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1. Introduction

1.1 Protein aggregation

Proteins are important fundamental subunits of living systems

synthesised at the ribosome by formation of peptide bonds R\ /H //O
c—¢C

between different amino acids according to the genetic code. The

amino acid is a chiral molecule with an amine (—=NH,), a / \

carboxylic acid functional group (—COOH), a hydrogen (—H) and

HoN OH

a so called side chain (—R) binding on the chiral center (see Figure 1.1:  General

figure 1.1). Side chains with distinct properties, for instance,

chemical conformation of
an amino acid with R as

charged/uncharged, hydrophobic and hydrophilic, regulate the side chain.

properties of amino acids. From the genetic code therefore the structures, the dynamics and

the biological functions of proteins will be defined, which are adjusted also by

post-translational modification.

Primary structure
amino acid sequance

Secondary structure
regular sub-struchures

Quaternary structure
complex of protein molecules

Figure 1.2: Protein structure from upper
to lower: Primary, secondary, tertiary
and quaternary structure'.

The structure of proteins is classified as primary,
secondary, tertiary and quaternary structure showed in
figure 1.2'. The primary structure is the protein sequence
determined from the genetic code, whereas the secondary
structure describes the local structure stabilized by
hydrogen bonds between the amino acids. The most
common secondary structure elements are the a-helix
with 3.6 amino acid residues per turn and f-sheets in two
distinct conformations: antiparallel and parallel. To study
the secondary structure circular dichroism spectroscopy
(CD) and Fourier transform infrared spectroscopy (FTIR)
are used, whereby FTIR has the advantage to distinguish
parallel and antiparallel S sheet as well as the intra- and
intermolecular B-sheet from each other. The tertiary
structure is the 3D structure of proteins in the folded state,
while the quaternary structure is the complex consisting

of more than one polypeptide chain.



Normally, proteins start to fold into their native state already during the synthesis at the
ribosome. According to certain requirements of body native proteins can self-assembly to
form fibres, oligomers or crystals as shown in figure 1.3°. The native state of protein mostly
represents a low-energy 3D structure, which determines protein functions (structure-function
paradigm’®). However, due to some reasons proteins can also fold to a disordered
configuration (misfolding) or remain unfolded in the tissue (see figure 1.3%), which tend to
induce diseases. Therefore mis- and unfolded proteins will be commonly degraded in the
cytoplasm or refold to their correct configurations with help of chaperones. But in some
cases the mis- and unfolded proteins can also fail in their biological function and are prone to
aggregate. Some protein aggregations like G-actin are needful for the human body”, whereas
others lead to diseases due to the toxic intermediates produced during the aggregation

process™® and accumulation of insoluble fibrils in the tissue.
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Figure 1.3: Schematic representations of protein folding, misfolding, unfolding and aggregation processes”.

The key question for the protein aggregation is where, when, why and how the aggregation
does take place. In different organs, for instance, liver and brain, both extracellular and
intracellular protein deposit are found symptomatic for different associated diseases. The

typical intracellular aggregation occurs in Parkinson’s, Huntington’s, Amyotrophic Lateral
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Sclerosis disease, while in Alzheimer’s, Creutzfeldt-Jakob’s and renal disease extracellular
aggregations are observed. In Alzheimer disease both extracellular amyloid B and
intracellular deposits of neurofibrillary tangles consisting of tau protein are found’. The
reasons for protein aggregation are among others oxidative stress, excessive production or
environmentally induced gene mutations, which result in a conformation changing of
proteins. Despite the chaperones and the protein quality-control system in the cell aging

could be also a reason for a decreased protection against protein aggregation®.

The protein aggregation is actually the association of peptides or proteins into higher order
structures, which are in the aspect of chemical kinetics more stable than the active subunits
alone. The aggregation process follows at times simple pathway of reaction of two monomers
A to dimer A, with reaction constant k, as first step. Through addition of further
monomers to oligomers small species (A3), amorphous aggregates, protofibrils and fibrils
(A, /Amsn) could be formed with reaction constant k, or oligomers on oligomers with
reaction constant Kk, depending on experimental conditions (see Eq. 1-4). An

autocatalytic polymerization was supposed to explain the protein aggregation of amyloids'".

A% 4, (1)

A+ A, s As (2)
A+ A, 34, 3)
A +A, g (4)

The mechanism of protein aggregation especially in the earlier stage is still not clear,
although the equilibrium between monomer and small oligomers, such as dimer, trimer, and
pentamer, have been obtained in the lag phase'*"*. In comparison to polymers the amino acid
side chains with various properties lead to a more complicated aggregation mechanism.
Aside from monomer addition, elongation, fragmentation and branching have been

2124 Moreover due to the weak hydrogen

observed during the protein aggregation processes
bonding in comparison to covalent binding, even a slight variation of the environment could
change the association. The aggregation pathway is influenced among others by temperature,
pH, buffer composition and the concentration of the proteins. Oosawa et al.'®, Ferrone et al."
and Flyvnjerg et al.”® proposed the aggregation mechanisms of equilibrium-nucleation for

actin, the homogenous-, heterogeneous-nucleation for Sickle-cell haemoglobin and downhill
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polymerization for tubulin, respectively. Depending on the nucleation pathway the growth of
fibril follows the exponential-law, power-law or square of time. Lately, a simple two-step
model was suggested by Finke-Watzky et al. to calculate the reaction constant of the
aggregation of G-actin with the assumption of similar k; after nuclei formation®'. The whole
aggregation processes could be reduced to two reactions: the formation of the nuclei and the

fibrillization.

1.2 Amyloid beta protein (Ap)

So far more than 20 neurodegenerative diseases like Alzheimer, Huntington, Prion and
Parkinson are believed to be related to protein aggregation® >’. AB (Alzheimer diabetes),
IAPP (Typ II diabetes), a-synuclein (Parkinson’s disease), prion (Creutzfeldt-Jakob disease)
and Huntingtin (Huntington disease) are classified as amyloid protein, which deposits with
histological staining properties similar to starch. The amyloid is characterized as protein
fibrils with a cross beta-sheet quaternary structure, which was first described by Rudolf
Virchow”™ and was further characterized firstly by Cohen and Calkins through electron
microscopy (EM)”, and by Kirschner through X-rays®’, where the cross B structure of fibril

was observed.

The origin of AP

Amyloid beta (AP) is a small protein consisting of 39-43 amino acids, which is supposed to
be associated with Alzheimer’s disease (AD), which is one of the common neurodegenerative
disorders with symptoms of memory loss and deficits in cognitive behaviour’'. So far
worldwide more than 35 million patients suffer from AD, and this number will increase up to
115 million in 2050**. The most important risk factor for AD is aging. People over 65 have a
90 % chance to develop AD. Additionally, early-onset forms of AD exist, which are related to
familiar Alzheimer, where genes involved in AP metabolism, like presenilin 1, presenilin 2 or
the amyloid B precursor protein carry mutations >>°. At the beginning of 20™ century AD
was considered as a normal effect of aging that is associated with shrinkage of prefrontal
cortex and hippocampus until extra- and intra-cellular deposits were detected and linked to
AD. The intracellular neurofibrillary tangles consist of fibrils of hyperphosphorylated tau,
whereas in the extracellular plaques AP protein was found as the main component (see figure
1.4)°".



Plaques

Tangles

Figure 1.4: Hallmarks of Alzheimer disease. The intracellular tangles consist of T protein, whereas AP protein is
the main component of neurotic plaques *'.

In the amyloid cascade hypothesis the AP plays a central role in the disease pathology due to
the high content of AP peptide in the neuritic plaques’. It is suggested that an excessive
production combined with a decrease of AP degradation, especially AP;.4,, leads to protein
aggregation. In the earlier time of AD investigation the AP fibril is supposed to be
responsible for the AD due to the capability to destroy cell membranes, whereas current
evidences showed that some kinds of soluble amyloid oligomers could also create membrane
pores and are the agents for the death of nerve cells. It is reported that the soluble A
oligomers can bind the NMDA-, insulin-, NGF- and frizzled-receptor, which leads to
oxidative stress, decrease of the amount of synapse/insulin-receptor and hinder Wnt

37-40,40-43 o . .
7. Moreover it is supposed that Alzheimer disease and

signalling, respectively
Parkinson’s disease (a-synuclein) are associated with each other™. Hence, the understanding
of the reason as well as the mechanism of AP self-assembly is not only significant for the
knowledge of AD but also for the amyloid proteins pathology and the prevention or treatment

of the associating disease.

AP structure

AP is a fragment of a transmembrane glycoprotein, amyloid B-precursor-protein (ABPP)
consisting of 265~770 amino acids. Figure 1.5 shows the longest isoform of ABPP with
Kunitz-type protease inhibitor and OX-2 antigen domain binding at the N-terminus outside of
the membrane®'. There are two proteolytic pathways of ABPP: the amyloidogenic pathway

with the y- and B-secretase and the non-amyloidogenic pathway with a- and y-secretase. Ap



protein is generated by the abnormal proteolysis of ABPP through the amyloidogenic pathway.

The gene mutation of ABPP on chromosome 21 is supposed to link to the familiar AD.
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Figure 1.5: Schematic representation of proteolysis of amyloid precursor protein®'. The left side with ABPP
reveals the outside of membrane. The non-amyloidogenic a- and y-secretase produce the nontoxic p3 and
sAPPa, whereas the amyloid beta protein is produced by amyloidogenic - and a-secretase. The y-secretase
cleaves the APP within the membrane and generates different AP isoforms.

The extracellular B-secretase produces the nontoxic -sAPP and the N-terminal part of A,
while y-secretase cleaves between Val40 and Ile41 or Ala42 and Tyr43 within the membrane
region generating the AICD and the C-terminal part of APB. There are only three amino acids
(residues 12 to 14) inside the transmembrane region. Different isoforms with lengths of
36-43 amino acid residues are produced. The most common isoforms of AP are AB;.49 and

ABi.42, where ABj.49 is more common than AB.4, but AB;4, exhibits stronger fibrillogenic



and toxic capabilities. The non-amyloidogenic cleavages, by a- and y-secretase, produce the
intracellular fragment AICD and the nontoxic a-sAPP and p3 outside of the membrane (see
figure 1.5)*'. Because the a-secretase cleaves within the AP region, the production of Af is

prevented in non-amyloidogenic pathway.

AP is a hydrophobic protein with residues Leul7-Ala21 function as hydrophobic centre. The
residues from Lys28-Ala42 and Gly9-Ala21 are suggested to be capable to form a or f8
secondary structure, wherein the residues Lys28-Ala42 tend to form B-sheet™. There are
two B-turn regions in AP protein with residues from His6-Ser8 and from Asp23-Asn27. In
organic solvent AP monomers prefer to be folded, whereas in aqueous environment the

structure is mostly random coil.

| ' 4 M/ by T

Figure 1.6: 3D NMR structure of AB;.4, monomer in d-HFIP,3D,0g, (PDB code 11YT, left), AB;.40 monomer
in TFEo4H,Op6 (PDB code 1AML, middle) and AP;4 monomer in aqueous environment (20 mM
K;PO4 + 50 mM NaCl, pH=7.3) (PDB code 2LFM, right)"*. All three PDB files were treated by VMD
software and presented in New-Cartoon style with red for a-helix; yellow for turn/random coil and blue for 3"
-helix.

The 3D structure of AP monomer in various solvents has been obtained by solution NMR*"*

(see figure 1.6). In d-HFIPysD,Oo, APi42 has two a-helical regions from residues
Ser8-Gly25 at the N-terminus and from Lys28-Gly38 at the C-terminus with a type I B-turn
between them, which is similar to AB;.49in TFE(4H,O¢ 6 The two a-helices of AB;4pare from
GIn15-Asp23 and from Ile31-Met35 connected by a type I B-turn. Due to the relative high
content of random coil between the two a-helices AB;.40 monomer in organic solvent is more
flexible than AB;.4,. In contrast, in aqueous environment (20 mM K3;PO4 + 50 mM NaCl,
pH=7.3) APi.40 monomer has only one 3'*-helix from residues His13-Asp23 in the middle
but two random coil regions (see figure.1.6 right), which renders it more prone to

aggregation than in TFE( 4H>Og 6.

The conformational transition of AP monomer from a-helical to [-sheet structure is

considered as the first step of aggregation and has been investigated by different methods. A



reversible conformational change between a- and f-structure has been observed by varying
the fraction of water in dHFIP*". An increase of water percentage in d-HFIP leads to the
transformation from a@- to [-structure, which is reversible, if dHFIP is added againso.
Moreover, time resolved CD experiments showed that the higher the temperature and ionic

strength the faster the conformational transition to p-structure’'.

Figure 1.7 shows the 3D NMR structure of *>M**AB,_4, fibril with oxidized Met at residues
352, The fibril has one random coil region from residues Aspl-Leul7 and two intermolecular
B-sheets from residues Vall8-Ser26 and from residues Ile31-Ala42>>. In amyloid fibrils the
hydrogen bonding direction runs parallel to the fiber axis. The diameter of the fibrils is
between 7 and 12 nm. The AP;.4 fibrils in the brains of Alzheimer patients have been
investigated by solid state NMR and TEM™. The structure of fibrils varies in different

patients.
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Figure 1.7: 3D NMR structure of *™°*AB,_4, fibril in side view (left) and top view (right) (PDB code 2BEG)™.
The B-strands are perpendicular to the fibril axis. The residues from Vall8-Ser26 and residues Ile31-Ala42 are
the intermolecular B-sheets. The random coil region is from residues Aspl-Leul7.

AP fibrillation

In the earlier time of research, a nucleation like mechanism derived from crystallization with
formation of nuclei through monomer association in the lag phase and fibrillization in the
growth phase was used to explain the aggregation of amyloid proteins. In comparison to
nucleation the fibrillization is much faster and depends weakly on the monomer
concentrations. By using Thioflavin T (ThT) fluorescence measurements the lag time and the
rate of growth can be determined by evaluation of a sigmoidal growth®, where the

fluorescence signal is proportional to the amount of amyloid structure.

The nuclei are defined as particles with critical radius 7.,;. Aggregates with r < r,,;; are
not stable and will dissociate shortly after formation, while those with r > 1,;+ continue to

grow. Nucleated polymerization is a process of monomer addition to a nucleus. The critical



radius 7.,.; of nuclei can be determined by the change of total free energy consisting of two
parts: surface and volume contributions as shown in figure 1.8. The expansion of an
aggregate leads on the one hand to a decrease of AGyume but on the other hand a growth of
AGgyrface- The critical radius is derived at the maximum from the change of the total free

energy and depends both on the concentration and temperature.

A
AG

surface contribution

AGtatal

volume contribution

Figurel.8: Change of total free energy 4G,,,. The total free energy consists of the surface formation 4Gy, ce
and the volume transition 4G, .. A growth of particle leads to a raise in 4G,z but a decrease of 4G, me,
which creates a maximum in the total free energy, which marks the critical radius of nuclei.

Current exploration suggests, except for the classical nucleation process the nucleus can also
be formed by conformational rearrangement of oligomers, monomer coagulation, and
branching, fragmentation of fibrils showed in figure 1.97. Alternatively, nucleus formation
can also be catalyzed by the surface of a fibril, which is defended as secondary growth
processes and described as heterogeneous nucleation (see figure 1.9°°). Furthermore it is
suggested that the conformational change of monomer and oligomers in the lag phase can be
depicted through nucleation or pre-nucleation processes, which depend particularly on the
monomer concentration (see figure 1.9°%). In contrast, the formation of fibrils is less related

to the monomer concentrations.
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Figure 1.9: Schematic representation of mechanism of amyloid formation consisting of
nucleation/pre-nucleation, secondary growth and elongation processes™. The formation of nuclei occurs
throughout the whole aggregation process.

The amyloid formation therefore is supposed to be modelled by nucleation/pre-nucleation,
secondary growth and elongation processes™. Both in the nucleation/pre-nucleation and
secondary growth process the formation of nuclei occurs, while in the secondary growth
process the fibril is involved. The fibril catalyzed nucleation is a competition process to fibril
growth through monomer addition. Depending on the experiment conditions one of the
processes is preferred. In most cases both processes occur parallel. In the elongation
processes fibril elements will grow through the addition of monomer or nuclei to the end of
fibril elements, which will self-assemble further to fibril. The lateral association of fibril
elements results in straight fibrils, whereas the loop closure leads to annular aggregates.
X-ray diffraction and TEM experiments showed that the fibrils consist of twisting
protofibrils®®®. Moreover it is supposed that each process in the aggregation pathway is
reversible. The dissociation of monomers from protofibrils has been observed by AUC

experiment >’
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1.3 The mechanism of AP aggregation

The pathway from monomer to fibril is strongly correlated to the different factors such as,
temperature, pH value, the concentration of metal ions, salts and the proteins®. Although the
basic pH (NaOH or NH4OH solvent, pH>10) is used to achieve monomeric AP solution,
aggregation at basic condition (pH=8) close to physiological pH value (pH=7.4) has been
observed by AFM®'. After 8 h incubation at 30°C at pH=8 protofibrils and two kinds of low
molecular weight oligomers were formed showed by time resolved AFM. The small
oligomers are globular or disc-shaped aggregates with heights between 0.5-0.9 nm and
widths between 5-10 nm, while the larger ones have heights between 1-2 nm and widths
between 15-25 nm. At lower pH tube like aggregate tend to be formed®*, whereas neutral

environment induces amyloid fibril formation.

Moreover, it is also shown that the coordinative binding of metal ions like Fe’", Zn*" and
Cu”" by the three histidine residues of Ap can induce rapid aggregation®*** influenced by pH
value and metal concentrations™°>"'. The interaction between Zn/Cu metal ions and insulin
degrading enzyme as well as neprilysin can decrease the degradation of AP

monomers/oligomers and thereby accelerates the plaques formation’.

Depending on experimental conditions nuclei and oligomers with various sizes and shapes,
for example amyloidogenic- and unstructured-oligomers, can be formed by self-assembly of
misfolded or denatured monomers at the same time in the lag phase (see figure 1.10)73. In
some hypotheses it is suggested that soluble small oligomers such as dimer, pentamer and
hexamer are stable and preferentially formed in the early stage, which can dissociate into
native monomers again during the aggregation processes . Such small oligomers function
later in the phase of fibril growth as source of monomers. In a three-stage kinetic model for
the insulin aggregation hexamer is proposed to be the most stable small oligomer in

solution”.
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Figure 1.10: Schematic representation of the mechanism of amyloid protein aggregation. In the lag phase
monomers aggregate to amyloid nuclei, oligomer and amyloid seeds, while protofibril and fibril form through
elongation in the growth phase at later stage’”.

It is supposed that there exists a so-called critical concentration Cpjzicq . The aggregation
can only take place when the monomer concentration is higher than C,piicq; - In a healthy
human brain the AB concentration is normally too low to induce self-assembly. Naturally, the
excessive production of AP is therefore considered as one of the main causes of Alzheimer
disease. The critical concentration Cgpiricar 18 strongly correlated to the experimental

conditions.

Four models are among others discussed for AP aggregation: first, the classic nucleation like
model with fibril formation via addition of monomer on preformed nuclei, seeds or micelles,
second, the oligomer conversion through conformational change from unstructured oligomers
to P-sheet rich structures, third, association through secondary nucleation, and fourth,
self-assembly through formation of paranuclei followed by protofibril/fibril formation (see
figure 1.11)".
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Figure 1.11: Self-assembly of AP from monomer to fibril via paranuclei and oligomer conversion’ .
Pentamer/hexamer is supposed as paranuclei for AP, which is considered to be the buildings block of
aggregation.

In the paranuclei associated mechanism small oligomers from dimer to hexamer will be
formed in the lag phase as building blocks of 12-, 18- and 24-mer, which can self-assemble
into larger oligomers and protofibrils showed in figure 1.11”7. The amyloid fibrils consist
from 2-5 protofibrils, which are twisted with height of ~4.3 nm and period of ~20 nm’®. The
diameter of protofibrils is about 5 nm and around 10 nm for fibrils. The building block is
defined as paranuclei. It is supposed that the pentamer/hexamer could be the paranuclei in the

association of Af.

Figure 1.12 shows the hexamers of AP;40 and ABj4, in 10 mM HEPES buffer (pH=7.4)
obtained by AFM "% Interestingly, the six subunits of hexamer are hardly distinct from
each other. In spite of small size the pore in the middle of oligomers is clear to see. The
hexamers of AP;4o and APB;.4; have a disk-like shape and channel-like structure in common.
The APi.40 hexamer has an outer diameter of 16 nm, a pore of about 2 nm and thickness
between 1 nm and 2 nm”. The outer diameter of APi.4; hexamer is between 8 nm and

10 nm®.
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AB1-40
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Figure 1.12: High resolution AFM images of AB hexamer "**. The hexamers of A have a disk-like shape with
a pore in the middle. It appears that the six subunits of hexamers are distinct from each other.

At physiological conditions (pH= 7.4) small oligomers (or paranuclei) in the lag phase can be
stabilized at low temperature (4°C)*'. NMR, FTIR, TEM and AFM can be therefore
performed to study the structure of oligomers. Two main populations were found: disc like
pentamer with widths between 10 nm and 15 nm and thickness of about 2 nm, oligomers
with thickness between 3 nm and 4 nm and same widths as pentamer, which could be
undecamers or dodecamers associated from pentamer®'. High resolution NMR showed the
monomers in the pentamer are extreme compact and different from the monomers in the
fibril. Three turns between residues His13-GInl15, Gly25-Gly29 and Gly37-Gly38 and a
binding between residues Phel9-Leu34 were found in the monomer unit of pentamer. In
contrast there is only one turn between two hydrophobic regions in the monomer within

fibrils. A conformation changing is therefore supposed®’.

In 2001 Bitan et al. isolated and defined the "Low Molecular Weights” (LMWs) oligomers of
AP by size exclusion chromatograph (SEC) and filtration through 10,000 molecular weight
cut-off (MWCO) filter®. The isolated LMWs oligomers of APj4 are a mixture from
monomer to tetramer, which are in equilibrium after preparation, whereas the isolated LMWs
oligomers of AP, are from monomer to octamer, which tend to aggregate’’. Later it is
shown the self-assembly of AB;_4, and A4 1s therefore distinct from each other’”. Although
the protofibrils were formed at later stage the formation of paranuclei of AP;49 were much
later than AB;_42. In comparison to LMWs oligomers the "High Molecular Weights” (HMWs)

oligomers are B-sheet rich aggregates with 40-200 kDa in molecular weight™.

The mechanism of AP;.4 fibrillzation in 0.1 mM HCI at various concentrations has been

studied by DLS and reported by Lomakin et al.™. A critical concentration C.rizicqWas
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suggested. Below it (¢ < Cgpiticqr) the fibrillation follows heterogeneous nucleation with
monomer addition to seeds (see figure 1.13 B**), whereas above it (¢ > C.rizicq) the amyloid
fibril with radius about 4 nm will be formed by addition of monomer to nuclei, which are
generated from preformed AP micelles with a hydrodynamic radius Ry of 7 nm in the lag

phase showed in figure 1.13 A%,

-

Figure 1.13: Self-assembly of AP, in HCI*. A: aggregation at higher concentration through addition of
monomer to nuclei being generated from AP micelle. B: aggregation at lower concentration via addition of
monomer to AP seed.

Furthermore SANS experiments of amyloid beta micelles at different concentrations between
5.0 mg/ml and 0.31 mg/ml were carried out to study the aggregation of APj;40 in
0.1 mM HCI®. The SANS pattern in log-log scale was modelled as spherocylinder (a
cylinder with hemispheres as endcaps of length L and radius R, see figure 1.14)*. SANS
experiments revealed that the micelle has a radius of about 2.4 nm and length of about 11 nm,
which is independent from the protein concentration. Moreover, as expected, the lower the
concentration the lower the forward scattering intensity and the higher the error at high
scattering vector Q(A™) (see figure 1.14)*. At 0.05 mg/ml below critical concentration

Ceriticat (Ceriticar=0.1mM ) it is not possible to detect the micelle in solution.
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Figure 1.14: SANS pattern and corresponding analytical model of AP micelle in 0.1 M DCI at different protein
concentrations (5.0 mg/ml (A); 2.2 mg/ml (O); 0.6 mg/ml (V); 0.4 mg/ml (0); 0.31 mg/ml (0))*. The SANS
curves were modeled by spherocylinder with cylinder length L and endcap radius R.

The aggregation mechanism of A4 in phosphate-buffered saline (pH=7.4) was studied by
time-resolved dynamic light scattering (DLS) and static light scattering (SLS). It is
demonstrated that the self-assembly is irreversible and follows diffusion-limited
aggregation®. In 2001 Murphy et al. draft a mathematical model for the fibril growth of
APi.40 in phosphate-buffered saline, which was investigated by light scattering and size
exclusion chromatography®. In 2000 a simple mathematical model based on a
micelle-nuclei-fibril directed self-assembly process was developed by Saitd et al. to analyze

human calcitonin®’, which was later applied to study the aggregation of AP by Sabate et al.'.

1.4 The topic of the work

Because of the rapid fibrillation and the overlapping different pathways the applicable
methods for AP investigations are limited. The lower protein concentrations and low
molecular weight of monomers and small oligomers at the beginning of the association pose
challenges for most analytical methods. The common methods for the study of Ap are NMR
and X-ray diffraction for the high resolution structure; CD and FTIR for the secondary
structure estimation; transmission electron microscopy (TEM) and AFM for morphological
study of aggregates; analytical ultracentrifugation (AUC) and DLS for the hydrodynamic

properties of aggregates at various sizes in solution; and ThT-fluorescence measurements for
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the kinetic investigation. Small angle scattering techniques (SANS, SAXS) are useful to
characterize particles in solution such as polymers and nanoparticles in a wide size range
from several nanometres to micrometres, which provides a superior possibility to investigate
the self-assembly of protein, where both monomers and aggregates in different sizes are exist.
Depending on the particle size and shape monomer and dimer can be distinguished from each

other.

In comparison to neutron scattering, high intensity SAXS has the advantage to require only
small sample volumes, relatively low concentrations. Further, it allows studying fast kinetics,
which would be useful for AP aggregation. Nevertheless, SAXS is seldom used due to the
protein damage and acceleration of the aggregation process™. The main objective of this
work focusses on the investigation of AP oligomerization by using SANS and DLS. Through
complementation by AUC and AFM a more quantitative picture of AP aggregation will be
developed. The challenge for this work is among others sample preparation and experiment
design. Because the scattering intensity plays a decisive role for the structure estimation, a
normal protein concentration for SANS experiment is above 10 mg/ml, which is unsuitable
for aggregation study. Considering the concentration requirements of the applied methods
(SANS, DLS, AUC, CD) the experiments were performed at a concentration range between
1 mg/ml and 0.001 mg/ml in this work. Moreover, in order to rise the scattering intensity
long-time experiments (8 h per sample) were carried out for SANS. Additionally, low
temperature (7°C) close to freeze point of heavy water (3.8°C) was applied to slow down the

aggregation process and stabilize the performed small oligomers in the lag phase.

To get the insight into the aggregation pathway in the lag phase a monomeric sample is
important, Hence, as the first attempt we probed the A monomers at different solutions,
such as d-HFIP*, basic environment (0.1 M NaOH), 0.1 M HCI and physiological conditions
(0.05 M Napi+0.15 M NaCl, pH=7.4) in order to find suitable experimental conditions for
aggregation study by scattering methods.

To study the self-assembly pathway we choose AP;4>. Even though A4 is the most
common isoform of amyloid beta protein, AB;.4, is suggested to play the central role in the
pathology of AD because of its higher toxicity. At various concentrations and temperatures
(7°C-37°C) time resolved SANS, DLS, AFM and AUC were performed under physiological
conditions (0.05 M Napi+0.15 M NaCl, pH=7.4), whereas the SANS experiments were

carried out only at 7°C.

17



18



2. Experimental results
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Abstract

Small proteins like amyloid beta (AB) monomers are related to neurodegenerative disorders
by aggregation to insoluble fibrils. Small angle neutron scattering (SANS) is a nondestruc-
tive method to observe the aggregation process in solution. We show that SANS is able to
resolve monomers of small molecular weight like Ap for aggregation studies. We examine
AR monomers after prolonged storing in d-hexafluoroisopropancl (dHFIP) by using SANS
and dynamic light scattering (DLS). We determined the radius of gyration from SANS as
1.040.1 nm for AP;_sp and 1.620.1 nm for AB,_,z in agreement with 3D NMR structures in
similar solvents suggesting a solvent surface layer with 5% increased density. After initial
dissolution in dHFIP AP aggregates sediment with a major component of pure monomers
showing a hydrodynamic radius of 1.8+0.3 nm for AB_,y and 3.2+0.4 nm for AR, _,z includ-
ing a surface layer of dHFIP solvent molecules.

Introduction

A common pathologic hallmark of neurodegenerative disorders like Alzheimer’s, Parkinson’s
or Huntington’s disease is the existence of amyloid deposits in the brain[1-6]. Amyloid is gen-
erated by abnormal protein aggregation leading to formation of insoluble protein fibrils with a
highly ordered cross-beta sheet structure. At the beginning of the 20th century beta amyloid
protein (Af) was supposed to be associated with Alzheimer disease (AD) in consequence of the
detection of AP fibril in intercellular plaques found in brain of AD patients[7]. A fibrils and
soluble oligomers are suggested to be responsible for the disease symptoms, whereas the mono-
mers in the brain of AD patients are considered as nontoxic[8-10]. AP is a hydrophobic pro-
tein with 39-43 amino acid residues, which is produced by proteolytic cleavage of amyloid
precursor protein (APP) associated with the cell membrane[11]. The y-secretase, within the
membrane region, generates the fibrillogenic C-terminus of AP[12] and may cause an amount
of isoforms dependent on the exact position for cleavage, where ARy, and Ap,; are the most
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common, while the extracellular -secretase cleaves N-terminally. The residues Leul7-Ala21
constitute the hydrophobic core of AB. The residues Lys28-Ala42 and Gly9-Ala2l are capable
to form c-helical or B-sheet structure, where the §-sheet is the priority for Lys28-Ala42[13,14].
As the key of AD investigation AR monomers have been studied by different methods as
nuclear magnetic resonance (NMR), analytical ultracentrifugation (AUC), circular dichroism
(CD) and Fourier transform infrared spectroscopy (FTIR)[15-18]. In aqueous environment
the monomeric AP is mainly unstructured[19], whereas apolar solvents induce a folded, u-heli-
cal structure[20,21]. The conformational change to B-sheet is supposed as the first step of the
aggregation process and has been observed by CD and NMR spectroscopy by increasing the
content of water in apolar solvents (hexafluoroisopropanol (HFIP), trifluoroethanol (TFE))
[17,22,23]. The classic hypothesis of fibril formation suggests monomer addition to soluble
oligomers or to the seeds for fibril formation, whereas current explorations propose firstly the
assembly of oligomers and secondly the structural conversion to fi-sheet structure as alterna-
tive[16]. A nucleation like mechanism was used to explain the fibrillation in former studies
[24].

The fast conformational change with rapid onset of the aggregation process makes a study
of the early stage of aggregation from monomers to small oligomers and fibril formation in
aqueous solvents challenging. High-resolution structural methods fail to deliver the needed
information to understand disease mechanism, therefore low-resolution methods are impor-
tant to gain insight in structure and kinetics of the aggregation processes. Non-destructive
methods like dynamic light scattering (DLS) either give limited amount of information (only
hydrodynamic radius) or, like small angle X-ray scattering (SAXS) techniques, may have a
strong influence on the aggregation due to radiation damage associated with high intensity X-
ray sources. Methods like atomic force microscopy, analytical ultracentrifugation or transmis-
sion electron microscopy on the other hand give a snapshot of the aggregation process.

For all of the mentioned methods the preparation of the initial sample of A is crucial as it
defines the starting point for examination of aggregation pathways. Different methods involv-
ing alkaline or acidic solutions or organic solvents are regularly used[25-28]. Solvents with
rich fluoride content as HFIP or TFE are known to produce stable amyloid protein monomer
solution and may lead to monomer dissociation from protofibrils/fibrils or break up of preag-
gregates|28-30]. After re-purification and before the addition of aqueous buffers the proteins
will be dried and consequently the protein concentration is much higher than in experiment
before the complete evaporation of HFIP.

Neutron scattering, in contrast to X-ray scattering, shows no radiation damage or radiation
induced aggregation even on delicate samples like unfolded proteins[31]. Small angle neutron
scattering (SANS) accesses the same low-resolution structural information as SAXS with a dif-
ferent scattering contrast as X-rays interact mainly with the electrons of the atoms and neu-
trons interact with the nucleus[32,33]. The scattered intensity depends on the isotopes
allowing contrast variation by isotope exchange[34] as e.g. using D0 instead of H,O to reduce
the scattering of the solvent. SAXS and SANS are frequently used to determine the low-resolu-
tion structure of proteins and protein complexes in solution[32,35]. By inelastic neutron scat-
tering methods the internal dynamics between domains on several nanosecond timescale or
the sidechain motions on picosecond timescales can be observed[36,37].

So far, SANS was rarely used to study aggregates and aggregation kinetics of small peptides
like AP or insulin, despite the advantage that it might reveal new structural information that is
not accessible by other methods and in contrast to SAXS does not induce radiation damage in
the sample[38—42]. Typically small angle scattering is used to determine the size or shape of
larger aggregates during aggregation. Discrimination between populations of monomers, small
oligomers and fibrils is challenging because of the low concentrations used in aggregation
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studies below 1 mg/ml and limited solubility of the peptides. Additionally discrimination is
only possible if clear differences between populations can be expected as in case of AP where
monomers, oligomers and large fibrils are present[43,44].

To examine the possibilities and limitations of small angle scattering techniques to observe
the monomer to oligomer transition exploiting the nondestructive character of neutrons as a
probe for delicate proteins, the monomer scattering is examined here as a limiting case for fur-
ther aggregation studies. In biological relevant environment (H20 or D20 buffers) the Ap
monomer scattering is low and hardly to detect at lower concentrations as it is close to the
SANS instrument noise and the fast aggregation introduces aggregates/oligomers masking a
clear signal of the present monomers. Therefore we examined a monomeric solution in dHFIP
to show what can be expected from the scattering signal and which effects need to be included
in interpretation. This will help in the evaluation of aggregation studies by SANS to discrimi-
nate between monomers and oligomers. We examine here monomeric solutions of AB;_4; and
AP;_4p as the most common peptides for AP aggregation studies at relative high concentration
after incubation in dHFIP for several days. We observe a stable monomer population and a dis-
appearing aggregate population by DLS and examine the monomeric solution by SANS. We
demonstrate that SANS is capable to resolve monomeric AR with different radius of gyration
for AB;_4; and AB;_4; and strong indications for a solvent surface layer bound to the peptides.

Materials and Method
Materials

The AP peptide was purchased as TFA salt with >95% purity (Bachem, Weil am Rhein, Ger-
many). The deuterated 1,1,1,3,3,3-hexafluoro-2-propanol-D2 (dHFIP) was purchased from
euriso-top (Saint-Aubin, France) with >99% purity. AR was dissolved in dHFIP in the pur-
chased wvials to yield a concentration of about 12 mg/ml dry mass including remaining salt or
interfacial water from the protein powder. The peptide concentration was determined by UV
absorption measurement (NanoDrop, Thermo Scientific, USA), applying an extinction coeffi-
cient at 280 nm of 1490 cm™'M™!, based on the single tyrosine residue of AB[45]. Final protein
concentrations were about 5.6 mg/ml for AB,_4; and about 2.4 mg/ml for Ap,_4. No further
purification was done to prevent any additional decrease of concentration or material loss.
Incubation and all measurements for AR, 4, and AB,_4> were performed at 20°C. SANS experi-
ments were carried out after three weeks incubation in dHFIP.

Small Angle Neutron Scattering (SANS)

Experiments were performed at the high intensity SANS diffractometer KWS2 operated by
Jillich Center for Neutron Science at Heinz Maier Leibnitz Zentrum (MLZ) in Germany at a
wavelength A = 4.7 A with a wavelength spread of A/A4 = 0.2 [46]. The samples were measured
in 1 mm quartz cells (Hellma Analytics, Germany) at sample-detector-distances 1.1 m and 5.6
m covering the range of scattering vector Q = 4m/Asin(6/2), with scattering angle 6, between
001 A" and05A™ Samples and buffer measurements for background correction were mea-
sured for 1 h to 3 h dependent on detector distance. Appropriate standard methods for data
evaluation and background correction were used.

The coherent scattering intensity of particles in solution with background contributions bgr

1Q) = SS(Q)F(Q) + ber )

with the number of particles N in the volume V. Background bgr contributions are due to
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scattering from solvent and incoherent particle scattering. The interparticle interactions are
subsumed in the structure factor S(Q), which is for low concentrations equal one and is

neglected in the following. The scattering of the protein configuration is described by the form

factor F(Q).
F(Q) =) (bbexp(iQ(r,— 1)) (2)

with the atomic position vectors r; and the atomic scattering lengths b; relative to the displaced
solvent scattering in the ensemble average <->[47]. The form factor is independent of the sam-
ple concentration and exhibits the particle shape, respectively the configuration. Additional
scattering from a surface layer of solvent around the protein can be taken into account by
assuming a layer of solvent with increased density compared to the bulk[47].

Models

The Beaucage function is a simple and common model being applied to analyze SANS data of
objects with undefined geometry. It describes the Guinier region at low Q with radius of gyra-
tion R, as a measure of size and a power-law at high Q with dimensionality d as measure of
shape or configuration[48-50] as

F(Q) =aexp( g) _ (Qi) [mr(%)]

¢ (2) ] )

with the Guinier scaling factor G, the Porod scaling factor C, error function erf and Gamma
function I". With d = 2 it is a good approximate for the Gaussian coil[50].

Atomic modeling is based on the atom positions of PDB structures and Eq 2 taking into
account the scattering length difference relative to the solvent. To consider the excluded solvent
scattering the solvent excluded volume Vggs needs to be determined. Therefore the protein sol-
vent accessible surface (SAS) is calculated with a probe radius RP = (.14 nm resulting in volume
Vsas and surface area Ag,g as implemented in the used MMTK software[51,52]. As a fast
approximate for Vggg we subtract the surface layer volume with a correction for overlapping
regions in grooves determined from the additional surface area with half the probe size as
Vises = Veas-Rpx(Agas(Rp)40.5(Agas(Rp)-Agas(Rp/2)). The resulting specific volumes are
0.705 cm3J’g and 0.720 cms,‘g for APi_s and AP,_4; as average over the configurations in pdb
structures 1IYT and 1AML, respectively. Both values are slightly smaller compared to reported
values from analytical ultracentrifugation of 0.734 cm®/g and 0.738 cm*/g for AB,_4, and
APy_42[18,53]. With these increased values for the specific volume the resulting scattering
would increase.

Dynamic Light Scattering (DLS)

Experiments were performed with a Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK). The instrument uses a He-Ne laser with 4 = 632.8 nm and vertical polarization in back-
scattering geometry at 173° The sample cell is a UV-Cuvette micro (BRAND, Wertheim, Ger-
many) with 70 pl sample volume. To cover also larger aggregates (as the later third species) the
measurements duration was set to 1h to get reliable data at long times. The auto correlation
function was analyzed by non-negative least square (NNLS) algorithm[54] followed by protein
analysis (L-curve)[55] as implemented in the instrument software. The result is an intensity

PLOS ONE | DOI:10.1371/journal. pone.0150267 February 26, 2016 4/12

24



&-PLOS | one

SANS of Beta Monomers in dHFIP

weighted distribution of hydrodynamic radius Ry; in the sense of a relaxation time distribution
where each relaxation time 7 is interpreted via the Stoke-Einstein relation Ry; = kT/6mnD with
the diffusion coefficient D = {Q"r)'] and () as the scattering wave vector, Boltzmann constant
kg, temperature T and solution viscosity n. The mean Ry, and the width of the resulting distri-
bution characterize a population. It should be noted that the typical noise of the measured auto
correlation results in a distribution width of about 30% for an ideal monodisperse population.
The error of a mean Ry is evaluated as standard deviation of repeated measurements. The vol-
ume fraction of a population can be evaluated from the volume-weighted distribution as calcu-

lated by the instrument software.

Results and Discussion

To examine the content of freshly in dHFIP dissolved AR powder we explored the evolution of
the intensity correlation of AP, 4, and AB,_4; in dHFIP at 20°C by repeated DLS experiment.
Shortly after dissolution three distinct particle populations can be observed (see Figs 1 and 51).
The population with largest Ry, belongs to peptide aggregates or fibrils (or contaminating dust
particles) with sizes larger than several microns. The remaining two populations show mean
relaxation times of about 20 ps and 5000 ys corresponding to hydrodynamic radii Ry around 2
nm and 500 nm, which are clearly separated in the auto correlation function as shown in Fig 1.
The population with Ry =2 2 nm and width typical for monomeric protein solutions refers to
monomers. Analysis of the volume weighted distributions shows that the monomer population
is the main component to the peptide content with more than 99% for all measurements.
Accordingly the concentration as measured by UV-Vis absorption does not change signifi-
cantly with time. The two larger populations refer to aggregates that strongly contribute to the
scattering intensity because the scattered intensity is proportional to the sixth power of the par-
ticle size. During the observation time the size of the second population varied between 100
nm and 3000 nm, where the content fluctuated, but mainly shows a decrease of the scattering
contribution. A change in size may be caused by monomer dissociation/aggregation from
aggregates, fragmentation/aggregation of aggregates or faster sedimentation of larger aggre-
gates. For the cases of dissociation, aggregation and fragmentation we expect an obvious
change of size including sizes smaller than 100 nm (relaxation times < 1000 ps), which is not
observed in detectable amount. Therefore, we supposed that the dominating process for both
larger aggregate species is sedimentation during the incubation in dHFIP. Changes of the
aggregate contribution to the auto correlation may result from wobbling of the sample prior to
the measurement. After about 9 days incubation in dHFIP there is no more larger change in
the correlation function observable. The sample reached its equilibrium and contains hardly
any larger aggregates. The small particles have a hydrodynamic radius of about 1.8+0.3 nm for
Al ypand 3.240.4 nm for A%, 4.

Fig 2 shows the SANS scattering curves of Ap in dHFIP. In spite of the relatively high con-
centrations—compared to aggregation studies with concentrations below 1 mg/ml—the inten-
sity is quite low due to the small size of AR and about a factor of 3 below the background of
pure dHFIP that is subtracted taking the protein volume fraction into account. A residual back-
ground at high @ is obvious, which is due to incoherent scattering from the protein (about
0.0025 cm™ for the 5.6 mg/ml) and residual scattering from protonated water and salts in the
purchased protein powder. The difference in forward scattering of about a factor of 3 corre-
sponds mainly to the difference in concentration. Low intensity and residual background
favour together a Beaucage model including a background over the classical Guinier analysis
for Rg evaluation as the later does not include a background contribution|[56]. The measured
intensity was modeled by a Beaucage function with fixed dimensionality (d = 2) within a least
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Fig 1. Time resolved DLS experiment of AB_,z and AB;_4 in dHFIP. The samples were measured between 0.5 h and 14 days after initial incubation at

20°C. For AB_40 the value of r = 10000 ps is subtracted to focus on the two smaller species. For both samples correlations are normalized to 1 for r—0 to get
a better overview over the data. Original measurements are found in S1 and S2 Figs.

doi:10.137 1journal pone 01502679001

square fit including the residual background. The radius of gyration R, evaluates to 1.6£0.1 nm
and 1.0£0.1 nm for AB;_ 4> and AP, _4, respectively (see Fig 2A).

The 3D structure of Af};_,, monomer in dHFIP, 3sD,0, is available from the PDB data
bank (PDB code 11YT) as measured by solution NMR (see Fig 3A) with a set of 10 conforma-
tions, which show mainly reorientations due to a small hinge between the two o-helices[20].
For AB,_4 a structure file (PDB code 1AML) measured in 40%TFE/water with 20 different
conformations is available (see Fig 3B)[21]. The simulated scattering curves of the conforma-
tions are illustrated in 53 Fig and the averages are shown in Fig 2B as broken line for both
structures. In both cases we find too strong scattering. Including the effect of a solvent surface
layer with higher density compared to the bulk solvent comparable to the hydration layer
observed for proteins in water[47] the calculated scattered intensity matches the measured
intensity with an increase in density of 5% for a 0.3 nm thick solvent surface layer. The surface
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Fig 2. Scattering intensity of AR monomers in dHFIP (AB,_,,, concentration 5.6 mg/ml, AB,_,, concentration 2.4 mg/ml) after three weeks
incubation ed at detector dist: of 5.6 m (grey) and 1.1 m (black). (A) The red solid line shows the fitted Beaucage function with fixed

dimensionality d = 2. (B) SANS data compared to simulations based on atomic coordinates from 3D NMR structure data (AB;..; PDB code 11YT, AB140
compared to PDB code 1AML). Broken blue lines represent the average over the PDB structures; while solid blue lines include a surface layer with increased
solvent density.

doi:10.137 1journal pone. 0150267 .g002

layer in water seems to be mainly determined by geometric effects of the surface and partly by
the electrostatic field at the protein surface and water structure perturbation as shown by MD
simulations by Merzel and Smith[57]. At least a similar geometric effect of the protein surface
might be present here. MD simulations can only answer how far electrostatic effects or the
stronger hydrogen bonds of HFIP compared to water contribute. The mean Ry of AB)_4»
monomer from these conformations is 1.58 nm and 1.46 nm including the surface layer (see 53
Fig). For AB,_4o the mean R, is 1.29 nm and 1.16 nm including the surface layer. Thus a surface
layer with increased density decreases R, as a result of the combination of solvent scattering
length density and protein scattering length density. The strong effect of the surface layer is
related to the large volume of the surface layer, which is in average a factor of 2.6 (1AML) and
2.3 (1IYT) larger than the protein volume. For a detailed determination of a changed density in
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Fig 3. Exemplary structure of AR monomers: (a) AB;_az dHFIP; 30200 = (PDB code 11YT)[20] with two a
helices from residues Ser8-Gly25 and Lys28-Gly38, which is connected by a type | B-turn. (b) AB,_,q in
TFE, H.0, ; (PDB code 1AML)[21] with two a helices from GIn15-Asp23 and from lle31-Met35 connected
with a type | B-turn.

doi:10.1371/joumal. pone.0150267 g003

the surface layer a combination of SAXS and SANS with different contrast contributions is
required. SAXS measurements were not possible in dHFIP as the solvent evaporated due to the
high-energy input on a high intensity beam line. Nevertheless the observed radius of gyration
seems to be influenced by a solvent surface layer and shows compatibility of the observed
radius of gyration with previously reported structures of Ap in similar solvents. It should be
noted that the actual configuration and flexibility has a strong influence on the scattering as
SANS measures the configurational ensemble. Comparing the simulated scattering of the dif-
ferent configurations according to the PDB structures (see 53 Fig) we observe that the AB; 4
scattering patterns stay quite similar as the small hinge between the two a-helices allows only
small changes of the configuration. Ap;_,, has larger configurational freedom (more disor-
dered regions and stronger variation in the PDB structures) and consequently larger differ-
ences in the scattering patterns and R,. Generally a larger configurational freedom may allow
more extended configuration_ Nevertheless, the NMR structures and the SANS data show a
similar tendency with a more compact AR, 4, compared to AP, _4;. The larger configurational
freedom results here in a more compact structure, which may be a result of a reduced contact
to the solvent.

The question arises how to compare the radius of gyration and the hydrodynamic radius as
both are influenced by a solvent surface layer, but in different ways. A simple approach for
globular proteins relates the radius Rg of a sphere to the radius of gyration by R} = (3/5)R?
resulting in R, of 2.06 nm for AB, 4, and 1.3 nm for AB,_4. If we assume that the monomer is
surrounded by a solvent layer contributing to the apparent hydrodynamic radius (2R; ypqp =
0.68 nm) the hydrodynamic radius of AB;_4> and ABy_4p monomer is about 2.7 nm and 2.0 nm
respectively, which correspond approximately to the measured Ry from DLS experiment. In a
different approach based on measurements of R, and Ry, for proteins between 50-400 residues
in denaturing solvents the relation Ry/Ry; = 1.06 is found[58]. Even taking into account that Ap
is smaller than the reference proteins and the difference in solvent molecule size, too small
hydrodynamic radii result demonstrating that a AP seems to be not in a disordered state.

The hydrodynamic radii of Ap,_s> and ABy_4p in water is according to Nag et al. 0.9 nm[43].
For both monomers the actual conformation in water is not known and the influence of a
hydration layer is undetermined. Assuming a hydration layer of 0.3 nm as found for other pro-
teins the configuration seems to be rather compact. Nevertheless it is clear that not only the
predominantly o-helical structure in dHFIP can increase the hydrodynamic radius as observed.
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The strong hydrogen bonding properties of dHFIP may be of importance here. Stronger hydro-
gen bonding compared to the peptide in water may cause a larger peptide-solvent complex that
contributes to the hydrodynamic radius. For the smaller AR, 4, the more compact structure
reduces the surface to the solvent and a lower number of solvent molecules may contribute to
the complex resulting in the smaller hydrodynamic radius compared to AB; 4. The strong
hydrogen bonding of dHFIP allows solvation of monomeric peptides without aggregation for
Ap and seems to increase the apparent hydrodynamic radius.

Conclusions

In this study we investigated the applicability of SANS to the study of the Alzheimer’s disease
associated amyloid beta peptide (AB). Several properties of this 4 to 5 kDa small peptide make
structural studies with high-resolution methods of the monomer as well as of the early assem-
bly states extremely difficult. Therefore, other methods giving less detailed structural informa-
tion become more important. Small angle neutron scattering and dynamic light scattering at
relatively high concentration (for AP aggregation experiments) was used to probe the applica-
tion of SANS as a scattering method without radiation damage for AP solutions as a prerequi-
site for further kinetic measurements of AP aggregation and fibril formation. We found that
the solvation of Af in dHFIP is a fast process, where after a short incubation of less than 1 h
the remaining aggregates mainly sediment. Therefore preparation time can be shortened by
centrifugation to sediment the small amount of aggregates. We showed that SANS is able to
perform measurements with monomeric AB solutions to determine the radius of gyration.
Although we cannot differentiate between conformations as in high-resolution techniques, we
find a more compact structure of AP, 4, compared to AR, 4, showing that low resolution
information can give valuable insight about the general structure. The difference in structure
between Af;_40 and AP,_4> regarding the distribution of «-helices and disordered regions
seems to be preserved in pure dHFIP. Additionally the results show the probable existence of a
surface layer with increased density of dHFIP solvent similar to the hydration layer of proteins
in water, which was not observed by other methods. The solvent surface layer increases the
hydrodynamic radius considerably. Still the application of SANS onto low concentration sam-
ples of a protein as small as A would benefit from higher intensity and it is at the limit of the
nowadays possibilities.

Supporting Information

§1 Dataset. DLS and SANS data.
(ZIP)

S1 Fig. Time resolved DLS experiment with a concentration of 2.4 mg/ml Af,_,, in dHFIP.
The sample was measured between 0.5 h and 12 days after initial incubation at 20°C. The
strong change in the absolute value of the correlation function at ¥ — 0 (intercept) is due to the
increase in signal to noise ratio. With more large aggregates, respectively higher intensity, the
signal has less noise and the intercept is closer to one. Additionally the signal to noise ratio
depends on the laser attenuation chosen automatically by the instrument adjusting the mean
intensity to values between 200000 and 500000 counts/s dependent on the total scattered inten-
sity of a sample.

(EPS)

§2 Fig. DLS of 5.6 mg/ml Ap,_,, in HFIP. The sample was measured between 0.5 h and 14

days after initial incubation at 20°C in HFIP. See 51 Fig for more comments.
(EPS)

PLOS ONE | DOI:10.137 /journal.pone.0150267  February 26, 2016 9/12

29




{&-PLOS | one

SANS of Beta Monomers in dHFIP

§3 Fig. Simulated scattering intensities for configurations according to PDB structures of
AB,_4 and AP, _4p. Black and green lines take only the contrast to the dHFIP solvent into
account, while for red and blue lines additionally a solvent surface layer with 0.3 nm thickness
and 5% higher density compared to bulk dHFIP is used. The given radius of gyration R is the
average of the different structures in the PDB file as evaluated from the scattering in the Gui-
nier region. The differences in the forward scattering for the same protein arise due to the
changed protein volume if the configuration is changed.

(EPS)
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Abstract

Alzheimer's disease (AD)-associated amyloid p peptide (AB) is one of the main actors in
AD pathogenesis. AB is characterized by its high tendency to self-associate, leading to
the generation of oligomers and amyloid fibrils. The elucidation of pathways and interme-
diates is crucial for the understanding of protein assembly mechanisms in general and in
conjunction with neurodegenerative diseases, e.g., for the identification of new therapeu-
tic targets. Our study focused on AP42 and its oligomeric assemblies in the lag phase of
amyloid formation, as studied by sedimentation velocity (SV) centrifugation. The assem-
bly state of AR during the lag phase, the time required by an Ap solution to reach the expo-
nential growth phase of aggregation, was characterized by a dominant monomer fraction
below 1 S and a population of oligomeric species between 4 and 16 S. From the oligomer
population, two major species close to a 12-mer and an 18-mer with a globular shape
were identified. The recurrence of these two species at different initial concentrations and
experimental conditions as the smallest assemblies present in solution supports the exis-
tence of distinct, energetically favored assemblies in solution. The sizes of the two species
suggest an AB42 aggregation pathway that is based on a basic hexameric building block.
The study demonstrates the potential of SV analysis for the evaluation of protein aggrega-
tion pathways.

Introduction

Alzheimer's disease (AD) is an age-related disease with growing incidence in populations
with high life expectancies. As a consequence AD poses a major health risk to people and a
substantial worldwide economic burden [1]. Therefore, efforts to improve our understanding
of the disease mechanism have been taken to develop knowledge-based therapeutic concepts.
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It is well established that a proteolytic fragment of the amyloid precursor protein (APP)
plays a key role in disease pathogenesis, as reviewed in [2,3]. This 39 to 43 residue fragment
of the membrane spanning APP, referred to as the amyloid p peptide (AB), is highly prone to
self-association [4]. Although the monomeric form of AP is apparently nontoxic, the self-as-
sociated species exhibit neurotoxic behavior [5]. Fibrillar deposits of AP in intercellular pla-
ques are a histological marker for post-mortem AD diagnosis and are considered to be the
cause of neurodegeneration. More recently, however, it was found that soluble Ap oligomers
are more neurotoxic than the amyloid fibrils and thus may represent the causative agents for
neurodegeneration [6-13]. Nevertheless, a conclusive, generally accepted definition of the
toxic oligomer is still missing [14]. As pointed out in [15] there are manifold challenges

for oligomer study, one of which is the rather low concentrations of the natural oligomeric
species in tissues and body fluids of AD patients, which hinder a direct preparation and char-
acterization. Additionally, it is difficult to control Ap aggregation processes in vitro. There-
fore structural information that should aid the development of therapeutic interventions is
still missing.

Because there is obviously still need for clarification we engaged in this study in a thorough
characterization of A aggregation by sedimentation velocity centrifugation (SV), one of the
major applications of analytical ultracentrifugation. SV analysis exhibits several advantageous
properties, making it especially attractive for the investigation of self-assembling proteins. 5V
is a first-principles based method. No calibration standards are required as for instance neces-
sary in size exclusion chromatography to assign molecular weights to elution volumes. And
even more important the characterization is carried out in solution without a solid phase being
involved. In SV analysis all parameters regarding size distribution and shape of aggregates are
derived simultaneously from one specific AR solution. Although fractionation occurs due to
the sedimentation process, leading to improved detectability of the different species, aggregates
sediment always in the presence of equilibrium concentrations of smaller species and mono-
mers, preventing dissociation. Sedimentation velocity centrifugation (SV) is suitable for the
study of macromolecules ranging from a few thousand Da to several MDa. Measurement of
peptide concentrations by absorbance throughout the experiment guarantees control over pos-
sible losses of AB. In recent years, SV methodology has drastically improved in terms of infor-
mation content and resolution [16,17]. This is particularly pertinent in the field of aggregating
proteins where analytical ultracentrifugation has become an increasingly important technique
due to its unique properties [18-25]. In the case of self-assembling proteins, the samples consist
of mixtures of differently sized and shaped particles. In SV experiments the solute concentra-
tion as a function of the radial position within the rotor is recorded at regular time intervals.
These concentration profiles can be fitted by a sum of solutions of the Lamm equation [26].
The c(s) distribution [27] and genetic algorithm based analyses [28] are two implemented soft-
ware approaches to perform this data fitting task. In previously reported SV experiments, we
have demonstrated the power of the data evaluation method for the determination of size- and
shape-distributions of the AP peptide [29,30].

In our study we decided to investigate the early phase of Af42 self-assembly. We chose
AP42 because the elevation of its levels and of the ratio of Af42 to the shorter major form
AP40, had been identified as important early events in the pathogenesis of AD[31]. Specific
questions to be addressed are: what is the size of the smallest detectable oligomer in solution,
and do well-defined, oligomeric species exist as the hypothesis of a toxic oligomer might sug-
gest. For this purpose we restricted our analysis to the lag phase of aggregation as defined by
thioflavin T kinetic measurements.
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Materials and Methods
Amyloid B preparation

Synthetic human AB42 peptide was purchased as a trifluoroacetate salt (Bachem, Weil am
Rhein, Germany). For disintegration of preexisting aggregates, the peptide was predissolved in
100% hexafluoroisopropanol (HFIP) at 1 mg/mL and incubated overnight at room tempera-
ture. The solution was then divided into aliquots, lyophilized and stored at -8000B0030C until
required. APB42 was dissolved at pH 10 for analysis of a monomeric sample. To initiate aggrega-
tion the AP42 peptide was dissolved at concentrations from 10 to 240 pM in 10 mM NaP; buft-
er (6.2 mM sodium dihydrogen phosphate, 3.8 mM disodium hydrogen phosphate, pH 7.4).

Thioflavin T (ThT)-Assay

For the quantitative assessment of amyloid formation, freshly prepared AB42 samples in NaP;
buffer with 5 uM ThT were incubated in a black 96-well fluorescence plate with an optical bot-
tom (Nunc, Thermo Scientific, Germany). ThT fluorescence was recorded every 30 min in a
plate reader (M 1000, Tecan, Maennedorf, Switzerland) at ., = 446 nm and 4_,,, = 490 nm with
a bandwidth of 5 nm. The temperature was controlled at either 20 or 37°C.

CD spectroscopy

Circular dichroism spectroscopic measurements were carried out on a Jasco J-815 spectrome-

ter. A 1 mm optical path length cuvette was used. The temperature was controlled at 20°C. For
the measurement over time, sample incubation was not performed in the cuvette but in a stan-
dard sample tube, from which aliquots were taken. Spectra were recorded from 4 = 260 nm to

185 nm at 1 nm resolution, 50 nm/min scan speed, and an integration time of 0.5 s. For signal

improvement ten accumulations were averaged. The obtained spectra were transformed from

ellipticity 8, measured in millidegrees (mdeg), to mean residue ellipticity (MRE) after subtrac-

tion of the buffer spectra.

Analytical Ultracentrifugation

Sedimentation velocity centrifugation experiments were carried out in a Beckman Optima
XL-A (Beckman-Coulter, Brea, CA, USA), equipped with absorption optics and a four-hole
rotor. Samples (volume 400 pL) were filled into standard aluminum or epon double sector cells
with quartz glass windows. Measurements were performed in the intensity mode [32] at detec-
tion wavelengths between 224 and 242 nm in order to adjust for different peptide concentra-
tions. For Af42 peptide concentrations above 40 pM the temperature was set to 10°C,
otherwise 20°C was chosen. Radial scans were recorded with 20 pm radial resolution at ~1.5
min intervals. The software packages UltraScan 11 v 9.9/111 v 2.0 [28,33] and SEDFIT v 14.1[34]
were used for data evaluation. After transformation of the recorded sedimentation velocity
data, taken in the intensity mode, to either absorbance or pseudo-absorbance data in the re-
spective data evaluation software, time- as well as radially-invariant noise were calculated and
subtracted. In UltraScan a model-independent analysis approach for fitting SV data, which
permits simultaneous determination of shape and molecular weight distributions for mono-
and polydisperse solutions of macromolecules, was further refined by a parsimoniously regu-
larized fit of independent solutions of the Lamm equation applying a genetic algorithm (GA)
to ensure convergence into the global minimum [35]. The final results were subjected to a
Monte Carlo (MC) analysis with 50 iterations each. In seperr, continuous sedimentation coeffi-
cient distributions c(s) were determined with 0.05 S resolution and an F-ratio = 0.95. Suitable
s-value ranges between 0 and 30 S and for GA f/f; between 1 and 4 were chosen. Buffer density
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Table 1. Solvent parameters for 10 mM NaPi, pH 7.4 and v of AB42 for the temperatures used in the
SV experiments. Calculations were performed with Seonterr or UltraScan II/111.

temperature (°C) ¥ (em’/g) density (g/cm®) viscosity (cp)
10 0.734 1.0011 1.3109
20 0.738 0.9986 1.0048

doi:10.1371/jpumal pone.0127865.t001

and viscosity (Table 1) had been calculated with Sepxtere v 20111201 beta [36,37]. The partial
specific volume of AB42 was calculated according to the method of Cohn and Edsall [38,39] as
implemented in Seontere or UltraScan LI/ (Table 1). Graphical output for seprir results was
created with the software GUSSI vs 1.0.3, written by Chad A. Brautigam, University of Texas
Southwestern Medical Center. All reported s-values were corrected for 20°C and water and

therefore sap -values.

Results and Discussion

In this study we analyzed freshly prepared solutions of AB42 by analytical ultracentrifugation,
ThT-assay, and CD spectroscopy to gain insights into the early processes of Ap42 self-assembly
within the lag phase of amyloid formation.

Monomer characterization at pH 10

In a first step, we wanted to characterize the hydrodynamic properties of monomeric Ap42. At
basic pH AP42 is stable as a monomer [40]. In contrast to organic solvents like HFIP or TFE
[41] known for their monomer stabilizing properties the chosen basic conditions do not induce
an a-helical structure. At pH 10 (Fig 1) the Ap42 peptide shows a secondary structure profile
comparable to the one determined at pH 7.4 for the earliest time point as shown in Fig 1. The
CD spectrum of the peptide at basic pH did not change within 2 d of incubation, indicating the
required stabilization of the peptide. To increase the certainty of species detection, we com-
pared two different software packages for analytical ultracentrifugation data evaluation, i.e.,
seperr [34] and UltraScan [33].

The SV analysis of 20 uM Ap42 at pH 10 revealed that the AP42 solution consisted of 95%
monomers. In Fig 2 the calculated c(s) distribution shows a first peak at 0.6 + 0.2 S, represent-
ing 94% of the sample, and a second broader peak at 4.8 = 0.5 §, accounting for 6%. The signal
increase at s-values between 0 and 0.6 S indicated either the presence of smaller species than
AP42, ie., fragments that we could neither identify in gel electrophoresis nor mass spectrome-
try or, more likely, a baseline deconvolution problem caused by the small size of the macromol-
ecules, preventing clearance of the meniscus region during centrifugation. The 0.6 S species fits
well to monomeric AP42, the 4.8 S species indicates an oligomer of 50 to 70 kDa. The weight
averaged f/fy was fitted as 1.56. According Eq. 1 the 0.6 S species with f/f; = 1.56 had a molecu-
lar weight of 4.4 kDa, which is close to the molecular weight of the monomeric Ap42 (4.5 kDa).
In contrast to the ¢(s) determined s-value distribution (Fig 2) the GA-MC analysis in UltraScan
(Fig 3) fitted three species with an s-value smaller than 1, which differed significantly with re-
spect to their frictional ratios. The main species with 0.67 S had a smaller f/f, value of 1.35 than
the main component from the c(s) analysis. Again the resulting molecular weight is close to 4.6
kDa, which confirmed the monomeric nature of the species. Taken together around 6% of the
aggregates with an average s-value of 5 S were detected independent from the data evaluation
procedure. These aggregates might comprise either residually undissolved material or newly
formed assemblies.
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Fig 1. CD-spectroscopy of AB42 at pH 10. CD spectra measured at the start of the incubation (black) and
after 48 h (grey) at 20°C. Spectra are in agreement with a random coil dominated secondary structure with a

characteristic minimum around 200 nm.

doi:10.1371/joumal pene.0127865.g001
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Fig 2. SV-analysis of AB42 at pH 10. 40 uM AB42 had been centrifuged at 40,000 rpm and 20°C. By c(s)

analysis the most prominent species was detected at s = 0.6 S (A); GA-MC analysis revealed the dominant
species ats = 0.675 with f/f; = 1.35 (B). Results are presented in a pseudo-3D plot with a color coded third
dimension indicating the species fraction. In both evaluations a small amount of near spherical aggregates

appeared at 5 S. The minor species detected below 1 5 are artifacts due to a base line

deconvolution problem.

doi:10.1371/jpumal. pone.0127865.g002
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Fig 3. Kinetics of amyloid formation. ThT-flucrescence kinetics of 40 uM AB42 in 10 mM NaP; at 37°C (black) and 20°C (blue). The maximum RFUs had
been normalized to 1. Determined lag times were ~8 h at 37°C and ~80 h at 20°C (A). CD spectra of 37 M AB42 incubated at 20°C for 0 (black), 29
(magenta), 49 (cyan) and 74 h (blue). The spectrum of AB42 in NaP;, pH 7.4 changes within the indicated times from a predominantly random coil spectrum to
a p-sheet rich spectrum. Superimposed spectra possess an isosbestic point at 209 nm, indicating a two-state transition (B).

doi:10.1371/journal pone.0127865.9003

The experimentally determined s-value of the monomer is in agreement with an s-value of
0.55 S reported in the literature [42]. In the PDB a high resolution structure of full-length Af42
exists, that was determined by NMR in an HFIP-water mixture (120Q) [43]. The s-value calcu-
lated for a bead model [44,45] built from this NMR structure of AB42, is 0.72 S and the frictional
ratio is 1.3. The structure is characterized by 42% helices and several turns giving it a more com-
pact conformation. In comparison we can conclude that the Af42 monomer at pH 10 character-
ized in our experiments had a more elongated shape, i.e., it was less structured than the structure
deposited in the PDB. This result is in agreement with the peptide adopting a random-coil domi-
nated structure, when the helix inducing agent HFIP is not present in the sample buffer.

Length of the lag phase

An SV experiment for AB42 monomers at 20°C and 60,000 rpm corresponding to 257,000 g
takes 6 to 10 h, because of the slow sedimentation of the monomer. If assemblies present in the
lag phase are to be characterized, the lag phase has to last longer than the experimental analysis.
Entry into the rapid growth phase would also cause profound changes to the sample compaosi-
tion, thereby complicating data analysis. To determine the length of the lag phase, we followed
the process of amyloid formation starting from freshly dissolved Ap42 by a ThT fluorescence
assay (Fig 3A). Measurement over time typically results in a sigmoidal curve, that is subdivided
into the lag phase during the initial stage, a steep increase in fluorescence during the growth
phase, that represents the formation of amyloid fibrils, and finally the plateau region, where
fluorescence is constant and then decreases slightly after a period due to precipitation. The du-
ration of the lag phase was about 80 h for 40 pM AB42 (Fig 3A) at 20°C. To complement the
fluorescence data, the structural conversion from random coil to B-sheet structure, which ac-
companies self-assembly of monomeric AB42 units to fibrils with an amyloid specific cross-p
conformation, was monitored by CD spectroscopy. In Fig 3B, CD spectroscopic measurements
over time at 20°C for a 37 pM AP42 solution indicated a conformational change, characterized
by the presence of an isosbestic point, within 49 to 74 h. The isosbestic point at 209 nm sug-
gests a two-state transition between random coil and p-sheet conformation. The duration of
the lag phase determined by the CD measurements and the ThT assay were within the same
order of magnitude. Shortening of the lag phase with increasing initial AB42 concentrations
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was compensated by reducing the temperature from 20 to 10°C during SV analysis of samples
at concentrations higher than 40 uM. It was therefore possible to perform the SV experiments

within the lag phase of the system and before the initiation of the rapid growth phase.

Concentration dependent self-association

Samples were prepared by freshly dissolving HFIP pretreated synthetic Ap42 at different initial
concentrations. At the start of the sedimentation process all samples had a history of ~1 h han-
dling and thermal equilibration time. Calculation of the initial peptide concentration from a
first scan at 3000 rpm and the first scan at 55,000 and 60,000 rpm, respectively, revealed a defi-
cit between 20 and 25% for all samples. Material might have been lost to inter-/surfaces, undis-
solved, and/or sedimented during the acceleration phase. In a first approach, the SV data were
evaluated in a model independent manner by the van Holde-Weischet (vHW ) method [46].
Fig 4 shows the combined vHW -distribution plots for 40, 80, 160, 200 and 280 pM initial Af42
concentrations. Analyzed solutions showed bimodal distributions characterized by a slowly
sedimenting, rather homogenous fraction, visible at the near vertical line in the vHW -distribu-
tion at small s-values, and a clearly separated, faster sedimenting fraction with s-values ranging
between 4 and 15 S. The AP42 species detected at s-values below 1 § were assigned to mono-
meric species based on the monomer characterization at pH 10 (Fig 2). The proportion of olig-
omeric species was found to increase from ~30% to ~50% without populating oligomeric
species larger than 20 S by a sevenfold increase of the initial Ap42 concentration of 40 pM.
Under the applied experimental conditions, that is speed, temperature, and solvent, molecular
species up to 200 S would be detectable in SV analysis. As a consequence the weight averaged s-

100+

Boundary Fraction (%)

0 5 10 15 20
Sy wvalue (1077s)

Fig 4. G(s) distributions for different initial concentrations of Ap42. Model independent analysis of SV
data by the van Holde-Weischet method for freshly prepared AB42 solutions with 40 uM (cyan triangle),

80 pM (magenta diamond), 160 pM (yellow circle), 200 pM (blue triangle upwards), and 280 uM (red triangle
leftwards) initial menomer concentrations.

doi:10.1371/joumal.pone.0127865.9004
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value of the oligomer fraction increased with increasing AB42 concentration. The near hori-
zontal curve progression between s-values 1 and 4 S indicates the absence of detectable Af42
assemblies in this area and marks therefore the range where Kinetically unstable intermediates
might be located. Sedimenting species with s-values between 1 and 4 S would correspond to
oligomers ranging from dimer to octamer assuming a spherical shape, thus giving lower size
limits of the intermediates. A further observation was a slight shift of the monomer peak to
smaller s-values for those measurements performed at 10°C when compared with the data re-
corded for a 40 pM AB42 sample at 20°C. The observed change in s-value could be the result of
a temperature induced conformational change leading to an altered frictional coefficient of the
monomer in solution. Alternatively or additionally the shift might be due to the presence of an
unresolved fast equilibrium, e.g. between the monomer and a dimer.

Our major objective was to identify discrete AP42 oligomeric species. Such species should
feature energetically favored assemblies consisting of a well-defined number of monomeric
units. To identify single species, the data were evaluated by calculating c(s) distributions, as
well as by applying a parsimoniously regulated genetic algorithm, as implemented in Ultra-
Scan. For both approaches the underlying models assume the existence of a number of inde-
pendent species in solution. For a rapid equilibrium with the smaller compound being present
in excess as is the case in our system c(s) is a valid approximation for data evaluation [47]. Pro-
vided that seed formation in the lag phase is a slow and rare process, the solution state could be
approximated as steady-state equilibrium. This assumption was corroborated by small root
mean square deviation (rmsd) values obtained by measuring the agreement between measured
and calculated data, which amounted to ~0.5% of the total signal. In Fig 5 the noise subtracted
raw data together with the fitted curves of SV runs with three different initial Af42 concentra-
tions (A, B and C) and the combination of the resulting c(s) distributions (D) are shown.

As part of the oligomer fraction two prominent species were repeatedly detected by c(s)
analysis (Fig 500) with s-values averaged for 9 independent samples 0of 4.70 S £ 0.27 S and 6.25
§+0.28 § (Lable 2). These two species were observed under different experimental conditions,
i.e, initial AP42 concentration, rotor speed and temperature. A third species appeared as a
shoulder of the larger species with an s-value of 6.2 to 7.6 S. The smaller species at 2.6 S, and
any species larger than 10 S were detected at too low concentrations to be reliably assigned. In ¢
(s) a global f/f; weight averaged for all s-value species was determined. As already noticeable in
the vHW -distribution (Fig 4) the percentage of oligomeric species in the range between 1 and
15 S increased with increasing initial AP42 concentrations, while concomitantly weight aver-
aged f/fy decreased from 1.6 to 1.2 (data not shown). This indicates an increase of globular par-
ticles present in solution. To resolve individual shape parameters data evaluation was
performed by applying GA in UltraScan. The monomeric species showed a slightly extended
conformation with an f/f; of 1.6, in agreement with the results from SV analysis at pH 10 (Fig
2). For the oligomers ranging from 4 to 10 S, f/f; values < 1.3 were calculated, which is consis-
tent with the results from ¢(s) showing less extended conformations with increasing fractions
of oligomeric species. Although the determined s-values for the two species could be repro-
duced by the GA algorithm (Fig 6), the Monte Carlo statistics for the GA results revealed con-
siderable uncertainties for f/f; determinations, probably due to the comparatively low number
of scans reporting about the sedimentation and diffusion properties of the larger species. Al-
though no conclusive fif, values for single species could be retrieved, both methods support a
globular shape of the oligomers. The obtained shape information had been confirmed by AFM
measurements (data not shown). Additionally it is in agreement with reported AFM and TEM
studies from literature [48,49].

Calculations of the molecular weights of the oligomers based on the determined s-values uti-

lizing shape factors (f/fy) between 1.0 and 1.1, typical for globular proteins, using the following
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Fig 5. SV analysis of AB42 at different initial concentrations. The noise corrected data (dots) superimposed with fitted curves (lines) from c(s) analysis,
and the residuals plot attached below, are shown for 40 pM (A), 80 uM (B), and 160 pM (C) initial concentrations of AB42. For clarity, only every second scan
and every third data point is shown. The combined c¢(s) distributions for 40 pM (cyan) measured at 20°C, 80 pM (magenta) measured at 10°C, and 160 pM
(blue) measured at 10°C are shown in (D). The monomer peak below 1 S has been excluded from the plot.

doi:10.1371fjournal pone.0127865.9005

Table 2. Observed s-value species of AB42. The oligomeric state was determined for a globular particle
with fffy = 1.1. The error was calculated as standard deviation of the mean of s-values obtained by applying
the c(s) routine to the given number of different data sets. Different data sets correspond to independent

sample preparations.

s-value [107"* s] £ SD

Number of data sets

Monomer 0.62 + 0.02 12
12-mer 470+ 0.27 9
18-mer 6.25 + 0.28 9

doi:10.1371/joumal pone. 01278651002
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Fig 6. Pseudo-3D plot of AB42 size and shape distribution. Results from a SV analysis of 280 pM AR42 at
60,000 rpm and 10°C. Data were evaluated by 2-dimensional spectrum analysis followed by GA-MC analysis.
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equation

o (1=wp) .‘f 1 (M i n):
Fatm, = /1, - 6m) V 3w \z-N,
with solvent density (p) and viscosity (1) revealed for the 4.7 S species a size corresponding to
11 to 13 AB42 monomeric units (n M, M molecular weight of Af42) and for the 6.25 S species
accordingly 17 to 20 monomeric AB42 units. The third species in the range of 6.2 to 7.6 S cov-
ers oligomeric species built from 22 to 29 monomeric units.

The determined sizes further supports prior evidence of a hexameric building block in Ap42
aggregation [50-52] A hypothetical AB42 hexamer with an s-value between 1.9 (fif, = 1.6) and
3.1 8 {f/fy = 1.0) would be located within the predetermined gap between 1 and 4 S. The hexamer
is not detected in solution because it is a kinetically unstable intermediate. The fraction of oligo-
meric species in solution is concentration dependent and reached 75% at 280 pM AP42 initial
concentration; taking the 25% loss of AP42 during acceleration into account the fraction is 56%.

Although the described oligomers were detected free in solution for the first time, their sizes
agree well with previously reported species. A dodecamer was detected by PICUP [6,52] and
confirmed by ion mobility spectrometry-mass spectrometry [53]. Dodecameric assemblies
were also described as AB-derived diffusible ligands and a specific assembly detected in cere-
brospinal fluid, Ap*56. Additionally, the oligomeric species termed globulomer [54] is a dode-
camer, although the preparation of this species required SDS for maintaining stabilization.
Experimental and theoretical evidence from MD simulations exists for the 18mer [55-57]. In
contrast to our work, the 18mer reported in these references is dependent on hydrophobic in-
teractions either with lipids in a bilayer or fatty acids. Kumar et al. [56] showed c(s) distribu-
tions for their large fatty acid-derived Af oligomers with peaks at 5 and 7 §, which are similar
to our c(s) distributions obtained for Ap42.

In our study of ApP42, oligomerization clearly preceded the conversion to a fi-sheet conforma-
tion. This is in contrast to an analytical ultracentrifugation based study of the prion protein (PrP),

where the detected small oligomers showed significantly larger shape factors f/f; than the PrP
monomer, and oligomerization happened in the same time frame as the structural conversion to
a B-sheet dominated structure as demonstrated by CD measurements [24]. The 12-mer and the
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18-mer were detected reproducibly under different speed conditions, temperature and initial
AP42 concentrations. With increasing initial AP42 concentrations the fraction of these oligomers
increased rather than larger aggregates forming. This is the first time that these species were de-
tected free in solution. We suggest that these species are part of an oligomer formation pathway
similar to the one proposed by Barghorn et al. [54] based on hexameric building blocks; although
we believe that the two pathways for either fibril or oligomer formation are not completely sepa-
rated from each other. To resolve this question, the addition of oligopmers to monomeric Af solu-
tions must be tested to determine whether a decrease in the lag phase is observed. Additionally, it
should be clarified whether the observed oligomers are cytotoxic towards neuronal cells. There-

fore, oligomers have to be purified away from monomers and larger assemblies.

Conclusions

The pathogenic aggregation mechanism of the amyloid beta peptide is still a matter of debate. Es-
pecially the nature of a postulated oligomer responsible for the neurodegeneration in Alzheimer's
disease is elusive. In this study we utilized a technique that allows for observation of all species
present within a sample at a given time point without complications arising from involvement of
solid phases or necessity for any calibration. Size, shape, and quantity of all observed s-value spe-
cies could be determined simultaneously, avoiding unaccounted changes in sample composition
in the course of multi-step analysis procedures. In contrast to our expectations it was possible to
increase the initial AB42 concentration above 1 mg/ml without generating larger aggregates and
fibrils within the experimental time frame. This was caused or at least supported by the reduced
temperature of 10°C and the property of the SV method to deplete solutions of larger aggregates,
which might act as seeds for amyloid formation. Such particles with high s-values are removed by
their rapid sedimentation during the early phases of centrifugation, i.e., by their rapid sedimenta-
tion already during the acceleration phase. We were able to demonstrate the existence of distinct
oligomeric species in solutions of Af42 during the lag phase of amyloid formation. These oligo-
mers appeared to be globular in shape, while the monomer showed a slightly extended conforma-
tion. During the experiment, starting from a homogeneously filled cell, the characterized
oligomers sedimented always in the presence of smaller species, thus maintaining equilibrium be-
tween distinct oligomeric species and smaller oligomers and monomers. The postulated equilibri-
um is in agreement with the observation that increasing the initial Ap42 concentration led rather
to an increase of the oligomer fraction than to the appearance of aggregates above 20 5.

The two recurring species were interpreted as an 11 to 13mer for the smallerand a 17 to
20mer for the larger oligomer assuming a frictional ratio between 1.0 and 1.1. The numbers are
tempting to suggest a model based on a hexameric building block as recently proposed in [58].
The high reproducibility of the s-values as well as their independence from the initial Af42
concentration clearly indicates the existence of energetically favored assemblies among possible
oligomeric states. It can be assumed that the defined size of the oligomers correlates with an
equally well defined secondary and tertiary structure. Such characterized species would be ideal
candidates for specific, pathogenic interactions with cellular receptors or other interaction
partners. Whether the observed oligomers are on or off-pathway to the amyloid fibrils cannot
be concluded, although it seems probable that once a certain number of monomeric units are
assembled this might be the place where—triggered by a conformational rearrangement—the
rapid growth of fibrillar structures initiates.
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LONG ABSTRACT:

KWS-2 represents a SANS diffractometer which, by combining classical pinhole, focusing
(with lenses) and time-of-flight (with chopper) methods, is optimized for the exploration of a
wide momentum transfer O range, between 1x10™ and 0.5 A™, at high neutron intensities and
with adjustable resolution. By its concept and performance parameters and being equipped
with specific sample environments and ancillary devices, the instrument is dedicated to
investigation of soft-matter and biophysical systems over a wide length scale, from nm up
to um. Structures and morphologies at equilibrium or under transformation due to kinetical
processes spanning a wide time scale, between minutes and tens of milliseconds, can be
studied in static or time-resolved approaches. By enabling the possibility to adjust at will,
during the experiment, either the intensity or the resolution within wide limits, KWS-2 shows
an increased flexibility in use and a high versatility in addressing a broad range of structural
and morphological studies in the field, from the investigation of small and weak scattering
systems, like single polymers and proteins in dilute solutions, up to resolving complex,
hierarchical systems that exhibit multiple structural levels, like gels, networks or
macro-aggregates. With the recent upgrade of the detection system, MHz count rates became
detectable, which opens new opportunities for the study of very small biological
morphologies in solution, which deliver weak scattering signals above the buffer scattering
level at high Q. The use of the multiple working modes that are offered by the KWS-2

instrument and the performance that can be achieved will be reported here in details.
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INTRODUCTION:

Soft and biological materials show a rich variety of morphologies which are characterized by
features such as self-organization and self-assembly of elementary units to larger, complex
aggregates, cooperative interplay of a large number of degrees of freedom, weak interaction
between the structural units and thus high sensitivity to external fields, and spatio-temporal
correlations that can span a huge range from nanometers to millimeters and from
nanoseconds to days. Because of the large range of relevant length and time scales the
experimental characterization of the properties of these materials are very challenging.
Scattering techniques with neutrons play an important role in the investigation of the
structure, dynamics and thermodynamic properties of such complex systems. As unique
probe, neutrons offer the advantage of different interaction between the 'H and “H (deuterium,
D) hydrogen isotopes. The large difference in the coherent scattering length density between
hydrogen and deuterium represents the basis of the contrast variation and contrast matching
methods using neutron scattering on hydrocarbon samples, which most of the soft-matter and
biological systems are. Thus, by the possibility to vary the coherent scattering length density
of a compound over a broad range by hydrogen/deuterium (H/D) substitution, a selected
constituent in a complex system can be made “visible” or “invisible” as depending upon its
contrast — the squared difference between its scattering length density and that of the other
components — without altering the system chemically. By contrast matching and contrast
variation separate analyses of selected components or regions within a complex soft-matter
or biophysical morphology can be thus performed. Furthermore, neutrons are highly
penetrating and can be used as non-destructive probes and for studying samples in special
environments, when the contribution from the additional materials placed in beam can be

reliably measured and corrected for.

Elastic scattering experiments deliver information about the structure and morphology of a
sample in real space through the inverse Fourier transformation of the scattered intensity
measured in reciprocal space as a function of the momentum transfer O, where Q=4n/1
sin@/2, with A - the neutron wavelength and @ - the scattering angle. Thus, large QO values
relate to short length scales, with the inter-atomic correlations investigated by classical
neutron diffraction (ND), while at small Q large length scales can be explored by small-angle

neutron scattering (SANS). Typically, single or assembling synthetic or natural
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macromolecules in solution, melt, film or bulk samples are characterized over a wide length
scale from nanometer and micrometer sizes via the application of the classical pin-hole
SANS and the ultra-SANS (based on focusing or single-crystal diffractometry) techniques.
However, the combination of different methods/facilities for achieving a complete structural
characterization is sometimes difficult because of issues such as available amount of sample,
stability of samples over longer time, reproducibility of effects in special thermodynamic
conditions, as well as the joint analysis of experimental data obtained in different
experimental geometries. Moreover, the studies that are dealing with structures and fast
structural changes which are characterized by high space or time resolution are very
challenging, requiring very special experimental setups. Therefore, the development of a
highly versatile SANS instruments where limits can be pushed beyond the typical
configuration in an easy and practicable manner is beneficial for meeting all special demands

from the user community.

velocity selector
Anfr=20%

high-reselution position-
sensitive detector (res.
Imm)

double-disc chopper (10-100Hz)
ARSR=2:20%

- Vacuum 10 mbar

Vacuum 102 mbar

18 pieces NG (im) 26 MgF; lenses (packages of [ *He tubes array & fast
movable in-beam — 4-10-12) movable in-beam - lead shielding & | | detection electronics (res.
out-of-beam sliding door

Figure 1: Layout of KWS-2 SANS instrument, including all upgrades done between 2010 and 2015: A — the
secondary high-resolution detector and its tower on the top of the vacuum tank; B — the MgF, focusing lenses
grouped in three packages and their cooling system (cold head); C — the old main detector (scintillation) with its
8x8 array of photomultipliers and D — the new main detector (*He tubes) with larger detection area.
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The SANS diffractometer KWS-2 (Figure 1), operated by the Jiilich Centre of Neutron
Science (JCNS) at Heinz Maier-Leibnitz Center (MLZ) in Garching, is originally a classical
pinhole SANS instrument which, benefiting from a high neutron flux (Figure 2) delivered
by the FRM II neutron source' and the dedicated guide system”* and through repeated
upgrades, was optimized for the exploration of a wide O-range, between 1x10™ and 0.5 A,
at high neutron intensities and with adjustable resolution. Being equipped with specific

sample environments and ancillary devices (Table 1), the instrument is adapted to the study

of soft-matter and biophysical systems over a wide — , , ,

. Fo@
length scale, from nm up to [Im, through static or 10° ot Sl
time-resolved investigations of structures and < | v- = :
. e o0 107 = e Y
morphologies  at  equilibrium  or  under § | * W 1
S :
. . . . C . ~f ©
transformation due to kinetical processes spanning = *10°¢ ~e-L=2m “u <
5 [ |—a—L=4m : 3
a wide time scale, between minutes and tens of oL v, v
. . . E|—o L=14m %
milliseconds. In conventional working mode F|-m-20m .
. .. 4 1 . P R S | I
(Figure 3), through the wvariation of the 10 5 10 15 20
AIAT

sample-to-detector distance and/or the wavelength, Figure 2: The neutron flux at the sample
a O-range between 7x10* A" and 0.5 A can be  position (status 2013).

covered, which means that structural levels and correlation effects on a length scale from
10A up to 9000A can be inspected in the real space (where the dimension is considered as
21/Q). The selection of the wavelength, between 4.5A and 20A, using a mechanical
monochromator (velocity selector) that provides a wavelength spread AA/4=20%, the
variation of the collimation conditions (collimation length L and apertures opening, Ac — the
entrance aperture, following the last neutron guide segment in beam, and Ag — the sample
aperture, just in front of the sample) and of detection distance Lp are done automatically, via

computer control.

Considerable upgrades, aiming for boosting the performance with respect to the intensity on
the sample, the instrumental resolution, the minimum momentum transfer O, and the fast
detection at high count rates in the MHz range, were recently carried out, which resulted in

equipping the instrument with:

(1) a double-disc chopper’ with variable slit opening (Figure 4) and time-of-flight (TOF)
data acquisition mode; the opening time t,, of the neutron guide can be adjusted by varying

the chopper frequency fciopper between 10Hz and 100 Hz and the angular opening of the two
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chopper window, Ag, between 0° and 90° by changing the positioning of the two discs with

respect to each other; the improvement in wavelength resolution AA/4 is achieved by

shortening t,, (by decreasing and/or increasing fopopper) and by splitting the pulses recorded

on the detector in an appropriate number of time channels that match 1, in width and are

characterized by the aimed.
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(2) focusing elements — magnesium fluorite

MgF, parabolic lenses®

with a diameter of

50mm (Figure 1); 26 MgF, lenses are grouped

in three packages (4+6+16 lenses), which can be

moved independently in beam, for achieving the

focusing conditions with different wavelengths

within the range A=7-20A; in order to increase

the transmission by reducing the scattering on

phonons in the lens material, the lenses are kept

at 70K using a special cooling system.

Figure 3: Schematic view of three working
modes offered at KWS-2: A — conventional
pin-hole ; for Lc=Lp and optimal pinhole
condition Ac=2As, the beam profile I, at the
detector is approximately triangular with a base
width equal to 2Ac; B — the high-intensity
focusing mode; using lenses, larger samples can
be measured with the same resolution as in the
conventional pinhole mode (the beam profile /p
at the detector is rectangular in this case); C —
the high-resolution (extended Q-range) focusing
mode; using lenses and a small entrance
aperture Ac (typically 4mm x 4mm) that is
placed in one focal point of the lenses system a
small beam is transmitted on the detector, which
is placed in the other focal point of lenses, hence
a smaller Q,, than in conventional mode can be
reached.

Figure 4: Schematic view of double disc
chopper with variable slit opening (right); the
slit opening A can be adjusted between 0°
and 90° so that, depending also on the
chopper frequency fopopper, the opening time 1,
of the guide (red rectangle on the right series
of pictures) can be varied.
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(3) a secondary high-resolution position-sensitive detector (scintillation, Imm position
resolution and 0.45mm pixel-size), which is vertically movable in or out the beam (Figure 1);
the small detector is typically parked in the tower on the top of the vacuum tank and brought
in beam in a controlled way, when high-resolution investigations (low Q) using lenses are
intended* 7 and the main detector is parked in the end position of the tank, at 20m; the small
detector is placed at a fixed distance after the sample, Lp=17m, in one focal point of the
lenses system (when a small entrance aperture at Lc=20m would be in this case in the other

focal point of the lenses system).

(4) a new main detection system, which consists of an array of 144 *He tubes (with a global
efficiency per tube of 85% for 2=5A) that defines an active detection area equivalent to 0.9
m? (Figure 1) and an innovative rapid readout electronics, which is mounted in a closed case
on the backside of the *He tubes frame for reasons of improving the read-out characteristics
and reducing the noise. The new system that replaced the old scintillation detector (°Li
scintillator and an array of 8x8 photomultipliers, Figure 1) is characterized by an effective
dead-time constant of 25ns and an overall count rate as high as SMHz at 10% dead-time for
flat profiles. These features are due to the fact that the system contains independent channels
operated in parallel, which is an advantage over systems that experience dead-time after an
event. The much higher count rate shortens the measurement times and therefore, increases

the number of experiments in the same time period.

With all these innovations, the instrument became a highly versatile tool that can address a
broad range of structural studies by offering multiple working modes (Table 2) that can be
selected and used in a direct and user-friendly manner. In the high-intensity mode (Figure 3),
up to twelve times intensity gain compared to the conventional pinhole mode for the same
resolution can be achieved with lenses based on increasing of the sample size. In the tunable
resolution mode, with chopper and TOF data acquisition, improved characterization of the
scattering features within different Q ranges is enabled by the possibility to vary the
wavelength resolution A4/A between 2% and 20%’. In the extended Q-range mode (Figure
3), by means of lenses and the secondary high-resolution detector, a O,, down to 1 x 10 A™
can be achieved, which in combination with the pinhole mode, permits the exploration of
sizes over a continuous length scale from nm to micron range. The use of chopper for
narrowing A4/ provides accurate beam characteristics by avoiding the gravity and chromatic

effects while using the lenses. In the real-time mode, by exploiting the high intensity and
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external triggering of data acquisition by sample environments, structural changes can be
resolved with time resolutions down to 50ms. By improving the wavelength resolution down

to AA/2=5% with the chopper, time resolutions as good as 2ms can be realized.

Here, we will present in details how typical experiments are conducted at KWS-2 in all
working modes and how the reduction of data collected in these modes can be performed, for

obtaining the structural information of interest about the investigated sample.

PROTOCOL:

1. Positioning the sample holder / sample environment on the sample stage

1.1) Define the needed space at the sample position for the sample holder which will be used,
by adjusting the length of the collimation nose (Figure 5). Select from the stored configurations
at the nose control system the appropriate one for the sample holder/sample environment that

is planned to be used.

Figure 5: Schematic top view of the sample area of
KWS-2 (A) in two configurations of the collimation
nose), showing the available space for the installation of
various sample environments in beam (the neutrons are
coming from the bottom) and images of the handling
panel of the lead door (B) and the handling panel of the
collimation nose (C). From the door panel one can open
(1) or close (2) the door or can quit the failure (3) that is
indicated in case the door movement is interrupted due to
activation of safety elements. From the nose panel one can
select an appropriate configuration (4) and execute the
nose movement positioning by keeping the button 5
continuously activated until the selected positioning is
reached and the movement stops.

1.2) Select the appropriate cell type and geometry (Figure 6) for the experiment and fill the
sample in the cells in the sample preparation laboratory of FRM II.

1.3) Select the appropriate cell holder for the purpose of experiment, i.e. for investigation at

ambient temperature or at controlled temperature (Figures6 and 7).

1.4) Load the cartridges of the sample holder (Figures 6 and 7) or the holder support (in the
case of large cells like in Figure 6) with sample cells and cover them with the Cd-coated
Al-cover plates (Figure 7) or borated plastic masks (Figure 6) in the sample preparation
laboratory of FRM II (the Cd or borated plastic faces must be oriented on the neutron side).
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1.5) Fix the cartridges on the Al-frame (Figure 7) in the sample preparation laboratory of FRM
II; Note: the steps 1.2 - 1.4 should be done similarly in the case of any other cell holder that is
planned to be used. For special sample environments (rheometer, pressure cell, humidity cell,
etc.) the special sample cells must be filled also in the sample preparation laboratory of FRM
1.

il it
ambient temperature sample cells (quartz
holder or bras with quartz

thermostated holder windows) ditferent
geometry and shape
= 4

B

4
{

Figure 7: View of  one of  the Figure 6: Overview of the quartz or bras cells that are
multilevel/multi-position  cell-holders used at used as sample container at KWS-2 in conventional
KWS-2 for measurements at ambient conditions; the (bottom) or high-intensity focusing (top) modes with
three levels can be equipped with cartridges different beam sizes. Cells with Imm and 2mm beam
designed for different cell geometries that are closed path are available; the three positions cell holder (top)
with covers equipped with Cd shielding on the face for measurements with lenses or the 8-positions
towards neutrons; the positioning of the holder on thermostated cell holder (bottom) that are equipped
the sample stage is predetermined (in X, Y with borated plastic masks enable series of
coordinates). measurements with automatic, computer controlled,
sample change in beam.

|

1.6) Install the appropriate sample holder/sample environment on the sample stage in the
predetermined position on the sample stage, using Allen screws (example in Figure 8). Note:
the current Protocol presents the case of working with holders for quartz cells typically used in
experiments at KWS-2; the use of special sample environments, like for example the pressure
cell (Figure 8), rheometer or humidity cell, requires special assistance from the instrument

team.

1.7) Close the motorized sliding lead door (Figure 5) by using the knobs on its outer side,
keeping the knobs activated until the door reaches the end position, which will be indicated by
a luminous signal; Note: without the door completely closed and the end-switch activated, the
beam shutter cannot be opened, neither manually, nor from the measurement control software;
the software will require in this case an additional check of the issue, before starting of the

measurement.
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2. Planning of Experiments

Figure 8: Installation of the multilevel/multi-position sample
holder (top) for measurements at ambient temperature (Photo
credits: Wenzel Schiirmann, TU Miinchen) and of a typical sample
environment (pressure cell — bottom) on the sample stage of
KWS-2; the sample aperture is positioned just in front of the holder;
during measurement programs the holder is moved laterally and
vertically in order to bring each cell in beam, in an automatic,
computer controlled, way; the measurements with pressure cell
are carried out at a fixed position of the cell in beam.

2.1) Choose the adequate experimental configuration/mode for performing the investigation in

a Q-range that is appropriate to the length scale of structures and correlation effects revealed by

the sample. Check the dynamical range of the instrument” (Table 2).

2.2) Choose the adequate experimental configuration/mode for enabling proper intensity on

the sample in order to optimize either the measurement time and to match the sample stability

time, for static investigations, or the appropriate time step, for time-resolved investigation of

structural changes. Check the intensity map for different experimental configurations (Table 2,

Figure 2).

2.3) Choose the adequate experimental configuration/mode for providing a proper resolution

in order to enable the resolving of fine scattering features occurring due to ordering effects in

the sample. Check the possibility to tune the wavelength resolution AA/A> (Table 2).

3. Preparation of the measurement software and conducting/visualizing the experiment

3.1) Start the measurement software
KWS2TC in a terminal window at the
measurement control computer of the
KWS-2 instrument (Figure 9) and use the
left set of functions to carry out the
configuration, definition, startup and
control and the visualization of the

measurement.

3.2) Select Configuration in the main

menu (Figure 9) to activate the

Definition
and control
functions -

forusers |~

Control

(4 servers —for
instrument
responsible

Figure 9: The main user interface of the measurement
control/visualization software at KWS-2; the left side
functions can be used by the experimentalists, while
the right side functions and indicators are used by the
instrument responsible.

kws2-Configuration menu (Figure 10) for defining the user data and configuring the
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elementary motor positions and the set-points for the devices/fields on the sample.

Note: for regular users only the options UserData, Sample and Set Points options are of a
direct interest, the other options refer to components of the instrument that are predefined and

changes can be operated only under the supervision of the instrument scientist.

3.2.1) Select UserData (Figure 10, upper functions menu) and fill the fields User name,
E-mail, First part of filename and Measurement comment in the User data menu

(view/edit). Leave the menu with Save.

Note: as the first part of filename typically the proposal number is considered; do not use

special characters, like , @, $, etc., for the file name prefix.

3.2.2) Select Sample (Figure 10) for activating the Sample configuration menu.

I [P dime, TEABICAE., MaH wrs

Figure 10: View of the kws2-Configuration menu and Sample configuration functions.

3.2.2.1) Fill the fields Sample title, Sample beam window — Size, Sample thickness and
Comment for each sample/position selected from the left vertical list of the menu (Figure 10).

Save each sample configuration.

Note 1: configuration files are predefined for each sample holder and are loaded by the
instrument scientist, prior to the start of the experiment; the Sample position 1, 2, 3, 4
(typically the coordinates x, y, ¢, ® on the sample stage-rotation table-cradle) and the Sample
beam window — Position are typically predefined in these files. Note 2: do not use special

characters, like , @, $, etc., in the sample title and comment fields.

3.2.2.2) Leave the menu with Close.
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3.2.3) Select Set Points (Figure 10) for activating the Controller SetPoint Configuration

menu.

3.2.3.1) Define the set points (typically, temperature values) for the chosen controller from the

table of the activated ones.

Note: when two controllers are connected to the sample holder, the two sets of set-points can

be correlated by activating the field Dependencies.
3.2.3.2) Save the configuration and leave the menu with Close.
3.2.4) Save all configurations under the File function at the upper functions menu.

3.3) Select Definition in the main menu (Figure 9) to activate the kws2 Definition menu

(Figure 11) for defining the experimental setup and the measurement program.

Note: for regular users only the options Sample, Detector and Selection (in the upper menu

functions) are of direct interest.

3.3.2) Select Sample and activate the Select Samples menu (Figure 11).

Figure 11: View of the kws2 Definition menu and Select Sample functions.
3.3.2.1) Choose the samples to be measured from the list of known samples in the left vertical

field and move them in the Selected Samples field using the blue arrow.
3.3.2.2) Order the list of the selected samples by using the blue vertical arrows.

3.3.2.3.) Check the sample parameters and adjust the name, thickness, and comment, if

necessary.
Note: all other parameters on the right half of the menu cannot be changed at this level.

3.3.2.4) Leave the menu with Save/Close
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3.3.3) Select Detector and activate the Definition of Measurements menu (Figure 12).

3.3.3.1) Choose the measurement type (working mode) by selecting in the area Measurement
cither Standard, for static measurements, or Real Time (RT), for time resolved

measurements.

3.3.3.2) Define in the Start Trigger area whether the measurement will be triggered by an

external signal or will be started directly, in the case of Real Time (RT) measurement mode.

3.3.3.3) Define the number of time channels and the time length of one channel in the RT
Spectrum area, in the case of the Real Time (RT) measurement mode. Note: the number of

external signals is always 1.

Figure 12: View of the kws2 Definition menu and Definition of Measurements functions.

3.3.3.4) Select the experimental setup/working mode by choosing in the Select Detector and
Collimation Distances area the appropriate values or answers regarding: wavelength to be
used (Selector field), detection distance (Detector Distance field), data acquisition mode
(TOF field), aimed wavelength resolution (DLambda/Lambda field), measurement time
(Time field), lenses configuration (Lenses field), and collimation distance (Collimation

Distance field), followed by clicking on New after one configuration is entirely defined.

Notel: in the Standard measurement mode, many configurations can be defined and loaded in
the lower table by activating the button New after each definition (Figure 18). Note 2: for
Standard measurement mode, pay attention to select the proper time unit in the field measuring
time in the End Conditions area. Note 3: for Real Time (RT) mode, only one measurement can
be defined and loaded in the lower table; the total measurement time will be automatically
defined, depending on the number of the RT channels and time/RT channel defined. Note 4:

time resolved measurements (RT) cannot be used in combination with the TOF mode.
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3.3.3.5) Choose Save/Close in the Definition of Measurements menu after finishing the

definition of the experimental setup/working mode.

Note: a table containing the measurement program will be generated by combining the defined

samples with the defined measurement conditions (Figure 13).

3.3.3.6) Check the defined measurement program.

3.3.3.6.1) Adjust the measurement time for each measurement as wished and sort the

measurements according to the three loops (sorting parameter) shown in the bottom of the

menu, for measurements planned without temperature control on the samples; leave the menu

with Save/Close and return to the kws2 Definition menu (Figure 12). Check the total defined

measurement time in the central field, marked with red.

Selact Measurament / Time

i e[| [ |
1[5 7 2m 8 4m(4m 30x30) 5 posS-Abmid 5No Mo
2 |5 ™ zm @ 4mam 30 6 poss-Almid 5o Na
[a I 7 zZm ' 4m@m 3030 7 pos7-Almid 5Mo. No
& |5 ™ 2m @ 4mam 30x30) 6 pos8-Almid 5N No
s |s 7 19Tm 4 20m @0m 30x30) |5 posS-Almid 45Me ™o
s 1|5 T8 18T m 4 20 m (20m 30x30) |6 posB-Almid 45 Mo Mo
[7=ls T 19T m 4 20 m (20m M) |7 pos7-Almid 45N Mo
(s |5 8 19.7Tm 4 20 m (20m 30x30) 8 poss-Al-mid 45 No No
s s B 4m 4 20 m (20m 30x30) 5 posS-Almid 120/5% No
[1o_|s 8 4m 4 20 m (20m 30x30) 6 post-Al-mid 120 5% Mo
[11_|s 81 am 4 20 m (20m 0x30) |7 pos7-Almid 120 6% Mo
[z |5 81 4m 4 20 m (20m 30x30) 8 posE-Almid 120 5% No
(3 |7 |16 smail deteclor |6 20 m (Lenses 4xd) |5 posS-Akmid 0o No

(114 srmai cetector
14 small datoctor

20/ (Lorses 4xa) |8 poss-Almid
20 m (Lonses 4x#) |5 pos5-Al-mid

73_am 5 amim30c30) |5 poss-Almad No
75 2m 5 4mm30:0) |6 post-Almid 5o
7 2m 5 ammd0x0) 7 posT-Almid siNo
7 am 8 am@m3ox0) |0 poss-Arma sino
78 19.7m 4 20m (20m 30x30) |5 poss-Alma aslmo
78 1arm 4 20m (20m 30x30) & poss ALmaa 5o
7 107 m 4 20.m (20m 30x30) |7 post-Almid a5ino
T 19T m 4 20 m @0m 30x30) |8 posb-Almid 48iNo
s am 4 20.m (POm 3030) 5 poss-Almia 120 5%
@ am 4 20m (20m 30x30) 6 pose-Almsa 120/5%
# am 4 20.m (@0m 30x30) |7 posT-AlLmd 120 5%
8 am 4 20m (20m 30n30) 8 poss Al 120 5%
7 zm 5 4mm30130) |5 poss Almia 5o
7 zm 5 amm30u30) |6 possALmia 5o
7 zm 8 am(m30u30) |7 postAlmm 5o
7 2m 9 4mim30:0) |0 poss-ALmia 5ho
78 19Tm 4 20m (20m 3030) 5 poss-Alm 45 o
7 0Tm 4 20m @0m 30x30) |6 pose-Al-ma 45no
7 10T m 4 20m (20m 30x30) |7 posT-Almid 45 Mo
78 197 20.m (20m 30x30) |8 poss-Almi 45/
8 am 20 m (20m 30:30) 5 poss.Al.mid 120/5%
B am 20 m 20m 30¢30) 12058
C 20 m (20m 30x30) |7 pon7-Almid 120 8%
@ am 20 m (20m 30x20) |8 pose-Al-mia 120 5%
{124 smau astoctor 20.m (Lenses 4x4) |5 poss-Al-mi 10 no
{114 smai cstector 20 m Lanses 4x4) |6 post-Almit o/No
114 i datector 20 m Lenaes ax4) |7 pos?-Aleid o

FIEEEEEEEEETEEEEEREEEEERTER

i
|2l Seieciion: CTAL.MT

@m0 oo e e o)

e

‘
i
4
i
.
.
0
5
0
g
114 smai ostoctor 6 20/ (Lonses 4xs) |6 pOSSAMTT 1205 " s
114 ama ceteetor |6 20.m (Lanses axk) |7 poa?-Almus 108 o 5
114 amail cotoctor |8 20 m Lensea x) |8 posi ALmia 120 51 e s
™ 2m 5 4mmna0) 6 possAlma 5o Ho =
s 2m 8 amam0n0) 0 possALma Siho o =
™ fm 8§ dm@m30:30) |7 post-ALma 5o [ =
™ am 8 amam30s30) |8 poas.aima s Ho B
78 1arm 4 20m @0m 30m301 |5 post Al mid ashe e
78 107 m A 20 m @om 30x30) |8 pose AL 50 e
7 197 m 4 20m 20m 3030) 7 post-Almi 5N o
78 187 m 4 20m (eom 30x30] 8 poss-Alma 500 o
81 am 4 20m @om 30x30] |5 poss-Alm 120 5% o
8 am 4 20m @0m J030] |0 pontAlmid 120 5% o
B am 4 20m (20m 30x30) |7 pos7-Alma 120 5% o
81 am 4 20m @0m 30:30) |8 post Almid 120 5% o
% zm 8 ammaom0) 6 postALma Firy o
7 am 9 am dm 30w30)__ 6 pose-ALmes 5o o
savecioss | ciose [ Fosat taie | & | & | x | “
eyl |

j ! SYRERBHEB RN
B
4

E|

-

Figure 13: The measurement programs generated by combining the defined samples, defined experimental
conditions (back table) and additionally, the defined set points (front table).

63



3.3.3.6.2)  Leave the menu with Save/Close without adjusting any parameter or sorting the
measurement program for measurements planned with temperature control on the samples.
Chose Selection (upper functions menu) in the kws2 Definition menu and select the proper

controller from the list of the activated ones.

Note: a table containing the measurement program will be generated by combining the
defined samples with the defined measurement conditions and the defined field values on the

sample (temperature, Figure 13). Proceed like for 3.3.3.6.1).

3.4) Close the menu kws2 Definition and return to the main menu (Figure 9).
3.5) Select Control in the main menu of the KWS2 measurement software (Figure 9). Note:

the Measurement control menu (Figure 14) will be activated.

o
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Figure 14: The kws2-Measurement control menu and the Current Values option.

Note: the KWSlive_MainWindow interface will be activated (Figure 15).

3.5.1) Log in with the username and password that will be communicated by the instrument
scientist and lock the session so that a script is generated, which will execute the commands for

performing the uploaded measurement program.

3.5.2) Select Loop Definition for checking the uploaded measurement program.

3.5.3) Start the measurement program by activating Start.

3.5.4) Select Current Values to enable the visualization mode of running measurement.

Note: the parameters and the status of different instrument components/samples/sample

environment can be observed, as well as the file number of the running measurement, the
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measurement time, the integral intensity on the detector and the count rates of detector and

monitors.

[y
| -

HC0813_59953_Stan_C8_Se2_D0.DAT o
Sens. Mask: sensiLDAT e

Figure 15: The Live-Display option with the KWSlive MainWindow menu and different data visualization
options.

3.5.5) Let the measurements be conducted and completed according to the defined
measurement program or interrupt or stop the measurements by activating Stop and choosing
the desired option (to continue, to stop the current measurement with/without saving the file or

to stop the entire program).
3.6) Select Live-Display in the main menu of the KWS2 measurement software

(Figure 9) for the visualization of data for the measurement in progress or from old
measurements.

3.6.1) Choose at Type either GEDET or PSD for the visualization of data collected with

the main or with the secondary (high-resolution) detector, respectively.

3.6.2) Choose at Display Mode either Contour for the visualization of data in
two-dimensional view or Surface for the three-dimensional view or Radial average for
one-dimensional view. Enter parameter values (wavelength and detection distance Lp) in the
fields of the menu Radial average options for allowing graphical presentation of data as

intensity (uncorrected) vs. Q.

Note: for the visualization of older data choose Load data in the upper functions menu and

select a file.

3.6.3) Choose a desired TOF-channel for the visualization of data collected in TOF mode

(with either the main or the secondary detector) or in real-time mode.

Note: for the loaded time-resolved data (current measurement or old files) the TOF-channel

functions are activated automatically.
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4. Data analysis

4.1) Start the data processing software qtiKWS
(command or icon) in a terminal window at the

data analysis computer of the KWS-2 instrument.

Note: the interface shown in Figure 16 will be

activated.

4.2) Select DAN from the upper functions menu
and select the instrument/working mode from
Options on the right side menu (as shown in
Figure 16). Define the instrument and working
mode. Define the folder where the measured

data files are located and the corrected data files

will be stored.

4.3) Choose Tools and Header(s) in the right side
menu (Figure 17) and generate the info-table
containing the files to be processed. Define the
table name by acting the left green arrow on the
Header(s) field. Load the measured files by
acting the right green arrow on the Header(s)
field.

Note 1: a table is generated, which contains all
run numbers of the performed measurements and
information  about  the

sample  names,

experimental configurations, measured
intensities/count rates, file names and date of
measurement for each measured file. Note: for
the inspection of the full information the table

should be scrolled rightwards. Note 2: all actions
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Figure 16: The main interface of the data
reduction software with the options for the
selection of the instrument and the working
mode in which data were collected.
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Figure 17: The functions for defining the
log-book for the set of data to be treated.

done in qtiKWS will produce results that are shown in the explorer-like table in the lower part

of the interface.
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4.4) Activate Mask in the right side menu (Figure 18) and generate the active mask that define
the area of the detector which will be considered for data processing.
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Figure 18: The functions for defining the detector masks for which the data will be treated.
4.4.1) Enter values in the Edge and Beam-Stop fields for defining the left lower and right

upper corners of rectangular mask in the case of analysis of isotropic scattering patterns.

Note: the whole detector area excepting the beam-stop (central rectangular masked field) will

be used (Figure 18, top).

4.4.2) select DANP in the upper functions menu and choose ASCIL.2D (Figure 18, bottom)

for creating a special mask using the drawing functions under the 2D Masking menu.

sen BBEEE ] RO}

S G Qs e et M ET g D i T Mo Qs s
ERE

0 ufaass-paN o0

=g
DRRARLASEaE uk as e OO T ey | DAR@REAsead

[ LT

Sensniy Loxzm

IVYVWINIL]

s W s T @ s e s O W

Fiéurz 19: The functions for the preparation and ) ‘ﬁguremf(); The functions for d”;ﬁning tlT:
splitting of the real-time (RT) and TOF data collected  detector sensitivity maps.

on multiple time channels, before applying the usual

data treatment procedure.
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Notel: for anisotropic scattering patterns or localized scattering details, different shape or
localized masks (angular sectors, circular or quadratic regions) can be generated. Note2: the
new created mask should be renamed in the lower explorer-like table, and a full mask (step

4.4.1) should be additionally generated, as basis for other future modifications.

4.5)Chose Tools in the right side menu and activate the TOF|RT filed (Figure 19) for
performing the splitting of the data collected in real-time (RT) or TOF working modes in single

files corresponding to each time channel.

4.5.1) Click on TOF :: Calculate Parameters function and load one file from which

information about the real-time or TOF conditions are extracted.

4.5.2) Click on TOF|RT :: Sum vs Number :: Read function and load the file of interest

measured in real-time or TOF modes.
Note: a sum-tof-file table like that shown in the left side of the working interface is generated.

4.5.3) Plot the integral intensity as a function of time channels (Figure 19) from the
sum-tof-file using the graphical options under the Graph function in the upper functions

menu.

Note: for data measured in TOF mode, the two pulses generated by the chopper are shown in

the time configuration of their arrival on the detector.

4.5.4) Define the processing parameters in the fields of TOF functions and then click the
button TOF|RT :: All Selected Steps :: Proceed for conducting the splitting of data in single

files corresponding to each time channel.

4.6) Activate Sensitivity in the right side menu (Figure 20) and generate the detector
sensitivity by entering in the marked green fields the run numbers for the measurements of
the standard sample (Plexiglas), empty beam (EB) and blocked beam (B4C). Click on the
green arrows next to the yellow filed (Transmission) for calculating the transmission of the

standard sample. Generate and name the sensitivity matrix by selecting Calculate as New.

Note: different sensitivity maps can be generated for different experimental conditions. The
sensitivity map can be visualized by opening the sensitivity matrix in the explorer-like lower

table and selecting the appropriate plot functions from the plotting menu that will be activated.
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4.7) Activate Data Processing in the right side menu (Figure 21) and generate the

correction/calibration table and the script table for correcting, calibrating and performing the
radial averaging of the data.

4.7.1) Define the number of experimental conditions used in the experiment by using the

horizontal slider on the top of the right side menu (red arrow).

4.7.2) Fill the fields indicated by yellow pencil by entering for each experimental condition
the run numbers for the empty cell (EC), blocked beam (B4C), standard sample — Plexiglas
(Abs. Cal. FS), empty beam for the standard correction (Abs. Cal. EB), blocked beam for the

standard correction (Abs. Cal. B4C), center measurement (“Center”), empty beam (EB).

4.7.3) Select one of the defined experimental conditions for the calculation of the

transmission of samples by checking one of the boxes next to Tr (Ec-to-EB) function.

4.7.4) Click on each button indicated by a pair of rotating green arrows on the vertical series
of functions (Figure 21) for loading from the defined files the information needed for data

processing and calculating the transmission of the empty cell.

ngﬁmfe 21: The functions for”generatin;gm;ﬂg sﬁcrii;t }'i'igure 22:M"i:ﬂgmfuné;iﬂsgswﬁ)'ra:gw;aphica-lﬂﬂi;rﬂggentatioh
table for the correction, calibration and radial of treated data.
averaging of data.

4.7.5) Click on the head of each yellow column for defining the column name.

4.7.6) Click on the New button for generating the table of the data files which will be

processed.
4.7.7) Click on the Add button for loading the data files which will be processed.

Note: the table shown in the left side of the interface in Figure 20 will be created.

69



4.7.8) Click on the Tr button indicated with rotating green arrow, under the Script-Table

Tools area, for calculating the transmission of each sample.

4.7.9) Click on the button I[x,y] for initiating the correction and calibration of two

dimensional data.

4.7.10) Click on the button I(Q) for initiating the correction, calibration and radial averaging
of data.

Note: by choosing Project in the lower right corner of the interface (Figure 21), all results will
be generated in the active qtiKWS session (project) and can be visualized in the explorer-like
lower table; by choosing File in the lower right corner of the interface, all results will be
generated as external files, which will be saved in the external folder which was defined at the
step 4.2).

4.7.11) Plot the processed data (Figure 22) in the active qtiKWS project by selecting from the
lower explorer-like table the generated results and using the graphical options under the

Graph function in the upper functions menu.

Note: the tables show four columns — Q, I, Al, Ac of the Q-resolution5 — for the radially

averaged data or two-dimensional matrixes for the data which were not radially averaged.

4.8) Save the qtiKWS project (save functions under the File option of the upper menu)

REPRESENTATIVE RESULTS:

Results of experimental investigations on the structure and morphology of various
soft-matter and biophysical samples carried out at KWS-2 in different working modes and
experimental setups are given in Figures 23-34. These examples are selected from
investigations made on standard samples with known properties, used for the test and
commissioning of different working modes or from studies carried out by users at KWS-2 by

combining different working modes offered by the instrument.

Figure 23 presents the results obtained on the PEP1k-PEO1k diblock copolymer that forms
cylindrical micelles in DO, and demonstrates the O-range that can be covered at KWS-2 in

conventional mode by using one wavelength and several detection distances.

For the investigation of larger morphologies, long wavelengths can be involved for

measurements at the longest detection distance Lp=20m based on spontaneous decision taken
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during the experiment, as demonstrated in Figure 24, where results obtained on a series of

polystyrene spheres (standard size) of known size and size polydispersity are shown.
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Figure 24: The scattering pattern scattering
patterns from polystyrene spherical standards

QA%
scattering
PEP1k-PEO1k diblock copolymer micelles in D,O

Figure 23: The pattern  from

(after correction for the scattering from solvent was
applied) as measured at different detection distances

with neutrons of A=4.5A; a core-shell rod-like

(Thermo Scientific) in D,O (after correction for the
scattering from solvent was applied); the red lines
represent fits with the spherical form-factor’,

including the instrument resolution'™ ' and size
polydispersity (supplied by the producer); different
neutron wavelengths were involved.

micellar shape is revealed by the Q"' dependence of

scattered intensity at low O and the 0™* dependence

(blob scattering) observed at high Q; the QO-range
covered in each experimental configuration (L¢, Lp)
is specifically marked.

Figure 25 shows the scattering patterns from SiO, particles'? of kwon size and very low size
polydispersity in d-DMF, as were measured using two instrumental resolutions. The model fit
of the experimental curves’ using fixed structural parameters and the wavelength resolution
as free parameter that matched the aimed value has demonstrated the reliability of the data

collected in tunable resolution mode”.

Figure 25: The scattering pattern from SiO, particles
(low  polydispersity in  size’) in  deuterated
1 dymethyl-formamide (d-DMF) measured at KWS-2 with
different instrumental resolutions using either the
velocity selector (conventional pinhole mode) or the
1 chopper with TOF data acquisition (tunable resolution
mode’); the red curves represent the model fit of the
experimental data with the spherical form factor’,
including the instrumental resolution'® "' and the particle
size polydispersity; the power-law behavior towards high
= is also indicated.

AL/2=20% (velocity selector)

AL=5% (TOF, chopper)

dx/dQ [em’]

(Y

=
o,
T
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Figure 26 reveals the direct advantage of combining in the same measurement session the
conventional and the tunable AA/A resolution working modes: instead of broad features
observable in the scattering pattern from the ordered structure of star-like C28H57-PEOSk
polymer micelles in D,O at high polymer volume fraction (12%) while using the
conventional mode with AA/A=20%, a fine structure a series of sharper peaks was revealed
when better AA/A resolution was involved, which enabled the clear identification of the

crystalline phase formed by the micelles in solution™".

Figure 26: The two-dimensional and radially
averaged one-dimensional scattering patterns
from the Cy,Hs,-PEOSk (fully deuterated)

3 polymer micelles in D,O (at a polymer volume
fraction of 12%) measured in conventional mode
49 with AAMA =20% (top) and in tunable resolution
mode (chopper) with AMA=5% at Lp=4m
(middle) and Lp=8m (bottom); the fine structure
| of the peak features is better resolved with
e = L improved resolution™ '*.
g
>
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Figures 27 and 28 demonstrate the advantages of § ittt
. . . . . 51 1wk ° 15x15mmz -4 N
the high intensity mode against the conventional © 6. R
. . X ::? \\.
working mode: the results obtained on polystyrene g Pl ~—
. . . . 107 4 I,
standard samples have proven the gain in intensity 10° 107
QIA"

(up to 12 times) when larger samples are involved _ , ,
Figure 27: The intensity gain factor of

(up to 5cm in diameter) while keeping the same  twelve obtained on a sample of polystyrene
spheres in D,O when using lenses
compared to the conventional pinhole
high-intensity mode with lenses offers advantages  mode, due to increasing of the sample size
. . . (thus, of the beam size); the measurements
in the case of the weak scattering that generally 1S were carried out with a neutrons of I=7A
using all 26 lenses in beam; the cold lenses
(70K) have a transmission of 65%.

resolution as for conventional pinhole mode. The

encountered at large detection distance and is
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particularly yielded in the case of weak contrast conditions. When additionally, the sample is
stable only over short period of times, the use of this mode represents a clear advantage, as it
is demonstrated in Figure 29'*: bovine serum albumin (BSA) coated citrate capped gold
nanoparticles (BSA-GNP) were investigated in salt solutions with the variation of the D,O
content between 0% and 100% D,O for contrast variation by using the high intensity mode
(large sample size) at KWS-2 to overcome the weak scattering from the mineralized GNPs
(note that the H,O scattering level is around lem™) and the short time stability of the

precipitates.

Beam size 10mm x 10mm (pinhole) Beam size 30mm x 30mm (Lenses)
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Figure 28: The 2D scattering pattern from polystyrene standard samples in D,O measured in pinhole mode
(left), with the 10mm x 10mm beam size on the sample, and in high-intensity focusing mode (right) with lenses,
with the 30mm x 30mm beam size on the sample; the resolution (given by the size of the direct beam, which is
captured by the beam-stop in the middle of the detector) is the same in both cases.

[() v
g BSA-GNPs Figure 29: Contrast variation SANS on
v HO bovine serum albumin grafted gold
10" 0 HO0l,DOl,, nanoparticles (BSA-GNPs) in H,O, D,O
- D,0 and mixed H,0/D,0 solutions using lenses
'E r and large samples (5cm in diameter) at
\% 10"k KWS-2 (Reprinted with permission from
= b Langmuir, 2014, 30, 15072-15082.
g i Copyright 2014, American Chemical
2 04{ Society).
E <R >= 1100100 A
v I s . ¢
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Figure 30 shows the results obtained on a series of polystyrene spheres (standard size) of
known size and size polydispersity and demonstrate the wide Q-range that can be covered at
KWS-2 when combining the conventional pinhole and the focusing high-resolution (low-Q)

modes. Large morphologies that show structural levels spanning a wide length scale, from
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nanometer to micrometer sizes, can be investigated in a direct way, as shown in Figure 31:
the cylindrical core-shell micelles formed by the poly-(hexylene-oxide-co-ethylene-oxide)
PHO10k-PEO10k diblock copolymer (fully protonated) in D,O' are characterized by a total
thickness of about 300A and a length of about 7000A, as revealed by the fit of the

. . . . 1
experimental results with the core-shell cylindrical form-factor” '°.
10° .
focusing mode 104
. f a—— pinhole mode
100 F  aese 1 10°
r R=4000 A 2
4 10
—fg 10 F po1000 A 'c
S ,F O, 10’
c 10 ¢
3 8 1o
4w A
10°F o 107
10'2 3 102
3 3
S 107+ LR LR | L LR | L L — T
e 10" 10* 10° 10? 10"
R -1
QA QAT
Figure 30: The scattering pattern from polystyrene  Figure 31: The scattering pattern from fully

spherical standards of different sizes (Thermo
Scientific) in D,0O (after correction for the scattering
from solvent was applied) measured in conventional
pinhole mode with neutrons of 1=7A and 20A and
focusing mode (with 26 lenses) with neutrons of
J=7A, demonstrating the entire O-range that can be
explored at KWS-2; the red lines represent fits with
the spherical form-factor’, including the instrument
resolution'™ ' and size polydispersity (supplied by
the producer).

protonated PHO10k-PEO10k diblock copolymer
micelles in D,O (after correction for the scattering
from solvent was applied) as measured at KWS-2 by
combining the conventional and the focusing (lenses)
modes; a core-shell rod-like micellar shape is
revealed by the Q"' dependence of scattered intensity
at low Q and the 0™ dependence (blob scattering)
observed at high Q; the intensity plateau towards low
QO values reveals the rods length; the red curve
represents the fit of the experimental data with a

core-shell cylinder model’.

At the smaller length scale of a few nanometers the weak scattering signal from small
biological molecules in buffer solution can be investigated at KWS-2 benefiting of the high
intensity of the instrument. Figure 32 presents the scattering patterns from beta amyloid
protein (AP 1-42, Myw=4.5 kDa) monomers in deuterated hexafluoroisopropanol dHFIP as
obtained after the correction for the scattering signal from the buffer was applied. A model fit
of the data delivered a monomer size of about 16+1A'°. A long measurement time of several
hours for each experimental condition (detection distance Lp and sample type) was involved,
although the measurements were carried out at short detection distances. The old detector
which has shown limitations regarding the count rate hindered the use of shorter collimation

distances L¢, hence of the maximum flux at the instrument. With the commissioning of the
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new detection system that enables the use of the full neutron flux, such weak intensities will

be measured in the future in shorter times and with improved statistics.

Figure 32: The scattering pattern from beta
amyloid protein (AB 1-42, My=4.5 kDa)
"Pé 9% &; 70.012 monomers in deuterated hexafluoroisopropanol
igpe B dHFIP at a concentration 5.6 mg/ml, after three
weeks incubation measured at detection distance
of 5.6 m and 1.1 m; the full symbols present the
corrected and calibrated data from the monomer in
buffer solution and from the buffer solution, while
the open symbols (with the corresponding right

10" : . 0.013

30.011

30.01

40.009

ds/do [em™]
[, wo] t5p/zp

e monomer + buffer

& puffer fo 10.008 vertical scale) denote the scattering signal from
§5l e & monomers, after correction for the buffer
L . 0.007 contribution was applied; the red solid line shows
107 10" the fitted Beaucage function with fixed
QAT dimensionality d=2"° .

Figure 33 presents the time-dependent changes in integrated lamellar reflection intensity
during the guest exchange between deuterated and protonated benzene in a
syndiotactic-polystyrene (sPS) co-crystal with benzene'’ as measured at KWS-2 in real-time
(RT) mode with a time step of 1s. The diffusion of a guest molecule in the crystalline regions
(lamellae) of sPS could be investigated at early stages based on the evolution of the intensity
due to the change of contrast induced by the diffusing guest. The initiation and control of the
guest diffusion was accomplished using a “guest-exchange” device'’, which enabled the
external triggering of detection electronics once a guest exchange process in the sample was
initiated. The start of the data acquisition was synchronized in this way with the start of the

change of sample scattering properties induced by the new guest molecules.

Figure 34 presents the SANS patterns from Lysozyme protein in D,O buffer and from the
D,0O buffer collected at different pressures. A special attention has been paid for the
investigation of the background and forward scattering from the Lysozyme molecules, used
as test for the performance of the new pressure cell manufactured in house by following a
design done in PSI, Switzerland. The results were similar to those obtained in by
Kohlbrecher et al. in a similar study for the test of the original pressure cell model
constructed there'™ ', At KWS-2 further data have been acquired since a pressure of 5000
bar has been reached. Evolution of the forward scattered intensity from the protein follows a

linear behavior as obtained in the study at PSI, Switzerland".
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Figure 33: The time dependence of the integrated Figure 34: Scattering patterns from lysozyme 50
lamellar reflection intensity measured in real time mg/mL in 50 mM acetate buffer in D,O and from
SANS experiment at KWS-2 on the exchange process buffer solution measured on KWS-2 from ambient
between deuterated benzene and protonated benzene pressure up to 5000 bar. The inset shows the
molecules in a syndiotactic polystyrene (sPS) behaviour of the forward scattered intensity I(Q—0)
co-crystal with benzene guest molecules; the use of from the protein solution, buffer and protein (after
uniaxially oriented sPS films enabled observation of correction for the buffer contribution was applied) as
the intensity evolution from oriented lamellar stacks a function of pressure.

due to fast contrast exchange'’ on particular sectors of

the detector in a reliable way.

DISCUSSION:

Soft matter and biophysical systems are characterized typically by structural correlations and
interrelated microstructural and morphological levels that span a wide length scale, from nm
up to microns. For the understanding of the mechanism of morphology formation and
evolution and the relationship between the microscopic features and macroscopic properties of
such systems, it is important to explore their microstructure over the entire length scale and

under relevant environmental conditions (temperature, pressure, pH, humidity, etc.).

KWS-2 SANS diffractometer offers the high versatility and performance required by such
structural studies via the combination of optimized experimental parameters such as intensity,
length scale, space resolution or time resolution and complex sample environments. Using the
multiple working modes enumerated in the Introduction and supported by the results presented
in Figures 23-34, KWS-2 is pushing the performance beyond the conventional limits set at a
classical SANS diffractometer at a steady neutron source (reactor) in an easy and practical
manner, which permits optimization, flexibility and spontaneity in designing and conducting
complex studies, as supported by the described protocol. Practically, at KWS-2 combined
SANS and USANS investigations can be carried out, with the advantage that the sample
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geometry and thermodynamic conditions remain constant, so that certain sensitive effects can
be unambiguously explored, unlike the classical approach of involving two or more different
instruments and sample geometries. Also, strong correlate systems and periodicities can be
studied with adapted resolution, without spending time and efforts with the installation of
complicate monochromatization systems, which would involve additional care and safety
aspects. The hindrances generated by the weak scattering due to use of highly diluted systems
or unfavorable contrast conditions can be overcome by the use of higher intensities based on
larger beam size while keeping the resolution. These advantages combined with specialization
of the instrument on particular research fields, related to soft-matter and biophysical systems,
compensate for the inherent intensity and Q-range limitations which conventional SANS
diffractometers show in comparison to the newly established TOF-SANS diffractometers at
spallation sources. In spite of an ideal higher performance, the latter still present an increased
degree of difficulty with respect to conducting the experiments by the regular users and
especially to handling the data reduction. For increased flexibility and easiness the TOF-SANS
instruments often rely on imposing boundaries, with consequences in limiting the

performance.

KWS-2 targets the study of structure and structural changes mostly in systems from soft
condensed matter, chemistry and biology. As typical applications can be enumerated:
polymers, polymer solutions, polymer melts, polymer blends, colloids, nanocomposites,
micellar systems, microemulsions, membranes, films, in-situ adsorption-desorption or
humidifying-drying phenomena, kinetics of de-mixing, formation, aggregation of structures,
shear induced deformations, rubber networks, protein structures, protein folding/unfolding
processes, in-situ crystallization phenomena, hierarchical and multiple size semi-crystalline
polymer morphologies. KWS-2 shows limitations in possibility to support detailed structural
studies on magnetic systems or in classical hard-matter or materials fields using non-polarized
or polarized neutrons and specific low-temperature and high magnetic field sample
environments. A near future development of KWS-2 aims to implement and optimize a new
working mode with polarized neutrons and polarization analysis2] that will enable the
possibility for the separation of the structural relevant coherent scattering signals from the
incoherent scattering background, which will bring an unique advantage for the unambiguous

characterization of small weak scattering biological systems.
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The Protocol describes how SANS investigations with varying degrees of complexity can be
typically planned, programed, conducted and visualized at KWS-2 and how the data can be
reduced. In a SANS experiment the sample’s differential scattering cross section, dZ/dQ), is
evaluated in absolute units of cm™ typically over a wide O-range that correspond to a broad
length scale over which structural correlations and interrelated size levels characteristic of the
investigated system appear. The scattering cross section dX/dQ is thus the physical quantity
relating the intensity measured in a static scattering experiment at an angle 6, [=f(8), to the

structural properties of the sample.

For the evaluation of dX/dQ for a system of interest, besides the measurement of the system,
additional measurements are needed, in order to correct the data for any external scattering
(environment, sample cell, solvent or buffer solution in case of solute systems, etc.) and
calibrate the corrected data in absolute units®. The external background (sample cell or
container), the reference sample (solvent or buffer solutions), the sample transmission (needed
for a correct background subtraction and calibration of the corrected results in absolute units),
the electronic background of the detector, the detector sensitivity (inhomogeneity of detector
efficiency that are inherent for area detectors) and a normalized standard sample should be
additionally measured. At KWS-2 a Plexiglas (PMMA) is used as standard sample. This is a
so-called secondary standard and is periodically calibrated against a primary standard sample,
which is vanadium. Vanadium delivers a very weak scattered intensity and requires very long
measurement times for collecting appropriate statistics, therefore is unpractical for SANS
purposes. The intensity collected from the sample of interest /5 and from the standard sample

Is; can be expressed as follows
IS(CountS, Q,Q) = IotsAsTsﬂl'ps(d E/dﬂ)s [1]
Is;(counts, 6, Q) = IotstAse Tse AWse (d 2 /d 2) 5 (2]

where I represents the incoming intensity (delivered by the collimation system), ¢ — the
thickness, 4 — the area exposed to the beam, T — the transmission, and A is the solid angle in
which a detection cell is seen from the sample position. If both sample and standard are
measured in the same conditions with respect to the incoming beam (L¢, Ac and As, A and

AA/A), thus same Iy and A4, and the solid angle is expressed as Ap/Lp (with Ap — the area of a
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detection cell), by dividing the two relations the scattering cross-section of the sample is

obtained as

(d_)f) _ tstTse(dx/dQ)se (15)” (Ussceu=18)-TsUgceu15)) -k (Us+cen=1B)-TsUgcen=1In)) [3]
ae/s tsTs (L55)? (Ist) Ts(Ise)

where the I5, is expressed as an average (the standard as an incoherent scattering system
delivers a flat scattering pattern) and the /s is obtained after correcting the measured intensity
of the sample in the cell (container) for the contribution of the empty cell /gc.; and the
background on the detector for the closed beam, . The product tg:Ts.(d X /d 2)g:, which
contains scattering and physical parameters of the standard sample, depends on the neutron
wavelength A and is typically known from the calibration of the standard sample. Thus, it is
tabulated in the data reduction software®. The parameters and quantities in Eq.3 that are known
from calibration procedures and the definition of the experimental setup (zs, Lp) form the
so-called calibration factor £. The intensities and the sample transmission 75 that appear in Eq.

3 must be measured.

The data analysis program qtiKWS does the correction, calibration and radial averaging of the
experimental data and delivers d 2'/d 2 for the investigated samples, which will be further
the subject of modeling and fitting procedures according to structural and morphological

models.
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2.4 Experimental evidence for an AP pentamer/hexamer in

solution
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AP42 pentamers to hexamers are the smallest detectable aggregate

species in solution.
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ABSTRACT: AP oligomers play a decisive role in Alzheimer’s disease pathology. However,
their structural properties are not well understood. We used sedimentation velocity
centrifugation, small angle neutron scattering and molecular modelling to identify the small
oligomeric species formed by AP42 peptide in solution. It is characterized by a sedimentation
coefficient of 2.56 S and a radius of gyration between 2 and 4 nm. This experimentally
determined sedimentation coefficient is in close agreement with the one calculated for an Ap42
hexamer based on MD simulations in the ps range. To our knowledge it is for the first time that
an AP42 oligomeric species has been detected by SANS measurements. Our results demonstrate
that the smallest detectable species in solution are penta- to hexamers. No evidence could be
found for the presence of dimers, trimers or tetramers, which have been frequently reported as

early assembly states of AB42.
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An increasing number of human diseases are characterized by the accumulation of specific
protein aggregates found in proteinaceous depositions with a common tertiary structural motif,
characterized by a cross-B-sheet architecture, called amyloid fold.' While these amyloid fibril
folds are already clarified for a number of proteins, for review see ref.’, little is known about the
first stages of the amyloid formation process, where dynamic, heterogeneous and often toxic
intermediates are most likely populated. Such oligomeric species are elusive with respect to
high-resolution structural characterizations either because of too low concentrations or due to
their kinetic instability.”® The accumulation of aggregated AP peptide in the brain tissue is one
of the key hallmarks in Alzheimer’s disease {AD),-’r which is the most common form of dementia
worldwide. Af3 is generated as a proteolytic fragment from the transmembrane amyloid precursor
protein (APP). Among a number of isoforms, caused by variations in the location of the N- or C-
terminus or post-transcriptional modifications, the 42 amino acids long isoform is the main
constituent of extracellular senile plaques found post mortem in AD brains.® However, not the
deposited fibrillar forms, but rather soluble A oligomers have been found responsible for the

P 9,10
neurodegeneration in AD.™

The smallest AP assemblies discussed in literature are dimers,
which have been found in body fluids and brain tissues from AD patients.l 12 Several reports of
in vitro as well as in vivo experiments point to the existence of a monomer-dimer equilibrium for
AB."*'* In experiments of photo-induced cross-linking of unmodified proteins (PICUP) applied
to AP peptides covalently linked dimers are detectable for AP40 and for AP42 among larger
oligomeric species.'® But also non-cross-linked A oligomers have already been identified in
polyacrylamide gel electrophoresis as SDS-resistant bands and interpreted as dimers to

tetramers.'® Cultured neuronal cells were found to release small AB oligomers, among which the

dimer represents a major species, whose size was determined by SDS-PAGE combined with
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Furthermore, dimers have been found along with monomers and trimers as
stable components in neuritic plaques obtained from AD brain.>" Other studies have identified
AP paranuclei as penta- or hexamers, which were detected by mass spectrometry based

techniques.”'** Recently a group succeeded in the characterization of an enriched AB42 oligomer

by NMR combined with AFM.* Further information on AP oligomers can be found in a number

of recently published reviews.**%*

Sedimentation velocity (SV) centrifugation is an attractive complementary technique for the
sensitive detection and quantification of protein aggregates.” Even less than one percent
aggregates in a sample can be reliably detected, provided instrument and equipment are handled
with sufficient care.” Recently, we demonstrated the existence of discrete oligomeric species in
the s-value range from 4 to 15 S during the lag phase of fibril formation by SV c:entrifugation.3l
Analysis reproducibly yielded two Af42 assembly species at low salt conditions and
physiological pH, independent of the total AB42 concentration; one species corresponded to a
12-mer and the other to an 18-mer of AP42. Their sizes suggest the involvement of a trimeric or
hexameric building block. We interpreted the recently observed gap in the determined s-value
distributions between 0.69 S, corresponding to the AB42 monomer, and 4 S as the range for the
nucleus size.’' In this s-value region corresponding to molecular weights between 5 kDa and
55 kDa, we suspect further reaction intermediates on-pathway to fibrils. Here, we aim to close
this gap by combining two complementary techniques for the structural characterization of
macromolecules in solution, i.e. SV analysis and small angle neutron scattering (SANS), which
will provide us with important information about the first steps of the nucleation process. In

addition, we complement our experimental results by molecular dynamics (MD) simulations of
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oligomeric AP42 assemblies, which bridge our SV and SANS results. This combined approach

reveals clear experimental evidence for a penta- or hexameric assembly of Ap42 in solution.

RESULTS

The focus of this study is on the determination of the aggregation states of AB42 in solution in
order to elucidate the initial AP42 assembly steps. Recently it has been shown that SV analysis is

a highly sensitive detection method for spurious amounts of aggregates in protein samples. SV
analysis allows for the determination of size- and shape distributions for self-assembling proteins

with high accuracy.****

Due to the fractionating property of the sedimentation process with large
particles sedimenting before small particles, the method is resistant to the presence of large
particles, such as unresolved protein aggregates or dust particles. The method is characterized by
an excellent signal to noise ratio. The shape evolution of the formed sedimentation boundary
over time reveals not only information about the sedimentation velocity but also about the
diffusion properties of the analytes. Importantly, the method requires no interactions of the
peptide with surfaces that might induce aggregation. SANS 1s a well-established, non-destructive
method to examine structure on length scales of 1 to 1000 nm. In a previous study we could
demonstrate the applicability of SANS with regard to monomeric AB42.* While in SV the
hydrodynamic properties of macromolecules are evaluated, yielding the hydrodynamic radius, in

SANS the properties of macromolecules as neutron scatterers are evaluated yielding aside from

information about size, shape and interactions the radius of gyration.

Sedimentation velocity centrifugation allows sensitive detection of AP aggregates in
solution. Looking for small assemblies of AP it was straightforward to check for the

detectability of a dimeric assembly, first. As a model a stable synthetic Ap40 dimer was
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generated from a monomer with a cysteine residue at position 0, which formed an intermolecular
disulphide bridge under oxidizing conditions. SV analysis revealed that the AP42 monomer and
the covalently linked dimer are sufficiently different so that they can be detected as different s-
value species: 0.65 S and 0.9 S, respectively. Experimental measurements had been
complemented by simulations (Fig. S1). None of the SV experiments performed for AB42
provided evidence for an Af42 dimer in solution. Additionally, superposition of ¢(s) derived
peaks for the monomer revealed no concentration dependent shift or broadening of the signal at
0.62 S within the covered concentration range for absorbance detection, which is also a strong

36,37

indicator for the absence of a monomer-dimer equilibrium. We thus conclude that the dimer

fraction is below the detection limit, i.e. below 0.5 % of the signal.

The smallest detectable assembly state is a penta- to hexamer. Experimental evidence for
oligomeric species between a trimer and 12-mer are found mainly from SDS-PAGE analyses and
mass spectrometry studies. For example, a trimer is postulated as building block for the AB*56

aggregate, found in in-vivo studies by Lesné and (',c»l]eagun=:5,38‘39

and trimers along with tetramers
were also detected by Bernstein.”” We decreased the total AB42 concentrations to the low micro-
to nanomolar concentration range in our SV experiments, because we expect that at Ap42
concentrations, which are below the critical concentration for the formation of higher-order
structures, the drain of small oligomers into larger assemblies is suppressed. The necessary
increase in detection sensitivity was gained by using analytical ultracentrifugation (AUC)
coupled with a fluorescence detection system. Thus, a lower limit of about 100 nM fluorophore-
labelled AP42 was achieved. For the position of the fluorescence label we chose the N-terminus
of AP, because the N-terminus is not primarily involved in intermolecular contacts required for

aggregate formation,*’
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SV analysis is a technique, which recently gained special relevance in the determination of

aggregate concentration in samples of pharmaceutical relevant proteinsﬁz'“

According to
literature this method allows for the detection of spurious amounts of aggregates provided it is
applied with due diligence. According to theoretically considerations the high signal to noise
ratios of the absorbance and fluorescence detection in sedimentation velocity experiments
provides a superior sensitivity for trace components well below 1 %. In practical studies on a
dimeric antibody 0.2 % as limit of detection and about 2.8 % as limit of quantification had been
determined.’’ For confirmation of the detected hi gh molecular weight species the calculation of
the continuous c(s) distribution, which provides the relative amounts of the differently

sedimenting species in a given sample, was extended by applying a Bayesian approach followed

by F statistics, as reported recently by Wafer and colleagues.*

2500
a

o

2000

1500

signal (ALU)

normalized c(s)

6.1 6.2 63 64 65 66 6.7 68 6.9 0 1 2 3 4 5 [} 7
radius (cm) a0, (S)

residuals
o
o=

Figure 1. SV analysis of 0.1 pM AF488-A[342 with fluorescence detection reveals the
existence of small oligomers in addition to the monomer. (a) Raw data of an SV experiment
with overlaid lines for the fitted data, showing a signal intensity of about 2500 RFU. Only every
third scan, as well as every third data point is shown for clarity. The corresponding residuals
within the fitted data range are shown in the box below. Rmsd for this sample was 11.86. (b)
Area normalized ¢(s) results for four independent samples of 0.1 pM AF488-ApB42 have been

superimposed in the graph. The 0.8 S species is assigned to the monomer, the peak at 0.3 S is the
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result of incomplete removal of unincorporated dye. The inset shows the magnification of ¢(s)

distributions. Sedimentation was performed at 60,000 rpm, 20°C.

The total AB42 concentration, ¢g was varied from 0.1 pM to 160 uM. All SV measurements
were performed with AB42 incubation times of about two hours before SV centrifugation. The s-
value for the monomeric AF488-AB42 was determined as 0.8040.01 S, which is slightly higher
than the s-value found for the unlabelled monomer (Table 1). The monomer accounts for 61 % of
the total fluorescence signal. The s-values of the smallest detectable oligomers in this experiment
were determined as 2.3240.14 S for AF488-Ap42 and 2.56+0.32 S for Ap42. The smaller s-
value for AF488-Ap42 oligomer in comparison to the unlabelled AP42 oligomer is due to an
increase of the frictional coefficient f or shape factor f/fy for AF488-A[42 with the fluorophores
protruding away from the oligomer. For the monomer, which is unstructured in aqueous
solution,’’ the increase in mass seems to be the dominating effect leading to an increase of the s-
value for AF488-A(42. In Fig. 1B the c(s) distributions for four independent samples of 0.1 uM
AF488-APB42 dissolved in 10 mM phosphate buffer are shown. At this low concentration aside
from the monomer and the residual free dye only a small fraction of small oligomeric species
were detected. These oligomers are dominated by a species between 2 S and 3 S, which
represents the smallest s-value of the oligomer distribution. The fraction of this species accounts
for about 1.4 % of the total signal. After subtracting the contribution of the free dye the value
increases to 2 % of total AF488-Ap42. To further test the properties of the small oligomer we
performed SV experiments at different temperatures between 10 and 30°C. Variation of the
experimental temperature did not lead to significant changes in the oligomeric fraction within

this temperature range. To exclude the possibility of contamination or covalently bonded
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aggregate species, we treated the sample with 6 M guanidine hydrochloride. Under these
denaturing conditions this oligomer species disappeared (data not shown). As a further control,
the fluorescently labelled AB-peptide had been chromatographically purified by size exclusion

chromatography and only the monomer peak was applied to SV measurements, yielding again
the oligomeric species thus indicating the presence of a chemical equilibrium between monomers

and oligomeric species.

Table 1: Experimentally determined sedimentation coefficients for AB42 monomer and

small oligomer.

Monomer (S)* Small Oligomer (S)*

Ap42 0.62+0.02 2.56+0.32

AF488-Ap42 0.80+0.01 2.32+0.14

*Sedimentation coefficients for the monomeric and small oligomeric species of AB42 were
determined from c¢(s) distributions. Weight averaged s,,,-values and standard deviations were
calculated for at least 4 independent sample preparations.,

Fig. 2 shows the ¢(s) distributions obtained for 5 and 10 pM AB42. At these medium APB42
concentrations, larger aggregates became detectable aside from the small oligomer. In Fig. 3,
three ¢(s) distributions obtained for high APB42 concentrations are shown, which demonstrate that
the small oligomer is still detectable under conditions where already larger aggregates have been
considerably formed. In Table 1 the mean of the s, ,-values for the monomer and for the small
oligomer are summarized for AP42 and AF488-AB42. From these values the hydrodynamic radi

of a hexamer and a pentamer have been calculated according to equation S1 (Table S2).
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Figure 2. SV analysis at medium Ap42 concentrations confirms the existence of the small
oligomer between 2 S and 3 S and an increasing fraction of larger assemblies with s-values
between 3 and 12 S, On top raw data of 5 uM (a) and 10 uM AP42 (b) together with overlaid fit
results and residuals attached below are shown. The corresponding ¢(s) results for 5 pM (¢) and
10 uM Ap42 (d) are shown below. Sedimentation was performed at 50,000 rpm, 20°C and
monitored with absorbance detection. Detection wavelength was 208 nm for 5 uM and 220 nm
for 10 uM AB42. The ¢(s) distribution was normalized to maximum c¢(s) value. The insets show

the distributions with an expanded y scale.

In summary, SV measurements covering a ¢o range from 0.1 uM to 160 uM consistently
revealed the existence of a small oligomer at 2.32 S for AF488-APB42 or 2.56 S for Ap42,
respectively. According to model calculations (Fig. 4 and Table 2) the hexamer is the largest and

the tetramer the smallest oligomer, which are in agreement with an s, ,, -value between 2 and
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3 S. A trimer as possible configuration can be excluded based on the assigned s-value, since only
under the assumption of a perfect sphere an s2¢,,, -value of 2 S could be reached for a particle

with a mass three times that of the AF488-Ap42 monomer.
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Figure 3. SV analysis at high ABf42 concentration. On top raw data overlaid with fit data and
corresponding residuals are shown for 32 uM (a), 95 uM (b), and 160 uM (c) AB42. Below, c(s)
analysis reveals the existence of a high fraction of larger oligomeric species aside from the
monomer and a comparably low fraction of the 2 to 3 S species for 32 pM (d), 95 pM (e), and
160 uM (f) AP42. Sedimentation was performed at 60,000 rpm, 10°C and monitored with
absorbance detection at 280 nm. The ¢(s) distribution was normalized to maximum c¢(s) value.

The insets show the distributions with an expanded y-scale.
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MD simulations provide size and shape information about early oligomeric species. The low
percentage of the small oligomeric species did not allow retrieving reliable shape information
from the SV experiment, which would have been necessary for the determination of mass or the
number of monomeric units of the s-value species. Therefore, in order to find out the size of the
oligomer we performed five independent all-atom MD simulations of 20 Ap42 monomers
inserted in a cubic box at a solute concentration of ~0.8 mM and estimated the sedimentation

coefficents of the modelled AB42 oligomers.*

The total simulation time was 1 ps. Normalized
distributions of the sedimentation coefficient for the three oligomer orders are shown in Fig. 4.
The resulting weight average s-values for the calculated distribution are listed in Table 2.
Tetramers displayed the lowest sedimentation coefficients with an average value of 2.09+0.06 S,
followed by pentamers with 2.38+0.06 S and hexamers with an average value of 2.61+0.07 S.
For the current analysis we used 576 tetramers, 123 pentamers and 299 hexamers. The s-values
obtained for the small oligomeric species collected in five MD simulations showed a
distribution; i.e. hexamers were found with s-values between 2.42 S and 2.90 S, which seems to
approach a Gaussian-like shape with higher sampling. This distribution reflects the heterogeneity

of the simulated oligomers with regard to their surface area. Nevertheless the overlap between

two adjacent species is not exceeding 0.3 S units.
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Figure 4. Calculated sedimentation coefficients and radii of gyration of AB42 oligomers
obtained by MD simulations. (a) Normalized distributions of sedimentation coefficients for
AP42 tetramers (black), pentamers (red) and hexamers (blue) obtained from MD simulations. (b)
Normalized radii of gyration for the ensembles of AB42 tetramers (black), pentamers (red) and
hexamers (blue) obtained from MD simulations. The s19,, as well as R, distributions for 12-mers
(green) and 18-mers (magenta) were extrapolated from the hexamer distribution by scaling the
ensemble with the cubic root of the mass assuming a common shape. All values for tetra- to
hexameric AP42 oligomers were calculated with the program HydroPro.*” Corresponding weight

averaged s-values are summarized in Table 2.

Small angle neutron scattering studies of AB42 in solution demonstrate a penta- to
hexamer. In contrast to SV with fluorescence detection, for SANS measurements the peptide
can be used without the addition of a dye, but an equivalent D,O buffer needs to be used to
reduce the buffer scattering. For the relative low concentrations used in aggregation studies, a
long counting time is required to have reasonable statistical accuracy as the detected signal at

larger wave vectors is two orders of magnitude below the buffer scattering. To slow down the
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aggregation process and allow measurement times of about 8 h for several detector distances
without significant change in the sample, the measurements have been performed at a lower
temperature of 7°C. AB42 with incubation times between (.5 and 316 h has been measured by
SANS (Fig. 5) for concentrations of 1 mg/ml (221 pM), 0.25 mg/ml (55 uM) and 0.1 mg/ml

(22 uM).

Table 2. Average sedimentation coefficients for AB42 tetramers, pentamers and hexamers

obtained from MD simulated oligomeric structures.

Oligomer Tetramer  Pentamer  Hexamer

s-value (S) 2.09+0.06 2.38+£0.06 2.61%0.07

No. of 576 123 299
conformations

The number of conformations is the total number before the clustering algorithm was applied.
All values were calculated with the program HydroPro*’.

SANS measurements showed that even at low temperature and relative low concentrations,
aggregates of all sizes are formed immediately after the addition of buffer to the dry peptide. The
measured intensities after buffer subtraction were analysed by a model adding contributions of
larger aggregates and complexes, midsize aggregates, small oligomers and monomers as shown
in Fig. SA. Except for the monomer, the populations of the different assembly states were
determined in accompanying measurements by dynamic light scattering or AFM images of dried
samples (data not shown). Large aggregates or complexes with sizes larger than 50 nm
contribute at low Q by a power law ~Q~9 with d between 5/3 and 3 as expected for
networks/gels.** Midsize aggregates, such as protofibrils or fibrils are modelled by an ellipsoid

of revolution with radii between 50 nm and 10 nm.' Small oligomers are modelled by a
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Beaucage model (F(Rg, d)) providing the radius of gyration (Ry) of the small aggregates with

fixed dimensionality.49 Monomers contribute with a fixed R;=1 nm as a background

contribution, which cannot be resolved for all measurements. Small oligomers with R, between

1 nm and 5 nm were observed at different concentrations throughout the experiments (Fig. 5SB).
To elucidate which R, is to be expected for oligomers of different sizes we calculated R, for the
ensemble of structures generated by our MD simulations (Fig. 4). For the estimation of the R,
values for larger oligomers, we scaled the R, distribution of the hexamers by the cubic root of

mass assuming that the general shape does not change.

0 {00 200 300
incubation time (h)

Figure 5. Results from SANS scattering experiments after prolonged incubation of AP42 .

Measurement and incubation was at 7°C in 50 mM sodium phosphate buffer, pH 7.4 with

150 mM NaCl in 100 % D,O. (a) Exemplary SANS scattering intensity after 0.5 h. Contributions

to the scattered intensity arise from aggregates larger than 50 nm conforming to a power law

(black broken line), mid-size aggregates modelled as ellipsoid of revolution (blue broken line)
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and small oligomers (orange broken line), which are modelled by a Beaucage function. A
vanishing background of monomers is modelled as Beaucage function with fixed R,=1 nm. The
combined fit result is shown as black solid line. Ellipsoids have radii between 50 nm and 10 nm.
(b) Radius of gyration of small oligomers from SANS analysis after incubation at concentrations

of 1 mg/ml (black), 0.25 mg/ml (blue), and 0.1 mg/ml (green), respectively.

For the lowest concentration (0.25 mg/ml) the always present oligomers with Rz~2.3 nm
correspond to pentamer and/or hexamer. According to Fig. 4 it is difficult to discriminate
between pentamers and hexamers based on the R, value only. At 1 mg/ml the small oligomers
had sizes of around 4 nm at incubation times below 120 h; after 120 h incubation we find smaller
aggregates again with R, of about 2 nm, which probably correspond to a pentamer/hexamer
(Fig. 4). At the shortest times it was not possible to discriminate between different size classes

due to a strong overlap.

Discussion

Our study shows the occurrence of small oligomeric assemblies built by five to six monomeric
units of the AB42 peptide in solution. This conclusion emerged from the application of two
independent experimental approaches, which are based on different physical principles, SV
analysis and SANS. The two approaches were bridged by MD calculations. The experimentally
determined s-value of the small oligomer was compared to s-values which had been calculated
for a set of different oligomers generated by MD simulations. According to this comparison the
hexamer appeared to be the most likely species. From SANS measurements radii of gyration

between 2 and 5 nm had been obtained, which would be in agreement with radii of gyration of
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assemblies ranging from pentamers to 18-mers calculated for the same set of MD simulated
oligomers. For better comparability between s-value and radius of gyration the hydrodynamic
radii for AB42 tetramers to hexamers had been calculated based on the experimentally
determined s-values (Eq. S1, Table S2). The tetramer appears to be less likely because of a
hydrodynamic radius smaller than the determined radii of gyration. In summary these
comparisons led us to a model of a penta- to hexamer for the small oligomeric AB42 species.
Data interpretation was further supported by MD simulations of Ap42 assembly, which were

performed in adaptation to the experimental conditions.

In SV as well as SANS experiments, a small fraction of about 1 to 10 % of total Ap42 could be
detected in the pentamer/hexamer state aside from the dominant monomeric Ap42 species and
larger oligomers present only at higher concentrations. The consistently low fraction of the small
oligomeric species over a broad range of total A$42 concentrations, which is reported by both

methods, is a strong indicator of its role as a reaction intermediate with low population.

Within the accessible AP42 concentration ranges it turned out to be impossible to shift the
equilibrium towards higher fractions of the pentamer/hexamer. At concentrations below 10 uM,
the pentamer/hexamer is the sole species aside from the monomer. At higher concentrations, the
pentamer/hexamer appears to be in a steady-state equilibrium with the monomer and larger
oligomeric species, representing a lowly populated reaction intermediate. This classifies the

pentamer/hexamer to be on pathway with regard to fibril formation.

Ahmed et al. reported the characterization of a penta- or hexameric Ap42 with structural
information from liquid as well as solid state NMR.> They also used a low salt phosphate buffer

and a similar pretreatment of the APB42 peptide. In contrast to our study the oligomeric particle
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they described had dimensions which would lead to a sedimentation coefficient of about 6 S,
definitely much larger than our species at about 2.6 S. Therefore our penta- to hexamer has to be
a different oligomeric species. These differences might be caused by a deviating peptide
conformation and /or packing. Furthermore we always observed a considerable amount of free
monomer in the presence of the oligomeric species which appears to be absent in the before

mentioned study.

In earlier studies, small A assemblies with 2 to 6 monomeric units have been identified
mostly on the basis of SDS-PAGE analysis of either cross-linked or non-cross linked
samples.'>'® In addition, a number of computational studies of AP oligomerization revealed the
existence of several small assemblies, which considerably vary with regard to secondary
structure content and overall appearance.***" In a study of Ap42 fused to GroES and ubiquitin
and performed at high pH in the presence of urea, AB42 assembled into SDS-resistant hexamers
and tetramers.”' This study implies that only the most stable complexes will occur under the
chosen reaction conditions. This is in contrast to our study where we had not to rely on
comparisons to size standards and could perform the measurements at standard pH and salt

concentrations.

Our results clearly demonstrate that solutions of the AB42 peptide do not contain dimers,
trimers or tetramers at detectable amounts. Under the assumption of a rapid equilibrium between
these small oligomers the lower limit of detection would be increased due to broadening of the
peak or missing resolution of single species to about 5 % according to SV data simulations. A
possible explanation for the appearance of these small species in a number of other studies would

be that these species represent fragmentation products of larger species. In our study the smallest
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detectable species is a penta- to hexamer. The fraction of this species is regardless of total APf42
concentration close to 1 % of the sedimentation boundary. To the best of our knowledge the
existence of these oligomeric species in solution has not been demonstrated yet. The closest

others got thus far was by the application of IMS-MS,****

which however required the transfer of
ionized molecules and molecular complexes into the gas phase, leaving space for additional
events to take place. Nevertheless, it remains reasonable to assume that, because of the
concentration dependency of the aggregation, a low concentration may exist, at which only
dimers and trimers but no larger oligomers are in equilibrium with the monomer. Lowering the
total A342 concentration in our experiments has been one of the strategies we followed in order

to suppress the conversion into large aggregates and to increase the fraction of the small

oligomeric species, yet we did not observe dimers and trimers.

Our previous studies by sedimentation velocity centrifugation revealed the power of the
method to characterize AP oligomeric species in equilibrium in solution. The formerly observed
gap in the size distribution could be further restricted. We interpreted this gap as indicative for
the size, i.e. s-value, range of a so called nucleus of aggregation according to the assumption of a
nucleated aggregation mechanism. A nucleus would be the smallest assembly, which favours the
addition of further monomers or oligomers to itself over its dissociation. Therefore a nucleus is a
kinetically instable intermediate, which was up to now elusive to experimental detection. The
hydrodynamic radius of the nucleus has been estimated to be between 5 and 50 nm according to
fluorescence correlation spectroscopy measurements performed by Garai and cc;lleag‘ue:s.54 This
boundary is similar to our estimated size region between 1 and 4 S, although the size of our

determined penta-to hexameric species with Ry between 2.3 and 2.8 nm is clearly smaller.
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In summary, the current study is the first experimental proof for the existence of small Ap
assemblies of the size of a pentamer to hexamer in solution. It would be desirable to verify
whether these penta- /hexameric species exhibit the primary toxicity leading to synapse failure
and finally to memory loss. To address this question, larger quantities of this species have to be

obtained first, which is our goal for future studies.
METHODS

Ampyloid- Peptides. Synthetic AB42 peptide was purchased as trifluoroacetate salt (Bachem,
H-1368). AB42 was first dissolved in 100 % 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) for at
least 12 h in order to remove any preexisting aggregates. Before usage HFIP was removed by
lyophilisation. Aliquots were stored at -80°C until use. Repeated freeze thaw cycles were
generally avoided.

For fluorescence detection measurements we used recombinantly produced AP42 with an
additional cysteine residue at position 0. Cloning was based on a plasmid encoding wildtype
APB(1-42) as a fusion protein with an N-terminal His6-tag, a solubilizing fusion partner
(NANP)19 and a modified tobacco etch virus protease (TEV) recognition site, which was kindly
provided by Finder, Glockshuber and coworkers.” Cysg-AP42 was labelled by maleimide
chemistry with AlexaFluord88 (Molecular Probes, Thermo Fisher Scientific) including a short
linker (CHz)s. The dye conjugate was further purified by SEC from unincorporated dye and is
named AF488-AP42. The partial specific volume of the dye-peptide conjugate was calculated

according to Durchschlag®®*" as # = 0.7127 cm’/g; see also ¥ values summarized in Table S1.

A synthetic, covalently linked AB40 dimer was obtained by using AB40 with an additional Cys

residue at the N-terminus, Cys-AB40 (Bachem H-7368) under oxidizing conditions. The
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disulphide bridge linked dimer was purified by high performance liquid chromatography
(HPLC). The partial specific volume calculated for the Cys-AP40-dimer with the help of
SEDNTERP (vs. 20120828 BETA)™® is 5=0.7316 cm®/g at 20°C and ©=0.7295 cm’/g at 15°C
(Table S1).

Sedimentation Velocity Centrifugation. AUC was performed with an Optima XL-A or
ProteomLab XL-A (Beckman Coulter). The ProteomLab XL-A is equipped with standard
absorbance optics and an additional fluorescence detection system (Aviv Biomedical Inc.).
Samples were filled either in 12 mm titanium double sector cells with 400 pl filling volume
(Nanolytics) for absorbance detection or in 3 mm titanium double sector cells with 100 pl filling
volume for fluorescence measurements. An integrated spacer places the sample volume to the
upper third of a cell assembly (Nanolytics) guaranteeing an optimal focus position for the
fluorescence detection. For both cell assemblies quartz windows were used. Labelled or
unlabelled AB42, pre-treated with HFIP, was dissolved in 10 mM sodium phosphate buffer,
pH 7.4 at various concentrations between 0.1 to 160 uM directly prior to the SV experiments. All
samples had been thermally equilibrated within the centrifuge for about 2 h before starting the
run. Sedimentation velocity runs with absorbance detection were performed either at 50,000 rpm
or at 60,000 rpm, equivalent to 201,600g or 289,000g, respectively, at the maximum radius of
7.2 cm. At concentrations above 20 uM the runs were performed at 10 or 15°C in order to
suppress aggregation during centrifugation. For absorbance data collection a radial resolution of
30 um was chosen together with the shortest possible scan interval, which was ~1.5 min. The
detection wavelength was chosen such that sample absorbance was between 0.5 and 1.2 OD. For
the fluorescence detection system, based on laser excitation at 488 nm, the radial resolution is

fixed at 20 pm and data acquisition is not done sequentially but simultaneously for all sample
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sectors, leading to scan intervals shorter than 1 min. Each sample sector was measured with an
individually adjusted signal amplification factor resulting in 2000-3400 relative fluorescence
units (RFU). All SV data were analysed using the c(s)-distribution analysis using the size-
distribution option *“*with prior probabilities™ as implemented in the software package SEDFIT (vs.

14.7g; May 2015) (hitp://www.analyticalultracentrifugation.com/)’’. For data analysis a

resolution of 0.05 S with a confidence level (F-ratio) of 0.95 was chosen for the appropriate s-
value range. For the determination of trace amounts of oligomers the protocol from Wafer et al.
was followed.** After repeating the c(s) calculation by alternating between simplex algorithm
and Marquardt-Levenberg until no further change in rmsd is observable, the ¢(s) model is
exchanged by a model of non-interacting species. This model can then be tested by F-statistics
for the necessity of the high molecular weight species. This was achieved by calculating a critical
relative rmsd value based on the model including the large species. In case the equivalent fit
excluding the large species results in an rmsd equal or smaller than the before determined critical
rmsd the large species is not significant, otherwise it is. Thus significance of the oligomeric
species was proven for four data sets by an increase of rmsd value above the critical rmsd upon
removal the larger species (Fig. 1a,b). Except for the nonlinear detection correction we
completely abstained from using the tools implemented in SEDFIT to correct data for
fluorescence related optical artefacts in order to avoid possible impacts on the reliability of the
afore mentioned procedure. This was possible due to clipping the data range close to the bottom,
where shadowing effects lead to a signal decrease. All presented ¢(s) distributions have root
mean square deviations of < 1% of the total signal. Sedimentation coefficients are reported as
§20.w values in Svedberg units with 1 S = 10" s, which represent the apparent sedimentation

coefficient normalized to the standard conditions of 20 °C and pure water solvent.
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Small Angle Neutron Scattering. Peptides were dissolved in HFIP for three weeks and dried
before being resolved in deuterated buffer (50 mM Napi, pH 7.4 + 150 mM NaCl in 100 % D20,
filtered with Anopore Whatman, pore size 20 nm). Samples were incubated at 7°C at rest. SANS
experiments were performed at the small angle diffractometer, KWS-2 of Heinz Maier-Leibnitz
Zentrum (MLZ Garching, Germany) with wavelengths between 0.47 nm and 0.81 nm and
detector distances from 1.1 m to 19.7 m to cover a wave vector range of 0.001 At005 A"
The wavelength spread was AA/A = 0.2. Measurement times from 1 h to 4 h dependent on
detector distance and sample scattering were used. Samples and buffer measurements for
background correction were performed in quartz cells of 2 mm thickness together with
appropriate measurements for detector sensitivity and dark current. Appropriate standard

methods for evaluation and background correction were used from the software QtiKWS.*’

Molecular Dynamics calculations. Five independent all-atom MD simulations of twenty A[342
monomers inserted in a cubic box with a side length of 350 A and periodic boundary conditions
were performed. We applied different initial velocity distributions for each simulation and
simulated in total 2.5 ps, with 500 ns per simulation. We used the parallel processing MD
software Gromacs 4.5.5 for performing the simulations with a leap-frog stochastic dynamics
integrator, the OPLS/AA force field,**** and implicit solvent using a Generalized Born model

with a hydrophobic solvent accessible surface area term (GBSA).*

The temperature coupling
was done via velocity rescaling with a stochastic term algorithm® using a time constant for
coupling of 2 ps and keeping the system at 300 K. Electrostatic interactions were treated with the
cut-off method with a value of 1.2 nm and van der Waals interactions were also cut at 1.2 nm.

Hydrogen atoms were treated as virtual interaction sites, permitting an integration time step of

4 fs while maintaining energy conservation.®” From the 5x 500 ns simulations we extracted all
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tetramer, pentamer and hexamer conformations and clustered all structures for each oligomer
size using the method of Daura and n::o]le:aguesﬁ8 with a cut-off of 0.2 nm. For the resulting
cluster centres we calculated sedimentation coefficients using the program H)rdrc:ome”r To this
end, we first estimated the partial specific volume as the total protein volume divided by the
molecular weight of the protein. To estimate the total protein volume we used the program 3V

Volume Calculator,” and for determining the molecular weight of the protein we used VMD.”
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Table S1: Partial specific volumes and molar masses of the Ap-peptides used in this study.

Molar mass (g/mol) ¥ at 20°C (cm’/g) ¥ at 15°C (cm’/g)

AB42 4514.10 0.7377 0.7361
AF488-AB42  5337.77 0.7127
AB40 4329.87 0.7341
Cys-Ap40 443301 0.7316 0.7295
Cys-APp40-dimer 8864.00 0.7288 0.7263

Detectability of a dimer by SV analysis

The software package UltraScan 1I (vs 9.9; rev. 1927) (http:\\www.ultrascan.uthscsa.edu) offers
a simulation tool based on finite element (ASTFEM) methods for the calculation of radial
sedimentation profiles as a function of time for single or multiple components '. Beforehand, the
components have to be modelled with regard to their mass, shape and partial specific volume.
Afterwards, the calculated sedimentation profiles can be processed by data evaluation software
like SEDFIT in order to retrieve for example a ¢(s) distribution. A model for two ideal, non-
interacting components was chosen for monomeric and dimeric cys-Ap40. To evaluate whether
in SV analysis it is possible to specifically detect the dimer we simulated a particle with the
double mass of AB42 and a slightly more compact shape than the monomer with a theoretical s-
value between 1.0 and 1.5 S. Assuming a composition of 50 % monomer and 50 % dimer as
independent species at 20°C in sodium phosphate bufter the dimer is clearly distinguishable from
the monomer by sedimentation velocity centrifugation at maximum speed (289,000g).
Experimentally this could be verified by analysing a covalently linked AB40 dimer, which was

generated by introducing a disulphide bridge between a cysteine engineered at the N-terminus.
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Data evaluation reveals a difference in s-value of 0.25 S between the monomer and the dimer

(Fig. S1).
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Figure S1: SV analysis of Ap40 monomer and dimer at 60,000 rpm, 15°C. (a) Comparison of
monomeric AP40 (s20w = 0.65 8), (magenta) and dimeric AP40 (dark blue), which had been
covalently linked by a disulfide bridge (s2,,=0.9 S). (b) c(s) distribution obtained from simulated
SV data for a 1:1 mixture of monomeric AB40 and dimeric AB40, decorated with 0.5 % random
noise, 0.02 % radial invariant, and 0.02 % time invariant noise. The frictional ratio was assumed

1.5 for the monomer and 1.4 for the dimer. The ¢(s) distributions were normalized according to

maximum peak height.

Atomic force microscopy of FITC-AP42

In order to demonstrate that the fluorophore labelled A peptide was capable of fibril formation
a solution of 1 uM FITC-APB42 had been incubated in phosphate buffered saline, pH 7.4 for
5 days at 37°C. Forty-microliter aliquots of the samples were transferred to freshly cleaved mica.
After 30 min to 40 min incubation the mica surface was washed three times with 100 pl
deionized water (Millipore). Excess water was removed with compressed N,. Imaging of FITC-

AP42 was performed with Nanowizard II (JPK Instruments AG) in intermittent contact in air :

3
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using standard silicon cantilevers (OLYMPUS OMCL-ACI160TS). In AFM fibrils with rather

uniform diameter and 100 to 200 nm length were detected (Fig. S2).

Figure S2: Detection of FITC-AB42 fibrils by atomic force spectroscopy. FITC-AB42 (1 uM)
had been incubated for 5 days at 37 °C. Afterwards the sample had been imaged by atomic force
microscopy in air on mica surface. The greyscale on the right side indicates height from black to

white.

Calculation of hydrodynamic radii for different oligomers based on determined

sedimentation coefficients

For comparability, hydrodynamic radii for three different oligomers, the tetramer, pentamer and
hexamer have been calculated assuming a hydration of 0.398 g H,O/g protein. Equation (S1) is
obtained from the Svedberg equation by insertion of the expression for the frictional coefficient
f=6mn Ry according to Stokes’ law.

Ry =m(1- vp)/6mns (S1)

with m = (nM, +6nM,)/N, and &= (M,D, +M,D,)/(M, + 6M,)

Ry hydrodynamic radius
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m mass of hydrated oligomer build from # monomers
) water density at 20°C: 0.99823g/cm’

1 water viscosity at 20°C: 0.01002 Poise

8 sedimentation coefficient in water at 20 °C

Mp  molar mass of protein

) estimated fraction of bound hydration water, here 8 = 0.398 g H,O/g protein
N4 Avogadro constant

vy partial specific volume of protein (index p)

Un partial specific volume of hydration shell (index h)

The density of hydration shell water is assumed to be 10 % higher than bulk water density °.

Table S2: Calculated hydrodynamic radii for the different oligomeric states based on

experimentally determined sedimentation coefficient.

Given: Ap42 MW (g/mol) Ry (nm)

S20m=2568 tetramer 1.8056E+04 1.85
pentamer 2.2571E+04 2.31
hexamer 2.7085E+04 2.77
AF488-Ap42 MW (g/mol) Ry (nm)

Sw=2328 tetramer 2.1351E+04 2.63
pentamer 2.6689E+04 3.28
hexamer 3.2027E+04 3.94

Sedimentation coefficients of AB42 oligomers from MD simulations

To calculate the sedimentation coefficient for different oligomers we selected all tetramers,
pentamers and hexamers conformations from the 5 trajectories. Using the Gromos’ clustering
method with a cutoff of 2 A we conducted a clustering analysis on each of the conformations for

a particular oligomer order. The central structures of each cluster were then used for the
5
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calculation of the sedimentation coefficients using the program HydroPro.” The partial specific
volume needed for the calculation was estimated as the total protein volume, calculated with the
3V Volume Calculator,” divided by the molecular weight of the protein, obtained in VMD."
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Summary

We were able to characterize stable A monomers for the first time by small angle
neutron scattering (SANS) under non-polar conditions (100 % d-HFIP) at extremely high
protein concentrations (A0 5.4 mg/ml, AP.4: 2.4 mg/ml)*. The radii of gyration (Rp)
were determined to be 1.6 = 0.1 nm for AB;4and 1.0 + 0.1 nm for AP0, which are in
good agreement with the averaged radii from the PDB structures of solid state NMR
studies. Further structural details could not be resolved probably due to large structural
heterogeneity of the monomeric Abeta peptides leading to large error bars at high
scattering vector Q. In a complementary approach, the hydrodynamic radius of
monomeric AP was obtained from dynamic light scattering (DLS) as 3.2 nm for A4
and 1.8 nm for AP,40">. Additionally, the precipitation of preformed aggregates in d-HFIP
with sizes of several micrometers and <1% volume fraction as dominating process was
observed by time resolved DLS. An obvious change of scattering intensity of monomer
was not observed, which indicates neither fragmentation nor dissociation of the

preformed aggregates occur in detectable amount.

At pH=7.4 in aqueous buffer we successfully prepared the samples with more than 90%
monomers at a concentration range between 0.1 mg/ml and 1 mg/ml for time resolved
SANS and DLS experiments in an incubation time gap between 0.5 h and 300 h.
According to the Beaucage model the R, of AB.4, monomer is about 1 nm. By SANS
small oligomers built from 5 to 20 monomeric units were observed during the aggregation
processes. At 0.25 mg/ml we detected a constant low fraction of AB42 5- or 6-mer with
R,~2 nm throughout the whole incubation time. Due to the not sufficiently deviating
radii of gyration the 5- and 6-mer could not be distinguished from each other. At A
concentrations below and above 0.25 mg/ml a dissociation of 10-/12-mer (or 15-/18-mer)
to 5-/6-mer was observed. This phenomenon corresponds roughly to the paranuclei -
protofibril - fibril mechanism with AP 5-/6-mer as paranuclei and the building unit,
which self-assembles to large oligomers and protofibril/fibril. Such small oligomeric A}
aggregates, which appear to resemble paranuclei, have been detected by SANS never

before. The also observed multiples of 5-/6-mers (10-/12-mer, 15-/18-mer) with a
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globular shape could be “off-pathway” oligomers which act as a source for 5-/6-mers as

postulated for several aggregation models.

Using the combination of scattering methods (SANS, DLS), AFM and AUC a quantitative
picture of AP aggregation was generated. In particular for SANS it was shown that it is a
promising tool for the investigation of the self-assembly pathway of AP and other

amyloid proteins.
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Zusammenfassung

Im Rahmen dieser Arbeit gelang es erstmals, fiir SANS-Messungen geeignete stabile
AB-Monomere bei deutlich erhohten Proteinkonzentrationen (APj.40: 5.4 mg/ml, APB;.4:
2.4mg/ml) in unpolarem Losungsmittel (100% d-HFIP) zu erhalten®. Die
Gyrationsradien wurden mit 1.6 = 0.1 nm fiir AB;4,und 1.0 £ 0.1 nm fiir AB;_40, bestimmt,
welche beide mit den aus PDB-Strukturen errechneten Radien gut libereinstimmen.
Aufgrund der groBen Fehlerbalken im hohen Streuungsvektorbereich waren die
hochauflosenden Monomer-Strukturen nur schwer ermittelbar. Zusétzlich wurden mithilfe
von DLS die hydrodynamischen Radien der Monomere mit 3.2 nm fiir AB;.4; and 1.8 nm
flir APi40 bestimmt. Zudem konnte eine Ausscheidung der vorgeformten Aggregate in
d-HFIP mit einer Grof3e von einigen Mikrometern und einem Volumenanteil von <1% als
dominierender Prozess ermittelt werden. Allerdings war weder die Fragmentierung noch

die Abspaltung von Aggregaten zu beobachten.

In wéBriger Pufferlosung bei pH 7.4 lieen sich erfolgreich Proben mit mehr als 90 %
Monomeren bei einer niedrigen Inkubationstemperatur (7°C) herstellen, welche mit einer
APi4 Konzentration zwischen 0,1 mg/ml und 1 mg/ml geeignet fiir zeitaufgeldste
SANS- und DLS-Experimente waren. Der unter Verwendung des Beaucage-Models
ermittelte R, der Api4-Monomere betrigt etwa 1nm. Zusétzlich wurden kleine
Oligomere, die sich aus 5 bis 20 Monomereinheiten zusammensetzten, wihrend des
Aggregationsprozesses beobachtet. Bei 0,25 mg/ml A4, lieBen sich wihrend der
gesamten Inkubationszeit AB 5-/6-mere mit Ry~ 2nm beobachten. Aufgrund der
dhnlichen Grofle der AP 5- und 6-mere konnten diese nicht voneinander unterschieden
werden. Oberhalb und unterhalb von 0,25 mg/ml AP;.4; traten zusétzlich zum 5-/6-mer
10-/12-mere und 15-/ 18-mere auf. Dieses Phdnomen entspricht deutlich dem
Paranuclei-Protofibril-Fibril-Mechanismus mit AR 5-/6-mer als Paranukleus, bzw.
Baustein, der den Keim zur Aggregation in groflere Oligomere und Protofibrillen, sowie
Fibrillen  darstellt. Mithilfe von SANS sind Paranuklei widhrend des
Aggregationsprozesses niemals zuvor beobachtet worden. Die Tatsache, dass 10-/12-mere

und 15-/18-mere ganzzahlige Vielfache der 5-/6-mere sind, deutet darauf hin, dass
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Aggregatwachstum nicht nur durch Monomeraddition sondern auch durch
Zusammenlagerung der Paranuklei erfolgen kann. Alternativ konnte es sich auch um
‘off-pathway’-Oligomere handeln, welche als Quelle fiir in verschiedenen

Aggregationsmodellen postulierte 5-/6-mere dienen.

Unter Verwendung einer Kombination von Streuungsmethoden (SANS, DLS) mit AFM
und AUC konnte ein quantitatives Bild der AB-Aggregation erstellt werden. Prinzipiell
konnte gezeigt werden, dass SANS sich auf das schwierige System des stark
aggregierende A anwenden ldsst, wenn Probenvorbereitung und Losungsbedingungen so
optimiert sind, dass ausreichende Peptidkonzentrationen erreicht werden. Damit erdffnet
sich eine Vielzahl neuer Moglichkeiten, um die Aggregation von AP sowie die damit
verbundenen Strukturen von Intermediaten zu erforschen und neue Informationen zu

erhalten, die durch andere Methoden nicht zuginglich sind.
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