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Abstract

Amyloid brils are misfolded proteins related to several different diseases, such as Alzheimer's
and Parkinson's disease. The aims of the report are to computationally analyze signi cant
patterns and distributions of certain amino acids in the structure of amyloid brils. The
direction relative to the bril core is investigated for the charged amino acids and those
present in bends. Amino acids in the amyloid brils tend to stack upon each other, these
stacks are identi ed for the amino acids containing aromatic rings and the tilt of the aro-
matic rings are calculated relative to the axis of the bril. The result from the analysis of
the bends does not show signi cant patterns exclusive to amyloid brils, while the anal-
ysis of the charged amino acids indicates that they tend to face outwards relative to the
bril core. The tilt of the aromatic rings tends to be distributed around 55°. The results
are consistent with previous ndings and provide some information which could be of use
when predicting the structure of amyloid brils.



Sammandrag

Amyloida briller ar felveckade protein med koppling till ertalet sjukdomar sa som
Alzheimers och Parkinsons sjukdom. Malet med denna rapport &r att utfora datoriserade
analyser av betydande moénster samt férdelningar av speci ka aminosyror i den amyloida
brillens struktur. Riktning hos laddade aminosyror och de som nns narvarande i svan-
garna undersoks. Aminosyror narvarande i den amyloida brillens struktur tenderar att
stapla sig pa varandra, dessa staplar identi eras for aminosyror innehallande aromatiska
ringarna och deras lutning relativt den amyloida brillens axel berdknas. Resultatet visar
inte pa nagra speci ka monster gallande svangarna i amyloida briller, medan analysen
for de laddade aminosyrorna visar att de foredrar att ordna sig utat relativt brillens karna.
Lutningen hos de aromatiska ringarna tenderar att ha en férdelning runt 55°. Resultatet
stammer 6verens med tidigare iakttagelser och presenterar information som skulle kunna
komma till anv&ndning vid modellering av strukturen hos amyloida briller.
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-carbon

Dry interface

Expression system
Extracellular

FASTA format

Heterocyclic

Glossary

The central atom in the amino acid which carries
the side chain.

Two surfaces facing each other, generating an en-
vironment which does not allow water to be lo-
cated between them.

Organism used to produce proteins.
Outside the cell.

The primary sequence of a protein represented,
each amino acid is represented by their one letter
abbreviation.

A ring structure formed by at least two different
elements.

Homologous sequences 100% identical amino acid sequences.

Hydrophilic
Hydrophobic

In vitro

In vivo
Intracellular

Macromolecular

Native form

Non-polar

Water attracting.
Water repelling.

Studies performed outside the living cell, such as
in a test tube.

Studies performed in the living cell or tissue.
Within the cell.

Large structures built of small subunits, such as
nucleic acids and proteins.

The structure a protein is intended to form when
produced.

A compound lacking the ability to form a dipole
moment.



Glossary

PDB-entry
Polar

Primary structure
Protein Data Bank

Proteolytic cleavage

Quaternary structure

Secondary structure

Steric hindrance

Tertiary structure

Torsion angle

Identi cation code for proteins available from the
Protein Data Bank.

A compound having the ability to form partial
charges which gives rise to a dipole moment.
The amino acid sequence of a protein.
Database containing structural information about
proteins.

Degradation of proteins and polypeptide chains.

A protein structure including several subunits of
proteins.

The level of protein folding which includes-
helices and -sheets.

Preventing conformations due to size and nearby
structures.

The assembly of -helices, -strands and -
sheets.

Angle between bonds to two specied groups
within an amino acid.



Contents

Introduction 1
1.1 Importance ofamyloid brils . . . . . .. ... ... L. 1
1.2 Purposeandobjectives . . . ... ... ... . o 3
1.3 Delimitations . . . . . . . . . . e 4
1.4 Overviewofthesis . . .. .. . ... . . . . ... 4
Background S
2.1 Basicsof proteinstructure . . . . . . ... ... 5
2.1.1 Amino acids and their chemical properties. . . . . ... .. ... 5
2.1.2 Protein folding and levels of protein structure . . . . . ... ... 7
2.2 Structure ofamyloid brils . . . . . ... oo oo 8
2.21 SteriCzippers . . . . . v i e 12
2.3 -solenoid proteins . . . . ... 13
Data sets 15
3.1 Data set of amyloid brils and steric zippers . . . . . .. .. .. .. ... 15
3.2 Datasetof-solenoids . . .. ... ... ... .. ... .. ... ... 17
3.3 Evaluationofthedatasets . ... .. ... ... ... .. ........ 18
Analysis methods 19
4.1 Identifying direction and distribution of aminoacids . . . . . . .. .. .. 19
4.2 ldentifying the axis of amyloid brils . . . . ... ... ... ...... 20
4.2.1 Finding stacksinamyloid brils . . . . . ... ... ... .... 21
4.2.2 Planeofbest tandlineofbestt . ... ... ... ....... 24
4.2.3 Advantagesanddisadvantages . . . . .. ... .. ... ..... 25
4.3 Tiltofaromaticrings . . . . . . . . . . ... 26
Results 29
5.1 Direction and distribution ofaminoacids . . . ... ... ... .. ... 29
5.1.1 Bendsofamyloid brils . . ... ... ... ... ........ 29
5.1.2 Bendsof-solenoidproteins. . . ... .............. 31
5.1.3 Charged amino acids inamyloid brils . . . ... .. ... ... 33
5.1.4 Charged amino acids insolenoids . . . . .. ... ... .. .. 38
5.2 Tiltand stacking of aromaticrings . . . . . . ... ... ... ... ... 39
Discussion 46
6.1 Direction and distribution ofaminoacids . . .. ... ... ....... 46

Vi



Contents

o O © >

m

6.1.1 Bends of amyloid brils and-solenoids . ... ... ..
6.1.2 Charged amino acids in amyloid brils andsolenoids
6.2 Angles and tilt of aromaticrings . . . .. ... ... ... ...
6.3 Re ections and future development

Conclusion

List of the 20 amino acids and their abbreviations

Distances between charged amino acids in amyloid brils

Angles of aromatic rings in amyloid brils and steric zippers
Adjusted angles of aromatic rings in amyloid brils and steric zippers
Data from the direction and distribution analysis

Number of stacks present in a subset of the amyloid brils

Vi
VIl

Xl

Vii



1

Introduction

The introduction covers a short historical background of amyloid brils, the diseases they
are related to and social issues that come with them. This is followed by the purpose and
the more speci c objectives of the report. Last, an overview of the thesis is presented.

1.1 Importance of amyloid brils

In 1854, the German physician and scientist Rudolph Virchow introduced the term “amy-
loid'. He was examining brain tissue with abnormal appearance and mistakenly con-
cluded, after a positive iodine staining reaction, that the unusual macroscopic defects
consisted of starch. He named the starch-like structures amyloid, originating from the
Latin word amylum, meaning starch. In 1859, it was however determined that the abnor-
malities in the tissues did not consist of carbohydrates but rather contained aggregated
proteins. Since then, amyloid brils have been recognized and studied as a group of pro-
teins capable of forming brillar structures [1].

A major reason for the research interest in amyloid brils is their association with a
large group of diseases referred to as amyloidosiEhere are at least 27 diseases in
this group, including Alzheimer's disease, Parkinson's disease and type |l diabetes. Pro-
teins related to amyloidosis have lost their native form due to misfolding [3]. The correct
three-dimensional structure of proteins is essential in order for them to function properly.
When misfolding, they have the ability to cause harm to their cellular surroundings [4].

The diseases of amyloidosis can differ from each other in several aspects depending on
which protein and what organ is affected. In Alzheimer's disease for example, the protein
A aggregates in the brain and in type Il diabetes the protein IAPP aggregates in the pan-
creas [3]. The feature common to the diseases of amyloidosis is the presence of misfolded
brous proteins forming the characteristic structure of amyloid brils [5]. An example of

an amyloid bril is shown in Figure 1.1. The proteins involved in amyloidosis can, in
their native form, differ vastly from each other regarding primary structure, function and
size. When existing in their amyloid state however, their structures become very similar
despite differences in amino acid sequence. This suggests that the characteristic structure
of amyloid brils is accessible to many different proteins [6].

1The word-osis means an increase in or abnormal amount of. The word amyloidosis meaning an
abnormal amount of amyloid [2].
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Figure 1.1: A three-dimensional model of a brillar structure, classi ed as an amyloid bril.
PDB-entry: 2ZMPZ.

Regardless of the number of proteins theoretically capable of folding into amyloid brils,
the impact of the ones already identi ed and related to amyloidosis is indisputable, af-
fecting a large number of people all over the world. The conditions of neurodegenerative
diseases, such as previously mentioned Alzheimer's , does not only affect the af icted but
also family members or friends providing with every day care. Because of the behavioural
and mental symptoms of the disease, the care can be both physically and psychologically
intense [7]. Due to the great number of people affected, the social aspects are undeniable.

Alzheimer's disease, which is one of several diseases referred to as dementia, is more
frequently occurring among elderly. With a rapid increase in both global population and
life expectancy, the number of people diagnosed with Alzheimer's is expected to increase
during the coming decades [7]. In 2010, the number of people in the world living with
dementia reached 35.6 million which represented approximately 0.5% of the worlds pop-
ulation [8]. Of those diagnosed with dementia, 50-75% is estimated to have Alzheimer's
disease [7]. The same year, the costs of dementia were approximated to US$604 billion.
In 20 years, the number of people affected will double and the costs are likely to follow

[8].

There is no doubt a treatment is of importance, for those affected directly as well as people
in their close surroundings. To fully understand the impact of amyloid brils, researchers
study the molecular structure of the proteins involved. Both experimental as well as com-
putational methods have been used in order to calculate, model and predict how and why
amyloid brils are formed in the human body. To build reliable models of protein struc-
ture further investigation is still required in this complex area of research.
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1.2 Purpose and objectives

This report presents an investigation into the molecular structure of amyloid brils. A mo-
tivation for studying these structures is the future development of drugs or treatments for
the conditions of amyloidosis. Knowledge about protein structure is important in order to
understand protein property and function, and thereby determine the possible effects on
human health. Despite the large amount of research being conducted on amyloid brils
and their association to disease, more has to be done in order to determine this relation.
This vast area of research is complex and therefore research objectives needs to be speci-
ed.

This report aims to investigate amyloid brils by computationally analyzing signi cant
patterns and distribution of amino acids. More speci c, there will be an investigation of
the direction and distribution of certain amino acids. The amino acids chosen for this
investigation are the ones present in the bends of the bril as well as the charged amino
acids throughout the bril. There will also be an analysis of the arrangement of amino
acids containing aromatic rings. There are several other patterns and amino acids that
could be investigated apart from the ones just mentioned. Motivations for the chosen ap-
proaches follows below, as well as hypotheses regarding the outcome of the analyses.

The direction and distribution of the amino acids in the bends are analyzed because they
are a recurring segment of the amyloid. Despite the amyloid bril being a misfolded
structure, it is still highly ordered and stable. This limits the structural alternatives for the
amino acids within the bends, suggesting that amino acids with smaller side chains are
more likely to face inwards towards the bril core. Another characteristic of the amino
acids pointing inward might be that they are hydrophobic since most proteins have a hy-
drophobic core. The hydrophobic core of proteins would also reduce the likelihood of
nding charged residues facing inwards.

The aromatic rings have a relatively bulky and stiff structure compared to other amino
acid side chains. This is an interesting feature when considering that amyloid brils con-
sists of layers, causing identical amino acids to stack. Due to its shape, a single stack of
aromatic rings is expected to be organized in a uniform manner. In order to analyze the
aromatic rings, the bril axis will be generated. This will provide a reference point to
which angles of the aromatic rings can be decided. The angles generated will be used to
compare the tilt of the aromatic rings.

The foundation of these analyses is a data set composed of proteins known to exist in
a bril state. In order to distinguish which structural attributes that are speci c for the
amyloid bril, a data set of -solenoids will be used for a corresponding, but less exten-
sive analysis. The-solenoid proteins are a relevant comparison since they have a similar
structure to the amyloid bril.
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1.3 Delimitations

When collecting the data set, some information about the protein and its structure will
not be taken into consideration. Firstly, there will not be any distinction regarding what
experimental method is used when determining the structure. Secondly, the environmen-
tal conditions used during experimentation such as pH, pressure, temperature and solvent
will be ignored. Lastly, no attention will be given to the type of organism the protein
originates from or what expression system is being used to produce it.

1.4 Overview of thesis

In Chapter 2, protein structures and amyloid brils are presented. The method and results
of gathering the data sets are provided in Chapter 3. The analysis methods are given in
Chapter 4. Chapter 5 highlights the results of the report and the results are discussed in
Chapter 6. Conclusions are drawn in Chapter 7. Finally, additional information and data
from the analyses are available in the appendices.
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Background

In the previous chapter, amyloid brils were introduced as misfolded proteins related to
several diseases. In this chapter, their characteristic structure will be de ned and further
explained. The chapter begins with a theoretical background on protein structure, which
can be disregarded by those familiar with the basic concepts of proteins. This is followed
by a theoretical background of amyloid brils as well as steric zippers astlenoid
proteins. Steric zippers being a model of amyloid bril anesolenoids shares some
structural properties with the amyloid brils.

2.1 Basics of protein structure

Proteins perform a wide range of tasks in the human body, an example is as catalysts in
chemical reactions. The function of a protein depends on its three-dimensional structure.
In this section, the basics of protein structure are presented along with important chemical
properties which stabilizes them.

2.1.1 Amino acids and their chemical properties

A protein molecule is a long chain formed by smaller building blocks called amino acids.

There are 20 different amino acids that, in different combinations, make up all existing

proteins. Each amino acid is linked to its neighbour through a peptide bond creating an
array of amino acids called a polypeptide chain, more commonly referred to as a protein.
Most proteins contain between 50-2000 amino acids, but larger proteins do exist. Any
polypeptide containing fewer than 50 amino acids is simply called a peptide [9].

An example of a peptide chain is shown in Figure 2.1 where the location of the peptide
bond is pointed out. An amino acid, also referred to as an amino acid residue, consists of
two parts; a backbone and a side chain. The backbone is identical among all 20 amino
acids and contain a central carbon atorrc@rbon), an amino group and a carboxylic acid
group. The side chain is attached to the backbone and varies depending on the amino acid.
Side chains contain different functional groups which give the amino acids different prop-
erties such as size, shape, bonding capacities and chemical reactivity. The arrangement of
amino acids is therefore essential to the function and shape of the complete protein [9].
The 20 amino acids are presented in Appendix A, along with their one and three letter
abbreviations.
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Figure 2.1: A peptide consisting of four amino acids, connected by peptide bonds. The R-groups
on each amino acid represent the side chain. By convention, polypeptide chains are written from
the N-terminus to the C-terminus. The N-terminus is an example of an amino group, including a
nitrogen atom. The C-terminus is an example of a carboxylic acid group, including a carbon atom
and two oxygen atoms.

Amino acids are classi ed into four groups depending on the chemical properties of the
side chain; non-polar (hydrophobic), polar (hydrophilic), positively charged (basic) and
negatively charged (acidic). Non-polar amino acids have hydrophobic side chains and
come together to stabilize protein structures through hydrophobic effects, thus avoiding
any contact with water or other charged segments. This phenomenon is involved in pro-
tein folding since it forces the non-polar amino acids to the inside of the protein. Polar
amino acids have neutral side chains. They are hydrophilic and therefore more reactive
than the previous group. The charged amino acids have an overall positive or negative
charge which make them highly hydrophilic [9].

Aromatic rings are chemical structures present in some of the amino acid side chains.
There are several ways of describing aromaticity and one approach is to use Huckel's
rule. Huckel's rule de nes an aromatic compound as a planar conjugated monocyclic
structure with4n + 2 -electronsn 2 Z, [10]. As this is a complex de nition, a vi-
sualization of the aromatic compounds present in the amino acids can be helpful. The
amino acid residues containing aromatic rings are displayed in Figure 2.2. Phenylalanine
and tyrosine contain the aromatic ring known as benzene. The benzene ring is a pla-
nar, symmetrical hexagon with three conjugated double bonds, thus satisfying the rule of
Huckel. Many organic compounds does not contain a benzene ring, instead the aromatic
systems are heterocyclic [10]. In these structures the main elements are not only carbon
atoms. Such a system is present in the amino acid histidine, which contains the heterocy-
cle imidazole. Tryptophan has a combination between benzene and a heterocyclic system,
known as indole.
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Figure 2.2: Amino acids containing aromatic rings, with the aromatic ring highlighted in red.
To the left is histidine with the aromatic ring imidazole. Thereafter follows phenylalanine and
tyrosine, both having a benzene ring. Lastly, tryptophan is shown. It also contains the aromatic
ring benzene, but as a part of the larger aromatic complex called indole.

2.1.2 Protein folding and levels of protein structure

Proteins can be described at four structural levels; primary, secondary, tertiary and quater-

nary. The primary structure is the one-dimensional sequence of covalently linked amino

acids, an example can be seen in Figure 2.1. The secondary structure describes the in-

teraction of amino acids close to each other. They form hydrogen bonds and fold into

three-dimensional structures known aselices and -sheets. A -sheet consists of at

least two -strands joined together by hydrogen bonds [9], [11]. Ths&trand is usu-

ally visualized by an arrow pointing in the direction of the N- to the C-terminus. A
-sheet is visualized by a stack of arrows. Figure 2.3 displays telices connected

by a disordered segment and twestrands assembled into asheet. It is common that

the hydrophobic and hydrophilic amino acids in a&trand face the opposite side of the

strand, causing the surfaces of thesheet to be uniformly hydrophobic and hydrophilic.

This property allows a speci ¢ side of thesheet to associate with the environment in the

most favourable way [4]. The important secondary structure in this report is-fieet,

which are central to the structure of amyloid brils.

Figure 2.3: Visualization of the secondary structures. The structure to the left represents two
-helices connected by a disordered segment and the structure to the right displaystiaods,
forming a -sheet. PDB-entry: 2LLM and 2Y3K.
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The secondary structures can assemble into a higher order structure known as the tertiary
structure [11]. Two common tertiary structures are the globular and the brous, see Figure
2.4.

Figure 2.4: Two different tertiary protein structures. The leftis a brous protein, type I collagen,
and the right is the enzyme catalase, which represents a globular protein. PDB-entries: 3HQV
and 5BV2.

The tertiary structure is stabilized by a range of different electrostatic interactions. The
strongest electrostatic interactions are the ionic. Oppositely charged amino acid residues
can, in neutral pH, give rise to attractive forces forming an ionic bond, also known as a
salt-bridge. If the pH increases or decreases beyond a certain point, the charged residues
might loose their ionic character and the stabilizing property is lost. Disturbance in the
protein folding is also possible if two uniformly charged residues interact, causing elec-
trostatic repulsions [4]. Several residues are polar and have the ability to form hydrogen
bonds. Despite hydrogen bonds being weaker than the ionic bonds, they are large in
numbers and will therefore contribute to the stability of the tertiary structure. The last
important electrostatic interaction is the van der Waals force. This type of bonding occurs
between the hydrophobic residues and it is essential for the occurrence of the hydropho-
bic effect. The hydrophobic residues have a limited solubility in water and can therefore
aggregate in the center of the protein. The hydrophobic residues arrange tightly and form
a dry core. The tight packing releases water molecules, which stabilizes the protein struc-
ture signi cantly [4], [11].

The last level of protein folding is the quaternary structure. It is formed when several
polypeptide chains assemble into larger protein complexes [11], making the polypeptide
a subunit. The protein complex can either consist of several identical polypeptide chains
or different ones. The quaternary structure is, like the tertiary, stabilized by electrostatic
interactions [4].

2.2 Structure of amyloid brils

Amyloid brils have previously been introduced as misfolded proteins linked to several
diseases known as amyloidosis. As for now, presence of amyloid brils can only be
viewed as a pathological hallmark in the progression of disease. What role the aggrega-
tion of amyloid brils has in the formation of disease is yet to be discovered. Current

8
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research investigates the process of aggregation. The process is complex, forming sev-
eral intermediates, some which are believed to be responsible for the toxic effects causing
disease [12], [13]. Since the main focus of this report is the structure of amyloid brils,
rather than their correlation to disease, this section aims to present the structural attributes
common to amyloid brils.

Amyloid brils refers to aggregated unbranched lamentous proteins. They originate

from proteins which have lost their native structure and undergone spontaneous self-

assembly. The aggregated protein contains a high extensbéets, organized in a cross-
structure [14]. The cross-structure consists of-sheets arranged along the axis of the

bril and the assembled -sheets contains stackeestrands running perpendicular to the

bril axis [14], [15], [16], [17]. An example of a cross-structure is seen in Figure 2.5.

Figure 2.5: A cross- structure. The two stacks of blue arrows represents twsheets which
are arranged along the axis of the bril. The-strands in the -sheets runs perpendicular to the
bril axis. The black arrow shows an approximation of the bril axis. PDB-entry: 2MPZ.
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Figure 2.6 shows an example of an amyloid bril and how it stacks. ldentical peptide
sequences assemble into the larger crossucture by stacking upon each other, eventu-
ally twisting around its own axis. Figure 2.6 does contaistrands and sheets, but these
are not represented by arrows in this structure.

Figure 2.6: Three levels of a protein structure representing an amyloid bril. The structure to
the left is the rst layer in the bril, which is formed by an assembly of short peptide sequences.

In the center, the same sequence has stacked upon each other in ve layers. The structure to the
right shows a bril with 114 layers of the same peptide sequence. All three assemblies are viewed
from the same angle. PDB-entry: 2M5K.

The -sheets in the cross-structure can vary in number and be either parallel or anti-
parallel. The difference between parallel and anti-parallel sheets is displayed in Figure
2.7. 1t has been observed that amyloid brils formed by shorter peptide segments tend
to assemble into anti-paralletsheets [14], compared to the amyloid brils with longer
peptides, more than 20 amino acids, which tend to form paral&tieets [18].

Figure 2.7: To the left is an amyloid bril with parallel -sheets. The structure to the right
represents an amyloid bril with anti-parallel-sheets. The differences between the two structures
are seen in the directions of the arrows. PDB-entries: 2BEG and 2LNQ.

10
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Other variations seen in the structure of the amy-

loid brils are if the amino acids in the -

sheets tend to be in- or out-of-register. An

in-register arrangement is achieved when the

same kind of amino acid residues are aligned

on top of each other in each level of the

strand, throughout the -sheet. = When these

alignments are missing, the amino acid residues

are out-of-register.  An example of in- anéfigure 2.8: The gure shows two -

out-of-register formation is shown in Figureheets, with identical amino acid se-

2.8. The parallel and in-register formatiofuencesinall of the-strands. The op-

is the most common arrangement seen in tpfesite direction of the arrows indicates

amyloid bril.  This combination might be thatthe sheets are anti-parallel. High-

due to an increased possibility of hydrophddhted in red are alanines, together

bic interactions between the -sheets, which tTh;g ;?;?:\Oazc'ig';egélsct)i:;”;ngIelge;g

in turn increases the stability of the structure . : .

[18]. Iéucines, they display an f)ut—of—reglster
arrangement. PDB-entry: 2KIB.

The presence of a crossstructure is one of the

requirements for an aggregated protein to be de ned as an amyloid bril. To assign a
cross- and an amyloid bril structure, certain distances in the assembly needs to fall
within set limits [3], [14], [19]. Another characteristic property worth mentioning, be-
cause of its historical importance in assigning the structure, is the amyloid brils' ability
to bind certain dyes, such as Congo Red [18].

The structure of amyloid brils is highly stable [14], it is insoluble and resistant to pro-
teolytic cleavage. Resistance to degradation can lead to accumulation within tissues, a
phenomena seen in amyloidosis [3], [18], as mentioned in Section 1.1. The insolubility of
amyloid brils, as well as their inability to crystallize, are important aspects when trying

to experimentally retrieve its structural information. These properties intervene with the
methodologies used for deciding protein structures. It was not until the late 1990s that
detailed information about the amyloid brils three-dimensional structure was obtained
[14]. In 2008, there were still no complete molecular structure of amyloid brils available
[18]. Even though there are dif culties retrieving structural information about amyloid
brils, more can be said about their amino acid sequences. There are no common features
in the sequences of the native proteins that indicates the possibility of amyloid bril for-
mation [14], [18]. This might be related to the high amount e$heets in the amyloid

bril, since these are mainly stabilized by hydrogen bonds between the backbone of the
peptide rather than the side chains [20].

The structure of amyloid brils is stabilized by hydrophobic interfaces. Hydrophobic
residues generates a low dielectric environment within the bril. A combination of a low
dielectric environment and electrostatic repulsions between charged amino acids would
possibly disrupt the structure of the bril [14]. However, electrostatic attraction might in-
stead help to further stabilize the structure of amyloid brils. To approximate the distance
between charged amino acids and thereby asses in uences on stability, Coloumb's law

11
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can be altered into an equation describing the energy of interactgns (

G

E =
4 rod

(2.1)

In Equation 2.1q represents the charges of the amino acid residdiés,the distance
between them,, is the permittivity in vacuum and, is the dielectric constant of the
medium. When performing calculations on biomolecules, an aquatic environrredd)
is usually favoured. The energy then range from -13 to -17 kJ/mol [4], which corresponds
to a distance of 1.02-1.34 A. In amyloid brils, charged amino acids can be located in
the hydrophobic interfaces where there is a low dielectric environment. The electrostatic
interaction will then be stronger compared to an aqueous environment. It is therefore
reasonable that a distance greater than 1.34 A between charged residues can still form
an ionic bond. This is consistent with the observations of Barlow and Thornton in 1983,
which determined the most common distance between charged residues in proteins to be
4 A [21], as well as with Tycko, who accepts the distance 3.7 A between the carboxy-
late carbon and amino nitrogen atoms, as an ionic bond [14].

2.2.1 Steric zippers

In the previous section, the dif culties of retrieving information about the structure of the
amyloid brils were introduced. One approach to manage this issue has been to create
models of amyloid brils by using short peptide sequences, originating from the bril
sequences. Structural information is possible to generate for the short peptide sequences,
compared to amyloid brils [22]. If the sequence aggregates into a crosisticture,
interacts in a self-complementary manner and forms a completely dry interface, it is clas-
si ed as a steric zipper [23], [24]. An example of a steric zipper is seen in Figure 2.9. A
steric zipper is also seen in Figure 2.6, which represents the structure of an amyloid bril.
Steric zippers are regarded as basic units of amyloid brils, due to its limited appearance
in other protein structures [23], [25].

Figure 2.9: A short peptide sequence originating from the yeast prion Sup35. The segment
is classi ed as a steric zipper, it aggregates into a crosstructure, forms a dry interface and
interacts in a self-complementary manner. PDB-entry: 1YJP.
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2. Background

When testing as for whether or not a sequence can be classi ed as a steric zipper, in vitro
experiments are being used. Applying different environmental conditions to a sequence,
during experimentation, does lead to variations in the arrangements ofgheets [16].

The variations are often referred to as polymorphism and include the formation of either
parallel or anti-parallel -sheets, as well as differences in how the assembly-stieets

are facing each other. These variations of arrangement gives eight classes of steric zippers,
all with different combinations and all being stable structures. The structural diversity
occurring during in vitro experiments has also raised questions regarding the existence
and distribution of polymorphism in vivo [23].

2.3 -solenoid proteins

-solenoid proteins, also referred to asolenoids, is another class of proteins relevant
to include parts of, for the structural analysis due to their structural similarities to amy-
loid brils. This large group consists of proteins exhibiting a solenoid appearance, with
secondary structures consisting ektrands, hence the namesolenoids. These include

-helices and -rolls, but the distinction between them will not be evaluated in this report
[26].

The prominent similarity between amyloid brils and

-solenoids, is the repetitive appearance of the struc-

tural units where amino acid side chains stack around

a common axis. A difference is however that the

strands stacked in-solenoids are not necessarily identi-

cal, as they tend to be in amyloid brils [26]. A -

solenoid consist of one single polypeptide chain. The

-strands coil around the solenoid axis via turns and

bends forming a helical structure similar to the one

shown in Figure 2.10. Each coil consists of about 12-

30 amino acids. The polypeptide chain has an ax-

ial rise of 48 A ( 0.2 A) and the distance is the

same on all sides of the helix. The interior of the

solenoid consists of a compact and hydrophobic core, while

charged and polar amino acids tend to face the solvent

[27].

) ) Figure 2.10: PDB-entry:

It has been observed that the bends edolenoids differ 3545 an example of a
from those in globular proteins. The bends intheolenoids  _sgienoid.  The arrows,
are arranged in such a manner where adjacesttands in- yepresenting -strands, are
teract via their side chains instead of their polypeptide bagtacked in a parallell man-
bone. Figure 2.11 (a) shows a representation of a bend nmefe The bends and turns are
common in globular proteins (left) and a bend more cothe segments connecting the
mon among -solenoids (right). Even though the bends arestrands.

irregular segments, they have been shown to display recur-

ring patterns [27].
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2. Background

Figure 2.11: (a) To the left, a representation of a bend more common in globular proteins and
to the right an example of a bend common ksolenoids. The broken lines showing hydrogen-
bonds. (b) Cross-sectional shapes occurring #solenoids. The more common L- and triangular
shapes shown to the left and middle, respectively, and the oval shapmlt§ to the right. (c)

A representation of a bend which is the segment connecting the-stiands (shown as arrows).
The white and black circles representing positions of amino acid side chains. Reprinted from [27],
with permission from Elsevier.

Cross-sectional shape is one feature considered when addintenoids to the data set
presented in Section 3.2. Figure 2.11 (b) shows three different cross-sectional shapes;
L-shape (left), triangular (middle) androll (right). -helices show a predominantly tri-
angular and L-formed shape, whilerolls tend to be more oval [27].

As mentioned, -solenoids is a large class of proteins with further classi cations based
on coil shape, number of strands coiled around the axis, right or left handedness etc. [28].
Investigating and discussing the different classi cations is beyond the scope of this report
and the term -solenoids is used in a broad sense.
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Data sets

This chapter presents the resulting data sets required for the upcoming analyses. The
data sets consists of protein structures submitted to the Protein Data Bank (PDB) [29].
PDB contains information about more than 100 000 macromolecular structures. Each
structure is assigned a unique PDB-code, also referred to as PDB-entry, and the structural
information is stored in a corresponding PDB- le. The PDB- le contains information
such as experimental details and coordinates describing the position of the atoms within
the structure. The data sets used in the analyses are the ones containing amyloid brils
and steric zippers, as well as a complementary data set wstilenoids.

3.1 Data set of amyloid brils and steric zippers

Structures of amyloid brils were found in PDB using the classi cation of protein brils.

The search term generated 121 entries. Five more structures were collected with other
approaches. The PDB-entries were visually inspected, 17 showed the characteristic struc-
ture of an amyloid bril and were included in the data set. A sequence alignment of the
data set was performed using the FASTA format of the PDB-entries in the Clustal Omega
program[30]. Any homologous sequences could then be identi ed.

Of the 121 entries included in the classi cation of protein brils, more than 60 were short
segments of amyloid brils or considered to be steric zippers. Steric zippers are, as men-
tioned in Section 2.2, short peptides of approximately six amino acids and can be seen
as the basic unit of the amyloid brils. These PDB-entries were excluded at rst, since
they only contain a limited amount of coordinates in their PDB- les. However, larger
structures are generated by applying transformation matrices and are available in the le
Biological Assembly, in PDB. The larger structures were collected in a separate data set,
referred to as the data set of steric zippers. The structures generated in the Biological As-
sembly lacks bends, and has an arti cial arrangement of the residues within the structure,
making them less interesting in the analysis of the charges and not at all for the bends.
The arrangement of aromatic rings are on the other hand more relevant and the data set
was therefore narrowed down to those containing one or several residues with aromatic
rings. This resulted in a data set containing 17 steric zippers.
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3. Data sets

To make a distinction between structures generated by transformation matrices and those
collected as PDB- les, two separate data sets were formed. Table 3.1 displays the PDB-
entries having the characteristics of an amyloid bril and having coordinates for the full
structure in a PDB- le, this data set is referred to as amyloid brils. In Table 3.1, some
properties of the structures are also present. These include the numbetrahds in

the -sheets and the direction of thestrands, also known as parallel or anti-parallel
sheets, as well as homologous PDB-entries, those entries have identical numbering in the
last column.

Table 3.1:Data set of amyloid brils. All the entries in the table have their full structure available
in a PDB- le and they are all determined by NMR. The table shows if ts&eets in the structure
are arranged in a parallel or anti-parallel manner and the last column indicates homologous
PDB-entries.

Anti-

PDB-code Name Parallel parallel Number of Homology
-sheets -strands
-sheets
2RNM |HET-s(218-289) prion X - 10 1
2KJ3 |HET-s(218-289) prion X - 6 1
2LMQ |A (1-40) X - 6 2
2LMP |A (1-40) X - 6 2
2LMN |A (1-40) X - 6 2
2M4J  |A (1-40) X - 3 2
2LNQ [A (1-40) lowa mutant - X 8 3
2BEG |A (1-42) X - 5 4
2MXU (A (1-42) X - 11 4
2MPZ |A (1-42) lowa mutant X - 8 5
2MVX |A (1-42) Osaka mutant X - 5 6
2M5N | Transthyretin(105-115 X - 8 7
2NNT |Human CA150 WW2 X - 4 8
2N1E |MAX1 peptide bril - X 8 9
2E8D | 2-microglobulin X - 4 10
2KIB  |hIAPP - X 5 11
2NOA -synuclein X - 10 12

In the data set of amyloid brils, Table 3.1, 12 out of 17 structures has a unique sequence.
It is important to notice that ve of the unique sequences originate from the same protein,
the A , not differing by more than three amino acids. On the other hand, this A well
established amyloid bril and the structures do display a variation regarding-8teets,

both in number and directions. There is also a difference in polymorphism, some displays
three- or two-fold symmetry while others are a single lament. The two rst entries in
Table 3.1 are both the HET-s(218-289) prion, with an almost identical three-dimensional
structure. It might have been of interest to exclude one, but since lacking any validation
parameters for structures determined by NMR, there is no obvious way to rank the two.
The same problem arises when attempting to restrict the number-piréteins.
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3. Data sets

The PDB-entries requiring the le Biological Assembly are collected in Table 3.2, re-
ferred to as the data set of steric zippers. The table displays, as the previous, the number
and direction of the -strands, with the addition of peptide sequence. No homology has
been determined, due to their limited number of amino acids it is easy to identify any
similarities. As an example, the two last entries in Table 3.2 only differ in the last amino
acid. As mentioned earlier in this section, the commonality between the sequences in the
data set of steric zippers, are the presence of at least one residue containing an aromatic
ring. It was also mentioned that the selection was carried out because the steric zippers
lack bends, and has an arti cial arrangement amongst the residues, resulting in them only
being used in the analysis of the aromatic rings.

Table 3.2: Data set of steric zippers containing aromatic rings. The structures are available on
PDB, as the le Biological Assembly. The table includes the peptide sequence of each PDB-entry,
the number and arrangement of thestrands in the -sheets.

Parallel Ant- - umber of
PDB-code Name Sequence parallel
-sheets -strands
-sheets
4ZNN -synuclein (47-56) GVVHGVTTVA X - 5
3NHC |[Human prion protein (127-132) GYMLGS X 6
3NHD |Human prion protein (127-132) GYVLGS - X 6
4ROP |Human lysozyme C (46-61) IFQINS X - 5
3NVF |Human prion (138-143) IIHFGS X - 5
30W9 |A (16-21) KLVFFA - X 6
3LOZ 2-microglobulin LSFSKD - X 4
20MP |Human insulin chain A (13-18) LYQLEN - X 4
3NVG |Mouse prion (137-142) MIHFGN X - 5
3NVH |Mouse prion (137-143) MIHFGND X - 5
3NVE |Syrian hamster prion (138-143) MMHFGN - X 6
3FVA  |Elk prion NNQNTF X - 3
3FTL |lIslet amyloid polypeptide NVGSNTY X - -
20MQ |Human insluin chain B (12-17) VEALYL - X 4
4ANP8 |Tau VQIVYK X - 4
40NK |[Leu-5]-Enkephalin mutant YVVFL - X 6
40LR |[Leu-5]-Enkephalin mutant YVVFV - X 6

Compared to the data set of amyloid brils, the structures in Table 3.2 has a more even
distribution between parallel and anti-parallelsheets, but a slightly more narrow in
number of -strands. Another difference between the data sets is the methodology used
for determining the structure. The amyloid brils are only determined by NMR, whilst
the steric zippers are mainly determined by X-ray crystallography.

3.2 Data set of -solenoids

The data set consisting of ve-solenoid proteins was, similarly to the other data sets,
collected from the PDB. The data set is to be viewed as a complementary comparison
to the set of amyloid brils, which continues to be the main focus. As a consequence,
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3. Data sets

the number of -solenoids was intentionally kept small. Since the class-eblenoids is

large with a number of subclasses, this less extensive data set does not intend to repre-
sent the entire group, but are included in order to investigate possible similarities with the
amyloid brils.

The data set of -solenoids contains proteins from different origins to give the set vari-
ability. Three of the proteins were originally found in a study by Kajava [28], where a
set of -solenoids was categorized based on their cross-sectional shape. The ones cho-
sen from the study were selected because of their common L-shaped cross section, even
though they originate from different host organisms. 1Z2F, an anti-freeze protein, and
1LXA, a type of protein called transferase, were found using the search terms antifreeze
protein and -helical protein. The data set can be seen in Table 3.3.

Table 3.3:Data set of -solenoids. Table showing name of protein, that all proteins have parallel
-sheets and the number of coils present in the helical structure.

Anti- Number of

PDB-code Name Parallel -sheets parallel coils in
-sheets helix
172F |CfAFP-501 X - 8
1LXA |UDP N-Acetylglucosamine Acetyltransferase X - 9
1RU4 |Pectat lyase Pel9A X - 10
1EE6 |Pel-15 pectate lyase X - 8
1RMG |Rahmnogalacturonase A X - 11

3.3 Evaluation of the data sets

The -solenoids are, as previously stated, a relevant group of proteins to use for compar-
ison due to similar structure. The similarities overlap to such a degree that some proteins
have been assigned, both an amyloid structure, as well asaenoid structure. The
HET-s prion protein, seen in Table 3.1, is an example of a such a case.

Since researchers believe that many different proteins can form the characteristic structure
of amyloid brils, the analyses would bene t from a more versatile data set. Despite this,
the data set of amyloid brils only contain 17 different structures, where 9 of them origi-
nates from the same protein. This does not represent the entire group of proteins capable
of forming brils. Similar problems occur with the data set ofsolenoids. To improve

the comparison between the two classes, the data sets would preferably be of equal size
and display the same diversity. It would be possible to extend the data setodénoids,

but the different subclasses would have to be considered. This is harder to do with the
amyloid brils, since there is a limited amount of experimentally determined structures
available.
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Analysis methods

In this chapter, the methods for analyzing the data sets described in the previous chapter
are presented. First an analysis of the direction and distribution of charged amino acids
and amino acids present in bends are described. Secondly, the methods for identifying
the axis in amyloid brils are shown. Lastly, the method used to calculate the angle of
aromatic rings is presented.

4.1 Identifying direction and distribution of amino acids

The analysis of direction and distribution was conducted on two groups of amino acids;
those present in bends, and those categorized as charged. The bend is de ned as the seg-
ment connecting two -strands and the amino acids belonging to a bend are those present

in that speci ¢ segment. An example of amino acids present in a bend is shown in Figure
4.1.

Figure 4.1: The gure displays those amino acids present in the bend, the segment connecting
two -strands. PDB-entry: 2NNT.

To perform the analysis, the molecular graphics program Chimera was used [31]. Chimera
visualizes the information about the protein structure in the PDB- le as a three-dimensional
model. Information about secondary structures for the three-dimensional model is avail-
able in the PDB- le. If the information is not included, Chimera uses the program DSSP
(De ne Secondary Structure of Proteins) [32] to assign the secondary structures. The
PDB- les often contain several different models of the proteins, therefore only the rst
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4. Analysis methods

model was extracted and saved as a new PDB- le, which was later used in Chimera. One
by one, the proteins in the data sets were manually examined. The amino acids of interest
were counted and the direction in which they were facing was noted.

The direction of an amino acid side chain is related to the core of the bril and is catego-
rized as inwards or outwards relative the core. The meaning of the term core may differ
depending on the structure and it is not general for the amyloid bril. Here, the term refers
to the interface of two -sheets, connected by at least one bend. To clarify the meaning
of inwards or outwards relative the core, an example of side chain direction is presented
in Figure 4.2. There are three cases where the de nition of the core is insuf cient but
the core of the bril still present. Firstly, when thesheets are not connected by a bend.
Secondly, when the existing interfaces does not contasheets. Lastly, when a single
-sheet can give rise to two separate interfaces, both regarded as the core.

Figure 4.2: To the left, amino acid side chains regarded having an inward direction relative to
the core of the bril. To the right, side chains facing outwards. PDB-entry: 2BEG.

No speci ¢ segment of the amyloid bril were selected for the analysis of the charged
amino acids. Instead, all of the charged amino acids in the structure were evaluated. The
charged amino acids are the positively charged lysine, histidine and arginine, classi ed
as basic, and the negatively charged aspartic acid and glutamic acid, classi ed as acidic.
Distances between charged amino acids in close proximity were also measured in order
to determine possible electrostatic interactions. The distance was measured starting from
any of the oxygen atoms on the carboxylate carbon, in the residues of aspartic and glu-
tamic acid, to one of the nitrogen atoms in lysine, asparagine or histidine. The distances
were measured with a built-in tool in Chimera and saved if less than, or close to, 4 A. The
threshold of 4 A was chosen due to it being the upper limit of ionic bond formation in
proteins, see Section 2.2.

4.2 ldentifying the axis of amyloid brils

As stated, one of the objectives is to calculate the angle between the normal of the planar
aromatic rings in respect to the axis of the bril. Multiple methods for determining the
axis of amyloid brils were developed. All methods were developed in Matlab, with some
visual identi cation aid from Chimera. The following subsections will present the mathe-
matical background to these methods and will end with a comparison regarding strengths
and weaknesses of each method. A ow chart showing a summary of how the methods
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4. Analysis methods

are used is shown in Figure 4.3.

As previously mentioned in section 3, all relevant information regarding the protein can
be found in the PDB- le. This includes coordinates of all atoms in the structure which
allows the use of linear algebraic operations as long as each atom is treated like a point in
R3.

Figure 4.3: A owchart showing how the Matlab-code is used to calculate and plot the axis of
amyloid brils and steric zippers.

4.2.1 Finding stacks in amyloid brils

In amyloid brils, amino acids in the -sheets tend to stack upon each other. Figure 4.4
shows an example of such stacks. The stacking residue is histidine, which contains the
aromatic ring imidazole.
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