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Abstract Carla Schenk

In 2010 it was estimated that around 35.6 million people are suffering from dementia
with a total cost of 6 billion USD for medical treatment and care and it is assumed
that every year 7.7 million new patients are diagnosed. Alzheimer’s Disease (AD) is
the most common of all neurodegenerative diseases accounting for 60-80 % of all cases.
It has been a subject of interest and research since it was first described in 1906 but
100 years later the disease is still far from being fully understood.

Though it is known that in AD fibrils and fibrillar plaques made from the amyloid
B (AB) protein play an important role and therefore their structure is of particular
interest. Structure determination of A fibrils, however, is very complicated as they

are usually very heterogeneous.

In this work Af3;_4 fibrils were investigated with cryo-electron microscopy (cryo-EM).
The fibrils were produced from recombinant A3;_45 at low pH with organic co-solvent.
Three different types of polymorphs are observed in the fibril sample. For one of
the polymorphs a high resolution density map was obtained in which the complete
backbone and almost all side chains are visible. The map allowed for building an atomic
model of the structure. The model reveals that the fibril consists of two protofilaments
which interface is formed by the hydrophobic C-termini. The individual subunits adopt
an "LS"-shape and also the N-termini are part of the structure which has not been
described before. The subunits are not planar and arranged in a staggered fashion
along the helical axis which leads to different fibril ends.

Density maps for the other polymorphs are determined at medium resolution and they
show that the second polymorph consists of similar "LS"-shaped subunits but with an
interface formed by the N-termini of the protein. The third polymorph observed in this
sample is made out of two fibrils of type one and has most likely the same N-terminal

interface that was described for the second polymorph.

Furthermore a method to detect ligand binding sites was developed in this work. Only
a protein-ligand nuclear magnetic resonance (NMR) titration spectrum and the protein
structure is needed to predict the binding site automatically. The method is based on
comparing the experimental titration with several predicted spectra and determines
the binding site to be the one corresponding to the best matching predicted spectrum.
This methods works on many different protein-ligand systems and could also be used

to study the interaction between Af3 fibrils and binding partners.



Zusammenfassung

Im Jahr 2010 wurde geschétzt, dass circa 35,6 Millionen Menschen an Demenz leiden
und die Gesamtkosten dafiir waren etwa 604 Millionen USD fiir Behandlung und Ver-
sorgung der Betroffenen und es wird angenommen, dass jedes Jahr etwa 7,7 Millionen
neue Fille dazukommen. Die Alzheimersche Krankheit ist die am héaufigsten vorkom-
mende neurodegenerative Erkrankung und fiir 60-80 % aller Félle verantwortlich. An
der Alzheimerschen Krankheit wird geforscht seit sie 1906 das erste Mal beschrieben
wurde aber auch 100 Jahre nach ihrer Entdeckung ist sie noch lange nicht vollstédndig
verstanden.

Fibrillen und fibrillare Plaques, die aus dem Protein Amyloid 3 (Af) bestehen, spie-
len in der Krankheit eine wichtige Rolle und deshalb ist es von besonderem Interesse
ihre Struktur zu kennen. Die Strukturbestimmung von A Fibrillen ist jedoch sehr

schwierig, da die Fibrillen im Allgemeinen sehr heterogen sind.

In dieser Arbeit wurden Af;_4o Fibrillen mit Kryo-Elektronenmikroskopie (Kryo-EM)
untersucht. Die Fibrillen wurden aus rekombinantem Af3;_4» bei niedrigem pH und
unter der Verwendung eines organischen Kosolvens produziert. Drei verschiedene
Arten von Polymorphen konnten in der verwendeten Probe beobachtet werden.
Fiir einen Polymorph konnte eine hochaufgeloste Dichtemap erzeugt werden in der
das vollstdndige Proteinriickgrat und fast alle Seitenketten sichtbar sind. Mithilfe
der Map konnte ein atomares Modell der Struktur erzeugt werden. Das Modell
zeigt, dass die Fibrille aus zwei Protofilamenten besteht, deren Interface aus den
hydrophoben C-termini geformt ist. Die einzelnen Proteinmolekiile in der Fibrille
haben eine "LS" Form und auch die N-Termini sind Teil der Struktur, was zuvor
noch nicht beobachtet wurde. Die Monomere sind nicht planar und gegeneinander

versetzt entlang der Fibrille angeordnet, was zu unterschiedlichen Fibrillenenden fiihrt.

Dichtemaps mit mittlerer Auflésung konnten fiir die anderen beiden Polymorphen
erzeugt werden und sie zeigen, dass der zweite Fibrillentyp aus &hnlichen, "LS"-
geformten Monomeren wie die erste Fibrille besteht. Das Interface in dieser Fibrille
wird jedoch von den N-Termini des Proteins geformt. Der dritte Polymorph in der

Probe besteht aus zwei Fibrillen von Typ eins, die wahrscheinlich das gleich N-terminale



Interface wie die zweite Fibrille haben.

Aufserdem wurde in dieser Arbeit eine Methode zur Vorhersage von Ligand-
bindungsstellen entwickelt. Dafiir werden nur ein Titration-Kernspinresonanzspektrum
(NMR) von Protein und Ligand und die Proteinstruktur benétigt. Die Methode
basiert auf dem Vergleich eines experimentellen Titrationsspektrum mit verschiede-
nen vorhergesagten Spektren. Die Bindungsstelle des Liganden entspricht der Stelle,
die zu dem am besten passenden vorhergesagten Spektrum gehort.

Die Methode kann auf viele verschiedene Protein-Ligand Systeme angewendet wer-
den und konnte auch dafiir benutzt werden Interaktionen von Af Fibrillen mit

Bindungspartnern zu untersuchen.
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1 Introduction

1.1 Alzheimers Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder leading to cognitive impair-
ment and progressive dementia. It results from a combination of pathological changes
in the brain that lead to neuronal and synaptic loss. AD is the most common form of
dementia, accounting for approximately 60-80 % of all cases. According to estimations
35.6 million people worldwide suffer from dementia and it is expected that numbers
double every 20 years. Despite extensive research effort no effective cure has been
found and current treatments are symptomatic only [52].

The neuropathological characteristics of AD are amyloid plaques from amyloid-f (A)
fibrils in the brain, neurons containing neurofibrillar tangles made from hyperphos-
phorylated tau protein, vascular damage from the plaque load and neuronal cell death
[42][66]. Clinically, progressive dementia and other cognitive impairments are the main
features of AD [90].

Alzheimer’s disease looks uniform with regard to the morphological end stage in brain
and clinical features but the disease does not have a single cause. There is evidence
that a smaller proportion of about 5-10% of all cases is caused by mutations result-
ing in early-onset AD. The greater proportion (95-90%) of all Alzheimer cases is of

late-onset and sporadic origin [46].

1.2 Amyloid-3

Production of amyloid-f

Extracellular plaque in the brain made from fibrils of the amyloid-3 protein are a main

characteristic of AD. Amyloid-f3 is derived from the amyloid precursor protein (APP),



Chapter 1. Introduction

a large transmembrane protein, by cleavage of two different secretases: y-secretase and
[-secretase. The first cleavage is carried out by [-secretase immediately at the N-
terminal part of A creating an amino fragment called secreted APPf (sAPPf3) and a
carboxyterminal fragment, called C99 wich is still embedded in the membrane. These
remaining 99 amino acids are cleaved by <y-secretase at different positions creating
A, that is released into extracellular space and the amino-terminal APP intracellular
domain (AICD). Depending on the exact points of the cleavage AP is made up of a
different number of amino acids the main forms being 38, 40 and 42 amino acids long
[103].

a-secretase is another processing enzyme for APP but its cleavage site is at a different
position than the one from (-secretase. It lies within the A3 sequence thus preventing
AP formation. Not much is known about the products from o-secretase cleavage but

their activity is regulated by enzymes from a disintegrin and metalloproteinase domain

proteins (ADAM), see figure [1.1] [10].

From genetical and biochemical data as well as animal models Af is strongly suspected
to play a central role in the pathogenesis of AD [88|[103]. However A peptides are a
normal byproduct of the cellular metabolism and are detected as circulating peptides
in the plasma and cerebrospinal fluid (CSF) of healthy humans [66]. Also, the fact
that specific pathways exist to generate as well as uptake, breakdown and clear Af} is
a hint that it has a physiological function in the nervous system. Furthermore, there

is an indication that A is involved in synaptic activity and neuronal survival [6§].

A aggregation

AP molecules tend to self-aggregate and form oligomers, protofibrils and mature fibrils
and it is these aggregates that are suggested to cause neuronal dysfunction and cell
death [66]. Among the three main forms of the AP protein that are 38, 40 or 42
amino acids long, the longest, 42 amino acid protein, is most prone to aggregate.

Consequently, the relative amount of Af31_4s is of significance for AD progression [66].

Experimental kinetic studies, in which the aggregated mass is measured over time, can
be used to characterize the aggregation process of amyloid fibrils [50]. Different ways for
aggregation exists, for example fibrils can be formed from monomers through primary
nucleation or from existing fibrils through fragmentation. Secondary nucleation is a
combination of monomeric and fibrillar aggregation. Filamentous growth observed over

time typically shows a sigmoidal curve: A lag phase is observed before a phase of rapid
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Secretases:

o Most likely a disintegrin and metalloprotease,
o/ ADAM-10 (or -9 or -17)

B mz. memapsin2),

Protein complex of: presenilin,
\_Y_/ nicastrin, Aph-1 & Pen-2

Figure 1.1: Schematic drawing of APP cleavage. It can occur in at least two different
pathways. The non-amyloidogenic pathway includes cleavage by «o- and
v-secretase. The cleavage site for a-secretase lies the AP sequence and its
formation is thus prevented. The cleavage products are SAPPx p3 and
AICD. In the amyloidogenic pathway cleavage takes place by p-sectretase
which cleaves at A N-Terminal site and y-secretase, that cleaves at dif-
ferent positions at the C-terminal site of A . The other products of this
process are sSAPP and AICD. Figure taken from Pearson 2006.



Chapter 1. Introduction

Lag time Seeded growth

k K, Ka.

~~
- | e

Dimers ‘ SIS \\
Nucleus
\ / ZAbnormal
K aggregate
’ [ ggreg

.

Soluble A
monomer

Small oligomers

Protof brils
\ ' Fibrils

conformation

Abnormal B-sheet
conformation

Annular oligomers

Protofibril bundles

Figure 1.2: Schematic of the A fibrillization process. A3 monomers enter the aggre-
gation pathway and form oligomers, protofibrils, fibrils and large plaque
deposits. The reaction includes a lag-phase followed by rapid fibril growth.
Small oligomers are formed on- as well as off-pathway and they are supposed
to be the most toxic species. Figure taken from [3I] with kind permission
from S.Karger AG.

growth. When the total amount of A3 molecules is limited the growth phase is followed
by a plateau due to depletion of available soluble molecules. Seeding is the limiting
factor in this process but the lag phase can be overcome by adding preformed aggregates
to the solution. For the specific case of AP seeding was found to be specific and other
amyloidogenic seeds are not able to initiate AP fibrillization [3I]. This aggregation

model also includes the formation of off-pathway oligomers [31].

The "Amyloid Cascade Hypothesis"

A well known hypothesis about the formation of AD was first formulated in 1992 by
Hardy and Higgins [42] and is called the "Amyloid Cascade Hypothesis". It suggests
that the amyloid fibrils made from A are the cause for neurofibrillar tangles and

cell death. Since its first formulation in 1992 the hypothesis has been changed and
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updated because newer findings about A fibrils and plaques were in contradiction
to the original hypothesis. For example, it was found that there is actually a weak
correlation between the severity of dementia and plaque load [20]. Another insight
came from APP transgenic mice which showed memory impairment and changes in
neuron form and function before the occurrence of amyloid deposition [2I]. In addition
to that various recent studies using different methods suggest that prefibrillar forms of
AP are more injurious than the actual fibrils or plaque [66].

Examples are a study by Lue et al in which they showed that in human brain there
is a correlation between the level of soluble AR and the extent of synaptic loss and
cognitive impairment. For fibrillar Af such a correlation does not exist [21]. A study
by Lambert et al showed that fibril free AP aggregates, called Af3 derived diffusible
ligands, lead to synaptic dysfunction [51]. Experiments with transgenic mice suggest
that different oligomeric species are responsible for decreased spine density, impairment
on long-term potentiation (LTP) and decrease of spatial memory [103]. A variety of
other studies using synthetic A cell culture models, cerebrospinal fluid (CSF) and
postmortem brain tissue support the assumption that oligomeric species have a higher
toxic effect than amyloid fibrils [T03].

Although it seems to be evident that oligomers are damaging the mechanism of toxicity
is not clear. Experiments revealed that oligomers from different proteins can be toxic
regardless of whether the protein forms amyloids or not. Thus, it is proposed that
a generic structural motif common to all oligomers might be responsible for their
toxicity [28] and it could be based on the interaction of oligomers with cell membranes.
Oligomers have been reported to perturb membranes and electrophysiological mea-

surements showed an increase in ion permeability [2§].

Many of the new findings have been included in a modified version of the "Amyloid
Cascade Hypothesis" that is now described following the formulation by Selkoe and
Hardy [88], see also figure [1.3]

One distinguishes between dominantly inherited forms of AD that have mutations in
APP or y-secretase genes. This leads to a life-long increased Af3;_4 production. On
the other hand there are non-dominant forms of AD, including sporadic AD, where the
failure of AP clearance mechanisms marks the beginning of the disease leading to an
increase of Af3;_42 concentration in the brain. Either way it comes to accumulation

and oligomerization of Af3;_4o in the brain. These oligomers directly injure synapses or



Chapter 1. Introduction

Dominantly inherited Non-dominant
Forms of AD Forms of AD
l (Including ‘sporadic AD")
Missense mutation in APP Failure of AB clearance
or presenilin 1 or 2 genes

l (e.g. ApoE4 inheritence)

Increased relative AB, . Gradually rising A
production throughout life levels in the brain

1 | |

Accumulation and oligomerization

- Asz

1

Subtle effects of AR oligomers
on synaptic efficacy

!

Gradual deposition of AR oligomers
As diffuse plaques

L

Microglial/astrocytic activation
inflammatory response

Altered neuronal ionic homeostasis,
oxidative injury

!

Altered kinase/phosphotase activities
lead to tangles

|

Widespread neuronal/synaptic
dysfunction, selective neuronal loss

|

. DEMENTIA

1-42

Figure 1.3: The modified "Amyloid cascade hypothesis". In both Alzheimer cases, fa-
milial and sporadic, accumulation of A marks the beginning of the disease
and initiates the other pathogenic mechanisms of the disease.
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activate more complex mechanisms in the brain including microglial activation, inflam-
matory response and oxidative stress. This ultimately also leads to tangle formation,

neuronal and synaptic dysfunction and therefore dementia.

1.3 Amyloid fibril and oligomer structures

AP and its different aggregates are expected to be highly involved in the pathogenic
process of Alzheimer’s disease as fibrils composed of the AP protein are found as
plaques in the brain of AD patients. Thus, their structures are of great importance for
understanding the disease especially in view of the aggregation process.

AP, however, is not the only protein forming fibrillar aggregates that are associated
with a disease. In fact, more than 20 proteins have been identified to form amy-
loid fibrils that are involved in diseases. The most prominent example is AD that
is characterized by fibrillar aggragates from both A3 and Tau protein in the brain.
Other examples are Parkinson’s disease with a-synuclein as the aggregating protein
and Amytrophic lateral sclerosis and superoxide dismutase 1 [50].

Surprisingly, there is no evidence for a sequence or native structure similarity between
the disease associated proteins. Additionally, in the past years it could be shown that
a wide range of different proteins and peptides can assemble into amyloidogenic ag-
gregates and proteins in the amyloid state are highly stable [50][49]. This leads to
the assumption that under adequate condition any polypeptide chain can convert into
an amyloid structure but for most proteins protective mechanisms exist that hinder
proteins to form amyloids in the living cell [50][49].

Key features of amyloids are their close packing and high degree of order. They can
differ considerably from the native state of the protein and have a generic structure
rich in [3-sheet. In contrast to that, the structures of the native proteins are highly di-
verse ranging from mainly o-helical to predominantly (3-sheet. The overall structure of
amyloid fibrils from different proteins is strikingly similar: they appear as unbranched
filaments with a few nanometer in diameter but often micrometer long. A fibril usu-
ally consists of multiple protofilamets that are twisted around each other. X-ray fibre
diffraction shows that the core of each protofilament exists in a cross-f3 structure in
which the -strands form continuous hydrogen-bonded sheets that run along the fibril
axis [50] while the residues extend perpendicular to it [29]. (-sheets often appear in
pairs and the side chains of each sheet interdigitate with the side chains of the partner

sheets. Because of its appearance from the top this motif is called steric zipper [25].
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In addition to amyloids beeing protein assemblies with a quaterny cross-f3 structure
their histological definition is fibrillar deposits in cell or tissue that show red/green
birefringence under cross-polarized light after staining with Congo red [49]. Despite
the cross-f3 spine amyloid fibrils the of same protein can exist in structurally different
morphologies which makes their structure determination difficult [29][60]. This het-
erogeneity reveals itself in varying fibril widths and cross-over lengths and originates
from different types of polymorphism which are variations in protofilament number,
variations in protofilament arrangement and different polypeptide conformations.
Protofibrils are closest to mature fibrils regarding their structure. They do not show a
similar high order and periodic symmetry as fibrils. Also, they are thinner, shorter and
more curvilinear, but they contain a high amount of B-sheets [28]. Their difference to
oligomers is their elongated linear shape.

Oligomers are the earliest intermediates in amyloidogenic aggregation and they can be
composed of very few up to hundreds of monomers [28][25]. Characterizing their size
and structure is difficult because of their heterogeneity and tendency to rapidly aggre-
gate to stable fibrils. At a molecular level there are very few suggestions for structures
and most often they are described as spherical particles with a typical diameter of 4
to 25 nm [44][59][28].

Symmetry in amyloid fibrils

As outlined above amyloid fibrils are highly symmetric objects that all share a common
cross-f3 spine but (-strands in the structure can still adopt different arrangements.
This section briefly describes the different (3-sheet geometries and introduces their
terminology.

This first feature of the 3-sheet geometry is the B-strands beeing parallel or antiparallel
with respect to their N- and C-terminal ends. Parallel sheets are defined as strands
beeing aligned with the same polarity so that N-termini are on one side of the sheet
and C-termini on the other, see figure [I.4f Consequently, antiparallel sheets have an
alternating arrangement of N- and C-termini on both sides.

In addition to that differences in the structure may arise from a different registration
of the 3-strands in a sheet. Generally, an in-register can be defined as an arrangement
where a line drawn between a pair of identically oriented chains is perpendicular to
the B-strand as shown in figure In parallel 3-sheets this means that the backbone

amide and carboxyl group of a residue form hydrogen bonds with the same residue
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A B
parallel antiparallel
N terminus C terminus
C D
translational translational ot
direction . . direction awec
strand direction sﬁaﬂd
—_—

in-register  out-of-register

Figure 1.4: Schematic depiction of parallel and antiparallel -sheets (A and B) and
in-register and out-of-register B-sheets (C and D).

in the neighboring strands. This way identical residues are stacked along the fibril
axis. There seems to be a bias of strands adopting this kind of arrangement as most
of the available high resolution structures show parallel in-register alignment. This
ladder-like stacking of residues may be energetically favorable for uncharged residues.
Additionally, these structures have sharp turns leading to distinctive kinks often with
glycines at theses positions in the chain. For out-of-register structures such kinks are
unlikely to form because the alignment of the residues in the kink would be disrupted
[25].

Structures of amyloid 3,_,, fibrils

Three different fibril structures of Af;_40 from ssNMR have been described and all
of them show parallel and in-register (3-sheets. Still, they are notably different from
each other. The first two models were derived from fibrils produced under the same
conditions regarding peptide concentration, pH, ionic strength, buffer composition and
temperature and only differ in growing conditions, that were agitating for one and
quiescent for the other fibril [74][67]. In both fibrils the molecules adopt a "U"-shape

of parallel [3-sheets with one arm comprised of the residues 30-40 and the other of
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Figure 1.5: Three atomic models determined by ssNMR. A-C show the cross section
of the model and D-F the the arrangement of monomers in the fibril. A
(PDB code 2LMN )and B (PDB code 2LMQ) are related structures of wild
type AP1_40 and are a dimer, respectively trimer of the same "U"-shaped
subunit. C (PDB code 2MVX) is a structure of the Osaka mutant that is
again a dimer but has a highly kinked monomer conformation.

residues 10-22, see figure [I.5] The first growing condition leads to a fibril composed
of dimers with a 2-fold symmetry. The second condition leads to a trimer where the

molecules are arranged as a triangle leading to a 3-fold symmetry.

The third ssNMR structure presented is a fibril from the Osaka mutant (A22) [87]. It
is again a dimer but the molecule shape is completely different as it does not have a
"U"-shape but several sharp kinks, see figure[I.5] The deletion of residue 22 is situated
in a turn region and the authors state that the overall structure can be adopted by
wild-type AP;_40 and other mutants [87]. Also, unlike the other two models the N-
terminal part is part of the structure.

ABy_4o fibrils have also been studied by cryo-EM [82]. In the EM images taken by
Sachse et al the fibrils show a fixed width of about 190 A but varying twists. Thus,
for 3D reconstruction a more homogeneous subset of fibrils with cross-over distances
between 1300 and 1500 A is selected. The averaged power spectrum of the fibrils shows
a clear peak at 4.8 A supporting the cross-p structure of the fibrils. The cross-section

of the reconstruction reveals a 2-fold symmetry. Two "U"-shaped traces with head-to-
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head orientation fit into the cross-section. This indicates that the structure consists

of two protofilaments and their polypeptide chains are situated opposite to each other
bounded by the N-termini, see figure [1.7] B.

Structures of amyloid _4 fibrils

Much effort has been put into structure determination of Af;_45 fibrils as they are the
main component of the plaques observed in the brain of AD patients.

Recently, two high resolution structures, determined by ssNMR, have been reported
[104]|11]. The atomic models were derived independently but describe basically the
same structure: A dimer is formed from two S-shaped monomers comprising the
residues 15-42. Three [I1], respectively five [I04] main parallel and in-register 3-strands
are found within each monomer. The most hydrophobic residues are hidden in the fibril
core while hydrophilic residues are exposed to the solvent and form the main turns.
The first 14 residues are more dynamic and therefore not part of the fibril core. This
polymorph shows reactivity with antibodies which points to the fact that it might be
relevant in AD [104].

Other polymorphs have been described cryo-EM. Schmidt et al [85] used fibrils made
from synthetic A3 peptides that were incubated at pH 7.4 in buffered solution for cryo-
EM imaging. X-ray diffraction, infrared spectroscopy, Congo-red green birefringence
and thioflavin T binding experiments performed ahead show the amyloid-like properties
of the fibrils and their cross-3 architecture. 29 fibrils were used for 3D reconstruction to
a final resolution of 7A. The reconstruction does not resolve the typical 4.7 A spacing
along the fibril axis and cannot determine the specific symmetry of the fibril. However,
it shows that the structure consists of one 2-fold symmetrical protofilament with a
cross-over distance of 1100 A. The cross-section is divided into two domains: A central
domain (C) and two peripheral domains (P) at the outer region of the cross-section, see
figure C. The resolution in the C domain is slightly better than in the P domain and
consists of two "S"-shaped densities. The C-terminal parts form a 3-sheet structure in
this domain and its zig-zag pattern is reminiscent of a steric zipper motif. Molecular
modeling was done to interpret the density in this domain. Residues 31 to 36 fit into
the zipper like fragment and the residues Glu22 and Asp23 hinder the chain to adopt
a more favorable packing structure at the interface. Interestingly, mutations at these
residues are associated with familial AD and a removal of their charges can accelerate
the fibrillation process [85].

11
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Figure 1.6: The two AR;_4 ssNMR models have a similar S-shaped dimeric structure
but were derived independently. Model A (PDB code 2NAO) was deter-
mined by Walti et al [104] and model B (PDB code 5KK3) by Colvin et al

[11].
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Figure 1.7: (A) is a 10 A density map of an AB,_y4 fibril with a previously derived
NMR model with a hairpin shape and an unordered N-terminus [56]. (B)
is a proposed model for one protofilament of an Af3;_4¢ derived from a cryo-
EM density map. The two opposite chains form a -sheet core. (C) shows
the density and related model from an Af3;_4o fibril derived by cryo-EM.
The model in the C domain shows a (3-sheet structure with a steric zipper
motif.

Another cryo-EM structure of Af;_4o was reported by Zhang et al [105]. Synthetic
A proteins were incubated at 37°C and acidic pH to form fibrils over a time period
of several weeks. Their aggregates show the typical characteristics of amyloid fibrils,
that is thioflavin T fluorescense and a typical (3-sheet CD spectrum. AFM images
show a population of long and straight fibrils with helical twist and constant width.
However, variations in the helical pitch can be observed in the images even within a
single filament.

A 3D reconstruction was calculated using images from a homogeneous subclass with a
pitch of 460 A. The resolution of the map is around 10A and reveals two smooth
protofilaments twisting around a hollow core. The cross section shows that each
protofilament consists of a large high density part neighbored by a smaller weak density
region, see figure A. The authors suggest that two (-sheets in a hairpin like con-
formation fit into the large density part consistent with a previously published NMR
model [56]. The flexible N-terminal part fits into the smaller, weak density.

All discussed models have different structures suggesting that they are different poly-

morphs.

Structural variability was also reported for amyloid fibrils from the brain of AD pa-
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tients. Luminescent conjugated oligothiophenes (LCO) dyes can be used to describe
the structural differences between different fibrils extracted from brains [79]. The dyes
bind to the cross-3 structure of the amyloid and reflect differences in the twist by differ-
ent spectral properties. Amyloids from different familial AD (fAD) cases, sporadic AD
(sAD) and sporadic posterior cortical atrophy AD-(PCA-AD) from different cortical
parts (frontal, temporal and occipital neocortex) were investigated.

The spectral properties of amyloids from fAD with specific underlying mutations were
the most different from the other fibrils. A striking variability could be observed in
the group of sporadic AD. The authors suggest that the great phenotypic variability in
AD has probably numerous reasons. The age of disease onset, the location of the first
abnormal aggregates as well as the characteristics of spread, the inflammatory response
and potential presence of comorbic conditions are expected to be contributing factors.
In a previous study Tycko et al could show that brain extracts from different patients
can induce synthetic A3 to aggregate into corresponding structural "strains" which is
a hint to the fact that a specific AB structure dominates in AD brains [77]. These
observations can be transferred to the more recent study from Rasmussen et al as they
observe that the mean LCO spectral emission is similar in the different cortical regions
of each patient [79].

Structures of other amyloid fibrils

Tau protein is a microtubule associated protein and filamentous Tau in the brain is a
characteristic of many neurodegenerative diseases with Alzheimer’s disease being the
most prominent one. In AD two different types of filaments can be found in the brain
and these neurofibrillary lesions are described as paired helical filament (PHF) and
a straight filament (SF). Both filaments consist of two protofilaments in a double C
shape and are surrounded by a fuzzy coat [14]. Recently, structures of both filaments
derived form AD patients brain have been reported [32]. From cryo-EM images high
resolution density maps could be reconstructed that allowed for atomic model building.
The structures confirm that the two filaments are made out of C shaped subunits and
it could be shown that the structural core is made out of residues 306 to 378 of Tau
protein. The structural core is composed of eight (3-sheets where three sheets are
arranged in a triangular fashion and the others in two regions opposite to each other in
a regular cross-f3 pattern. The hydrogen-bonding pattern is regular and in-register in

the hole protofilament. The protofilament structures of PHF and SF are similar which
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makes them ultrastructural polymorphs but they differ in the interface between the

protofilaments.

a-synuclein is the main component of Lewy bodies that are characteristic for Parkin-
son’s disease. Only few information are available on the fibril structure of a-synuclein.
But it is known that the middle domain of amino acids 61 to 95 of the protein, called
NAC, is involved in aggregation of a-synuclein [38]. A structure for the residues 44 to
97 could be determined from ssNMR [97]. It shows that only one molecule is present
in each layer that has several sharp kinks. The structure is held together by hydrogen

bonds in parallel and in-register (3-sheets.

Structures of amyloid oligomers

Oligomers are usually described as small spherical particles. Many of them are de-
scribed to have a high (3-sheet content [28] but random coil like conformation have also
been reported [83]. Studying oligomers is difficult because of their transient nature and
thus, few structural information about them exists.

A proposed model for an amyloid oligomeric structure is the structure from a fragment
of aB-crystallin, an amyloid forming protein. The fragment is eleven amino acids long
and was crystallized so its structure could be determined by X-ray crystallography. It
consists of six (-sheets, that are antiparallel and out-of-register in contrast to most
reported amyloid fibrils structures. The sheets are arranged in a cylindrical shape,
see figure A. A tandem-repeat version of this fragment with 25 residues has the
same structure and binds to All, an antibody that specifically binds to oligomers,
but not fibrils or monomers. Out-of-register (3-sheet interactions are weaker than the
in-register sheet interactions of most amyloid fibrils and this could be an explanation
for the transient behavior of oligomers [25]. Based on the observation that A11 binds
to a large variety of AP oligomers it was proposed that they have a common structural
motif [44], like amyloid fibrils. But until now such a general structure element could
not be identified [28§].

In contrast to this structure the structure of an oligomer from A _45 appears very dif-
ferent. It consists of 15-24 molecules and infrared analysis indicates that it has mostly
[3-sheets. The X-ray diffraction pattern suggests that the oligomers is formed by two
steric zippers that together form a double helix with a central pore that varies in size
[91].

In another study crystal structures from cyclic A fragments were investigated [75].
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A B C

Figure 1.8: Different models for oligomers are presented. A shows a cylindrin structure
like it is formed by a fragment of «B-crystallin. B is a representation
of the cruciform motif adopted by a cyclic A fragment. C depicts the
arrangement of A3 monomers in disc-shaped pentamers.

The residues 15-23 from A3 were part of a macrocycle that also contained a molecular
template to prevent the formation of fibrils. The authors find that these cyclic peptides
form dimers with hydrogen bonds that further arrange in different cruciform tetramers,
see figure[1.8 B and some of them assemble to triangular dodecamers. Based on molec-
ular modeling experiments the authors state that these assemblies can be adopted by
natural A3 peptides.

Ahmed et al studied pentamers of Af;_4o with AFM and TEM and showed that under
low salt and low temperature conditions these pentamers form discs [3]. These disc-
shaped oligomers have a width between 10 and 15nm and a height of approximately
2nm. The authors suggest that the monomers in the disc have a diameter of about
5nm and height of 2nm and that their C-termini point to the center of the disc, see
figure C.

EM images from oligomers of the arctic mutant 3;_42 (E22G) and the A30P and A53T
mutations of a-synuclein show that these species form ring-shaped aggregates. The ring
comprised of the arctic mutant is around 7-10 nm large in diameter and approximately
2nm wide. One ring comprises 40 to 60 AB,.. molecules [53]. The a-synuclein rings
have a size of 8 to 12nm in diameter and approximately 2nm as the inner diameter.
They consist of 20 to 25 monomers. These ring shaped oligomers might explain the
enhanced permeabilization of the a-synuclein mutants on acidic phospholipid vesicles
[102]. For AP channel-like behavior has been reported when it was reconstituted in
lipid layers [55] which could be explained by the ring shape of the arctic mutant.

Amyloid fibrils play a key role in neurodegenerative diseases making their structure
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of great interest. Much effort has been put into studying A fibrils because of their
relevance in AD.

Determining high resolution structures of fibrils is difficult of because of their hetero-
geneity. Due to poor understanding of the cause of AD and the development of the
disease few efficient therapeutic strategies exist. More structural knowledge about A
fibrils and oligomers could help understanding the disease and be a guide for efficient
drug design.

The aim of this thesis is to build a structural model of an AR fibril from cryo-EM
experiments. EM images of A3 fibrils can be used to reconstruct a high resolution 3D

density map of the fibril and an atomic model can be build based on that.

Different polymorphs are present in the images and helical reconstruction algorithms
are used as well to learn about their structure. In another EM experiment oligomers are
imaged to gain information about their size and structure by doing a 3D reconstruction.
The determined AR structures may help in understanding the progression of AD and
be a starting point for efficient drug design. Additionally, the structures can be used to
unravel the binding site of known interaction partners, such as Congo-red. In general,
the determination of ligand binding sites is an important step in drug development.
Therefore, in Chapter |5| an efficient and automated program to screen ligand binding
positions is presented. The method is applicable to a large variety of different protein-

ligand systems and could also be used to study fibril interactions.
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2 Methods

2.1 Cryo-electron microscopy

For many years X-ray crystallography and nuclear magnetic resonance (NMR) spec-
troscopy have been the dominating techniques for protein structure determination.
Recently, also cryo-electron microscopy (cryo-EM) establishes to become a mainstream
technology for studying cell architecture, viruses and protein assemblies [61]. Cryo-
EM includes a wide range of experimental methods, that all share the basic principle
of imaging radiation-sensitive samples in transmission electron microscopes (TEM) at
cryogenic conditions [61]. In biology it finds application to study tissue sections, plunge-
frozen cells, bacteria, viruses and protein molecules [61]. Sub-disciplines of cryo-EM
are electron tomography, single particle cryo-EM and electron crystallography which
have differing suitability for studying just mentioned systems [61]. The develoment
of the techniques began in the 1970’s but it attracted attention in the last decade
when obtained structures reached near-atomic resolution [9]. Great progress has been
made mainly by the development of direct electron detector device (DDD) cameras [30]
and increasing computer power enables the use of more sophisticated image processing
methods making better and more reliable density maps possible [9].

This chapter briefly explains the fundamental principles of cryo-EM with a focus on

single-particle cryo-EM and helical assemblies.

In electron microscopy the radiation used for imaging are electrons emitted from a
source held in high vacuum and accelerated along the microscope column at voltages
typically between 80 and 300kV. The incident electrons are scattered by the sample
and focused by electromagnetic lenses afterwards, see fig A. For thin samples the

obtained images are linear 2D projections of the samples’ Coulomb potential [9].

Biological samples are easily damaged by electron radiation as it is breaking chemical

bonds and consequently the electron dose used still needs to be low, typically < 20
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Figure 2.1: (A) Schematic drawing of a transmission electron microscope. (B) Sup-
porting grid used for sample preparation.

eA? [7]. A way to circumvent this problem is to image the sample with negative stain:
The molecule surface is coated with a reagent containing heavy atoms, usually uranyl
acetate [61]. Negative stain images produce high contrast but at the expense of loosing
internal structure information [33]. For cryo-EM images the biological specimen in
solution is applied to a grid, usually made out of fine copper mesh or other metals
such as gold or nickel. The excess sample is removed by blotting with filter paper.
Following, the grid with the sample on is plunge-frozen in liquid ethane. The rapid
freezing prevents the formation of crystalline ice. The sample can than be imaged at
liquid nitrogen temperature in a layer of amorphous ice [61][15]. This method has the
advantages that the biomolecule is kept in a hydrated environment and the greater
resistance of frozen organic material to radiation [33]. Desirably, the sample has an ice
layer thick enough to accommodate all particles but not much thicker so that they are
clearly visible. Also, the particles should be evenly distributed on the grid and show a

broad range of different orientations.

As mentioned above, the radiation damage on biological samples is severe and the
electron dose needs to be low which results in images with low contrast [7]. For

this reason, images are taken in underfocus [9]. In the image formation process the
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Figure 2.2: (A) shows the CTF function at different defocus values (arbitrary units)
and the effects of envelope functions on it (B).

scattered electrons are effected by lens abberations and the applied defocus. This effect
is transfered to the final image and described by the contrast transfer function (CTF).
The CTF is a quasi periodic sine function with multiple zero crossings which exact
locations depend on the defocus value, see figure 2.2 A. The small but finite spatial
and energy spread of the electron source in the microscope leads to a dampening of the
CTF [9]. In a good approximation both effects can be described by envelope functions
that can be combined to one compound function E(k) = E;(k)E.(k). The function
E;(k) describing the partially coherent illumination depends on the defocus value but
E.(k) that describes the energy spread does not [33]. The effect of the combined
envelope function on the CTF is presented in figure B.

Image restoration methods aim to compensate for the contrast alterations, introduced
by the oscillating nature of the CTF and the damping of high resolution components.
At the zero crossings of the CTF no information is transferred and to sample the whole
Fourier space images are taken at different defocus conditions [9]. To summarize, a high
defocus gives high contrast at low resolution but weakens the contrast at higher reso-
lution. Practically, this means that one should use the smallest possible defocus values
where the particles still can be seen so that high resolution information is still present
in the images [9].

With the new DDD cameras data is usually collected in movie mode: The electron
dose is fractionated into a series of images that are aligned and averaged after data
collection. Thus, it can be compensated for specimen drift and beam-induced motion

[9]. Theoretically, the achievable resolution is dictated by the Nyquist theorem and
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is limited to twice the pixel size. In practice, however, one finds that the resolution
is lower which is due to interpolation errors and the low detective quantum efficiency
(DQE) near the Nyquist frequency and a good approximation to the maximal possible
resolution is three times the pixel size [9].

To properly correct for the CTF effects a precise estimation of the parameters that it
depends on is needed. Apart from the defocus the CTF depends on a range of other
parameters that are acceleration voltage, spherical aberration, astigmatism and ampli-
tude contrast. Voltage and aberration are instrumental parameters and the amplitude
contrast is assumed to be constant and for cryo-EM images between 5 and 10 %. The
defocus is set during imaging but can only be controlled imprecisely and more accurate
values for defocus and astigmatism are obtained by fitting a CTF function to the cir-
cular intensity oscillations that can be seen in the power spectrum, called Thon rings
[A].

In single particle reconstruction (SPR) the structure determination is based on averag-
ing thousands of identical particles. Thus, the next step is to extract particles from the
recorded micrographs. Particle picking can be done either manually or automatically
and once particles were chosen they are windowed and combined in a stack.

The first step in the structure determination process is usually analysing the data set
by generating subsets that contain a more homogeneous set of particles that can be
aligned and averaged to eliminate noise. Alignment of two images is usually done using
cross-correlation functions that give the optimal rotational and translational parame-
ters to bring images into register. For the classification of particles in different groups
two main strategies exist that differ in the aspect of using references for classification
or reference free techniques. In a data set that contains different views of the same
and/or different molecules itself the multireference technique aligns a set of N images
with L references. N x L correlation coefficients are calculated and each image is put
into one of the L groups according to the highest cross correlation. After all images
are sorted into a group, averages are calculated. The averages have improved signal-
to-noise ratio (SNR) and substitute the initial references. The next iteration improves
the values found for rotational and translational parameters and images can move from
one group to another. This procedure is repeated until the parameters converged and
the migration of images stops.

Reference based techniques have the disadvantage that the initial reference can bias
the outcome of the classification. To avoid this reference-free methods were developed

and their classification procedure is based on multivariate statistical analysis. A well-
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suited method is Correspondance Analysis (CA). Like Principal Component Analysis
it is based on the idea that many statistical variables are approximated by less mu-
tually orthogonal linear combinations without losing much information. The reason
to use CA for analyzing EM images is that multiplicative factors between images are
not taken into account while calculating distances. This way, it is possible to analyze
images taken at different exposures. In practice, CA on EM images can be carried
out using a matrix notation as outlined in van Heel et al [99]. The images are aligned
and all pixels of all images are arranged in a matrix. Distances are calculated between
the rows or columns of this matrix and these values are put in a new matrix. The
eigenvalues and eigenvectors, or factors as they are often called, of the new matrix are
calculated. Usually the first two factors are sufficient to describe meaningful variation
in the images. Projection of the data into a map of the first two factors clusters the
images into groups [34][99].

Structure determination in cryo-EM is based on the principle of 3D reconstruction of
an object from its 2D projection images, given that the relative orientations of the
projections are known [69]. The orientations are described by five parameters: three
Euler angles and two translational parameters. As the position and orientation of the
particles in the sample is, more or less, random their orientation parameters cannot be
known. There exist different strategies to determine these parameters. If there is some
prior knowledge about the structure, for example from a low-resolution negative stain
EM 3D reconstruction, an X-ray model or an EM map from a homologue they can
be used to deduce an approximate guess of the particle orientations [9]. For systems
without prior knowledge one of the most frequently used methods is the random conical
tilt (RCT) approach [78]. In this approach one collects pairs of images. One image is
recorded at a tilt angle, usually around 60 °and the same area is imaged untilted. The
known rotation between the image pairs gives additional information that can be used
to determine the particle orientations.

A computational approach to determine the particle orientation is based on the central
section theorem which says that the Fourier transforms of 2D projections of a 3D object
are central slices through the Fourier transform of the 3D object. From this follows
that angular assignment can be obtained in real space by finding the common lines if
there are at least three central sections that are 2D projections of the 3D structure
[98].

When orientation parameters are set, an initial 3D reconstruction can be carried out.

Various reconstruction methods exist and they can be categorized in two main groups:
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Algebraic and transform methods. Algebraic methods start from discretizing the equa-

tion describing the relationship between a 3D object and its projection

g(x,) = /d(r)dT,T 1 x, (2.1)

with g(x) being the projections of the object d(r) and 7 a continuous distribution
of projection directions [69]. The resulting set of linear equations is typically solved
iteratively. While this method is relatively easy to implement it has the disadvantage
that it is computationally expensive [69].

Transform methods are based on the central section theorem and can be divided in
further subgroups: In the first group only a filter is created and applied in Fourier space
that accounts for the particular distribution of projections. Reconstruction is carried
out in real space often using a back projection algorithm [69]. Back projection was the
first method to be used to reconstruct a 3D object from its projections [69]. 2D images
are translated into the direction normal to the image plane and the summation of all
translations gives the original object [35]. Together with a preceding filtering step this
method is known as filtered back projection (FBP).

The second subgroup is performed only in Fourier space and interpolation between
the coordinate system of the projection data and the coordinate system of the recon-
struction needs to be carried out. These methods are called direct Fourier inversion
methods and the most accurate among them is the "gridding" technique. "Gridding"
converts data from an irregular to a regular grid and this is done by convolution with
appropriate "gridding weights" [72].

Using a reconstruction method and the approximate orientation parameters an initial
map of the structure can be calculated. Afterwards the initial map can be refined
using a projection matching method: each individual particle image is compared to re-
projections of the 3D map in real or Fourier space to optimize orientation parameters
[61].

For interpreting the final 3D map assessment of the resolution is of great importance.
When near-atomic resolution is achieved secondary structural elements (helices, {3-
sheets and side chains) can be used to evaluate correctness and the approximate reso-
lution of the structure. In most cases, however, an extra tool to determine the quality
of the map is required.

The theoretical resolution of a microscope defined by the Abbe criterion would be ~
0.12nm for 300kV electrons. But reconstructions from biological specimen typically

reach much lower resolutions. The reasons for that include instrumental limitations
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such as the wavelength of the electrons and the quality of the electron optics that in-
fluence astigmatism and the envelope functions. Specific to biological samples is that
they produce low contrast images because the density of the molecules and the sur-
rounding ice are very similar. Radiation damage is known to be a problem but even
though the electron dose is kept low the sample is damaged to some extent. As a direct
consequence of the low dose condition the signal-to-noise ratio (SNR) of the data is
low. At the stage of image processing this introduces more errors because the low SNR,
limits accurate alignment of the images [71].

A common definition of resolution is based on evaluating the point spread function of
the microscope by imaging an object with known spacing. In cryo-EM the main res-
olution limiting factors are instability of the specimen and low contrast images which
makes this method not applicable for cryo-EM.

Instead, resolution measures in cryo-EM test the self-consistency of the results. The

approach most commonly used is the Fourier Shell Correlation (FSC)
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U and V are the Fourier components of two 3D reconstructions, s is the spatial fre-
quency and kg is the number of voxels in the shell with thickness 2¢. The FSC is
a one dimensional function of the magnitude of the spatial frequency. Its values are
correlation coefficients between the Fourier components of two volumes within a shell
of approximate equal frequencies. Values of one correspond to a perfect similarity be-
tween u and v whereas values of zero mean that u and v are uncorrelated and have
no similarity. Typically, the FSC decreases with increasing spatial frequency. If the
resolution is reported as a single number this is the maximal spatial frequency up to
which information in the 3D map is considered to be reliable. Different cut-off levels
have been reported [100][81].

2.1.1 Structure determination of helical assemblies
There is a large variety of biomolecules forming helical assemblies including viruses,

cytoskeletal filaments and amyloid fibrils which makes helical reconstruction a relevant

part of cryo-EM [19][36]. Structure determination of helical assemblies exists since the
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Figure 2.3: (A) The helical symmetry of a filament can be described using two param-
eters. The axial rise Az is the distance in z-direction between two subunits
and A@ is the angular increment between them.(B) shows layer lines of a
helical assembly and (C) displays Bessel functions Jy(z) with orders n =
0,1, 2.

early beginnings of cryo-EM as they provide advantages over non-helical molecules. A
single asymmetric unit is repeated many times and their different orientations along
the helix make different projections [24]. Thus only few images are sufficient to create
a 3D reconstruction because a helix provides all necessary views.

The architecture of helical assemblies can be described by two symmetry parameters:
the angle A® that each subunit must be rotated to align with the next subunit and
the axial rise Az that it must be translated along the helix axis, see figure [36].

For the last 30 years helical reconstruction was dominated by Fourier-Bessel methods
[24] which use the horizontal "layer lines" that are characteristic for Fourier transforms
of helical assemblies. The layer lines are analogous to the diffraction pattern of a 2D
lattice. The d-function that describes the diffraction spots in a 2D crystal is convoluted

with a Bessel function J,(z) due to the cylindrical shape of the helix. Bessel functions
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Figure 2.4: Schematic depiction of the IHRSR approach. It alternates between projec-
tion matching to determine the orientation parameters, 3D reconstruction
and symmetrization of the 3D volume.

are also called cylindrical functions [36]. Once the correct value of the order n is
assigned to all layer lines in the helical Fourier transform the 3D structure can be

deduced by applying the inverse Fourier-Bessel transform to the layer line data [19].

But in the past 10 years single particle like methods emerged and they are now the main
methods used. They circumvent some of the problems that arise from real polymers in
the Fourier-Bessel approaches: If the helical filaments are not perfectly ordered the layer
lines in the Fourier transform are easily misinterpreted. For weakly scattering filaments
the same problem would occur [24]. The new developed methods can overcome some
of the problems mentioned earlier and the Iterative Helical Real Space Reconstruction
(IHRSR) is the main methodology [24].

In the IHRSR approach projections from a reference volume with different azimuthal
rotation angles are generated. These projections are cross-correlated with the helix
segments. The highest correlation for each image gives its azimuthal orientation, the in-
plane rotation and the translation needed to be aligned to the reference volume. After

the orientation parameters are determined the images can be used in a back projection
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algorithm to make a new 3D reconstruction. The volume is searched for the helical
symmetry it fits best to and the volume is helicised with this symmetry. Subsequently,
this volume is the new reference volume in the next iteration. To start with IHRSR
there is no prior knowledge of the 3D structure needed as it works with a cylinder as
the first reference structure. However, one needs an estimate of the helical symmetry
which can come from layer lines, mass per length measurements, from measurements
in the micrographs or trial and error [24]. The IHRSR process is continued until
convergence is obtained which can be judged by monitoring the following parameters:
1) The orientation parameters are expected to converge, 2) the azimuthal angle should
be uniformly distributed and 3) the helical symmetry parameters Az and A® adopt
fixed values. Normally, IHRSR will converge according to the criteria mentioned above
but this does not necessarily mean that the obtained structure corresponds to the
true structure of the sample. This can, for example, be the case when the initially
guessed symmetry parameters deviate significantly from the true symmetry [5]. The
basic principle of the IHRSR approach is also presented in figure [2.4]

The THRSR was originally implemented by Egelman using the SPIDER package [23]
but independent implementations of this approach followed. For example, Volkmann
used the IHRSR methodology together with the software packages EMAN and CoAn
[101]. Grigorieff et al implemented a similar method in their software Frealign [40] and
the helical reconstruction procedure in SPARX uses a modiefied IHRSR approach, as
well [5].

2.1.2 IHRSR implementation in SPARX

Just like in single particle reconstruction (SPR) methods filamentous samples are pre-
pared on a supporting grid and imaged with the direction of the beam being perpen-
dicular to the grid plane. But the obtained projections in this case are very long, that
means many times longer than the helical rise Az. For the IHRSR procedure the fila-
ment projections have to be windowed into square units called segments. Each segment
comprises a few copies of the asymmetric unit. While windowing, the filaments are
oriented such that the filament axis coincides with the y'-axis which is the axis that
comes from the the z-axis in the 3D coordinate system by making 2D projections, see
figure 2.5l To maximize the amount of data that can be used for alignment and re-
construction the segmentation is carried out in such a way that the obtained segments

overlap extensively. An important consideration to make while doing the window-
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Figure 2.5: Geometrical relationship between 2D images/projections and 3D volumes
and orientation parameters (out-of-plane tilt (©) not shown).

ing/segmenting step is how to choose the length of the segments and the radius of the
cylinder that encompasses the filaments. The optimal parameters for that depend on
the rise of the subunits Az and the flexibility of the filament. Each individual segment
should comprise at least a few copies of the subunit and longer segments provide more
signal and reduce error during alignment. The optimal length of segments is limited by
the flexibility of the filaments because shorter segments have a more coherent ordering.
The optimal segment length needs to be found for each system individually.

The reconstruction method used in SPARX is a direct Fourier inversion algorithm that
is based on the central section theorem, see section The CTF correction is inte-
grated in the reconstruction algorithm via a Wiener filter. It sets frequency regions to
zero where the CTF, envelope or the spectral SNR (SSNR), that describes the SNR
in Fourier space, are zero. The Wiener filter enhances amplitudes in regions where
the CTF and envelope functions are small but only if SSNR is high and reduces the
enhancement in frequency regions with low SSNR [70]. Reprojections of a 3D struc-
ture are computed using a reverse gridding technique. The projection matching used
for angular assignment is based on the comparison between the EM images and re-
projections of the current structure. This is done by resampling both images to polar
coordinates. 1D FFTs of concentric rings are computed. The inverse FFT of sums of
their products gives a cross correlation function and the location of its maximum gives

the angle between two images [5].
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3 AP fibrils

3.1 AP sample and fibril preparation

Sample preparation was carried out by Lothar Gremer [39]. Recombinantly produced
uniformly labeled ['3C' —'° NJAB; 45 was purchased from Isoloid GmbH with a purity
of 95%. Purity was increased to 98.5% by applying Reverse-phase high performance
liquid chromatography (RP-HPLC). HPLC is a common technique to separate different
components in a mixture. The sample in a liquid solvent, called mobile phase, is
pumped through a column containing adsorbent material, the stationary phase. Each
component of the sample interacts slightly different with the adsorbent material, thus
leading to different flow rates and a separation when the components leave the column.
In RP-HPLC, in contrast to regular HPLC, the stationary phase is non-polar which
makes polar molecules elute first. For AP purification the mobile phase was 30 %
(v/v) acetonitrile (ACN) and 0.1 % (v/v) trifluoroacetic acid (TFA) in water. It was
shown before that A3 molecules elucidate as monomers under these conditions [6]. The
collected fraction of monomeric A3 was incubated at room temperature within several

weeks and monomers converted to fibrils.

3.2 Atomic force microscopy and X-ray diffraction

The fibrils were first investigated with atomic force microscopy (AFM) [39]. In AFM
the sample is scanned with a cantilever and its deflection, which is characteristic of the
interaction between the sample and the tip, can be measured. The AFM images of the
fibrils show long, straight and unbranched fibrils that seem to have a regular twist as

can be seen in figure 3.1 AFM experiments were performed by Elke Reinartz.

For X-ray diffraction experiments [39)] centrifuged fibrils in solution were dried between

glass capillary supports and afterwards attached on a pin-holder. Wide angle X-ray
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Figure 3.1: (A) AFM from A fibrils. An overview and a representative fibrils are
shown. (B)X-ray diffraction images of A fibrils.

diffraction experiments were performed using a wavelength of 1.0332 A and a beam size
of 50 pm. The data show amyloid-characteristic rings [63] at 4.65 A emerging from the
B-strand separation and at 9.72 A produced by parallel 3-sheets, see figure . X-ray

diffraction experiments were done by Jorg Labahn.

3.3 Electron microscopy

The first step in electron microscopy was to record images of negatively stained Af
fibrils for more detailed assessment of the sample [39]. The fibrils were prepared on 400
mesh carbon-coated copper grids and stained with 1% uranyl acetate. Imaging was
done on a Zeiss Libral20 microscope at 120kV. Negative stain images are consistent
with AFM images presenting a homogeneous sample with long and straight fibrils as
illustrated in figure [3.2]

For cryo-EM images the sample was prepared on glow-discharged 300 mesh gold grids
(UltrAuFoil R 1.2/1.3, Quantifoil). 2.5 pl of sample were applied to the grid and after
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blotting for 2.5s the grid was plunge-frozen using a Vitrobot (FEI).

On a Tecnai Arctica microscope operated at 200 kV and using a field emission gun, 2026
micrographs were collected with a magnification of 110,000. Images were recorded with
a Falcon III direct electron detector using the software EPU. Each micrograph consists
of 80 frames that were aligned and averaged by the internal microscope software. The
exposure time was 2s and an integrated flux of 24 e A7 was used. The applied defocus
range was 0.5 to 1.5pm and the pixel size 0.935 A, calibrated from gold diffraction
rings in the powerspectra of a cross grating grid. EM experiments were performed by

Gunnar Schroder and Raimond Ravelli.

A first inspection of the micrographs revealed long, straight and unbranched fibrils
recapitulating what was found earlier by AFM and negative stain images, see figure 3.2}
Also consistent with observations from AFM and negative stain, the sample emerged
to be fairly homogeneous. About 90 % of the sample consists of thin filaments with
a fixed diameter of approximately 7nm. Two more species were found in the sample
which total amounts is around 5 %. One of these has an alternating diameter between 4
and 10 nm, clearly revealing its twisted nature. The other type of fibril is characterized
by a relatively thick diameter of around 14 nm. All described species are investigated

further in the following sections.

All image processing tasks were performed using the software package EMAN2 /Sparx
[02][45]. The first step was to determine defocus and astigmatism parameters and
assess the micrograph quality using the program cter. Only micrographs that were
determined to contain significant signal beyond 6 A were chosen for further analysis.
This information is provided by the cter output which determines the frequency at
which the signal is only 50 % as a result of the defocus error. This resulted in 995
micrographs from which fibrils could be picked. As mentioned before mainly three types
of fibrils could be detected in the micrographs, a straight and a twisted filament and
a filament with a significantly larger diameter, with the first being the most abundant
species in the sample. The three types of fibrils were processed separately and the most
frequent, the straight fibril, is described first.
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Figure 3.2: (A) A negative stain raw image. (B) An exemplary cryo-EM micrograph.
(C and D) A representative filament with 4.67 A B-strand pattern. (E) av-
eraged power spectrum of filament stack showing a 4.67 A peak (red arrows).
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3.3.1 Straight filaments

3.3.2 Image processing

After sorting out bad micrographs, fibrils were picked manually using the program
helizboxer. In total, 3179 fibrils were picked, from which individual segments were ex-
tracted with 90 % overlap. Each segment has a size of 216x216 pixels which yields a
total of 127,765 segments that are combined in an image stack. In the power spectrum
of all segments a clear peak at 4.67 A is visible which can be seen in figure . Re-
markably, a stripy pattern that originates from the cross-f3 structure can already be

seen in some fibrils in the raw micrographs, see also figure 3.2

In the raw micrographs the cross-over length of some exemplary fibrils is measured
to be approximately 550 A. Assuming two monomers per layer in a C, symmetric
arrangement would result in an angular increment of —1.52° per subunit, taken into
account the measured cross-over length and a rise of the subunits of 4.67 A.

To determine the symmetry parameters more accurately, 11 different parameter combi-
nations were tested. For each combination a 3D reconstruction is calculated using sxhe-
licon applying the particular symmetry. The map is filtered to 20 A and an additional
run of szheliconlocal is carried out. In a projection matching step cross-correlation
(CC) coefficients are calculated to determine the best orientation parameters of each
segment. For each segment the highest CC coefficient that determines the orientation
of the segment is stored in a file. For all tested symmetry parameter combinations
the average cross-correlation coefficient is calculated and used to determine the best
symmetry parameters. This is illustrated in figure where CC coefficients are plot-
ted against symmetry parameters. As can be seen from this graph the best symmetry
parameter combination is 4.67 A/ —1.45° which is only slightly different from the pre-
viously measured symmetry of 4.67 A/—1.52°.

A 3D reconstruction calculated with szhelicon and szheliconlocal using the parameters
4.67 A/ —1.45° can bee seen in figure . In the cross-section of the map it is possible
to trace the complete amino acid chain. However, the resolution is not high enough for

clear 3-strand separation and side chain placement, which can be seen figure B.

Further improvement of the map should be reached by discarding bad segments. Bad
segments are identified using the same principle that was used to find the best symmetry

parameters. Now the symmetry parameters 4.67 A /—1.45° are used to calculate a 3D
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Figure 3.3: (A) symmetry search with original image stack and applied Cy symmetry.
(B) symmetry search with optimized image stack and C; symmetry.

reconstruction and cross-correlation coefficients for each segment in the same way as
described above. An average CC coefficient is now calculated for each fibril. The CC
coefficient strongly depends on the defocus as indicated by a correlation coefficient
of 0.855. The average fibril cross correlation is plotted against the defocus. Different
image stacks with varying amount of fibrils are created by selecting fibrils that lie above
a line defined by y = 0.855 % defocus + n;, which selects the fibrils with highest CC

coefficient values, as illustrated in figure [3.5]

3D reconstructions using different numbers of fibrils were calculated. The best recon-
struction was found to be the one using the best 813 fibrils, which is approximately 1/3
of the original image stack. This stack was created selecting all fibrils above the line
y = 0.855 * defocus + 0.3. The selected 813 fibrils contain 27,132 segments. Applying
the helical symmetry results in approximately 295,000 asymmetric subunits that are
used for further processing.

This image stack was used to generate 2D class averages. First the segments are sorted
into 10 groups using a k-means clustering algorithm in the program szk-means. The
resulting averages of the clusters appear blurry and for this reason the images in the
clusters are aligned again using szali2d. The final averages show high contrast images
of the fibril segments with a clearly visible (-strand pattern. Also apparent from the
averages is the arrangement of the subunits which are not Cy symmetric but arranged

in a staggered fashion. The averages are presented in figure |3.6

With this finding the symmetry search is repeated, now testing different symmetries
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Figure 3.4: (A-B) 3D reconstruction from original image stack with helical rise 4.67 A
and angular increment A® —1.45° and applied C5 symmetry. Shown are
a cross section and a side view. (C-D) 3D reconstruction from optimized
image stack with helical rise 2.335 A and angular increment A$ —179.275°.
A cross section and a side view are shown.
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49 —— 0.855 * defocus + 0.3 .
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defocus (normalized)

Figure 3.5: Averaged filament cross correlation coefficients against defocus.
Averaged filament cross correlation coefficients are plotted against defocus. All

filaments above the red line are selected for further processing.

Figure 3.6: Class averages generated from the final image stack.
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with an axial rise of 2.335 A and angles between —179.0° and —179.0°. This corresponds
to an approximate 2; screw symmetry with the axial rise still being 4.67 A, consistent
with the power spectrum.

7 different symmetry pairs were tested in the same way as described above and the
symmetry giving the highest correlation is —179.275°/2.335 A. The corresponding plot
is shown in fig B. A 3D reconstruction was calculated using this symmetry and the
final image stack. The cross section is similar to that of the previous reconstructions

but 3-strands are now clearly separated and side chains are visible. This reconstruction
is shown in figure C-D.

3.3.3 FSC calculation

For FSC calculation, after refinement the data set is split in half (even and odd) using
whole fibrils to make sure not to have overlapping segments in the other half set of
the data. Both half sets are reconstructed using the program recons3dn. For FSC
calculation even and odd reconstruction are masked using a soft cylindrical mask with
40 A radius. FSC values are computed between even and odd map and plotted against
spatial frequency. The plot reveals that the FSC curve has some undesired artefacts
mostly due to the high symmetry of the map. An increase of the FSC curve at high
frequencies can be removed by adding a small amount of high frequency noise to the
half maps. The sharp peaks that occur at a few spatial frequencies are eliminated
by making slices of the half map of different widths and FSC curves are calculated
separately for each slice pair. Afterwards the curves are combined by taking the lowest
value from all curves at a particular spatial frequency. As this is not the "gold standard
way" of calculating the FSC, it is suggested to use the 0.5 criterion as resolution cut-off,
which gives an overall resolution of 4.8 A. However, the visual inspection of the map
and the good agreement with the atomic model refined to this map suggest a higher
resolution of around 4 A. This matches the 0.143 criterion, which gives a resolution of
4.0 A. Additionally, the FSC between the model and the masked map was calculated,

which also estimates the resolution of the map to be 4 A. The different FSC curves are
shown in figure [3.7]

The final map was processed with the EMAN2 option filter.lowpass.autob and a B-
factor of —501 A%, Subsequently a B-factor of —50 A? was applied to further sharpen
the map. This map was finally filtered to 4 A.
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Figure 3.7: FSC curves of half maps and model/map FSC.

3.3.4 Model building and refinement

The atomic model was build in coot [26]. Because of the high resolution of the map
side chain densities are visible and (3-strands are clearly separated in almost all regions
of the map. It is therefore evident how to place the individual residues into the map.
Only the B-strand between Ser26 and Lys28 could not be separated completely and in
this region the sequence could be placed in two different ways along the helical axis.
The chain could either go further up entering the next layer or go slightly down again
which is shown in figure [3.8] As the latter model fits better in the overall density map
it was chosen to be the correct model. However, a second less populated conformer

with the first described arrangement could exist.

Refinement of the model against the density map was done using the PHENIX [1][2]
real-space refinement tool. A fibril fragment of nine subunits was used for this purpose.
The resolution cut-off was set to 4 A and NCS restraints were applied between all sub-
units. In the process of refinement, additional restraints between backbone hydrogen
bonds between chain ¢ and 7 4+ 2 were added. Also, grouped B-factor refinement was

done that yielded an average B-factor of —88.6 A®. The reported map cross correlation
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Figure 3.8: The (-strands comprising the residues 1-9 are clearly separated. At position
26-28 the density is not clearly separated and two different placements of
the chain are possible.

value around the atoms for the final model was 0.683. For model validation, bond
length and bond angle RMSD were analyzed and reported to be 0.014 A and 1.73 A,
respectively. The all-atom clash score, which is the number of clashes found per 1000
atoms is 7.41 for this model. No Ramachandran outliers were found for this model
and 80 % of the residues are in favored regions. Most of the residues that are found
in unfavored regions of the Ramachandran plot, such as Tyr10, Asp23, Gly25, Leu34,
and Gly37 are forming kinks in the model, see figure [3.9]

Also, no rotamer outliers were found. The Molprobity [8] score which combines the
analysis of the clashscore, rotamer, and Ramachandran evaluations into a single score
was calculated to 2.67, supporting the high quality of the model. To assess the agree-
ment between model and map the EMRinger [4] score was calculated. A score of 2.1

at 4 A resolution is an indicator for a good fit.

3.3.5 Discussion

In the final EM density the complete backbone and almost all of the side chains are
well resolved. Both the density map and the atomic model show that the fibril consists
of two protofilaments winding around each other. The individual Af;_4o molecules
in the filaments are stacked in parallel, in-register 3-sheets as found for most amyloid
fibrils, see figure [3.10} The monomers are not flat but the two N-terminal (3-sheets

comprised of the residues 1-9 and 11-21 are tilted by 10° with respect to the long axis
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Figure 3.9: Ramachandran plot of the atomic model.

of the helix which is illustrated in figure [3.11] B. The symmetry of the fibrils can be
described best with an approximate 2; screw symmetry. The rise in each protofilament
is 4.67 A and the angle between subsequent monomers is —179.275°. Because of this
particular symmetry subsequent subunits from different protofilaments are not in the
same plane but shift by 2.335 A along the helical axis. The arrangement of the subunits
is illustrated in figure A. A similar symmetry has been described recently for the
paired helical tau filament (PHF)[32].

The arrangement of a single subunit can be portrayed as an overall LS-shape. The
L-part is formed by the N-terminal side and comprises approximately amino acids
1-16. The S is formed by the C-terminal part which ranges from amino acid 17-42.
The binding interface of two opposite subunits is formed by the C-termini. A cross
section of the density and model is shown in figure A to demonstrate the subunit

arrangement.

Solid-state NMR experiments were carried out on fibrils from the same sample prepa-
ration. Secondary chemical shifts were used to predict regions of (-strands, that are
very similar to those determined from the atomic model with DSSP [94] as shown in
figure Also, long-range contacts that were determined from NMR experiments
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Figure 3.10: AP fibril. (A) Cryo-EM density of the fibrils showing a clear -strand
separation. (B) Atomic model of the fibril revealing parallel -strand. (C
and D) Cross sections of (A) and (B).
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Figure 3.11: (A) Cross section of the fibril. The model in the density map is shown.
Two subunits from the two protofilaments are opposing each other. Each
subunit has an LS-shape. (B) Two subunits shown from the side, demon-
strating the rise of each subunit
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Figure 3.12: (A) Depiction of the approximate 2; screw symmetry with helical rise of
2.335A and angular increment —179.275°. Subunits are represented by
blue circles. The spacing within one protofilament is 4.67 A. (B) ABq_y
amino acid sequence with (-strands predicted from NMR experiments
(blue) and determined with DSSP (green). (C) Different arramgement of
subunits in filaments with Cy (purple) and 2; screw (red) symmetry. (D)
Depiction of possibly different binding pathways at fibril ends.

are in good agreement with the atomic model.

In addition to the 3-sheet hydrogen bonds the fibril structure is stabilized by hydropho-
bic interactions and salt bridges. Each subunit has three main hydrophobic clusters
that are the following: One cluster comprises the amino acids Ala2, Val36, Phe4, Leu34
another cluster is made out of Leul7, [le31, Phel9 and the third cluster is made out of
the amino acids Ala30, Ile32, Met35 and Val40. Theses clusters expand along the fibril
axis and are probably essential for fibril stability. Also, the protofilament interface is
formed by hydrophobic interactions between the residues Val39 and Ile41 in opposing
subunits. A fragment of the fibril colored according to its hydrophobicity is shown in
figure [3.14] B.

The EM density map and protonation states determined from NMR experiments are
indicators for salt bridges between Asp7 and Argh, Lys28 and Aspl, His6 and Glull
and His13 and Glull. More detailed views of these particular regions are presented
in figure A-C. The salt bridges with Glull stabilize the kink around Tyr10. A
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Figure 3.13: (A) Salt bridge between Arg5 and Asp7. (B) Salt bridge between Glull
and His6 and His13. (C) Salt bridge between Lys28 and Alal. (D) The

two rotamers of Phe20.

similar kink was found before in the structure of the Osaka mutant derived from NMR
experiments alone, which was described in Section[1.3] The authors state that the turn
region between Gly9 and His13 is stabilized by salt bridges [87].

Besides the salt bridges that arise from both cryo-EM and NMR experiments both
techniques indicate that Phe20 exists in two different rotamers. Density for both ro-
maters is visible in the reconstructed map, see figure|3.13| D. Additionally, a resonance
doubling for Phe20 and Ala21 can be observed in 2D NCACX correlation spectra.

Due to the staggered arrangement of the subunits and their rise from the N- to the
C-terminus, the N-terminus of the subunit i is close to the C-terminus of subunit i-
3. This means that the previously described salt bridge between lysine and asparagine
involves the subunits i (Aspl) and i-5 (Lys28). For a detailed description of the subunit
labeling refer to figure A.

The previously described S-shaped C-termini of the model were also reported for the
two AB;_4o models from NMR experiments [T04][11] that were described in Section
However, the structures are still significantly different, as the N-termini in the
NMR models are not visible and in the presented cryo-EM structure the N-terminus

is part of the cross-f3 core. Also, the interface for the NMR models is different as it is
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Figure 3.14: (A) Staggered arrangement of the subunits. The N-terminus of subunit ¢
is close to the C-terminus of subunit i — 3. (B) A fibril fragment colored
according to hydrophobicity in the Kyte-Doolittle scale. Colors range
from blue (most hydrophilic) to white and red (most hydrophobic). (C-
D) Presentation of different fibril ends.
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formed by the residues GIn15, Leul7, Leu34, and Met35 whereas the presented model
forms an interface between the hydrophobic C-termini, mainly Val39 and Ile4l. In
addition, different side chains are exposed to the solvent, see figure A-B. Another
difference between the NMR models and the presented cryo-EM model is that in the
NMR models the subunits are flat while in the discussed model the subunits rise from
N- to C-terminus. But it should be noted that the arrangement in the direction of the
long helical axis cannot be determined by NMR experiments, because intermolecular

contacts can not be assigned to a specific layer.

The overall structure of the presented fibril agrees well with a lower resolution EM
density map which fibrils were produced under similar acidic, low pH conditions [105].
The authors originally stated that their fibrils fits a hairpin like NMR-derived model.
However, if the structure factor determined by Zhang et al is applied to the here
presented map, the maps looks very similar to each other, which can be seen in figure
The map of A4 fibrils derived by Schmidt et al [85] is clearly different from

the here presented map, see also figure [3.16| and must be a different polymorph.

The 2; screw symmetry of the fibrils has consequences for the growth of the fibril. All
monomers that are binding to the fibril end are presented with the same interface due
to the regular, staggered arrangement. This is in contrast to fibrils with Cy symmetry,
where monomers alternatingly see two identical binding sites or a stepped end formed
by the latest added monomer, see figure |3.12, Because of the subunit-rise from N-
to C-terminus the fibril ends are different from each other. The difference in height
within one subunit is largest at the -strand formed by residues 27-33. At one side
of the fibril these residues protrude at the fibril end whereas on the other end of the
fibril this region forms an indentation. The first end is termed "ridge" describing how
residues 27-33 stick out at this end. The latter end is called "groove" because the same
residues form a groove on the other end. The two fibril ends are shown in figure [3.14]
The different end of the fibril might lead to a polar growth of the fibril. Although
the binding energy is the same at both ends the binding pathway, that means energy
barriers that have to be crossed, could be different. If one side would be favored for
monomers to bind, this would result in a polar growth of the fibrils. Polarity in fibril

growth has been described before for fibrils of the yeast Sup35 prion protein [18][47].

The next section discusses a few known mutations of Af3 and how they can be related to
the presented structure. Two mutations at position Ala2 with opposing effects in regard

to the disease have been reported. The mutation A2T, also called Icelandic might be
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Figure 3.15: Comparison between Af fibrils models from NMR experiments and the
presented cryo-EM model in a cross section (A-B) and from the side (C-
D). The green model was proposed by Wilti et al [104] the red model by
Colvin et al [IT]. The presented cryo-EM model is shown in blue.
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Figure 3.16: Comparison of different density maps of AB1_4s fibrils. (A) The presented
density filtered to 4 A. (B) The same density with the structure factor of
Zhang et al applied. (C and D) The density maps reported by Zhang et
al and Schmidt et al, respectively.

protective against AD while A2V is pathogenic. Ala2 is part of one of the hydrophobic
clusters described above, which are thought to be important to fibril stability. If alanine
is replaced by the amino acid threonine at this position, the hydrophobic cluster could
be weakened because threonine is more polar than alanine. As a consequence, fibril
stability could be decreased. On the other hand, in the pathogenic mutation alanine is
replaced by valine which is even more hydrophobic than alanine. This could enhance

the hydrophobic cluster and increase fibril stability further.

Several pathogenic familial mutations affect the residues Glu22 and Asp23, for example
the Arctic (E22G), Dutch (E22Q) Italien (E22K) and Iowa (D23N) mutation. These
residues are part of a region that forms one of the edges of the protofilament structure.
Another distinctive feature between amino acid sequence and structure is not related
to a mutation but a difference between human and rat and mouse Af3. Rat and mice
are species that are known not to get AD and in their sequence, His13 is replaced by
arginine. As described earlier, His13 forms a salt bridge with Glull in the kink region
around Tyrl0 and could be essential to form this kink. A replacement by arginine at

this position could prevent the formation of this kink.
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3.3.6 Twisted and double filaments

3.3.7 Image processing

As mentioned above the most abundant fibrils in the sample are the straight filaments
with a constant radius of 7nm. Another, less frequent population that can be observed
in the images are fibrils showing a prominent twist by a variation in the radius between
3nm at the thinnest and 10nm at their widest part. The third observed species is
characterized by a clearly thicker diameter, of around 12nm, compared to the other
two types of fibrils.

110 micrographs with twisted fibrils were found and one exemplary micrograph with
twisted fibrils is shown in figure [3.17] While the radius among all of these fibrils is the
same, their cross-over distances vary roughly between 45nm and 65nm. A variation
of the cross-over distance could be found even within the same filaments which could
be problematic for 3D reconstruction. However, in a first attempt all twisted fibrils
present in the micrographs were picked with helizboxer which yielded 226 fibrils in
total. From these fibrils, fibril segments are extracted with 90 % overlap. This results
in 7633 individual segments, each 224 pixel long. Assuming the helical symmetry is
similar to the straight filament the complete data set comprises ~ 16,000 asymmetric
units which is only around 5% of the segments used for the final reconstruction of the
straight filament.

In the average power spectrum of all segments a peak at ~4.7 A is clearly visible and,
like the straight filament, some of the fibrils show the (3-strand pattern in the raw

micrographs, which can be seen in figure [3.17}

According to the observed cross-over distances, the expected angle A® describing the
helical symmetry ranges from —1.3° to —1.9° if the fibrils comprise a Cy symmetry
and an axial rise of 4.67 A. If the twisted filaments have a 2, screw symmetry similar
to the straight filaments, A® would be expected to be in the range between —179.45°
and —179.05° with an axial rise of 2.335 A. Following from this, symmetries are tested
between —1.1° and 2.0° as well as —179.50° and —179.00° in steps of 0.1° and 0.05°,
respectively. The best symmetry is again determined based on a mean cross-correlation
coefficient from projection matching between the fibril segments and the latest reference
structure as described in more detail in section[3.3.2] It can be seen that segments in C
symmetric maps have a higher mean cross correlation. Visual analysis of the maps also

suggests that a Cy symmetry fits the data better than the previously found approximate
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A

Figure 3.17: Two micrographs containing twisted (A) and double fibrils (D) and ex-
tracted filaments from these micrographs (B and E).
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Figure 3.18: Average CC coefficients of all segments used in the reconstruction plotted
against the symmetry parameters that were used.

21 screw symmetry. The best symmetry combination appears to be —1.49°/4.67 A, see

figure [3.18] which is used for the following reconstructions.

A 3D reconstuction from all fibril segments using these parameters is calculated with
helicon and heliconlocal. 1t reflects the observation that its cross-section is more elon-
gated than the cross-section of the straight filament, which makes for the prominent
twisted appearance in the micrographs. More specifically, the map shows two inter-
twined protofilaments in which the individual subunits adopt the same "LS"-shape
that was described for the previous fibril. The different cross-sections arise from the
fact that the interface between the protofilaments is formed by the N-terminal part,

that is residues 1-10, in contrast to the straight fibril.

For the straight filament, selecting fibrils based on a cross-correlation coefficient from
projection matching (described in section[3.3.2)) improved the 3D structure, so the same

approach is attempted for the twisted filaments.

It emerges that this is not the best strategy for the twisted filaments because the
density does not improve significantly in this way. Thus, the approach is slightly
modified: Instead of average cross correlation coefficients per fibril the CC coefficients

of the individual segments are plotted against the defocus which is shown in figure [3.19
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Figure 3.19: CC coefficients of all segments plotted against defocus. All segments above
the red line are selected for the final reconstruction.

The correlation coefficient between cross correlation and defocus is 0.307. Again, re-
constructions with a different number of segments are calculated. The best map was
found to be using approximately half the amount of original data, precisely, 2083 seg-
ments. They were chosen by selecting all segments that lie above the line defined by
y = 0.307 * defocus. The quality of the map was judged by visual inspection. For all
reconstructions, the previously determined symmetry parameters —1.49°/ 4.67 A were
used. In the final reconstruction 3-strands are not completely separated but still visible
in the map.

The double fibrils were processed using the helical reconstruction algorithm imple-
mented in Relion [43]. An exemplary micrograph showing such a polymorph is pre-
sented in figure [3.17 From 29 micrographs in total fibrils are selected. Individual
segments have a size of 272 x 272 pixel with an overlap of 252 pixel. The image stack
comprises 3357 segments in total. In refinement local search for symmetry is used to
find the best parameter for the angular rise. It is determined to be —179.527°. In a
later iteration of refinement a cut-off according to the Loglikelihood value was chosen

to use only the best half of the segments for the final reconstruction.
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Figure 3.20: FSC calculation. The FSC between odd and even half maps and the
function 1/(1 + exp(s — B)/x) fitted to the curve.

3.3.8 FSC calculation and model building

For the twisted filament the FSC is calculated between half maps as described in Section
for the straight filament. A function of the form 1/(1 + exp((s — 3)/«)) is fitted
to the data and the resolution is estimated to 7.5 A according to the 0.5 criterion. This
resolution appears contradictory to the fact that B-strands are appearing in the map.
But it could be possible that resolution along the helical axis is slightly better than in
the other directions. As mentioned in the beginning a variation in the cross-over length
was observed in the fibrils. Although segments were sorted, different twists could still
be present in the data set and smear out the map in x-y direction. The FSC curve is

shown in figure [3.20]

For model building an "LS"-shaped subunit of the straight fibril is used in a local re-
finement docking search in Rosetta [57] to determine the correct N-terminal interface.
The docking was done at pH 2 and Rosetta determined the residue Asp7 to be proto-
nated. For model building, a fragment of the straight atomic model is optimized into
the twisted fibril density using DireX [86]. Subsequently, a single subunit is cut out
from the model and the previously determined symmetry is applied to it to create a

larger model segment with the correct symmetry. This fragment is minimized in the
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density with NCS and Ramachandran restraints applied, again using DireX.
For the double filament the segments were split in half before starting the refinement
and refined separately for FSC calculation. The resolution of the final reconstruction

is estimated to 25 A. The model was also optimized using Rosetta.

3.3.9 Discussion

The density map and the atomic model of the twisted fibril, shown in figure [3.21} re-

veal that the straight and twisted filament share the same "LS" subunit shape while
the interaction between the subunits is different. In contrast to the straight fibril, the
twisted fibril was found to be C5 symmetric and the rise of each subunit from the N-
to C-terminus is less pronounced for the twisted fibril, see figure |[3.21] For the twisted
fibrils, the protofilament interface is formed by the N-terminal parts as presented in
figure A. The interface, which was determined with Rosetta, is stabilized by hy-
drogen bonds between protonated asparagines at position 7. NMR experiments of the
sample showed that amino acids Aspl, Argb and Asp7 are deprotonated, but it should
be noted that the twisted fibrils only exist in small amounts compared to the straight
fibril. Thus, it could be that a small portion of Asp7 could be deprotonated but not
show up in the NMR data. Considering the pH of the sample, protonation of these
amino acids could be possible.

A similar N-terminal interface is also possible when the mentioned amino acids are
fully deprotonated. In the straight fibrils salt bridges were described between Argh
and Asp7. For the twisted fibril a small shift of the protofilaments against each other
would allow salt bridges of the same amino acids between opposing subunits. Currently,
the resolution of the map is not high enough to discriminate between these binding
options and more calculations need to be done to determine the interface exactly.
This N-terminal interface described for the twisted fibril would mean that for the same
monomer conformation as in the straight fibril, the C-terminus would be exposed to the
solvent. This would be unexpected as C-termini are hydrophobic and in the straight
fibril their hydrophobic interaction stabilizes the protofilament interface. However, the
density map of the twisted fibril is not unambiguous at the C-terminus and it would
also be possible that Gly29 performs a slightly different kink that finally hides the
hydrophobic C-terminus in the core of the fibril. Starting from Gly29 the amino acid
chain could go along the density in the reverse direction and Ala42 would come close

to Gly29 from the core of the protein.
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The cross-section of the double fibril density map fits four individual subunits, which
indicates that this fibril is composed of four protofilaments. This map could only
be determined to low resolution, but it suggests that two straight fibrils are twisting
around each other and the interaction between them is between the N-terminal parts
of one protofilament each, see fig B. In the atomic model for the double fibril,
Argh from both protofilaments are opposing each other. This is not a likely interface
because two positive charges would be directly opposite two each other. Thus, it is
more plausible that in the actual interface the fibrils are slightly shifted against each
other leading to the same interface that is present in the twisted fibril. On the basis
of the density map, the interface cannot be determined reliably and more calculations

are needed to describe it precisely.

3.3.10 Conclusion

In this Chapter it was explained how Af;_4o fibrils were investigated with cryo-EM.
Three different polymorphs were observed in the sample and their appearance differs
in the diameter that was found to be around 70, 100 and 120 A. The 100 A fibril
shows a distinctive twist emerging from its elongated cross-section. The most frequent
polymorph is the thin, straight filament and a high resolution (4 A) density map could
be reconstructed from the images using an IHRSR approach. The complete backbone
and almost all side chains are visible and ordered in the density map. With the high
resolution map an atomic model could be build. Both model and density map show
that the straight fibril consists of two protofilaments with parallel, in-register (3-sheets.
In contrast to previously published ss-NMR models the N-terminus of this model is
fully ordered and part of the cross-f3-core. Individual subunits in the model adopt a
"LS"-shape and it can be seen that subunits are rising from the N- to C-terminus, which
has not been observed before. This atomic model can help to understand differences in
familial mutations as well and the mechanism of fibril growth and might be a starting
point to develop ways to inhibit fibril formation and growth.

Models for the two other polymorphs could not be build with atomic details because the
resolutions of the reconstructed maps are not high enough. However, it can be seen
that the twisted fibril consists of similar shaped "LS" subunits with their interface
formed by the N-terminal parts of the monomers. This is an unexpected finding, as
until now the N-termini were thought to be mostly unordered.

A third polymorph was found in the sample and its reconstructed density map suggests
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Figure 3.21: (A and C) Density map of the twisted fibril from the side and the top.(B
and D) Model of the twisted fibril.
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Figure 3.22: Cross-section of density and model of the twisted (A) and double (B)
fibril.
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that it is made out of two straight fibrils twisting around each other. Surprisingly, their
interface is again formed by the N-termini. The resolution of the map is not high enough
to identify the atomic interactions in the interface but it is suspected that it could be
the same as for the twisted fibril. More calculations are needed for both interfaces to

determine them reliably at atomic resolution.
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4 AP oligomers

New insights from the field of AD research point towards the fact that small oligomers
are the most toxic species of amyloid 3 aggregates. However, investigation of oligomeric
species is difficult, because of their heterogeneous and unstable nature and not much
is known about their structure. The following chapter aims to gain structural insight
into cross-linked A oligomers with TEM.

4.1 Oligomer production

For structural analysis the investigated molecules need to be stable and in this case
the oligomers are cross-linked for this purpose. The oligomers were produced by Katja
Kuehlbach and a more detailed description of the production protocol can be found in
(Kuehlbach 2014). Af;_42 molecules oligomerize in PBS for 45 min. The aggregates
vary in size so they are size separated via centrifugation in a density gradient and
stabilized via cross links with EDC and NHS. For cross linking EDC and NHS are
used. The density material is saccharose in concentrations between 5 and 50 % (w/v).
Preincubated A B is added to the 5 % saccharose fraction and EDC and NHS are added
to the 10-50% saccharose fractions. After centrifugation cross linking is stopped by
adding ethanolamin hydrochloride. Everything besides the A3 oligomers is removed

from the sample and the fraction containing the smallest aggregates is used for TEM.

4.2 Image processing

Particle picking and CTF correction

Figure [4.1| shows an exemplary micrograph. The images contain mostly small round

shaped particles with a diameter of roughly 70 A but the images also contain a few
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Figure 4.1: (A) An exemplary micrograph. The images contain mostly small oligomers
indicated by the green arrows but also some larger aggregates, marked with
red arrows. (B and C) Powerspectra of two micrographs. In (B) Thon rings
are marked by blue rings.

aggregates that are much larger, see figure 4.1 All image processing was done in
EMAN2. From the 328 micrographs that were taken particles were picked with a box
size of 88x88 pixels. Particles were picked manually to make sure that only small
particles with approximately the same size were chosen. In total 10592 particles were
picked.

As the images were not taken in focus but an underfocus of approximately 0.5 pm they
need to be CTF corrected which in done with the program e2ctf. First, an automated
fitting procedure is carried out for all micrographs followed by a manual inspection
of the determined defocus values. Some of the micrographs do not show Thon rings
and these images were probably taken in focus as the requested underfocus was small.
For these images the fitting fails and so their defocus value is manually set to 0pm.

Subsequently all individual particles are combined in a particle stack.
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Figure 4.2: 2D class averages of the particles.

2-D class averages

This particle stack is used for generation of 2-D class averages. Similar particles are
aligned and averaged together so the resulting class averages have a better SNR than
the original particles and the overall shape of the particles appears much clearer. The
class averages are produced with the program e2refine2d and the 10592 particles are
clustered in 200 classes.

All classes are shown in figure [4.2, Most of the class averages, around 60 %, have a
round shape with an approximate size of 70 to 100 A but also also rod like and dumb-
bell shaped averages can be seen.

These shapes can be different views from one type of particle but also different views
from different particles. As discussed later the different shapes do not seem to origin
from one common structure and it seems to be more likely that the different shapes
belong to different structures possibly a spherical a rod- and a dumbbell like shape.
The round class averages could of course be top views from the other to shapes but as
their are by far the most frequently occurring shape in the class averages they probably
also stem from a distinct subset of particles.

Determining the exact size of the class averages is difficult because the images are still
blurry but there appears to be a difference in the size of the particles in the sample.

For better comprehension three representative classes of each mentioned shaped are
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60 A

Figure 4.3: (A-I) Representative shapes of the 2D class averages. ) Schematic
drawmgs of these shapes.

enlarged in figure [£.3] The difference in size can especially be seen for the rod like par-
ticles which also express a great variety of the ratio between their length and width.
The shortest and most narrow ones are approximately 110 A long and 60 A thick while
the largest are up to 150 A long with the same thickness. A wide range of values for
the length of these particles can be found in between. Also, the spherical and dumb-
bell shaped particles vary in size although it is more subtle. As mentioned earlier the
spherical particles have a diameter of about 70 to 90 A. The dumbbell particles are
about 140 to 160 A long and approximately 60 A60 thick, at their widest part. This is
also demonstrated in figure

The particle variation in size may come from the fact that during production of the
oligomers aggregates consisting of a different number of monomers formed and they
could not be perfectly separated during centrifugation. The potential structural vari-

ability needs to be examined further.

Initial models

Besides gaining more information about the particle structure the 2-D class averages
are also used to generate an initial model that is needed for the iterative 3-D refinement.

The best possible way to this is to select as many different views of the particles as
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PO

B model 1 model 2 model 3 model 4

model 5

Figure 4.4: (A) Different initial models. (B) Comparison between selected 2D class
averages and backprojections of model 1. Agreement between them is poor,
especially for the red marked class averages.

possible from the class averages without including views from a different structural
composition of the particles. In this case it is not clear which class averages come
from the same structure so instead just a great variety of different views is chosen
as input for the generation of an initial model. 15 initial models are generated with
eZinitialmodel and a selection of them is shown in figure [£.4] All models have the
same size of about 130 A in length and 80 A in diameter and also their shapes look
very similar. A good initial model should reflect the features that are also visible in
the 2-D class averages. For all the models that were generated the dumbbell feature is
underrepresented which can also be seen in the comparison between the selected class
averages and the corresponding projections of an initial model, see figure [£.4. The
similarity between the class averages and the projections is poor for especially these
kind of shapes. Another run of eZinitialmodel did not generate different models with

better agreement suggesting some sort of heterogeneity in the sample.
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Figure 4.5: FSC curves of two independent refinement runs.

3-D refinement

Since an initial model is needed for 3-D refinement two models with the best agreement
of projections are chosen to be the initial model of two independent 3-D refinement
runs. Their final 3-D maps are shown in figure 1.6 The maps look similar to each other
but different to what one would expect from the 2-D class averages and initial models.
The reconstructed particles are approximately 110 A long and have a diameter of 80 A
that slightly narrows at both ends. The map does not clearly show any of shapes that
were present in the 2D classes, e.g. round, rod- or dumbbell shapes but looks more like
an average of round and rod-likes shapes.

The backprojections of the 3D reconstruction agree well with the classes used for the
reconstruction but different from the 2D classes generated for assessment of the sample.
The FSC in EMAN2 is computed according to the "gold standard way" meaning that at
the beginning of the refinement the particle data is split into halves (even/odd) and to
make the starting models different from each other they are perturbed independently.
According to the 0.143 criterion the resolution of the final map for both refinement runs
is about 25 A see fig . Additional 3-D refinements with different starting models

confirm the described maps and indicate that the obtained 3D reconstructions do not
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Figure 4.6: (A) Final reconstruction from refinement run 1. (B) Comparison between
reconstructed maps from run 1 and 2. (C) Results from multi-modal re-
finement with two starting models.

have an initial model bias.

Multimodal refinement

The deviation between 2-D class averages, initial models and refined maps suggest that
the particle population in the sample is heterogeneous and can not converge to a single
solution. A multimodal refinement process, implemented in the program e2refinemulti
was used to assess this. A normal refinement starts with the projections from one
initial model to determine the particle orientations. For the multimodel refinement
N starting models are needed and their projections are used to determine the particle
orientations and the model each particle matches best followed by a normal refinement.
Subsequently one needs N starting models for the multimodal refinement which should
not be identical. For this specific case the initial model that has been used before in
refinement is perturbed by adding different noise to it and independent multimodal
refinement runs with two and three starting models, respectively, were carried out.
Figure [4.6] shows the results from the two-model refinement. Surprisingly, the models
look very similar to each other and also similar to the maps obtained from the normal
refinement besides being smoother. This may come from the fact that less particles
contribute to each produced map and different filtering compared to the normal re-
finement. Also in the multimodal refinement with three staring models the apparent
heterogeneity could not be retrieved. It is possible that a variability in the particles
is not detectable as they do not show many different features. The relatively small

amount of particles may contribute to the fact that different structures can not be
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Figure 4.7: Final map from refinement 1 containing 36 subunits from the straight fibril
model, from the side (A) and the top (B). The model of the fibril is super-
imposed only to get a better impression of size, it is not implied that the
oligomer structure looks like this fibril model.

extracted from the particles.

Although the multimodal refinement did not give meaningful results, it is still assumed
that the particles have some sort of heterogeneity, which is supported by the 2-D class
averages. The reconstructions from the normal refinement, in this case, would be a
mix of all the different structures present in the sample. From looking at the 2-D
class averages theses different structures could be spherical particles, more elongated
rod-like particles and particles with a dumbbell shape. For the latter it would be con-
ceivable that these particles are made out of two smaller spherical particles as these
particles have approximately twice the size of small, round particles, see figure .3 G-I.
As mentioned earlier, the particles have probably some variability in size but the re-
fined maps can still be used to estimate the number of monomers in an oligomers. For
this purpose a fragment of the amyloid 3 fibril was fitted into one of the maps of the
normal 3-D refinement. The fragment, consisting of 36 monomers in total, loosely fits
into the density, see figure 4.7, From that, one can conclude that the oligomers most

likely consist of 40 to 50 monomers.

4.3 Conclusion

In total 1059 particles were picked from 300 micrographs. After CTF estimation the
particles were classified into 2-D classes. These classes have a better SNR than the
particles in the raw images and their different features can be seen more clearly. 3

main shapes are present in the class averages: Spherical particles, elliptical and to
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propapbly two small spherical particles bound to each other, see figure [£.3] These
shapes are present in different sizes roughly varying between 70 A and 140 A.

Independent 3-D refinements with different starting models were carried out. They
gave similar final maps at a resolution of about 24 A. However the reconstructed
maps differed from what can be seen in the class averages, so it can be assumed that
the particles are heterogeneous and the reconstructed maps are a mix of the actual
oligomer structures. Consequently, a multimodel refinement was attempted but the
obtained reconstruction were not meaningful. The reason for that is most likely the
small number of particles and the fact that the variability is not detectable in the
data because the particles do not show sufficient distinctive features. Considering
the 2-D class averages, the particles seem to exist in different structures and with
more particles and a sample with less variability in oligomer size it would probably be
possible to obtain higher resolution reconstructions and learn more about A3 oligomeric

structures and aggregation.
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5 Determination of ligand binding
sites using unassighed NMR

titration spectra

5.1 Introduction

Interactions between proteins and small molecules are an important aspect in drug de-
sign and discovery and NMR spectroscopy is a powerful tool to study protein structures
as well as dynamics and interactions [65],[58]. This wide range of different applications
was made possible by advances in different sub-disciplines of NMR spectroscopy such
as isotope-labeling [106], rapid data collection [84] and automation of different aspects
in the experiments [27][96]. Furthermore new experimental strategies have been de-
signed for the different application possibilities of NMR. A prominent example in the
field of high affinity ligand binding is the so called SAR by NMR technique [89]. This
technique is a combination of finding ligand binding fragments and combining them to
produce ligands with extremely high affinity. Binding is monitored by detecting chem-
ical shift changes in heteronuclear single-quantum correlation (HSQC) spectra during
successive addition of ligand to the protein. In fact, this is one of the most widely used
techniques for studying protein-protein or protein-ligand interaction [95] and for this
reason different automated procedures for analyzing chemical shift perturbation (CSP)
experiments have been described before.

The software package MUNIN [I6] incorporates an automated analysis of large sets
of HSQC spectra to detect binding ligands. The principle of this method is based on
comparing NMR spectra recorded with only the protein and spectra where a mixture
of potentially binding ligands were added to the protein. An automated procedure
detects spectra with differences in the peak positions and thus binding ligands. Peak

picking is not required for this type of analysis, because it only analyzes whether the
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molecules are binding. To additionally locate the site of a binding ligand, amide signals
need to be assigned and the 3D structure of the receptor has to be known.

A different approach to analyze HSQC protein-ligand spectra was introduced by Peng
et al [73]. They focus on the task of peak tracing between the non-perturbed, pro-
tein only and the perturbed, protein and ligand spectrum and present an algorithm to
find the best matching assignment. Their fundamental assumption is that for correct
assigned peaks the overall chemical shift difference between these spectra should be
minimal.

Also in the software package NMR ViewJ, which is used for visualization and analysis
of macromolecular NMR spectra, a new feature for automated analysis of perturbation
spectra was introduced [37]. Clearly, perturbation spectra are an important part of
studying protein-ligand interaction and a variety of different tools to help analyzing
these type of spectra has been developed.

New procedures were also created in the design of experiments that investigate protein-
ligand interactions to facilitate data analysis. One example is the mapping method
described by Reese et al [80]. Protein interfaces are mapped without peak assign-
ment but using a series of spectra from a specific labeling scheme. Multiple spectra
are recorded in which one binding partner is differently labeled and the other binding
partner remains unlabeled. The spectra of the complex and the free protein spectra
can be compared to identify the number of a certain type of amino acids being part of
the interface. This information can be combined with the protein structure to reveal

the binding interface.

From the presented approaches it can be seen that determining the binding site of
a ligand peak assignment or more complex experiment design is required. Protein
resonance assignment is a time-consuming step and usually several 2D and 3D spectra
have to be analyzed [54]. Although several methods for automated peak assignment
exist, [76][54] skipping this step would facilitate and accelerate the analysis of titration

spectra.

Here, a method to identify the ligand binding site is presented that exclusively uses
a protein-ligand HSQC titration spectrum and the protein structure. It is based on a
quantitative comparison of different predicted and binding site specific spectra with a
HSQC spectrum of the protein alone.

A similar scoring method was introduced by Courtney et al [13] to verify protein

structures. From the protein which structure is to be determined, a single, unassigned
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2D spectrum is recorded. A series of models is generated and a 2D spectrum is predicted
for each of them. To identify the correct model the predicted and the recorded spectra
are compared and scored using a modified Hausdorff distance [22]. The below presented
method to identify binding sites uses a similar scoring method to efficiently predict

ligand binding sites.

5.2 Method

The general idea of the method is illustrated in Figure [5.1}

To start, a titration spectrum of the protein and the ligand as well as the structure
of the protein is needed. The basic assumption of the method is that peaks from the
titration spectrum with a large chemical shift perturbation (CSP) are in the vicinity
of the ligand binding site. While it is true that large CSP occur at the binding site
there can be other reasons that induce large CSPs at other locations of the protein,
for example a conformational change of a domain. This distorts the results and is a
limitation of the method.

The prediction of the ligand binding site relies on comparing a large amount of potential
binding sites with the experimental NMR titration spectra and find the best matching

position based on a distance depending score.

The first step is to modify the experimental NMR titration spectrum. As the method
uses peaks with large CSP, those peaks should be extracted from the spectrum. In a
titration spectrum the peaks can be traced from lowest to highest ligand concentration
and the distance between them is calculated for every peak. Here, a peak is considered
to have a high CSP, if its CSP is 2.5 times the average CSP of the spectrum. This value
was determined experimentally and was chosen because it proved to be a reasonable
threshold for different protein-ligand systems. However, there still might be peaks in
there, that are not associated with the binding site and to emphasize the peaks with
the largest CSP, all selected peaks are assigned a weighting factor that is the distance
between the peaks in the lowest and highest ligand concentration spectra. The peaks
from the spectrum without ligand and a significant CSP are stored separately and
referred to as the "reduced spectrum".

The next step is to produce a large number of potential binding sites. Different methods
for efficient binding site generation have been tested. One possibility is to use a docking

program such as AutoDock4 [62]. Another possibility is to use the coordinates of the
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Figure 5.1: A flowchart of the general procedure of the method: Peaks with large CSP
are extracted from the titration spectrum (A-B). Predict chemical shift
values for each potential binding position (C-D). Calculate distance-score

between nearest peaks (E).
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receptor atoms as binding poses and a similar method is to place a regularly spaced
3D grid on the protein and consider every grid point to be a potential binding site.

For comparison a predicted NMR spectrum is needed and the program SHIFTX2 is
used to predict a 'H-N spectrum of the protein. Every binding position needs to
be assigned the corresponding values from the predicted NMR spectrum. To achieve
that, all atomic coordinates that belong to a binding position are compared with the
coordinates of the protein structure. For all protein coordinates that are found to be
closer than 7A to any coordinate of a potential binding position, the corresponding
chemical shift values are assigned to these binding positions and stored in a separate
file. At the end of this step, a file with chemical shift values exists for all potential
binding sites, here called "predicted spectra". They can be compared with the reduced
spectrum. The distance threshold of 7A was chosen as it is assumed that receptor
atoms effected by ligand binding are in a vicinity of around 7 A from the ligand. For
the different test cases, this proved to be a reasonable value. If the grid method is used

to mimic binding sites, this value should be modified to match the ligand size.

After the reduced spectrum and the spectra of the potential binding sites have been
generated, they can be compared to find the best matching position. For every peak in
the reduced spectrum the closest peaks in the predicted spectra are determined. The
spectra do not necessarily have the same number of peaks and double assignments are

possible. A distance score is calculated according to

N

1
d score = Z —W, (5.1)
i=1 1 + dmin,i

with N being the number of peaks in the reduced spectrum, d,,;, the minimal distance
found and W; the weighting factor.

In common HSQC spectra, the range for > N chemical shift values is usually much
larger than the range of 'H values. To compensate for this in the distance score
calculation, the chemical shift values are scaled by their standard deviation, which is
calculated from all 'H and N values in the reduced and predicted spectrum.

As can be seen from formula 5.1} the distance score indirectly depends on the number
of peaks in the predicted spectra because, in general, the more peaks are present in
a spectrum the smaller distances can be found. To eliminate this effect, the distance
score for 1000 spectra with random values for the chemical shift is calculated. The
random values are uniformly distributed in the interval [5.0 — 11.0) for proton and

[105.0 — 135.5) for nitrogen chemical shifts and the number of peaks is the same as
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in the reduced spectrum. The Distance score is standardized with the mean distance

score and its standard deviation of the random spectra:

d score — d Score,andom
Zscore = (52)

0q SCOT€random

5.3 Results and Discussion

5.3.1 Simulated data

For a proof of principle the method was tested using simulated test systems. Five
protein-ligand complexes with known structure and binding site were selected from the
Protein Data Bank (PDB) and applied to the program. The test cases are glutamate
mutase complexed with vitamin B12 nucleotide (PDB code 1ID8), influenza AM2-BM2
chimeric channel bound to rimatidine (PDB code 2LCJ), bacillus cereus metallo-Beta-
lactamase Bell with R-thiomandelic acid (PDB code 2M5D) and monovalent lectin
microvirin with the ligand man(Alpha)(1-2)man (PDB code 2YHH). The structures
of all these complexes have been determined with solution NMR. The last simulated
test case is the GABA(A)receptor-associated protein (GABARAP) (PDB code 3D32)
with tryptophan. The reason this complex was chosen, is that for GABARAP and
tryptophan, HSQC titration spectra also exist which can be used as a direct comparison

between applicability of the method on simulated and experimental data.

Docking simulations were carried out with AutoDock4 and 1000 positions were gener-
ated to be tested for every system. The protein structures of the complexes were used
to generate the position specific predicted spectra as described in section [5.2] The re-
duced spectrum was also derived from the predicted spectrum. To mimic experimental
conditions as close as possible, the reduced spectrum was generated in the following
way: Chemical shift values for the residues within a radius of 7 A were selected. In a
real experiment it can be assumed that not all of the residues in the reduced spectrum
are in the vicinity of the binding site or that residues close to the binding site are not
part of the reduced spectrum because their CSP is below the threshold. To account
for this, for every test case 1- 4 peaks of the chemical shift values in the reduced spec-

trum are exchanged with chemical shift values that are not connected with the binding
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site. As the predicted NMR spectra cannot be assumed to be perfectly identical with
an experimental NMR spectrum, the reduced spectrum is slightly modified in another
way.

The accuracy of SHIFTX2 is described by correlation coefficients between predicted
and experimental spectra and the correlation coefficients for >N and 'H are 0.9800
and 0.9714 with RMS errors of 1.1169 and 0.1711, respectively [4I]. Thus, a random
number was added to each chemical shift value. It is Gaussian distributed with 0 mean
and standard deviation of 0.9714 for nitrogen chemical shifts and 0.1711 for hydrogen
chemical shifts. The weighting factor introduced in equation was set to one for
the simulated test cases. Afterwards, Z-scores were calculated following the protocol
described in section [5.2] for the AutoDock4 docking positions, the receptor atoms and
3D grids. The Z-score is plotted against the center-of-mass distance between the ligand
and the tested binding positions. A decrease of the Z-score with larger distances to
the ligand is found for all complexes, see figure 5.2l The results are also summarized
in Table (.3.11

For better illustration of the results the grids were used to produce density maps that
are scaled with the calculated Z-scores. This map can be looked at together with the
receptor structure and the region with the highest Z-scores can be easily identified.
This was done for all the test cases and is shown in figure It can be seen that the
correct ligand position lies in the region with highest Z-scores or in its direct vicinity.
In the Z-score plot in figure [5.2] one can see that for the AM2-BM2 channel using the
receptor atoms as binding sites the resulting highest Z-scores are in a region that is
slightly shifted from the correct position. But in the structure plot the highlighted
region is at the correct binding site. This supports the theoretical consideration that
the grid method is better suited to find binding positions. The reason is that with
this method it is also possible to test positions inside of channels or pockets on the
receptor, which are common places for ligands to bind.

For all tested systems the highest Z-score gives a position that has maximal RMSD to
the correct binding site of 5.2 A.

The simulated test cases showed that the method is in general able to locate the
binding site of a protein-ligand complex correctly and in the next section it is applied

to experimental titration spectra.
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Figure 5.2: Simulated test cases. The Z-scores are plotted against the center of mass

distance between all tested positions and the

ligand for all receptors.
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1ID8.pdb 2LJC.pdb

Figure 5.3: Simulated test cases. The receptors with their correct ligand positions are
presented. The regions with the highest Z-scores are shown as dark surfaces.
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PDB ID of receptor | Max Z-score | Distance(A) | Max Z-score [Distance > 8 A]
1ID8 4.564 4.153 4.00
2LJC 3.835 2.093 2.869
2M5D 3.685 5.160 2.724
2YHH 4.140 2.042 3.786
3D32 4.250 1.410 3.452

Table 5.1: Listed are the highest Z-score and the distance of the corresponding binding
position to the ligand. In the last column the highest Z-scores of all positions
with a distance greater than 8 A to the ligand are shown.

5.3.2 Experimental data

The first system tested is the GABAR receptor associated protein (GABARAP) in
complex with tryptophan. This complex is well suited to be used with the method be-
cause molecular docking simulations and mapping of CSP from HSQC titration spectra
have been used to identify two binding sites on GABARAP, namely HP1 and HP2 [93].
HP1 has clearly proven to be the favored binding site [93] and can be used as a refer-
ence to analyze the results. From the NMR experiments, HSQC titration spectra are
available which are used as experimental input in the program. Form these spectra the
10 peaks with the largest CSPs are extracted to become the reduced spectrum. The
Z-score is calculated and plotted in a the same way as the simulated data, only this
time also weighting factors are used. Starting from the highest Z-score the location of
the binding position of HP1 could be determined within a radius of 1 A. The Z-score
density map together with the structure of GABARAP also shows that the correct
binding site was identified, see figure [5.4]

Additional complexes tested with the method are SPF45 and Pex14 for which data was
kindly provided by Michael Sattler TU Munich.

Two titration spectra were provided for splicing factor SPF45, one of them is a cyclic
peptide with the sequence KSRWDE, the other one is a small compound called TOK9S.
Both molecules were designed to bind to the C-terminal U2AF homology (UHM) do-
main of SPF45. Two crystal structures for the UHM domain of SPF45 bound to
(cyclic) peptides exist (PDB codes: 2PEH and 5LSO) [48][12] and the results of this
method are compared with this binding position. From the titration spectra, seven and
eight peaks are extracted to become the reduced spectrum for the cyclic peptide and
TOKO98, respectively. As receptor, a crystal structure of the free form of SPF45 (PDB

code 2PE8) is used. Z-scores are calculated in the same way as before using a 3D grid
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Figure 5.4: Z-scores for GABARAP. In (A) Z-scores are plotted against the center-
of-mass RMSD. (B) Shows the structure of GABARAP with the ligand
at binding position HP1 and the region with highest Z-scores as a dark
surface.

as potential binding poses. For illustration, maps are calculated from the Z-scores and
they are shown together with a crystal structure of SPF45 binding a cyclic peptide
(PDB code 5LS0O). The maps representing the regions with the highest Z-scores for
the cyclic peptide and TOK98 are directly next to each other and the peptide in the
crystal structure, see figure m .

The next complex tested was Pex14 together with a peptide that has the amino acid
sequence GPMEDWAQHFAAHQQH and is called W1. This peptide was designed to
bind to Pex14 in the same way as Pexb which is for example described in [64]. 10
peaks form the Pex14-W1 titration spectrum were selected for the reduced spectrum
and a crystal structure of the N-terminal domain of Pex14 (PDB code 5AON) was
used as receptor. Z-scores were again calculated using the 3D grid method. A map
of the highest Z-scores is shown together with Pex14 binding a small molecule at the
same position that Pex5 binds (PDB code 5L87) [17]. As W1 was designed to bind
at this binding pose, its predicted position should be same. As can be seen in figure
the predicted binding site of W1 and the peptide binding position are at the same

location.
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Figure 5.5: Z-scores for SPF45 and Pex14. In (A) a crystal structure of free SPF45 is
shown (beige) together with a crystal structure of SPF45 binding a peptide
(blue). The yellow and red surface indicate the predicted binding position
for the cyclic peptide and TOK98, respectively, according to the highest
Z-scores. (B) shows the free structure of Pex14 (blue) and Pex14 together
with a ligand (red). The predicted binding site, according to the highest
Z-scores, is shown as a dark surface.

Limitations of the methods

The method was tested with another three examples: The HCN2 channel with cAMP,
the SH3 domain of Binl binding cMyc and MdmX. For all examples the Z-score can
not detect the correct binding site and the reasons for that are discussed below. As
described for the other complexes, the structures (PDB codes 1Q43, IMUZ and 3DAB)
are used to predict NMR spectra and from the titration spectra the reduced spectra
are calculated. Z-scores are calculated for docking positions generated with AutoDock4
and all receptor atoms. For MdmX only the grid method is used to generate bindings

poses and Z-scores are calculated for them.

In figure [5.6|the Z-scores are plotted against the center of mass distance from the tested
binding position to the correct ligand position. No connection can be seen between the
Z-score and the distance to the ligand. For the complex of HCN2 and cAMP this is
because the channel undergoes a large conformational change upon binding of cAMP
and this changes chemical shift values also far away from the binding site. Thus, many
peaks in the titration spectrum have a large CSP, but many of them are not related to
the binding site.

The situation for Binl is different and in this case the method fails because the ligand
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Figure 5.6: In (A) Z-scores calculated for HCN2 channel are plotted against the ligand
center-of-mass distance. In (B) the same plot is shown for the SH3 domain
of Binl.

cMyec is relatively large compared to the receptor, meaning that is has approximately
20% of the number of atoms of the SH3 domain. In the GABARAP-tryptophan
complex the ligand has only around 1 percent of the receptor atoms. This means that
many receptor atoms are found within 7A of the ligand and the predicted spectra
contain many chemical shift pairs. This is inopportune for peak assignment between
each predicted and reduced spectrum as wrong assignments are more likely to happen.
Predicted spectra that are unrelated to the correct binding site seem to match well

with the reduced spectrum and distort the result.

For MdmX, three titration spectra with three different compounds, called Cmpl3
Cmp22 and Cmp24, were provided. The exact 3D structure of the tested compounds
is not known and therefore only the grid method is used to produce binding sites from
which Z-scores are calculated afterwards. However, it is known that Cmp13, Cmp22
and Cmp24 are all indole-based and so it is assumed that they would bind to the same
binding site of MdmX as the tumor suppressor transactivation domain p53. For all
three compounds the regions with the highest Z-scores are presented as surfaces and
displayed together with the crystal structure of MdmX (PDB ID 3DAB) binding p53.
In this figure (figure ) one can see that the three compounds are predicted to bind
at slightly different positions and also that the binding site of p53 is different from
all predicted positions. The origin of the poor prediction is probably the inaccurate
prediction of chemical shift values by SHIFTX2. To illustrate this the experimental
spectrum of MdmX and the predicted one are plotted in the same graph. It can be
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Figure 5.7: MdmX with predicted binding sites. MdmX and its original ligand (purple)
are shown together with the predicted binding sites. The blue, grey and red
surfaces mark the regions with highest Z-scores and originate from Cmp13,
Cmp22 and Cmp24 titration spectra.

seen very clearly that their agreement is poor, see figure .

As a reference a similar plot is shown for GABARAP where the experimental protein-
only and the predicted spectrum are shown simultaneously. The agreement between
the two spectra is not perfect either but clearly better than for MdmX and it has
been shown before that this extent of agreement between experimental and predicted

spectra is sufficient for the correct prediction of a ligand binding site.

These results show that the assumption, that peaks with large CSP originate from
ligand binding, is fundamental for this method to work. In general, one can say that
not more than 30 % of the total peaks in a titration spectrum should have large CSP.
It was also demonstrated that too large ligands can not be used in this method. As
a rule of thumb the predicted spectra should have a similar amount of peaks as the

predicted binding site spectra.
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Figure 5.8: An illustration of the agreement between experimental and predicted (by
SHIFTX2) NMR spectra for GABARAP (A) and MdmX (B).

5.3.3 Conclusion

In summary, the presented method is well suited for ligand binding site prediction.
All simulated data and the GABARAP complex could precisely predict the correct
binding site. Also, for SPF45 and Pex14 the tested ligands were predicted to be at the
same location as similar molecules, which binding sites have been determined before
with X-ray crystalloghraphy. The HCN2 channel and the Binl/cMyc complex are
exceptions as the method does not work on their specific characteristics. The HCN2
channel undergoes large conformational changes and Bin1 binds to a large ligand which
is not taken into account by the method. The example of MdmX show that for some
proteins the SHIFTX2 prediction is not accurate enough. The agreement between
experimental and predicted spectra is crucial as the Z-score calculation is based on
that. To conclude, the method gives the most reliable results for small ligands and

proteins without conformational change.
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In conclusion, this thesis presents the first high-resolution cryo-EM structure of an
amyloid-f fibril, which reveals new insight into the fibril architecture. In particular,
a completely new subunit arrangement and dimer interface was found. In general,
samples of AP fibrils are heterogeneous, making structure determination difficult. In
this work, unique sample preparation, latest electron detector hardware, and extensive
image processing made structure determination possible. In addition to this high-
resolution fibril structure, two other much less populated polymorphs were observed in
the sample that could be determined only to medium resolution because the amount

of data was not sufficient to reach higher resolution.

The high-resolution structure reported in this thesis is an excellent starting point for
further investigation by molecular dynamics simulations to study the fibrillization pro-
cess. Specifically, since the fibril ends are different from each other the suspected
polarity of growth could be tested. The structure might also be important for drug
development, where compounds can be designed to interfere with fibril growth or for-
mation. The structure could further be used to rationalize familial mutations (for
example A2T and A2V). Solving the structures of fibrils from mutated Af or other
A variants could in a similar way help understanding putative differences in structure

and interaction of fibril subunits and the dimer interface.

Together with the recently published structures of tau filaments (from the MRC Cam-
bridge) AP-fibril is a breakthrough in the structural biology of amyloids in general
and those are the first high-resolution cryo-EM structures of amyloid fibrils. It can
be expected that this breakthrough stimulates more studies of amyloids by cryo-EM:
structures of other disease associated fibrils are going to be solved in the near future,
from both recombinant and brain-derived material. The techniques used in this study
for reconstructing high-resolution density maps should help future studies on resolving

other amyloid fibril structures.

Progress has also been made in studying fibrils inside cells by cryo-electron tomography
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and although the obtained structures do not reach high resolution yet, this might be
achieved in the future. In regards of neurodegenerative diseases, this would mean that
fibrils could be studied in their native environment, revealing more information about

the fibrillization process and interactions with other molecules in the brain.
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