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1 Introduction

Amyloid deposits are associated with more than 20 known syndromes [Gazit 05, Bellotti 07],
including prion diseases, Alzheimer’s, and Parkinson’s disease. Despite the prevalence of
some of these disorders they are yet incurable. At the same time, the role of the amyloid
deposits in disease and disease progression is poorly understood. It is known that these
deposits and especially their prefibrillar aggregates are in most cases toxic to cells. However,
the mechanism by which cells are damaged is still under discussion, focusing e.g. on the
cytotoxicity of the prefibrillar aggregates or the ability of amyloid fibrils to perforate biological
membranes [Stefani 07]. The deposits consist of fibrils which are mainly built from proteins
characteristic for the different disorders. In vivo the fibrillar core is surrounded by additional
non-fibrillar constituents such as the serum amyloid P component [Sipe 00]. However, the
amyloidogenic protein alone is usually sufficient to form amyloid fibrils in vitro. They are often
regarded as a result of protein misfolding. Nevertheless, functional fibril formation is also
observed, e.g. for the prion protein HET-s of Podospora anserina involved in heterokaryon
incompatibility [Saupe 00], for the CsgA curlin subunit observed in biofilms of Escherichia
and Salmonella species [Chapman 02], and even in humans where the Ma fragment of the
protein Pmel17 forms amyloid fibrils which are involved in the chemical synthesis of melanin
[Fowler 06].

Detailed structural information, ideally at atomic resolution, is needed for a better
understanding of the impact of amyloid fibrils on cells and tissues. However, amyloid fibrils are
non-crystalline and insoluble. Thus, solution NMR (nuclear magnetic resonance) spectros-
copy and X-ray crystallography, generally used for structure determination in biological
systems, are of limited use. On the contrary, MAS (magic angle spinning) NMR spectroscopy
is in principle well suited for such studies. Recent technical developments, especially with
respect to hardware and pulse sequence design [Baldus 02], enable the assignment of
immobile proteins of intermediate size and the determination of structural constraints in these
systems. Therefore, several amyloid fibrils are studied using MAS NMR, e.g. AG [Tycko 06],
HET-s [Ritter 05], and a-synuclein [Heise 05b, Kloepper 07].

In this work, the fibrillar form of the second WW-domain of the human transcriptional activator
CA150 (CA150.WW2) was studied by MAS NMR. An assignment strategy was developed to

assign the spectra which showed relatively broad lines [Becker 08]. The identification of long

1



range distance constraints in combination with the results from alanine scanning and electron
microscopy led to a structural model for the monomeric units [Ferguson 06]. Dedicated
labelling schemes were designed for the investigation of the quaternary arrangement of the
monomeric units in the fibrils. Finally, the structures of three slightly different geometries were

calculated.

1.1 Amyloid diseases

Syndromes associated with amyloid fibril deposition are referred to as amyloid diseases. The
onset of these diseases is generally age-related and can be influenced by mutations in the
gene coding for the protein that constitutes the main fibril component. Here, a brief overview
on the different classes of amyloid disorders and the involved proteins is given and several
reviews can be found in the literature [Westermark 05a, Uversky 04].

In systemic amyloidosis extracellular amyloid deposits are observed in several tissues
and organs in parallel, generally with the exception of the brain. The amyloid fibril protein
is secreted into the plasma and transported to the deposition site. The amount of deposits can
be very large (10-15 kg) which severely disturbs the function of the affected organs. Examples
are amyloidoses derived from the immunoglobulin light chain (AL) or transthyretin (ATTR). The
occurrence of extracellular deposits of the islet amyloid polypeptide (amylin) in the pancreas
causes type Il diabetes and is an example for an organ-specific amyloidosis. In the wide
spread Alzheimer’s disease extracellular deposits of the Amyloid-5 (A3) peptide are found in
the brain.

Diseases with intracellular amyloid deposits are not always referred to as amyloidoses but
nevertheless represent an important class of amyloid disorders. They include Parkinson’s
disease, where neuronal inclusions of a-synuclein, the Lewy bodies, are observed. Another
example is Huntington’s disease, which is an inherited disorder caused by an abnormally long
polyglutamine expansion of the protein huntingtin deposited as fibrils in the neurons. Another
important group are the prion diseases such as the human Creutzfeldt-Jacob disease or the
bovine spongiform encephalopathy (BSE) associated with the deposition of the prion protein
in the brain. These diseases can occur sporadically but also through contact with infected
tissue. The feeding of cattle with animal by-products has lead to the BSE epidemic in Great

Britain in the 1990s.



Most of these diseases are age-related and thus relevant in populations with increasing
lifespan. To develop therapeutic concepts it is necessary to understand the principles behind
protein aggregation, amyloid formation, what causes the onset of these diseases, the protein
structure in the amyloid deposits, and the way they interact with other cellular compounds.
Only few structural data has been collected on the different amyloid systems up to now, and

this work aims to contribute by structural investigations at atomic resolution.

1.2 A structural view on amyloid fibrils

The term amyloid is often used in different ways. In the context of diseases it was defined
by the Nomenclature Committee of the International Society of Amyloidosis as “extracellular
depositions of protein fibrils with characteristic appearance in electron microscope, typical
X-ray diffraction pattern, and affinity for Congo Red with concomitant green birefringence”
[Westermark 05b]. Here, the definition of Fandrich [Fandrich 07] is used. It is based on
structural considerations and describes amyloid fibrils as fibrillar protein aggregates with a
cross-3 conformation, normally revealed by X-ray or electron diffraction.

The core of amyloid fibrils is built from disease specific polypeptide chains, so-called
primary components which are surrounded by diverse secondary components including
apolipoprotein E, amyloid P component, heparan sulfate proteoglycans and some lipids
[Sipe 00, Fandrich 07]. While the amyloidogenic peptide is characteristic for a certain disease,
often the same secondary components are found. The proteins forming the amyloid core
present a diverse group with respect to size, amino acid composition, and native structure.
However, kinetic experiments and studies by electron microscopy, X-ray crystallography and
NMR spectroscopy as described in the next paragraphs showed that the biophysical and
structural properties of amyloid fibrils are very similar, indicating that these aggregates share

a common overall structure.

Amyloid fibrils form with distinct kinetics. Initially, nucleation with a characteristic lag phase
occurs, but seeding of the protein solution with preformed fibrils removes this lag phase
[Dobson 03]. Before formation of mature fibrils, prefibrillar aggregates, sometimes termed
amorphous aggregates, occur which can have a spherical shape. Interestingly, specific anti-
bodies can be designed which bind to the prefibrillar aggregates of different proteins but not

to the mature fibrils, showing that prefibrillar aggregates and fibrils differ substantially from
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each other [Kayed 03]. It has been demonstrated that the prefibrillar aggregates are generally
more toxic to cells than the mature amyloid fibrils [Stefani 07]. This led to the speculation
that amyloid cytotoxicity is based on the structural properties of the prefibrillar aggregates
[Stefani 03]. Only little data is available on how the structure of the prefibrillar aggregates
compares with the arrangement of the polypeptide chain in mature amyloid fibrils. A study on
A((1-40), however, indicates that the fold of the toxic prefibrillar aggregates and the mature
amyloid fibrils are similar [Chimon 07]. The mature fibrils are the end point of the aggregation

process and thus are accessible for structural studies.

Due to the non-crystalline insoluble nature of amyloid fibrils a variety of methods has been
applied to elucidate their structure. The most widely applied technique is electron microscopy
which typically shows straight, unbranched amyloid fibrils which are 0.1-1.6 zm in length and
have a diameter of 60-120 A. They are built from protofibrils with a diameter of 25-35 A
[Sipe 00, Stefani 03]. Similar proteins may form amyloid fibrils with different morphologies
exhibiting a twist of the fibril or lateral association forming an untwisted fibril. Oriented
amyloid fibrils show a typical so-called cross-3 X-ray diffraction pattern with a meridional
4.6-4.8 A spacing, which results from the main chain distance within 3-sheets running parallel
to the fibril axis [Serpell 99]. The variable equatorial 8-12 A spacing corresponds to the
distance between two 3-sheets [Stefani 03, Fandrich 07]. Interestingly, amyloid fibrils show a
different amid I’ band in FTIR spectra in comparison with native (3-sheet-rich globular proteins
[Zandomeneghi 04]. The underlaying common structural properties of amyloid fibrils lead to
specific reactions with staining dyes (Congo Red [Puchtler 65], Thioflavine T [LeVine 93]) and
antibodies [O’Nuallain 02].

Proton-deuterium exchange solution NMR spectroscopy can be used to investigate the
accessibility of amide groups in amyloid fibrils yielding information on the position of the
(-strands within the polypeptide chain. Using solid-state NMR the structural properties of
amyloid fibrils can be investigated directly. From the resonance assignment information on the
amyloid fold can be obtained by secondary structure prediction. Ideally, long range contacts
are detected enabling the determination of the overall fold of the polypeptide chain in the
amyloid conformation. If a sufficient number of such constraints is available, a structure can be
calculated which has been shown for crystalline proteins [Castellani 02, Zech 05]. Recently,

this technique led to the first high resolution structure of an amyloid fibril, the prion protein



HET-s(218-289) fibril from Podospora anserina [Wasmer 08]. A different approach to obtain
atomic resolution structural information can be applied to small fragments of amyloidogenic
proteins. In this case, sometimes single crystals can be grown which resemble amyloid fibrils

and enable structure determination by X-ray crystallography [Nelson 05, Sawaya 07].

The structural information obtained to date on several amyloid systems indicates a fold of
the polypeptide chain which can be described by a 3-arch [Fandrich 07]. Two (-strands are
separated by a loop region and incorporated in different 3-sheets that interact via their side
chains. This basic structural motif can be extended by additional 3-sheets. A related structural
fold is the 3-helix or 3-solenoid [Kajava 06] where [3-strands are arranged in a helical manner
to form two to four (3-sheets that are in contact with each other via their side chains. This
structure is e.g. found in the extraordinary stable tail spike proteins [Steinbacher 94] and was
also suggested to be the structural core of amyloid fibrils, whereby each coil is formed by a
single polypeptide chain [Wetzel 02]. The structure determined on HET-s(218-289) amyloid
fibrils also resembles a (3-helix with two 3-helical coils per monomeric unit [Wasmer 08].

A general picture of the amyloid structure is still missing and to date only few systems have
been studied at high resolution. A recent review on solid state NMR spectroscopy of amyloid
fibrils is given by Heise [Heise 08]. Open questions are, how amyloid fibrils built from different
polypeptide chains or under different conditions compare, and what the structural basis of the
different morphologies is. So far, detailed structural information could only be obtained on
a relatively small number of amyloid systems. An overview on structural studies on amyloid

fibrils is given in the following paragraphs.

1.2.1 Short amyloidogenic peptides

Short amyloid-forming fragments of 5-12 residues could be derived from many amyloidogenic
polypeptide chains. In their amyloid form they often display a very similar morphology to
the full length fibrils and are sometimes also cytotoxic [Gazit 05]. They were used as model
systems, e.g. in positional scanning mutagenesis [de la Paz 04] to investigate the sequence
determinants of amyloid formation. Peptides shorter than 13 residues were also the first
systems for which high resolution structural information was obtained [Jaroniec 04, Makin 05,
Nelson 05, Sawaya 07].

In 2004, Jaroniec et al. published the MAS NMR structure of the monomeric unit in amyloid



fibrils formed by the 11-residue fragment YTIAALLSPYS from transthyretin (TTR, residues
105-115) [Jaroniec 04]. TTR in its native form is a homotetramer which is involved in the
transport of thyroxine and retinol in the plasma. However, in the human body it can cause
senile systemic amyloidosis [Westermark 90], and some variants are associated with familial
amyloid polyneuropathy [Saraiva 01]. The structure was calculated based on nitrogen-carbon
distances, chemical shift derived and experimentally determined backbone dihedral angle
constraints. The obtained conformation in TTR(105-115) fibrils is that of an extended (3-strand.
However, the overall fibril architecture was not determined. The side chains of the central
region of the peptide are oriented perpendicular to the amide plane and thus mediate the
contact to the neighbouring 3-sheets.

Short amyloidogenic peptides were also used to grow fibril-like crystals for structure
determination by X-ray crystallography. This was demonstrated by Makin et al. for the designed
12-residue peptide KFFEAAAKKFFE [Makin 05]. In the group of Eisenberg peptides (four to
seven residues) derived from different amyloidogenic proteins (e.g. the yeast protein Sup35 or
the A(-peptide) were crystallised [Nelson 05, Sawaya 07]. For 13 peptides amyloid fibril-like
diffracting crystals could be grown. Their structures were solved and revealed a so-called
steric zipper motif as main structural feature, Figure 1. It is built by a pair of 3-sheets. The side
chains of the different 3-sheets that face each other interdigitate to form a dry interface. The

(-sheets are displaced with respect to each other along the crystal symmetry axis by half the

Figure 1: Structure of the GNNQQNY-peptide in its crystal form, a) side view on two
(-sheets forming the dry interface, b) cross section perpendicular to the fibril axis showing
the arrangement of the dry and the wet interfaces in the crystal and the tight side chain
interdigitation in the dry interface. From Nelson et al. [Nelson 05].



strand-strand separation. Therefore, each side chain is in contact with the side chains from
two strands of the mating sheet. In the various crystals different arrangements of the 3-strands
are observed. They can either form parallel or antiparallel sheets, which pack against each
other via the same or the different face, and are oriented parallel or antiparallel with respect to
one another. Combination of these possibilities results in a total of eight arrangements. Five
of them were so far observed experimentally. Interestingly, the studied peptides comprise a
variety of different sequences ranging from highly polar to highly apolar and from small to large
amino acids. It is suggested that the interdigitation of side chains of similar size is crucial for
the observed steric zipper arrangements [Sawaya 07]. In summary, structural studies on short
amyloidogenic peptides indicate that amyloid fibrils are built from 3-sheets which interact via

a steric zipper mechanism.

1.2.2 Alzheimer’s Aj3-peptide

One of the most intensively studied amyloidogenic peptides is Alzheimer’'s A3 peptide. It is
the major component of the deposits found in the brain of Alzheimer’s disease patients. The
peptide is generated from the membrane-integrated (3-amyloid precursor protein by proteolytic
cleavage [Selkoe 94]. Several isoforms of the peptide are observed in vivo ranging in length
from 37 to 43 amino acids. The major species in the brain is A3(1-40) [Mori 92], however
in the deposits AF(1-42) is prevalent [lwatsubo 94]. It has also been shown that Ag(1-42)
(in comparison with A3(1-40)) has an increased propensity to form amyloid fibrils in vitro
[Jarrett 93]. In addition, many shorter fragments form amyloid fibrils in vitro [Burdick 92].

A couple of solid state NMR studies were carried out on A3(1-40) fibrils, which in contrast
to AB(1-42) can efficiently be synthesised. In comparison to other solid biological samples,
such as 2D crystals of membrane proteins [Hiller 05], they show very broad lines. Assignment
was facilitated by selective labelling. The observed chemical shifts indicate two (3-strand
regions ranging from residues Gg to Ay; and Aszg to V36. A salt-bridge was detected connecting
residues D,3; and Kyg [Petkova 02]. Multiple quantum experiments showed that the (-sheets
in the fibril are parallel with an in-register arrangement of the 3-strands [Antzutkin 00]. Using
13C-13C correlations, contacts between different 3-sheets were observed. The strand-strand
distance in the 3-sheets is 4.8 A. The displacement along the fibril axis of the 3-sheets with

respect to each other was probed by dilution experiments and revealed a shift of % times



the strand-strand spacing which was referred to as a STAG(2) arrangement. However, due
to steric considerations in this study only odd (and not even) numbered multiples of half the
strand-strand separation were taken into account. The direction of this shift could not be
determined. In combination with the data from electron microscopy a structural model was
constructed [Petkova 06]. The basic building block consits of two monomeric units each
forming two (-strands. Thus two pairs of (3-sheets constitute the protofilament, whereby
the (3-sheets formed by strand one of the monomeric unit face towards the outside of the
protofilament while the two 3-sheets formed by strand two interact with each other, Figure 2a).

Small prefibrillar aggregates of A3(1-40) that occur as an intermediate during fibril
formation and are highly toxic to cells were investigated by solid state NMR 13C-13C corre-
lations after freeze-trapping these intermediates [Chimon 05, Chimon 07]. The spectra are
nearly identical to those recorded on mature fibrils indicating that the structural arrangement
in both forms is very similar.

Only few solid state NMR data exists on A3(1-42) fibrils. Homo- and heteronulcear
recoupling experiments showed that the (-sheets are parallel and in-register as observed
for AG(1-40) [Antzutkin 02]. Using additional data from other methods Lihrs et al. have
constructed a structural model, Figure 2b) [Lihrs 05]. Proton-deuterium exchange experi-
ments revealed two 3-strand regions ranging from residues Vig t0 Sy and I3; to A4, The
intersheet packing was investigated by mixing of several variants, including combinations that

recover wild-type fibril formation as monitored by electron microscopy. The resulting model

Figure 2: a) Structural model of A3(1-40) from Petkova et al. [Petkova 06], the basic building
block contains four (-strands formed by two monomeric units, strand one and two of the
monomeric units are given in red and blue, respectively. b) Structural model of A3(1-42)
from LiUhrs et al. [LUhrs 05], the basic building block contains two (-strands formed by a
single peptide, different monomers are given in different colours, the salt-bridge investigated
by mixing of several variants is indicated by black boxes.



contained only two (3-sheets. As in A3(1-40) the side chain contacts are intermolecular but
the register of the interaction between the two 3-strands is shifted by 10 A, thus showing a
different side chain packing in the core of the structure. A displacement along the fibril axis
of the 3-sheets with respect to each other by approximately the strand-strand distance was
observed.

In addition to these studies, structural data was also obtained on shorter A3-peptides.
The AB(10-35) peptide forms fibrils with an in-register parallel 3-sheet arrangement, similar to
the structure of the full length AS-peptides [Antzutkin 02]. A3(10-40) lacking the N-terminus
which is unstructured in the fibrils [Kheterpal 01] was used to show that fibrils grown under
different conditions with respect to pH, agitation, and seeding display different morphologies.
MAS NMR 3C-13C correlations indicated that different morphologies are related to different
registers of the strand-strand interaction [Paravastu 06]. Interestingly, amyloid fibrils formed
by AG(11-25) consist of just a single [-strand and contain an antiparallel (-sheet which
was revealed by MAS NMR spectroscopy [Petkova 04]. These investigations, in combination
with studies that show a strong dependence of fibril morphology on experimental conditions,

suggest that there might not be a unique structure of Ag-fibrils.

1.2.3 Prions

Prions are proteinaceous infectious particles (-on by analogy to virion) [Dobson 05] that cause
the transmissible spongiform encephalopathies which include the Creutzfeldt-Jakob disease
and Kuru in humans as well as scrapie and BSE in animals. All these disorders are associated
with amyloid formation of the prion protein and neuronal cell death [Harris 06]. Functional prion
formation is found in some fungi, and so far most structural studies on prion amyloid fibrils was
done on these functional prions (see below). In addition, many prion proteins have been
characterised in their soluble form [Lysek 05, Gossert 05, Calzolai 05].

Ure2p is a prion protein of Saccharomyces cerevisiae forming functional amyloid fibrils
that cause a certain metabolic phenotype of this yeast [Wickner 94]. The prion domain of
this 354-residue protein consists of the N-terminal 89 amino acids. Ure2p(10-39) is the most
highly conserved segment in this domain and was used in a MAS NMR study [Chan 05]. The
full prion domain Ure2p(1-89) was also investigated with this technique [Baxa 07]. These

studies revealed that amyloid fibrils formed from the N-terminal domain contain in-register



parallel 5-sheets. The domain is rich in asparagine and glutamine residues. Therefore, it was
suggested that in amyloid fibrils of Ure2p(1-89) these residues form polar zippers connecting
the monomeric units. Two structural models with a strand-turn-strand conformation were
postulated [Chan 05].

HET-s is the prion protein of the yeast Podospora anserina and is involved in heterokaryon
incompatibility, a mechanism that controls vegetative cell fusion [Saupe 00]. To date, the only
known high resolution amyloid fibril structure was obtained by MAS NMR spectroscopy on
fibrils formed by the prion domain of HET-s consisting of the C-terminal residues 218-289
[Wasmer 08]. In an earlier study, the -strand regions were derived from proton-deuterium
exchange experiments and solid state MAS NMR chemical shifts [Ritter 05]. In contrast to
other MAS NMR studies of amyloid fibrils, the observed lines are very narrow. Interestingly, in
CP-MAS spectra only 43 of the 78 residues were detected [Siemer 06b]. Most of the missing
residues were, however, observed using proton detection and solution NMR techniques,
indicating a high mobility in some parts of the protein [Siemer 06a]. In addition, the observed
chemical shifts suggest a random coil conformation of these residues which comprise the N
and C-terminus of the protein and residues in the loop regions. Recently, the HET-s(218-289)
structure at atomic resolution was presented [Wasmer 08]. The monomeric unit forms eight

short g-strands. Six of them are arranged in a manner similar to a left-handed (-helix or

Figure 3: Representations of the high resolution MAS NMR structure of HET-s(218-289),
a) backbone fold of five monomeric units, the single monomeric units are shown in different
colours, b) structural ensemble of a monomeric unit. From Wasmer et al. [Wasmer 08].
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(-solenoid with two coils per monomeric unit, Figure 3. Thereby, the 3-strands incorporated
in the same [3-sheet are pseudo repeats of each other. Between strands three and four a long

loop region, not incorporated in the fibril core, is observed.

1.2.4 Other amyloid systems: a-synuclein, 3,-microglobulin, and amylin

a-Synuclein is a natively unfolded 140-residue protein. In its amyloid form it is the main
component of the Lewy bodies, the intracellular inclusions in dopaminergic neurons found
in Parkinson’s disease patients [Cookson 05]. EPR (electron paramagnetic resonance)
studies indicate a central core region with parallel in-register -sheets [Der-Sarkissian 03] for
a-synuclein fibrils. In MAS NMR spectra remarkably narrow lines are observed [Heise 05a,
Kloepper 07]. In a study by Heise et al. [Heise 05a] two polymorphs were detected. Both
have a disordered N-terminus, an immobile core region, and a highly flexible C-terminus. 48
and 32 residues could be assigned in the core regions of the two polymorphs, respectively.
Secondary chemical shift analysis shows 3-strand conformation for most assigned residues in
the core region ranging from Lsg to Vgs. MAS NMR measurements at low temperature (-40°C)
by Kloepper et al. [Kloepper 07] revealed an increased sensitivity, probably due to a more
efficient cross polarisation transfer. In the region between T,, and Siy9, 44 residues were
assigned. Particularly strong signals were observed between residues Tg4-Kgg and Ags-Gos.
TALOS analysis revealed five -strands within these regions. Interestingly, in the samples

used in the course of this study only one polymorph was observed.

(B>-microglobulin is a part of the class | major histocompatibility complex (MHC) and forms
amyloid fibrils in dialysis-related amyloidosis [Naiki 97]. By digesting 3,-microglobulin the
22-residue K3-peptide is obtained which forms amyloid fibrils in vitro [Kozhukh 02]. MAS NMR
spectra recorded on these fibrils show relatively broad lines. Main chain signal assignment
revealed two (3-strands separated by a loop region. In addition, DARR correlations between
side chains of the two strands were observed. In combination with dihedral angles from
TALOS analysis they were used to determine a three dimensional structure. Based on inter
molecular contacts, two structural models were derived. They show a displacement of the
two 3-sheets with respect to each other along the main fibril axis by half the strand-strand
separation up or down, respectively. Structure calculations revealed that only the so-called

STAG(+1) arrangement was consistent with the experimental data [lwata 06], Figure 4.
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Figure 4: Structure of the K3-peptide form ,-microglobulin a) backbone representation of the
amyloid fibril and b) a monomeric unit. From Iwata et al. [lwata 06].

In the pancreas of 90% of the patients suffering from type two diabetes, depositions of the
37-residue islet amyloid peptide, also known as amylin, are found. It forms amyloid fibrils
in vitro which were studied by MAS NMR spectroscopy [Luca 07]. Relative broad lines,
comparable to the AF(1-40) peptide ([Petkova 02]), are observed. The assignment was
facilitated by selective labelling. From a TALOS analysis the presence of two -strands ranging
from Ag to Vi7 and Syg to Y37 was concluded. In addition, an inter strand side chain/side
chain contact (either D14/l56 Or F15/l57) was observed. Mass-per-length measurments indicated
that two monomeric units per strand-strand distance occur along the fibril axis. Using this
information and a C,-rotational symmetry around the fibril axis, two possible structural models
for the protofilament were suggested that are very similar to the A3(1-40) model developed by

Petkova et al. [Petkova 06].

1.2.5 Artificial amyloid systems

Some proteins and peptides form amyloid fibrils in vitro although they are not correlated to
diseases or functional amyloid formation, for example P13-SH3 (from the bovine phosphatidyl-
inositol-3’-kinase) [Ventura 04]. By inserting the short amyloidogenic peptide sequences,
STVIIE or KLVFFA, into the a-spectrin SH3 domain, amyloid formation can be triggered
[Esteras-Chopo 05]. Nevertheless, the modified domains were as stable as the wild type
domain. Proteolytic cleavage experiments showed that the amyloid core in these fibrils was
built by the inserted peptide stretches including some adjacent residues. The major part of the
protein was not incorporated. This study supports the "amyloid stretch hypothesis” stating that
the self-assembly of a polypeptide chain to an amyloid fibril can be triggered by a short highly

amyloidogenic stretch of amino acids. Also some polyaminoacids such as poly-E (74 kDa),
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poly-T (7.6 kDa), and poly-K (77.3 kDa) form amyloid fibrils stimulating discussions that the
amyloid fold might be a general property of the protein backbone [Fandrich 02].

1.2.6 A general amyloid fold?

In summary, the structural studies conducted on different amyloid systems within the size
range of 20 to 140 residues reveal at least two (-strands separated by a loop region
as the amyloid core. The (-strands are incorporated in parallel in-register (3-sheets that
interact with each other. So far, antiparallel 3-sheets were only observed for very short
polypeptide chains. In combination with the cross-{ diffraction pattern generally detected
for amyloid fibrils, these observations indicate that there is a general amyloid fold. However,
the sequence determinants of amyloid formation and how and if the different sequences can
be accommodated in a single structural model are still a matter of intense debate pending
on the determination of high resolution structures. Open questions are how the amyloid fold
compares to the (-helix, the -solenoid, and the steric zipper motifs. More precisely, the side
chain packing and the shift of the 3-sheets along the fibril axis with respect to each other need
to be elucidated for a range of amyloid systems. Furthermore, it is unclear how many (3-sheets
or groups of interacting 3-sheets constitute a protofilament and whether this varies among the

different systems.

1.3 CA150.WW2 - a WW-domain which can form amyloid fibrils

The WW-domain is a small ubiquitous protein module characterised by two highly conserved
tryptophans (donating its name) and one strictly conserved proline residue. It is one of
the simplest natural 3-sheet structures and folds extremely fast [Ferguson 01] into a three-
stranded antiparallel (3-sheet, binds usually proline-rich ligands and is involved in protein-
protein interactions. WW-domains are found in a wide range of structural, regulatory, and
signalling proteins [Sudol 96].

The second WW-domain of the human transcriptional activator CA150 (CA150.WW2,
from coactivator protein with apparent molecular mass of 150 kDa) [Sune 97] is in sequence
identical to the murine formin binding protein 28 (FBP28) [Chan 96] and forms amyloid fibrils
under physiological conditions [Ferguson 03]. The small size (37 residues) of CA150.WW2

and the wealth of kinetic and mutagenesis data obtained in the laboratory of Alan R. Fersht
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Figure 5: Backbone representation of the solution NMR structure of CA150.WW2 [Macias 00]
showing the three-stranded antiparallel 3-sheet.

and Neil Ferguson at the Medical Research Council (MRC) in Cambridge, UK, make it a good
model system for structural studies of amyloid fibrils. Its native fold was determined by Macias

et al. [Macias 00] and is shown in Figure 5.

Interestingly, increasing evidence indicates a role of CA150 in Huntington’s disease, a
dominantly inherited neurodegenerative disorder caused by the N-terminal expansion of a
glutamine repeat in huntingtin [Macdonald 93]. The N-terminal region of huntingtin forms intra
cellular inclusions in neurons [DiFiglia 97]. These deposits were shown to be amyloid-like
[McGowan 00] by Congo Red staining. A yeast two-hybrid interactor screen showed inter-
actions of CA150 with huntingtin involving the WW-domains of CA150 [Faber 98]. In the brain
of Huntington’s disease patients CA150 expression was found to be increased. In addition,
CA150 colocalises with huntingtin [Holbert 01] and an animal study indicated that CA150
disfunction might be an important factor that promotes the striatal cell death in Huntington’s
disease [Arango 06].

Here, CA150.WW2 amyloid fibrils were chosen for structural studies by MAS NMR
spectroscopy to widen the range of amyloid systems for which structural information is
available and to provide a high resolution structure. Thereby, MAS NMR techniques were
developed to deal with heterogeneous samples and to pave the way for structural analysis of

amyloid systems with increased line widths in MAS NMR spectra.
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2 Theoretical Background

2.1 Principles of NMR spectroscopy

In this section a brief summary on the theoretical background of the NMR experiments used
in this work is given. Complete presentations can be found e.g. in the reviews by Laws et al.
[Laws 02] and Baldus [Baldus 02] or in the textbooks by Levitt [Levitt 01] and Duer [Duer 04].

NMR spectroscopy can be used to probe the chemical environment and the dynamic
properties of atomic nuclei with a nuclear spin quantum number / > 0. It is thus a very
valuable tool when investigating chemical or biological systems on a molecular level. The
technique uses the interaction of the intrinsic magnetic moments of these nuclei, the so-called
nuclear spins, with an external magnetic field. This results in a splitting of nuclear energy
levels. Hence the nuclei can interact with electromagnetic waves in the radio frequency range.

Nuclei with a nuclear spin quantum number / > % so-called quadrupolar nuclei, have an
electric quadrupolar moment. The resulting quadrupolar interaction is very strong in com-
parison to the interaction of the magnetic moments with the external magnetic field and thus
complicates the spectra of these nuclei. Therefore, in biological NMR only nuclei with | = %
are used. The following theoretical considerations and experimental schemes are restricted
to these non-quadrupolar nuclei, Table 1. In addition, the so-called secular approximation will
be used throughout this work. It requires a large external magnetic field. Then the interaction
of the nuclear spins with this external field is strong and all other spin interactions can be

treated as perturbations. In the secular approximation only the zeroth order perturbations are

considered.

The nuclear spin is described by the magnetic moment operator 1 = (I, 1, 1,). In a macros-
copic sample, a large ensemble of spins has to be considered. The state of a spin ensemble

is described by the density operator p(t). The ensemble-averaged matrix elements are given

Isotope | Natural abundance | Gyromagnetic ratio in SLT * 100
H 100 % 267.522
13C 1.1 % 67.283
15N 0.37 % -27.126
sip 100 % 108.394

Table 1: | = % nuclei commonly used in NMR spectroscopy.
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by: p;(t) = ci(t)c;(t). The diagonal elements of this matrix are the eigenstates of the spin
system, whereas the off-diagonal elements are termed coherences. These coherences are
referred to as single quantum coherence, double quantum coherence, and so on, depending
on their distance from the diagonal. Due to the NMR selection rules only single quantum
coherences are observables. From the density matrix it is possible to understand and predict
the outcome of NMR experiments.

In the presence of a static magnetic field in the z-direction (B = (0,0, By)) the density
matrix in thermal equilibrium is proportional to the z-component of the nuclear magnetic
moment operator: p ~ 1,. The time dependence of the density matrix is given by the Liouville-

von-Neumann equation:
3:/t) = —i(H()p(t) - p(H)A(t)),

where F/(t) is the total energy operator of the system, the so-called Hamiltonian. Introducing
the propagator, U(t), a general solution of this differential equation is given by j(t) =
U(t)p(0)U~1(t). For a time-independent Hamiltonian an expression for {J(t) can be found
easily: U(t) = exp (—iHt).

In more complicated situations, however, approximations need to be used. Sometimes
it is for example possible to define a Hamiltonian that is piecewise constant in time. A very
powerful method to deal with such situations is the Average Hamiltonian theory which can be
applied when the Hamiltonian is cyclic. The obtained average Hamiltonian then describes the

state of the spin system after a complete cycle but not in between.

Based on the properties of classical magnetic moments the Hamiltonian can be directly written
down. The main interaction Hamiltonian, the so-called Zeeman Hamiltonian, Flz, describes the

interaction of the nuclear spins with the static magnetic field:
l:IZ = ’7;:’72 = WO,I\Zy

where v is the gyromagnetic ratio of the respective nuclei and h the reduced Planck’s
constant. Electromagnetic waves of the Larmor frequency, wy = ~h, are absorbed by the
nuclei — this process is termed nuclear magnetic resonance. NMR spectra of certain nuclei
can therefore be recorded by applying a radio frequency pulse at the Larmor frequency

to a sample in the magnetic field. This pulse changes the density matrix and can lead
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to detectable single quantum coherences. In other words, the longitudinal equilibrium
magnetisation along the magnetic field is changed and transverse magnetisation in a plane
perpendicular to the magnetic field is created which precesses around the z-axis with the
Larmor frequency. This induces voltages in the receiver coil. Before digitisation the received
signal is mixed with the radio frequency which was initially used to irradiate the sample (the
carrier frequency). Thus only deviations from this carrier frequency are sampled. The resulting
time-dependent spectrum is termed free induction decay (FID) and can be Fourier-transformed
into a frequency-dependent spectrum.

The Hamiltonian describing the interaction of the spins with a radiofrequency field of the

amplitude 2B, the frequency w,s, and the phase ¢ is given by:
I:Irf = 751(7x cos(p + wit) + i7y sin(p + wirt)).

Due to the internal referencing of the received radiofrequency, only the modulation by the offset

frequency wefr = wo — wr is visible in the FID.

In addition to the external interactions, the spins are influenced by their electrostatic
environment and by their neighbouring spins. The total Hamiltonian under the secular
approximation reads: I:I(t) = Hz + Hy + A, where the internal Hamiltonian, A, contains

several contributions: M = Hes + HAp + H;, which are described in the following paragraphs.

Chemical shift: An important interaction occurs between the spins and their electrostatic
environment. Variations in the electron density around each nucleus, e.g. due to chemical
bonds, lead to a shielding or deshielding of the external magnetic field. This results in a slightly
different local field at the place of the nucleus and thus in a different resonance frequency. The
effect is called chemical shielding and leads to a dispersion of resonance frequencies from
nuclei in different environments. This chemical shift is often characteristic for the chemical
entity in which a nucleus is incorporated. The chemical shielding is orientation dependent
which is described by the chemical shift tensor, o, that is diagonal in the principle axis frame

with the diagonal elements oy, oy, and o,,. The chemical shift Hamiltonian Acs is given by:

HCS = Bol = wOUZZIZy
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where o,, in the laboratory frame reads:

0
o8 = oo + 2£(3 cos® 3 — 1+ ncs sin? 3 cos 2a), (1)
Wo
with the isotropic chemical shift o, = %(axX + o, + 0,,), the anisotropy parameter

dcs = wo(0,, — 0iso), the asymmetry parameter ncs = % and the Euler angles 3 and

«, connecting the principle axis frame with the laboratory frame.

Dipolar coupling: The interaction of two spins with each other due to their magnetic moment
is called dipolar coupling. It is distance dependent and the corresponding dipolar Hamiltonian,

HAp, for each spin pair reads:

A 3cos?y — 1
Fip = —D = 2=

(272i72j - 7xilxj - 7yilyj)v (2)
where ¢ is the angle between the internuclear vector and the external magnetic field. The

dipolar coupling constant, D;;, depends on the distance, r;;, of the respective nuclei: D; =

pohiv;
4nrd
y

. In the heteronuclear case, due to the large differences in the resonance frequency of

different isotopes the Hamiltonian simplifies to:

N 3cos?¥ —1, ~ «
Hp = —Dijf(leilzj).

Scalar coupling: Nuclei which are connected with each other by chemical bonds interact
through their shared electrons. Neglecting the very week anisotropy of this scalar or J-coupling
and assuming a considerable chemical shift difference between the respective nuclei, the

Hamiltonian for a spin pair, H,, reads:

where J;; is the scalar coupling constant.

Relaxation: A spin system which has been disturbed, e.g. by a radio frequency pulse, will
evolve back to the equilibrium state. This process is termed relaxation. Two different types

of relaxation can be distinguished. The longitudinal, spin-lattice, or T;-relaxation leads to
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a build-up of equilibrium magnetisation along the z-axis. It is caused by the interaction of
the nuclear spins with small fluctuating magnetic fields that result from the motion and the
vibrations of the molecules. The transverse, spin-spin, or T,-relaxation describes the decrease
of the non-equilibrium transverse magnetisation. It is the main source for the decay of the FID
over time. Therefore, the line widths in NMR spectra depend crucially on 75, i.e. the longer
T, the narrower the line. The T,-relaxation arises from the loss of coherence among the
spins, precessing around the z-axis with the Larmor frequency, due to slight variations in the

magnetic field.

Phase cycling: Due to the small nuclear energy level separation NMR is an insensitive
method. To overcome this, generally many transients are recorded and added to increase
the signal-to-noise ratio. Before each repetition the spin systems need to return to equilibrium.
The relaxation time Ty, therefore, crucially affects the total time needed to record a spectrum.
When several transients are recorded, the signal averaging procedure can be used to remove
artefacts that occur due to imperfections in the experimental setup. Thereby radio frequency
pulses of different phases in subsequent transients are applied. This technique is referred to

as phase cycling. It can also be used to conveniently select desired coherence pathways.

Multidimensional spectroscopy: The spectral resolution can be increased by two or higher
dimensional spectroscopy. At the same time nuclei that interact with each other via the
described NMR interactions can be identified. Such spectra are recorded by the introduction
of indirect evolution periods. They are incremented and for each increment a direct FID is
recorded to sample the indirect FID. The multidimensional spectum is then obtained by Fourier-
transformation of all time dimensions. This technique is especially valuable in protein NMR to
obtain sufficient resolution. It is also essential when assigning spectra and to obtain structural

constraints (see section 2.3).

Isotopes: Protons are popular in NMR spectroscopy due to their high natural abundance in
combination with a large gyromagnetic ratio which results in strong signals. When investigating
proteins often additional nuclei have to be used to increase the spectral resolution. The
frequently employed *3C and '*N-nuclei, however, have a low natural abundance and a smaller

gyromagnetic ratio which often makes isotope enrichment mandatory. In addition, in solid state
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NMR spectroscopy the usage of the 'H-nucleus is very difficult due to its large anisotropic
interactions, see below. Therefore, with this technique mainly the 3C and the *N-nuclei are
used. In addition, often selective labelling schemes are applied to reduce the spectral overlap

and to simplify the assignment.

2.2 MAS NMR spectroscopy

In the solid state, the various internal interactions of the nuclear spins lead to broad lines
with complicated lineshapes. Hence, solid state NMR spectra are often difficult to interpret.
The main source of the observed broadening are the dipolar interaction and the chemical
shift anisotropy. However, from equation 2 follows that the influence of the dipolar coupling
vanishes when the internuclear vector of two spins with the external magnetic field adopts the
angle v = arccos \i@ = 54.74°. This holds also for the time-averaged dipolar tensor under fast
rotation of the sample, where 1 is then the angle between the rotation axis and the external
field. Therefore, fast rotation at the "magic angle” 54.74°, the so-called magic angle spinning
(MAS), removes the dipolar interactions. However, a prerequisite for complete removal of
the dipolar couplings is that the spinning frequency is much larger than the dipolar coupling
constant D. Due to the dependence of D on the gyromagnetic ratios of the involved nuclei
this is easier to achieve for low ~-nuclei. MAS results also in an averaging of the chemical
shift tensor. Hence, the asymmetry parameter n¢s in equation 1 vanishes and the anisotropic
part of the chemical shift interaction depends on cos? ) — 1 in analogy to the dipolar coupling
tensor. Thus the chemical shift anisotropy can also be removed by MAS and only the isotropic
contribution of the chemical shielding interaction remains.

Using standard MAS rotors (3-4 mm outer diameter) spinning frequencies of 10-20 kHz are
routinely achieved. They are sufficient to largely remove the chemical shift anisotropy for most
I = % nuclei and the dipolar couplings between low-vy nuclei such as **C or **N. Incomplete
averaging of the anisotropic NMR interactions due to low MAS frequencies results in additional
signals on both sides of the main signal. They are referred to as spinning side bands and occur
at multiples of the spinning frequency with respect to the centre signal.

Due to the strong proton-proton dipolar coupling MAS is generally not sufficient to record
high resolution *H-NMR spectra on samples with a high proton density. The influence

of this coupling can be removed or attenuated by deuteration or special pulse schemes.
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Nevertheless, decoupling of the homonuclear proton-proton interaction is experimentally
challenging and therefore low-vy nuclei are usually detected in MAS NMR studies. To increase
the signal-to-noise ratio in 3C or >N-detected experiments cross polarisation from the protons
is used to create excess magnetisation of these nuclei. In addition, the time between two
transients can be decreased in such experiments because the proton T;-relaxation is generally
faster than the 3C or ®N-relaxation. Furthermore, in MAS NMR spectroscopy a number
of experimental schemes are used to selectively reintroduce anisotropic interactions. In the
following paragraphs the most important MAS NMR techniques are described. They present

the basic building blocks of the experiments used in this work, see section 3.3.

Cross Polarisation (CP): The dipolar coupling between two types of nuclei, here | and S,
can be used to transfer magnetisation between them by applying radio frequency irradiation
on both channels so that the Hartmann-Hahn condition is fullfilled: wy = wys [Hartmann 62],
where wy; and wss are the nutation frequencies of the | and S spins, respectively. This leads
to cross polarisation which distributes the magnetisation equally between the two types of
nuclei. In a situation when | has transverse magnetisation and S the equilibrium longitudinal
magnetisation, for example after a 7-pulse on |, transfer of transverse magnetisation from S
to I occurs. For v larger than s the created magnetisation of the S spins is larger than their
equilibrium magnetisation. Thus, the cross polarisation scheme is routinely used to create 3C
or ®N-magnetisation in biological samples. In addition, the technique can be used to transfer
magnetisation between 3C and **N-nuclei in heteronuclear correlations.

Under MAS cross polarisation occurs at the so-called side band match conditions:
wy — wis = Fw,, 2w, [Wu 93]. These match conditions are generally quite narrow, but in
practice they are broadend by the application of a ramped contact pulse [Metz 94] on one of

the channels.

Decoupling: MAS is generally not sufficient to remove the proton homo- and heteronuclear
dipolar interactions, especially in biological material which contains many protons forming
a strongly coupled spin network. During the detection of low-v nuclei the heteronuclear
coupling to the proton network can be removed by the application of high power radio
frequency irradiation on the proton channel. This results in a fast interconversion between

the two proton spin states. If this rate of conversion is much larger than the heteronuclear
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dipolar coupling, the low-y nucleus experiences a vanishing dipolar coupling. The high power
decoupling performance can be improved by combining the continuous irradiation with phase
modulation. Several such phase modulation schemes have been developed, e.g. two-pulse
phase-modulation (TPPM) [Bennett 95], small phase incremental alternation with 64 steps
(SPINAL64) [Fung 00], or the XiX-scheme [Detken 02]. The performance of high power proton
decoupling schemes is restricted by the amount of power the probe and the sample can take
without damage. Special care has to be taken when investigating protein samples because
due to their high water content severe sample heating is often observed.

Proton homonuclear decoupling schemes are mandatory to achieve reasonable resolution
in heteronuclear correlations involving protons when investigating fully protonated samples.
A number of experimental homonuclear decoupling techniques have been developed,
e.g. the phase-modulated [Vinogradov 99] or frequency-switched [Bielecki 89] Lee-Goldberg
schemes. However, it is often difficult to achieve a sufficient decoupling performance. In
addition, scaling of the proton frequency axis reduces the spectral resolution. Another
approach to remove the strong proton-proton couplings is the reduction of the proton density
by partial deuteration. Partial deuteration, e.g. of non-exchangeable sites in proteins, can
also simplify the situation with respect to the heteronuclear decoupling performance. In this
case MAS can be sufficient to remove the heteronuclear dipolar couplings. For such samples

sometimes low power decoupling schemes are used to remove the J-couplings.

Spin diffusion: Dipolar coupled spins exchange longitudinal magnetisation which is
therefore distributed among the coupled spins in a spin system. This process is termed
spin diffusion. Under MAS it is generally attenuated and does not occur among low ~-nuclei
as their dipolar couplings are averaged to zero. However, strong couplings to a proton spin
network broaden the signals of low ~-nuclei and enable the exchange of magnetisation. This
process is referred to as proton-driven spin-diffusion (PDSD) [Szeverenyi 82] and can be
accelerated by irradiating the protons at the rotary resonance conditions (one or two times
the MAS frequency), a scheme referred to as dipolar-assisted rotational-resonance (DARR)
[Takegoshi 01]. The efficiency of the magnetisation transfer depends on the distance of the
involved nuclei and can be used to correlate nuclei which are close in space (e.g. up to 7-8 A
for 13C).
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Recoupling: The dipolar couplings that are removed by MAS can be reintroduced by
certain pulse schemes. Thereby a train of radio frequency pulses is used which inverts
the magnetisation every half rotor period. This results in an incomplete averaging of the
dipolar couplings and drives magnetisation transfer between the coupled spins. This can
either be done in a homo- or a heteronuclear fashion and is referred to as radio-frequency
driven recoupling (RFDR) [Bennett 92] or (transferred) rotational-echo double resonance
(TEDOR/REDOR) [Hing 92, Gullion 89], respectively.

2.3 Structure determination

NMR spectroscopy is ideally suited to collect structural information at atomic resolution
on complex systems, such as proteins, polymers, or inorganic materials. In the following
section the assignment and structure determination process of proteins will be described. A
prerequisite for studying proteins by NMR spectroscopy is a preparation that guarantees that
the protein is maintained in the conformation of interest throughout the series of experiments.
Examples are natively folded proteins in solution, protein crystals, and proteins in micelles or

proteoliposomes.

2.3.1 Assignment of solid state NMR spectra

To obtain site specific information from NMR spectra, the observed isotropic chemical shifts
(resonances) have to be assigned to the nuclei in the protein. In solid state NMR spectroscopy
complete assignment of small proteins has become possible only during the last decade,
and is still not routine. Examples are microcrystalline proteins of the «a-spectrin SH3
domain [Pauli 01], ubiquitin [Ilgumenova 04b], or the catabolite repression histidine-containing
phosphocarrier protein (Crh) from Bacillus subtilis [Béckmann 03], and the non-crystalline
amyloid fibrils of the HET-s prion protein [Siemer 06b]. Some larger membrane protein
systems could be partially assigned, such as sensory rhodopsin Il from Natronomonas
pharaonis (NpSRII) in proteoliposomes [Etzkorn 07] and the outer membrane protein G
(OmpG) from Escherichia coliin 2D crystalls [Hiller 08].

The established sequential assignment procedures are based on 3C-3C and '3C-1*N
correlations. A state of the art set of experiments has been assembled by e.g. Siemer

et al. [Siemer 06b]. It comprises NCA and NCO experiments which were extended by a
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DREAM scheme yielding N(CA)CB, N(CO)CA and N(CA)CO experiments which can also be
run in a three dimensional fashion. This set of experiments is completed by DREAM 13C-13C
correlations and CA;(NCO)CA,_; experiments. In ideal cases, these schemes can be extended
to record four dimensional spectra, which has been demonstrated by Franks et al. [Franks 07]
who recorded a CANCOCX experiment on GB1 (B1 domain of the G protein).

However, for such experimental schemes a sufficient signal-to-noise is mandatory. There-
fore, also special labelling schemes such as reverse (NpSRII [Etzkorn 07]) or selective (OmpG
[Hiller 08]) labelling have been applied to reduce the spectral overlap. In addition, the efficiency
of the NC-transfer is often poor, because it depends on the intrinsic mobility of the sample,
is very sensitive to the probe architecture, and weakened by high magnetic fields. As an
alternative assignment strategy, based on direct 13C-13C transfer, an approach was suggested

by Seidel et al. [Seidel 04] to identify neighbouring residues using Ca/Ca cross peaks.

2.3.2 Structural restraints and structure calculation

In many cases, first structural information can be quickly obtained from the dependence of the
chemical shifts on the protein backbone conformation. This correlation has been analysed
empirically and can provide dihedral angle restraits, e.g. by using the TALOS software
[Cornilescu 99]. However, these restraints are predictions and have to be used with care.
In addition, distance restraints can be collected from NMR experiments employing distance
dependent magnetisation transfer. In protein MAS NMR spectroscopy, spin diffusion is often
used to obtain correlations between nuclei distant in sequence. PDSD [Szeverenyi 82] or
DARR [Takegoshi 01] experiments are used to transfer magnetisation between low-v nuclei.
Spin diffusion among protons is probed, using nitrogen and carbon atoms for detection, in
CHHC or NHHC experiments [Lange 02]. In addition, experiments which recouple the dipolar
interaction, such as TEDOR [Hing 92] and REDOR [Gullion 89], can yield distance constraints
[Antzutkin 02]. Using these techniques in the last years a number of protein structures were
determined by MAS NMR, e.g. microcrystalline SH3 [Castellani 02] and ubiquitin [Zech 05]
or the scorpion toxin kalitoxin in its free state and bound to a chimeric potassium channel

(KecsA-Kv1.3) [Lange 06].

To calculate a protein structure from experimental constraints many software tools are

available. They can be based on force fields, e.g. XPLOR-NIH [Schwieters 03]. A forced
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heatup-cooldown annealing cycle is used to calculated a protein structure that is in accordance
with the experimental constraints. Several runs are performed to cover the energy landscape.
An ensemble of structures that are all in agreement with the experimental data is generated
and should represent the real structure. Other software uses a distance geometry approach,
where a distance matrix is employed to generate protein structures that are in agreement with
the experimental data, e.g. Diana [Braun 87].

Regardless of the computational method, a well defined structural ensemble is only
obtained if a large number of experimental constraints well distributed over the molecule
is available. Thereby distance restraints between residues distant in sequence (so-called

long-range constraints) are essential to obtain the correct overall fold.
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3 Experiments and Methods

3.1 Protein preparation

The samples of CA150.WW?2 studied in this work contained various isotope labelling pat-
terns, see Table 2. They were expressed and purified either by Neil Ferguson at the
MRC in Cambridge, UK (na-CA150.WW, u-CA150.WW2, 1,3-CA150.WW2, 2-CA150.WW2,
d-CA150.WW2, s-CA150.WW2), or by Anne Diehl and Martina Leidert at the FMP
(2-CA150.WW2, la-CA150.WW2, v-CA150.WW2, ta-CA150.WW2, n-CA150.WW2) following
the same protocol. The u-CA150.WW2 sample used for solution NMR studies was prepared

by myself.

Preparation Isotopically labelled compounds

na-CA150.WW2 | none

u-CA150.WW2 | u-3C-glucose, *NH,CI

1,3-CA150.WW2 | 1,3-13C-glycerol, 15NH,ClI

2-CA150.WW2 | 2-13C-glycerol, **NH,CI

d-CA150.WWw2 u-13C,2Hg-glucose, >NH,CI, D,O

s-CA150.WW2 | u-13C,'>N-Ala, u-13C,**N-Gly, 2,3-13C,'*N-Phe, 2,3-13C,!>N-Tyr
la-CA150.WW2 | 3,4-13C-Leu, 1-13C-Ala

v-CA150.WW2 | 2-13C-glycerol, natural abundant Phe, Leu, Lys, Tyr
ta-CA150.WW2 | u-3C-Thr, 1-13C-Ala

n-CA150.WW2 | 100% 2C-glucose, *NH,ClI

Table 2: List of CA150.WW?2 preparations with the isotopically labelled material used during
recombinant expression in Escherichia coli.

CA150.WW?2 Y19F was expressed in the Escherichia coli strains BL21(DE3) or Rosetta2 (both
from Novagen) using a pGAT2 expression vector [Peranen 96]. The vector was generated
by PCR (polymerase chain reaction) from the wild type construct (GenBank accession code
U40749, [Macias 00]), by Neil Ferguson, MRC, Cambridge, UK. This introduced an N-terminal
HIS (6*histidine) - GST (glutathione-S-transferase) extension which was subsequently
removed by proteolytic cleavage with thrombin yielding the desired domain including a short
N-terminal extension: GSM-CA150.WW2 Y19F. In the following, CA150.WW2 will always refer
to this 40-residue construct (4.77 kDa): GSM GATAVSEWTE YKTADGKTFY YNNRTLESTW
EKPQELK. The sequence numbering used in this work ranges from -2 to 0 for the GSM
extension and from 1 to 37 for the WW-domain.

Here, the protocol used by myself is described. It relies on the wealth of experience gained
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by Neil Ferguson, Anne Diehl, and Martina Leidert on this system. The protocol varied slightly

for the different preparations, see below.

3.1.1 Expression protocol

The vector was transformed into the Escherichia coli strain Rosetta2. A clone which showed
expression of CA150.WW2 in rich as well as in minimal media was chosen for an overnight
starter culture in rich medium at 37°C. All media contained the antibiotics chloramphinicol
(3.4 pg/mL) and carbenicillin (60 pg/mL). In some of the other preparations, the BL21(DES3)
strain was used which showed similar levels of expression. Generally, expression was better
when freshly transformed cells were used. 2 L of rich medium were seeded to yield an optical
density of ~ 0.1 at 600 nm. At 37°C the cultures were grown to an optical density of ~ 0.7,
then the cells were condensed by centrifugation at 750 g for 20 minutes. The pellets were
resuspended in 1 L M9-medium containing 2 g **C-glucose and 1 g **NH,CI. This change from
rich to minimal medium [Marley 01] reduces the consumption of isotopically enriched reagents
and has been done in most preparations, but is not strictly necessary. Proteins with a different
isotope labelling pattern, Table 2, were obtained using other isotopically labelled compounds in
concentrations of 2 g/L glycerol and 0.2 g/L labelled or unlabelled amino acids. In preparations
with isotopically labelled amino acids, the remaining standard amino acids were added to
the medium in natural abundance to suppress the bacterial metabolism of the amino acids.
For the preparation of the deuterated sample, the expression was done in D,O-medium. All
subsequent steps were carried out in buffers containing H,O, thus leaving deuterium atoms
only at non-exchangeable sites in the protein. After one hour in minimal medium the culture
was induced with IPTG (isopropyl (3-D-1-thiogalactopyranoside). Expression was done over
night at 25°C or in some other cases at 30°C. Cells were harvested by centrifugation (5000 @)
at 8°C, washed with 150 mM NacCl solution, and stored at -80°C when purification could not

be done immediately.

3.1.2 Purification protocol

The cell pellet was suspended in a buffer (phosphate, HEPES, or Tris/HCI) at pH 8.0 containing
EDTE-free protease inhibitors, benzonase, and 1 mM MgCl,. The cells were ruptured in

a homogenisation machine. In other cases, french press or sonification was used. After
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centrifugation (58500 g) the lysate was purified using a Ni-affinity column in a phosphate
buffer system at pH 8.0. In other preparations HEPES or Tris/HCI buffers were used. The
protein containing fractions were pooled and concentrated. GST was cleaved by incubation
with thrombin (100 units/20 mg fusion protein) at 8°C. After filtration the digest solution was
applied to a gel filtration column (Superdex 75, GE Healthcare) using a 200 mM (NH;)HCO,
solution. The CA150.WW2 containing fractions were pooled and lyophilisated to yield 2.3 mg
of protein. Generally, the preparations yielded between 2 and 10 mg CA150.WW?2 per litre
minimal medium. The identity of the purified protein and the isotope labelling were confirmed
by MALDI (matrix-assisted laser desorption/ionization) mass spectrometry. However, the gel
filtration step was not completely reproducible between the two laboratories involved despite
the usage of the same column from the same vendor. While the preparations at the MRC
in Cambridge yielded nearly salt free CA150.WW2, at the FMP some other compounds
eluted together with the protein. Solution NMR analysis showed that these non-proteinatious
components contained large amounts of Tris, when a Tris/HCI buffer was used for Ni-affinity
chromatography. Using the phosphate buffer system, large amounts of imidazole were eluted
together with CA150.WW2.

3.2 CA150.WWa2 fibrillation and solid state NMR sample preparation

The fibrillation procedure of CA150.WW2 amyloid fibrils was established by Neil Ferguson at
the MRC in Cambridge [Ferguson 03]. An overview on the prepared solid state samples is
given in Table 3. They were prepared in Cambridge and | was involved in the preparation of
vlI-CA150.WW2 and nta-CA150.WW?2 during a visit there.

Solid state NMR sample Protein preparation MAS rotor
u-CA150.WwW2 u-CA150.wWwe 3.2mm
1,3-CA150.WW2 1,3-CA150.Ww2 4.0 mm
2-CA150.WW2 2-CA150.wWw2 4.0 mm
d-CA150.WW2 d-CA150.ww2 3.2 mm
s-CA150.WW2 s-CA150.wWw2 3.2mm
2dil-CA150.WW?2 20% 2-CA150.WW2 and 80% na-CA150.WW2 | 3.2 mm
vI-CA150.WW?2 40% v-CA150.WW2 and 60% la-CA150.WW2 3.2 mm
nta-CA150.WW?2 50% n-CA150.WW2 and 50% ta-CA150.WW2 | 3.2 mm

Table 3: Solid state NMR samples used in this work, the isotope labelling of the protein
preparations is given in Table 2.
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Figure 6: Growth curve of d-CA150.WW2 amyloid fibrils.

In order to grow amyloid fibrils lyophilisated protein was dissolved on ice over one hour in
10 mM sodium phosphate buffer pH 7.0 with 0.02% w/v NaNs. Then the solution was treated
briefly in an ultrasonic bath to ensure complete dissolution. The protein concentration was
determined from the absorbance at 280 nm. This value was corrected for the scattering
contribution which was estimated by extrapolaiting the absorbance between 320 and 350 nm
to 280 nm. The protein solutions were then diluted to a concentration of 100 M. The solutions
were incubated in sealed cuvettes, 3.5 ml each, at 37°C and continuously agitated by a rapidly
moving stirring bar. To avoid seeding, new stirring bars and cuvettes were used for each
preparation. Fibril growth was monitored by the absorbance at 350 nm. Figure 6 shows an
example growth curve, recorded during the preparation of d-CA150.WW2. An initial lag time,
typical for the nucleation process in amyloid formation, was followed by rapid fibril growth until
the absorbance reached a plateau after eight hours. The fibril suspensions were kept at these
conditions for a further six days to obtain mature amyloid fibrils. They were harvested by

centrifugation, resuspended in little buffer, and stored at -80°C.

At the MRC in Cambridge, Thioflavin T staining of CA150.WW2 amyloid fibrils was investigated
with an Amincon-Bowman SLM series 2 luminescence spectrometer (SLM Instruments,
Urbana, IL). Samples were excited at 440 nm and their emission was recorded at 460 to
650 nm. Preformed fibrils were added to a 65 M thioflavin T solution, both in 20 mM
sodium phosphate buffer at pH 7.0. A strong increase in the emission intensity at 482 nm

was characteristic for amyloid formation [LeVine 93]. Low-dose uranyl acetate cryoelectron
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micrographs and optical diffraction pattern were recorded on a FEI G2 F20 field emission gun

electron microscope at 200 keV by John Berriman at the SBC in New York.

To fill the MAS rotors, the samples were thawed and concentrated by centrifugation. This was
done by gradually increasing the centrifugal force on the samples from 5000 to 60000 g over
5-6 steps. Before each increase of the spinning frequency, the supernatant was removed. For
each fibril preparation around 15 mg of protein was centrifuged into MAS rotors with an outer
diameter of 4.0 or 3.2 mm, see Table 3. The larger rotors contained spacers which insured that
the sample was positioned in the rotor centre. Before and between NMR measurements the
samples were stored in their MAS rotors at 4°C. Fibrils which were produced from protein
preparations containing large amounts of salt (vI-CA150.WW2 and nt-CA150.WW2) were

washed with the fibrillation buffer before the final concentration steps.

3.3 NMR spectroscopy
3.3.1 Solution state NMR experiments

u-CA150.WW2 was dissolved in 600 pl 20 mM sodium phosphate buffer, pH 7.0, containing
10% D,0O and 0.02% w/v NaNs3 to yield a 0.8 mM solution. On a Bruker DRX 600 MHz
spectrometer equipped with a cryo-probe the following experiments were recorded at 285 K:
2D-HSQC, 3D-HN(CO)CACB, 3C-HNCACB, 3D-HNCO, 3D-HN(CO)CC-TOCSY. Pulsed field
gradients were employed for water suppression and the experimental schemes by Sattler et

al. [Sattler 99] were used.

3.3.2 MAS NMR experiments

A large number of different MAS NMR experiments were recorded on the different samples at
magnetic fields ranging from 400 to 900 MHz. Each experimental scheme is briefly described
here, base on the building blocks discussed in section 2. The employed pulse sequences are
shown in Figure 7, with the exception of the 2D-TEDOR and 3D-HNC-TEDOR experiments
which are given in Figure 18 on page 58. If not stated otherwise, all spectra were recorded
using ramped cross polarisation from protons (~ 60 kHz) to 3C or >N during 750-2000 s;
high power proton TPPM [Bennett 95] or SPINAL64 [Fung 00] decoupling at 80-85 kHz during

recoupling pulse trains, direct, and indirect evolution; a nominal temperature of 285 K; and a
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recycle delay of 3 s. The applied phase cycling schemes are given in the caption of Figure 7.

Table 4 lists the recorded MAS NMR experiments.

PDSD/DARR: After CP-excitation and !3C-evolution, longitudinal '3C-magnetisation is
created by a 7-pulse. During t.;, PDSD [Szeverenyi 82] or DARR mixing [Takegoshi 01]
follows before another 3C 5-pulse and detection. DARR irradiation was done at the wparr =

w, condition.

RFDR: '*C-magnetisation is excited directly by a '*C Z-pulse. Bracketed by a pair of *C
Z-pulses, a radio-frequency driven recoupling (RFDR) [Bennett 92] pulse train is used during
tmix to recouple the 3C homonuclear dipolar couplings. Then 3C-magnetisation is detected.
A recycle delay of 5 s was used. In this work the sequence was only applied to the deuterated
sample (d-CA150.WW2) at 20 kHz MAS. Therefore, only low power proton decoupling was
applied during evolution and recoupling periods using the WALTZ16 scheme [Shaka 83] at
5 kHz.

NCA/NCO and NCACX/NCOCX: After CP-excitation of 1*N-magnetisation and *N-evolution
the magnetisation is transferred to carbon by a selective cross polarisation step. This was
established either by SPECIFIC CP [Baldus 98] or an adiabatic-passage CP [Baldus 96].
Depending on the frequency offset of the *3C-irradiation this results in selective magnetisation
transfer to the CO or the Ca-sites. NCA or NCO spectra are obtained by detecting this
13C-magnetisation. NCACX or NCOCX spectra are recorded by inserting a PDSD step before

detection.

NHC: Nitrogen and carbon atoms can be correlated via protons which are close to
both nuclei. Here, the scheme introduced by Etzkorn et al. [Etzkorn 04] was used.
15N-magnetisation was generated by CP followed by '°N-evolution. After a z-filter, a short
CP-step is used to transfer magnetisation to the protons directly connected to nitrogen sites.

A final CP step is applied to transfer magnetisation from these protons to nearby 3C-sites.

HC/HN: The HC or HN experiments are started with a proton evolution period which is

followed by a CP-transfer from the protons to the *C or ®N-nuclei, respectively. These
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Figure 7: Pulse sequences used in this work with the exception of the TEDOR pulse
sequences which are given in Figure 18 on page 58. t; and t, are the direct or indirect
evolution times, filled bares represent 7-pulses, open bars 7w-pulses. Decoupling times
are indicated by DC-boxes, all other boxes represent CP-irradiation. 7 is the length of a
rotor period, t.x is a mixing time and t, is a water dephasing period. The phase that
is incremented during TPPI (Time-Proportional Phase Incrementation) [Marion 83] indirect
detection is indicated by an asterisk. PDSD/DARR: Proton irradiation during t,x was only
applied for DARR experiments, ¢1 = yy, ¢ = Xxxxx XXxXX XXXX XXXX, (3 = YyXX YyXX,
D3 = YYYY XXXX, Grec = XXXX YYYY XXXX yYYyy, m-pulses yxyx xyxy; NCA/O(CX): Detection
directly after the 13C CP-pulse yield NCA/O spectra, NCA/OCX spectra are recorded using the
full sequence, @1 = yy, ¢r = XXXX, ¢3 = XXXX XXXX, QSZICA/O = XXXX Xxxx, pNA/O
s = XXXX, @5 =YY, P6 = YYYY XXXX YYYYiXXXX, Qrec = XXXX YYYy XXXX YYY¥;
NHC: o1 = yyyy yyyy yyyy yyyy YWy YV YWY YV, ¢2 = Yy, ¢3 = Xxyy XXy,
Pa = XXYY XXYY XXYY XXYY, Prec = XXYY XXYY XXyy XXyy Xxyy xxyy xxyy xxyy; HG/HN:
1 =YY, 92 = XXXX YYYY, Prec = XXXX yyyy; NH: 01 = yyyy, ¢o =Yy, drec = y¥yyy.

= XXXX,
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2D 13C-13C correlations
Experimental . i 1 Result
scheme Sample tmix MAS-frequency | “H-frequency section
u-CA150.WwW2* 20 ms 10.5 kHz 900 MHz 4.2
u-CA150.WwW2* | 100 ms 10.5 kHz 900 MHz 4.3.2
1,3-CA150.WW2 20 ms 10.5 kHz 900 MHz 4.2
1,3-CA150.WW2 | 100 ms 12.0 kHz 700 MHz 4.3.2
1,3-CA150.WW2* | 100 ms 11.0 kHz 900 MHz 4.3.2
1,3-CA150.WW2 | 200 ms 10.5 kHz 900 MHz 4.3.2
2-CA150.WWwW2 20 ms 10.5 kHz 900 MHz 4.2
PDSD 2-CA150.Ww2 100 ms 12.0 kHz 700 MHz 4.3.2
2-CA150.WwW2 100 ms 10.5 kHz 900 MHz 4.3.2
2-CA150.WW2 200 ms 10.5 kHz 900 MHz 4.3.2
2-CA150.Ww2 400 ms 10.5 kHz 900 MHz 45.2
d-CA150.WW2 20 ms 10.5 kHz 900 MHz 4.2
s-CA150.WW2 20 ms 10.5 kHz 900 MHz 4.3.2
2dil-CA150.WW2 | 400 ms 10.5 kHz 900 MHz 4.7 1
vI-CA150.WW2 | 400 ms 10.5 kHz 900 MHz 4.7.1
1,3-CA150.WW2 | 400 ms 10.5 kHz 900 MHz 4.3.2
1,3-CA150.WW2 | 700 ms 12.0 kHz 700 MHz 452
DARR 2-CA150.WwW2 700 ms 12.0 kHz 700 MHz 4.3.2
d-CA150.WwW2 400 ms 10.5 kHz 900 MHz 4.3.2
d-CA150.WwW2 700 ms 10.5 kHz 900 MHz 4.3.2
REDR d-CA150.WwW2 1.2ms 20.0 kHz 900 MHz 4.2
d-CA150.WWwW2 4.8 ms 20.0 kHz 900 MHz 4.3.2
2D 5N 13C-correlations
Experimental . i 1 Result
cheme Sample tmix MAS-frequency | “H-frequency section
NCA 1,3-CA150.WW2 - 10.0 kHz 400 MHz 4.2
NCO 1,3-CA150.WW2 - 10.0 kHz 400 MHz 4.2
NCACX 1,3-CA150.WW2 | 100 ms 10.0 kHz 400 MHz 4.2
NCOCX 1,3-CA150.WW2 | 100 ms 10.0 kHz 400 MHz 4.2
2-CA150.Ww2 1.6 ms 10.0 kHz 400 MHz 4.2
TEDOR 2-CA150.WwW2 12.8 ms 10.0 kHz 400 MHz 452
d-CA150.WwW2 0.8 ms 10.0 kHz 900 MHz 4.2
Other experiments
EXES;';nr:QtaI Sample tcp/mix | MAS-frequency IH-frequency sii?iléla
HC d-CA150.Ww2 1.0 ms 20.0 kHz 600 MHz 4.3.3
HN d-CA150.WW2 2.0 ms 20.0 kHz 900 MHz 4.3.3
NH-Zilm d-CA150.WwW2 1.0 ms 20.0 kHz 900 MHz 4.3.3
HNC-TEDOR d-CA150.WwW2 1.2ms 20.0 kHz 600 MHz 4.3.4
NHC nta-CA150.WW2 | 2.0 ms 10.0 kHz 400 MHz 4.7.1

Table 4: Overview on the solid state NMR experiments described in this work, * indicates
spectra that were recorded by Jeremy Flinders.
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experiments were recorded on the deuterated sample (d-CA150.WW2) at 20 kHz MAS, and
thus no high power proton decoupling was used. The WALTZ16 scheme [Shaka 83] at 5 kHz

was applied to the 13C, the °N, or the *H-channel during indirect and direct evolution.

'H-detected NH: This experiment relies on 20 kHz MAS and deuteration for proton-proton
decoupling during direct detection and employed the scheme by Paulson et al. [Paulson 03]
for water suppression. >N-magnetisation is created by cross polarisation and then during *°N-
evolution high power proton decoupling is applied. After evolution, longitudinal *N-magneti-
sation is created but decoupling continues, to run the experiment in a constant time fashion.
Then high power proton decoupling is switched off to dephase the water magnetisation during
t,, typically 4 ms. Finally, °N-magnetisation is transferred back to the transverse plane and
a cross polarisation step creates 'H-magnetisation. Low power decoupling is applied on the

15N-channel during proton detection.

2D-NC-TEDOR: The TEDOR experiment follows the schemes published by Michal et al.
[Michal 97] and Jaroniec et al. [Jaroniec 00]. 3C-magnetisation is transferred to N by a
REDOR pulse train [Gullion 89] during tmix followed by a pair of Z-pulses on the *C and the
15N-channels. After 1>N-evolution the magnetisation is transferred back to 3C for detection by
a second pair of 7-pulses and another REDOR pulse train. The symmetric arrangement of
the pulse trains refocuses the *C homonuclear dipolar couplings which leads to an efficient

REDOR transfer when applied to multiply labelled samples.

3D-HNC-TEDOR: In the course of this work, a three-dimensional HNC-TEDOR experiment,
including a proton dimension, was assembled. The experiment is described in detail in

section 4.3.4 on page 57.

3.4 Data analysis and structure calculation

The H-chemical shift in the solution NMR spectra was referenced externally to DSS
(2,2-dimethyl-2-silapentane-5-sulfonic acid) and was then used for indirect referencing of the
13C and N-dimensions [Wishart 95]. 13C-referencing of the solid state MAS NMR spectra

was done externally using the upfield signal in the adamantane spectrum at 31.5 ppm which

34



corresponds to a referencing to DSS [Morcombe 03]. From that °N was referenced indirectly
[Wishart 95]. 'H-referencing was done using the water signal at 4.8 ppm.

NMR spectra were acquired and processed with XWINNMR 2.6, TOPSPIN 1.3, or
TOPSPIN 2.0 (all Bruker, Karlsruhe, Germany). The assignment was done with CCPN
analysis [Vranken 05], and figures showing NMR spectra were produced with Sparky 3.1 (T. D.
Goddard, D. G. Keller, University of California, San Francisco, USA). Chemical shift analysis
was done with TALOS [Cornilescu 99].

Fibril structures were calculated using Xplor-NIH 2.16 [Schwieters 03]. To calculate an
oligomeric fibril, translational symmetry was enforced between the monomeric units. For each

structure calculation 200 runs were done and 1000 cycles were used for annealing.
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4 Results

In this work, structure determination of CA150.WW2 Y19F amyloid fibrils by MAS NMR is
described. Fibrils formed by the CA150.WW2 Y19F variant were selected for the struc-
tural studies based on their morphology, fibrillation kinetics, and initial NMR experiments,
section 4.1. In the following, CA150.WW?2 refers to this variant if not stated otherwise. By
recombinant expression in Escherichia coli, a set of differently isotopically labelled samples
was prepared. The MAS NMR spectra showed intermediate line widths compared to other
amyloid fibrils, section 4.2. Due to the low resolution in 3C-1*N correlations the assignment
of the spectra using established procedures [Pauli 01, Siemer 06a] was hindered. Instead,
an alternative strategy was developed making use of the isotope labelling pattern in glycerol-
labelled samples to establish a sequential assignment using *C-13C correlations, section 4.3.
Furthermore, 3C-13C correlations of a triply labelled sample (*H,*3C,**N-labelled, 'H back-
exchanged) were employed and showed improved line widths. This sample was also used
in a new NMR experiment (HNC-TEDOR) for the assignment of 35% of the amide nitrogen
and amide proton sites. The backbone assignment of the natively folded CA150.WW?2 in
solution was determined for comparison of the WW with the amyloid fold, section 4.4. In
spectra of CA150.WW2 amyloid fibrils, long-range distance constraints were obtained from
13C-13C correlations with long mixing times. A salt-bridge was detected by a two dimensional
TEDOR experiment, section 4.5. These constraints were combined with data from TALOS
dihedral angle predictions, electron microscopy, and alanine scanning to determine the fold
of the monomeric unit in CA150.WW2 amyloid fibrils, section 4.6. Quaternary contacts were
probed using mixtures of differently isotopically labelled samples. Finally, three CA150.WW2

amyloid fibril structures with slightly different geometries were calculated, section 4.7.

4.1 The CA150.WW2 Y19F variant and MAS NMR sample preparation

The preparation of conformationally homogeneous samples is crucial for protein structure
determination. This is of particular importance when investigating amyloid fibrils, because they
often show various morphologies in electron micrographs and are inherently non-crystalline.
Initial MAS NMR studies on fibrils formed by the wild type CA150.WW?2, yielded spectra with

broad lines indicating such sample heterogeneities. Different morphologies and structural
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a) CA150.WW2 Y19F b) CA150.WW2 wild type

Figure 8: Low-dose uranyl acetate electron micrographs of negatively stained CA150.WW?2 a)
Y19F and b) wild type fibrils, scale bars are 100 nm and 200 nm, respectively.

homogeneity can be triggered by small sequence variations like point mutations or truncation
of terminal residues. Therefore, a number of CA150.WW2 variants (alanine and glycine
mutants, and tyrosine or tryptophan to phenylalanine mutants [Petrovich 06]) were investigated
by Neil Ferguson and Henning Tidow at the MRC in Cambridge, UK, concerning their suitability
for MAS NMR studies. The morphologies of the fibrils of these variants grown at 37°C and
pH 7.0 were monitored by electron microscopy by John Berriman at the New York Structural
Biology Center. Especially large and homogeneous fibrils were formed by the Y19F variant,
Figure 8a). They build large tubular associations which comprise about hundred protofilaments
[Ferguson 06]. In contrast, in case of wild type CA150.WW2, 3-18 protofilaments associate
laterally to form a twisted ribbon [Ferguson 03], see Figure 8b). The large regular structure of
the Y19F fibrils indicates that the single protofilaments are in a highly ordered environment. In
addition, their fibrillation kinetic was found to be extremely reproducible (oral communication
Neil Ferguson). The cross-( optical diffraction pattern of oriented Y19F tubes, see Figure 22
on page 66, and their staining reaction with thioflavin T showed that they are indeed amyloid
fibrils. Most importantly, MAS NMR spectra of the CA150.WW2 Y19F fibrils showed signals
with an improved line width compared to those of the wild type fibrils. As a result of these initial

studies, the Y19F variant was chosen for the structural investigations by MAS NMR.

For these studies, isotopically labelled CA150.WW2 was prepared by recombinant expression
as a GST fusion protein in Escherichia coli (section 3.1.1). During purification (section 3.1.2)
GST was cleaved leaving a small N-terminal extension (GSM). Several differently labelled
samples were prepared. A uniformly 3C,'>N-labelled sample (u-CA150.WW2) was used
to assess the suitability of the CA150.WW2 fibril preparation for MAS NMR studies. To

simplify the assignment procedure and facilitate the collection of long range distance restraints,
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two samples, 1,3-CA150.WW2 and 2-CA150.WW2, were prepared from bacteria grown on
15NH,CI and 1,3-13C-glycerol or 2-13C-glycerol as the only nitrogen and carbon sources,
respectively. In addition, a 2H,'3C,'®N-labelled, 'H back-exchanged sample (d-CA150.WW2)
was prepared to facilitate proton MAS NMR spectroscopy and to ease proton-carbon
decoupling.

To address specific questions with respect to the assignment, structural homogeneity
(section 4.3), and the quaternary structural arrangement (section 4.7.1), specifically labelled
fibrils and fibrils from mixtures of differently labelled proteins were prepared. s-CA150.WW2
was selectively labelled by feeding the bacteria u-*C,**N-alanine, u-'3C,**N-glycine, 2,3-13C,
15N-phenylalanine, and 2,3-13C,'®N-tyrosine. Another sample, 2dil-CA150.WW2, was pre-
pared by diluting the fibrillation solution of 2-13C-glycerol-labelled CA150.WW?2 with unlabelled
CA150.WW?2 in a 1:4 ratio. vI-CA150.WW2 is also a mixture (2:3) of two differently labelled
peptides: a mainly 2,3-13C-valine-labelled sample (made by reverse labelling of a 2-13C-
glycerol sample with unlabelled phenylalanine, leucine, lysine, and tyrosine) was mixed with
selectively 1-'3C-alanine, 3,4-1*C-leucine labelled CA150.WW2. Finally the mixed sample
nta-CA150.WW2 was prepared from ®N-CA150.WW2 and u-!3C-threonine, 1-'3C-alanine
selectively labelled CA150.WW2 in a 1:1 ratio. An overview on all employed MAS NMR

samples is given in Table 3 on page 28.

4.2 Initial characterisation of CA150.WW?2 fibrils by MAS NMR

The suitability and the reproducibility of the CA150.WW2 amyloid sample preparation was
investigated by MAS NMR 13C-13C correlations. These spectra can be recorded using different
excitation schemes which vary with respect to their dependence on the mobility in the sample.
CP-transfer from the protons to the carbons is only efficient for rigid parts of the sample,
whereas extremely mobile residues are detectable employing solution NMR methods such as
INEPT, which was shown for HET-s fibrils [Siemer 06a]. Direct excitation of the 3C-nuclei is
not sensitive to the mobility within the sample, but suffers from the low gyromagnetic ratio of
the 13C-nucleus and its long T;-relaxation times.

The CP-transfer scheme is most efficient for the immobile residues in the amyloid core
region. It was used to record 20 ms '3C-13C PDSD spectra on the samples u-CA150.WW2,
1,3-CA150.WW2, and 2-CA150.WW2 at 10.5 kHz MAS, see Figure 9a-c). At this short mixing
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a) u-CA150.WW2 (CP-PDSD) b) 1,3-CA150.WW2 (CP-PDSD) c) 2-CA150.WW?2 (CP-PDSD)
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Figure 9: 3C-13C correlation spectra from differently labelled samples. a-d) CP-PDSD
experiments with a mixing times of 20 ms at 10.5 kHz MAS. e) 1.2 ms RFDR spectrum with
direct excitation at 20 kHz MAS.

time only correlations between signals from sites very close in space, i.e. intra residue, are
expected. The spectrum of u-CA150.WW2 shows a large number of such cross peaks. Many
of them strongly overlap, see region between 45-20 and 50-60 ppm in Figure 9a), despite the
small size of the protein. The observed line width is relatively large compared to crystalline
proteins such as SH3 [Pauli 01] or ubiquitin [lgumenova 04a). With respect to other amyloid
fibrils (see section 1.2), however, the line width is in an intermediate range. The cross peak
patterns of the threonine, serine, valine, alanine, and proline residues can be identified directly
on the basis of their characteristic chemical shifts, see Figure 9a). The spectrum did not
show signs of peak doubling for these residues, but the sequential assignment procedure
revealed signal splitting for a threonine and a serine residue, see section 4.3. In general,

and taking the cross peak pattern into account, the spectra recorded on 1,3-CA150.WW2
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and 2-CA150.WW2 amyloid fibrils compare well with the spectrum of u-CA150.WW?2 fibrils,
showing good reproducibility of sample preparation. This, together with the observed line
widths, indicates that the sample preparation is suitable for structural studies.

CP and PDSD transfers both depend on the strong proton-carbon dipolar coupling present
in biological samples. However, the deuterated sample d-CA150.WW?2 is only protonated at
the exchangeable sites. Due to this dilution of the proton spins the proton-carbon dipolar
coupling is reduced by MAS to a larger extent which makes CP and PDSD-transfers less
efficient. Figure 9d) shows a 20 ms CP-PDSD spectrum recorded on d-CA150.WW2 at
10.5 kHz MAS. Off-diagonal cross peaks are observed despite the low abundance of protons
in this sample. They appear mainly from carbon atoms in the vicinity of a proton, such as the
Ca and Cf-sites near the amide proton or side chain atoms close to an exchangeable site
as for example in serine, threonine, or lysine. At higher spinning frequencies, e.g. 20 kHz,
no off-diagonal signals occur in d-CA150.WW2 PDSD spectra. The cross peak positions
in spectra of d-CA150.WW2 vary from those in the other samples due to the isotope effect
[Hansen 00] that causes a decrease in the carbon chemical shift depending on the number of
2H-nuclei at the respective carbon site.

Interestingly, in comparison with the protonated samples the line width of most cross peaks
is significantly reduced in the spectra recorded on d-CA150.WW2. This might be due to either
the low amount of protons in the sample which eases decoupling or differences in the dynamic
behaviour in this sample. A different structural arrangement was excluded on the basis of the
chemical shifts which, taking the isotope effect into account, are very similar for the protonated
and the deuterated samples. Another difference to the spectra of the protonated samples
is the occurrence of signals from an additional serine residue. In the protonated samples
these signals might be broadened beyond detection, possibly due to dynamic properties that

interfere with the proton-carbon decoupling.

Signals from mobile residues suffer from a low CP-transfer efficiency. In order to detect them,
a direct excitation spectrum was recorded on d-CA150.WW?2, Figure 9¢e). 20 kHz MAS was
used which to a large extent reduces the proton-carbon couplings and sufficient decoupling
can be achieved by a low power proton decoupling scheme (5 kHz WALTZ16). A 1.2 ms
RFDR pulse train was used for 13C-13C mixing. The spectrum shows narrow lines and some

signals exhibit line widths even smaller than in the CP-PDSD spectrum of d-CA150.WW2,
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Figure 10: Overlay of the direct excitation RFDR spectrum (black) with the CP-PDSD spectum
(red), both recorded on d-CA150.WW2. The black arrows indicate cross peaks which show
remarkably narrow lines in the direct excitation spectrum and are not visible or broadened in
the CP spectrum.

Figure 9d,e). In addition, some strong signals appear which are weaker or not visible in
the CP-PDSD spectrum, arrows in Figure 10. These cross peaks presumably originate from
residues which are relatively mobile and are therefore hardly excited by the cross polarisation
scheme. Furthermore, in CP-PDSD spectra cross peaks from mobile sites suffer from a slow

proton-driven spin-diffusion mixing step in the proton-diluted sample.

13C-15N correlation spectra which can be used to correlate the atoms along the protein
backbone and are crucial experiments in most MAS NMR assignment procedures, see
section 2.3, were recorded on the different CA150.WW2 samples. Figure 11 shows
CP-13C-1°N correlations of the 1,3-CA150.WW2 sample. Despite the reduced isotope labelling
in this sample the spectral resolution is relatively poor in the NCA and the NCO spectra
due to the intermediate line width observed in the 3C and the *N-dimensions. In addition,
NCACX and NCOCX spectra with a PDSD mixing time of 100 ms were recorded, Figure 11.
These techniques did not yield efficient magnetisation transfer apart from the threonine
Cp-sites in the NCOCX spectrum due to the enhancement of magnetisation transfer by
rotational resonance. Similar results were observed for the other samples and thus CP-1°N-13C

correlation experiments were not used further in the course of this work.

Another experimental scheme that establishes correlations between nitrogen and carbon sites
is the TEDOR experiment. Figure 12 shows two examples for TEDOR-!5N-13C correlations.

In the spectrum recorded on 2-CA150.WW2, see Figure 12a), severe signal overlap similar

41



NCA 1,3-CA150.WW2 NCACX 1,3-CA150.WW2

100 E 100 E
o Q
ke N &
10 d= 10 3=
< <
(%] "
120 g ° 120 g
Q Q
® e H g IS
130 @ . 130 @
< <
Q Q
140 Z 140 Z
180 170 70 60 50 40 30 20 = 180 170 70 60 50 40 30 20 =]
13G-chemical shift [ppm] 13G-chemical shift [ppm]
NCO 1,3-CA150.WW2 NCOCX 1,3-CA150.WW2
100 E - 100 E
o [oN
2 2
10 &= 10 &=
< <
w w
4 120 "3 o 120 g
4 g SR B
@%&. e 130 GE.) ° e L qE_)
o < N
Q Q
140 Z 140 Z
180 170 70 60 50 40 30 20 a 180 170 70 60 50 40 30 20 ﬁ
13G-chemical shift [ppm] 13G-chemical shift [ppm]

Figure 11: Carbonyl and aliphatic regions of CP-®N-13C correlation spectra recorded on
1,3-CA150.WW2. The PDSD mixing time in NCACX and NCOCX spectra was 100 ms.

to the CP-!*N-13C spectra of 1,3-CA150.WW?2, Figure 11, occurs. In contrast, despite the
uniform 3C-labelling, the signals in the d-CA150.WW2 spectrum, see Figure 12b), are better
resolved, however, it is still crowded. As correlations of each nitrogen atom to the neighbouring
Ca and CO-sites are observed at the same time, further magnetisation transfer to side chain
carbon atoms, by either a longer TEDOR mixing or a 3C-13C correlation step, leads to crowded
spectra. Therefore, dispersion of the signals into an additional third dimension would be very

useful and is demonstrated in this work using an amide proton dimension, see section 4.3.4.

a) TEDOR 2-CA150.WW2 b) TEDOR d-CA150.WW2

w £ v Lo E

o o

2 2

10 &= 10 =

& &

120 g 120 g

£ Qo

0 S " E

130 © fad H3 @

ey <

S , S

140 Z N} t1a0 Z

180 170 70 60 50 40 30 20 = 180 170 70 ) 50 40 30 20 =

13G-chemical shift [ppm] 13C-chemical shift [ppm]

Figure 12: Carbonyl and aliphatic regions of TEDOR-!*N-13C correlation spectra recorded
on a) 2-CA150.WW2 and b) d-CA150.WW2 with a TEDOR mixing time of 1.6 and 0.8 ms,
respectively.
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4.3 Assignment of CA150.WW2 amyloid fibrils employing nhew methods
4.3.1 A novel 3C-assignment strategy

The low spectral resolution in ®N-13C correlations on CA150.WW2 amyloid fibrils hindered
the usage of standard MAS NMR assignment procedures along the protein backbone, see
section 2.3. In the following, an assignment strategy is outlined that relies on the labelling
pattern observed in spectra of glycerol-labelled samples, [Lemaster 82]. Cross peaks between
neighbouring Ca or CO-sites occur in the spectra from these samples only for distinct
sequential pairs depending on the sequence. In Figure 13 the labelling pattern at the Ca

and the CO-sites is given for the 40-residue CA150.WW2 construct.

cc 00000000000000000000

G,S M GGATAV SEWTE Y,KT A D GK

©© 900000000000000000000
cc 00000000000000000000

TFYY,NNRTILGE STWE,KPQE LgK

©© 00000000000000000000

Figure 13: The degree of Ca and CO-labelling of the CA150.WW2 sequence for 1,3 and
2-CA150.WW2 samples in green and red, respectively.

In PDSD spectra with a mixing time >100 ms Ca/Ca cross peaks from neighbouring
residues are observed. In a uniformly labelled sample thus 39 such cross peaks are
expected leading to severe spectral overlap. In contrast, the same spectrum recorded on
a 2-13C-glycerol labelled sample shows only cross peaks between neighbouring amino acids
in case of isotope labelling at their Ca-sites. In 2-CA150.WW2 this is for example the case for
A4/Vs but not for Se/E-. In spectra with a good signal-to-noise ratio weak signals may also be
detectable for residue pairs with partial labelling such as K;,/T13. In spectra of 2-CA150.WW2
and 1,3-CA150.WW2, eight and nine strong Ca/Ca cross peaks are expected, respectively.
This reduced number of signals in the Ca-region of the spectra greatly enhances the resolution
and at the same time simplifies the assignment due to the restricted number of assignment
possibilities which complement each other in the two glycerol-labelled samples. In a similar
way, other contacts such as Ca/Cg, Ca/proline-Cé, or Ca/CO can be used in PDSD spectra

and other correlations. An example would be TEDOR spectra in which an amide nitrogen only
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shows correlations to the sequential Ca and CO-sites for pairs of amino acids with labelling at

both sites.

4.3.2 13C-assignment of CA150.WW2 amyloid fibrils

The assignment process of the MAS NMR spectra of CA150.WW2 amyloid fibrils was started
with the identification of the observed signal sets. PDSD and RFDR spectra with short mixing
times, as shown in Figure 9, contain only cross peaks between atoms that belong to the
same residue and are ideally suited for this purpose. Each type of amino acid has a typical
cross peak pattern that is further characterised by the specific labelling pattern in spectra of
the glycerol-labelled samples [Castellani 02]. In this way, most signal sets could directly be
assigned to a certain type of residue. The improved line widths observed in spectra of the
deuterated sample helped in some cases to distinguish spin systems of the same type. Due
to the deuterium isotope effect [Hansen 00], separate chemical shift tables for the deuterated
and the protonated samples were compiled during the assignment procedure. Sequential
connectivities between spin systems that were found in spectra from either the protonated or
the deuterated samples were used in the interpretation of all spectra.

PDSD spectra with mixing times >100 ms were used to detect correlations between
atoms of different spin systems. The Ca/Ca correlations observed in the two glycerol-labelled
samples were of special importance as described in the preceding paragraph. Ca/Ca cross
peaks may, however, also occur between residues located in adjacent (3-strands. Hence, it is
necessary to distinguish such long range contacts from sequential correlations. The shorter
the mixing time at which inter residue cross peaks appear, the more likely they are sequential
in nature. Cross peaks that exclusively appear in spectra with long mixing times (300-400 ms)
were only treated as sequential when this was supported by the occurrence of several cross
peaks between the respective residues. A large number of sequential contacts was observed
in a 400 ms DARR spectrum of d-CA150.WW2. They appeared only at long mixing times
because of the decreased transfer efficiency in the deuterated sample. The strongest of these
cross peaks result from residues which have exchangeable sites in their side chains such as

serine, lysine, or threonine.

In the next paragraphs, the sequential assignment procedure for each residue is described

and the most important sequential cross peaks are discussed. Most of these cross peaks
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are indicated in Figure 14 showing a) a 100 ms PDSD spectrum of 2-CA150.WW2 and
b) a 400 ms DARR spectrum of d-CA150.WW2. In addition, Figure 14c) shows a 4.8 ms
RFDR spectrum of the deuterated sample with annotated assignments. In total 35 (out of
40) Ca, 30 (out of 37) Cp3, and 25 (out of 40) CO-resonances were assigned. The results
are compiled in Table 5. Some chemical shifts were only determined on the deuterated
sample. The corresponding chemical shift values for the protonated sample were calculated
from these: Ca (glycine) = +0.4 ppm, Ca (all other amino acids) = +0.3 ppm, C3 (CD5)
= +0.5 ppm [Hansen 00]. To identify the possible resonance frequencies for each atom in
the protein, the restricted set of protein chemical shifts provided by the BMRB was used:
www.bmrb.wisc.edu/ref_info/statsel.htm. Here, the assignment procedure is described on a

residue type basis.

Valine (Vs): The CA150.WW2 sequence contains only one valine which was easily identified
by its characteristic cross peak pattern. Due to the absence of isoleucine in the CA150.WW2
sequence the valine is the only type of residue for which cross peaks are expected around
30-35/10-23 ppm in both dimensions. They correspond to the C3/C~, /. signals. In case of
Vs, two isolated cross peaks are observed at 35.4/18.8 and 35.4/19.7 ppm in the spectra
from the uniformly labelled samples. The identity of these signals is further confirmed by
the cross peaks involving C3 and C~,,, in one dimension and the Ca-site at 60.9 ppm in
the other. In addition, as a very characteristic feature, a strong Ca/C( cross peak occurs in
spectra of 2-CA150.WW?2 recorded at short mixing times, see Figure 9 on page 39. Similarly,
1,3-CA150.WW2 spectra show CO/C~, , cross peaks at 175.2/18.8 and 175.2/19.7 ppm.

Proline (P33): Proline is the only residue for which cross peaks are expected around
50/60 ppm due to the Ca/Cé correlation. Such cross peaks are indeed observed in spectra of
u-CA150.WW2, d-CA150.WW2, and 2-CA150.WW?2 at 62.9/50.9 ppm. Cross peaks involving
these two resonances were identified at the C and C~-chemical shifts of 32.6 and 27.3 ppm,

respectively, in spectra of u-CA150.WW2 where they are well isolated from other signals.

Alanine (A;, A4, A1s): The pattern of the alanine residues are easily found due to their
uniqgue Ca/C( cross peaks around 51-53/21-23 ppm, appearing in spectra of uniformly

labelled samples. Two of the alanines have almost the same Ca and Cg shifts (52.1/
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HT N | CO | Ca | CB Cy/8/=/¢ [ d-CO | dCa | d-CA | d-Cy/6/c/C

G, (169.9) | (43.6) 169.9 | 43.2

S, (173.6) | (55.9) | (64.5) 1736 | 556 | 64.0

Mg (174.5) 54.9 35.4 31.1/-/17.3 1745 | 545 | 34.4 30.2/-/16.6
Gy 7.92 | 108.6 171.3 46.3 171.1 | 45.9

Ao 8.66 | 124.5 177.0 52.1 22.8 177.0 | 51.5 | 22.0

T3 9.40 | 117.6 172.7 62.3 73.7 21.8 173.3 | 61.2 73.2 21.8

T3 72.2 72.4 18.9

Ay 9.90 | 131.0 175.9 52.1 22.7 175.3 | 51.5 | 21.8

Vs 9.54 | 126.7 175.2 60.9 34.5 18.8/19.7 174.8 | 60.2 | 33.7 17.6/18.7
Ss 9.28 | 123.8 173.2 56.8 65.6 173.4 | 56.2 | 65.0

E- 56.1

Ws (30.4) 29.9

Ty 173.2 61.0 71.9 22.1 173.4 | 60.3 71.2 21.0
E1o 55.1 34.5 36.5/183.6 33.3 35.6
Y11

K12 (175.0) 54.6 37.0 25.5/29.7/42.2 175.0 | 54.2 | 36.3 | 24.6/28.9/41.2
Tz | 9.24 | 119.2 173.5 59.3 71.3 20 172.8 | 59.2 70.5 18.8
A4 | 8.00 | 125.8 175.9 52.5 21.6 176.5 | 52.1 20.0

D15 55.2 39.8 180.9 54.6 | 38.9 180.3
G | 8.15 | 108.6 174.6 449 1742 | 44.7

Kiz | 7.92 | 125.1 | (176.5) 55.2 33.9 25.1/29.7/42 1 176.5 | 55.1 32.2 | 23.8/28.4/41.3
Tig | 9.01 | 122.2 171.9 62.3 72.2 21.8 171.7 | 62.1 71.7 21.6

Fio | 9.64 | 129.9 | (172.2) | (56.2) | (43.1) 172.2 | 55.9 | 42.6 136.6
Y20

Yo

N2

Nos 52.3

Ro4 54.9 34.5 | 27.3/43.7/159.6 33.3 26.3/43.3
Tos 173.2 60.9 71.8 21.8 173.4 | 61.0 70.9 21.0

Loe 55.1 42.2 27.5/21.7/22.6 53.7 | 415 25.9
Eo; (174.0) | 55.0 34.3 36.6/183.6 1740 | 545 | 33.2 35.5
Sos | 8.84 | 115.9 173.5 57.5 67.0 173.5 | 57.5 | 66.3

S'g 57.0 65.5 173.9 | 57.1 64.7

Tog 173.2 61.1 71.9 21.7 173.4 | 60.6 71.2 20.4
Wao (30.4) 29.9

Es; 56.2 55.9

Kz | 9.21 | 130.3 53.7 34.5 25.0/29.8/42.2 53.0 | 33.3 | 23.8/28.7/41.4
P33 176.6 62.9 32.6 27.3/50.9 176.7 | 62.5 | 31.7 26.4/50.4
Qzs (175.9) | 56.1 29.9 34.0/180.4 1759 | 55.6 | 29.0 33.3/180.4
Ess (176.1) 56.4 30.6 36.3/183.8 176.1 56.0 | 29.7 35.7/184.0
L3g (55.2) 42.2 26.9/23.6/25.1 549 | 41.4 | 26.1/24.1/22.7
K37 181.1 57.6 33.9 181.2 | 57.3 | 33.0 23.8

Table 5: Solid state MAS NMR assignments in ppm of fibrillar CA150.WW?2, the last four
columns contain the carbon chemical shifts obtained on d-CA150.WW2. Some chemical
shifts were only determined for d-CA150.WW2 and the corresponding resonances for the
protonated samples (in brackets) were calculated by correcting for the deuterium isotope effect
[Hansen 00], see main text.
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Figure 14: a) 100 ms PDSD spectrum of 2-CA150.WW2 and b) 400 ms DARR spectrum of
d-CA150.WW2 with annotated sequential correlations. In b) the signal-pattern of a T13/T1g
long range contact is indicated in grey, c) 4.8 ms RFDR spectrum of d-CA150.WW2 with
13C-assignments.
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22.75 ppm) but can be distinguished well by their carbonyl resonances at 177 and 175.9 ppm
in u-CA150.WW2, d-CA150.WW2, and 1,3-CA150.WW2 spectra. The third alanine (Ca/Cf
at 52.5/21.6 ppm) shows weaker and often broadened cross peaks. This can for example be
seen for the CO/C( alanine cross peak at 176.5/20 ppm in Figure 14c).

For one of the two alanines with overlapping Ca/Cj signals, a large number of cross
peaks to Vs was observed. Similarly, cross peaks to a glycine residue occur, see Figure 14a).
These two residues were assigned to A, and A,, because as A; is the only alanine next to a
glycine. The correct assignment of the corresponding alanine CO-resonances was established
from a cross peak in the 100 ms PDSD spectrum of u-CA150.WW2 between the alanine
CO-resonance at 175.9 ppm and the methyl groups of V5. At the Ca-chemical shift of A, and
A, also cross peaks to threonine Ca and Cj3-resonances could be detected, e.g. in the 100 ms
PDSD spectrum of u-CA150.WW2, in accordance with the triplet sequence A,T3A,.

The remaining alanine is then A;4; which is confirmed by a Ca/Ca cross peak at
52.5/55.2 ppm in F2/F1 in the 100 ms PDSD spectrum of 2-CA150.WW2, Figure 14a). The
resonance at 55.2 ppm can neither come from G;, T3, Vs, nor T3 and thus the cross peak
was assigned to A;4Ca/D15Ca. Additionally, some weak cross peaks from A4 to a threonine
residue were observed in spectra of the deuterated sample, e.g. at 52.1/59.2 ppm in F2/F1 in

Figure 14b), in agreement with A4 being next to a threonine residue.

Aspartic acid (D;5): The aspartic acid carbonyl side chain resonance occurs at a charac-
teristic frequency around 179 ppm. In this region, two cross peaks were detected in spectra of
u-CA150.WW2 at 180.9/55.2 and 180.9/39.8 ppm in F2/F1 and were assigned to D;5CO/Ca
and D;5CO/C, respectively. A corresponding Ca/C(3 cross peak was detected in spectra of
u-CA150.WW2 and also appeared in 1,3-CA150.WW2 spectra. The identity of the residue
was confirmed by cross peaks to A4 (see above). All cross peaks of the D5 signal pattern

showed relatively broad lines, comparable to the line widths observed for Ay,.

Glycine (G_», G1, Gig): Glycine is a very small residue and gives rise to a single cross
peak in 13C-13C correlations. This peak is only observed in spectra of uniformly 3C-labelled
samples. The Ca-chemical shifts can be identified in NCA or TEDOR spectra since they
appear at a unique carbon chemical shift range (43-47 ppm). Figure 12 on page 42 shows a

TEDOR spectrum of 2-CA150.WW2 where two glycine signals appear at Ca chemical shifts of
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46.3 and 44.9 ppm. Using this information, CO/Ca cross peaks for two glycines were identified
in 20 ms PDSD spectra of u-CA150.WW2 at 171.3/46.3 and 174.6/44.9 ppm.

G was identified by the G;Ca/A,Ca cross peak at 46.3/52.1 ppm in F1/F2 in spectra of
2-CA150.WW2, Figure 14a). In addition, at the position of the G; Ca-resonance two symmetric
pairs of cross peaks (45.9/34.4 and 45.9/30.2 ppm) are observed in the d-CA150.WW2 400 ms
PDSD spectrum — outside the plotted region in Figure 14b). These signals were attributed to
correlations to the C3 and C~-sites of the neighbouring residue M.

In spectra of 2-CA150.WW2, see Figure 14a), a cross peak involving a glycine Ca-
chemical shift is observed at 44.9/55.2 ppm in F2/F1. This is consistent with a contact to
a lysine residue (see below), hence the cross peak was assigned to G;,Ca/K;CG. At 44.7/
38.9 ppm weak correlations are observed in a 400 ms DARR spectrum of d-CA150.WW2.
Based on the assignment of D5 (see above), the symmetric cross peaks were assigned to
G16Ca/D15C confirming the assignment of the G6/K;7 cross peak. Interestingly, the G;6CO/
Ca cross peak in F2/F1 is relatively well defined in the spectra of d-CA150.WW2 (174.2/
44.7 ppm, Figure 14c)) but has a very broad, inhomogeneous line in spectra of u-CA150.WW2.

The first residue in the sequence is G_; which is not seen in the standard NCA or TEDOR
experiments. However, in d-CA150.WW2 spectra at 169.9/43.6 ppm in F2/F1 a cross peak
occurs. At the CO-chemical shift of 169.9 ppm no other cross peaks occur indicating that it is
part of a glycine signal pattern, Figure 14c). In addition, the intensity of the signal is strongest
in direct carbon excitation spectra, indicating some mobility of this residue. Thus the signal

was assigned to the very first amino acid of the sequence, G_,.

Methionine (Mg): On the diagonal of all 13C-13C spectra a signal at 17.3 ppm occurs. This
resonance was assigned to the methyl group of the methionine residue due to the absence
of isoleucine in the CA150.WW2 sequence and the knowledge of the chemical shifts of the
alanine and valine methyl groups. In addition, no cross peaks from this signal to resonances
around 60 or 70 ppm characteristic for a threonine residue were observed. Correlations
from the resonance at 17.3 ppm to the remaining methionine sites occurred only at long
mixing times due to the sulphur atom interupting the methionine side chain. Most sites in the
methionine residue are predominantly labelled in the 1,3-CA150.WW2 sample. In the 400 ms
DARR spectrum of 1,3-CA150.WW2 cross peaks occurred at 17.3/35.4 and 17.3/31.1 ppm

and were assigned to MoCe/C3 and MyCe/C~, respectively. The MyCa-resonance was

49



identified from the MyCa/C~ cross peak at 54.9/35.4 ppm in spectra of 1,3-CA150.WW2. The
identity of the residue was also confirmed by correlations involving the Ca-atom of G;, see

above. No cross peaks to S_; were observed.

Serine (S_1, Sg, S28): The serine residues can be identified in the spectra of the uniformly
labelled sample by their characteristic Ca/Cj cross peaks around 56-61/62-66 ppm which are
isolated from the other signals in the spectra. Three such cross peaks are observed in most
CA150.WW?2 spectra. However, spectra of the deuterated sample show four serine Ca/C(
cross peaks.

In the 200 ms PDSD spectrum of 1,3-CA150.WW2 cross peaks between two of the
serine C(3-resonances to a signal at 71.9 ppm were observed characteristic for a threonine
Cp-resonance. However, in the CA150.WW2 sequence there is only one serine (Syg) next to
a threonine (T,9). Therefore, both serine signal sets that show correlations with this threonine
Cp3-resonance were assigned to S,g. The observed peak doubling of S,g is most pronounced
for the S,sC3-resonance. The other serine residue visible in spectra of all samples shows
many cross peaks to Vs, e.g. V5Ca/Sa at 60.9/56.8 ppm in Figure 14a), and was assigned to
Se.

At the unique serine C(-chemical shifts of Sg, S,g, and S’»g, further correlations were
observed in spectra of most samples which were assigned to contacts involving the neigh-
bouring E; and E,;-residues. The respective serine-Cj/glutamic acid-Ca cross peaks at
65.6/56.1 (S¢/E7) and 67.0/55.0 ppm (S,g/E»7) were assigned in the 400 ms DARR spectrum
of 1,3-CA150.WW2 lacking valine Cj3-signals.

The serine residue only visible in spectra of d-CA150.WW2 was assigned to S_;. No

correlations to other residues were observed. This indicates some mobility at the N-terminus.

Lysine (Ki2, K17, K32, K37):  The lysine residue has a large cross peak pattern which partially
overlaps with the signals from other residues. The lysine C3/C~, C3/Cd, and C~/Co cross
peaks are observed in spectra of 1,3-CA150.WW?2 in the range from 25-35 ppm as the
dominant feature. In a 20 ms PDSD spectrum of d-CA150.WW2, see Figure 9d) on page 39,
the lysine C~/CJ cross peaks present one of the few signals outside the Ca/C3-region and
thus can be assigned unambiguously in this spectrum. These cross peaks show that the

chemical shifts of the lysine Cy-resonances are between 24 and 26 ppm. In the region
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52-60/24-26 ppm in F2/F1, where thus the lysine Ca/C~ cross peaks are expected, three
signals are observed in the 100 ms PDSD spectrum of d-CA150.WW2. In the 4.8 ms direct
excitation spectrum a fourth signal appears in this region, see Figure 14c). These four
cross peaks were tentatively assigned to lysine and the spectra were further investigated for
sequential correlations supporting this assignment.

The residue with Ca/C~ cross peaks at 55.2/25.1 ppm was assigned to K;; due to contacts
to Gy (see above). Correlations involving resonances of this lysine signal set and a threonine
Ca-resonance at 55.1/62.1 and 23.8/62.1 ppm in F2/F1 were observed in the 400 ms DARR
spectrum of d-CA150.WW2, Figure 14b), and assigned to K;7/T1s.

One of the lysine Ca/C~ cross peaks has a relatively isolated Ca-chemical shift of
53.7 ppm. A correlation to the P33Co-site at 53.7/50.9 ppm in F1/F2 was observed in spectra of
2-CA150.WW2, Figure 14a), and assigned to K3,/P33. In addition, in a 400 ms DARR spectrum
of 1,3-CA150.WW2 cross peaks from the K;,Ca-resonance to another Ca-site were observed
at 53.7/56.2 ppm. These correlations were assigned to E3;/Ks,.

In most spectra the lysine residue with the largest C~-chemical shift (25.5 ppm) has an
increased line width and only in the 400 ms DARR spectrum of d-CA150.WW?2 inter residue
cross peaks to a threonine were observed, e.g. lysine-Ca/threonine-Ca at 54.2/59.2 ppm
in F2/F1, Figure 14b). This correlation was assigned to Ki»/T;3, because the only other
sequential lysine-threonine pair in the sequence (K;7/T1g) was already identified. However,
no correlations from Ki, to Y;; were unambiguously identified due to spectral overlap, further
obscured by the line broadening observed for K;, and the tyrosine residues (see below).

The forth Ca/C~ cross peak at 57.3/23.8 ppm in F1/F2 occurs only in the direct excitation
spectrum of d-CA150.WW2. No sequential correlations involving the Ca-chemical shift were
observed. The CO-resonance of this residue occurs at a very high chemical shift value
(181.1 ppm). This is in accordance with an assignment to K3; which has a free C-terminus.
The increased intensity of this signal set in direct carbon excitation spectra, see Figure 10 on

page 41, indicates mobility at the C-terminus.

Arginine (R24): Arginine residues can be identified by the chemical shift of the carbon atom
in their guanidinium group which appears around 160 ppm. However, signals from this group
are hardly visible in most CA150.WW2 spectra. Such a correlation was only observed in a
700 ms DARR spectrum of 2-CA150.WW2 at 159.6/43.7 ppm in F2/F1 and was assigned to
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R,4C(/Cd. The signals of the other side chain carbons were then identified by correlations to
the Co-site.

A cross peak was observed at 43.3/70.9 ppm in F1/F2 in the 400 ms DARR spectrum
of d-CA150.WW2, see Figure 14b). This contact was assigned to R,4/T,5 based on the
characteristic threonine C(-chemical shift. A cross peak at 54.9/52.3 ppm in F1/F2 in the
100 ms PDSD spectrum of 1,3-CA150.WW2 was assigned to R;Ca/Ny;Ca.

Threonine (T3, To, Ti3, Tig, Tos, Tag): Threonines are easily identified by their Ca/Cj3
(around 60/71 ppm), Ca/C~ (around 60/25 ppm), and C{3/C~ (around 71/25 ppm) cross
peaks. However, even the relatively high resolution in d-CA150.WW2 spectra is not sufficient
to resolve the signals from all six threonine residues. Three isolated Ca/C[-cross peaks
and a larger peak conglomerate were observed. Many sequential correlations involving
threonine Ca and Cj3-sites appeared in the 400 ms DARR spectrum of d-CA150.WW2, see
Figure 14b).

Relatively weak cross peaks from a threonine residue (Ca = 59.2 ppm, C/3 = 70.5 ppm)
to Ky and Aj4 occurred in this spectrum (see above). The corresponding threonine signal
set belongs to one of the more isolated ones and was assigned to T;3. In most spectra, the
C~-signal of this residue shows broad lines.

The only other sequential contacts between alanine and threonine residues are expected
for the A,T3;Ay-triplet.  Surprisingly, two different threonine Cp-resonances show strong
correlations to the degenerate alanine Ca-chemical shifts of A, and A,. In the carbonyl region,
where A, and A, have very different chemical shifts, both alanine residues show correlations
to these two threonine-C/3 resonances. The cross peaks at the A,CO-resonance are stronger
in accordance with the shorter distance to the T;C/3-atom compared to the A;CO-site. In
addition, cross peaks between the two T;C[-resonances are observed at 72.4/73.2 ppm in
Figure 14b), indicating chemical exchange. It was concluded that Ts, in addition to S,g, shows
peak doubling.

T1g was identified via its correlations to K;; (see above) and is the third threonine which
shows an isolated Ca/C/3 cross peak. From the Ca-site a weak correlation at 62.1/42.6 ppm
in F2/F1 was observed and assigned to T15Ca/F1oC/.

The remaining three threonines have very similar chemical shifts. Correlations at 71.1/
33.3 ppm in F1/F2 appeared in d-CA150.WW?2 spectra, Figure 14b), and in 1,3-CA150.WW2
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spectra. Based on the labelling pattern of the 1,3-CA150.WW2 sample this cross peak was
assigned to ToC/E1oC3. No cross peaks between threonine signals and resonances around
30 ppm occurred which would be expected for the Wg/Tg and T,9/W3q correlations. Tog and Tos
were identified by contacts to S,g (see above) and Ry, (see above), respectively. A possible
Tos/Log cross peak was only observed in a 700 ms DARR spectrum of 2-CA150.WW2 but due

to the long mixing time this signal could also arise from a long range contact.

Leucine (Lys, L3g): The leucine residue can be identified by its strong C3/C~ cross peak
around 42/27 ppm in 2-CA150.WW2 spectra with short mixing times. Symmetric cross peaks
from one such correlation are observed in the 20 ms PDSD spectrum of 2-CA150.WW2, see
Figure 9c) on page 39. In addition, leucine shows a characteristic isopropyl-group signature
in spectra of uniformly labelled samples. In a 100 ms PDSD spectrum of u-CA150.WW2
such a pattern at 26.9/25.1/23.6 ppm is observed showing very sharp lines. In the same
spectrum, cross peaks appear at 55.1/22.6 and 55.1/21.7 ppm. These signals are assigned
to leucine-Ca/Cdy /, as all other residues with chemical shifts around 22 ppm, such as lysine,
valine, or alanine were already assigned.

The isopropyl-group pattern with sharp lines observed in the 100 ms PDSD spectrum
of u-CA150.WW2 shows correlations to C3 and Ca-signals only in direct carbon excitation
d-CA150.WW2 spectra. In addition, no inter residue cross peaks are observed involving these
resonances. The residue thus belongs, as Ks7, to the small group of residues which give rise
to only weak signals when using cross polarisation and are more intense in direct carbon
excitation spectra. Another two residues, Qsz; and Ezs (see below), behave similarly, see
Figure 10 on page 41. The identity of these four residues indicates that they belong to the
C-terminus, QELK, which seems to exhibit increased mobility. Therefore, this leucine signal
set was assigned to Lzg.

The leucine-Ca/Cé; and Ca/Cd, cross peaks at 55.1/22.6 and 55.1/21.7 ppm, respectively,
were thus assigned to Lys. They are well excited in CP-spectra and therefore the strong leucine
Cp3/C~ cross peak in 2-CA150.WW?2 spectra is also assigned to this residue. In a 400 ms
DARR spectrum of 1,3-CA150.WW2 a L,sCd; »/glutamic acid correlation pattern occurs and

was assigned to Lye/E»7.
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Glutamine and glutamic acid (E;, Eqo, Ez7, E31, Q34, E35):  Glutamic acid and glutamine
residues may be identified by their cross peak pattern involving side chain carbonyl reso-
nances which show a downfield shift with respect to the backbone carbonyl sites. The cross
peaks of different glutamine and glutamic acid residues in the aliphatic and the carbonyl region
overlap strongly in CA150.WW2 spectra. Only two signal sets are isolated from the others.
They both belong to the group of residues with stronger signals in direct carbon excitation
spectra, Figure 10 on page 41. In addition, the side chain carbonyl resonance of one of
these residues has an upfield chemical shift (180.4 ppm) compared to the others (around
184 ppm) which is characteristic for glutamine. From the C-terminal sequence, QELK, these
two residues were assigned to Qs4 and Ess. All other assignments of glutamic acids were
done using cross peaks to assigned neighbouring amino acids as described in the respective

paragraphs.

Asparagine (N22, N23): The Ca/Cf cross peaks of the asparagines were identified by their
chemical shifts around 52/42 ppm in F2/F1 in Figure 14c). Furthermore, strong Ca/Cj3 cross
peaks appear in 1,3-CA150.WW2 spectra but not in spectra from 2-CA150.WW2. Two pairs
of symmetric Ca/C( cross peaks for the two asparagines are expected, however, several
Ca/Cp3 cross peaks were observed. A Ny3Ca-resonance was assigned due to cross peaks
involving Ro;,Ca (see above). On the basis of this assignment, in spectra of 1,3-CA150.WW2
the strongest asparagine Ca/C-cross peaks at 51.1/41.5 and 52.3/45.2 ppm were tentatively
assigned to Ny, and Ny3, respectively. In spectra of d-CA150.WW2, four to five asparagine
Ca/Cp cross peaks appear on each side of the diagonal. They are equally strong, and the

assignment of Ny, and N»3 could not be safely transferred to spectra of d-CA150.WW2.

Tyrosine, phenylalanine and tryptophan (Wg, Y11, Fio, Y20, Y21, W3): The aromatic
residues can be identified by cross peaks in the aromatic region of the 3C-13C correlations
at 100-160 ppm. However, in most spectra broadened lines appear in this region. Only the
d-CA150.WW2 sample yields spectra that show well defined peaks. At a PDSD mixing time
of 20 ms mainly C3/C~ cross peaks are observed at 100-160/25-45 ppm, see Figure 15a).
Two cross peaks appear at chemical shifts around 110 ppm in F2 and 29.9 ppm in F1,
characteristic for the tryptophan C~ and C-sites. At longer mixing times, no sequential cross

peaks were identified for the tryptophan signal sets, probably due to spectral overlap in spectra
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of d-CA150.WW?2. Nevertheless, both tryptophan C-sites have the same chemical shift. Fiq
was assigned on the basis of a cross peak at a characteristic chemical shift of 136.6/42.6 ppm
in F2/F1, see Figure 15a). This is in accordance with the observed T1g/F19 Sequential contact,
see above.

The C~-signals of the three tyrosines are expected at chemical shifts around 130 ppm
in F2. However, an excess of cross peaks occurs in this region, see Figure 15a). The
same situation is encountered for the Ca/C/3-cross peaks in spectra of d-CA150.WW2 and
u-CA150.WW2. To investigate these residues in more detail, the sample s-CA150.WW2 was
prepared which was selectively labelled with 2,3-13C,'®N-phenylalanine, 2,3-13C,°N-tyrosine,
u-13C,5N-alanine and u-!3C,'®N-glycine. A 20 ms PDSD spectrum of this sample is shown
in Figure 15b). A large Ca/C/3 cross peak conglomerate was observed for the phenylalanine
and tyrosine residues. Clearly, more than the four expected Ca/C[ cross peaks occur which
indicates the presence of multiple signals for each tyrosine residue. Thus the individual
tyrosine signals could not be assigned. The aromatic Ca/C/3 cross peak conglomerate
is somewhat less broadened in spectra of the deuterated samples, see Figure 14c), and

chemical shift estimates for the tyrosine residues were obtained from the centre of this peak

at 56.3/43.9 ppm in F2/F1 (values are corrected for the isotope effect).
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Figure 15: a) Aromatic region of the 20 ms PDSD spectrum of d-CA150.WW2, the Ca/Cr~
cross peaks for the different types of aromatic amino acids are indicated, b) 20 ms PDSD
spectrum of s-CA150.WW2 showing the Ca/C3-cross peak conglomerate of the phenylalanine
and tyrosine residues.
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4.3.3 Towards amide nitrogen and amide proton assignment

13C-15N correlations recorded on CA150.WW2 amyloid fibrils show spectral overlap which is
most severe in the carbonyl/amide nitrogen region, see section 4.2. To increase the spectral
resolution it is desireable to introduce an amide proton dimension. However, proton MAS
NMR is challenging due to the large dipolar homonuclear interactions. To some extend this
can be overcome by the application of homonuclear decoupling sequences during proton
evolution. Well known examples are the frequency-switched and phase-modulated Lee-
Goldberg decoupling schemes, see section 2.2. The observed proton line width can also
be improved by reducing the number of protons in the sample by deuteration.

The d-CA150.WW2 sample which is protonated only at the exchangeable sites was used to
record spectra with a 'H-dimension at 20 kHz MAS. At this MAS-frequency the proton-proton
dipolar couplings are only partially removed, but the situation is strongly improved compared
to a fully protonated sample. Figure 16 shows a 'H-13C correlation. The signal intensity in
the proton aliphatic region results from incomplete deuteration of the aliphatic sites, which is
most severe for the methyl groups (0-2 ppm). This phenomenon is typical for biosynthetically
prepared proteins. In the amide proton chemical shift region (7-11 ppm) correlations to the
Ca-atoms are visible (50-65 ppm). In addition, sharp signals appear at a water proton chemical
shift of 4.8 ppm. They occur either due to relayed transfer or because of chemical exchange
with strongly bound water during the cross polarisation step. From the carbon chemical shifts

of these cross peaks it can be concluded that mainly lysines are in contact with tightly bound
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Figure 16: 'H-13C correlation of d-CA150.WW2, the dashed line indicates the water proton
chemical shift at 4.8 ppm, residues in contact with water are indicated.
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Figure 17: 'H-1°N correlations of d-CA150.WW2, a) 1N or b) 'H-detected, respectively.

water molecules but also at least one serine and a threonine residue, see Figure 16.

A H-15N correlation is shown in Figure 17a). Strong signal overlap occurs, but
nevertheless some resolution is apparent from the contours. A very similar spectrum,
Figure 17b), is obtained using direct proton detection in combination with water suppression
following the scheme by Paulson et al. [Paulson 03], although not the same high level of water
suppression as reported in the original publication was observed.

In summary, spectra with a proton dimension recorded on d-CA150.WW2 at 20 kHz MAS
show some resolution that used as a third dimension might be suitable to increase the spectral

dispersion in 13C-1°N correlations, see the following section 4.3.4.

4.3.4 3D-HNC-TEDOR - a new experimental scheme

The resolution observed in 13C-1°N spectra was not sufficient to assign the amide nitrogen
signals of CA150.WW2 amyloid fibrils on the basis of these spectra alone, see section 4.2.
To overcome this problem, it would be useful to record 3C-1*N correlations with a proton
dimension to increase the spectral resolution. In the previous section 4.3.3 it was shown that
the proton resolution in spectra of d-CA150.WW2 at 20 kHz MAS might be sufficient to yield
resolved cross peaks in such a three-dimensional spectrum.

A three-dimensional experimental scheme was assembled by combining the TEDOR
sequence with a proton evolution. In two-dimensional TEDOR experiments, Figure 18a),
the nitrogen evolution period is surrounded by two symmetric REDOR pulse trains. This
refocuses the homonuclear 3C-dipolar couplings which otherwise would lead to a dephasing
of the 3 C-magnetisation in multiply labelled samples. For the three-dimensional experiment

it is, however, desirable to start with a proton evolution period followed by a transfer of
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Figure 18: TEDOR pulse sequences. ti, to, and t3 are the direct or indirect evolution times,
filled bares represent Z-pulses, open bars w-pulses. Decoupling periods are indicated by
DC-boxes, all other boxes represent CP-irradiation. 7 is the length of a rotor period. The phase
that is incremented during indirect detection (TPPI [Marion 83]) is indicated by an asterisk. a)
2D-NC-TEDOR experiment following the experimental schemes published by Michal et al.
[Michal 97] and Jaroniec at al. [Jaroniec 00], see section 3.3.2. Phase cycling: ¢; = yy,
b2 = XXYy XXyy, ¢3 = XXyy XXYY, P4 = XXYY XXyy XXYY XXVY, Qrec = XXYY XXYY XXYY XXYY,
m-pulses xyxy yxyx xyxy yxyx. b) 3D-HNC-TEDOR experiment, blue rectangles indicate
decoupling units that might further improve the observed line widths, see main text. Phase
cycling: ¢1 = yy, ¢2 = XXy¥y xxyy, ¢3 = Xxyy XXy, Prec = XXyYy Xxyy, m-pulses
XyXy yXyX XyXy YXyx.

the magnetisation to the amide nitrogens. At the same time, carbon should be employed
for detection for several reasons: in the 3C-dimension a large spectral window has to be
recorded; the sensitivity of the 13C-nucleus is much better compared to the *N-nucleus; proton
detection is difficult due to the lack of probes with gradient coils.

The assembled three-dimensional HNC-TEDOR experiment is shown in Figure 18b). It
starts with a proton evolution period that is followed by a short CP-transfer to nitrogen. Then
nitrogen evolution takes place during t,. A subsequent TEDOR-transfer is used to create
13C-magnetisation for detection. Thereby, the symmetry of the pulse train is kept as in the

two-dimensional TEDOR experiment, to refocuses the homonuclear '*C-dipolar couplings.
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The TEDOR mixing time (1.2 ms) was chosen such, that only a one-bond carbon-nitrogen
magnetisation transfer occurred. In summary, the experiment yields spectra with H;N;Cq; and
H;N;CO;_; cross peaks.

Figure 19 shows subspectra of the 3D-HNC-TEDOR experiment. The 3C-1°N subspectra
in the Ca and the CO-region can be used to correlate the Ca-atoms from each residue
with the CO-atom from the preceding residue, Figure 19a). The obtained proton resolution
is shown in a 'H->N subspectrum, Figure 19b). Using and at the same time confirming
the carbon assignment, 14 amide nitrogen and proton resonances were assigned from
the three-dimensional HNC-TEDOR spectrum. Another 15 amide nitrogen and proton spin
systems were identified but could not be assigned unambiguously due to the overlap of the
corresponding CO and Ca-resonances. It can thus be concluded that most of the expected
HNCa and HNCO cross peaks are visible in the spectrum. The application of longer TEDOR
mixing times to additionally obtain correlations to the C3-atoms was not successful due to the
low signal-to-noise ratio of experiments employing long TEDOR pulse trains.

The main source of line broadening in the 3D-HNC-TEDOR spectrum are the residual
proton heteronuclear and homonuclear couplings. Other contributions are the deuterium-
carbon and the nitrogen-carbon scalar couplings (N;/Cq; = 11 Hz, N;/Ca;_1 = -7 Hz, N;/CO;_; =
15 Hz). To further improve the resolution in 3D-HNC-TEDOR spectra it might thus be desirable

to apply carbon-deuterium decoupling and carbon-nitrogen decoupling schemes, as indicated
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Figure 19: a) CO and Ca-regions of a *C-'®*N subspectrum of the three-dimensional
HNC-TEDOR spectrum at a proton chemical shift of 9.3 ppm, b) *H-*N subspectrum of the
same experiment at a carbon chemical shift of 52.1 ppm. Assigned cross peaks are indicated.
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by the blue rectangles in Figure 18. In addition, it should be possible to increase the resolution
in the proton dimension by homonuclear decoupling schemes (frequency-switched or phase-

modulated Lee-Goldberg).

4.4 Assignment of the natively folded CA150.WW2 domain in solution

The chemical shifts of CA150.WW2 amyloid fibrils can be used to obtain information on the
type and the position of secondary structure elements. It is known that amyloid fibrils have
a high (-sheet content. This is also the case for the native WW-fold of CA150.WW2. Large
structural differences between the amyloid and the native WW-fold should, nevertheless, result
in different chemical shifts of the peptide in its two forms. To compare them, the solution
state NMR spectra of native CA150.WW2 were assigned. For this study u-CA150.WW2
was dissolved in the fibrillation buffer to a concentration of 0.8 mM. A standard set of triple
resonance spectra (see section 3.3) was recorded and yielded assignments for most of the
residues, see Table 6. No HSQC signals were detected for residues S_;, Di5, T1g, F19, and
E,;, either due to signal broadening or interference with an imidazole artifact which hindered
the detection of week signals with proton chemical shifts around 7.01 and 7.95 ppm. However,
analysis of triple resonance spectra led in most cases to the assignment of carbon sites for

these residues. Tig is the only residue for which no atom could be assigned.

4.5 Experimental constraints on the fibrillar structure
4.5.1 Secondary structure prediction — dihedral angle constraints

The chemical shift of the main chain atoms is sensitive to the backbone conformation. It
can be used to predict secondary structure elements for example with the program TALOS
[Cornilescu 99]. The software predicts the backbone conformation by comparing up to five
chemical shifts (HA, N, Ca, C3, and CO) of the respective residue and its two neighbours with
the chemical shifts of similar triplets from proteins with known structure. From the ten results
with the best chemical shift agreement, the backbone dihedral angles are compared. If all or
most of them are similar, the analysed residue is likely to be in the same range.

The MAS NMR chemical shifts of CA150.WW2, see Table 5, were used as input for the

program TALOS, excluding the entries for residues T3 and S,g which show peak doubling. The
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residue N H CcO Ca Cp

S, 174.63 | 58.20 | 63.61
Mo 122.39 | 8.47 | 176.60 | 55.33 | 32.10
Gy 110.19 | 8.25 | 173.60 | 44.86
A, 123.82 | 8.06 | 178.01 | 52.32 | 19.38
T3 113.64 | 8.01 | 174.05 | 61.52 | 69.64
A, 126.74 | 8.15 | 177.51 | 52.18 | 19.39
Vs 119.46 | 8.01 | 176.08 | 62.02 | 32.58
Se 118.97 | 8.21 | 174.88 | 57.99 | 63.85
E; 124.29 | 8.61 | 175.38 | 57.20 | 29.35
W 118.31 | 8.04 | 176.53 | 55.98 | 31.95
T 119.06 | 9.24 | 171.99 | 61.68 | 71.54
E1o 126.29 | 8.30 | 173.90 | 54.87 | 31.62
Y11 125.71 | 8.34 | 173.20 | 56.52 | 41.67
Ki2 117.98 | 8.10 | 178.07 | 53.93 | 35.26
Tis 113.45 | 8.92 | 177.45

Ay 124.58 | 8.99 54.58 | 18.27
D15 176.30 | 52.70 | 39.45
Gis 107.37 | 7.81 | 174.36 | 45.75

Kiz 121.09 | 7.63 55.53 | 33.50
Tis

Fio 170.63 | 54.96 | 39.55

Y20 117.16 | 8.64 | 174.25 | 56.22 | 40.64
Yo 124.07 | 9.12 | 173.19 | 55.79 | 43.04
N2o 129.75 | 8.10 | 174.45 | 51.23 | 38.38
N23 121.52 | 8.22 | 174.52 | 54.85 | 38.66
Ro4 119.43 | 8.31 | 177.33 | 57.33 | 30.57
Tos 109.33 | 7.74 | 175.77 | 61.47 | 69.26
Los 116.52 | 7.61
(=% 174.74 | 56.00 | 31.46
Sos 115.86 | 8.31 | 173.70 | 56.63 | 66.12
Tag 117.08 | 9.12 | 174.43 | 59.10 | 69.61
W3 125.21 | 8.49 | 175.81 | §7.40 | 29.35
Es 121.70 | 8.08 | 174.51 | 54.52 | 30.58
Ks2 127.05 | 8.22 54.49 | 32.37
P33 176.91 | 61.85 | 31.70
Q34 122.62 | 8.35 | 177.24 | 57.61 | 28.32
Ess 117.21 | 8.92 | 176.27 | 57.49 | 29.30
L3 120.00 | 7.33 | 175.72 | 54.00 | 41.86
Ksz 126.67 | 7.41 58.04 | 33.01

Table 6: Solution state NMR assignments in ppm of the natively folded CA150.WW2 domain.
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dihedral angle predictions were accepted when >9 out of the 10 similar triplets had dihedral
angles in the same region of the Ramachandran Plot. In addition, only results from residues
with more than one assigned site were regarded as highly reliable, filled symbols in Figure 20.
Chemical shift estimates for the tyrosine and asparagine residues, which were obtained as
described in the respective paragraphs in section 4.3.2, were used as additional input in a
second TALOS run. These results and predictions for residues which have only one assigned
chemical shift are given with open symbols in Figure 20. Two long stretches rich in 3-sheet
conformation, ranging from residues A4 to T3 and K;7 to Ks,, respectively, are observed. No
TALOS predictions could be obtained for the N and C-termini and the region A14-Gie. This
indicates that the fibrillar fold contains two long 3-strands separated by a loop region.

Figure 20 shows TALOS predictions also for CA150.WW?2 in its native fold. They were
obtained using the chemical shifts from the solution NMR assignment, see Table 6. Similarly to
fibrillar CA150.WW2, the majority of the residues are in the [3-strand conformation as expected

from the known WW-fold. The predictions compare well with the structure determined

= FE=E=R = Opo mE g -
n

Amyloid fibril: °

Native WW-fold: - = .

-180
2-10 12 34 56 7 8 9 10 111213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Figure 20: TALOS secondary structure prediction for CA150.WW2 in the amyloid and
the WW-fold. Filled symbols indicated reliable predictions, open symbols indicate less
reliable predictions, see main text. Blue: -dihedral angles, red: (-dihedral angles, green:
inconsistent TALOS predictions.
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by Macias et al. [Macias 00] for the wild type sequence (with GSM-tag), which has an
unstructured N-terminus and three antiparallel 3-strands ranging from Wg-T13, K;7-Nj3, and
Ls-E31, respectively. The position of the first loop, A14-Gig, coincides with the loop region
in the amyloid fibrils. However, in the fibrillar fold the N-terminus is not unstructured and the
residues that form the second loop region in the native fold are part of the second [-strand
in the fibril. This indicates that the amyloid fibril fold significantly differs from the WW-fold. In

addition, the overall 5-strand content of the WW-fold is lower than in the fibrillar fold.

4.5.2 Long range distance constraints from MAS NMR spectra

Using the resonance assignment of CA150.WW2 amyloid fibrils, homo- and heteronuclear
correlation spectra were investigated for non-sequential cross peaks. They are observed
between residues close in space but distant in sequence. Generally, they occur at longer
mixing times compared to e.g. Ca/Ca sequential correlations due to the larger inter atomic
distances. Cross peak patterns between six non-sequential residue pairs were detected
comprising 29 unambiguous distance constraints, see Table 8 in section 4.7. Especially
valuable for this procedure was the usage of spectra recorded on the glycerol labelled samples,
1,3-CA150.WW2 and 2-CA150.WW?2, due to the reduced spectral overlap.

Figure 21a+b) shows *C-13C correlations with long mixing times of these samples. The 20 ms
PDSD spectrum of 2-CA150.WW2, Figure 9c) on page 39, contains in its aliphatic region
only two strong cross peaks, VsCa/C3 (60.9/34.5 ppm) and LysC3/Cy (42.2/27.5 ppm). In
addition, weaker lysine Ca/C~ signals are observed. At longer mixing times, cross peaks
occur that correlate the valine and leucine signals with each other via a complete cross peak
pattern, see Figure 21a). The inter residue cross peaks involving the valine C3-resonance
at 34.5 ppm are stronger and appear at shorter mixing times than the ones from the valine
Ca-resonance at 60.9 ppm, indicating that Vs and L, are in contact with each other via their
side chains. Around 22/19 ppm correlations between the methyl groups of both residues
could be observed in a 400 ms DARR spectrum of 1,3-CA150.WW2, see Figure 21b). This
spectrum also shows cross peaks that match VsCy1/LysCa (18.8/55.1 ppm) and VsC,/LsCa
(19.7/55.1 ppm) contacts. However, the L,sCa chemical shift is not unique and contributions
to these signals from other residues cannot be excluded. Based on the other observed long

range contacts (see below) these cross peaks might also be assigned to VsC~;/R»,Ca and
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Figure 21: Spectra showing long range correlations a) 400 ms PDSD spectrum of
2-CA150.WW2, b) 400 ms DARR spectrum of 1,3-CA150.WW2, c) 12.8 ms TEDOR spectrum
of 2-CA150.WW2.

V5Cv2/R24Ca.

In the 400 ms PDSD spectrum of 2-CA150.WW2, see Figure 21a), a correlation involving
V5C[ is observed at 34.5/43.7 ppm. Taking the labelling pattern into account this cross peak
can only result from a V5C(/R,4,Cé contact. This is further supported by the observation
of V5C1/R»4Cv (18.8/27.3 ppm) and VsCv»/R.,Cy (19.7/27.3 ppm) cross peaks in 3C-13C
correlations of 1,3-CA150.WW2, see Figure 21b).

At a relatively short mixing time (100 ms) a cross peak at 52.2/57.4 ppm is observed in
spectra of 2-CA150.WW2. The chemical shift of 52.2 ppm is characteristic for the A,Ca and
A,Ca-resonances. However, their sequential neighbours could be unambiguously identified
and have Ca-chemical shifts very different from 57.4 ppm. The only resonances that match
this value are the S,3Ca and S’»gCa-resonances. This is in accordance with the observation
of correlations from the S,3C3 and S’,gC3-signals to the alanine Ca-resonance in a 700 ms
DARR spectrum of d-CA150.WW2. Thus S,g and S’»g are in contact with either A, or A,.
In addition, the S,3Ca-resonance shows a correlation to the unique T3C5 chemical shift at

73.7 ppm in the 700 ms DARR spectrum of 2-CA150.WW2.
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In the 400 ms DARR spectrum recorded on d-CA150.WW2 only very few long range
cross peaks are observed due to the slow DARR magnetisation transfer in this sample.
Nevertheless, a complete Ca/C[ cross peak pattern between T;3 and T;g was observed in
this spectrum, grey labels in Figure 14b) on page 47. The magnetisation transfer between

these two residues is efficient due to the protons in the threonine hydroxyl-groups.

In 13C-1N TEDOR spectra with long mixing times inter residue cross peaks can occur. This
is especially interesting for resonances with isolated '°N-chemical shifts such as lysine or
arginine side chains because the arising cross peaks do not overlap with other signals in the
crowded nitrogen amide region. Figure 21c) shows a TEDOR spectrum of 2-CA150.WW2 with
a long mixing time of 12.8 ms. Comparison to spectra recorded with short mixing times, see
Figure 12 on page 42, shows that the carbonyl/amide cross peaks (170-180/120-135 ppm) are
already strongly relaxed. Further signals appear at a carbon chemical shift of 181-186 ppm
characteristic for the Co-site of the glutamic acid residues. From the observed nitrogen
chemical shifts of these cross peaks at 120-130 ppm, it is concluded that they arise from
correlations to amide nitrogens. However, the resolution is too low to assign these peaks
unambiguously. One glutamic acid shows an additional correlations to a nitrogen resonance at
75 ppm which is characteristic for the asparagine guanidinium group. Thus a contact between
the side chain of the only asparagine, R,4, and the acidic group of one of the glutamic acids is
observed. Due to the charged character of the head groups of these amino acids formation of
a salt-bridge or a hydrogen bond is likely.

Interestingly, in the TEDOR spectrum a strong cross peak is observed at a carbon chemical
shift of 180.5 ppm. It was assigned to Q34,Cd/Ne although the cross peak is very week in
spectra with short mixing times characteristic for such a one bond transfer (Figure 12 on
page 42). This can be explained by the observed mobility of Q34 which scales the dipolar

interaction.

In summary, non-trivial contacts were observed between residues T13/T1g, Sos/T3, Sag/Aoora,
Vs/Log, Vs/Ro4, and Ros/E,. Most of these interactions connect the two [3-strands identified by
TALOS analysis, section 4.5.1, indicating that the two (-strands interact with each other via
their side chains as observed for other amyloid fibrils, such as A3(1-40) [Petkova 06] or the

K83-peptide from [,-microglobulin [lwata 06].
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4.5.3 Constraints from other methods: Optical diffraction and mutagenesis

Amyloid fibrils exhibit a typical so-called cross- diffraction pattern which was also found for
CA150.WW2 fibrils. Figure 22 shows the optical diffraction pattern of oriented CA150.WW2
tubes which was recorded by John Berriman at the New York SBC. All reflexes occur in
a duplicate manner due to the tubular structure of fibrillar CA150.WW2, see Figure 8a) on
page 37. The reflexes at the farthest distance (wide-angle) from the centre of the diffraction
pattern correspond to a 4.73 A spacing and are characteristic for the strand-strand separation
in 3-sheets. The small-angle reflexes close to the centre of the diffraction pattern arise from a
30 A distance perpendicular to the 4.73 A spacing. Another small-angle reflex of lower intensity
corresponds to a 10 A distance. The two small-angle reflexes describe the dimensions of the

protofilaments. Their diameter is thus 30 A and the distance between the 3-sheets 10 A.

Figure 22: Optical diffraction pattern of an oriented CA150.WW?2 tube, arrows indicate reflexes,
see main text.

Parallel to the NMR analysis, a mutational study of wild type CA150.WW2 was carried out
by Neil Ferguson and Henning Tidow at the MRC in Cambridge. Here, their results are
summarised. Nearly all residues between T3 and L3s were mutated to alanine or glycine

(in case of alanine) and their ability to form amyloid fibrils was monitored, by a thioflavin T
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assay, see section 3.2. In addition, the fibrillation kinetics of the mutants was determined by
measuring the absorbance at 350 nm.

Only few of the mutants were not investigated due to low expression levels, formation of
inclusion bodies, or because they were not soluble anymore after lyophilisation: WgA, Nx,A,
TxsA, EzA, KA, and P33A. Some of these residues are crucial for stabilising the native
WW-fold (Wg and P33) and thus replacing them leads to unfolded protein which is quickly
degraded by proteases or deposited in inclusion bodies. Interestingly, some of the investigated
alanine variants did not form amyloid fibrils at all: V5A, Y11A, YA, RasA, LogA, TagA, and W3A.
For all other mutants the apparent half-time of the fibril growth curves was determined. Three
types of variants were distinguished with respect to their kinetic properties in relation to the
wild type. An increased rate of fibril formation was observed for the variants E;pA, T13A, A;4G,
DisA, GieA, Ki7A, and Y, A. A slower rate was found for T3A, E;A, and Q3,A. The mutants of

all other residues showed fibrillation kinetics similar to the wild type, see Table 7.

Variant 72 [min] | Variant 73 [min]
WT 300 £ 10 Y20A No fibril
T3A 620 + 30 Y, A 30+ 2
A4G 330 + 60 N22A No data
VA No fibril N»sA 260+ 8
S6A 320 + 40 R2sA No fibril
E-/A 1600 &= 200 | To5A No data
WA No data LogA No fibril
ToA 340 + 40 ExyA 180 + 10
E A 170 + 15 SxsA 230+ 15
Y1A No fibril TaA No fibril
K12A 270 £ 40 W30A No fibril
T13A 120 =10 Es A No data
AuG 40 +5 KA No data
DisA 70 £2 P3sA No data
Gi6A 140 + 10 Q3,A 630 £+ 40
Ki7A 40 +5 EssA 190 + 20
TisA 310 + 40 LA 240 + 80
Y10A 255 +5

Table 7: Half-time of the fibril formation process (T%) for several mutants.
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4.6 The fold of the monomeric unit in CA150.WW2 fibrils

Prior to structure calculation, the fold of the monomeric units in the CA150.WW2 amyloid
fibrils was determined using MAS NMR chemical shifts, some long range distance constraints,
electron microscopy, and alanine scanning data. The basic secondary structure elements, two
long (3-strands separated by a loop region, were identified by TALOS analysis. Both §-strands
are in contact with each other via their side chains which has been shown by MAS NMR
distance constraints between residues T3/Sog, Vs/Ros, Vs/Log, and T13/T15. In 3-strand one
(A4-T13) the odd numbered residues (T3, Vs, E7, To, Y11, T13) and in g-strand two (Ki7-Ksp)
the even numbered residues (T1g, Y0, Noo, Ras, Log, Sog) are oriented towards the interior. A
sketch of the described model is shown in Figure 23. The observed distance constraints are
indicated by black arrows.

In the region Ty, Y11, and Yy, N2x no such long range distance constraints could be
detected. In addition, for many of these residues (Y11, Y20, N22) very heterogeneous line
shapes are observed in the MAS NMR spectra, see section 4.3.2. This indicates that the
structure is less ordered in this region.

The model is in line with the results from the mutational analysis, see section 4.5.3.

Residues which cannot be replaced by alanine without removing the ability of CA150.WW2

K37

/ MO/S-1-_--_G-2 :

L[36 \ 4 30 A -
Eas G1\ A4 Se ‘Ws ‘E10 K12

N23 Y21 ‘F19 Ki7

Figure 23: Sketch of the monomeric unit of CA150.WW?2 fibrils; alanine scanning results
are indicated by the colour of the residues: no fibril formation (red), very slow fibril
formation (orange), wild-type or fast fibril formation (blue), no data (grey); long range contacts
are indicated by arrows, unambiguous (black), unambiguous based on the model (grey),
ambiguous (dashed); residues that show a 3-strand conformation in TALOS analysis are
connected with a thick line; the distances determined by electron microscopy are indicated.
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to form amyloid fibrils at physiological conditions are coloured in red in Figure 23. In addition,
alanine mutants which form fibrils very slowly are given in orange. Most of these residues are
situated in the interface between the two strands: T3, Vs, and E; in §-strand one and Y,
R»4, and Lyg in 3-strand two. Interestingly, the residues in the ordered part of the amyloid core
region have side chains of similar size, except for Ry4. This indicates that the strand-strand
interaction might be steric in nature as observed by Eisenberg et al. [Nelson 05, Sawaya 07]
in the steric zipper structures of fibril-like crystals.

Based on this structural model for the monomeric unit the observed long range contacts
Sas/Asors and Ry4/E-, see section 4.5.2, were assigned to Syg/A, and Ry4/E; (grey arrows in
Figure 23). From the model further long range contacts are expected. Cross peaks that could
result from Ts/L,s and To/Y,g contacts were observed in the MAS NMR spectra, but could not
be unambiguously assigned due to spectral overlap (dashed arrows in Figure 23). Thus they
were not included in the structure calculation (see section 4.7.2).

The sheet-sheet distance is 10 A as determined by electron microscopy indicating that
the sheets are tightly packed against each other. The diameter of the fibrils is 30 A which
corresponds to a (-strand of around ten residues in good agreement with the length of 3-strand
one (A4-T13). TALOS analysis indicates that -strand two is longer (K;7-K3,), but based on the
electron microscopy data, the structural core of the fibrils seems to be shorter, comprising,
approximately residues Kj7-E»7. Combining the TALOS and electron microscopy data, the
structural core of the amyloid fibrils comprises at least residues A4-E,7. This coincides with
the occurrence of peak doubling for residues T3 and S,g. Interestingly, alanine mutation of T
and W3q hinder fibril formation, and it may be speculated that these residues play a role in
protecting the fibrillar core.

Based on this preliminary structural model, it is difficult to understand the observed
decelerating effect of the Q34A mutation on the fibrillation kinetics. Further experiments are

necessary to investigate whether Qs, is really essential for fibril formation.

4.7 CA150.WW2 structure determination
4.7.1 Quaternary structure constraints employing peptide mixtures

For structure calculation of CA150.WW2 amyloid fibrils the arrangement of the monomeric

units in the fibrils need to be determined. From the cross-3 amyloid diffraction pattern, see
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section 4.5.3, it is known that CA150.WW2 amyloid fibrils contain 3-sheets and that the single
(-strands are oriented perpendicular to the fibril axis. According to the model of the monomeric
unit of CA150.WW2, the fibrils consist of two (3-strands incorporated in 3-sheets which interact
via their side chains. In general, it is possible that the pair of 3-sheets further associates to
form thicker protofilaments, as in the case of A3(1-40) [Petkova 06], or that the long 3-strands
are interrupted as observed for HET-s [Lange 08].

Different terminologies for two [3-strands separated by a short loop region are found in the
literature. Here, the definitions by Hennetin et al. [Hennetin 06] are used. Two (3-strands that
are connected by hydrogen bonds forming an antiparallel 5-sheet are referred to as §-hairpin
and the loop region is a g-turn, see Figure 24a). Another possibility is, that the (-strands
interact via their side chains. This is called (3-arch and the loop region (-arc, see Figure 24b).

Several arrangements of the monomeric strand-turn-strand motif into two interacting
(-sheets are conceivable, see Figure 25. The perspective in this figure was chosen such,
that the hydrogen bonds are in the plane of the drawing, and the side chains of the residues
are perpendicular to this plane. In most structural models of amyloid fibrils which are based
on experimental constraints, parallel 5-sheets are found. Often two different 3-sheets are
observed, each composed of one of the 3-strands from the monomeric unit, Figure 25a). Thus
each (3-sheet contains just a single type of -strand (uni-3-sheet). In a further architecture

the two (-strands of the peptide would for example alternate within one parallel 3-sheet

Figure 24: Schematic diagrams of a) two S-hairpins where the two strand are connected by
a (-turn and b) two (-archs with a g-arc loop. The black lines indicate hydrogen bonds.
Reproduced from Hennetin et al. [Hennetin 06].
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a) parallel uni-B-sheet b) parallel mixed-f-sheet
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Figure 25: Different architectures for the polymeric arrangement of two 3-strands into two
interacting (3-sheets. For the shift i% and shift £1 arrangements only the shift in the negative
direction is shown.

(mixed-(3-sheet), Figure 25b). In addition to these cases, antiparallel uni and mixed-/3-sheets
occur, Figure 25c) and d), respectively. All these architectures contain a strand-turn-strand
motif in a [-arch arrangement. Another possibility is shown in Figure 25e). In this case
(-strands one and two occur within one (3-sheet in an alternating manner similar to the mixed-
(-sheets, but belong to the same polypeptide chain. This resembles the typical 3-hairpin
motif that occurs in the native WW-fold and which is frequently observed in globular proteins.
Due to the relatively short loop region in fibrillar CA150.WW2 this arrangement would result in
antiparallel 3-sheets.

An additional degree of freedom in all discussed architectures is the shift of the two

(-sheets with respect to each other along the main fibril axis. The backbone of a 3-strand
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might be directly on top of the corresponding (-strand from the other (3-sheet (shift 0). It
could be between two such -strands (shift %), or shifted by a complete strand-strand distance
(shift 1). Larger displacements are unlikely due to the restricted loop length. Thus in total 15
different arrangements should be considered, Figure 25. Depending on the direction of the
shift, two forms of the shifted arrangements (shift i% and shift £1) can be distinguished.

In the literature, the term STAG can be found to describe the displacement of 3-sheets
in amyloid fibrils with respect to each other [Petkova 06, Iwata 06]. This definition takes only
odd multiples of half the strand-strand spacing into account. Thus a STAG 1 arrangement
corresponds to shift % in the nomenclature used in this work. The STAG terminology was not
used because in this nomenclature no description for the shift 0 or the shift 1 arrangements

exists.

To distinguish the different conceivable architectures experimentally, it would be useful to
determine whether the observed long range contacts between the two (-strands are intra
or inter molecular. Inter molecular contacts are suppressed in samples diluted with unlabelled
material. Ideally, in such sample every labelled monomeric unit would only have unlabelled
neighbours. Then the cross peaks in NMR spectra would arise only from intra molecular
contacts. A sample from a peptide mixture close to such an infinite dilution would, however,
yield spectra of very poor signal-to-noise ratio. Therefore, in practice often a 1:2-5 ratio
of labelled and unlabelled material is used. Inter molecular contacts can be probed using
samples from a mixture of two peptides which are labelled in 3-strand one and 3-strand two,
respectively.

In case of CA150.WW2 amyloid fibrils, the correlation Vs/L,s which shows strong
and relatively isolated cross peaks in spectra recorded on 2-CA150.WW2 was chosen to
probe intra and inter molecular contacts in the fibrils. Therefore, two specially labelled
samples were made. The sample, 2dil-CA150.WW2, was prepared from a 1:4 mixture
of 2-13C-glycerol labelled and unlabelled peptide. With this labelling scheme cross peaks
arising from inter molecular contacts are less probable and thus intra molecular contacts
are probed. A second sample was designed to detect inter molecular contacts without intra
molecular contributions: vI-CA150.WW2 is a mixture of two differently labelled peptides,
40% v-CA150.WW2 and 60% la-CA150.WW2. v-CA150.WW2 contains 2,3-13C-valine from
bacteria grown on 2-13C-glycerol. The only 3C-labelled compounds in /a-CA150. WW2 were
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Figure 26: 400 ms PDSD spectra of a) 2-CA150.WW2, b) 2dil-CA150.WW2, and c) vl-
CA150.WWa2. The Vs/Lys cross peak pattern is highlighted.

3,4-13C-leucine and 1-13C-alanine. To avoid leucine labelling in v-CA150.WW2, this amino
acid was added in natural abundance to the growth medium. In addition, spectral overlap was
reduced by also feeding unlabelled lysine, phenylalanine and tyrosine.

The complete Vs/L,s cross peak pattern appears in the 400 ms PDSD spectrum of
2-CA150.WW2, see Figure 26a). The strongest inter residue Vs/Lys signals are the
V5C/L6C3 and VsCB/LsCy cross peaks, whereas the VsCa/l,sCS signal is the weakest
and occurs only at relatively long mixing times. The same experiment was recorded on 2dil-
CA150.WW2, Figure 26b), and vI-CA150.WW2, Figure 26c¢). Both spectra were plotted such
that the intensity for the valine Ca/Cj3 cross peak is the same as in Figure 26a) to compensate
for the differences in the amount of labelled material in the samples. With the exception of
the V5Ca/L6C3 signal, the Vs/Lyg cross peak pattern is clearly observed in the spectra of
2dil-CA150.WW2 and vI-CA150.WW2. Therefore, it was concluded that the Vs/L,¢ cross peaks
contain intra and inter molecular contributions.

The intensity of the Vs/Lyg cross peaks in the spectrum of 2dil-CA150.WW2 is around 40%
compared to the fully labelled material normalised to the VsCa/CS cross peak. However,
the intensity of this cross peak in the spectrum of 2dil-CA150.WW2 arises not purely from
intra molecular contributions as 20% of the peptide is labelled. In comparsion to fully labelled
material, the observed cross peaks in spectra of 2dil-CA150.WW2 account for 100% of the
intra and 20% of the inter molecular contributions. Thus less than 40% of the V5;Ca/C(
cross peak intensity in the spectrum of 2-CA150.WW2 should arise from intra molecular
contacts. Only inter molecular contacts contribute to the Vs/Ly signals in the spectrum of

vl-CA150.WW2. Based on the degree of valine labelling the observed cross peak intensity
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(around 25% compared to the fully labelled material) corresponds to 60% of the inter molecular
contacts. Thus around 42% of the cross peak intensity in the fully labelled material should
arise from inter molecular contacts. Clearly, the cross peak intensity observed in both spectra
is weaker than expected (42% and 40% should add up to more than 100%, as 20% of the
inter molecular contacts contribute to both spectra). This might be due spin diffusion which
leads to a loss of magnetisation in the spin-diluted samples. Thus a quantitative analysis of the
spectra is ambiguous. Nevertheless, it can be concluded that Vs/Lyg cross peaks arise from
intra and inter molecular contacts which contribute similary to the observed intensity. Based
on this results, the different architectures shown in Figure 25 are discussed in the following
paragraphs, Vs and Ly are indicated in red and blue, respectively.

The parallel uni-3-sheet arrangement, Figure 25a), with shift 0 seems to contain mainly
intra molecular Vs/L,s contacts. However, each monomer has two nearest neighbours which
are only 4.7 A away. Thus, the two inter molecular contacts together could lead to a similar
cross peak intensity as the intra molecular correlation. Hence, this arrangement would be
in agreement with the data. In the shift % arrangement only one of the two neighbouring
molecules is expected to contribute to the Vs/L,g cross peaks. The inter and intra molecular
distances would be of very similar size. The shift % displacement would therefore also account
for the observed experimental data. The distances that would occur in the shift 1 architecture
are very similar to the ones for shift 0. However, the shortest and one of the longer distances
would be inter molecular. Only one of the longer distances would be intra molecular which is
not in agreement with the experimentally observed similar size of the inter and intra molecular
contributions.

In the cases of the parallel mixed-(3-sheet, Figure 25b), and the antiparallel uni-(3-sheet,
Figure 25¢), architectures, the inter molecular Vs and L distances are ~ 15-25 A and should
not give rise to inter molecular cross peaks. Thus these architectures can be excluded for
CA150.WW2 amyloid fibrils. The antiparallel mixed-(3-sheet architecture, Figure 25d), is in
a way very similar to the parallel uni-3-sheet architecture, Figure 25a). However, the inter
molecular distances in e.g. the shift 0 arrangement occur between neighbouring strands of the
same [-sheet. This cannot explain why in the spectra of vI-CA150.WW2 the V5C/3/L,cCS and
V5C3/Ly6Cy cross peaks are observed whereas the VsCa/L,sC[ cross peaks are below the
detection level. Thus CA150.WW2 amyloid fibrils do not contain antiparallel mixed-/3-sheets.

Using the same argument for the intra molecular contacts, monitored in the spectrum of
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2dil-CA150.WW2, the antiparallel WW-like 3-sheet architecture is also not in agreement with
the observed experimental data.
In summary, CA150.WW2 amyloid fibrils form with a parallel uni-/3-sheet architecture with

a shift 0, shift +%, or shift % displacement of the (3-sheets.

Concentrating on this parallel fibril architecture, it is considered, that the 3-sheets can form
with different hydrogen bonding registers, while satisfying the intra and inter molecular Vs/Lyg
contacts. The amino group of Vs can then be hydrogen bonded to the CO-sites of A,, A,
or Sg from the neighbouring molecule. Here, the three possible registers are referred to as
in-register, +2, or -2 register, Figure 27a). Hydrogen bonding of the V5 amino group to the
CO-site of T3, Vs, or E7 from the neighbouring monomer would result in different orientations
of the side chains in neighbouring monomeric units, and was thus excluded.

To investigate the register, a sample, nta-CA150.WW2, was prepared from a 1:1 mixture of
a uniformly *N-labelled (n-CA150.WW2) peptide and u-'3C-threonine, 1-13C-alanine labelled
(ta-CA150.WW2) peptide. 13C-1°N correlation spectra of such a sample yield only inter mole-
cular cross peaks. Neglecting residue A;4 which is in a loop region and therefore should not
contribute to inter molecular *C-1°N correlations, the '*C-dimension of spectra recorded on
this sample shows isolated CO-resonances for residues A, and A,. Therefore, for the in-
register arrangement A,CO/VsN (175.9/126.7 ppm) and A,CO/T3N (177.0/117.6 ppm) cross
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Figure 27: a) -2, in, and +2 registers for the parallel fibril architecture in blue, red,
and orange, respectively, hydrogen bonds are drawn in green, contacts monitored by the
NHC-experiment on the nta-CA150.WW2 sample are indicated with a bold line, b) NHC
spectrum of nta-CA150.WW2, amide nitrogen and carbonyl resonances potentially involved
in inter molecular hydrogen bonding are indicated by dashed lines, cross peaks expected for
the different registers are marked in the respective colour.
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peaks are expected. In case of the -2 register the crosspeaks A,CO/T3N (175.9/117.6 ppm)
and A,CO/G;N (177.0/108.6 ppm) would occur. A,CO/E;N (175.9/? ppm) and A,CO/VsN
(177.0/126.7 ppm) cross peaks would be indicative for the +2 register.

To probe these contacts a NHC spectrum with a short NH (300 us) and along HC (2000 p:s)
cross polarisation transfer was recorded, Figure 27b). It shows inter molecular correlations
between nitrogen amide and carbonyl sites. The measurement lasted five days, but the
signal-to-noise ratio was still poor. Thus the spectrum is badly resolved especially in the
indirect dimension. No signal intensity occurs at 175.9/117.6 and 177.0/108.6 ppm which
would correspond to the -2 register (labelled in blue). However, on the basis of this spectrum
it is difficult to distinguish between the in-register (labelled in red) and the +2-register (labelled
in orange) as the signal at the A,CO-resonance is badly defined and the E;N-chemical shift
is unknown. Due to the poor signal-to-noise ratio, analysis of the threonine carbonyl/amide
nitrogen cross peaks was not possible. The cross peak at 179/118 ppm in F2/F1 was attributed
to noise as no signal intensity was observed at 179 ppm in a one-dimensional carbon spectrum

of this sample.

In summary, studying three different samples (2dil-CA150.WW2, vI-CA150.WW2, and
nta-CA150.WW2) narrowed down the different possibilities for the quaternary structure of
CA150.WW2 amyloid fibrils. They consist of two parallel in-register or +2 register uni-3-sheets,
which interact via their side chains. The displacement of the (3-sheets along the fibril axis with

respect to each other is either shift 0, shift -2, or shift +1.

4.7.2 Structure calculation on CA150.WW2 amyloid fibrils

Based on the different possibilities for the quaternary structure of CA150.WW2 amyloid fibrils
described in the previous section, the experimental constraints were converted to distance
constraints for structure calculation. From the assigned long range cross peaks two distance
constraint classes were defined, based on the classification by Castellani et al. [Castellani 02].
Class one (2.5 - 5.5 A) are cross peaks that occur at PDSD mixing times up to 200 ms.
Class (2.5 - 6.5 A) are cross peaks that appear only at longer mixing times, see Table 8. For
the REDOR cross peak R,4/E7 it is not known which of the nitrogen atoms of the guanidinium
group is involved. Thus the contact was converted into a class two distance constraint between

R»4C( and E;CJ4. In different calculations, the long range constraints were either treated purely
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Class one (2.5-5.5 A)

Class two (2.5 -6.5 A)

V5C0é - L26C’)/
V5C3 - LGP
V5Cf - LogCry

VSC”yl - L260()[ or R24COé
V5C’)/2 - LzﬁcOé or R24COé

V5Cy1 - LosCoy
VG - LogCoo
V5C2 - LogCoy
V5Cz - LoCo
V5C - Ry Co
V5Cvq - Ry Cry
V5Cs - Ry Cry
T13COé - Tlgc(l
T13C’}/ - Tlché

V5COé - Lgﬁcﬁ
V5C(1 - L26051
V5COé - L26C(52
VsCa - Ry, Co
T13COé - Tlgc
T13Ca - T15Cp
T13Ca - T1gCy
T13Cﬁ - TlSC
T13C0 - T1sCo
T13Cy - T1sC
T13Cy - T1sCy
T3Cﬂ - SQgCOé
AzoOé - Sngﬁ
E;Co - Ry CC

AQCOZ - SngOé

Table 8: Distance constraints used in the structure calculations

intra molecular or inter and intra molecular at the same time. Thus fibril structures resembling
the shift 0 (only intra molecular contacts), the shift +% (additionally inter molecular contacts to
the following molecule), or the shift % (additionally inter molecular contacts to the preceding
molecule) arrangements, were obtained.

The TALOS software provided a total of 50 dihedral angle constraints which were used
with generous error margins of 30 degrees. Translational symmetry was imposed to form a
fibrillar fragment comprising six polypeptide chains. The single monomers were kept together
by sets of inter molecular hydrogen bonds involving residues A;-T13 and K;7-E»7. Two different
registers, corresponding to an in-register and a +2 register arrangement were used in different
calculations. However, for the +2 register architecture it was not possible to satisfy all
constraints. Thus this register probably does not present the correct CA150.WW2 amyloid
fold. So far such a structure has not been described in the literature for any amyloid fibril.

Using the in-register arrangement of the hydrogen bonds, three different structures were
calculated corresponding to the shift 0, +%, and % arrangements. In each case 200 structures
were generated. For the shift 0 and the shift +% arrangements 45-50% (96 for shift 0 and 91
for shift +1) structures without constraint violations were obtained. In contrast, this was only
the case for 10% of the calculated structures in the shift % arrangement. For each of the
three architectures an average structure was calculated and the 15 structures closest to this

average were chosen for the structural ensemble.
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Shift 0
arrangement:

Shift +3
arrangement:

Shift -1
arrangement:

Figure 28: Stereo view of the fibril structure ensembles, residues G;-Ks, of the 15 structures
closest to the average are shown, the 3-sheet that is formed by (3-strand two is on top.

Figure 28 shows a side view of the different ensembles. In the shift 0 arrangement the
backbone atoms of both 3-strands of a monomeric unit are in one plane. In contrast, in
the shift +% and shift % structural ensembles the (-strands are out-of-plane. The smallest
backbone RMSD (root mean square deviation) was observed for the shift +% arrangement
(0.53 A for residues A,-T13 and K;7-E»7). The RMSD (0.68 A) of the shift 0 ensemble is slightly
higher, whereas the shift % arrangement has the largest RMSD (0.96 A).

Interestingly, the variation in the loop region among the different structures within one
ensemble is different for the three architectures. In the shift +% structures the dihedral angles
of A1, Dy5, and Gyg cluster around one or two values. In contrast, for the structures in the
shift - and shift 0 ensembles, these residues show a larger distribution of dihedral angles.

In the shift +% structures the conformation of A4, and Gyg is in or close to the (-sheet region
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of the Ramachandran Plot, whereas D5 has dihedral angles close to the a-helical and loop
regions.

A lower probability for the occurrence of structures with a loop conformation that enables
a shift % displacement during structure calculation, might present a reason why only very
few structures were obtained for this architecture. It may be speculated that an entropic
contribution, plays a role during fibril formation and thus makes a shift % arrangement of
the monomeric units in CA150.WW?2 fibrils eventually less likely. Similarly, during the structure
determination of the K3-peptide (from (,-microglobulin) fibrils only a shift +% displacement

could successfully be calculated [Iwata 06].

In Figure 29 different views along the fibril axis are shown for the shift +% arrangement.
The ensemble of the six calculated monomeric units, Figure 29a), exhibits a slight twist for
each monomer with respect to its neighbour. This twist is an intrinsic property of (3-sheets
and was also observed in the other two structural ensemble and other amyloid fibril models
[Petkova 06, Correia 06]. The ensemble for a single monomeric unit is shown in Figure 29b)
for the case of the shift +% arrangement. The side chain packing in the core of the structure
is very dense and leaves hardly space for solvent molecules. Different side chain orientations
are observed for the aromatic residues, due to the lack of constraints. These residues show
heterogeneous line shapes in MAS NMR spectra, leading to the speculation that different side
chain orientations might be present in the fibrils. A very similar situation is encountered in the
structural ensembles of the other two architectures. A single monomeric unit for the shift +%
architecture is shown in Figure 29c) illustrating the intra molecular distance constraints used

during structure calculation.

The different calculated architectures were analysed to determine whether they can be
distinguished by the Vs/Lyg inter residue distances. For each of the three structural ensembles
Vs/Log inter residue distances were calculated. Here, the result for the V5C5/L,sC5 contact
is given, see Table 9. In all three structural ensembles, relatively short distances were
observed for the intra molecular contacts enforced by the distance constraints during structure
calculation. A long and a short contact is observed for the inter molecular distances to the
two neighbouring monomeric units in all three architectures. Interestingly, the majority of the
shift 0 ensemble structures (12 out of 15), showed a side chain orientation resembling the

shift % structural ensemble.
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Figure 29: Different views along the fibril axis for the shift +% arrangement, residues G;-Ks;
are shown, a) stereo view of the hexamer ensemble, b) ensemble of a monomer, c) a single
monomer, the class one and two long range distance constraints are indicated, in green and
orange, respectively.
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The distances measured in the different arrangements are remarkably similar. Therefore,
here no attempt was made to further distinguish between the three arrangements based on
the spectra recorded on 2dil-CA150.WW2 and vI-CA150.WW2. In addition, the observed line
widths in spectra of CA150.WW2 fibrils indicate some structural heterogeneity and it cannot
be excluded that in CA150.WW2 amyloid fibrils slightly different architectures are present in

parallel.

| V5C3/L,6Cf3 contact shift 0 shift+;  shift-> |
intra molecular 51+05 51+£06 53£0.7
inter molecular to the preceding monomer | 6.1 +2.0 85+0.8 51+1.0
inter molecular to the following monomer | 8.14+1.6 54+04 9.1+£1.0

Table 9: V5C3/L,cCp3 distances in A in the structural ensembles.
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5 Discussion

5.1 MAS NMR as a tool to study amyloid fibrils — a strategy

Amyloid fibrils are challenging objects for structural investigations because they are insoluble
and non-crystalline in nature which hinders studies by X-ray crystallography and solution NMR
spectroscopy. MAS NMR spectroscopy is in principle well suited to study these systems.
However, assignment of MAS NMR spectra recorded on amyloid fibrils and collection of
constraints on the amyloid structure is so far not routine. In this work, CA150.WW2 amyloid
fibrils were investigated. Using a novel strategy, carbon and partial amide proton and amide
nitrogen assignments were obtained. Subsequently dihedral angle prediction and distance
constraint determination was possible. The NMR data agreed well with the results from
electron microscopy and alanine scanning. The combined data was used to derive the fold
of the monomeric unit in CA150.WW?2 fibrils. Special isotopically labelled samples were used
to probe the quaternary structure of the amyloid fibrils. The distance constraints derived from
the NMR data were used for structure calculation of CA150.WW2 amyloid fibrils. Here, based
on the experience gained in this work and recent achievements from other groups, a strategy

for structural investigations of amyloid fibrils by MAS NMR is outlined.

To obtain structural information from MAS NMR spectra, a sufficient amount of *C and
15N-signals need to be assigned. Using uniformly 3C and '°N-labelled samples this can be
done by tracing the protein backbone in 3C-15N correlation spectra. These methods have
been developed on crystalline proteins [Pauli 01]. They were successfully applied to the rigid
parts in HET-s [Siemer 06b] and a-synuclein [Heise 05a, Kloepper 07] fibrils which both have
line widths comparable to crystalline proteins. However, the spectra of many amyloid systems
show considerably broader lines which lead to strong signal overlap. In the study of amyloid
fibrils formed by the 22-residue K3-peptide of [,-microtubulin [Iwata 06] this was tolerable
due to the small size of the monomeric unit. In other cases though, assignment strategies
tracing the protein backbone were not applied. An example are amyloid fibrils formed by the
Aj-peptide which exhibit broad lines in MAS NMR spectra. The assignment problem in MAS
NMR studies of these systems was overcome by sequence-specific labelling using peptide
synthesis [Petkova 02].

The line widths observed in spectra of CA150.WW2 amyloid fibrils also hindered the usage
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of assignment strategies employing NCA/NCACX and NCO/NCOCX spectra. Therefore, a
novel assignment strategy was used in this work to obtain carbon and partial amide proton and
amide nitrogen assignments. Thereby, four differently labelled samples were used: a uniformly
13C,5N-labelled, a 1,3-13C-glycerol,*>N-labelled, a 2-13C-glycerol,*N-labelled, and a uniformly
2H,13C,**N-labelled, 'H back-exchanged sample. *C-3C PDSD correlations were recorded
on these samples. In spectra with short mixing times, cross peaks occurred from intra residue
correlations. The glycerol-labelled samples yielded spectra with a specific labelling pattern for
each type of residue which has been described in the literature [Lemaster 82, Castellani 02].
The spectra recorded on the deuterated sample showed improved line widths for most cross
peaks (see below). This sample was also used to record spectra with direct carbon excitation
which are more sensitive for signals from residues with increased mobility. Indeed, a few

additional cross peaks from the C and N-termini were observed in such spectra.

In 13C-13C spectra recorded with PDSD mixing times that exceed 50 ms, Ca/Ca correlations
involving neighbouring amino acids are observed. In principle, they can be used for sequential
assignment. However, even for small proteins, the Ca/Ca region in PDSD spectra of uniformly
labelled samples suffers from spectral crowding. This is markedly reduced in spectra recorded
on the glycerol-labelled samples. Thus the assignment possibilities are narrowed down and
sequential assignments can be obtained based on the characteristic glycerol-labelling pattern
of each residue. In a similar way, other contacts between neighbouring residues can be
used, e.g. CO/Ca cross peaks in TEDOR spectra. Further sequential correlations can be
obtained from 3C-13C spectra with long mixing times (e.g. 400 ms DARR) of a deuterated 'H
back-exchanged sample. They occur mainly from sites near a proton nucleus.

Using the described strategy, a *C-assignment of CA150.WW?2 fibrils was obtained. The
strategy should be suitable to assign other amyloid systems which exhibit line widths that
hinder conventional procedures. One might argue that the described strategy is only applicable
to systems with monomeric units of a size up to 40-50 residues. However, larger amyloidogenic
sequences often yield MAS NMR spectra with a similarly small number of cross peaks due to
the presence of highly flexible parts which do not give rise to signals in MAS NMR spectra

[Siemer 06a].

The origin of the improved line widths in spectra of the deuterated sample (around 220 Hz and

190 Hz in the case of protonated and deuterated fibrils, respectively) might be differences
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in the structural or dynamic properties compared to the protonated samples. Another
reason might be insufficient proton-carbon decoupling during the experiments recorded on
the protonated samples. This view is supported by a study on nanocrystalline ubiquitin which
yields very well resolved MAS NMR spectra indicative for good decoupling. Consequently,
the spectral resolution in 3C-spectra of ubiquitin does not improve upon deuteration
[Morcombe 04]. To explain the improvement of the line width in CA150.WW2 amyloid fibrils
upon deuteration, it may be speculated that CA150.WW2 amyloid fibrils exhibit mobility on a
timescale that interferes with the heteronuclear proton decoupling. This hypothesis could be
tested experimentally by comparing spectra recorded at different temperatures, or by applying
very high decoupling powers, e.g. using a very small rotor to prevent sample heating. The
experience gained in this work indicates, that deuteration might serve as a general approach

to improve the resolution in amyloid fibrils with increased line widths.

Deuteration also leads to smaller and fewer homonuclear proton dipolar interactions. This
can be exploited in *H-13C-15N correlations. In this work, a three-dimensional HNC-TEDOR
experiment was assembled. The analysis of the spectrum yielded partial amide nitrogen and
amide proton assignments. The resolution in the proton dimension in this spectrum might be
further improved by homonuclear proton decoupling using for example the frequency-switched
Lee-Goldberg scheme [Bielecki 89]. Another approach would be, to further reduce the
number of protons in the sample. This was recently demonstrated by Chevelkov et al.
[Chevelkov 06]. They used microcrystalline SH3 with a very high degree of deuteration (90%
of all exchangeable sites and nearly 100% of all other sites) to record well resolved proton
detected 'H-1>N MAS NMR correlations. However, the sensitivity of such experiments is

relatively low due to the small amount of protons in such samples.

Secondary structure in amyloid fibrils can be probed by TALOS dihedral angle prediction.
Based on the established assignment, it is also possible to detect and assign long range
contacts in MAS NMR spectra. For this purpose, PDSD and DARR spectra with long mixing
times were used in this work on CA150.WW2 amyloid fibrils. In the work on HET-s amyloid
fibrils additionally proton spin diffusion experiments (CHHC and NHHC) were employed to
obtain long range distance constraints [Wasmer 08]. These spectra are less crowded but at

the same time the techniques are less sensitive.
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Due to the polymeric nature of amyloid fibrils it is necessary to use fibrils grown from mixtures
of differently labelled peptides to probe the overall fibril architecture. In this work and many
other studies on amyloid fibrils, spectra were recorded on fibrils grown from mixtures of labelled
and unlabelled peptides to distinguish intra from inter molecular contacts. In addition, spectra
from fibrils grown from a mixture of 13C and '°N-labelled peptides can reveal the register of the
(3-sheets.

Amyloid structure calculation can be done by imposing translational symmetry along the
fibril axis. Due to the high symmetry in the polymeric arrangement often a relatively small
number of long range distance constraints is sufficient to determine a relatively well-defined
amyloid fibril structure (e.g. 134 total and 103 long range distance constraints in HET-s
[Wasmer 08]).

In summary, using the described strategy, a collection of 5-6 differently labelled samples,
including glycerol-labelling, deuteration, and spin-dilution, should for many amyloid systems be
sufficient to assign the MAS NMR spectra, to determine some long range distance constraints,
to probe the quaternary structure, and finally to obtain an overall fold. The procedure is robust
and thus applicable to systems that show intermediate line widths. The described assignment

strategy might also present a way to tackle non-amyloid systems of intermediate line widths.

5.2 CA150.WW2 and related structures — a (3-solenoid as a common

amyloid fold?

In this work, based on MAS NMR spectroscopy, alanine scanning, and electron microscopy,
the fold of the monomeric unit and the architecture of CA150.WW2 amyloid fibrils was
determined. The core of CA150.WW2 amyloid fibrils was found to consist of two parallel
in-register (3-sheets, each composed of one of the J-strands of the monomeric unit
(uni-g-strand). To build these (-sheets, the monomeric unit folds into a so-called (-arch
consisting of two [-strands which are separated by a short (-arc loop region. The two
(-sheets interact with each other via their side chains forming a dense structural core that
has elements of the steric zipper arrangement observed in fibril-like crystals of short peptides
[Nelson 05, Sawaya 07]. The C-terminus (Q34-Ks37) is not involved in the structural core and

shows increased mobility.
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Similar structures were determined or are suggested as structural models for other amyloid
systems. Pairs of uni--strand, in-register, parallel 5-sheets that interact via their side chains
were described for fibrils formed by the A{F(1-40) peptide [Petkova 02, Petkova 06], the
A((1-42) peptide [LUhrs 05], amylin [Luca 07], and the K3-peptide of (3,-microglobulin. For
A((1-40) and amylin it was further suggested that two pairs of 3-sheets interact with each other
to produce a twice as large structural core. More complex structures were observed for longer
amyloidogenic sequences such as the prion domain of the HET-s prion protein or a-synuclein.
HET-s fibrils are composed of three interacting parallel 3-sheets. Each of the 3-sheets consits
of two alternating 3-stands that are pseudo repeats of each other [Wasmer 08]. Secondary
structure analysis of a-synuclein fibrils revealed five (3-strand regions in the monomeric unit
[Kloepper 07], however, the fold of the monomeric unit and the fibril architecture are still

unknown.

For the different amyloid systems various displacements of the [3-sheets along the main
fibril axis relative to each other, in this work referred to as shift, are observed. Here, an
overview of these findings together with the results on CA150.WW?2 fibrils is given. On
CA150.WW2 fibrils the shift was determined to a precision of the strand-strand distance and
can either be shift 0, shift % or shift +%. The structure calculated from MAS NMR data on the
K3-peptide of 3,-microglobulin showed a STAG(+1) arrangement [lwata 06] which corresponds
to the shift +% displacement in the nomenclature used in the present work. The STAG(-1)
arrangement (equivalent to shift -%) in K3-peptide fibrils was excluded during the structure
calculation process. Similarly, the corresponding shift % arrangement in CA150.WW2 fibril
calculations yielded the fewest structures without restraint violations. However, in the study
of the K3-peptide fibrils a STAG(0) (shift 0) arrangement was not considered on the basis of
spectra from spin diluted samples (labelled and unlabelled 1:2).

Similarly, in the work on A{3(1-40) fibrils by Petkova et al. [Petkova 06] only odd multiples

of half the interstrand spacing (shift % shift %) were taken into account based on the
assumption that this leads to a favourable side chain packing between two [3-sheets. From
spin-dilution experiments a STAG(+2) arrangement was concluded (corresponding to a
shift i% displacement). In contrast, a shift +1 arrangement was determined for A3(1-42),
based on the fibril growth properties of mixtures of several variants and on inhibitor binding

experiments [LUhrs 05]. To accommodate the relatively short loop region between the two
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(-strands in A3(1-42) fibrils, the suggested structural model contains slightly tilted (-strands.

The well resolved structure of HET-s amyloid fibrils [Wasmer 08] shows a displacement of
the (-sheets along the fibrils axis corresponding to a shift in the positive direction. Finally,
in X-ray structures of fibril-like crystals of short peptides, the monomeric units from different
interacting (5-sheets are displaced by half a strand-strand distance with respect to each other

[Nelson 05, Sawaya 07].

Parallel (3-sheets that interact through their side chains are not a unique feature of amyloid
fibrils. A well known example for the occurrence of such (3-sheets are the parallel S-helices
or (-solenoids [Jenkins 01, Kajava 06]. They consist of two to four parallel 3-sheets. The
(-strands of the different 3-sheets are connected by short loops. The majority of the -
helices are composed of three (3-sheets. They can be right or left-handed, e.g. the phage
P22 tailspike protein from Salmonella typhimurium [Steinbacher 94] and UDP-N-acetylglucos-
amine acyltransferase from Escherichia coli [Raetz 95], respectively. The arrangement of the
(-sheets in these proteins corresponds to a positive or negative shift in case of the left or
right-handed helices, respectively. The side chains in one coil of these structures are directed
towards each other. An interdigitation as observed in the fibril-like crystals investigated
by Eisenberg et al. [Nelson 05, Sawaya 07] does not occur as three 3-sheets build the
interface in these examples. However, right-handed parallel 3-helices with an L-shaped cross
sections (e.g. pektate lyase C from Erwinia chrysanthemi [Yoder 93]) or even double-stranded
(-helices, also referred to as (-roles (e.g. alkaline protease from Pseudomonas aeroginosa
[Baumann 93]), have been observed. In these examples an interdigitation for some of the
side chains occurs. CA150.WW2 amyloid fibrils can be regarded as a parallel 5-solenoid with
two (3-sheets and only one loop. In a similar way, other amyloid fibrils can be described as
parallel 5-solenoids and the well resolved HET-s structure [Wasmer 08] greatly resembles a
triple-stranded, left-handed, parallel S-helix.

In most parallel S-helix structures the formation of amino acid stacks inside the 3-helix core
which can be hydrophobic (valine, leucine, isoleucine), aromatic (tyrosine, phenylalanine) or
hydrogen-bonded (asparagine, glutamine) are observed. This is also reflected in the primary
sequences of these proteins. Such interactions are easily established in parallel in-register
amyloid fibrils where each monomeric unit forms a single coil identical to its neighbouring coils.

Thus, these stacking interactions might be a driving force for the relatively high structural order
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in amyloid fibrils. This is supported by the observation that in the functional HET-s fibrils, where

the monomeric unit forms two coils, the single coils are pseudo-repeats of each other.

In summary, CA150.WW2 and other amyloid fibrils described in the literature have many
structural properties in common supporting the view that there is a general amyloid fold
which resembles the parallel 5-helices. This is in accordance with the observation that many
parallel S-helix proteins as well as most amyloid fibrils are very stable with respect to high
temperatures and denaturing agents. So far, it is unknown whether the amyloid fold is related
to the left or right-handed parallel 5-helices or whether both forms occur. Studies on the HET-s
and the K3-peptide amyloid fibrils revealed a shift in the positive direction, corresponding to
the left-handed (-helix. Intriguingly, the CA150.WW?2 structure with the best backbone RMSD

also has a positive shift (shift +3).

5.3 Outlook

In this work, CA150.WW2 amyloid fibrils were studied intensively by MAS NMR to determine
the fold of their monomeric unit and their fibril architecture. Some uncertainty remained
with respect to the relative shift of the (3-sheets along the fibril axis. The calculated fibril
architectures shift 0, shift +1, and shift -1 are relatively similar. Therefore, it might be possible
that the shift is not the same throughout a fibril sample, varying e.g. within a single proto-
filament or among the different fibrils.

To distinguish the different shifts experimentally, it is necessary to measure inter nuclear
distances to a very high precision. MAS NMR experiments involving several spins, however,
are very difficult to interpret in a quantitative way. Therefore, it would be desirable to prepare
samples which contain just a spin pair — ideally further spin-diluted with unlabelled material.
Using such a sample it would be possible to measure dipolar build-up curves from a series of
one dimensional spectra. A similar experiment was conducted by Balbach et al. [Balbach 02]
to confirm the parallel in-register architecture of A3(1-40) amyloid fibrils.

Another approach to distinguish the different shifts and to improve the structural quality
would be to measure the dihedral angles in the loop region directly. Such an experiment was
demonstrated by Rienstra et al. [Rienstra 02] on a uniformly 13C,'>N-labelled tripeptide. It is,
however, experimentally challenging to do this experiment on CA150.WW2 amyloid fibrils due

the line broadening observed for the residues in the loop region.
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In this work, experimental determination of the hydrogen bonding register was done
using inter molecular 3C-*N contacts in fibrils grown from a mixture of *C and '°N-labelled
peptides. However, the obtained signal-to-noise ratio in NHC experiments from this sample
was very poor. To improve this, it would be useful to reduce the loss of magnetisation due to
proton spin diffusion. This could be done by introducing deuterons in one of the peptides, e.g.
a ?H,'®N-labelled, 'H back-exchanged peptide.

Further improvement of the CA150.WW2 amyloid fibril structure is expected from
experiments elucidating the role of the residues T, and W3o. They are important because
their replacement by alanine eliminates the ability of CA150.WW?2 to form amyloid fibrils. In
addition, TALOS predictions indicate that -strand two might continue until K;,. However,
no distance constraits could be determined for this part of the monomeric unit due to the
heavy signal overlap of the involved residue (TooW30E31K3,) with other parts of the sequence.
Selective labelling using peptide synthesis might be a way to overcome this problem. In such
a preparation it would also be useful to label additional residues, e.g. A, and Sy, to probe

putative long range contacts between T,9-K3, and the structural core.

The determination of amyloid fibril structures has been slow in the past and only few structural
information is available on these systems. This work in conjunction with other reports, e.g. on
A [Petkova 06], the K3-peptide from 3,-microglobulin [lwata 06], and the HET-s prion protein
[Wasmer 08], has shown that MAS NMR is a valuable tool to investigate these non-crystalline
and non-soluble materials. Many amyloid fibrils show relatively broad lines in MAS NMR
spectra and the parallel in-register architecture makes it difficult to distinguish inter from intra
molecular contacts. In the presented work, these problems were overcome using specially
labelled samples (including glycerol-labelling and sample mixture) and deuteration. Based on
the developed techniques it should be possible to determine more and better resolved amyloid
structures in the near future in order to develop a general understanding of the amyloid fibril
fold.

The role of mature amyloid fibrils in diseases is under debate and special interest lies in
the understanding of the structural properties of the oligomeric amyloid precursors which, in
many cases, are more toxic to cells than the mature amyloid fibrils [Stefani 07]. To develop
preparations of these precursors suitable for MAS NMR studies and to compare their structural

properties to mature amyloid fibrils will be of interest in future amyloid work. First progress
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has been made by Chimon et al. who studied prefibrillar aggregates of A3(1-40) by MAS
NMR and observed chemical shifts quite similar to those from the mature amyloid fibrils
[Chimon 05, Chimon 07]. Techniques applicable to samples with broadened lines and a
low signal-to-noise ratio, as developed in the present work, may also be suitable to study
prefibrillar aggregates in detail. Using the obtained structural information, it will eventually
become possible to investigate the interaction of amyloid fibrils or their precursors with cellular
compounds such as membranes or other proteins to further develop the understanding of

amyloid diseases.

5.4 Publications

The work described here has so far resulted in two publications:

Ferguson et al. [Ferguson 06] describes alanine scanning, electron microscopy, and MAS
NMR long range distance constraint determination on CA150.WW2 amyloid fibrils. The results

of these studies were combined to yield a structural model of CA150.WW2 amyloid fibrils.

Becker et al. (accepted) [Becker 08] presents the assignment of CA150.WW2 amyloid fibrils
and the assignment strategy, a TALOS analysis, and the 3D-HNC-TEDOR experiment.
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6 Summary

Amyloid fibrils are the major protein components of deposits found in patients suffering from
amyloid diseases such as Alzheimer’s or Parkinson’s disease. The role of the amyloid deposits
in these disorders is under debate, ranging from suggestions that they are merely byproducts
that occur during the course of the disease to the hypothesis that they are the main toxic
species. It has been discovered that in vitro oligomeric precursors of the fibrils are often more
toxic to cells than mature amyloid fibrils raising the suspicion that mature fibrils could serve as
a sink for the more dangerous intermediates.

To improve understanding of the function of amyloid deposits in disease, it is necessary
to study their interaction with cellular compounds at a molecular level. Thus, high resolution
structural information on these systems is needed. Amyloid fibrils are generally non-crystalline
and insoluble which largely hinders studies by X-ray crystallography and solution NMR, both
being well established techniques in structural biology. Solid state NMR spectroscopy is
in principle well suited to study fibrillar aggregates at atomic resolution. However, so far
no routine procedure for structure determination of immobile proteins by solid state NMR
spectroscopy has been established.

Nevertheless, much progress has been made during the last decade and the first solid
state NMR structure was solved in 2002 using a microcrystalline protein. A range of amyloid
systems is under study in several solid state NMR laboratories. Based on NMR and other
experimental evidence a number of structural models have been determined on different
amyloid systems and recently the first high resolution structure of an amyloid fibril (the HET-s
prion) was presented. This system is characterised by remarkably narrow lines in solid state
NMR spectra in contrast to many other amyloid samples. A more general approach for tackling
amyloid samples with increased line width is lacking. Therefore, the total number of amyloid
systems studied at atomic resolution so far is very limited and further information is necessary
to develop a general understanding of amyloid structure, formation of amyloid deposits, and

amyloid toxicity.

In this work, the structural properties of amyloid fibrils formed by the second WW-domain of
CA150, a human transcriptional activator, were studied. The system was chosen for structural
investigations because a wealth of information on the fibrillation properties of CA150.WW2

and several of its variants was available from a collaboration with Neil Ferguson and Alan R.
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Fersht from the MRC in Cambridge, UK. In preliminary studies, CA150.WW2 Y19F amyloid
fibrils showed MAS NMR spectra with considerably narrower lines compared to wild type
CA150.WW2 fibrils. Consequently, this variant was chosen for the structural studies. The
observed line width are, nevertheless, relatively broad compared to crystalline proteins.
Therefore, standard solid state NMR assignment procedures using two or three-dimensional
NCA/NCACX and NCO/NCOCX experiments were not suitable for assigning the spectra
recorded on CA150.WW2 amyloid fibrils.

A novel assignment strategy was devised. It is based on the amino acid labelling pattern
introduced by using 1,3-13C-glycerol or 2-13C-glycerol as the only carbon source during
recombinant protein expression. The observed labelling pattern facilitates the assignment
of the signal sets to a certain type of residue. In addition, sequential cross peaks, such
as Ca/Ca signals, are only observed when both sites are labelled which is only the case
for certain residue combinations in the glycerol-labelled samples. This reduces the spectral
overlap as well as the number of assignment possibilities. Therefore, two-dimensional *C-13C
correlations can be used for the assignment. Additionally, a u->H,'3C,'>N-labelled sample was
investigated which carried protons at all exchangeable sites. Interestingly, the deuteration
led to spectra with significantly reduced line width. Using spectra of this and the two
glycerol-labelled samples, the 3C-assignment of CA150.WW2 amyloid fibrils was determined.
For the assignment of proton and amide nitrogen signals a three-dimensional HNC-TEDOR
experiment was designed. It is expected that the described strategy might be useful in
assigning other amyloid or non-amyloid systems exhibiting broad lines.

From 13C-13C and 3C-!*N experiments recorded with long mixing times, 29 distance
constaints were extracted. Additonal structural constraints were obtained by TALOS dihedral
angle prediction, electron microscopy, and alanine scanning. The data was combined to derive
a structural model of the monomeric unit in CA150.WW2 amyloid fibrils. It consists of two long
(-strands connected by a short loop. The two (-strands are incorporated into two different
(3-sheets which interact with each other via their side chains. Direct excitation solid state NMR
spectra showed that the C-terminal residues exhibit increased mobility.

The overall fibril architecture was determined using amyloid fibrils grown from mixtures
of specially labelled peptides. This enabled analysis of the general arrangement of the two
(-strands in the amyloid fibrils. The shift along the main fibril axis of the two 3-sheets with

respect to each other also was investigated. The shift nomenclature used here refers to the
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strand-strand distance. CA150.WW?2 fibrils are formed by parallel, in-register, uni-stranded
(-sheets (i.e. only one strand of the monomeric unit is incorporated into each (3-sheet) with
a shift between +3 and -3. Structures were calculated for the shift +1, shift 0, and shift -1
architectures. Considering only the defined regions, the lowest backbone RMSD was observed
for the shift +% architecture but the RMSD for the other two ensembles was also < 1.0.
However, for the shift % arrangement, only 10% of the calculated structures were free of
restraint violations. The interface between the two (3-sheets in the three structures is very
similar. Therefore, it was not possible to distinguish which of these represents best the fibril
architecture. In all cases, the interface contains interdigitating side chains comparable to the
steric zipper motif observed by X-ray crystallography on fibril-like crystals of short peptides.
The (-arch motif of the monomeric unit of CA150.WW2 amyloid fibrils is distinct from the
(-hairpin observed in antiparallel 3-sheets of globular proteins. However, it occurs in a number
of other amyloid systems, e.g. in amyloid fibrils formed by the A5 peptide or the K3-peptide
from 3,-microglobulin. A similar arrangement was found in the high resolution solid state
NMR structure of the HET-s prion fibril. There two g-arch motifs occur and alternate to
form the protofilament whereby one of the (3-sheets is interupted by a short bend region.
The determined structures of CA150.WW2, A3, K3-peptide, and HET-s amyloid fibrils all
contain two or three (3-sheets that interact with each other in a manner similar to the two
and three-stranded parallel 3-helices. Thus, this work supports the assumption that there
is a general amyloid folding motif which resembles the (-helical (more generally 3-solenoid)

structures.
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7 Zusammenfassung

Amyloidfibrillen sind die Hauptbestandteile der Ablagerungen, die im Verlauf von Amyloid-
erkrankungen wie z.B. der Alzheimer- oder der Parkinson-Krankheit entstehen. Die Rolle,
die diese Ablagerungen im jeweiligen Krankheitsverlauf spielen, wird kontrovers diskutiert.
Die Vorschlage reichen dabei von der Annahme, dass es sich bei den Ablagerungen um
Nebenprodukte anderer schadlicher Prozesse handelt zur Hypothese, dass sie ursachlich fur
das Auftreten von Symptomen wie dem Absterben von Zellen sind. Inzwischen weif3 man,
dass die oligomeren Vorstufen der Fibrillen Zellen in vitro meist starker schadigen als die
voll ausgebildeten Amyloidfibrillen, so dass ihr Auftreten einen Weg darstellen konnte, die
toxischen Vorstufen unschadlich zu machen.

Um die Bedeutung der Amyloidablagerungen besser zu verstehen, ist es notwendig
ihre Wechselwirkung mit anderen Zellbestandteilen auf molekularer Ebene zu untersuchen.
Dies erfordert die Kenntnis der dreidimensionalen Fibrillenstruktur in hoher Auflésung. In
der Regel sind die Fibrillen jedoch unléslich und nicht kristallin, so dass die etablierten
strukturbiologischen Methoden der Réntgenkristallographie und der Lésungs-NMR-Spektros-
kopie nur von sehr begrenztem Nutzen sind. Die Festkérper-NMR-Spektroskopie ist dagegen
prinzipiell sehr gut geeignet, um Strukturdaten mit atomarer Auflésung an fibrillaren Aggre-
gaten zu gewinnen. Bisher wurde aber noch keine allgemeingtiltige Methode zur Struktur-
bestimmung von immobilisierten Proteinen mit der Festkdrper-NMR-Spektroskopie etabliert.

Auf diesem Gebiet wurden im letzten Jahrzehnt jedoch groBe Fortschritte erzielt und
2002 konnte die erste Festkdrper-NMR-Struktur eines kristallinen Proteins geldst werden. In
einer Reihe von Festkorper-NMR-Laboratorien werden zur Zeit Amyloidsysteme untersucht.
Basierend auf den Ergebnissen dieser Studien wurden, oft in Kombination mit anderen
Methoden, einige Amyloidstrukturmodelle bestimmt und kidrzlich wurde die erste hoch-
aufgeldste Struktur (von Fibrillen der HET-s Prionen) vorgestellt. Im Gegensatz zu den meisten
anderen Amyloidpraparationen zeichnen sich HET-s Fibrillen durch besonders schmale Linien
in Festkorper-NMR-Spektren aus. Zur Untersuchung von Amyloidfibrillen mit verbreiterten
Linien gibt es bisher jedoch keinen allgemeingultigen Ansatz, so dass nur von einer geringen
Anzahl von Amyloidsystemen hochaufgeléste Strukturinformationen vorliegen. Fir das all-
gemeine Verstandnis von Amyloidstrukturen, der Ausbildung von Amyloidablagerungen und
ihrer Zelltoxizitat ist es deshalb notwendig, Strukturuntersuchungen an einer gréBeren Anzahl

von Amyloidsystemen durchzufiihren.
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In dieser Arbeit wurden die strukturellen Eigenschaften von Amyloidfibrillen, die von
der zweiten WW-Domane des humanen Transkriptionsaktivators CA150 gebildet werden,
untersucht. Dieses System wurde flir die Strukturuntersuchungen ausgewahlt, da aufgrund
einer Kooperation mit Neil Ferguson und Alan R. Fersht vom MRC in Cambridge in Grof3-
britannien im groBen Umfang Daten zu den Fibrillierungseigenschaften von CA150.WW2
und vielen Mutanten zur Verfigung standen. Aus Vorstudien war bekannt, dass Fibrillen
der Y19F-Mutante schmaleren Linien in NMR-Spektren zeigen als Fibrillen des Wildtyps.
Daher wurde die Mutante flr die strukturellen Untersuchungen ausgewahlt. Im Vergleich zu
mikrokristallinen Proteinpraparationen wiesen jedoch auch die Festkdrper-NMR-Spektren der
Mutante relativ breite Linien auf, so dass etablierte Methoden zur Zuordnung, die auf zwei-
oder dreidimensionalen NCA/NCACX- und NCO/NCOCX-Spektren basieren, nicht erfolgreich
angewandt werden konnten.

Daher wurde eine neuartige Zuordnungsstrategie entwickelt. Diese basiert auf dem
Markierungsmuster, das bei der rekombinanten Proteinsynthese entsteht, wenn 1,3-13C oder
2-13C-Glycerol als einzige Kohlenstoffquelle zur Verfligung stehen. Diese Markierungsmuster
erleichtern die Zuordnung einzelner Signalsatze zu einem bestimmten Aminosaurerest.
AuBerdem werden sequenzielle Kreuzsignale, wie z.B. Ca/Ca-Kontakte, nur beobachtet,
wenn beide Aminosauren markiert sind. Fir die Glycerol-markierten Proben trifft dies
nur fr bestimmte sequenzielle Paare zu, so dass sich die SignalUberlagerung reduziert,
und 13C-13C-Korrelationen fiir die Zuordnung genutzt werden kdnnen. Zusétzlich wurde
eine 2H,13C,’>N-markierte Probe untersucht, bei der die austauschbaren Gruppen protoniert
vorlagen. Interessanterweise flhrte die Deuterierung zu Spektren mit schmaleren Linien.
Durch die Auswertung von Spektren der deuterierten sowie der beiden Glycerol-markierten
Proben konnte die '3C-Zuordnung ermittelt werden. Fir die Zuordnung der Protonen- und
Amidstickstoffsignale wurde ein dreidimensionales HNC-TEDOR-Experiment konzipiert. Die
beschriebene Strategie sollte sich auch fir die Zuordnung weiterer Amyloidfibrillen sowie
anderer Systeme mit verbreiterten Linien eignet.

Die sequentielle Zuordnung der NMR-Signale der CA150.WW2 Amyloidfibrillen ermdg-
lichte die Bestimmung von 29 Abstandsbedingungen aus 3C-13C- und 3C-°N-Spekiren mit
langer Mischzeit. Zusétzliche Strukturdaten wurden mittels TALOS-Diederwinkelvorhersage,
Elektronenmikroskopie und Alaninmutagenese bestimmt. Ausgehend von diesen Daten wurde
ein Strukturmodell der monomeren Einheit in CA150.WW2 Amyloidfibrillen erstellt. Es besteht
aus zwei langen (3-Strangen, die Uber eine kurze Schleife verbunden sind. Die einzelnen

(-Strange sind Teil von zwei unterschiedlichen (-Faltblattern, die Uber ihre Seitenketten

95



miteinander in Kontakt stehen. NMR Spektren mit direkter Anregung zeigten, dass das
C-terminale Ende der monomeren Einheit eine erhohte Mobilitat aufweist.

Die Gesamtarchitektur der Amyloidfibrillen wurde mithilfe von Proben aus Mischungen
unterschiedlich markierter Peptide bestimmt. Dabei wurde die Anordnung der einzelnen
(-Strange und die gegenseitige Verschiebung der beiden (-Faltblatter entlang der Fibrillen-
hauptachse untersucht. Die hier verwendete Nomenklatur fiir diese Verschiebung (Shift)
bezieht sich auf den Abstand zweier (-Strange. CA150.WW2-Fibrillen bestehen aus paral-
lelen, (-Faltblattern mit Wasserstoffbriicken zwischen immer denselben (uni-stranded) (-
Strangen in aquivalenten Positionen (in-register), die gegeneinander um bis zu einen halben
Interstrangabstand in die eine oder die andere Richtung verschoben sind, d.h. zwischen
Shift +2 und Shift -1. Fur die Shift +3-, Shift 0- und den Shift -Z-Anordnungen wurden
Strukturrechnungen durchgefuhrt. Berlcksichtigt man nur die strukturell gut definierten
Regionen, weist die Shift +%—Anordnung den niedrigsten RMSD auf. Auch der Wert fir die
beiden anderen Architekturen lag bei weniger als 1.0. Fir die Shift -%-Anordnung zeigten
allerdings nur 10% der berechneten Strukturen keine Verletzungen der Abstandsbedingungen.
Die Interaktionsflache zwischen den beiden (-Faltblattern war in allen drei Strukturen
sehr dhnlich, so dass nicht unterschieden werden konnte, welche dieser Mdglichkeiten
der wirklichen Amyloidfibrillenstruktur am nachsten kommt. In allen Strukturen erfolgte
die Wechselwirkung zwischen den g-Faltblattern durch eine Verzahnung der Seitenketten,
welche dem sogenannten sterischen ReilBverschluss, der in Rontgenstrukturanalysen an
fibrillenartigen Kristallen von kleinen Peptiden gefunden wurde, ahnelt.

Das 3-Bogen-Motiv der monomeren Einheit in CA150.WW2 Amyloidfibrillen unterscheidet
sich deutlich von der -Haarnadel, die in antiparallelen (-Faltblattern globularer Proteine
gefunden wird. Es kommt jedoch haufig in Amyloidfibrillen, etwa den Fibrillen aus dem
A(-Peptid oder dem K3-Peptid aus (,-Microglobulin, vor. Eine ahnliche Anordnung zeigt
auch die hochaufgeloste Festkorper-NMR-Struktur der HET-s Prionenfibrille. Sie enthalt zwei
(-Bogen-Motive, die abwechselnd aufeinander folgen und das Protofilament bilden, wobei
eines der (-Faltblatter eine Biegung aufweist. Die Strukturen von CA150.WW2, A3, K3-Peptid
und HET-s Amyloidfibrillen enthalten jeweils zwei oder drei (3-Faltblatter, die miteinander auf
eine Art und Weise in Wechselwirkung stehen, die den zwei- bzw. dreistrangigen parallelen
(-Helizes ahnelt. Die Ergebnisse dieser Arbeit unterstiitzen daher die Annahme, dass es ein
allgemeines Faltungsmotiv fir Amyloidfibrillen gibt, welches als 3-helikal (oder allgemeiner als

(-solenoid) beschrieben werden kann.
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