp-1L,
130 Trp-1Lgg
130 Trp-1Lsg
130 Trp-LL 47
130 Trp-1Lgg
130 Trp-1Lgs
130 Trp-1Lay
130 Trp-1Lgg
130 Trp-1Lg,
130T rp-1L,
130 Trp-1Lqg

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

31.6
29.7
49.2
53.0
4.7
3.8
9.0
8.5
14.2
16.1
15.2
25.1
27.0
2.5
2.0
4.7
4.5
7.5
8.5
8.0
13.3
14.3
9.2
7.3
17.5
16.6
27.6
31.3
29.5
48.8
52.5
6.4



130 Trp-1Lp4
130 Trp-tLps
130 Trp-1Lp4
10T rp-tLpg
130 Trp-tLps
130 Trp-1Lp4
10T rp-Lpg
130T rp- L4
130 Trp-tLps
130 Trp-*Lp3
130 Trp-tLps
130 Trp-*Lp3
130 Trp-*Lp3
130 Trp-tLps
130 Trp-tLps
130 Trp-*Lp3
130 Trp-tLps
130 Trp-tLpo
10T rp-1Lp2
130 Trp-tLpo
130 Trp-tLpo
130 Trp-Lp2
130 Trp-tLpo
130 Trp-tLpo
130 Trp-tLp2
130 Trp-tLpo
130 Trp-LLy
130 Trp-Ly
130 Trp-LLy
130 Trp-LLy,
130 Trp-Ly
130 Trp-tLp

130 Trp-1Lqg
130 Typ-1L 7
130 Trp-1Lqg
130 Trp-1Lgs
130 Typ-1l o4
130 Trp-1Lgg
130 Trp-1Lg,
130 Trp-1L,
130 Trp-1Lgg
130 Trp-1Lqg
130 Trp-1Lg7
130 Trp-1Leg
130 Trp-1Lgs
130 Trp-1Log
130 Trp-1Lgg
130 Trp-1Lg,
130 Trp-1L,
130 Trp-1Lgg
130 Trp-1Lqg
130 Trp-1Lg7
130 Trp-1Lqg
130 Trp-1Lgs
130 Trp-1L g
130T p-1L 45
130 Trp-1Lg,
130T rp-1L,
130 Trp-1Lgg
130 Trp-1L g
130 Trp-1Lg7
130T rp-1L46
130 Typ-1L gs
130T p-1L a4

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

5.1
12.2
11.5
19.2
21.8
20.5
34.0
36.6
12.3

9.8
23.3
22.1
36.9
41.8
39.3
65.1
70.1
13.1
10.5
24.9
23.6
39.4
44.6
42.0
69.6
74.8
17.3
13.8
329
311
51.9
58.9



130 Trp-1Lp 130 Trp-2Las 0 55.4
130 Trp-LL 130 Trp-1Ly 0 91.8
130 Trp-1Lp 130T rp-1L, 0 98.7

Table A.4: Calculated interaction energies of electronic transitions of aromatic
side chains in frame 20 of (PDB:1FW?7) of the NMR structure

Chromophore/Transitions Chromophore/Transitions Distance  Interaction
(A) Energy (cm

1
56Phe-1L, 82phe-1Ly, 8.07 -1?3
56 Phe-1Lps O Tyr-1La 9.22 -2.0
56 Phe-1Lps5 O Tyr-1La 9.22 13.0
56 Phe-11 4 0 Tyr-1L, 9.22 -40.0
56 Phe-1L; O Tyr-1La 9.22 6.8
56 Phe-1Lp3 O Tyr-1La 9.22 51
56 Phe-1L o O Tyr-1L, 9.22 -24.9
56 Phe-11, 0 Tyr-1lpg 9.22 -18.7
56 Phe-11, 0 Tyr-1Lpy 9.22 -11.7
56 Phe-1L, 90 Tyr-1Lus 9.22 -3.2
56 Phe-11, O Tyr-tLps 9.22 -2.0
s6Phe-1L , O Tyr-1Lpg 9.22 -5.2
56 Phe-1L, O Tyr-1Lps 9.22 -9.2
s6Phe-1L , 0O Tyr-tLpy 9.22 -6.7
s6Phe-1L , OTyr-1Ly 9.22 -15.0
56 Phe-1L, 56 Phe-1L, 0 4.0
56 Phe-1L, % Phe-1Ly3 0 33
56 Phe-1Lp, % Phe-lL, 0 3.8
56 Phe-1Lp4 56 Phe-1L, 0 19
56 Phe-1L, 56 Phe-1Lps 0 15
56 Phe-1 s % Phe-lL, 0 3.0
56 Phe-1L, 56 Phe-1Lpg 0 -11



% Phe-Lys
5 Phe-L,
*Phe-'L,
% Phe-Ly3
% Phe-Lp
% Phe-!Ls
% Phe-!Ls
5 Phe-L,
% Phe-1L,
% Phe-LLy,
% Phe-L
% Phe-1L,
®2Phe-1L,
82phe-1L,
82phe-1L,
% Phe-1L,
82phe-1L,
% Phe-1L,
% Phe-1L,
% Phe-1Ly3
% Phe-1Ly3
% Phe-1L g3
% Phe-1L;
% Phe-1L;
% Phe-1Lp
% Phe-1L;
% Phe-1L;
% Phe-Lp
% Phe-1L;
% Phe-1L;
% Phe-Lp
% Phe-1L;

% Phe-1L,
56 Phe-1Lp4
56 Phe-tLp;
% Phe-!L,
% Phe-1L,
8 Tyr-'Lp,
B Tyr-'L,
BTyr-Lp,
8 Tyr-1Ly
L Trp-LL,
BTyr-'L,
8Tyr-1Lps
8Tyr-Lyy;
B Tyr-'Lps
B Tyr-1Lps
8 Tyr-'Lps
BTyr-1Lps
B Tyr-1Lp,
B Tyr-1Ly
94 Trp_lLa3
% Trp-Lqp
% Trp-lL,
94 Trp'lLbZ
94 Trp_lLb
94 Trp-ll_ag
% Trp-tLg
94 Trp'lLaﬁ
94 Tl’p-lLas
%4 Trp-1lag
94 Trp'lLa3
% Trp-lap
% Trp-1L,

o o o o

8.91
8.91
8.91
8.91
8.96
8.91
521
521
5.21
5.21
521
5.21
5.21
521
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67

-1.8
-2.1
-2.6
-2.7
-3.7
-15.0
10.0
7.1
1.0
-16.5
-11
24.7
4.7
39.4
6.0
15.1
5.7
19.5
17.5
-33.7
-6.1
-13.9
-10.0
-1.4
29.0
10.8
458
3.1
433
3.9
35.2
447



% Phe-1Ls
8 Phe-1Ly
% Phe-1Ls
% Phe-1Ls
8 Phe-1Ly
% Phe-1Ls
% Phe-1Ls
8 Phe-1Ly
% Phe-1Ls
% Phe-LLy,
8 Phe-1Ly
% Phe-LLy,
% Phe-LLy,
8 Phe-1L,
8 Phe-1L,
©2Phe-1L,
13 Tyr-"Lyg
13 Tyr-1Ly7
B Tyr-'Lps
13 Tyr-"Lys
13 Tyr-"Lys
1 Tyr-'Lpg
13 Tyr-"Ly7
13 Tyr-"Ly7
B Tyr-'Lps
13 Tyr-Lpe
13 Tyr-YLps
1B Tyr-1Lps
13 Tyr-YLps
13 Tyr-"Lps
B Tyr-1lps
13 Tyr-"Lps

% Trp-tLs
% Trp-tLlps
% Trp-tLn2
% Trp-tLp
% Trp-tlag
% Trp-tLas
% Trp-tLar
% Trp-tlae
% Trp-tLas
% Trp-Lag
% Trp-tLlas
% Trp-tLaz
% Trp-ILa
ATrp-1Lp7
ATrp-Los
% Trp-tLns
BTyr-lL,
BTyr-lL,
BTyr-1L,
BTyr-lL,
1 Tyr-1L,
24 Tyr—lLbz
24 -|-yr_1|_b
24 -|-yr_1|_b2
24 Tyr-lLb
24 -|-yr_1|_b2
24 Tyr-1p,
24 Tyr-1L
24 Tyr-Lp,
24 Tyr-lLbs
24 Tyr-p,
20 Tyr-1Ly,

6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67
6.67

6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81

1.0
11.3

15
21.1
-1.9

1.1
-32.1
-12.0
45
-27.7
45

7.4

-8.0

5.1

2.7
-16.9
-3.3

-3.3
-19.7
-4.3

4.1
-41.3
111
-15
211
2.4

-15
-41.4
-10.5
-15.5
-3.0

-35



13 Tyr-1Lps
13 Tyr-LLpg
18 Tyr-'Lps
13 Tyr-1Lps
13 Tyr-1Lp;
13 Tyr-1Lp2
18 Tyr-"Lyo
13 Tyr-1Lp;
18 Tyr-"Lya
1 Tyr-1Lp
13 Tyr-1Lp,
1 Tyr-'Ly
1 Tyr-'Ly
13 Tyr-LLy
13 Tyr-LLy
1 Tyr-'Ly
13 Tyr-LLy
13 Tyr-LLy
1 Tyr-'Ly
13 Tyr-1L,
13 Tyr-1L,
1 Tyr-'La
13 Tyr-1L,
13 Tyr-"Lyy
1 Tyr-'La
13 Tyr-1L,
13 Tyr-1L,
1 Tyr-'La
13 Tyr-1L,
13 Tyr-1L,
1 Tyr-'La
18 Tyr-1L,

24 '|'yr_l|_b2
24 Tyr_lLa
24 Tyr-Lhps
24 Tyr_lLb
24 Tyr'lI—bG
24 Tyr-ll_b5
24 Tyr-Lhps
24 Tyr-1L,
24 Tyr'll—b3
24 Tyr_lLb2
24 TyrlL,
24 Tyr-'Los
24 Tyr'lLbS
24 Tyr'lI—bS
2 Tyr-p,
24 Tyr-1Ly
24 Tyr-tlps
2 Tyr-tlp,
2 Tyr-1L,
2 Tyr-ps
2 Tyr-1Lp,
24 Tyr-1Ly
24 Tyr'lLbZ
BTyr-'L,
BTYr-Lpa
B Tyr-1Lp,
8 Tyr-1L,
103 Tyl’-lLbs
103 Tyr-lLtﬂ
103 Tyr‘lLbS
103 Tyl’-lLbs
103 Tyr-lLb4

6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
13.05
13.05
13.05
13.05
9.11
9.11
9.11
9.11
9.11

-33.9
2.2
-19.1
-41.3
2.4
-15
-48.9
-15.5
14
-25.0
2.9
-10.9
-24.1
-18.0
-31.0
-44.0
-11.3
-4.2
326
1.0
10.6
418
2.1
1.0
-21.2
-10.7
14
1.2
1.2
25
10.9
40.1



B Tyr-'La
B Tyr-1L,
B Tyr-1La
18 Tyr-"Lyo
13 Tyr-"Lyy
18 Tyr-"Lyo
18 Tyr-"Lyo
13 Tyr-1Ly
1 Tyr-1Ly
1 Tyr-'Ly
13 Tyr-LLy
1 Tyr-'Ly
B Tyr-'La
13 Tyr-1L,
13 Tyr-1L,
B Tyr-'La
13 Tyr-1L,
13 Tyr-1L,
24 Tyr-'Lus
2 Tyr-1Lps
2 Tyr-1Lps
2 Tyr-1Ly
24 Tyr-1Lg
24 Tyr-Lpy
26 Tyr-1Lpg
2 Tyr-1Lpy;
2 Tyr-1Lpg
2 Tyr-'Lps
2 Tyr-1Lp,
2 Tyr-1Lp
2 Tyr-'Lp3
2 Tyr-1Lp,

103 Tyr_lLb3
103 Tyr_lLb2
103 Tyr_lLb
94 Trp'll—b2
% Trp-1Ly
94 ‘|'rp_l|_'312
% Trp-lLa
% Trp-1Llps
% Trp-Llos
94 Trp'lLbZ
% Trp-1Ly
94 Trp-tLa
94 Trp-ll_b7
94 Trp'lLbS
9Trp-LLps
94 Trp—lng
94 Trp'lLbZ
94 Trp_lLb
24 Tyr-lL,
24 TyrlL,
24 TyrlL,
24 Tyr-lL,
2 TyrlL,
24 TyrlL,
BTyr-1L,
BTyr-'L,
BTyr-1L,
BTyr-1L,
BTyr-1l,
BTyr-1L,
BTyr-1L,
BTyr-1l,

9.11

9.11

9.11
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57
13.57

o o o o o

7.38
7.38
7.38
7.38
7.38
7.38
7.38
7.38

1.5
453
24.8
-1.8
-2.5
-1.0

-14.1
-11
-14.5
-48.6
-27.2
-10.0
-1.0
-29.0
-1.4
-29.7
-20.9
-3.8
15.9

1.2
38.0
135
111
43.0
1.0
31.0
25.0
15
3.2
38.7
41.2
24.2



24 Tyr-1L,
2 Tyr-1L,
24 Tyr-1L,
2 Tyr-1L,
26 Tyr-YLps
24 Tyr-1Lpa
24 Tyr-1Ly
2 Tyr-1Lp
24 Tyr-L,
2 Tyr-1L,
% Tyr-L,
2 Tyr-lL,
2 Tyr-1L,
2 Tyr-1L,
2 Tyr-1Lp
2 Tyr-1Lp
24 Tyr-lng
24 Tyr-1Lp
2 Tyr-1L,
% Tyr-La
% Tyr-La
2 Tyr-1L,
8 Tyr-"Log
8 Tyr-LLy7
B Tyr-'Lps
8 Tyr-'Lys
78 Tyr-"Log
B Tyr-'Lpo
® Tyr-1L,
B Tyr-1L,
TYR-1La
TYR-1La

78 Tyr-pg
B Tyr-1lps
8 Tyr-'Ln2
8 Tyr-'Ly
O Tyr-1L,
90 Tyr-1L,
90 Tyr-1L,
O Tyr-1L,
% Tyr-1Lps
% Tyr-1Lps
O Tyr-1Lps
9 Tyr-1Lp3
% Tyr-1Lp,
%0 Tyr-1Ly
103 Tyr'lI—bZ
103 Tyr_lLb
103 Tyr'lI—bZ
103 Tyr_lLb
% Trp-1Llps
% Trp-tLlps
% Trp-tLlp2
% Trp-Ly
BTyr-'L,
BTyr-'L,
BTyr-1L,
BTyr-'L,
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
OTyr-1
0 Tyr-1lp,
%0 Tyr-1L,

7.38

7.38

7.38

7.38

12.07
12.07
12.07
12.07
12.07
12.07
12.07
12.07
12.07
12.07
13.84
13.84
13.84
13.84
16.02
16.02
16.02
16.02

o o o o

12.44
12.44
12.44
12.44
12.44
12.44

-1.3
-22.1
-35.7
-20.4
-12.1

-1.8
-42.1

-2.4
-16.8

-1.1
-28.9

-1.1

-3.8
-32.4
111
35.0
17.2
10.1

-1.0

-1.4
-12.5

-2.0
-35.9

-5.9
-47.6
-27.1
10.1

15
1.3
-12.2
-14.5
-1.4



78 Tyr-1Lpa
7 Tyr-LLp
78 Tyr-1Ly

78 Tyr-'Los
8 Tyr-LLp
8 Tyr-'Lp2
78 Tyr-1Ly

B Tyr-1Lp

%0 Tyr-1Lyg
0 Tyr-1Lpy
0 Tyr-*Lpe
% Tyr-tLps
0 Tyr-Lng
0 Tyr-1Lp3
0 Tyr-1Lp
0 Tyr-1Lp

0 Tyr-1Lpg
% Tyr-"Log
0 Tyr-Lng
% Tyr-LLp
% Tyr-LLp
0 Tyr-'Lp
% Tyr-LLp
% Tyr-LLy

0 Tyr-1Lp

% Tyr-LLy

% Tyr-LL

103 Tyr-1Lpg
103 Tyr-LLpp
103 Tyr-1L,
8 Tyr-'Lps
8 Tyr-"Log

103 Tyr'll—a
103 Tyl’-lLa
103 Tyr'll—a
1 Trp-La
1 Trp-lLa
1 Trp-"Laz
1 Trp-La
1 Trp-'La
90 Tyr-1L,
%0 Tyr-1L,
0 Tyr-L,
0 Tyr-1L,
%0 Tyr-1L,
0 Tyr-L,
0 Tyr-L,
%0 Tyr-1L,
103 Tyr'lI—bZ
103 Tyr'lLb
103 Tyr_ll_a
103 Tyr'lLb4
103 Tyr'lLbz
103 Tyr—lLb
103 Tyr'll—a
103 Tyr'lLb4
103 Tyr_lLb2
103 Tyr'lLb
103 Tyr-lLa
103 '|'yr_1|_a
103 Tyr-lLa
103 Tyr-lLa
% Trp-La
% Trp-!La

13.75
13.75
13.75
14.65
14.65
14.65
14.65
14.65

o O O o o o o o

10.49
10.49
10.49
10.49
10.49
10.49
10.49
10.49
10.49
10.49
10.49

9.16
9.16

-1.0
-15
-41.1
13.0
1.5
11.2
11
1.0
48.5
22.5
16.6
13.6
24.8
13.0
34.4
16.8
10.2
11
-1.0
21.2
1.6
14.4
-1.3
11
16.4
1.2
-12.1
10.1
21.2
31.3
-1.2
-41.3



78 Tyr-Ly
8 Tyr-LLy7
78 Tyr-1Lps
78 Tyr-1Lpg
78 Tyr-Lps
78 Tyr-LLpg
78 Tyr-1Lps
78 Tyr-Lps
78 Tyr-1Lys
78 Tyr-1Lps
7 Tyr-"Lps
8 Tyr-1Lps
8 Tyr-1Lps
78 Tyr-'Lps
78 Tyr-'Lps
8 Tyr-1Lps
78 Tyr-'Lps
78 Tyr-*Lps
78 Tyr-1Lps
78TyF1Lm
% Tyr-*Lps
8 Tyr-1Llp,
% Tyr-*Lp,
78TyF1Lm
8 Tyr-1Llp,
% Tyr-'Lp,
78TyF1Lm
78 Tyr-1Lpz
78TyF1Lm
7 Tyr-1Lp
8 Tyr-1Lp
® Tyr-1L,

% Trp-Lqp
% Trp-1L,
% Trp-tLas
% Trp-Lag
% Trp-!Las
% Trp-tLaz
% Trp-ILa
% Trp-Lag
94 Trp—lLag
94 Trp—lLaz
% Trp-1L,
94 Trp—lLa7
94 Trp‘ll—aﬁ
94 Trp-lLas
% Trp-Llag
94 Trp_ll_a3
94 Tl‘p-lLaz
% Trp-1L,
%4 Trp-tLag
94 Trp-lLag
% Trp-1L,
94 Trp—lLag
94 Trp-lLa7
94 Trp-lLae
% Trp-LLas
%4 Trp-Llag
% Trp-Las
% Trp-lap
% Trp-1L,
94 Trp-lLa7
94 Tl’p-lLae
94 Trp-lLas

9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16

-1.2
-1.3
-1.4
-1.6
-15
-22.5
-25.7
-1.0
-10.0
-1.6
-33.7
-1.4
-1.4
-20.3
-2.1
-2.5
-49.1
-40.4
-1.0
-10.5
-41.6
-12.0
-1.9
-13.8
-3.0
-3.4
-31.2
-5.3
-5.7
-1.7
-10.7
-2.7



78 Tyr-1Ly
B Tyr-1L,
78 Tyr-1Ly
78 Tyr-1Ly
8 Tyr-1L,
8 Tyr-1L,
8 Tyr-1L,
8 Tyr-1L,
8 Tyr-1L,
L Trp-1Lp
L Trp-Loy
L Trp-'Lb7
L Trp-'Lb7
L Trp-Loy
L Trp-Loy
Trp-tLlpe
L Trp-LLpe
L Trp-LLpe
L Trp-1Lps
L Trp-LLpe
L Trp-LLpe
L Trp-1Lps
L Trp-LLpe
L Trp-LLpe
L Trp-1Lys
L Trp-LLys
L Trp-1Lpa
L Trp-Lps
L Trp-1Lpa
L Trp-1Lpa
L Trp-1Ls
L Trp-1Ls

% Trp-Lag
% Trp-tLlas
% Trp-tLaz
% Trp-ILa
% Trp-tlor
% Trp-tLus
% Trp-tLus
% Trp-tlps
% Trp-tLn3
L Trp-Llag
T Trp-tLag
L Trp-Llag
L Trp-tLay
71 Tl‘p-lLae
1 Trp-tLlas
L Trp-Llag
1 Trp-tLa
T Trp-tLas
T Trp-Lar
T Trp-tLlas
1 Trp-tLlas
T Trp-1Las
71 Trp-lLag
71 Trp-lLag
71 Trp-ll_ag
71 Tl’p-lLaa
71 Trp-lLag
71 Tl’p-lLas
1 Trp-tlar
T Trp-'Las
T Trp-1Lao
T Trp-tLas

9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16
9.16

O O O O O O O O O O o o o o o o o o o o o o

-30.0
-2.9
-14.8
5.1
-23.7
-2.0
-37.3
-15.1
-9.8
-9.4
-43.2
2.5
-36.1
-5.8
-19.7
117
-9.7
-10.3
-3.2
-13.0
5.1
-5.8
-5.4
-39.1
-26.2
-5.0
-4.3
1135
-18.3
-7.9
-8.3
-6.7



™ Trp-'Lp2
L Trp-Lp2
% Trp-tLps
% Trp-tLps
% Trp-Lo7
% Trp-tLps
% Trp-tLps
% Trp-Lo7
% Trp-tLps
% Trp-tLl7
% Trp-Lo7
% Trp-LLos
% Trp-lps
% Trp-LLoe
% Trp-LLoe
% Trp-lps
% Trp-LLoe
% Trp-LLoe
% Trp-LLys
% Trp-LLys
% Trp-LLys
% Trp-LLys
% Trp-LLys
% Trp-LLys
% Trp-Lps
% Trp-LLpa
% Trp-LLpa
% Trp-lps
% Trp-LLpa
% Trp-LLpa
% Trp-lps
% Trp-LLys

" Trp-tLao
1 Trp-'Las
9 Trp-tLag
% Trp-tLas
% Trp-tLa
% Trp-tLas
% Trp-tLas
% Trp-Lag
94 Trp—lLag
94 Trp—lLaz
% Trp-1L,
94 Trp—lLa7
94 Trp‘ll—aﬁ
94 Tl‘p-lLas
% Trp-Llag
94 Trp_ll_a3
% Trp-tLap
% Trp-1L,
94 Trp—lLag
94 Tl’p-lLaa
94 Trp-lLa7
94 Trp‘ll—aﬁ
94 Trp-lLas
94 Trp-lLag
94 Trp—lLag
94 Tl’p-lLaa
94 Trp-lLa7
94 Tl’p-lLae
% Trp-Las
%4 Trp-1lag
94 Tl’p-lLag
94 Trp-lLag

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

-8.9
-7.1
-10.5
-1.2
-2.9
-2.8
-4.7
-45.3
-5.0
-18.3
-8.9
-11.5
-14.5
-2.5
-2.8
-2.9
-44.4
-4.7
-3.0
-12.4
-5.8
-35.5
-9.1
-9.7
-2.1
-1.8
-14.0
-3.8
-36.3
-27.2
-6.8
-4.0



% Trp-LLos % Trp-Leg 0 -23.2
% Trp-LLos % Trp-1La7 0 7.7
% Trp-LLos % Trp-'Las 0 -17.3
% Trp-1Lpz % Trp-1Lag 0 -4.3
% Trp-1Llpz % Trp-tLas 0 -3.4
% Trp-1Lpz % Trp-1Lar 0 -18.2
% Trp-1Lpz % Trp-'Las 0 -7.8
% Trp-LL % Trp-LL yg 0 15,7
% Trp-LLy 9 Trp-1Las 0 -415

Table A.5: Calculated interaction energies of electronic transitions of aromatic
side chains in frame 16 of (PDB:1JNJ) of the NMR structure

Chromophore/Transitions Chromophore/Transitions Distance Interaction
(A) Energy (cm

1

22phe-1L, Ophe-1L 7.47 —1?0

22 Phe-1 g 57 Tyr-1L, 8.63 -2.0
22 Phe-1L ps " Tyr-1La 8.63 3.0
22 Phe-1p4 " Tyr-1La 8.63 -4.0
22 Phe-1L, " Tyr-lL, 8.63 6.8
22 Phe-1| p3 " Tyr-1La 8.63 5.6
22 phe-1L 7 Tyr-'L, 8.63 -4.9
22 Phe-1L, " Tyr-'Ls 8.63 -1.6
22 Phe-11, 7 Tyr-tLpr 8.63 -1.6
22 Phe-11, 7 Tyr-'Lps 8.63 -3.2
22 Phe-1L, " Tyr-'Los 8.63 -2.0
22phe-iL, 7 Tyr-'Lps 8.63 -5.2

22 Phe-1L, 7 Tyr-1Lps 8.63 -1.9
22phe-1_, " Tyr-Lp. 8.63 -6.7

22phe-1L, 57 Tyr-'Ly 8.63 -6.0

30 Phe-1L, 62 Phe-1Ly 6.09 3.6

3 Phe-1L, 62 Phe-1Lp3 6.09 3.0



% Phe-L;
3 Phe-!Lpg
® Phe-1L,
% Phe-Lys
3 Phe-L,
% Phe-Lys
® Phe-1L,
Phe-'L,
% Phe-Lys
% Phe-LLy,
3 Phe-Ly
% Phe-LLy,
Phe-1L
% Phe-1L,
% Phe-L
%Phe-LLp
% Phe-L
%Phe-1Lp3
% Phe-LLp
% Phe-L
% Phe-1Lps
% Phe-'Lp3
% Phe-1L,
% Phe-1L;
% Phe-LLp
% Phe-1Ly3
% Phe-1L,
% Phe-LLy,
% Phe-1Ly3
% Phe-Lp
% Phe-LL,
% Phe-1L,

52 Phe-1L,
52 phe-1L,
62 Phe-tLps
62 Phe-L,
62 Phe-1L s
62 Phe-L,
62 Phe-tLpq
52 Phe-1Lp
62 Phe-L,
62 Phe-L,
8 Tyr-Lp2
% Tyr-1La
62 Phe-tLp2
62 Phe-1Ly
62 Phe-1Ly,
%2 Phe-1Ly
62 phe-1L,
62 Phe-1Ly,
62 Phe-1L 43
62 Phe-1Ly
62 Phe-1L
52 Phe-1L,
62 Phe-1Lyg
62phe-1L,
62 Phe-1Ly
62 Phe-1Ly3
62 Phe-LLys
62 Phe-1Ly3
62 phe-1L,,
62 phe-1L,,
62 Phe-1L 43
62 phe-1L,,

6.09
6.09
6.09
6.09
6.09
6.09
6.09
6.09
6.09
6.09
8.69
8.69
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19
5.19

2.3
1.9
1.6
1.0
-11
-1.4
-2.1
-2.6
-2.7
-3.2
-1.0
1.0
2.6
2.1
1.4
1.4
1.4
11
11
11
11
11
1.0
-1.0
-1.0
-1.3
-15
-1.6
-1.6
-1.9
-2.9
-3.5



% Phe-1L,
5 Phe-L,
% Phe-!Ls
% Phe-1Ls
0 Phe-L,
"9Phe-!L,
"9Phe-!L,
%Phe-'L,
" Phe-1L,
"Phe-L,
" Phe-1L,
" Phe-1L,
0 Phe-LLps
0 Phe-1Lye
0 Phe-1Lye
0 Phe-LLps
0 Phe-1Lye
0 Phe-1Lys
0 Phe-LLgs
0 Phe-1Lys
0 Phe-1Lys
0 Phe-LLgs
0 Phe-1Lys
0 Phe-1Lys
0 Phe-LLps
0 Phe-1Lpg
0 Phe-1Lp
0 Phe-LLps
0 Phe-1Lp
0 Phe-1Lp
0 Phe-LLps
0 Phe-1Lpg

63 Tyr-LLp,
83 Tyr-1Ly
% Trp-iLa
83 Tyr-'L,
BTyr-1Lps
8Tyr-1Ly;
8 Tyr-'Lps
B Tyr-tLps
B Tyr-'Lps
8Tyr-1Lps
B Tyr-1Lp,
8 Tyr-1Ly
% Trp-tLlss
S Trp-Las
% Trp-tLlas
%S Trp-tLa
STrp-La
% Trp-tLar
%S Trp-1las
95 Trp'lLaS
9 Trp-Llag
95 Trp_lLa3
95Trp_l|_a2
% Trp-1L,
% Trp-Ly
% Trp-tLar
% Trp-tlas
S Trp-1Llss
S Trp-Las
% Trp-tLlas
% Trp-lLa
% Trp-iLa

7.22
7.22
7.54
8.38
4.59
4.59
4.59
4.59
4.59
4.59
4.59
4.59
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48

11
1.0
-1.0
-1.1
4.7
4.7
9.4
6.0
151
5.7
19.5
175
1.2
1.4
13
2.2
2.4
-11
-1.1
-1.8
-2.1
-1.9
-3.2
-3.5
-1.1
1.5
1.5
2.5
2.8
2.6
4.4
4.7



0 Phe-1Lpg
0 Phe-1Lp3
0 Phe-1Lpg
0 Phe-1Lpg
0 Phe-1Lp3
0 Phe-1Lpg
0 Phe-1Lpg
0 Phe-1Lp3
0 Phe-1Lpg
0 Phe-1Lpg
0 Phe-1Lp3
0 Phe-1Lpy
0 Phe-1Lpy
0 Phe-1Ly
0 Phe-1Lyy
0 Phe-1Lpy
0 Phe-1Ly
0 Phe-1Ly
0 Phe-1Lpy
0 Phe-1Ly
0 Phe-1Ly
0 Phe-Ly
0 Phe-L
0 Phe-L
0 Phe-Ly
0 Phe-L
0 Phe-L
0 Phe-L
0 Phe-L
0 Phe-L
0 Phe-L
0 Phe-L

% Trp-tLns
% Trp-tLp2
% Trp-tLy
% Trp-tLag
% Trp-tLa
% Trp-tLas
% Trp-tLas
% Trp-Lag
% Trp-tLas
% Trp-tLa
% Trp-ILa
% Trp-tLp2
% Trp-tLy
% Trp-tLag
% Trp-tLa
% Trp-tLas
% Trp-tLas
% Trp-Lag
% Trp-1Las
% Trp-tLaz
% Trp-lLa
% Trp-Los
9 Trp-LLpg
% Trp-LLpg
95 Trp-lLb
95 Trp-ll_ag
95 Trp-lLas
% Trp-lLqgy
% Trp-LLas
95 Trp‘lLaS
95 Tl’p-lLa .
95 Trp-lLa3

6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48
6.48

1.1
1.2
16

11

2.2

21

-3.5

-3.9

-3.7

-6.1

-6.6

-1.0

14
1.0
1.9
1.8
3.0
3.4
3.2
5.4
5.8
1.0
13
1.4
1.9

-1.4

11

-26

25

42

-4.7

45



0 Phe-1Ls
0 Phe-LLy,
" Phe-1L,
" Phe-1L,
%Phe-'L,
10 Tyr-tLpg
10 Tyr-!Ly
10 Tyr-"Lys
10 Tyr-tLps
10 Tyr-'Lp3
10 Tyr-"Lyg
10 Tyr-'Lpg
10 Tyr-tLyy
10 Tyr-1Ly7
10 Tyr-YLpg
10 Tyr-Lps
10 Tyr-YLpg
10 Tyr-1Lpg
10 Tyr-'Lps
10 Tyr-1Lps
10 Tyr-1Lps
10 Tyr-tLps
10 Tyr-1Lps
10 Tyr-1Lps
10 Tyr-1pg
10 Tyr-1Lps
10 Tyr-"Lps
10 Tyr-1Lpg
10 Tyr-1Lps
10 Tyr-"Lpg
10 Tyr-YLp3
10 Tyr-"Lpg

% Trp-tLa
% Trp-tLa
STrp-1Loy
Trp-Los
% Trp-tlps
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
26 Tyr-1Ly
2 Tyr-Lp,
26 Tyr-1Ly
2 Tyr-tLpy
26 Tyr-tLps
2 Tyr-lpg
26 Tyr-1Ly
2 Tyr-tLpy
% Tyr-1L,
2 Tyr-1pg
2 Tyr-1Ly
2 Tyr-1Lp,
26 Tyr-tps
2 Tyr-tLps
26 Tyr-1lpg
2 Tyr-1Ly
2 Tyr-1ps
2 Tyr-1lp,
2 Tyr-1L,
2 Tyr-1p,
2 Tyr-1Ly
2 Tyr-lLp,

6.48
6.48
6.48
6.48
6.48

6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56

-1.4
-8.0
-5.1
-2.7
-6.9
-3.3
-3.3
-6.7
-4.3
-4.1
-1.0
-1.2
-1.0
-1.2
-11
-1.9
-2.1
-2.4
1.4
-1.2
-1.4
-1.5
-1.9
-1.2
-3.0
-3.5
-1.1
-3.9
2.2
-1.1
-1.3
-1.4



10 Tyr-*Lyo
10 Tyr-1Lyy
10 Tyr-*Lyo
10 Tyr-*Lyo
10 Tyr-1Lyy
10 Tyr-*Lya
10 Tyr-*Lyo
10 Tyr-1Lyy
10 Tyr-*Lya
1 Tyr-tLy
10 Tyr-1L,
10 Tyr-tLy
10 Tyr-tLy
10 Tyr-1L,
10 Tyr-1L,
10 Tyr-tLy
10 Tyr-1L,
10 Tyr-1Ly
10 Tyr-'La
10 Tyr-1L,
10 Tyr-1L,
10 Tyr-'La
10 Tyr-"Lyy
10 Tyr-1L,
10 Tyr-'La
10 Tyr-1L,
10 Tyr-1L,
10 Tyr-tLq
10 Tyr-1L,
10 Tyr-1L,
10 Tyr-tLq
10 Tyr-1L,

26 Tyr-Lpg
B Tyr-tLpy
2 Tyr-'Lps
2 Tyr-Lps
2 Tyr-1pg
26 Tyr-'Ly
2 Tyr-Lp3
2 Tyr-tLpy
2 Tyr-1L,
26 Tyr-1Lpg
26 Tyl‘-le
26 Tyr-1Lpe
26 Tyr-ll_b5
26 Tyr-1Lp,
2 Tyr-1Ly
26 Tyr-1Lps
2 Tyr-tLpy
8 Tyr-1L,
26 Tyr'lLbG
26 Tyr-1Lp,
26 -|-yr_1|_b
26 Tyr-Lly,
63 Tyr-1L,
63 Tyr-LLpg
63 Tyr-1Lp;
63 Tyr_lLb
67 Tyr'lLbS
67 Tyr-LLy7
67 Tyr-LLpe
67 Tyr'lLbS
67 Tyr-lLb .
67 Tyr-lng

6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
6.56
12.88
12.88
12.88
12.88
8.94
8.94
8.94
8.94
8.94
8.94

1.2
1.2
-2.4
15
-3.9
45
-1.4
-5.0
2.9
-1.0
-1.0
2.1
-1.4
-35
-4.0
1.3
-45
2.6
1.0
1.6
1.8
2.1
1.0
1.2
1.6
-1.4
1.2
1.2
2.5
1.6
4.1
15



10 Tyr-1Lq
10 Tyr-1L,
10 Tyr-tLps
0Tyr-"Lps
10 Tyr-"Lpg
10 Tyr-tLps
10 Tyr-tLps
10 Tyr-1Lyy
10 Tyr-*Lya
10 Tyr-tLp
10 Tyr-1Lyy
10 Tyr-tLp
10 Tyr-tLp
10 Tyr-1L,
10 Tyr-1L,
10 Tyr-tLy
10 Tyr-1L,
10 Tyr-1Ly
10 Tyr-'La
10 Tyr-1L,
10 Tyr-1L,
10 Tyr-'La
10 Tyr-1L,
10 Tyr-1L,
2 Tyr-'Lus
% Tyr-'Lys
2 Tyr-"Log
2 Tyr-Ly
2 Tyr-'Lys
% Tyr-LLp
2 Tyr-'Lpg
% Tyr-LLy7

67 Tyr-tLy,
67 Tyr-1Ly
% Trp-LLy
% Trp-tlps
% Trp-tlps
% Trp-tLlp2
% Trp-LLy
% Trp-tlps
% Trp-tLlps
% Trp-tLlp2
% Trp-tLy
%S Trp-tLa
% Trp-iL,
% Trp-tLlos
% Trp-tlps
% Trp-tLlp2
% Trp-tLy
% Trp-tLa
9 Trp-Lp7
% Trp-tlps
S5Trp-Lps
9 Trp-Lps
% Trp-tLlp2
% Trp-tLy
26 Tyr-1L,
8 Tyr-1L,
2 Tyr-l,
2% Tyr-1L,
2 Tyr-1L,
2 Tyr-l,
8 Tyr-1L,
6 Tyr-1L,

8.94
8.94
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02
10.02

o o o o o

6.81
6.81

5.3
4.8
-1.2
-1.0
-1.3
-1.4
-1.9
-1.3
-1.7
-1.8
-2.5
-1.0
-1.1
-11
-15
-1.6
-2.2
-1.0
-1.0
-2.0
-1.4
-2.7
-2.9
-3.8
1.9

1.2

3.0

3.5

11

3.9

1.0

1.0



2 Tyr-'Lps
2 Tyr-Lps
2 Tyr-'Lps
2% Tyr-'Ly
2 Tyr-Lp3
2 Tyr-'Lpy
% Tyr-'La
% Tyr-1L,
% Tyr-'La
2 Tyr-'La
2 Tyr-*Lpe
2 Tyr-'Lps
2 Tyr-Ly
2 Tyr-'Lp;
% Tyr-1L,
2 Tyr-'La
% Tyr-1L,
% Tyr-1L,
2 Tyr-'La
% Tyr-1L,
% Tyr-LLy,
2 Tyr-Ly
% Tyr-LLp
% Tyr-LLp
2 Tyr-'La
% Tyr-1L,
% Tyr-1L,
2 Tyr-'L,
% Tyr-'Log
% Tyr-LLy7
63 Tyr-Lps
% Tyr-'Lys

6 Tyr-1L,
8 Tyr-1L,
3 Tyr-'La
3 Tyr-'La
8 Tyr-1L,
3 Tyr-'La
83 Tyr-'Lus
83 Tyr-tlps
83 Tyr-'Ln2
83 Tyr-1Ly
8 Tyr-L,
% Tyr-1La
% Tyr-La
6 Tyr-1L,
86 Tyr-1Lps
86 Tyr-'Lps
86 Tyr-1Lps
86 Tyr-1Lps
66 Tyr-1Lp.
66 Tyr-1Ly
57 Tyr-tLpy
67 Tyr-1Ly
57 Tyr-tLpy
67 Tyr-1Ly
% Trp-1Llps
% Trp-tlps
% Trp-tLlp2
% Trp-Ly
6 Tyr-1L,
6 Tyr-1L,
8 Tyr-1L,
6 Tyr-1L,

6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
6.81
11.14
11.14
11.14
11.14
11.14
11.14
11.14
11.14
11.14
11.14
10.23
10.23
10.23
10.23
15
15
15

o o o o

2.0
1.3
3.2
3.7
1.2
4.2
-1.3
2.1
2.7
-2.4
11
-1.8
2.1
-2.4
-1.8
11
-2.9
1.1
-3.8
-3.4
1.1
1.0
1.2
1.1
-1.0
-1.4
-15
-2.0
5.9
5.9
-7.6



53 Tyr-'Los
63 Tyr-'Lp
8 Tyr-'Ly
6 Tyr-'La
% TYR-1La
% TYR-1La
63 Tyr-'Los
63 Tyr-'Lp
8 Tyr-'Ly
63 Tyr-Lng
63 Tyr-'Lp
63 Tyr-'Lp
63 Tyr-1Lp
63 Tyr-1Lp
5 Tyr-Lpg
5 Tyr-'Lpr
66 Tyr-1Lpg
6 Tyr-1Lps
66 Tyr-1Lps
6 Tyr-1Lps
8 Tyr-"Lp,
66 Tyr-1Lp
8 Tyr-"Lps
8 Tyr-"Lps
66 Tyr-1Lps
8 Tyr-'Lp,
6 Tyr-Lp;
% Tyr-'Lbo
8 Tyr-"Lp,
% Tyr-'L
6 Tyr-1Ly
% Tyr-'L

8 Tyr-1L,
66 Tyr-1L,
% Tyr-1La
6Tyr-1Lna
66 Tyr-1Lpy
8 Tyr-'Ly
7 Tyr-'La
7 Tyr-1L,
7 Tyr-'La
% Trp-iL,
%0 Trp-lLa
% Trp-'La2
% Trp-iLa
0 Trp-'La
% Tyr-'La
% Tyr-'L,
% Tyr-'La
% Tyr-'La
6 Tyr-1L,
% Tyr-'La
% Tyr-'La
6 Tyr-1L,
7 Tyr-1Lpy
67 Tyr-1Ly
67" Tyr-1La
7 Tyr-'Lps
5 Tyr-LLs
87 Tyr-1Ly
5 Tyr-1L,
57 Tyr-LLos
7 Tyr-1Lp2
5 Tyr-1L

11.93
11.93
11.93
11.93
11.93
11.93
12.31
12.31
12.31
10.52
10.52
10.52
10.52
10.52

o o o o o o o

9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96

1.5
1.3
-1.2
-15
-1.4
-1.0
-1.3
-1.1
1.0
1.3
1.2
11
1.0
8.3
8.3
16.6
10.6
26.7
10.0
34.4
30.8
1.2
11
-1.0
1.2
1.6
1.4
-1.3
11
1.4
1.2



6 Tyr-'Ly
57 Tyr-"Log
57 Tyr-'Ln2
& Tyr-'Ly
7 Tyr-'L,
5 Tyr-'La
78 Tyr-'Los
8 Tyr-LLy7
78 Tyr-'Los
B Tyr-'Lps
8 Tyr-'Lys
8 Tyr-'Lps
8 Tyr-'Lps
8 Tyr-LLy7
8 Tyr-LLy7
78 Tyr-1Lps
78 Tyr-1Lps
78 Tyr-*Lpg
78 Tyr-1Lps
78 Tyr-1Lps
% Tyr-*Lps
B Tyr-'Lps
% Tyr-"Lps
% Tyr-"Lps
78 Tyr-1Lps
7 Tyr-'Lps
7 Tyr-'Lps
78 Tyr-1Lps
7 Tyr-"Lps
7 Tyr-'Lps
78 Tyr-1Lps
78 Tyr-1Lpg

67 Tyr-1L,
" Tyr-1L,
7 Tyr-'La
7 Tyr-'La
BTyr-'Lpz
8 Tyr-'Ly
8 Tyr-La
B Tyr-L,
" Tyr-La
8 Tyr-1La
B Tyr-La
% Trp-tLa
% Trp-ILa
% Trp-tLaz
% Trp-ILa
% Trp-tLas
% Trp-Lag
% Trp-tLas
% Trp-lLa
% Trp-ILa
% Trp-Lag
% Trp-1Las
% Trp-tLaz
% Trp-lLa
% Trp-tLar
% Trp-tLas
% Trp-tLas
% Trp-1Las
% Trp-!Las
% Trp-tLaz
% Trp-La
% Trp-Lag

9.96

o O

16.09
16.09

o o o o

8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68

1.1
1.1
15
1.3

1.2

-1.0

-3.2

-3.2

-6.4

-4.1

-3.8

-1.2

-1.3

1.2

-1.3

-14
-1.6
-15
-2.5
2.7
-1.0
-1.0
-1.6
1.7
14
14
-2.3
-2.6
-2.5
4.1
-4.4
-1.0



78 Tyr-1Lps
% Tyr-LLpg
8 Tyr-lp,
78 Tyr-1Lpz
78 Tyr-1Lpz
78 Tyr-1Lpz
8 Tyr-Llp,
78 Tyr-1Lpz
8 Tyr-lp,
8 Tyr-1Lpy
7 Tyr-1Lp
8 Tyr-1Lp
8 Tyr-1Lp
8 Tyr-LLy
7 Tyr-LLy
8 Tyr-1Lp
8 Tyr-LLy
B Tyr-1L,
8 Tyr-1L,
B Tyr-1L,
B Tyr-1L,
8 Tyr-1L,
8 Trp-Lp
5 Trp-Loy
% Trp-'Lb7
5 Trp-Loy
5 Trp-Loy
% Trp-!Lb7
80T rp-'Lus
5 Trp-Los
5 Trp-*Loe
5 Trp-Los

% Trp-tLa
% Trp-1La
% Trp-tLag
% Trp-tLar
% Trp-1Las
% Trp-tLas
% Trp-Lag
% Trp-1Las
% Trp-tLa
% Trp-ILa
% Trp-tLa
% Trp-tLas
% Trp-tLas
% Trp-Lag
% Trp-!Las
% Trp-tLa
% Trp-ILa
% Trp-tLur
% Trp-Loe
% Trp-tLns
% Trp-tLns
% Trp-Lo3
60 Trp-LLag
60 Trp-LLao
60 Trp'lLaB
60 Trp-LLar
60 Trp-LLag
60 Tl’p-lLas
60 Trp-LLao
8 Trp-ILa
80 Trp-1Las
80 Trp-tLay

8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68
8.68

O O O O o o o o o

-15
-1.6
-1.0
-1.9
-1.8
-3.0
-34
-3.2
-5.3
-5.7
-1.7
-1.6
-2.7
-3.0
-2.9
-4.8
-51
-3.7
-2.0
-7.3
-51
-9.8
-9.4
-3.2
-2.5
-6.1
-5.8
-9.7
-1.7
-9.7
-1.3
-3.2



60 Trp-LLe
60 Trp-LLps
5 Trp-Loe
60 Trp-LLye
60 Trp-LLpg
60 Trp-LLys
5 Trp-Los
60 Trp-LLpa
60 Trp-1Lpa
60 Trp-1Lps
60 Trp-LLpa
5 Trp-'Lps
60 Trp-ILps
60 Trp-1Lp2
60 Trp-1Lp2
% Trp-1Lp7
% Trp-1Loy
% Trp-Loy
% Trp-'Lb7
% Trp-Loy
% Trp-Loy
% Trp-'Lb7
% Trp-1Loy
% Trp-Loy
% Trp-*Loe
% Trp-Los
% Trp-Los
% Trp-Loe
% Trp-Los
% Trp-Los
% Trp-Loe
% Trp-Los

%0 Trp-1Las
80 Trp-1Las
60 Trp-1lag
60 Trp-Llqg
60 Tl‘p-lLaz
60 Trp-LLq
60 Trp-Llqg
60 Tl‘p-lLag
60 Trp-Llqg
60 Trp-LLq7
60 Trp-LLas
60 Trp_lLa9
60 Tfp-lLas
60 Trp-LLao
60 Trp-LLag
95 Trp_lLa9
% Trp-tLas
% Trp-tLa
% Trp-1Las
% Trp-tLas
% Trp-Lag
% Trp-1Las
% Trp-tLaz
% Trp-lLa
% Trp-tLar
% Trp-tLas
% Trp-tLas
% Trp-1Las
% Trp-!Las
% Trp-tLaz
% Trp-La
% Trp-tLag

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

-3.0
-5.1
-5.8
-5.4
-9.1
-6.2
-5.0
-4.3
-3.5
-8.3
-7.9
-8.3
-6.7
-8.9
-7.1
-15
-1.2
-2.9
-2.8
-4.7
-5.3
-5.0
-8.3
-8.9
-1.5
-15
-2.5
-2.8
-2.6
-4.4
-4.7
-3.0



% Trp-LLys
% Trp-LLys
% Trp-1Lps
% Trp-LLys
% Trp-LLys
% Trp-LLpa
% Trp-LLpa
% Trp-LLpa
% Trp-LLpa
% Trp-Lps
% Trp-LLpa
% Trp-Lps
% Trp-Ilps
% Trp-LLps
% Trp-LLps
% Trp-Ilps
% Trp-1Lp2
% Trp-1Lp2
% Trp-1Lp2
% Trp-1Lp2
% Trp-lLy
% Trp-Lp

% Trp-LLag
95 Tl‘p-lLa7
95 Trp-tLas
95 Trp-tLas
95 Tl‘p-lLaa
95 Trp-tLag
95 Trp-tLas
95 Tl‘p-lLa7
95 Trp-tLas
95 Trp-tLas
9 Trp-Llag
95 Trp_ll_a3
95 Trp-ll_ag
% Trp-LLag
% Trp-LLar
95 Trp'll—aﬁ
% Trp-LLao
% Trp-LLag
% Trp-LLa7
% Trp-LLag
% Trp-LLao
%S Trp-1Llas

O O O O O O O O O O o o o o o o o o o o o o

-2.4
-5.8
5.5
9.1
-9.7
2.1
1.7
-4.0
-3.8
-6.3
7.2
-6.8
-4.0
-3.2
7.7
7.3
-4.3
-3.4
-8.2
7.8
5.7
45

Table A.6: Calculated interaction energies of electronic transitions of aromatic

side chains in frame 5 of (PDB:1XOA) of the NMR structure

2phe-1L,
12 Phe-1Lye
12 Phe-Ls
12 phe-1Lpg

Chromophore/Transitions Chromophore/Transitions

81Phe-1Ly,
9 Tyr-1L,
O Tyr-1L,
9 Tyr-1L,

Distance
(A)
7.78
8.87
8.87
8.87

Interaction
Energy (cm”

)
11
2.1
3.1

-4.2



12 Phe-1L;
12 Phe-!Lp3
12 Phe-1Ly,
12 Phe-1L,
12 Phe-1L,
12 Phe-1L,
12 Phe-1L,
12Phe-1L,
12 Phe-1L,
12Phe-1L,
12Phe-1L,
27 Phe-1L,
27 Phe-1L,
27 Phe-1Lp
27 Phe-1Lpg
27 Phe-1L,
27 Phe-1Lpe
27 Phe-!L,
27 Phe-1Lps
27 Phe-!L,
21Phe-1L,
27 Phe-1Lp3
27 Phe-1Ly
27 Phe-1Ly
27 Phe-1Lp
81phe-1L,
81 Phe-!L,
81 Phe-1Lp
81phe-1Lp;
81 Phe-1Lp
81phe-1Lp3
81 Phe-1Lp

8 TyrlL,
B Tyr-1L,
O Tyr-1L,
# Tyr-1Lpg
O Tyr-lpy
# Tyr-Lps
# Tyr-Lps
4 Tyr-1lps
49 Tyr-'Les
49 Tyr-tLyp
STyr-1L,
27 Phe-Ly
27 Phe-Lys
27 Phe-!L,
27 Phe-!L,
27 Phe-1Lys
27 Phe-!L,
27 Phe-tLps
81 Phe-1L,
81 Phe-tLps
81 Phe-tLp,
81 Phe-1L,
81 Phe-!L,
70 -|-yr_1|_b2
O Tyr-1L,
81 Phe-1Ly,
81 Phe-LLyg
81 Phe-1Ly
8 Phe-IL,
8 Phe-1L,
81 Phe-1Ly
81 Phe-LLy3

8.87
8.87
8.87
8.87
8.87
8.87
8.87
8.87
8.87
8.87
8.87

o

o

o

6.0
5.5
-4.0
-1.6
-1.6
-3.2
-2.3
-5.9
-1.2
-6.8
-6.1
3.8
3.1
2.4
13
1.6
1.0
-11
-1.5
-2.2
-2.7
-2.4
-3.3
-10.0
6.2
2.6
2.0
15
1.2
2.4
19
3.2



% Phe-!Ls
8 Phe-LLps
8 Phe-Ly
o Phe-1L,
8 Phe-L,
% Phe-!Ls
4 Tyr-1lpg
9 Tyr-1py;
40 Tyr-YLpg
4 Tyr-YLps
4 Tyr-Llps
4 Tyr-YLpg
4 Tyr-YLpg
OTyr-1L
9 Tyr-1Lpy;
40 Tyr-1Lpg
49 Tyr-lLbs
4 Tyr-LLpg
4 Tyr-YLps
Tyr-Lpg
4 Tyr-LLps
4 Tyr-YLps
4 Tyr-LLps
4 Tyr-Llp,
40 Tyr-1Lpg
STyr-1Lps
4 Tyr-Llp,
49 Tyr-1Lpg
4 Tyr-Llp,
4 Tyr-Llp,
40 Tyr-1Lps
49 Tyr-lng

81 Phe-tLps 0 2.8
81 Phe-1Ly 0 12
81 Phe-1L, 0 2.6
70 Tyr-LLpy 7.52 5.1
0 Tyr-1Ly 7.52 6.0
3 Trp-iLa 8.86 -14.0
2 Tyr-1L, 0 -3.3
B Tyr-1L, 0 -3.3
4 Tyr-ll, 0 -6.7
4 Tyr-ll, 0 -4.3
B Tyr-1L, 0 -4.1
0 Tyr-1Ly 7.44 -8.0
O Tyr-1Lp, 7.44 -11.1
0 Tyr-1Ly 7.44 -1.0
O Tyr-Lp, 7.44 -1.1
70 Tyr-Lpe 7.44 -1.2
O Tyr-Lpa 7.44 -11.9
0 Tyr-1Ly 7.44 -6.3
OTyr-1Lp, 7.44 -2.4
O Tyr-1L, 7.44 104
O Tyr-Lpa 7.44 -1.1
0 Tyr-1Ly 7.44 -8.4
O Tyr-1Lp, 7.44 -15
O Tyr-1Lpe 7.44 -1.9
OTyr-1Lps 7.44 -1.0
O Tyr-Lpa 7.44 -13.1
70 Tyr-1L, 7.44 -3.6
O Tyr-1Lps 7.44 -10.1
70 Tyr-L g, 7.44 -3.9
0 Tyr-1L, 7.44 2.3
OTyr-Lpa 7.44 -14.8
OTyr-'Ly 7.44 -11.5



OTyr-1ps
0 Tyr-'Lyg
0 Tyr-Ly
70 Tyr-1Lpg
0 Tyr-1Lps
0 Tyr-1Lps
0 Tyr-1Lpg
0 Tyr-1Lpg
0 Tyr-Ly
0 Tyr-Lb7
70 Tyr-"Lpg
0 Tyr-Ype
0 Tyr-Ype
0 Tyr-lLbs
0 Tyr-lLbs
0 Tyr-1Lps
0 Tyr-lLbs
70 Tyr-Lps
0 Tyr-tLps
70 Tyr-1Lps
70 Tyr-1Lps
0 Tyr-1Lpg
70 Tyr-1Lps
70 Tyr-1Lps
0Tyr-1Lpg
70 Tyr-1Lps
0 Tyr-lng
0 Tyr-1Lps
0 Tyr-lng
70 Tyr-1Lp,
0 Tyr-1Lp,
0 Tyr-lng

OTyr-1Lyy
O Tyr-1L,
O Tyr-1L,
O Tyr-1L,
O Tyr-1L,
O Tyr-1L,
3 Trp-tLaz
3 Trp-tLa
3 Trp-tLaz
3 Trp-ILa
3 Trp-tlss
3 Trp-Lag
3 Trp-!Las
3 Trp-tla
3 Trp-tLla
3 Trp-Lag
3 Trp-tlas
3 Trp-tla
31 Trp-lL,
31 Trp-lLa7
31 Trp-lLae
31 Trp_lLa5
3 Trp-1lag
31 Trp-lLag
31 Trp-Llaz
31 Trp-1L,
3L Trp-1Lag
3 Trp-lep
31 Trp-1L,
31 Trp-lLag
3 Trp-lg
31 Tl’p-lLae

o o o o n

9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39

14
-5.3
7.4
-6.9
-14.7
-3.9
-1.2
-1.3
-10.2
-1.3
-4.4
-1.6
-1.8
2.5
2.7
-8.0
-1.0
-10.6
1.7
-12.4
-14
-2.3
2.4
-2.5
-4.1
4.4
-11.0
-15
-9.6
-1.0
-13.9
-1.8



OTyr-*Lyz
0 Tyr-LLg
OTyr-*Lyz
OTyr-*Lyz
0Tyr-LLg
Tyr-Ly
 Tyr-'Ly
7 Tyr-1Lp
 Tyr-'Ly
P Tyr-'Ly
0 Tyr-1Lp
P Tyr-'Ly
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
0 Tyr-1L,
28 Trp-1Ly
28 Trp-'Lb7
2 Trp-1Lpy
2 Trp-1Lpy
28 Trp-'Lb7
2 Trp-1Lpy
BTrp-1Lye
28 Trp-'Lus
2 Trp-Lpe
2 Trp-Lpe
28 Trp-'Lps
2 Trp-Lpe
2 Trp-Lpe
28 Trp-'Lps
2 Trp-Lpe

31 Tl’p-lLas
3L Trp-Llag
31 Trp'll_a3
31 ‘|'rp_1|_'312
31 Trp'll—a
31 Trp_lLa7
31 Trp'll—aﬁ
31 Trp'lI—aS
3 Trp-tlag
31 Trp_lLa3
31 Trp'lLaZ
31 Trp_lLa
31 Trp-ll_b7
31 Trp-LLpg
31 Trp'lI—bS
31 Trp-Llps
31 Trp'll—b3
28 Trp'lI—aS
28 Trp-ll_ag
28 Trp'lI—aS
28 Trp_lLa7
28 Trp'll—aﬁ
28 Trp'lLaS
28 Trp-LLqg
2 Trp-1L,
B Trp-tLlss
B Trp-tLar
2 Trp-1Llqe
B Trp-tlss
BTrp-Las
2 Trp-1Llas
B Trp-la

9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39
9.39

O O O O O O o o o o o o o o

-8.0
-1.4
-13.2
-5.3
-1.5
-2.7
-1.6
-12.7
-3.0
-12.9
-8.8
-5.1
-3.7
-14.0
-3.7
-15
-9.8
-9.4
-3.2
-12.5
-8.1
-5.8
-9.7
-11.7
-9.7
-10.3
-13.2
-4.0
-6.1
-9.8
-5.4
9.1



28 Trp-Los
2 Trp-Lps
28 Trp-Lbs
28 Trp-Lbs
2 Trp-*Lng
28 Trp-Lbs
28 Trp-Lps
2 Trp-Lp3
28 Trp-Lp2
2 Trp-'Lb2
3 Trp-tLoy
3 Trp-'Lb7
3 Trp-'Lb7
3 Trp-tLoy
3 Trp-1Loy
3 Trp-'Lb7
3 Trp-tLoy
3 Trp-Loy
3 Trp-'Lb7
3L Trp-LLpe
3L Trp-LLpe
3 Trp-'Lus
3L Trp-LLpe
3L Trp-LLpe
3 Trp-'Lus
3 Trp-'Ls
3 Trp-!Ls
3L Trp-1lps
3 Trp-!Ls
3L Trp-LLys
3 Trp-tLos
3L Trp-1Lys

28 Trp-LLqe
28 Tl‘p-lLas
28 Trp-LLqg
28 Trp-ILqg
28 Tl‘p-lLa7
28 Trp-LLas
28 Trp-LLqg
28 Tl‘p-lLas
28 Trp-LLqg
2 Trp-tLas
3 Trp-tlag
3 Trp-tLas
3 Trp-tLar
3 Trp-tlas
3 Trp-tlss
3 Trp-Lag
3 Trp-tlas
3 Trp-tla
31 Trp-lL,
3 Trp-tlar
3 Trp-tlss
3L Trp-tLlas
S Trp-las
3 Trp-tlas
31 Trp-tla
3 Trp-tLa
3 Trp-tlag
3L Trp-tLas
3 Trp-tlar
3 Trp-tlss
3L Trp-lLlas
3 Trp-tlas

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

-6.2
-5.0
-14.3
-35
-8.3
7.9
-8.3
-6.7
-8.9
71
115
-3.2
-3.9
-12.8
-4.7
5.3
-5.0
-8.3
-8.9
115
-15
-6.5
-5.8
-8.6
-14.4
-14.2
-3.0
-5.3
-3.7
-9.8
-11.2
-14.5



3L Trp- Lpa
SLTrp-1Lpa
3L Trp-1Lpa
3L Trp-1Lpa
SLTrp-1Lpa
3L Trp-1Lpa
3L Trp-1Lpa
SLTrp-1Lps
3L Trp-1Lps
3L Trp-1Lps
3L Trp-1Lps
3 Trp-tLie
3L Trp-1Lpe
L Trp-1Lpe
L Trp-1Lpe
3L Trp-1Lp
L Trp-1Ly

3L Trp-1Lge
31 Tl‘p-lLas
31 Trp—lLa7
31 Trp'lLaﬁ
31 Tl‘p-lLas
3 Trp-tlag
31 Trp—lLag
31 Tl‘p-lLag
31 Trp'lLaS
31 Trp—lLa7
31 Tl‘p-lLae
31 Trp—lLag
31 Tl’p-lLas
31 Tl‘p-lLa7
31 Tl‘p-lLae
31 Trp—lLag
3 Trp-tlas

O O O O O O O o o o o o o o o o o

5.5
-11.4
-14.0
-3.9
-6.2
7.2
-6.7
-4.4
-13.2
7.7
-2.8
-14.3
-3.9
-8.5
-7.8
5.1
-45

Table A.7: Calculated interaction energies of electronic transitions of aromatic

side chains in frame 33 of (PDB:1E8L) of the NMR structure

Phe-La
3 Phe-1La
3 Phe-1La
3 Phe-tLp,
3 Phe-1Lps
3 Phe-La
3 Phe-tLpe
3 Phe-1La,
3 Phe-tLps

Chromophore/Transitions Chromophore/Transitions

%phe-1L
3 Phe-1L,
3 Phe-1L g
% phe-1L,
% phe-1L,
3 Phe-1L s
% phe-1L,
3 Phe-1L s
3 Phe-1L,

Distance
A)
7.87
4.13
4.13
4.13
4.13
4.13
4.13
4.13
4.13

Interaction
Energy (cm”

)
1.3
4.6
42
25
11
15
2.0
1.2

-2.4



34 Phe-1L,
34Phe-1L,
3 Phe-1Lp3
3 Phe-1Ly
%8 Phe-1Lps
38 Phe-'Lps
38 Phe-1Lps
%8 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-1Lps
38 Phe-Lpg
38 Phe-Lpg
38 Phe-Lpg
38 Phe-Lpg
38 Phe-Lpg
38 Phe-Lpg
38 Phe-Lpg
38 Phe-1Lp3
38 Phe-1Lp3
38 Phe-1Lp3
38 Phe-!Lp3
38 Phe-1Lp3
38 Phe-1Lp3
38 Phe-!Lp3
38 Phe-1Lp3

38 Phe-1Lp4
3 Phe-1Lp,
% Phe-!L,
% Phe-!L,
111 Tl‘p-lLas
111 Trp_lLa4
111 Trp'll_a3
111 Tl‘p-lLaz
lllTrp_lLa
111 Trp_lLa7
111 Tl‘p-lLae
111 Trp_lLa5
111 Trp_lLa4
111 Trp-lLag
lllTrp'lLaZ
111 '|'rp_1|_a
111 Tl’p-lLb
111 Trp-lLa7
111 Trp‘ll—aﬁ
111 Trp-lLas
111 Trp-lLa4
111 Trp_ll_a3
111 Trp-lLag
111 Trp-lLa
111 Trp—lng
111 Trp'lI—bZ
111 Trp_lLb
111 ‘|'rp_l|_a9
111 Trp'lL;ﬂ
111 Trp‘lLaﬁ
111 ‘|'rp_l|_a5
111 Trp-lLa4

413
4.13
413
413
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35
9.35

-2.4
-2.7
-3.0
-3.3
1.3
3.4
1.3
12.2
2.4
-2.1
-10.9
-1.8
-2.1
-11.9
-3.2
-3.5
-11
1.5
11.5
2.5
2.8
2.6
244
4.7
11
1.2
1.2
-1.1
-2.3
-2.1
-33.5
-3.9



% Phe-Lys
38 Phe-Lp3
% Phe-Lys
% Phe-L;
38 Phe-Lp
% Phe-L;
% Phe-L;
38 Phe-Lp;
% Phe-L;
% Phe-1Lp
38 Phe-Lp
% Phe-1Lp
% Phe-1Lp
3 Phe-Ly
38 Phe-Ly
% Phe-LLy,
3 Phe-Ly
% Phe-L
% Phe-LLy
% Phe-L
% Phe-L
% Phe-LLy
% Phe-L
% Phe-L
% Phe-LLy,
% Phe-L
% Phe-1L,
% Phe-LL,
®Pphe-1L,
% Trp-LLy
28 Trp-!Lb7
2 Trp-1Lpy

111 Trp'lLaS
111 Tl‘p-lLaz
111 '|'rp_1|_a
123 '|'rp_l|_b2
123 Tl’p-lLb
123 '|'rp_l|_é19
123 Trp_lLa7
123 Tl‘p-lLae
123 '|'rp_l|_'315
123 Trp_lLa4
123 Trp_lLa3
123 Trp_lLa2
123 Trp'll—a
123 Trp'lI—bS
123 Trp_lLb3
123 Tfp-lLbz
123 Tl’p'lLb
123 Trp'll_ag
123 Trp'lLaB
123 Trp_lLa7
123 Trp'lLae
123 Trp_lLa5
123 Trp_lLa4
123 Trp_lLa3
123 Trp_lLa2
123 Trp-lLa
123-|—rp_1|_b7
123-|-rp_1|_b6
123 Trp'lLb4
B Trp-tLlas
2 Trp-1Llao
8 Trp-tLlss

9.35

9.35

9.35
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21
10.21

-3.7
-6.1
-36.6
-1.0
14
21.0
1.9
1.8
3.0
3.4
342
5.4
55.8
11.0
1.3
14
31.9
-14
1.1
-2.6
-62.5
-4.3
-4.7
-45
7.4
-8.0
-5.1
2.7
-6.9
-29.4
-31.2
-25.5



28 Trp-Lyy
2 Trp-1Lpy
28 Trp-Lyy
BTrp-Los
2 Trp-*Lpe
28 Trp-Lbe
28 Trp-"Los
2 Trp-*Lpe
28 Trp-"Lbe
52 Trp-'Lus
52 Trp-Loe
52 Trp-'Lus
52 Trp-'Lps
52 Trp-Lps
52 Trp-Lng
52 Trp-'Lps
52 Trp-Lng
52 Trp-Lpg
52 Trp-'Lp3
52 Trp-Lp3
52 Trp-1Lp2
53 Trp-Lp2
5 Trp-Loy
63Trp-'Lb7
53 Trp-'Lb7
5 Trp-Loy
5 Trp-Loy
53 Trp-!Lb7
5 Trp-'Loy
5 Trp-'Loy
53 Trp-!Lb7
11 Trp-tLps

28 Trp-Ly
28 Tl‘p-lLae
28 Trp-ILas
28 Trp-LLqg
28 Trp-1L,
28 Trp-ILqg
2 Trp-Ly
28 Tl‘p-lLae
28 Trp-ILas
52 Trp-tLaa
62 Trp-tLas
52 Trp-'La2
52 Trp-1Lao
62 Trp-tLss
62 Trp-tLag
52 Trp-'Les
62 Trp-tLar
82 Trp-tLlss
62 Trp-Lag
62 Trp-tLss
62 Trp-tLlag
63 Trp-1Las
83 Trp-!Lag
83 Trp-!Las
63 Trp-1Lar
83 Trp-!Las
83 Trp-!Las
8 Trp-1Las
83 Trp-!Las
83 Trp-!Laz
8 Trp-1L,
111 Trp-lLa7

O O O O O O O O O O O o o o O O o o o o o o o o o o o o o o o o

-69.1
-55.8
-19.7
-11.7
-19.7
-10.3
-13.2
-13.0
-15.1
-15.8
-15.4
-19.1
-6.2

-35.0
-34.3
-83.5
-8.3

-70.9
-82.3
-67.7
-88.9
-70.1
-9.5

-19.2
-32.9
-12.8
-34.7
-45.3
-35.0
-78.3
-58.9
-41.5



UL Trp-tLpe
11 Trp-tLps
11 Trp-tLpe
11 Trp-tLpe
11 Trp-tLps
11 Trp-tLpe
UL Trp-tLps
11 Trp-tLps
1L Trp-tLps
11 Trp-Lps
11 Trp-tLps
11 Trp-Lps
11 Trp-Lpa
11 Trp-tLps
128 Trp-tLps
123 Trp-*Lpa
128 Trp-tLps
123 Trp-tLps
123 Trp-*Lpa
123 Trp-tLps
123 Trp-tLps
123 Trp-*Lp3
123 Trp-tLps
123 Trp-tLp2
123 Trp-Lp2
23T rp-1Lp;
123 Trp-LLyp
123 Trp-Ly
123 Trp-LL

11 Trp-Lge
UL Trp-Lgs
UL Trp-Llag
UL Trp-Ll gz
UL Trp-1Lqp
UL Trp-iL,
1L Trp-LL g
11 Trp-Lqg
1L Trp-Ll
1L Trp-L g6
UL Trp-Lgs
1L Trp-Ll gz
11 Trp-LL g
11 Trp-Lqg
123 Trp-1Lg
123 Trp-LL g6
123 Trp-1Lgs
123 Trp-1L oy
123 Trp-1l g
123 Trp-1L 0
123 Trp-1L g
123 Trp-1L
123 Trp-1L 6
123 Trp-1L 0
123 Trp-1l
123 Trp-1Lg
123 Trp-1L 6
123 Trp-1L 0
123 Trp-1L 46

O O O O O O O O O O O O o O O O o o o o o o o o o o o o o

115
-135
-23.8
-55.6
-34.4
-13.7
-33.0
-45.4
-50.8
-15.5
-90.1
-97.7
-24.1
-19.3
-42.0
-38.8
-63.3
-42.2
-26.8
-74.0
-36.2
-90.7
-70.3
-44.3
-36.4
-81.2
-78.8
-57.7
-84.5






