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Abstract

Proteins fold into appropriate configuration, called native structure, in order to
achieve its cellular function. A protein with nonnative structure induces malfunction and
causes the relevant disease. Such protein misfolding has been revealed as a common
pathogenic process in many neurodegenerative diseases like Alzheimer’s and
Parkinson’s disease. In Parkinson’s disease (PD), a protein called α-synuclein (αS) is
found a major component of Lewy body, a proteinaceous aggregate with amyloid fibril
form of αS. Considering its character as an intrinsically unfolded protein, the overall
change of conformation during PD is quite attractive for biophysicist to understand
protein folding and misfolding, and the detailed information can lead to a therapeutic
achievement for the treatment of PD.
In this thesis, I have investigated the transition of an intrinsically unfolded αS into
amyloid fibril with NMR spectroscopy and various biophysical methods.
Natively unfolded proteins play key roles in normal and pathological biochemical
processes. When confined in weakly aligning media, natively unfolded proteins such as
αS display surprisingly variable NMR dipolar couplings as a function of position along
the chain, suggesting the presence of residual secondary or tertiary structure. In
Chapter 3, it is shown that that the variation of NMR dipolar couplings and
heteronuclear relaxation rates in αS closely follows the variations of the bulkiness of
amino acids along the polypeptide chain. The results demonstrate that the bulkiness of
amino acids defines the local conformations and dynamics of αS and other natively
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unfolded proteins. Deviations from this random coil behavior can provide insight into
residual secondary structure and long-range transient interactions in unfolded proteins.
The transition from natively unfold conformation into amyloid fibril starts with a
change in monomeric conformation. Previously it has been shown that αS adopts an
autoinhibitory conformation in physiological condition. Changes in environmental
factors like low pH, molecular crowding agents, high temperature, and/or high salt
concentration accelerate αS aggregation. In these conditions, αS may transform into an
aggregation-prone, partially folded intermediate, and such dimensional change at pH 3
was observed with CD, SAXS and fluorescence. As described in Chapter 4, NMR
spectroscopy was applied to address such conformational change in atomic resolution.
Chapter 5 describes the distinction between wt and A30P, a genetic mutant of αS,
amyloid fibril core. Here we took the advantage of HR-MAS NMR spectroscopy to
detect flexible regions in amyloid fibrils. Together with hydrogen/deuterium (H/D)
exchange experiments, the arrangement of β-strands and loops in fibrillar core region is
shown. Longer amyloid fibril core region for A30P is observed compared to wt amyloid
fibril; the reason for the difference, however, should be addressed.
Chapter 6 consists of a brief description about the conformation of the αS oligomer
derived from amyloid fibril in supercooled aqueous solution. Electron microscopy (EM)
and atomic force microscopy (AFM) reveals spherical conformation with variation in
diameter and height. This study, combined with physiological investigation, would lead
better understanding of the intermediates in amyloid fibril formation.
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1. Introduction

1. Introduction
1.1. Protein, folded or unfolded
1.1.1. Protein folding
Proteins, one of main constituents of an organism, are polymers comprising 20
chemically and structurally different building blocks, only L-α -amino acids for
naturally occurring proteins. Amino acid sequences in proteins are encoded in
corresponding genes in form of deoxyribonucleic acid (DNA). Protein biosynthesis
from a DNA sequence consists of two steps, transcription and translation. A gene
encoded in a DNA sequence is transcribed into a messenger ribonucleic acid (mRNA),
and then the mRNA is used as a template by ribosomal RNA to combine specific amino
acids into a protein. After translation, a protein can undergo posttranslational
modification like glycosylation, alkylation, phosphorylation and so forth (Berg et al.
2002).
The function of a protein is originated from its three-dimensional configuration,
called tertiary structure. The process by which a linear polypeptide chain, called primary
structure, spontaneously folds into its functional three-dimensional native conformation
is entitled protein folding (McEntyre 2001, Dill et al. 2008). The first theoretical
concept about the protein folding was suggested by Cyrus Levinthal in 1969 (Levinthal
1969, Baldwin 2008, Fersht 2008). In his concept, each amino acid is supposed to adopt
one of three conformational states; α-helix, β-strand, or random coil, randomly and
independently. This process requires astronomical time for an unfolded protein to fold
into a native structure (i.e. 100 residue polypeptide should search 3100 conformations)
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and is unable to explain the biological time scale of microseconds to milliseconds in
spontaneous folding of an unfolded protein. In consequence, the random search process
is entitled as Levinthal paradox, and from this very beginning of the theoretical study on
protein folding, researchers have made great effort to answer three closely related
questions: What is the folding code? What is the folding mechanism? and is it possible
to predict the native structure of a protein from its amino acid sequence (Dill et al.
2008)?

Fig. 1- 1. Schematic energy landscapes for protein folding.
N is the native conformation. Folding is done with random search for N in Levinthal landscape (left),
while it is done with kinetic traps, energy barriers and some narrow throughway paths in a rugged
energy landscape (right) (adapted and modified from Dill and Chan(Dill and Chan 1997)).

A part of answer for the folding code was achieved by Anfinsen who revealed that a
protein itself is enough to make the protein fold into its native structure and the native
structure should be at the global minimum in energy landscape (Anfinsen 1973). With
the discovery, great efforts combined with many experimental methods on proteins have
been developed to address the complete folding code and the related folding mechanism
in a relationship with a designated energy landscape (Dill and Chan 1997, Dill et al.
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2008, Fersht 2008). Recent progress in the field shows proteins fold with a series of
local optimizations that leads to the global optimization of the protein, and through
multiple pathways depending on the folding conditions (Dill et al. 2008, Udgaonkar
2008). All those accumulated knowledge has led more accurate structure prediction of
proteins up to 150 residues solely with amino acid sequence (Hardin et al. 2002, Zhang
2008).

1.1.2. Intrinsically unfolded protein
Since the first protein structure was determined, a well-defined protein structure was
regarded as a necessity for protein function, and in accordance with higher functionality,
higher organism was supposed to have more genes with folded proteins. To the contrary,
intrinsically unfolded or natively unfolded proteins have been discovered and predicted
to form a large fraction of eukaryotic proteins with various functions (Baldwin 2002,
Rose 2002, Fink 2005). Together with its functionality, understanding physico-chemical
properties of the unfolded protein is essential due to that the unfolded state of a protein
serves as the starting conformation of the folding pathway and that partially or
completely unfolded conformations are also key intermediates in amyloid formation.

1.1.2.1. Conformational restrictions in unfolded proteins
Consecutive amino acids are linked by peptide bonds forming a dihedral angle of
~180° between H-N-Cα-O with the exception of the rare occurrence of cis-proline (Berg
et al. 2002). The degrees of freedom of polypeptide chain stems from the rotation of
single bonds in the backbone. The backbone of a peptide chain consists of repeating
units of the three atoms N, Ca and C. While the dihedral angle along C-N bond
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(ω angle) is limited around 180° due to partial double bond character, N-Cα bond (ϕ
angle) and Cα-C bond (ψ angle) are single bonds with free rotation. In reality, ϕ and ψ
dihedral angles in protein backbone are not freely rotatable but are restricted within a
specified range by the steric hindrance of methyl or methylene group at the β position.
The specified dihedral angle space named Ramachandran plot was developed based on
the theoretical study on Van der Waals interactions in dipeptide (Ramachandran 1963)
and has been served as an important quality criterion for protein structure.

O
Cα

C
ω

N

ϕ

ψ

C

Fig. 1- 2. Dihedral angles in polypeptide chain and Ramachandran plot.

1.1.2.2. In vitro methods for the characterization of unfolded protein
The conformational heterogeneity of IUP hampered classical structure determination methods.

In the last decades, however, various in vitro methods have been applied to characterize
disordered proteins. Comprehensive reviews can be found elsewhere (Rose 2002,
Eliezer 2007, Mittag and Forman-Kay 2007).
Table 1- 1. Biophysical methods for the unfolded proteins.

Method

Information content

Analytical ultracentrifuge

Sedimentation coefficient Æ shape, multimeric state.

Dynamic light scattering

Diffusion coefficient Æ hydrodynamic radius.
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Anisotropy of molecular shape
Small angle scattering

Neutron, X-ray Æ Radius of gyration.
Anisotropy of molecular shape

Circular dichroism

Secondary structure content.

FTIR spectroscopy

Secondary structure content.

Raman spectroscopy

Secondary structure content.

EPR spectroscopy

Local order, distances through couplings.

Fluorescence spectroscopy

FRET Æ distance distribution between dyes.
Anisotropy Æ size changes.

NMR

Secondary chemical shift Æ secondary structure content.
3

J coupling Æ dihedral angle.

NOE Æ distances between two protons (~5 Å).
PRE Æ distances from a spin label to a proton (20~25 Å).
Relaxation Æ local dynamics.
RDC Æensemble averaged orientation and dynamics.
DOSY Æ diffusion coefficient & hydrodynamic redius.

1.2. Protein misfolding and disease
1.2.1. Protein misfolding and disease
A biological organism controls its cellular functions with proteins; expression and
elimination of specific proteins (Radford and Dobson 1999). The proper regulation of
folding and unfolding of specific proteins is essential for all biological system and,
therefore, failure to fold correctly or to obtain proper stability will induce the
malfunction of living systems and develop diseases in consequence (Dobson 2003).
Some of these diseases result from incorrect folding of specific proteins and lose of its
functionality, while the others are induced by toxic functions of misfolded proteins that
are usually accompanied by aggregates form of specific proteins (Luheshi et al. 2008).
An increasing number of disorders, including Alzheimer's disease, Parkinson's diseases,
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and the spongiform encephalopathies are directly associated with the deposition of such
aggregates in tissues of various organs (Dobson 2003).

1.2.2. Protein misfolding in Parkinson’s disease
Parkinson’s disease (PD) is a progressive, neurodegenerative, and age-related
movement disorder affecting more than 1% of the population over 65 years of age
(Goedert 2001). It arises from the loss of dopaminergic neurons in the substantia nigra
pars compacta in the brain and is accompanied by abnormal aggregates of protein
inclusions in neuronal cells, which is known as Lewy bodies (LBs) and Lewy neuritis
(Shults 2006).

Fig. 1- 3. αS aggregates in vivo and in vitro.
Dopamine pathway in the brain (left). In PD brain, Lewy bodies (LBs) are found in substantia nigra
(middle).(Spillantini et al. 1997) The main component of LB is protein aggregates, mainly amyloid fibril
form of αS, which could be produced in vitro (right).(Goedert 2001)

LBs are also found in a number of other neurodegenerative disorders including LB
dementia (LBD); Alzheimer's disease (AD), including cases of familial AD with
mutations in the presenilin 1, 2 and amyloid precursor protein genes; Down's syndrome;
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neurodegeneration with brain iron accumulation type 1 (also known as Hallervorden–
Spatz disease); progressive autonomic failure; rapid eye movement sleep disorder;
Parkinsonism–dementia complex of Guam; Gaucher's disease; and Pick's disease
(Shults 2006). In electron microscope, LBs are densely packed proteins in the form of
filaments and the major component of which is α-synuclein (αS) (Spillantini et al. 1997).
Other predominantly found proteins are heat shock proteins, neurofilaments, tau,
synphilin-1, and tubulin (Shults 2006).

1.2.3. Conformational change of α-synuclein

Fig. 1- 4. Schematic view of conformational change of αS .
At monomer state, αS interacts with membrane and forms α-helical structure. Under certain conditions,
αS aggregates and forms oligomers intermediate, and then is confined into a stable cross-β structure in
amyloid fibrils.

A schematic model of the conformation change of αS in PD pathogenesis is shown in
Fig. 1- 4. While αS is found as an intrinsically unfolded protein in physiological
condition, it adopts helical conformation upon binding with membrane (Ulmer et al.
2005). On the pathway to aggregation, it transforms into a spherical aggregates and
turns into highly ordered β-strand structure in amyloid fibril (Uversky 2007). Together
with its pathogenic role in PD, this conformational change has attracted many
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researchers in biophysics and structural biology to understand protein misfolding and its
toxicology, yet the exact mechanism at high resolution has not been clarified.

1.3. NMR spectroscopy
The basic phenomena of NMR that energy levels of atomic nuclear spins are split by
a magnetic field and that transitions between these energy levels can be induced by
irradiating with a frequency equal to the energy difference between the two levels, was
discovered in 1946 (Bloch et al. 1946, Purcell et al. 1946). Since then, NMR
spectroscopy has evolved enormously and become a powerful alternative tool for
structure elucidation of biomolecule at atomic resolution. The advances in NMR
spectroscopy were acknowledged by Nobel prizes in 1991 (Ernst 1992) for the 2D FT
NMR and in 2002 for protein structure determination by NMR (Wuthrich 2003). At
present, 7,500 of 52,500 biomolecular structures in PDB (www.pdb.org) (Berman et al.
2000) were determined by NMR spectroscopy. Distinguished from crystallography,
NMR enables the researchers to study structures and dynamics of biomolecules in
aqueous solution that is physiologically more relevant condition. A brief introduction to
NMR parameters used for biomolecules is given below.

Table 1- 2. Physical constants used.

Constants

Definition
γ (γH)
ħ

Planck’s constant divided by 2π

μ0

Permeability of vacuum

B0

Static field strength

ω (ωΗ)
kB

８

gyromagnetic ratio (proton gyromagnetic ratio)

Larmor frequency (Proton Larmor frequency)
Boltzman constant.
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Diffusion
Folding / Chemical reaction
1 THz

1 GHz

1 MHz

1 kHz

1 Hz

ps

ns

μs

ms

s

T1, T2, HetNOE

T1ρ, CPMG

EXSY

Real
Time

Residual dipolar couplings
Fig. 1- 5. The time scale of protein dynamics and corresponding NMR parameters.
(adapted and modified from Lakomek et al. (Lakomek et al. 2006) and Palmer (Palmer 2004) )

1.3.1. Chemical shift
Chemical shift is a variation of Larmor frequency of atomic nucleus in a magnetic
field (Levitt 2001, Cavanagh 2007). The total magnetic field experienced by a nucleus
includes local magnetic fields induced by currents of electrons in the molecular orbitals
as electrons have magnetic momentum. In protein NMR, the chemical shifts of
13

Cβ, 1Hα,

13

13

Cα,

C’ are sensitive to the protein secondary structure, and the difference

(ΔCS) between the experimental chemical shifts (CSexp.) and the random coil chemical
shifts (CScoil) are used for the secondary structure determination on a given sequence
(Wishart and Sykes 1994).
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ΔCS = CS exp. − CS coil

(Eq. 1- 1)

1.3.2. Scalar coupling constant
Scalar coupling is the indirect dipole-dipole coupling mediated by the electrons
forming the chemical bonds between the nuclei (Levitt 2001, Cavanagh 2007). It
modifies the energy levels of the systems, and changes NMR spectra accordingly. One
and two-bond scalar coupling (1J, 2J) are heavily used in the heteronuclear solution state
NMR to transfer the magnetization in multidimensional experiments (Sattler et al. 1999).

Hz
-15
55

-92 Hz

7 Hz

<1 Hz
-1
1

Hz

Hz

55

0
13

35 Hz

140 Hz

Hz

Hz

Fig. 1- 6. One-bond scalar coupling constants in peptide.

The usage of three-bond scalar coupling (3J) is to determine to the dihedral angle that
can be estimated by Karplus equation (Eq. 1- 2) (Karplus 1963). The dihedral angle,
then, can be interpreted into protein secondary structure using Ramachandran plot
(Ramachandran 1963).

J (φ ) = A cos 2 φ + B cos φ + C

(Eq. 1- 2)

The protein secondary structure can be predicted directly from the 3JHNHA coupling
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constant by calculating the difference between the experimental coupling constant and
the random coil value (Schwalbe et al. 1997).

1.3.3. Nuclear Overhauser effect (NOE)
NOE is a through-space spin-spin (inter-nuclear) interaction and described as crossrelaxation rate constants, σISNOE. Using the isotropic rotor spectral density function,
σISNOE for homonuclear spin system is given by (Eq. 1- 3).

σ

NOE
IS

where

= rIS

−6

⎞
= 2 μ02γ H4 τ c ⎛
6
× f (τ c ) =
−
+
1
⎜
⎟
160π 2 rIS6 ⎝
1 + 4ωH2 τ c2 ⎠

τc:

the correlation time for the nuclear-nuclear interaction.

rIS:

the distance between spin I and spin S.

(Eq. 1- 3)

NOE is detectable when the two spins are close (~ 5 Å) in space, and this makes NOE
exceptionally useful for spatial proximity. Proton-proton NOEs are the most widely
used parameter for the structure determination by NMR (Wüthrich 1986).

1.3.4. Paramagnetic relaxation enhancement (PRE)
Nitroxyl spin label, containing a paramagnetic unpaired electron, induces enhanced
transverse relaxation of nearby nuclei, and this electron-proton interaction is detectable
at a distance up to 20 ~ 25 Å, which gives a information of longer-range of interaction
(Gillespie and Shortle 1997). The enhanced relaxation rate (R2,para) is described as a
function of electron-nuclear distance (r) as following (Kosen 1989):
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R2, para (s −1 ) =
where

3τ c ⎞
K ⎛
4
τ
×
+
⎜ c
⎟
r6 ⎝
1 + ωH 2τ c2 ⎠

(Eq. 1- 4)

τc:

the correlation time for the electron-nuclear interaction.

K:

composed of physical constant as

1
15

S ( S + 1)γ H 2 g 2 β 2

(g, the electric g factor; β, Bohr magneton) and the value is 1.23 x 10-32 cm6 s-2.

The paramagnetic effect is related to the intensity of amide cross peaks in 2D 1H-15N
HSQC spectra as following (Battiste and Wagner 2000):

I para
I dia
where

R2,dia:

=

R2,dia × e

− R2, para ⋅t

R2,dia + R2, para

(Eq. 1- 5)

the transverse relaxation rate of the amide proton w/o spin label.

R2,para: the transverse relaxation rate of the amide proton with spin label.
Ipara / Idia: the intensity ratio for an amide cross peak between with spin
label and without spin label.
t:

the duration of INEPT delays (~ 10 ms) in HSQC pulse sequence

The distance (r) can be extracted from above two equations and has been used for the
generation of the αS structural ensemble (Bertoncini et al. 2005b).

1.3.5. Relaxations rates
Relaxation is the process by which non-equilibrium magnetization returns to the
equilibrium state (or transforms to another non-equilibrium state) (Jarymowycz and
Stone 2006). Depending on the time scale of the dynamics, several methods have been
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developed and utilized as shown in Fig. 1- 5.
The overall methods for the protein dynamics study with the NMR relaxation
parameters with backbone 1H-15N bond vector have been reviewed in many literatures
(Palmer 2004, Palmer et al. 2005, Jarymowycz and Stone 2006, Mittermaier and Kay
2006). All of these parameters are usually measured using two-dimensional HSQC-type
experiments in which the intensities of cross peaks are modulated as a function of a
delay time placed at a point in the sequence when the relevant relaxation process is
active.
Here, a brief introduction of the NMR relaxation parameters to determine ps-ns
dynamics is given below. All the relaxation rates are described based on the isotropic
rotor spectral density function (Kempf and Loria 2003).

J (ω ) =
where

τe:

(

2τ e

5 1 + ω 2τ e2

)

(Eq. 1- 6)

the correlation time of the internal motion.

Reorientation of protein bond vectors, between spin I (i.e. 1H) and S (i.e. 15N) , on the
ps-ns timescale contributes to the 15N longitudinal relaxation rate (R1), the in-phase 15N
transverse relaxation rate (R2), and The 1H-15N heteronuclear NOE (σHN) as below.

R1 = ( DD 2 / 4) [ J (ωI − ωS ) + 3J (ωS ) + 6 J (ωI + ωS )]
+ CSA J (ωS )
2

R2 = ( DD 2 / 8)[4 J (0) + J (ωI − ωS ) + 3J (ωS ) + 6 J (ωI )
+ 6 J (ωI + ωS )] + CSA2 [ 4 J (0) + 3J (ωS )] + Rex

(Eq. 1- 7)

(Eq. 1- 8)
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σ HN = ( DD 2 / 4) [ 6 J (ωH + ωS ) − J (ωH − ωS )]
where,

(Eq. 1- 9)

the magnitude of dipolar interaction. ( μ 0 hγ I γ S / 8π 2 ) rIS−3

DD:
CSA:

the magnitude of CSA interaction. Δσ S / 3
( Δσs is CSA of the S spin)

In the absence of chemical exchange (Rex), the spin relaxation concerns only motions
of the interacting spins in Larmor frequencies, and sums or difference, which reflect psns time scale dynamics.
The 15N longitudinal relaxation rate in rotating frame (R1ρ) is described in terms of R1
and R2 as following.

R1ρ = R1 cos 2 θ + R2 sin 2 θ
where,

θ:

(Eq. 1- 10)

the angle of the effective field with the rotating-frame z-axis.
tan θ = ω1/ΔΩ
(ω1, the amplitude the rf field; ΔΩ, the offset of the chemical shift
from the rotating frame)

When θ is below 68°, the accuracy of tan (ΔΩ /ω1)=(ΔΩ /ω1)becomes lower than
95 % and R1ρ should be calibrated with R1 to extract R2.

1.3.6. Residual dipolar coupling (RDC)
In the last decade, one of the major developments in solution state NMR is the use of
the anisotropic interactions like RDC, chemical shift anisotropy (CSA) and pseudo
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contact shifts (Tolman et al. 1995, Tjandra and Bax 1997, Prestegard 1998). Weak
alignment of biomolecule in solution are induced by the paramagnetic property of the
molecule (Tolman et al. 1995), or more generally by the use of a liquid crystal media
cosolute (Tjandra and Bax 1997), and prevents complete averaging of the anisotropic
interactions, while retaining the solution properties necessary for the high resolution
NMR. Out of such anisotropic interactions, RDC is comparatively easy to measure and
analyze.

Azz

θ

ψ

Axx

Ayy

Fig. 1- 7. Schematic representation of the orientational dependence of RDC on the alignment tensor.
The orientation of inter-spin vector (θ, ψ) with in the eigenframe of the alignment tensor, with
eigenvalues Axx, Ayy and Azz.(adapted and modified from Blackledge (Blackledge 2005))

With the assumption that the motion is strictly local and exerts negligible influence
on the molecular alignment tensor, and that the inter-nuclear distance averaging is again
incorporated into an effective distance (rij,eff), RDC (Dij), determined in unit of Hz,
provides the mean orientation with respect to the alignment tensor, and the local
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dynamic averaging with respect to the mean orientation when (Eq. 1- 11) is transformed
in terms of averaged spherical harmony (Blackledge 2005).

Dij = −
where

γ i γ j μ0 h
16 π 3rij3,eff

γi, γj :

3
⎡
⎤
2
2
⎢⎣ Aa 3cos θ − 1 + 2 Ar sin θ cos 2ψ ⎥⎦

(Eq. 1- 11)

gyromagnetic ratio of spin i, j

Aa:

Azz /2, Axial component of the alignment tensor

Ar:

(1/3)(Axx–Ayy), the rhombic component of the alignment tensor.

θ, ψ:

the inter-spin vector with respect to Azz for θ, Axx for ψ

The angular brackets indicate averaging over all sampled conformations. The
averaging reduces <Dij> to zero in isotropic condition. Interpreted in terms of dynamics,
<Dij> covers ns to sub-ms time range dynamics of inter-spin vector (Lakomek et al.
2006, Lakomek et al. 2008).

1.3.7. Diffusion ordered spectroscopy (DOSY)
The Stokes-Einstein equation shows that the hydrodynamic radius (Rh) of a protein is
inversely proportional to the diffusion coefficient (D) of the protein as shown below.

D = k BT / 6πη Rh
where

T:

the temperature of the sample.

η:

the viscosity of the solution

(Eq. 1- 12)

A tailored pulse-field gradient NMR (PFG-NMR) can detect the translational
diffusion coefficient (D) of a molecule. Due to diffusion, molecules will change their
spatial localization between the first and the second gradient pulses, and thus will
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experience an inhomogeneous total field, which causes an attenuation of the measured
signal. For unrestricted diffusion of a molecule in an isotropic liquid, the PFG NMR
signal amplitude (A) normalized to the signal obtained in the absence of gradient pulses,
is related to the diffusion coefficient (D) by (Eq. 1- 13) (Stejskal and Tanner 1965).

A=e
where

− (γ 2δ 2 D ( Δ−δ /3)× g 2

(Eq. 1- 13)

g, δ:

the magnitude and the duration of the field gradient pulse.

Δ:

the time between the gradient pulses

As shown in (Eq. 1- 13), the diffusion coefficient is affected by temperature and
solvent viscosity, and thus the absolute value of the diffusion coefficient can be difficult
to measure.

Fig. 1- 8. PG-SLED spectra of internal reference, dioxane, and αS.
The intensities decay as the gradient strength increase from 2% to 95% of the maximum value; the signal
from the reference molecule, left panel; the signal from aliphatic region of target protein, right panel.
Figures were generated from Topspin 2.1.

Jones et al. and Wilkins et al. suggested a different approach; using a reference
molecule in the protein solution (Jones et al. 1997, Wilkins et al. 1999). The intensities
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decay as a function of gradient strength was fitted with a single Gaussian curve with
decay rate. The observed decay rate, for protein dprot, and for reference dref, is
proportional to the diffusion coefficient (D) of each molecule. Combined with the
known hydrodynamic radius of the reference (Rhref), the hydrodynamic radius of the
protein (Rhprot) can be calculated.

Rhprot =

１８

d ref
d prot

Rhref

(Eq. 1- 14)
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1.4. Outline of the thesis
The dramatic change of αS morphology in PD has been intensively investigated in the
last decade. Many types of mechanisms not only for the αS conformational changes in
PD, but for other neurodegenerative diseases have been proposed, and all of them share
a common step called misfolding, oligomerization, and fibril formation.
In this thesis, I have investigated αS as a model protein of the transition mechanism
between a monomeric, unfolded protein to cross-β structure in amyloid fibril.
In Chapter 3, a theoretical study about the basic determinant for the diverse dynamics
detected by RDCs is given. The Intrinsically unfolded proteins (IUPs) like αS, are
flexible and dynamic along whole amino acid sequence. The RDCs of IUPs, however,
have shown deviations from the RDC profile of random-coil, implying that there are
different local dynamics along the amino acid sequence. The determinant for the
deviation is investigated.
In chapter 4, NMR and other biophysical studies on an aggregation-prone
conformation of αS are described. The aggregation of αS is accelerated by many
additives and environmental factors including low pH. At pH 3, αS is know to adopt
partially folded conformation that may serve as a key step for the amyloid fibril
formation. NMR spectroscopy is applied to characterize the conformation.
In chapter 5, HR-MAS and solution NMR study on the core region of wt and A30P
mutant αS amyloid fibril is shown. The core of amyloid fibrils is known to consist of
cross-β structure, i.e. highly ordered hydrogen-bonding network. Hydrogen/deuterium
exchange with NMR, however, could find that there are also flexible regions in the core
region of both wt and A30P mutant, and HR-MAS NMR confirmed such flexible
regions. The distribution of β-strands and flexible loops in the fibril core region is
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similar in both wt and A30P mutant.
In chapter 6, heterogenic and diverse conformation of the oligomer, derived from
amyloid fibril through incubation in supercooled solution, is investigated with various
biophysical and physiological methods.
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2. Materials and methods
2.1. Materials
2.1.1. Equipments and consumables
All the equipments and consumables used in this work are listed in Table 2- 1.

Table 2- 1. Equipments and consumables
Equipment
Manufacturer and type
Atomic force microscope

Asylum Research MFP-3D™ Stand Alone Atomic Force Microscope

Balances

Sartorius B 3100 S & AC 210 S

Centrifuge

Eppendorf Centrifuge 5415D
Eppendorf Centrifuge 5804
Beckman Avanti J-20 and J-30 with rotors: JLA 8.100, JLA 9.100, JLA
16.250, JA 25.50 Ti, JA 30.50 Ti
Beckman TL-100 with TLA-100.3 rotor

Concentrators

Amicon Microcon, Centricon, Centriplus

Dialysis

Pierce Slide-A-Lyzer Dialysis Cassettes
Spectra/Por membranes kit

Dynamic light scattering

Wyatt DynaPro Titan

Electron microscope

Philips CM12

Fluorescence spectrophotometer

Varian Cary Eclipse

Filter (syringe)

Millipore 0.2 μm syringe filter
Amersham Pharmacia ÄKTA basic and ÄKTA purifier with columns:

FPLC system and columns

HiLoad Superdex 75 prep grade 10/300
Pierece Disposable 10 mL polypropylene columns
Gel Electrophoresis

Kodak Electrophoresis documentation and analysis system 120
BioRad Power Pac 300
BioRad Mini-PROTEAN 3 Cell
Bio Rad Ready Gel@ precast gels (20 %, 15 %)

Incubation chamber

Infors Multitron HT and Braun Biotech Certomat

Lyophilization

Braun Biotech Christ Alpha 2-4

NMR spectrometers

Bruker Avance 400 MHz with TXI probe, z axis gradient
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Bruker DRX 600 MHz with QXI probe, z axis gradient
Bruker Avance 600 MHz with cryoprobe, z-axis gradient
Bruker Avance 700 MHz with TXI probe, triple axis gradient
Bruker DRX 800 MHz with TXI probe, triple axis gradient
Bruker Avance 900 MHz with cryoprobe, z-axis gradient
Peptide synthesizer

Applied Biosystems

433A Peptide Synthesizer

Sonicator

Bandelin SONOPLUS HD 2200

UV-Vis spectrophotometer

Hewlett-Packard 8453

UV-Vis CD spectrophotometer

Jasco J-720

2.1.2. Reagents
All the reagents used in this work are listed in Table 2- 2.
Table 2- 2. Reagents
Application

Reagent // Supplier

Anion exchange column resin

POROS8 anion exchange resin // Applied Biosystems

Isotope labeling for NMR

15

NH4Cl // Cambridge Isotope Laboratories, Andover, USA

13

C-D-glucose, D2O // Spectra Stable Isotopes, Columbia, USA;

Cambridge isotope laboratories, Andover, USA
Paramagnetic nitroxide spin label MTSL

(1-oxy-2,2,5,5-tetramethyl-D-pyrroline-3-methyl)-

methanethiosulfonate // Toronto Research Chemicals, Toronto, Canada
Cosolute for RDC

Pf1 // Asla, Riga, Latvia

Fibril dissolving

GuSCN // Sigma-Aldrich, Deisenhofen, Germany

Liquid crystal phase

n-octyl-penta(ethylene glycol) (C8E5) and octanol, or ndodecylpenta(ethylene glycol) (C12E5) and hexanol // Sigma-Aldrich,
Deisenhofen, Germany

Protein purification

DTT // Gerbu, Gaiberg, Germany

(buffer, gel electrophoresis, etc.)

PD-10 column (Sephadex-G25 fast desalting column) // Amersham
Biosciences)
Bench Mark protein ladder // Invitrogen, Karlsruhe, Germany
SDS // Serva, Heidelberg, German
acetonitrile, ampicillin sodium salt, APS, dipotassium hydrogen
phosphate, ethidium bromide, EDTA, HEPES, potassium dihydrogen
phosphate, sodium acetate, Streptomycin sulphate, TEMED, tryptone,
yeast extract // Roth, Karlsruhe, Germany
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CompleteTM protease inhibitors, CompleteTM protease inhibitors
EDTA-free, elastase, protease K, trypsin // Roche Diagnostics,
Mannheim, Germany
acetic acid, α-D(+)-glucose monohydrate, ammonium acetate, ammonium chloride, ammonium hydrocarbonate, boric acid, disodium
hydrogen phosphate, ethanol, formic acid, glycerol, glycine,
hydrochloric acid, manganese chloride dihydrate, magnesium sulfate
heptahydrate, sodium chloride, sodium dihydrogen phosphate, sodium
hydroxide, TFA, thiaminechloride hydrochloride, Tris, urea // Merck,
Darmstadt, Germany
Purified Mouse Anti-α-Synuclein (BD) // BD Biosciences, Heidelberg,
Germany
Rabbit anti-amyloid oligomer polyclonal antibody (A11) // Invitrogen,
Biosource, Europe, S.A

2.1.3. E. coli cell culture media
All the solution contents used for cultivation of E. coli cells are summarized in Table 2- 3. The
culture media utilized in the expression of αS were sterilised by autoclave. Prior to usage 100
μg/mL ampicillin was added to each medium.
Table 2- 3. E.coli cell culture media contents
Name
Chemical
LB medium

Remark
10 g

Tryptone

5g

yeast extract

10 g

NaCl
H2O
M9 minimal medium

Amount

up to 1 L

Na2HPO4

6.8 g

KH2PO4

3g

NaCl

0.5 g
15

NH4Cl or NH4Cl
13

D-glucose or C6-D-glucose

1g
4g

1 M MgSO4

2 mL

2 M CaCl2

50 μL

thiaminechloride hydrochloride

0.03 g

trace elements

10 mL

H2O

up to 1 L
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Trace elements

FeSO4· 7 H2O

0.6 g

MnCl2· 2 H2O

0.094 g

CoCl2· 6 H2O

0.08 g

ZnSO4· 7 H2O

0.07 g

CuCl2· 2 H2O

0.03 g

H3BO3

0.002 g

(NH4)6Mo7O24· 4 H2O

0.025 g

H2O stir 10 min.

up to 100 mL

EDTA stir over night

0.5 g

Ampicillin stock sol.

100 mg/mL ampicillin sodium salt

Sterile filtrated stored at -20 °C

IPTG stock solution

1 M IPTG

Sterile filtrated stored at -20 °C

2.1.4. Software
All the software used for NMR experiment, structure visualization, data analysis,
mathematical calculation is summarized in Table 2- 4.
Table 2- 4. Software
Program

Reference

X-WINNMR 3.5

Bruker Biospin, Karlsruhe, Germany

Topspin V1.0 ~ 2.1

Bruker Biospin, Karlsruhe, Germany

NMRPipe/NMRDraw spin.niddk.nih.gov/NMRPipe (Delaglio et al. 1995)
Sparky 3

www.cgl.ucsf.edu/home/sparky (Goddard and Kneller)

PALES

www.mpibpc.mpg.de/groups/griesinger/zweckstetter/_links/software_pales.htm
(Zweckstetter and Bax 2000, Zweckstetter 2008)

Pymol

DeLano Scientific LLC, Palo Alto, CA, USA

MATHEMATICA

Wolfram Research, Champaign, IL, USA

ORIGIN 7.5

OriginLab Corporation, Northampton, MA, USA

2.2. Methods
2.2.1. Protein biochemistry
2.2.1.1. Protein expression and cultivation of E. coli
All the solutions used for the protein expression were listed in Table 2- 3. The E. coli cell
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stocks containing wt αS, C-terminal truncated wt αS (αS(1-108)) and Cys-mutant proteins
were from Dr. Carlos Bertoncini at the Department of Molecular Biology, MPI-BPC.
E. coli (BL 21) cells containing T7 vector plasmid with αS gene were grown overnight in
10 mL of LB medium at 37 ºC with shaking. The pre-culture was diluted (10 mL in 1 L LB
medium) and allowed to grow at 37°C until OD600 of 0.6-0.8. Expression of the desired
gene was then induced with 1 mM IPTG. After 3~4 hours of incubation at 37 ºC with
shaking cells were harvested by centrifugation at 3,000 g for 30 minutes. The harvested
cells were frozen with liquid nitrogen and stored at -80 °C till the further step.
Preparations of 15N- and 13C/15N labeled proteins were carried out exactly as that of the
non-labeled proteins with the difference that LB medium was replaced by M9 minimal
medium supplemented with 15NH4Cl or 15NH4Cl and 13C-glucose.

2.2.1.2. Protein purification
The bacterial pellet was resuspended in 20 mL of 10 mM Tris-HCl, pH 8.0, 1 mM EDTA
and 1 mM PMSF, and lysed by multiple freeze-thaw cycles and following sonication. The
cell lysate was boiled for 20 minutes and centrifuged at 20,000 g (30 minutes at 4 °C) in
order to precipitate the heat-denatured proteins (synucleins remain soluble). DNA was
precipitated by the addition of streptomycin sulphate to the supernatant from the previous
step (final concentration 10 mg/mL). The mixture was stirred at 4 °C for 15 minutes and
centrifuged as above described. Synuclein protein was then precipitated by addition of
ammonium sulphate (final concentration 361 mg/mL) to the supernatant from previous
centrifugation. The solution was stirred at 4°C for 15 minutes and centrifuged once again as
above. The protein pellet was resuspended in 20 mL of 25 mM Tris-HCl, pH 7.7, and
loaded onto a POROS8 anion exchange column in ÄKTA Basic system equilibrated with
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25 mM Tris-HCl, pH 7.7. Full length αS protein was eluted at a salt gradient of ~ 300 μM
NaCl. wt αS(1-108) was eluted in the flow trough since the absence of acidic C-terminus
impaired the ability of synuclein to bind to the column. The fractions containing protein
(determined by UV spectroscopy and SDS-PAGE) were pooled together and concentrated
using Centriplus YM-10 filter device (10,000 Da MWCO) to a final concentration of ~ 300
μM. The concentrated proteins were dialyzed into the desired buffer listed in Table 2- 5.
The purification of Cys-mutants was similar with wt protein except that 1 mM DTT was added to
all the solutions used in order to prevent Cys oxidation and consequent dimerization.

Table 2- 5. Protein αS samples used in this work.
Usage

Solution

NMR & EM at pH 7.4

20 mM Tris, 100 mM NaCl, pH 7.4 in 10% D2O / 90 % H2O

NMR & EM at pH 7.4

20 mM HEPES, 100 mM NaCl, pH 7.4 in 10% D2O / 90 % H2O

NMR & CD at pH 7.4

20 mM NaPi, 100 mM NaCl, pH 7.4 in 10% D2O / 90 % H2O

NMR at pH 3

20 mM Na-acetate, 100 mM NaCl, pH 3 in 10% D2O / 90 % H2O

Diffusion experiment

wtih or w/o 100 mM NaCl in 99.9 % D2O

2.2.1.3. C-terminal peptide
The C-terminal αS peptide was synthesized by Kerstin Overkamp at the Department of
NMR-based Structural Biology, MPI-BPC. Standard solid-phase peptide synthesis was
employed to produce peptides comprising residues 105 to 136 of wt αS. The peptides were
purified by reverse phase HPLC and the purity (>95%) was analyzed by mass spectrometry.

2.2.1.4. Spin-labeling of protein
Previously developed Cys-mutants were used, which are A18C, A90C, and A140C wt αS.
The reaction of αS Cys-mutants with the nitroxide spin label MTSL (1-oxy-2,2,5,5-
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tetramethyl-D-pyrroline-3-methyl)-methanethiosulfonate was carried in the same way
described by Bertoncini et al.(Bertoncini et al. 2005b)

Fig. 2- 1. Reaction of MTSL with Cys residue in a protein.

Briefly, DTT was removed prior to labeling from the buffer using PD-10 column and the
proteins were equilibrated in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl. Free sulfhydryl
groups were reacted with a 5-fold molar excess of the MTSL maleimide reagent solubilized
in acetone, at 4 °C for 12 h, in the dark. Unreacted spin labels were removed by dialysis
against the desired buffer. Complete labeling with the nitroxide radical was verified by ESImass spectrometry. Proteins were aliquoted, fast frozen in liquid N2 and stored at -80 °C.
The diamagnetic spectra were acquired 1~2 hour after addition of 1 mM DTT (at pH 7.4) or
ascorbic acid (at pH 3) into MTSL-αS sample.

2.2.1.5. Protein aggregation assay
Aggregation measurements of αS were performed with 100 μM protein samples in buffer
(buffer A: 20 mM Tris-HCl, 100 mM NaCl, pH 7.4; buffer B: 20 mM HEPES, 100 mM
NaCl, pH 7.4) with addition of 0.01 % NaN3. 500 μL of protein sample was incubated in
glass vials at 37 ºC under constant stirring (200 rpm) with magnetic microbars.
Determination of the amount of fibril formation at different time points was carried out
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by the Thioflavin-T (ThT) assay as described by Hoyer et al.(Hoyer et al. 2002). 5 μL
aliquots were withdrawn from the assay and diluted in 2 ml of 50 μM ThT in 50 mM
Glycine buffer, pH 8.0. ThT fluorescence was measured in a Varian Cary Eclipse
spectroflourometer, with an excitation wavelength of 446 nm and emission wavelengths
range of 460 to 600 nm. Fluorescence at 480 nm was used for determination of the relative
content of αS fibrils in the sample.

2.2.2. NMR spectroscopy
~0.3 mM

13

C/15N labeled αS sample was used for resonance assignment. For RDC and

chemical shift perturbation, ~0.1 mM

15

N αS sample was used. Triple resonance 3D

experiments were performed in either Bruker 900 MHz NMR spectrometer equipped with
TCI-Cryo probe or Bruker 600 MHz NMR spectrometer equipped with TXI-Cryo probe.
1

H-15N HSQC, IPAP-HSQC were measured in all NMR spectrometer listed in Table 2- 1.

The acquired spectra were processed by XWIN-NMR, Topspin or NMRPipe including
apodization with a squared sine function, zero-filling and/or forward linear prediction
(Levitt 2001, Cavanagh 2007). The processed spectra were analyzed by Sparky or
NMRPipe/NMRDraw listed in Table 2- 4.

2.2.2.1. Resonance assignment
Since αS is an intrinsically unfolded protein, it was not feasible to apply the conventional
NMR method for globular protein backbone resonance assignment using HNCACB,
CBCA(CO)NH, HNCO and HN(CA)CO. Instead, backbone 1H and

15

N chemical shifts

were assigned first with HNN (Panchal et al. 2001) experiment.. Regarding 1H and

15

N

resonances assignments as a template, Cα, Cβ, and C’ resonances acquired from HNCACB,
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CBCA(CO)NH, IPAP-(HA)CANH, HNCO experiments were assigned.

G1 G2 G3 G3

G4

G4

G5

G6 G7 G7 G7 G7

G8

Fig. 2- 2. Pulse sequence of HNN.
Narrow and wide pulses correspond to flip angles of 90 °and 180 °, respectively, with phase x unless indicated.
The water flip-back during the first INEPT transfer is applied for duration of 1.0 ms with one-lobe sinc profile.
Proton decoupling using Waltz-16 decoupling sequence is applied during most of the t1 and t2 evolution
periods, and 15N decoupling using the Garp sequence is applied during acquisition. The delays are λ = 2.7 ms,
κ = 5.4 ms and δ = 0.35 ms. τCN must be optimized and is around 12–16 ms. Values of the individual periods
in t1 are: A = t1/2, B = TN and C = TN−t1/2. The values of the individual periods containing t2 are: D =
TN−t2/2, E = TN and F = t2/2. Phase cycling for the experiment is φ = 2(x), 2(−x); φ2 = x, −x, x, −x; φ3 = φ2;
φ4 = x; and receiver = 2(x), 2(−x). Frequency discrimination in t1 is achieved using States-TPPI phase cycling
of φ1 along with the receiver phase; frequency discrimination in t2 is achieved using the PEP sensitivityenhanced gradient method. The N- and P-type signals are collected separately by inverting the sign of the G6
gradient pulse. Signals recorded are manipulated post acquisition to generate pure absorption data. The
gradient duration and levels are as follows: G1 = 0.5 ms, 8 G/cm; G2 = 0.5 ms, 5.6 G/cm; G3 = 0.5 ms, 8
G/cm; G4 = 1 ms, 11 G/cm; G5 = 1.0 ms, 8 G/cm; G6 = 2.5 ms, 26 G/cm; G7 = 0.5 ms, 2 G/cm; G8 = 0.25
ms, 25.8 G/cm. (adapted from Panchal et al, 2001(Panchal et al. 2001))
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2.2.2.2. Secondary structure determination
Regions of secondary structure in protein can be identified by the difference between the
experimental chemical shift (CSexp) and the random coil chemical shift (CScoil). Sequence
corrected random coil values determined by Schwarzinger et al.(Schwarzinger et al. 2001)
or random coil value from statistical analysis by Wishart et al.(Wishart et al. 1995) were
used. Secondary chemical shifts (ΔCS) for Cα and C’ were calculated, respectively using
(Eq. 1- 1).

2.2.2.3. Chemical shift difference
Chemical shifts depend on the local chemical environment of a nucleus. When ligand
interaction or conformational changes exist, the chemical shifts of specific amino acids
would be perturbed. These perturbations can be followed in every NMR spectra. For
protein, 1H-15N HSQC spectrum is used for widely due to high sensitivity. The difference in
1

H and

15

N chemical shifts are commonly combined into an averaged value calculated as

(Eq. 2- 1)

Δδ HN =

( Δδ N / 5) 2 + Δδ H 2
2

(Eq. 2- 1)

2.2.2.4. Diffusion coefficient and hydrodynamic radius
Diffusion-ordered spectroscopy (DOSY) with Pulse filed gradient NMR (PFG-NMR)
was done with PG-SLED pulse program with inert internal standard, dioxane, as described
in Wilkins et al.(Wilkins et al. 1999).
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Fig. 2- 3. Pulse sequence of PG-SLED.
The rectangles correspond to 1H flip angle of 90°. The phase cycles are: φ = x, x, y, y, -x, -x, -y, -y; ψ = x, -x,
y, -y, -x, x, -y, y. The delays are: δ = 6.3 ms, ε = 1.0 ms and τ = 100 ms. The diffusion labeling gradients,
shown in grey, were varied (2~95 %), while the crush gradients, shown in black, were applied at full as
strength (adapted and modified from Jones et al. (Jones et al. 1997)).

The signals of the protein corresponding to the aliphatic region and to the aromatic
region were integrated, respectively. The intensity of the reference molecule is also
integrated in the same way. The decay of the signals as a function of gradient strength was
fitted to a Gaussian function. The obtained diffusion constant, proportional to diffusion
coefficient, for both the protein (dprot) and the reference (dref), and the hydrodynamic radius
of the reference (Rhref = 2.12 Å for dioxane) were used in (Eq. 1- 14) to determine
hydrodynamic radius of the protein (Rhprot).

2.2.2.5. Longitudinal relaxation rate in rotating frame (R1ρ)
Residue specific

15

N R1ρ was measured by Hai-Young Kim. A conventional R1ρ

experiment was performed by collecting series of 2D spectra with different relaxation
delays (8, 32, 48, 88 and 176 ms) with the on-resonance spin-lock pulse at 2.5 kHz that
makes a tilt angle bigger that 68 °C for the 15N magnetization in the desired spectral width
(Cavanagh 2007). The peak intensity decay of each residue as a function of the delay time
was fitted with single exponential curve and the corresponding R1ρ was acquired.
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2.2.2.6. Residual dipolar coupling (RDC)

Fig. 2- 4. Pulse sequence of IPAP-1H,15N-HSQC.
Narrow and wide pulses correspond to flip angles of 90 °and 180 °, respectively, with phase x unless indicated.
The IPAP-element is shown as open rectangles. WATERGATE-solvent suppression element(Piotto et al.
1992) is used for water suppression. 13C’ and 13Cα 180° pulses decouple 13C from 15N t1 evolution. Delays: τ =
2.7 ms; Δ = 5.3 ms. Phase cycles: φ1 = -y, y; φ2 = 2(x), 2(-x) for IP; φ2 = 2(-y), 2(y) for AP; φ3 = 4(x), 4(y),
4(-x), 4(-y), 4(-y); φ4 = 8(x), 8(-x); φrec = x, 2(-x), x for IP; φ rec = x, 2(-x), x, -x, 2(x), -x for AP. (adapted
from Ottiger et al.(Ottiger et al. 1998))

Spectra of

15

N and/or

13

C labeled αS sample in isotropic condition were measured and

then same spectra were acquired after alignment cosolute, Pf1 or C8E5/Octanol, was added.
Backbone 1DNH was determined with IPAP-1H,15N-HSQC pulse program shown in Fig. 2- 4
(Ottiger et al. 1998).
1

DCαHα were obtained by measuring IPAP-(HA)CANH (Zweckstetter and Bax 2001)

spectra of 13C/15N-labeled αS under isotropic and anisotropic conditions.
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Fig. 2- 5. Pulse sequence of IPAP-(HA)CANH.
Narrow and wide pulses correspond to flip angles of 90 °and 180 °, respectively, with phase x unless indicated.
Spectral overlap is minimized by an IPAP selection element (open pulses).(Yang and Nagayama 1996, Ottiger
et al. 1998) Pulses following the cpd 1H-decoupling yield gradient-enhanced

15

N −> 1HN magnetization

transfer.(Kay et al. 1992) 13Cα pulses are applied with a RF strength of 10.5 kHz. Shaped 13C’ pulses have
the shape of the center lobe of a (sinx)/x function, and duration of 150 μs at 151 MHz 13C frequency. Delay
durations: ε ≈ 1.4 ms; Δ = 1.7 ms; T = 14 ms; γ = 7 ms; κ = 5.35 ms; τ = 2.67 ms. Phase cycling: φ1 = y,-y; φ2
= x; φ3 = 2(x),2(-x); φrec = x, 2(-x), x. Quadrature detection in t1 and t2 is obtained by States-TPPI on φ2 and
by Rance-Kay alternation(Kay et al. 1992) on gradient(G7)/phase(φ4), respectively. All gradients are sine-bell
shaped, with 25 G/cm (15 G/cm for G3; 10 G/cm for G7,10,11) at their center. Durations:
G1,2,3,4,5,6,7,8,9,10,11 = 1.5, 1.1, 0.75, 1.5, 1.1, 2.0, 2.075, 1.2, 1.1, 0.2, 0.075 ms, with z gradient axis.
(adapted and modified from Zweckstetter and Bax, 2001(Zweckstetter and Bax 2001))

2.2.3. Other spectroscopic methods
2.2.3.1. UV absorbance
The concentration of proteins in solution was determined by absorption at 280 nm (A280)
and molar extinction coefficient at given wavelength (ε280).

A280 = ε 280 ⋅ c ⋅ d
where

Α280:

absorption at 280 nm

ε280:

molar extinction coefficient at 280 nm (M-1cm-1)

c:

protein concentration (M)

(Eq. 2- 2)
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d:

path length of light (cm)

2.2.3.2. Circular dichroism (CD)
CD spectra were recorded using Jasco-720 CD spectrometer in the department of
molecular biology, MPIBPC. 200 μL of 20~30 μM sample in a 0.1 cm path length cuvette
was used. The spectra were acquired from 190 nm to 250 nm with 1 nm resolution at a
scan-rate 20 nm/min. The spectra were averaged for the triplicates. The mean residue
ellipticity was calculated automatically by the spectrometer software.
The CD spectrum analysis for the protein secondary structure is performed with
DICHROWEB server (Whitmore and Wallace 2004).

2.2.3.3. Dynamic light scattering (DLS)
DLS was performed with Wyatt DynaPro Titan equipped with temperature controller. 12
μL of sample with concentration of ~100 μM was used. All the samples were filtered with
0.2 μm syringe filter before the mesaurement. The hydrodynamic radius was calculated
from the acquired translational diffusion coefficient by the software.

2.2.3.4. Atomic force microscopy (AFM)
AFM images were recorded using Asylum MFP-3D AFM machine in the department of
NanoBiophotonics, MPIBPC. Impurities on glass surface were removed by plasma cleaning.
5~10 μL of sample solution was deposited on the glass or freshly prepared mica surface.
After drying in air for 1~2 hours, unbound sample and buffer were washed with 100 μL of
distilled water.
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3. Amino acid bulkiness defines the
local conformations and dynamics
of natively unfolded α-synuclein
3.1. Introduction
Intrinsically unfolded proteins remain, however, beyond the reach of classical
structural biology because of their inherent conformational heterogeneity. The overall
properties of unfolded proteins are similar to the random coil state and are rather
insensitive to the details of the amino acid sequence (Tanford et al. 1966).
Spectroscopic measurements, however, suggest the presence of sequence-specific
residual secondary and even tertiary structure in unfolded states of proteins (Fiebig et al.
1996, Shortle and Ackerman 2001, Klein-Seetharaman et al. 2002, Petkova et al. 2002,
Schwarzinger et al. 2002, Mohana-Borges et al. 2004).
NMR is an optimal tool to study unfolded proteins at atomic resolution. Residual
dipolar couplings (RDCs) are particularly sensitive probes for the structure and
dynamics of biomolecules. When confined in weakly aligning media, unfolded proteins
display surprisingly variable RDCs as a function of position along the chain, possibly
even encoding the native topology (Shortle and Ackerman 2001, Mohana-Borges et al.
2004). This is in clear contrast to the bell-like smooth distribution of RDCs that is
expected for a random flight chain (Louhivuori et al. 2003) and that was interpreted as
alignment of extended or polyproline II conformations (Mohana-Borges et al. 2004).
As a recent progress to interpret the variable RDCs of unfolded proteins, it was
shown that RDCs in denatured proteins can be predicted from ensembles of unfolded
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structures generated by using a self-avoiding statistical coil model, which was based on
residue specific φ/ψ propensities from loop regions of a folded protein database
(Bernado et al. 2005b, Jha et al. 2005).
With the concept that self-avoiding statistical coil is governed by steric effect of each
side chain, we found that a much simpler model can also explain many aspects of the
profile of RDCs in unfolded proteins: Amino acid bulkiness, the ratio of the side chain
volume to its length,(Zimmerman et al. 1968) predicts clearly observable features
reporting on the local conformational behavior of natively unfolded proteins, such as αS
and tau fragment.

3.2. Materials and methods
3.2.1. Sample preparation
15

N-labeled wt αS sample was prepared as described in Chapter 2.2.1.2. 100 μM αS

in 50 mM NaPi, 100 mM NaCl, pH 7.4 was used.

3.2.2. RDC measurement
All the procedure to measure 1DNH of αS is described in Chapter 2.2.2.6. Briefly, αS
was weakly aligned in n-octylpenta(ethylene glycol)/octanol (Ruckert and Otting 2000),
and RDCs were determined at 15 °C in 20 mM Tris·HCl, pH 7.5, 100 mM NaCl, and
with 8 M urea for denatured condition.

3.2.3. R1ρ measurement
The procedure to measure longitudinal relaxation rate in rotating frame (R1 is
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described in Chapter 2.2.2.5. Total six 2D spectra were acquired using relaxation
delays of 8, 32, 48, 88, 176 and 8 ms, and an on-resonance spin-lock pulse at 2.5 kHz in
order to cover the full range of 15N spectra width.

3.2.4. Calculation of bulkiness profile
Amino acid specific bulkiness values were taken from Zimmerman et al.(Zimmerman
et al. 1968). Bulkiness profile with sliding windows size of 3, 5 and 7 along with αS
sequence were generated and compared with RDCs in physiological condition and in
denaturing condition. Sliding window size 5 was chosen for the further experiment.
Most deviations between bulkiness profile and RDCs existed near proline residues
and both terminals. The deviations near proline residues were compensated by
increasing bulkiness value for prolines by an empirical scaling factor of 1.6. Larger
flexibility at the ends of the polypeptide chain was taken into account by combining the
bulkiness profile with a bell-shaped curve that is based on the assumption that the
influence of neighboring residues decays exponentially as the distance from a given
residue (persistence length of the chain = 7) (Schwalbe et al. 1997). Note that this only
affects bulkiness values for residues at the termini.

3.2.5. Flexible-meccano model generation and RDC calculation
In the flexible-meccano approach, peptide chains are built using randomly selected
φ/ψ pairs drawn from a database of amino acid specific conformations present in loop

regions of high-resolution X-ray structures (Bernado et al. 2005b).
The alignment tensor was predicted for each conformer on the basis of the threedimensional shape using PALES (Zweckstetter and Bax 2000), and associated RDCs
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are calculated for each NH vector with respect to this tensor. RDCs from each site are
then averaged over 50,000 conformers to ensure convergence.

3.3. Results and discussion
3.3.1. Experimental RDCs and bulkiness of αS
Using RDCs and paramagnetic relaxation enhancement from specifically attached
paramagnetic nitroxide radicals, it was shown that despite its high flexibility, native αS
adopts an ensemble of conformations that are stabilized by long-range interactions
(Bertoncini et al. 2005b). The 1DNH RDC profile of αS, therefore, reflects long-range
interactions. In Fig. 3- 1, RDCs observed from native αS and denatured αS are
compared with the amino acid bulkiness. The refined bulkiness profile closely matches
the variation of RDCs observed in αS as a function of position along the chain. In
regions, in which large RDCs were observed, many residues with bulky side chains are
present (Fig. 3- 1A, B).
The regions with large RDCs are separated by residues that showed couplings close
to zero. In these linker sequences mainly amino acids with small side chains such as
glycine and alanine are found:

29

AAG31,

67

GGA69,

84

GAGS87,

106

GA107. The largest

deviations between the RDC pattern and the bulkiness profile were present in the Nterminus and for residues 115-119 and 125-129.
Upon addition of urea, these deviations were removed (Fig. 3- 1C). Although the
interaction between the N- and the C-terminus is expected to be mostly electrostatic, the
C-terminus forms hydrophobic interactions with the central part of αS. Thus, the
observed changes in RDCs suggest a complex network of long-range interactions,
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giving rise to a more complex RDC base-line upon which local structure is
superimposed (Bernado et al. 2005a, Bertoncini et al. 2005b).
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Fig. 3- 1. Bulkiness profile and NMR dynamics parameters of αS.
(A) Amino acid sequence of αS. Bulky amino acids bulkiness > 14) are marked in red. (B, C) Comparison
of amino acid bulkiness (five residue window average) (red) with one-bond 1H-15N RDCs (black)
observed in αS (B) in buffer and (C) in buffer with 8 M urea. (D) Comparison of amino acid bulkiness
(red) with 15N R1ρ rates (black). Bulkiness values are only shown for residues with experimental data.

Whereas RDCs probe both structure and dynamics, heteronuclear relaxation rates
monitor directly backbone motional restrictions. In particular, on-resonance

15

N R1ρ

transverse relaxation rates report on motions that occur on the pico-to-nanosecond and
micro-to-millisecond time scale. R1ρvalues vary along the chain of αS in a similar way
as is seen for RDCs and the bulkiness profile closely matches the R1ρ pattern (Fig. 3-

３９

3. Bulkiness defines local conformation & dynamics

1D). This indicates that the local steric interactions between side chains and the
backbone restrict motions on the pico-to-nanosecond and micro-to-millisecond time
scale, in agreement with relaxation time measurements previously reported for acidunfolded apomyoglobin (Schwarzinger et al. 2002). The largest deviation between the
R1ρ and the bulkiness profile was observed in the vicinity of P117 and P120, suggesting
that prolines also restrict slower motions for which R1ρ rates are not sensitive but 1DNH
could detect.
The minimum deviation between experimental RDCs and the bulkiness pattern was
obtained for a five (i-2, …, i+2) to seven (i-3, i-2, …, i+2, i+3) residue window average.
Averaging over several residues simulates the neighbouring residues effect exerts on the
local conformation and dynamics of each amino acid in a polypeptide chain. This
strongly suggests that the Flory isolated-pair hypothesis (Flory 1969), which considers
only the nearest-neighboring residue (i-1, i, i+1), is not sufficient to explain RDCs in
natively unfolded αS. A window size of five to seven is in agreement with other
measurements (Schwalbe et al. 1997, Schwarzinger et al. 2002, Mohana-Borges et al.
2004) and calculations (Ohkubo and Brooks 2003, Tran and Pappu 2006) that estimated
the length scale over which spatial correlations decay in denatured proteins to range
from six to nine residues.
The effect of proline scaling and a bell-shape smoothing curve for terminal flexibility
of polypeptide chain is observable by comparison Fig. 3- 1 and Fig. 3- 2.
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Fig. 3- 2. Comparison of the raw bulkiness profile (red) with one-bond RDCs (black) of αS.
In buffer only (A), and in buffer with 8 M urea (B). No correction for the bulkiness values of prolines or
for the increased flexibility at the ends of the chain was applied. The improved correlation between the
bulkiness and 1DNH is due to the loss of the long-range interaction in the native αS by urea.

3.3.2. Ensemble-simulated RDCs and bulkiness
The unfolded protein ensemble generated by flexible-meccano could reproduce the
experimental RDCs (Bernado et al. 2005b). The same approach was applied to αS;
however, RDCs in N- and C-terminus were not reproduced from 50,000 structures. The
experimental RDCs of wt αS were reproduced when a part of conformations were
chosen based on the distance between regions (Bernado et al. 2005a). Considering
50,000 conformers can represent the unfolded state of a protein, RDCs over these
conformers were calculated and compared with the bulkiness profile.
Fig. 3- 4 shows the comparison of RDCs predicted from the flexible meccano
ensemble with the pattern of side chain bulkiness. A highly similar variation of values is
observed along the polypeptide chain of αS. Slight deviations were observed in the
vicinity of residue Y39, for residues 65-70, 85-90 and 125-130, and at the C-terminus of
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αS, mostly regions in which glycine or proline residues are present. The similarity
between these profiles provides a direct experimental proof for the dominating influence
of steric interactions on the composition of the Ramachandran plot. RDCs are
reproduced equally well by sampling only residue-specific φ/ψ distributions or by only
considering the bulkiness of amino acid side chains.

Fig. 3- 3. Representative conformations generated by flexible-meccano.
100 of 50,000 generated structures were shown with a conformer from Bertoncini et al.(Bertoncini et al.
2005b).

Fig. 3- 4. Comparison of amino acid bulkiness (red) with ensemble-averaged RDCs (black).
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RDCs were predicted from 50,000 coil structures generated by flexible-meccano.

Removing steric exclusion from the flexible meccano approach does not affect the
results of the simulation very strongly (Fig. 3- 5). In addition, explicit inclusion of
nearest neighbor interactions into flexible-meccano was not required. On the other hand,
Jha et al. concluded that the identity of neighboring residues needs to be incorporated to
improve RDC reproduction (Jha et al. 2005). The origin of this disagreement about
neighboring residue effect is not clear.

Residue
Fig. 3- 5. Comparison of RDCs predicted with/ without steric obstruction.
RDCs were predicted from 50,000 coil structures of αS generated by flexible-meccano using amino-acid
specific conformational propensities with steric obstruction (blue), without steric obstruction (red).

3.3.3. Bulkiness and RDCs in denatured protein
We extended our study to other protein systems. Previously, RDCs observed in the
chemical denatured SNase fragment, Δ131Δ, were used to argue for the presence of a
native-like organization of chain segments in unfolded proteins (Shortle and Ackerman
2001). Comparison of the experimental RDCs of Δ131Δ with side chain bulkiness
averaged over a five residue window, however, suggests that the variation of RDCs
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along the chain of Δ131Δ can be explained without the need for invoking a native-like
topology (Fig. 3- 6A).Similarly, the RDC pattern observed in chemically denatured
eglin C (Ohnishi et al. 2004) (Fig. 3- 6B) and in a 130-residue fragment of natively
unfolded tau closely matches the bulkiness profile (Fig. 3- 7).

Fig. 3- 6. Comparison of bulkiness and 1DNH of unfolded proteins.
Bulkiness profile (red) is compared with one-bond 1DNH RDCs (black) observed (A) in the chemically
denatured fragment Δ131Δ and (B) in chemically denatured eglin C. (C) Comparison of amino acid
bulkiness (five residue window average; red) with RDCs predicted from 50,000 coil structures of
Δ131Δ generated by flexible-meccano (blue). Regions of regular secondary structure in the folded state of
SNase and eglin C are marked. In (A) and (B) bulkiness values are only shown for residues, for which
experimental data were available.
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Fig. 3- 7. Comparison of bulkiness and 1DNH of K18.
(A) Comparison of the bulkiness of amino acids (red) with one-bond 1DNH RDCs (black) observed in a
130-residue fragment (K18) of the natively unfolded tau protein.(Mukrasch et al. 2007) Bulkiness values
are only shown for residues, for which experimental data were available. (B) Comparison of amino acid
bulkiness (five residue window average; red) with RDCs predicted from 50,000 coil structures of K18
generated by flexible-meccano (black). The negative experimental RDCs visible in (A) are due to the
presence of local turns (Mukrasch et al. 2007).

Thus, a more likely explanation for the variation of RDCs along polypeptide chains is
that minimization of steric overlap promotes chain stretching. In more extended parts of
the chain, the interaction direction between the dipolar orientations tends to be
perpendicular to the external field resulting in increased RDCs. In addition, more
extended backbone conformations are expected to align more effectively, further
increasing the magnitude of RDCs in these regions.
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3.3.4. Comparison of bulkiness with other physico-chemical properties

Fig. 3- 8. Comparison of residue specific physico-chemical properties.
Comparison of the hydrophobicity (Kyte and Doolittle 1982) (blue), the area buried upon folding (Rose et
al. 1985) (green) and the bulkiness of amino acids (red) with one-bond 1DNH RDCs (black) of αS in 8 M
urea condition. In each case, only the average over five-residue window is applied.

In this study, bulkiness of amino acid is revealed as a determinant of local structure
and dynamics. There are several other properties of amino acid, which are thought to be
responsible for the protein folding; hydrophobicity (Kyte and Doolittle 1982) and the
area upon folding (Rose et al. 1985). To verify a better property that is able to explain
the local dynamics, bulkiness is compared with hydrophobicity and the area upon
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folding in Fig. 3- 8. All three properties are plotted as a function of residue number with
five residue window average, and compared with 1DNH RDCs of αS in 8 M urea
condition.
The correlation of the hydrophobicity profile with the experimentally observed RDCs
is significantly worse than the RDC-bulkiness correlation. However, the profile of the
“area buried upon folding” of αS is very similar to the pattern of experimental RDCs as
well as the bulkiness profile. For residues 40-50, 92-97 and 110-120 the bulkiness
profile fits slightly better to the experimental RDCs.
Compared to the “area buried upon folding,” however, the bulkiness of side chains is
one of the most basic properties of amino acids, which defines the steric hindrance in
the Ramachandran plot. Considering that the flexible-meccano predicted RDCs (which
closely resemble the bulkiness profile) are based on the distribution of amino acids in
the Ramachandran plot and reproduce RDCs of unfolded protein with no secondary
structure or long-range interaction, the amino acid bulkiness is the property defining the
local conformations and dynamics of unfolded proteins.

3.4. Summary and Conclusion
Our results demonstrate that, although various types of intramolecular interactions
such as electrostatic interactions and solvent interactions, play important roles, simple
considerations of the bulkiness of amino acids predicts a major component of diverse
parameters dependent on the local conformation and dynamics of αS and other natively
unfolded proteins.
Deviations from this random coil behavior, as evidenced by RDCs in the N- and C-
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terminal domain of αS, and those in the turn conformation of tau protein fragment, can
provide insight into residual secondary structure and long-range transient interactions in
weakly structured proteins. The local steric restrictions in the unfolded state can also
bias the conformational search toward native-like elements and thereby promote funnellike energy landscapes in protein folding (Dill and Chan 1997).
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4. Aggregation prone conformation of
α-synuclein at low pH
4.1. Introduction
In protein aggregation, monomeric proteins, globular or unstructured, are converted
into amyloid fibril through intermediate states (Ross and Poirier 2004, Eisenberg et al.
2006). The structural information in each step should be valuable for understanding the
transition mechanism closely linked to the pathology of a related disease. α-synuclein
(αS), main component in Lewy body found in the brain of Parkinson’s disease (PD), has
been investigated intensively, and the atomic resolution structures of αS monomer in
physiological solution or on the artificial membrane were determined by several
biophysical and computational methods (Lee et al. 2004, Bernado et al. 2005a,
Bertoncini et al. 2005b, Ulmer et al. 2005, Sung and Eliezer 2006, Uversky 2007,
Uversky et al. 2008, Wu et al. 2008), and the fibrillar state structure (Heise et al. 2005,
Chen et al. 2007, Vilar et al. 2008) also have been studied to elucidate the structural
information. While increasing structural information is available for the αS monomer
and the fibrillar state, the intermediate or oligomer structures, however, are determined
only at low resolution (Uversky et al. 2001a, Lashuel et al. 2002, Kaylor et al. 2005,
Apetri et al. 2006).
The aggregation kinetics of αS, in vitro, is affected by several factors like low pH,
molecular crowding reagents, high temperature, high salt concentration, polyamines,
ethanol, metals, Heparin, and pesticide (Uversky 2007). In such conditions, αS may
adopt aggregation-prone or intermediate conformation, and reveal critical factors
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responsible for the aggregation. Uversky et al. showed that αS adopts a partial folded
monomer at low pH (pH 3) and high temperature (95 °C) based on ANS fluorescence
and CD spectroscopy (Uversky et al. 2001b). In order to obtain the structural
information of partially folded αS monomer in atomic resolution, we investigated αS
conformation at low pH with circular dichroism (CD) and NMR spectroscopy. Several
NMR methods enables us to determine αS conformation in atomic resolution; the
secondary structure propensity, rigidity of backbone chain by residual dipolar couplings
(RDCs), long range interactions by paramagnetic relaxation enhancement (PRE), and
hydrodynamic radius (Rh) by the translational diffusion coefficient measured by PFGNMR.

4.2. Materials and methods
4.2.1. Sample preparation
15

N-labeled or 13C/15N-labeled wt αS and wt αS(1-108) samples were prepared as described in

Chapter 2.2.1.2. Standard solid-phase peptide synthesis was employed to produce

peptides comprising residues 105 to 136 of wt αS. The peptides were purified by reverse
phase HPLC and the purity (>95%) was analyzed by mass spectrometry. Samples were
prepared in 20 mM Na acetate, 100 mM NaCl, pH 3 for NMR experiment.

4.2.2. CD experiment
CD spectra of wt αS(1-108) and C-terminal peptide (105-136) were recorded using
Jasco-720 CD spectrometer in the department of molecular biology, MPIBPC. All the
spectra were taken at room temperature (~ 25 °C). 200 μL of 20~30 μM sample in a 0.1
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cm path length cuvette was used. The spectra were acquired from 190 nm to 250 nm
with 1 nm resolution at a scan-rate 20 nm/min. and averaged over the triplicates. The
mean residue ellipticity was calculated automatically by the spectrometer software.
DICHROWEB (Whitmore and Wallace 2004) is used for the protein secondary
structure analysis.

4.2.3. NMR experiment
Stepwise pH titration was done by Dr. Carlos W. Bertoncini in order to follow each
peak position in 1H-15N HSQC spectra. Backbone resonance assignment was performed
with IPAP-(HA)CANH, HNCO experiments and the assigned 1H and

15

N resonances.

Cα and C’ chemical shift were used for secondary structure determination. PG-SLED
pulse sequence with internal standard was used to determine hydrodynamic radius (Rh)
of full length wt αS, αS(1-108) and C-terminal peptide (105-136).

4.3. Results and discussion
4.3.1. Secondary chemical shifts of αS at pH 3
In the previous study, CD spectrum of wt αS at pH 3 showed slight increase of βstrand secondary structure (Uversky et al. 2001b). Since NMR spectroscopy can detect

the structural element in atomic resolution, we used NMR spectroscopy to detect the
residue-specific secondary structure. In Fig. 4- 1, the backbone amide signals in 1H-15N
2D HSQC spectra of wt αS at pH 3 has similar cross-peak pattern with the HSQC
spectrum at pH 7.4; it shows all the cross peaks in a narrow proton spectral width (~ 1.2
ppm) representing an typical unstructured protein conformation.
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Fig. 4- 1. Comparison of 1H, 15N- HSQC spectra of αS at pH 3(blue) and pH 7.4 (dark red).
Both spectra show a typical cross-peak pattern of an unfolded protein. The assignment of αS at pH 3 was
done with HNCACB, CBCA(CO)NH spectra combined with chemical shift changes in 1H-15N HSQC
spectra along with pH titration.
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Since

15

N chemical shifts in peptide bond is not only sensitive to the secondary

structure, but to chemical environment like pH, temperature and salt,

13

C based

backbone chemical shifts were needed to determine secondary structure propensity in
αS at pH 3. In order to obtain the residue-specific secondary structure propensity of αS,
13

Cα chemical shifts were determined with IPAP-(HA)CANH and the secondary

chemical shifts were calculated with (Eq. 1- 1). The obtained Cα secondary chemical
shifts at pH 3 are compared with those at pH 7.4 (Fig. 4- 2). Due to the different pH,
two types of random coil values were used; 1) from statistical random coil library
(Wishart and Sykes 1994, Wishart et al. 1995) with sequence dependant modification
(Schwarzinger et al. 2001), and 2) from a model peptide in acidic 8 M urea solution
(Schwarzinger et al. 2000) with sequence dependant modification (Schwarzinger et al.
2001). The former was used for the secondary chemical shifts calculation of αS at pH
7.4 in a previous study (Bussell and Eliezer 2001); the latter is more appropriate for low
pH condition. Considering, pH dependence of the random coil values, one can compare
the open bars in the upper panel and the colored bars in the lower panel to estimate the
relative secondary structure propensities of αS at both pH 7.4 and pH 3.
Although the overall profile of αS at pH 3 along the sequence has too weak deviation
from the random coil to define a stable secondary structure, the secondary chemical
shifts in near-NAC region (40~95) have more negative values compared to those from
pH 7.4, which corresponds to more β-sheet propensity at pH 3. Due to the ensemble
averaged character of unfolded protein, the secondary chemical shifts obtained at pH 3
implies that more conformers adopt β-sheet structure in near-NAC region that serves as
a core region in fibrillar state.
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Fig. 4- 2. Secondary chemical shifts of αS at pH 3 compared with pH 7.4 values.
The Cα secondary chemical shifts of αS at pH 3 (colored bar) are more negative that those of pH 7.4
(open bar), which corresponds to more β-sheet propensity at pH 3. Random coil values from Wishart et al.
(Wishart and Sykes 1994, Wishart et al. 1995) are used with sequence dependant correction from
Schwarzinger et al. (Schwarzinger et al. 2001) for the top panel, and those from Schwarzinger et al.
(Schwarzinger et al. 2000, Schwarzinger et al. 2001) are used for the bottom panel..

4.3.2. PRE and hydrodynamic radius revealed collapsed C-terminus
Paramagnetic relaxation enhancement (PRE) has shown the evidences of long-range
contact in many unfolded proteins. MTSL spin label was introduced into three single
Cys mutants of wt αS in position of A18, A90, and A140, which were used for the
previous studies (Bertoncini et al. 2005a, Bertoncini et al. 2005b).
The overall profile showed several differences from that of pH 7.4. When the spin
label is attached to position A18C, the attenuation occurs only nearby residues, which
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reveals that the long range interactions between N- and C-terminus, which had been
observed at pH 7.4, disappear (left panel in Fig. 4- 3). In case of A90C αS, the signals
from C-terminus are significantly attenuated and the rest are affected slightly, showing
that NAC and C-terminus are in close contact. This close contact is also shown in the
profile of A140C αS; the peak intensities from position 90 to 140 are suppressed
strongly revealing a compact conformation in C-terminus region (middle and right
panels in Fig. 4- 3). Considering all the profiles, it has been shown that the collapsed Cterminus of αS is closely packed with the C-terminal end of the NAC region while Nterminus stretches out without any strong interaction.

1.2

Ipara / Idia

1.0
0.8
0.6
0.4
0.2
0.0

20

40

60

80 100 120 140

20

40

60

80 100 120 140

20

40

60

80 100 120 140

Residue Number
Fig. 4- 3. Comparison of PRE profiles at pH 3 (blue bars) and at pH 7.4 (magenta line).
PRE profile of αS at pH 3 shows release of long-range interaction between N-terminal and C-terminal
detected at pH 7.4. MTSL attached Cys are marked with red symbol. Grey line is an intensity profile in
ideally extended conformation.

These conformational changes confirmed the previous observation of increased βstrand conformation in CD spectra and the decrease of radius of gyration (Rg) in small

angle X-ray scattering (SAXS) experiment (Uversky et al. 2001b).
Since the most significant change of PRE profile was observed in the C-terminus, we
synthesized C-terminal peptide spanning residue 105-136 in order to have insight into
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the local conformational changes in C-terminus. The measured CD spectra of both fulllength αS and C-terminus peptide were shown in Fig. 4- 4. Considering that the dip at
220 nm is the characteristic of β-strand conformation, the spectra of full-length αS
confirmed the previous observation, i.e. increased β-strand conformation at pH 3 (dark
red and dark blue) (Uversky et al. 2001b). The magnitude of the change at 220 nm,
however, is bigger for C-terminal peptide, which shows random coil conformation at pH
7.4 (magenta) and adopts more β-strand conformation at pH 3 (cyan) compared to fulllength αS (dark blue).
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Fig. 4- 4. CD spectra of full-length wt αS (dark) and C-terminal peptide (light).
CD spectra of both polypeptides at pH 7.4 (left panel) and at pH 3 (right panel). Wavelength lower than
200 is hampered by the absorbance from the buffer.

Taken together with the PRE profile and the secondary chemical shifts, this implies
that N-terminus and NAC region should be extended adopting more β-strand
conformation at pH 3, while C-terminus is collapsed and has more β-strand
conformation.
The effect of these conformational on hydrodynamic radius were investigated by
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PFG-NMR with full-length αS, αS(1-108) and C-terminus peptide (Fig. 4- 5). At pH 7.4,
full-length αS and αS(1-108) are in-between of fully unfolded and globular
conformations, while C-terminus is fully unfolded. With the lowered pH, C-terminus
peptide shrinks by around 4 Å while αS(1-108) extends ~ 4 Å. This dimensional change
agrees with PRE-derived spatial interaction; the extension of N-terminus and the
collapse of C-terminus. The sum of Rh changes is also in a good agreement with no net
changes in Rh of full-length αS at lowered pH.

36
32

Rh (A)

28
24
20
16
12
full-length

aS(1-108)

C-terminus

full-length

aS(1-108)

C-terminus

Fig. 4- 5. Hydrodynamic radii of full-length αS, αS(1-108) and C-terminus at different pH.
The left panel shows Rh at pH 7.4 and the right panel shows Rh at pH 3. The Rh limit of either globular or
fully unfolded conformation of the given length of a peptide is drawn as horizontal dashed lines on each.

4.3.3. Changes in protein dynamics and structure detected by RDCs
In previous studies, RDCs are revealed as a useful tool to detect changes and
interactions in conformational ensemble of unfolded proteins (Mohana-Borges et al.
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2004, Bernado et al. 2005a, Bertoncini et al. 2005b, Cho et al. 2007). One bond RDCs,
1

DNH, of full-length αS and C-terminal peptide (105-136) were measured at pH 3 and

analyzed along with the sequence. The profiles are compared with those at pH 7.4 (Fig.
4- 6).

12

D(NH)

8
4
0
-4
0

40

60

80

100

120

140

D(NH)

12
8
4
0
-4
-8
-12
100
12
8
4
0
-4
-8
-12
100

20

110

115

120

125

130

135

140

105

110

115

120

125

130

135

140

D(NH)

105

Residue Number
Fig. 4- 6. 1DNH of full-length αS and C-terminal peptide (105-136) at pH 7.4 versus at pH 3.
In top panel, both 1DNH of αS at pH 7.4 (red line) and at pH 3 (blue bar) are compared. C-terminus peptide
(magenta) shows similar 1DNH pattern with that of full-length αS at pH 7.4 in the middle panel. 1DNH of Cterminus peptide at pH 3 (cyan) are also compared with 1DNH of C-terminal region of full-length αS in
bottom panel. Five Prolines are indicated by arrows.
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The sign and the amplitude of 1DNH around residue 30 ~ 90 shows similar pattern in
both cases; N- and C-terminus, however, shows changes in amplitude, even alternations
in sign. This 1DNH profile implies that there should be transient local structures
deviating from a random coil behavior.
Since PRE showed no long-range interaction between N- and C- terminus, the effect
must be induced by local interactions. 1DNH of C-terminal peptide (105-136) was
acquired to confirm the localized effect on 1DNH (bottom panel in Fig. 4- 6). RDCs of Cterminal peptide (105-136) at pH 7.4 shows lower amplitudes compared with the RDCs
from full-length αS, which reflects the absence of long-range interaction (middle panel
in Fig. 4- 6). The same comparison at pH 3 shows a different result. The sign-alternating
pattern is reproduced in C-terminal peptide; the sign alternating points, however, are
different and 1DNH of C-terminal peptide has bigger amplitude (bottom panel in Fig. 46 ).
One possibility for the sign-alternating is polyproline II helix (PPII) conformation.
Proline-rich peptides and poly-Ala peptides are considered to adopt polyproline II helix
(PPII) conformation (Creamer and Campbell 2002, Schweitzer-Stenner and Measey
2007). At pH 3, C-terminus becomes neutral so that it has similar hydrophobicity with
the poly-Pro or poly-Ala peptide. The detailed mechanism how the polyproline motif
induces the sign-alternation in 1DNH is to be investigated.

4.4. Summary and Outlook
This study showed that, at pH 3, residues 1-108 of αS adopt an extended
conformation, the NAC-region preferentially populates ß-structure and the C-terminal
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domain is collapsed. This conformational change should result from the changes of the
negative charges in C-terminus. The several negatively charged residues in C-terminus
are protonated when pH is low enough, and both NAC and C-terminus are hydrophobic
at such condition leading hydrophobic collapse in aqueous solution.
Intriguingly, the structural changes in the C-terminal domain are hardly seen in the
secondary chemical shifts, while residual dipolar couplings detects the conformational
change in the C-terminal domain upon the charge removal, which may adopt
polyproline helix II (PPII).
In order to interpret these NMR information in terms of αS conformation, our
experimental results will be compared with the simulated NMR parameters from an
ensemble of structure using a modified flexible-meccano approach (as in Mukrasch et al.
(Mukrasch et al. 2007) for the turns) combined with an accelerated MD simulation of
the peptide (or part of it) at pH 3. The combination of NMR experiments and computer
simulation will provide more detailed interpretation of experimental observation.
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Fig. 4- 7. Schematic model of αS conformational change at pH 3.
C-terminus (blue) is neutralized by low pH and collapses with NAC region (yellow), while positively
charged N-terminus (red) is stretched out.
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5. Cross-β sheet core of α-synuclein
amyloid
fibril
determined
by
hydrogen/deuterium exchange
5.1. Introduction
Amongst various types of protein aggregation, amyloid fibril has attracted many
researchers since it has been discovered in various neurodegenerative diseases including
Alzheimer’s, Parkinson’s and Creutzfeldt-Jakob disease (Ross and Poirier 2004).
Though diverse proteins with different morphology are able to transform into amyloid
fibril, they share a common molecular feature – parts of polypeptides in amyloid fibrils
adopt a cross-β sheet quaternary structure, in vivo, or, in vitro, stabilized by highly
ordered hydrogen bond network (Chiti and Dobson 2006, Eisenberg et al. 2006). In
Parkinson’s disease (PD), α-synuclein (αS), intrinsically unstructured 140-residue
protein consisted of charged N- and C- terminus and hydrophobic non amyloid-β
component (NAC) region, has been found as an major component of intracytoplasmic
neuronal inclusions (Lewy bodes) (Uversky 2007). Genetic studies found three
missense mutants (A30P, A53T and E46K) are linked to autosomal dominant form of
early-onset PD (Polymeropoulos et al. 1997, Kruger et al. 1998, Juan J. Zarranz 2004).
In order to understand the differences between wild type (wt) and those mutants which
may provide a critical insight into the αS-induced neurodegeneration in PD, intensive
biochemical and biophysical studies with various methods including NMR (Bussell and
Eliezer 2001, Bertoncini et al. 2005b), atomic force microscopy (AFM) (Segers-Nolten
et al. 2007), fluorescence (Ohnishi et al. 2004), FTIR (Petkova et al. 2002), electron
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microscopy (EM) (Lashuel et al. 2002), have been performed on several conformational
states of synuclein. As one of such efforts, the fibrillar core of wt αS was determined at
high resolution by solid state NMR (ssNMR) spectroscopy (Heise et al. 2005, Vilar et
al. 2008), mass spectroscopy (MS) (Del Mar et al. 2005), and electron paramagnetic
resonance (EPR) spectroscopy (Chen et al. 2007). The experimental results showed the
boundary of rigid cross-β structure in αS fibril with some deviations in β-strand and
loop positions.
As a tool to investigate amyloid fibril structure, various NMR experimental
techniques have been used. High-resolution magic angle spinning (HR-MAS) NMR
experiment is one of recent NMR technique that has been used widely in investigation
of heterogeneous systems (Griffin 2003). HR-MAS was applied to tau aggregates
(Sillen et al. 2005) and HET-s fibril (Siemer et al. 2006), and revealed the existence of
highly flexible loops inside amyloid fibrils. Hydrogen/deuterium (H/D) exchange
combined with solution state NMR (Krishna et al. 2004) or MS (Englander 2006) has
been used widely to determine residue-specific folding mechanism, stability and
dynamics in proteins. Its application extended, with rapid dissolving method of fibril
into detectable monomer, to amyloid fibrils due to the common cross-β motif in fibril
core (Hoshino et al. 2002). Due to declination of H/D exchange rate by hydrogen bonds,
in deuterated buffer, residues involved in hydrogen bonds sustain protons longer than
those of flexible region. Many amyloid fibril cores were identified by H/D exchange
with MS (Kheterpal et al. 2000, Del Mar et al. 2005, Kheterpal and Wetzel 2006) or
with solution state NMR (Hoshino et al. 2002, Carulla et al. 2005, Luhrs et al. 2005,
Hoshino et al. 2007).
Here, we investigated wt fibril with HR-MAS NMR experiment and H/D exchange
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combined with NMR spectroscopy. The combination of HR-MAS and H/D exchange
allows identification of flexible regions, statistically disordered regions, and hydrogenbonded stretches in wt αS fibril. The method was extended to explore differences in the
fibrillar core of wt and A30P αS. The identified fibrillar core structure of wt αS was
comparable to the known fibrillar core (Heise et al. 2005), and A30P αS showed similar
fibril core boundary to wt αS with some differences in distribution or stability of βstrands.

5.2. Materials and methods
5.2.1. Preparation of αS amyloid fibril
15

N-labeled wt and mutant αS were expressed and purified as described in Chapter 2.

Each purified 100 μM monomer solution (buffered 20 mM Tris, 100 mM NaCl at pH
7.4) was aliquot by 500 μL into glass vials and incubated at 37 °C with stirring for 14
days. Fibril maturation and overall morphology were confirmed by Thioflavin T (ThT)
fluorescence assay and by EM, respectively, as described (Hoyer et al. 2002). Fibrils in
the solution were collected by ultracentrifugation with 60,000 rpm for 2 hours at 4 °C.
The supernatant was discarded and the pellet was re-dissolved into distilled H2O then
ultracentrifuged. This step was repeated twice to remove salts and remaining monomers.

5.2.2. HR-MAS NMR experiment
Prepared fibril was resuspended in 50 mM HEPES at pH 7.4, 100 mM NaCl, 10 %
D2O aqueous solution. 1D 1H spectra were measured on Bruker AVANCE NMR 900
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MHz equipped with 5 mm triple-resonance, pulsed-field z-gradient cryoprobe, and
showed no protein signal due to high molecular weight of fibril. Then the fibril sample
was transferred into 4 mm HR-MAS sample rotor. The rotor was placed into Bruker
AVANCE NMR 900 MHz equipped with HR-MAS probehead and 2D 1H-15H HSQC
spectrum with WATERGATE scheme (Piotto et al. 1992, Mori et al. 1995, Liu et al.
1998) was measured with the sample rotation at 7.2 kHz. Acquired spectrum was
analyzed with Sparky 3.111 (Goddard and Kneller)

5.2.3. Hydrogen-deuterium exchange
Collected fibril pellet was resuspended into 0.1 % formic acid (pD 4.0), 200 mM
NaCl in 99.9 % D2O and placed on a rotator at 4 °C for H/D exchange with reduced
monomer-fibril exchange process (Del Mar et al. 2005). After specified period, fibril
was collected by ultracentrifugation, frozen by liquid nitrogen and stored in a
refrigerator at -80 °C. Lyophilized monomer and fibril without H/D exchange was also
stored in the same way till the NMR experiment.

5.2.4. NMR experiment with rapid fibril dissolving
2 M GuSCN, 0.4% formic acid (pD 2.4) in 50 % D2O aqueous solution was prepared
as a dissolving buffer. All the samples and the solution were kept in an icebox. Each
sample was dissolved into the dissolving buffer and placed into Bruker AVANCE 600
MHz NMR equipped with 5 mm triple-resonance, pulsed-field z-gradient cryoprobe,
which was adjusted and calibrated at 5 °C in advance. Including shimming, the
preparative step took around 8 minutes before the first experiment started. Series of 1H15

N HSQC spectra were measured for 14 hours. Acquired spectra were processed with
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linear prediction on

15

N dimension and analyzed by NMRPipe (Delaglio et al. 1995).

Resonance assignment was done with HNN experiment (Panchal et al. 2001) and
Sparky 3.111 (Goddard and Kneller).

5.3. Results and discussion
5.3.1. Flexible regions in αS amyloid fibril detected by HR-MAS
After ThT fluorescence reached the saturation point, EM picture was take by Dr.
Dietmar Riedel. EM shows typical amyloid fibril structures of αS (Fig. 5- 1). The
sample was washed and prepared for NMR experiment. The empty 1D 1H spectra of the
fibril in conventional solution-state NMR proved that no monomeric αS was in the
sample.

Fig. 5- 1. EM image and ThT florescence of αS amyloid fibril.
Electron microscopy image on the left panel shows typical amyloid fibril structures of αS (white bar is
200 nm scale). ThT emits fluorescence upon binding to cross-β sheet in αS amyloid fibril (red) while
emits no fluorescence with monomeric αS (blue).
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The prepared fibril sample were then transferred into 4 mm HR-MAS sample rotor
and 1D 1H spectrum was acquired in HR-MAS probe with spin-rate of 7.2 kHz, from
which proton NMR signals were detected. We extended the NMR experiment to 2D 1H15

N HSQC spectra and detected cross-peak from the backbone amide nuclei (Fig. 5- 2).

Since HR-MAS NMR detects mobile nuclei, this reveals that the αS amyloid fibril has
some highly flexible regions even though the monomers in amyloid fibril are linked by
tightly organized cross-β structure. The overall cross-peak pattern in the spectrum
appears similar with that of αS monomer and it enabled us to assign resonances by
comparison. The peak picking and the assignment was done with Sparky 3.111 with 15N
cutoff 0.2 ppm and 1H cutoff 0.02 ppm.
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Fig. 5- 2. Comparison of 2D 1H-15N HSQC spectra from wt αS fibril (red) and from monomer (blue).
Peak assignment was done by comparison with monomeric assignment with 15N cutoff 0.2 ppm and 1H
curoff 0.02 ppm.
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Fig. 5- 3. Residue specific peak intensity from 2D 1H-15N HSQC spectra of wt αS fibril in HR-MAS.
The top panel shows schematic description of αS. Three genetic mutation sites are colored with magenta;
Prolines are colored with cyan. Average chemical shift difference of 1H and 15N is calculated with (Eq. 21) and depicted in the middle panel.

The intensities of the assigned peaks in 2D 1H-15N HSQC spectrum of wt αS amyloid
fibril in HR-MAS probe are summarized in Fig. 5- 3. The averagedchemical shifts
deviation (CSD) from 1H, 15N chemical shifts of the cross peaks between αS monomer
and αS amyloid fibril has rather small values (< 0.05 ppm). Most of the cross peaks are
assigned from C-terminus, and that confirms the previously observed flexible Cterminus even in the fibril state (Del Mar et al. 2005, Heise et al. 2005, Vilar et al.
2008). Intriguingly, some peaks are assigned from NAC and N-terminus. Theses crosspeaks may be from the specified residues that are in a flexible loop region, or may be
originated from the wrong assignment.

5.3.2. Hydrogen/Deuterium exchange and rapid dissolving
H/D exchange combined with spectroscopy has been widely used for the protein
folding study and for the fibril structure determination (Hoshino et al. 2002, Englander
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2006, Hoshino et al. 2007, Baldwin 2008). The remarkable size of amyloid fibrils
hampers direct detection of H/D exchange from the fibril by solution state NMR; hence,
a critical step is the rapid dissociation of fibril into the detectable size with preserving
H/D exchange information. Deuterated dimethyl sulfoxide (DMSO-d6) with 5 % H2O
(Hoshino et al. 2007) and 6 M GuSCN, 0.4% formic acid (pD 2.4) in 99.9 % D2O (Del
Mar et al. 2005) are the solvents used for that purpose. With DMSO-d6, typically a
series of fractions from the fibril solution are aliquoted at a certain exchange time,
lyophilized and the fibril are dissociated into DMSO-d6 solution. With NMR
spectroscopy, a series of 1H-15N spectra are measured to follow the decay of the
hydrogen signal in DMSO-d6 solution and one of HSQCs of each aliquot at the same
time point is extracted. The peak intensities of each extracted HSQC are compared with
those of the reference (no H/D exchange) and are fitted with single exponential curve as
a function of H/D exchange time. Some of these experiments require the experiment
time in scale of several months due to the highly stable cross-β structure of amyloid
fibril.

Fig. 5- 4. Average peak intensity decay curves in 50% D2O dissolving buffer.
The peak intensity changes of both wt αS monomer and amyloid fibril show comparable decay curves,
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which confirms that amyloid fibril dissolves in rapid time scale.

We modified this method to reduce the amount of materials and to distinguish
exposed and buried residues easier. The main modification is the use of 50 % D2O
solution with 2 M GuSCN, 0.4 % formic acid, pD 2.4. Since 50 % of D2O/H2O mixture
is used, the peak intensity from the HSQC after equilibrium should be from 50 % of the
total amount of the monomers in the solution, which enables us to obtain the initial peak
intensity (at time 0 in the dissolving buffer) by extrapolation of a simple exponential
decay curve with 0.5 offset. Once H/D exchanged fibrils are used, the initial peak
intensity should represent the decayed amount of hydrogen by H/D exchange in the
fibril. The use of internal reference intensity can reduce the possible experimental error
that may be introduced by unequal amount amyloid fibrils in each aliquot. Moreover,
the residues with more than 50 % exchanged show exponential growth curve, which
enables us to distinguish between buried and exposed residues easier. Our condition was
tested with fully-protonated wt αS monomer and wt αS fibril in order to ensure the rapid
dissociation of amyloid fibril while preserving the H/D exchange information. Fig. 5- 4
shows the comparison of αS monomer and αS fibril intensities in the dissolving solution.
The average decay curves follow a single exponential decay curve and the exchange
times are comparable. There is H/D exchange during the first HSQC spectrum (acquired
at 31min. after mixing the solution and the protein), hence the final intensity ratio
reaches around 0.7 compared to the first acquired intensity.

5.3.3. Intensity profiles of 1 week H/D exchanged fibrils
wt and A30P mutant αS amyloid fibrils were prepared and resuspended in 99.9 %
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D2O with 0.1 % formic acid, pD 4. After one week of H/D exchange at 4 °C, the fibrils
were collected by ultracentrifugation and resuspended into the dissolving buffer. The
peak intensity modulations along with a series of 1H-15N HSQC spectra were analyzed
with NMRDraw and the change of each intensity ratio from selected residues is shown
in Fig. 5- 5. All the peak ratios were calculated based on the intensity from the first 1H15

N HSQC (I31mn.) spectrum.

Fig. 5- 5. Peak intensity modulations of one week exchanged fibrils.
The intensity profiles as a function of dissolved time are depicted with filled circles for wt fibril and open
circles for A30P fibril. Each profile is fitted with a single exponential curve (red, wt αS; green, A30P αS).

From V3 to E35 in N-terminus and from L100 to E139 in C-terminus, the intensity
ratio increases by many folds, implying that those residues obtain more protons during
the dissolving process and, in accordance, amide protons in those residues should be
accessible to the solvent during H/D exchange period. Conversely, the residues from
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V40 to V95 show smaller increases or even decreases, which implies that those residues
were protected from H/D exchange. Through the extrapolation of single exponential
fitting curve, the initial intensity ratio was obtained.
For some residues in Fig. 5- 5, there are differences in the saturation heights of the
growth curves for the identical residues. Such results can be due to the variation of H/D
exchange time between wt and A30P αS amyloid fibril since the potential differences in
local conformation during dissolving procedure can be excluded by the comparable
exchange rate constants for the identical residues between wt and A30P αS amyloid
fibril. In contrast, each rate differs from each other when it is compared in one protein,
which can be explained neighboring residue effect on hydrogen/deuterium exchange
rate ((Bai et al. 1993, Croke et al. 2008).

5.3.4. Fibril core region specified by H/D exchange

Fig. 5- 6. Back calculated peak intensity after 1 week H/D exchange.
Both wt (grey bar) and A30P (open circle with orange line) show similar boundaries of fibril core region.
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A30P have higher values in N-terminus and a part of C-terminus.

The initial intensity ratio calculated should be equal to the ratio of remaininig
hydrogens in the peptide bonds of the amyloid fibril after one week of H/D exchange.
The initial intensity ratio after one week of H/D exchange (I1week/I0) from both wt and
A30P mutant αS amyloid fibrils are plotted as a function of residue number in Fig. 5- 6.
The boundaries of fibril core region, comprising residues with higher ratio, could be
identified. Notably, A30P αS amyloid fibril showed more extended core region
(position 37- 98) than wt αS amyloid fibril (residue 40-97). A recent ssNMR
investigation on the amyloid fibril of A53T αS mutant showed an extended boundary of
fibril core region (residue number 38~100) compared to wt αS amyloid fibril (position
38~ 95) (Heise et al. 2008). The differences in the length of fibril core region may due
to the genetic mutants; however, it should be noted that the length of the fibril core even
from the same wt αS fibril varies in several investigations (Del Mar et al. 2005, Heise et
al. 2005, Chen et al. 2007, Vilar et al. 2008). A potential cause of this deviation is slow
dynamics in amyloid fibrils, which can rearrange the secondary structural elements in
the fibrils (Heise et al. 2005).
Another characteristic of A30P amyloid fibril can be observed from the residues
outside of the fibril core region, which have higher intensity ratios compared to wt αS
amyloid fibril. That can be due to the difference in H/D exchange time for wt and A30P
αS amyloid fibril, but the structural motif or the dynamics in those regions also cane be
the reason, which is to be elucidated.

5.3.5. β-sheet structure arrangement in the fibril core
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The identified fibril core regions were investigated in detail. As the fibril core region
mainly consists of cross-β structure, the residues with higher intensity ratio (I1week/I0)
should be involved in β-sheet conformation in the fibril state. The intensity profile in
the region from residue number 30 to 100 is compared with the previously determined
secondary structures in Fig. 5- 7.
Note that the loop regions with lower intensity ratios are comparable with the HRMAS derived flexible regions. Considering that the assignment is solely based on the
comparison between 2D 1H-15N HSQC of amyloid fibril and that of monomer, this
consistency enables us to infer that the flexible N-terminal and C-terminal domains of
NAC region, even in the fibrillar state, may experience almost same chemical
environment as the loop exposed in the solution.

Fig. 5- 7. Peak intensity profile in the fibril core region of αS.
The peak intensity of residue 30 to 100 are shown for both wt (grey bar) and A30P (orange circle). The
secondary structural elements determined from the literatures are described as a bar for β-strand and as a
line for link.(green, EPR study(Chen et al. 2007) ; blue, ssNMR study (Heise et al. 2005); purple, H/D
exchange and NMR study (Vilar et al. 2008)). Red circles represent the putative flexible regions from
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HR-MAS.

β-strands in the fibril core region were identified with the residues that have higher
initial intensity ratio (I1week/I0). The determined β-strands in wt αS amyloid fibrils are as
following: βI (40-43), βII (48-55), βIII (57-65), βIV (70-81), βV (86-90), and βV’ (9597). The β-strands in A30P αS amyloid fibril are identified as: βI (38-43), βII (47-55),
βIII (57-65), βIV (67-81), βV (85-89), and βV’ (92-96). Both amyloid fibril cores
contain similar arrangement of β-strands and loops. Note that this way of identification
has some drawback: (1) the edge of each β-strand has more flexibility so that the
residue is less protected, which can make the exact length of β-strand vary with
individual criteria, (2) the outmost β-strand from amyloid fibril is exposed to solution
and may have different H/D exchange rate.
By the comparison with the previous investigations, identified are some tricky
regions comprising 57-59, 83-84 and 92-93. These residues may adopt β-strand or other
conformation, which is due to the possible dynamic feature of amyloid fibril shown by
Heise et al. (Heise et al. 2005). As mentioned above, the dynamics in amyloid fibril can
differ in wt and A30P mutant amyloid fibrils and that may induce both the different
length of β-strands and the smaller variance in intensity ratio between β-strand and loop
in A30P αS fibril. This hour to day time scale dynamics needs further confirmation.

5.4. Summary and Conclusion
This work showed that highly flexible residues in wt αS amyloid fibril can be
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identified with HR-MAS and the peak assignment reveals that some of the residues are
from fibril core region (residue number 35-100). The arrangement of β-strand and
flexible loop in the fibril core region were identified with H/D exchange experiment
followed by rapid dissolving in 50 % D2O / H2O solution with a series of 2D 1H-15N
HSQCs, which gave a better distinction between the exchanged residues and the
protected residues. Detailed analysis showed that the arrangement and the number of βstrand are comparable, but the length of each β-strand is slightly different. The same
information was acquired for A30P mutant amyloid fibril and revealed that A30P has
more extended boundaries of amyloid fibril core in βI (38-43 vs. 40-43). However,
previous investigations showed that the fibril core of wt αS can also reach to position 38,
and it gave us an indication of potential dynamics in amyloid fibril. The dynamics of
amyloid fibril should be in hour to day time scale and needs to be investigated with
appropriate methods. ssNMR can be a good option since it doesn’t disrupt the amyloid
fibril and detect dynamics in atomic resolution.
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6. Conformation study on α-synuclein
oligomers derived from amyloid
fibrils in supercooled solution
6.1. Introduction
Recently, we revealed that αS amyloid fibrils dissociate into monomers in
supercooled water (Kim et al. 2008). The dissociation was confirmed by EM, NMR,
and ThT fluorescence. Intriguingly, EM of the dissociates shows dark and crowded
background that was not observed in EM of fibril (Kim et al. 2008). The amount of the
dissociated monomer, determined as ~ 15 % with NMR spectra, and remaining amyloid
fibril, ~ 30 % of initial fibril by ThT fluorescence emission, indicated that there must be
another species which cannot be detected by NMR and ThT considering.
This species with high molecular weight should be oligomers, and further
characterization has been performed with microscopic methods. Below is a brief
description about EM and AFM study on the oligomer. All EM images were taken by
Dr. Dietmar Riedel.

6.2. Morphology of the oligomers
To define the dimensional characteristic of the oligomers, microscopic images were
acquired. Prior to the characterization, the oligomers had to be separated from the fibril
that hampers clear view of smaller species. Centrifugation for 15 min. with 13,200 g
and careful aliquot of upper 50 % supernatant was sufficient to make protofibril-free
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Fig. 6- 1. The resolution of microscopic methods and the dimension of biomolecules and chemicals.
Adapted from Jansen (Jansen 2005) and modified by Hai-Young Kim

TEM images and ThT fluorescence emission of fibril, fibril dissociates, and the
oligomers are shown in Fig. 6- 2. The fibril has typical morphology of amyloid fibril
(left in Fig. 6- 2a) while EM of the fibril dissociates shows mixture of protofibril and
spherical oligomers (middle in Fig. 6- 2a). After the purification, clearer image of
spherical species, the oligomer, were acquired (right in Fig. 6- 2a). The spherical
species are categorized into two types based on the diameter, 15-20 nm and 20-30 nm,
which were observed as diameters of other oligomers previously (Chimon et al. 2007,
Ehrnhoefer et al. 2008). ThT emission, used to detect the cross-β structure content in
amyloid fibril, decreased down to ~ 20 % of the initial values after the incubation at -15
°C and there was no ThT fluorescence signal from the purified oligomers implying that
the oligomers have no cross-β structure (Fig. 6- 2b).
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Fig. 6- 2. EM image and Thioflavin-T fluorescence of the oligomers.
EM image shows spherical morphology for the oligomers dissociated from amyloid fibril by super-cooled
solution. The oligomers doesn’t bind with ThT and give no fluoresce emission (green) while fibril and
protofibril give rise ThT emission (black, ref).

The detailed images of the oligomers were obtained with AFM (Fig. 6- 3). The
oligomers show a wide range of height from 3 nm to 10 nm, and width from 20 nm to
100 nm, which postulate heterogeneity of the oligomers.

Fig. 6- 3. Atomic force microscopy image of the oligomers.
AFM image of the oligomers on glass surface in 1 μm x 1 μm area is shown. Due to the scanning probe
effect of AFM, the z-axis information is more reliable.
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6.3. Summary and outlook
To define the molecular dimension of the oligomers, we adopted microscopic method
like EM and AFM, since the size hampers solution state NMR methods. Our
preliminary observation revealed that the oligomers adopt spherical morphology with
diameter of 15-20 nm or 20 – 30 nm from EM, 20 – 100 nm from AFM, which has been
shown from other oligomers. The heterogeneous morphology of the oligomers is
frequently observed in amyloidogenic proteins, and should be related to its toxicity and
amyloid fibril formation without being degraded by cellular organelles. To address the
relationship between the structure and the function of the oligomers, various
spectroscopic methods including H/D exchange with NMR, solid-state NMR and EPR,
and in vivo experiments with neurons are in progress.
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Appendix

A.1. wt αS backbone chemical shifts at pH3 in Na-acetate
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
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AA
M
D
V
F
M
K
G
L
S
K
A
K
E
G
V
V
A
A
A
E
K
T
K
Q
G
V
A
E
A
A
G
K
T
K
E
G
V
L
Y
V
G
S
K
T
K

HN

N
8.888
8.246
8.303
8.186
8.268
8.403
8.06
8.318
8.393
8.26
8.271
8.431
7.963
8.269
8.409
8.28
8.227
8.229
8.316
8.126
8.354
8.438
8.012
8.395
8.296
8.303
8.314
8.154
8.19
8.44
7.963
8.279
8.266
8.068
8.027
8.244
8.498
8.138
8.393

CA
123.9
120.5
123.8
122.5
123
110.2
121.7
116.9
123.7
124.9
120.7
121.8
120.3
125.2
127.6
123.5
122.9
119.4
122.5
115.4
123.8
110.5
119.9
128
120.2
125.3
108.4
120.8
115.6
124.1
119.5
125.9
122.6
123.6
112.2
115.6
123.6
115.4
124

54.83
52.69
62.439
57.73
56.525
45.026
55.025
58.15
56.54
52.638
56.351
55.89
45.313
62.902
62.771
52.616
52.61
55.887
56.518
61.927
56.503
55.932
45.297
62.439
52.565
55.771
52.518
52.596
45.255
56.109
61.945
56.276
55.89
45.213
62.387
54.589
57.773
62.095
45.089
58.168
56.382
61.993
56.496

CB
32.681
38.469
32.649
39.346
32.747
42.413
63.69
32.685
18.961
32.832
28.806
32.614
32.597
18.946
18.881
28.666
32.678
69.759
32.817
29.018
32.619
18.903
28.72
18.965
18.954
33.018
69.762
32.832
28.806
32.645
42.409
38.704
32.71
63.81
32.85
69.803
32.627

C'
176.7
175.7
174.6
176.5
177.6
174.6
176.6
177.3
176.7
177.9
174
176.6
177.7
177.9
178.1
176.4
176.9
174.5
176.5
174.2
176.3
177.8
176.1
178.4
174.2
177
174.5
176.5
173.9
176
176.6
175.6
176.1
173.9
174.9
177
174.5
176.4
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

E
G
V
V
H
G
V
A
T
V
A
E
K
T
K
E
Q
V
T
N
V
G
G
A
V
V
T
G
V
T
A
V
A
Q
K
T
V
E
G
A
G
S
I
A
A
A
T
G
F
V
K
K
D
Q
L
G
K

8.385
7.981
8.303
8.702
8.479
8.118
8.507
8.17
8.231
8.417
8.314
8.424
8.167
8.393
8.386
8.371
8.262
8.294
8.526
8.262
8.553
8.219
8.164
8.224
8.4
8.316
8.424
8.085
8.301
8.353
8.146
8.414
8.427
8.258
8.305
8.51
8.498
8.301
8.492
8.14
8.184
8.342
8.269
8.085
8.291
8.069
8.032
8.362
8.404
8.493
8.358
8.241
8.389
8.187

121.7
119.9
125.1
123.9
110.8
119.7
128.4
115.4
123.1
127.8
120
122.8
115.8
124.2
121.8
120.9
122
118.2
122
121.3
112.8
109.3
123.8
120.7
125.6
118.8
111.8
119.6
119.1
128.1
120.2
128.2
123.2
116.8
123.4
124.8
110.8
124.1
108.8
115.8
122.9
128.1
123.4
112.7
111
120.8
123.6
126.2
123.2
120.1
121
123.1
109.7
120.8

55.89
45.269
62.223
62.139
54.981
45.074
61.927
52.246
61.725
62.432
52.448
55.742
56.108
61.989
56.289
55.628
56.038
61.974
61.723
52.943
62.63
45.26
44.991
52.15
62.238
61.885
45.18
61.901
62.018
52.214
62.425
52.426
55.632
56.183
61.884
62.296
55.727
45.121
52.683
45.226
58.22
61.266
52.489
52.488
52.564
61.931
45.175
57.7
62.092
56.352
56.443
53.016
55.859
55.208
45.234
56.212

28.806
32.607
32.66
29.109
32.922
19.108
69.858
32.612
18.954
28.718
32.949
69.83
32.773
28.583
29.19
32.689
69.819
38.842
32.47
19.265
32.652
69.755
32.66
69.762
19.276
32.627
18.939
29.573
33.031
69.836
32.669
28.701
19.015
63.826
38.512
18.928
18.973
18.946
69.772
39.56
32.93
32.904
32.996
38.093
29.161
42.267
32.991

173.8
176.1
175.9
174.6
173.7
176
177.8
175.9
176.3
178
176.4
176.9
174.5
176.7
175.3
175.8
176.3
174
176.8
174.6
173.7
177.6
176.3
176.3
174.9
174
176.6
174.1
177.6
176
177.7
176
176.7
174.4
176.1
176.5
174
178.5
174.3
174.7
176.3
177.6
178.1
175.1
173.6
175.5
175.6
176.5
176.4
176
174.6
177.9
174.2
176.5
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103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
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N
E
E
G
A
P
Q
E
G
I
L
E
D
M
P
V
D
P
D
N
E
A
Y
E
M
P
S
E
E
G
Y
Q
D
Y
E
P
E
A

8.559
8.329
8.303
8.424
8.11
8.51
8.418
8.436
7.956
8.308
8.336
8.377
8.179
8.245
8.587
8.324
8.168
8.184
8.217
7.935
7.953
8.235
8.329
8.423
8.264
8.344
8.003
8.342
8.277
8.068
8.054
8.388
8.388

119.4
120.6
122.1
110.5
124.9
121.1
121.6
109.9
119.8
125.7
121.7
119.5
121.7
120.8
123.7
117.6
118.8
120.4
124
118.5
122
122.7
115.2
122.2
120.6
109.8
120.2
121.6
119.7
121
123.9
120.9
128.3

53.182
55.89
44.892
50.491
63.131
55.679
55.89
45.228
61.199
55.117
55.608
52.606
53.134
62.913
62.181
50.673
63.577
52.962
53.166
55.992
52.676
57.667
55.025
63.372
58.465
56.051
45.189
58.03
55.528
52.647
57.824
52.718
62.952
55.559
51.711

38.467
28.806
18.022
31.888
29.29
28.806
38.516
41.993
28.655
37.978
32.229
32.041
32.66
38.229
32.025
37.835
38.489
28.367
18.85
38.526
28.989
32.001
63.407
28.599
38.486
29.388
37.987
38.62
28.601
32.019
28.788
18.939

175.3
175.9
176.5
173.3
177
176
176.4
174
176.4
174.9
175.5
174.7
175.2
175.7
176.8
175.1
175.3
175.9
177.4
175.4
175.1
177.1
175.9
176.1
176.5
174
176.6
175.1
174.5
175.1
176.7
175.7
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