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Abstract
This thesis describes protein structure characterization by solid-state nuclear
magnetic resonance (ssNMR), including structural investigation of mouse α-synuclein
(mαS) fibrils and the comparison to human α-synuclein (αS) fibrils, sparse 13C labeling
schemes based on [1-13C]Glucose ([1-13C]Glc) and [2-13C]Glucose ([2-13C]Glc), and
stereospecific assignment of Val and Leu prochiral methyl groups by the [2-13C]Glc
labeling scheme.
Fibrillar αS is the major component of Lewy bodies, the pathological hallmark of
Parkinson’s disease. mαS aggregates much faster than hαS, although mαS differs from
hαS at only seven positions in its primary sequence. Currently, little is known about the
site-specific structural differences between mαS and hαS fibrils. In Part I of this thesis,
we applied state-of-the-art ssNMR methods to structurally characterize mαS fibrils. The
assignment strategy employed a set of high-resolution 2D and 3D ssNMR spectra
recorded on uniformly [13C]Glc-, [1-13C]Glc-, and [2-13C]Glc-labeled mαS fibrils.
Proteins produced with [1-13C]Glc or [2-13C]Glc are very sparsely labeled and the
resulting 2D ssNMR spectra exhibit smaller linewidths and contain a reduced number of
cross peaks. This allows for an accelerated and straightforward resonance assignment
using a limited set of simple 2D experiments. The approach is successfully demonstrated
with the de novo assignment of mαS fibrils.
The unambiguous stereospecific assignment of the prochiral methyl groups in Val
and Leu plays an important role in the structural investigation of proteins by NMR. In
Part II of this thesis, we present a straightforward method for the stereospecific ssNMR
assignment of the prochiral methyl groups of Val and Leu using [2-13C]Glc as the sole
carbon source for the biosynthesis of amino acids. The approach is fundamentally based
on the stereoselective biosynthetic pathway of Val and Leu, and the co-presence of [213

C]pyruvate produced mainly by glycolysis and [3-13C]/[1,3-13C]pyruvate most probably

formed through scrambling in the pentose phosphate pathway starting from [2-13C]Glc.
As a consequence, the isotope spin pairs of 13Cβ-13Cγ2 and 13Cα-13Cγ1 in Val, and 13Cγ13

X

Cδ2 and 13Cβ-13Cδ1 in Leu are obtained. The approach is successfully demonstrated

with the stereospecific assignment of the methyl groups of Val and Leu of type 3
secretion system PrgI needles and of microcrystalline ubiquitin.
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Part I

Structural Comparison of Mouse and Human

α-Synuclein Amyloid Fibrils and Sparse 13C labeling
Schemes
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Part I: 1. Introduction

1

Introduction

1.1

Solid-state nuclear magnetic resonance
Due to recent developments in magic-angle spinning (MAS) solid-state nuclear

magnetic resonance (ssNMR) methodology [1; 2; 3; 4], isotope labeling schemes [5; 6;
7], structure calculation protocols [8; 9], and access to high-field spectrometers, ssNMR
has emerged as a powerful tool for the structural characterization of noncrystalline and
insoluble proteins [3], including membrane proteins [10; 11; 12; 13; 14; 15], oligomeric
assemblies [16; 17; 18; 19; 20; 21], and amyloid fibrils [22; 23; 24; 25; 26; 27; 28; 29].
One major advantage of ssNMR spectroscopy over other biophysical techniques used for
structural investigation of proteins, e.g., X-ray crystallography and solution NMR, is that
no need for the protein to be crystallized or to be soluble. However, for biomolecules
uniformly labeled with

13

C, ssNMR often exhibits broadened signals due to the sample

inhomogeneity and the influence of orientation-dependent anisotropic interactions that are
also present, but rarely observed in solution NMR due to rapid molecular tumbling. The
three primary interactions are the heteronuclear and homonuclear dipolar couplings
(through-space), the chemical-shift anisotropy (CSA), and the scalar J couplings
(through-bond).
a) Heteronuclear dipolar coupling and homonuclear dipolar coupling, arising from
an interaction between the nuclear magnetic moments of two nuclear spins (e.g., 1H-13C
for heteronuclear,

13

C-13C for homonuclear) through space [30]. The magnitude of the

dipolar coupling (Eq. (1) and (2)) is proportional to the product of the gyromagnetic ratio
(i.e., γ) of the nuclei of interest, and inversely proportional to the cube of the inter-nuclear
distance (i.e., r-3). It also depends on the orientation (i.e., the term of (1-3cos2θ), where θ
is the angle between the inter-nuclear vector and the static external magnetic field B0).
H D = d (θ ) ⋅ [3 ⋅ S Z I Z - S ⋅ I ]

(1)

Sz and Iz are the Cartesian Z components of spin operators S and I.

μ0 γ sγ I = 1-3cos 2 (θ )
d (θ ) =
4π r 3
2

2

(2)
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where r is the inter-nuclear distance, γ is the gyromagnetic ratio, μ0 and ħ are the
permeability of free space and Planck’s constant [31], respectively.
b) CSA, resulting from interactions of the nuclear spins with surrounding electrons,
i.e., when an external magnetic field is applied to an atom, not only are the nuclear spins
perturbed, but the surrounding electrons are also affected since they have magnetic
moments too. The external field induces circulating currents of electrons that in turn
produce small magnetic fields, which either add to or subtract from the external field felt
by the nucleus [30]. Consequently, the effective magnetic field experienced by the
nucleus is thus altered, as is its resonance frequency (i.e., chemical shift).
c) Scalar J coupling, resulting from indirect spin-spin interactions between two
nuclei mediated by the electrons of the chemical bond [31]. The scalar J coupling exhibits
no spatial orientation dependence, and remains in the presence of fast molecular tumbling
[30]. Thereby, the J coupling can be exploited for magnetization transfer in both ssNMR
and solution NMR spectroscopy. Typically, the one-bond J coupling constants for 1JCα,Cβ
and 1JCα,C’ are 35 Hz and 55 Hz [32], respectively.
Achieving high resolution ssNMR spectra requires the suppression of the above
mentioned interactions. In order to average out the orientation-dependent anisotropic
interactions, i.e., dipolar couplings and CSA, the most efficient and robust technique in
ssNMR, MAS [33; 34] is used. MAS exploits the orientation dependence of the
anisotropic interactions which vary with the term of (1-3cos2θ). Spinning of a solid-phase
sample at an angle of 54.7º with respect to the static external magnetic field B0 (Fig. 1.1a)
leads to a time-averaging of the anisotropic interactions. E.g., CSA, the nuclear-electron
interaction, is averaged to an isotropic value at sufficient spinning speed [30]. Except
couplings that involve protons (e.g., 1H-1H or 1H-13C), the effects of homonuclear and
heteronuclear dipolar couplings (e.g., 13C-13C or 13C-15N) are often removed under MAS
[30], since the spinning speed can routinely be made greater than the magnitude of the
coupling constant. Consequently, ssNMR spectra exhibit sharp line-widths similar to
solution NMR (Fig. 1.1b). However, for slower spinning, spinning sidebands occur and
are spaced at multiples of ωr apart from the resonance line (Fig. 1.1b) [30]. Moreover, the
common used spinning speeds (e.g., 11 kHz for a 4-mm rotor) are insufficient to average
out the dipolar couplings that involve protons, i.e., 1H-1H, 1H-13C, and 1H-15N dipolar
couplings.

3
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Figure 1.1. Magic-angle spinning. (a) The sample is rotating with a high frequency (ωr) at an axis tilted by
the magic angle (θm) of 54.7° with respect to the direction of the static external magnetic field B0. (b) 13C
ssNMR spectra of a uniformly [13C]glucose labeled (10%) glycine powder sample obtained with various
MAS rates. Figure (b) obtained from Fig. 8 in Ref. [30].

To efficiently remove the heteronuclear 1H-13C and 1H-15N dipolar interactions,
strong 1H decoupling can be applied during evolution and detection periods for highresolution 13C or 15N ssNMR spectra [35; 36]. However, as mentioned above, the strength
of the dipolar coupling between two nuclei is proportional to the inverse cube of the internuclear distance (i.e., r-3), which is the key for structural characterization including
spectral assignments, distance restraints and torsion angle measurements. Therefore, to
obtain structural information from MAS experiments, the homonuclear and/or
heteronuclear dipolar couplings must be selectively restored. For this purpose, a number
of recoupling pulse sequences exists, and can be used to reintroduce the interactions of
interest [1; 37; 38].
For solution NMR on proteins, direct 1H detection is widely used. However, 1H
spectra are normally of limited use in ssNMR spectroscopy due to the strong
homonuclear dipolar interactions and small chemical shift dispersion of protein nuclei.
Instead, direct detection on 13C and 15N are routinely employed in ssNMR spectroscopy.
However,

13

(1.11% for

C and

13

15

N are characterized by their significantly low natural abundances

C, 0.37% for

15

N) and low γ compared to those of 1H. Regarding the low

natural abundance of 13C and 15N nuclei in proteins, isotopic labeling is a prerequisite for

4
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signal enhancement in ssNMR spectroscopy. For this purpose proteins are, for example,
expressed in Escherichia coli (E. coli) cell cultures grown in a minimal medium
containing uniformly [13C]glucose ([U-13C]Glc) and

15

N-NH4Cl as the sole carbon and

nitrogen source, respectively. For sensitivity enhancement of nuclei with low γ (e.g., 13C
and

15

N), heteronuclear polarization transfer from the spin with high γ (e.g., 1H) to the

spin with low γ (e.g., 13C or 15N), i.e., cross-polarization (CP) [39], can be utilized. CP is
an essential technique in ssNMR, and is established by applying radio-frequency (r.f.)
pulses on both spin types, where the so-called Hartmann-Hahn condition needs to be
fulfilled [40]. To reduce dependence on an exact field match, the strength of one of the
two r.f. pulses may be ramped through the Hartmann-Hahn condition [41; 42]. In
addition, CP is only effective for probing the rigid parts of one molecular system, because
it relies on dipolar couplings. For highly mobile regions or regions exhibiting
intermediate dynamics, complementary sequences, e.g., insensitive nuclei enhanced by
polarization transfer (INEPT, J-coupling based transfer) [43; 44] are needed.
The first step towards structural investigation by ssNMR spectroscopy is to obtain
the sequential resonance assignment of

13

C and

15

N resonances, i.e., correlating the

observed spectral signals to individual nuclei in the primary sequence of the molecule
under investigation. For this purpose, a set of 2D/3D

13

C-13C and

13

C-15N correlation

ssNMR spectra has been developed based on uniformly or partially [13C]glucose labeled
peptides and proteins. Homonuclear

13

C-13C correlation experiments are often used for

obtaining intra-residue and inter-residue correlations by longitudinal mixing sequences,
e.g., proton-driven spin diffusion (PDSD) [45; 46; 47] or dipolar-assisted rotational
resonance (DARR) [48]. For example, intra-residue 13C-13C correlations can be obtained
in a 2D

13

C-13C PDSD spectrum with a short mixing time (e.g., 20 ms on [U-13C]Glc-

labeled samples), while inter-residue 13C-13C correlations can be established in a 2D 13C13

C PDSD spectrum with a relatively long mixing time (e.g., 150 ms on [U-13C]Glc-

labeled samples). Alternatively, heteronuclear 13C-15N correlations (both intra-residue and
inter-residue) can be obtained by selectively transferring magnetization from backbone
15

N to

13

Cα or

13

C’ nuclei via SPECIFIC-CP [49; 50] through matching of Hartmann-

Hahn condition [40]. SPECIFIC-CP is achieved by applying weak r.f. fields whose carrier
frequency is centered on the interested resonance frequencies (~ 40-70 ppm for 13Cα or ~
165-185 ppm for

13

C’) such that only

15

N(i)-13Cα(i) or

15

N(i)-13C’(i-1) transfer is

established. In addition to 2D NCA and NCO, 2D/3D NCACX and NCOCX experiments
5
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are often used to obtain the sidechain resonances, established by one additional intraresidue 13C-13C correlation step (via PDSD or DARR mixing). Moreover, through-space
1

H-1H contacts can be probed indirectly by detection on 15N or 13C nuclei directly bonded

to 1H using CHHC/NHHC schemes [51] with high spectral resolution. To ensure that the
magnetization only transfers between 1H and the directly bonded rare spins (i.e.,
13

15

N or

C), short CP contact times need to be employed. Importantly in this thesis, under

appropriate experimental conditions, by probing backbone

1

H-1H distances (via

longitudinal 1H-1H mixing) indirectly, NHHC spectra [51] carry information about the
secondary structure of the molecule of interest. The magnetization transfer achieved using
the above mentioned experiments is schematically represented in Fig. 1.2.

Figure 1.2. Schematic representation of magnetization transfer schemes achieved for probing (a) 13C-13C,
(b) 1H-1H, and (c) 13C-15N correlations. These experiments are commonly used in ssNMR spectroscopy, and
aid in the assignment and identification of structural constraints. As one example for NHHC, the
magnetization transfer between backbone 1HN(i) and 1HCα(i)/(i-1) of two residues with a β-strand
conformation (inter-residue 1HN(i)-1HCα(i-1) contacts are shorter than intra-residue 1HN(i)-1HCα(i)
contacts) is shown in (b). The nuclei whose frequencies are detected are indicated by the gray circles,
whereas the transfer of magnetization is indicated by the curved lines. Intra-residue and inter-residue
magnetization transfer is denoted by solid and dashed arrows, respectively.

6
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1.2

Sparse labeling schemes
In principle, ssNMR is a powerful means for structural investigation of biological

macromolecules at atomic level. However, a major bottleneck in structural studies of
proteins using ssNMR is the unambiguous and confident sequential resonance assignment
which is often difficult due to poorly resolved and highly overlapped ssNMR spectra.
Although the assignment problem for the entire protein sequence is largely facilitated by
the [U-13C]Glc isotopic labeling approach, some spectroscopic problems are leaded. For
example, the line broadening and spectral overlap due to abundant scalar J and dipolar
couplings between adjacent 13C nuclei, and make the unambiguous sequential assignment
challenging. Additionally, the strong abundant dipolar couplings of adjacent 13C nuclei in
[U-13C]Glc-labeled samples make polarization transfer to remote spins difficult, a
phenomenon called dipolar truncation [4; 52; 53]. The dipolar truncation effect lowers
polarization transfer efficiency for long-range contacts, thus making the collection of
long-range distance restraints challenging.
In order to simplify the spectrum and reduce the spectral overlap, amino acid
specific or forward labeling is used, where the amino acids of interest are added to natural
abundance bacterial growth medium. However, it is worth to note that, this approach is
only specific for the amino acids at termini of biosynthetic pathways, otherwise,
metabolic interconversion and thus scrambling can occur [54]. On the other hand, reverse
labeling scheme can be employed, where certain amino acids are supplemented at natural
abundance into an otherwise fully

13

C and

15

N labeled protein [55; 56]. The resonance

assignment for few selective labels are thus obtained unambiguously. Such forward and
reverse 13C labeling schemes could also allow for the collection of correlations indicative
of the global fold of a protein. Additionally, segmental labeling scheme [57] that
isotopically labels a small segment of a large protein with

15

N and/or

13

C while leaving

the rest of the protein unlabeled, is also a good choice to gain spectral simplification.
However, the one-bond scalar J and dipolar couplings of adjacent

13

C nuclei are still

present with the above mentioned labeling schemes.
Since the one-bond scalar J and dipolar couplings of adjacent

13

C nuclei are the

13

main disadvantage, various advanced C alternative labeling schemes can be employed.
They are often termed as fractionally and extensively

13

C labeling schemes or sparse

labeling schemes [58; 59; 60; 61], and the probability of adjacent 13C atoms is minimized.
7
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Figure 1.3. 13C labeling patterns obtained by growth on media containing [1,3-13C]glycerol (in blue) and [213
C]glycerol (in red). For residues with mixed labeling, the percentage of labeling is represented using
relative blue/red coloring, except for the Trp Cγ and His Cδ and Cε sites, for which the percentages could
not be determined and a half/half distribution is displayed. The figure is adapted from Fig. 1 in Ref. [62].

Consequently, the spectral crowding is substantially alleviated, the sequential assignment
and the collection of long-range distance restraints are facilitated.
One widely used sparse 13C labeling scheme relies on the use of [1,3-13C]glycerol
or [2-13C]glycerol as the carbon source for the biosynthetic production of amino acids [5;
59; 60]. The labeling schemes were first proposed to investigate protein dynamics via 13C
solution NMR relaxation analysis, and an E. Coli strain lacking succinate dehydrogenase

8
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and malate dehydrogenase was used [59]. Subsequently, the labeling schemes of [1,313

C]glycerol and [2-13C]glycerol using a normal E. coli strain were successfully applied

for structural investigations of biomolecules by ssNMR [5; 6]. As shown in Fig. 1.3, the
labeling patterns for the proteins produced from [1,3-13C]glycerol [6; 62] and [213

C]glycerol [5; 6; 62], resemble an alternating “checkerboard” pattern. For amino acids

produced from glycolytic three-carbon metabolites pyruvate (Ala and Val, Leu is the
exception), 3-phosphoglycerate (3PG; Cys, Gly, Ser, and Trp), and phosphoenolpyruvate
(PEP; Phe and Tyr), [1,3-13C]glycerol preferentially labels the methyl carbons [6; 62],
whereas [2-13C]glycerol labels the backbone Cα of these residues [5; 6; 62]. For amino
acids (Fig. 1.3b,d) derived from the intermediates of the tricarboxylic acid cycle (TCA
cycle), both the [1,3-13C]glycerol and [2-13C]glycerol labeling schemes lead to a mixed
13

C enrichment pattern, as illustrated with Thr (Fig. 1.3e) as an example [5; 6; 62].
This method is a very attractive isotope labeling approach for protein structural

investigations by ssNMR. Due to the obtained alternating

13

C enrichment patterns [58;

59; 60; 61], the ssNMR spectral resolution is substantially enhanced and the resulting
spectrum is simplified dramatically, which further facilitate the sequential assignment and
allow for the observation of long-range distance restraints up to about 7 Å [6]. The high
degree of unambiguity of long-range distance restraints allowed for the first structure
determination of the α-spectrin SH3 domain by ssNMR [6].
Alternatively, two complementary sparse

13

C labeling schemes have been

proposed for the use of dynamics investigation by solution NMR, i.e., [1-13C]glucose ([113

C]Glc) [5; 61] and [2-13C]glucose ([2-13C]Glc) [61]. Similarly to the specifically
13

13

C

13

labeled glycerol schemes (i.e., [1,3- C]glycerol and [2- C]glycerol), the proteins
produced using [1-13C]Glc and [2-13C]Glc as the sole carbon source are 13C labeled in an
alternating

13

C enrichment pattern as well. Differently, the chemical symmetry of the

glucose molecule (either [2-13C]Glc or [1-13C]Glc) reduces the maximum labeling level to
1/2, and the probability of being a

13

C spin pair is at most 1/4 even for two directly

bonded labeled sites, which further alleviates the influence of the undesirable one-bond J
couplings and dipolar couplings. In short, [1-13C]Glc [5; 61] and [2-13C]Glc [61]
containing media produce proteins enriched at the methyl carbon positions and the
backbone Cα positions, respectively. For [2-13C]Glc-labeled proteins, Cα is
without simultaneously

13

13

C labeling at Cβ for 17 out of 20 residues, and no

C labeled

13

Cα-13C’

spin pairs is predicted [61]. For [1-13C]Glc-labeled proteins, all the amino acids
9
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biosynthesized from glycolytic pathways are

13

C labeled at methyl carbons exclusively

[5; 61]. For the purpose of studying protein dynamics using solution NMR, one of the
labeling patterns where the Cαs are expected to be 13C labeled for proteins expressed in a
[2-13C]Glc containing bacterial growth medium [61]. Likewise, one of the labeling
patterns where the methyl carbons are predicted to be

13

C labeled for proteins produced

using [1-13C]Glc were reported [61]. Moreover, the 13C enrichment level at Cα or methyl
positions using either [1-13C]Glc or [2-13C]Glc as the carbon source for protein expression
are experimentally measured using solution NMR [61]. In addition, for the purpose of
structural studies of biomolecules by ssNMR, the distribution of

13

C labeled sites for

proteins expressed using [1-13C]Glc were analyzed and verified by Hong [5]. However, it
is worth to note that, alternative labeling pattern occurs for TCA cycle intermediates
derived amino acids even after a single round of TCA cycle due to the symmetry of the
TCA metabolite succinate, and particularly, more labeling patterns subsequently arise
with different numbers of TCA cycles [61]. Nevertheless, a detailed and complete
labeling pattern of the [2-13C]Glc and the [1-13C]Glc labeling schemes are still needed,
which would be particularly useful especially for the use of ssNMR structural
characterization of insoluble and non-crystalline biological assemblies. In the section 3.3
of Part I, an in-depth analysis of the [1-13C]Glc and [2-13C]Glc labeling patterns will be
presented. Also the application to ssNMR will be discussed. The characteristic cross
peaks expected and observed in 2D 13C-13C and 13C-15N ssNMR spectra will be exploited.
Moreover, a sequential resonance assignment strategy based on 2D ssNMR spectra of [113

C]Glc- and [2-13C]Glc-labeled samples will be proposed.
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1.3

Parkinson’s disease and α-synuclein fibrils
α-Synuclein (αS) is a 140 residue-long cytoplasmic protein that has been

implicated in several neurodegenerative diseases, often termed as synucleinopathies, such
as Parkinson’s disease (PD), dementia with Lewy bodies, and multiple system atrophy
[63; 64; 65]. PD, in particular, is the second most common neurodegenerative pathology
after Alzheimer’s disease, and neuropathologically characterized by the loss of
dopaminergic neurons in the substantia nigra pars compacta of the brain and the
formation of Lewy bodies (LBs) and Lewy neuritis (LNs) [66] whose major component
is αS in the form of amyloid fibrils [67; 68; 69]. The aggregation of the 140 residue-long
cytoplasmic protein αS is thus believed to play an important role in the etiology of PD.
The sequence of αS is divided into three domains [70]: a positively charged Nterminal region (residues 1-60), a central hydrophobic region known as NAC region
(residues 61-95) that has been proposed to be important for aggregation, and an acidic Cterminal region (residues 96-140) enriched in Asp, Glu, and Pro (Fig. 1.4). αS has been
classified as a “natively unfolded” or intrinsically disordered monomeric protein, which
can adopt α-helical structure in solutions that contain lipid-mimetic detergent micelles or
in the presence of lipid vesicles [70; 71; 72]. Upon aggregation, αS undergoes a
conformational change into amyloid fibrils by intermediates of oligomers, ring-like
oligomers, and protofibrils [73].

Figure 1.4. Primary sequence alignment of mouse αS (mαS) and human αS (hαS). Conserved residues are
indicated by dots in the hαS sequence. The seven mutation sites are indicated with green boxes. The six
highly repetitive, imperfect KTKEGV motifs are shown in black boxes. Residue numbers and N-terminal,
NAC, and C-terminal regions are shown above the sequence.

Recently, an in vivo study indicated that endogenous hαS occurs physiologically
as a folded tetramer with predominant helical secondary structure even without the
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addition of lipid vesicles [74]. Around the same time, a heterologously expressed form of
hαS with a 10-residue N-terminal extension was shown to form a stable tetramer in the
absence of lipid bilayers or micelles [75]. Although there could be a big difference of the
soluble form between in vitro and in vivo studies, in vitro fibrils have been shown to
possess a morphology that closely resembles the one found in LBs of patients with PD
[76; 77; 78].
Because LBs are a pathological hallmark of PD, extensive research has focused on
the structural characterization of αS fibrils [44; 76; 77; 78; 79; 80; 81; 82; 83; 84].
Studies on hαS fibrils using ssNMR have led to substantial progress in the structural
characterization at atomic level [44; 79; 80; 81; 82]. For example, two different
morphologies of hαS fibrils, i.e., form A (twisted fibrils) and form B (straight fibrils),
were identified and structurally investigated using ssNMR by Heise et al. [44]. 48
residues and 36 residues in the central region from Leu38 to Val95 were assigned and
identified to be part of the central core for form A and form B of hαS fibrils, respectively.
As shown in Fig. 1.5, for both forms of hαS fibrils studied by Heise et al. [44], the central
core region consists mainly of well-defined β-strands.

Figure 1.5. Secondary structure of the rigid core of hαS fibrils (form A and form B) studied by Heise et al.
[44]. β-strands are indicated by white arrows, non-β-strand regions (kink, loop, or turn) are shown as a
curve, non-assigned amino acids are marked as a dashed line, and straight lines are assigned amino acids for
which a chemical shift analysis did not give well-defined torsion angles by TALOS. The figure is remade
from Fig. 5 in Ref. [44].

Moreover, a possible structural model of hαS fibrils was proposed by Vilar et al.
[80], based on the combination of hydrogen/deuterium (H/D) exchange NMR
experiments, electron microscopy (EM) experiments and ssNMR data of a fragment of
hαS fibrils (comprising residues 30-110). As shown in Fig. 1.6, the proposed structural
model is a five-layered β-sandwich (β1-loop-β2-loop-β3-loop-β4-loop-β5), generating
five layers of parallel, in-register β-sheets. Two types of hαS fibrils, i.e., straight and
twisted fibrils, were investigated and are illustrated in Fig. 1.6. In case of the straight
fibril type, two protofilaments align with each other to form a fibril, which can align
12
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again itself. For the twisted fibrils, two protofilaments twist around each other, and such a
twisted filament twists again with another one. However, as commented by Comellas et
al. [81], the fibril core of amyloid fibrils is generally well protected from H/D exchange,
regardless of local secondary structure. In other words, less protected segments may be βstrand, but less stable and more exposed to solvent. Thus, H/D exchange cannot be used
to draw definite structural conclusions.

Figure 1.6. Proposed fold of hαS fibrils studied by Vilar et al. [80]. The proposed fold of a monomeric hαS
molecule within a protofilament is shown in the center. The incorporation of a protofilament into the
straight (left) and twisted (right) fibril type is indicated by a schematic drawing. The figure is adapted from
Fig. 5 in Ref. [80].

Figure 1.7. Secondary chemical shifts of the rigid core of the hαS fibrils studied by Gath et al. [82]. Nonassigned residues are marked with a cross, i.e., Thr44-Glu57. The figure is remade from Fig. 3 in Ref. [82].
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More recently, Gath et al. [82] reported the sequential resonance assignment of the
detected residues from Met1 to Lys97 for one polymorph of hαS fibrils. Residues from
Met1 to Lys97 were identified to be mainly in β-sheet conformation (Fig. 1.7). For the
first time, it was reported that the N-terminal residues are actually involved in the rigid
part of hαS fibrils, which were postulated not to be part of the core in other studies [78;
80]. From the ssNMR spectra comparison, they assumed that the polymorph might be
similar to the B-form described by Heise et al. [44].

Figure 1.8. Representation of the secondary structure of the hαS fibrils studied by Comellas et al. [81]
based on a TALOS+ analysis (arrows indicate β-strands; curved lines are turn or loop regions; dashed lines
indicate no prediction). The figure is remade from Fig. 4d in Ref. [81].

Independently, the sequential resonance assignment of another morphology of
hαS fibrils was achieved by Comellas et al. [81]. They obtained 91% of the 15N and 13C
resonances of the detected residues between Leu38 and Lys96. As shown in Fig. 1.8, the
secondary structure includes a repeated motif that is composed of a long β-strand
followed by two short β-strands located from residues 38 to 66 and again from 68 to 96.
The morphology studied by them is strongly different from those reported by Heise et al.
[44] (i.e., form A and B) by a comparison of chemical shifts.
Table 1.1 αS Human-Mouse Variants. The table is adapted from Table. 1 in Ref. [85].
αS variants

name

Human

HHH

Human A53T

MHH

Human S87N

HMH

Human L100M-N103G-A107Y-D121G-N122S

HHM

Human A53T-S87N

MMH

Human A53T-L100M-N103G-A107Y-D121G-N122S

MHM

Human S87N-L100M-N103G-A107Y-D121G-N122S

HMM

Human A53T-S87N-L100M-N103G-A107Y-D121G-N122S (Mouse)

MMM
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Figure 1.9. Fluorescence kinetic analysis of mouse-human chimera αS variants. (a) The ratio of apparent
growth rates of αS variants over that of hαS (HHH). (b) Schematic representation of variant sequences in
the order of the slowest to the fastest growth rates. The variants are color coded with the mouse region in
yellow and the human region in blue. Dots represent substitutions from hαS to mαS. The bracket indicates
the variants that have equivalent growth rates within the error bars. (c) The ratio of lag time of hαS (HHH)
over that of αS variants. (d) Schematic representation of variant sequences in order of the longest to the
15
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shortest lag time. Color code and dots are the same as in (b). The bracket indicates the variants that have
equivalent lag times within the error bars. The figure is adapted from Fig. 3 in Ref. [85].

The primary sequence of mαS differs from hαS at seven positions (Fig. 1.4) [86].
An in vitro study showed that mαS has a “natively unfolded” structure in solution similar
to hαS, whereas at elevated concentrations mαS forms amyloid fibrils with predominant
β-sheet secondary structure much more rapidly than its human counterpart [87]. The
fibrillization occurs via a nucleation-dependent mechanism, which is typically
characterized by the presence of a lag phase followed by an exponential growth phase.
The in vitro study showed that the lag phase for mαS was shorter than that for hαS [87].
Moreover, in order to provide the critical residues or regions that lead to faster nucleation
and elongation of mαS compared to that of hαS, a detailed sequence-dependent
fibrillization difference between mαS and hαS was recently investigated by Kang et al.
[85]. Systematically, they designed seven variants of hαS and mαS, either by a mutation
at the single residue level (i.e., Ala53Thr and Ser87Asn), or by a five-fold mutation
(Leu100Met, Asn103Gly, Ala107Tyr, Asp121Gly, and Asn122Ser) (Table 1.1). The
variants contain either one mutation of the human to mouse region (e.g., MHH, HMH, or
HHM) or two mutations (HMM, MHM, or MMH) or all three mutations (MMM) (Table
1.1). As revealed from Fig. 1.9b, it is clear that the Ala53Thr substitution dominates the
aggregation growth rates, and the data presented in Fig. 1.9d suggested that the
combination of the Ala53Thr and Ser87Asn mutations plays a significant role in
determining the length of the lag phase [85].
An understanding of the different aggregation kinetics between mαS and hαS is
desirable, since it was reported that neither PD symptoms nor LBs have been observed in
aged mice [87]. Interestingly, it was recently reported that in wild-type nontransgenic
mice, a single intrastriatal inoculation of recombinant mαS preformed fibrils initiates a
neurodegenerative cascade characterized by the accumulation of intracellular LBs/LNs
pathology, selective loss of dopamine neurons in the substantia nigra pars compacta and
motor deficits [88].
It should be worthwhile to investigate the structure of mαS fibrils at atomic level
and then compare to the structure of hαS fibrils in order to gain further insights into the
largely different aggregation kinetics. However, much less is known about the structural
properties of mαS fibrils compared to hαS fibrils. Rochet et al. has demonstrated that
16
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Figure 1.10. Fibrils of mαS have the properties of amyloid [87]. (a) Far-UV CD spectra of the supernatant
(dashed line) and resuspended pellet (solid line) obtained by centrifugation of an incubated sample of mαS.
(b) Analysis of fibrillar mαS by FTIR spectroscopy. The undeconvoluted and deconvoluted spectra appear
at the top and bottom, respectively. (c) AFM images showing fibrils of mαS. Main image, 2 μm × 2 μm;
inset image, 1 μm × 1 μm. (d) EM image of fibrillar mαS. Scale bar, 200 nm. The figure is adapted from
Fig. 2 in Ref. [87].

mαS fibrils are also characterized by a predominance of β-sheet secondary structure by
means of Far-UV Circular Dichroism spectroscopy (Far-UV CD, Fig. 1.10a) and Fourier
transform infrared spectroscopy (FTIR, Fig. 1.10b) [87]. Moreover, the dimensions and
morphology of mαS fibrils were similar to those reported for the fibrils of hαS, Ala53Thr
hαS, and Ala30Pro hαS. The fibrils were straight, rigid, and unbranched, with lengths
ranging from 0.1 to 3 μm as observed using atomic force microscopy (AFM) and EM
(Fig. 1.10c-d), while the mean fibril diameter was 12.1 ± 0.9 nm as determined by EM
17
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(Fig. 1.10d) [87]. However, the extent of the core region and site-specific structural
information remained absent. The fact that, so far no structural details of mαS fibrils and
their differences to hαS fibrils were available motivated the present study.
In the Part I of this thesis, the structural characterization of mαS fibrils was
studied using state-of-the-art ssNMR. As a major bottleneck in structural studies of
fibrillar proteins by ssNMR remains the unambiguous and confident sequential resonance
assignment which is often difficult due to poorly resolved and highly crowded ssNMR
spectra. Furthermore, structural polymorphism can lead to the phenomenon that different
sample preparations exhibit slightly different ssNMR spectra. The combination of a
highly reproducible sample preparation, tailored isotope-labeling schemes, and state-ofthe-art ssNMR methods enabled us to obtain the near-complete sequential resonance
assignment and a subsequent structural characterization of the fibril core of mαS fibrils.
For this purpose we prepared [U-13C]Glc-labeled mαS fibrils, and two complementary
sparse
13

13

C enriched variants of mαS fibrils. Bacterial growth in medium containing [1-

C]Glc or [2-13C]Glc results in highly diluted 13C labeling in proteins with only one out

of six carbons labeled [58; 61; 89]. This leads to enhanced resolution and a reduced
number of cross peaks which facilitates the sequential resonance assignment considerably
[89]. As an illustration, the near-complete de novo sequential assignment of mαS was
obtained, 96% of backbone amide 15N and 93% of all 13C atoms of the detected residues
from Gly41 to Val95. Moreover, six β-strands were identified to be within the fibril core
of mαS fibrils by secondary chemical shift and NHHC [51] analysis. Additionally, by
measurement of intermolecular 1H-1H correlations using the NHHC scheme on a mixed
1:1 13C:15N ([M-13C/15N]-) labeled variant [90] of mαS fibrils we could deduce the supramolecular arrangement of mαS fibrils. We found that they are stacked parallel, and inregister. This result is in agreement with our recent investigation of hαS fibrils prepared
under identical fibrillization conditions to the mαS fibrils studied here and which were
also found to adopt a parallel, in-register β-sheet arrangement [91].
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2

Materials and methods

2.1

Sample preparation and morphological characterization

2.1.1 α-Synuclein protein expression in E. coli and purification
For the sequential resonance assignment, three samples were used in this work,
i.e., [U-13C]Glc-, [1-13C]Glc-, and [2-13C]Glc-labeled mαS samples (produced by Dr.
Stefan Becker and Karin Giller at the Max Planck Institute for Biophysical Chemistry).
These three samples were uniformly 15N-labeled. The mαS gene was expressed in E. coli
using plasmid pT7-7 encoding for the protein (courtesy of the Lansbury laboratory,
Harvard Medical School, Cambridge, MA). The protein was purified according to
established protocols [92]. Following transformation, BL21 (DE3) cells were grown
overnight in a minimal medium in the presence of ampicillin (100 μg/ml, supplemented
with

15

N-NH4Cl as the sole nitrogen source, and one of the following three compounds:

[U-13C]Glc, [1-13C]Glc, and [2-13C]Glc as the sole carbon source. Cells were induced
with IPTG, cultured at 37 °C for four hours and harvested by centrifugation at 6000 rpm
(7459 × g) for 10 minutes. The cell pellet was resuspended in 10 mM Tris-HCl (pH 8.0),
1 mM EDTA and 1 mM PMSF, and lysed by multiple freeze–thaw cycles and sonication.
The cell suspension was boiled for 20 minutes and centrifuged at 20,000 rpm (48384 × g)
for 30 minutes at 4 °C. Streptomycin sulfate was added to the supernatant from the
previous step to a final concentration of 10 mg/ml and the mixture was stirred for 15
minutes at 4 °C. After centrifugation at 20,000 rpm (48384 × g), ammonium sulfate (0.36
g/ml) was added to the collected supernatant. The solution was stirred at 4 °C for 30
minutes and centrifuged again at 20,000 rpm (48384 × g) for 30 minutes at 4 °C. The
protein pellet was resuspended in 25 mM Tris–HCl (pH 7.7), and loaded onto an HQ/Mcolumn on an Applied Biosystems BIOCAD (Applied Biosystems, Foster City, CA)
workstation. mαS was eluted at ∼300 mM NaCl with a salt gradient from 0 mM to 600
mM NaCl. The pure mαS was dialyzed overnight against the desired buffer. Protein
purity was judged by PAGE, ESI-MS, and analytical gel-filtration, and the concentration
was estimated from the absorbance at 275 nm using an extinction coefficient of 5600 M−1
cm−1.
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[M-13C/15N]-labeled mαS fibrils were prepared by aggregating an equimolar
mixture of uniformly
15

13

C-labeled and

15

N-labeled mαS. The uniformly 13C-labeled and

N-labeled mαS were produced with the same protocol as mentioned above by

supplementing with [U-13C]Glc as the sole carbon source, and

15

N-NH4Cl as the sole

nitrogen source, respectively.

2.1.2 Fibrillization in vitro
Fibrillization of mαS was achieved according to the protocol previously
developed for hαS [44]. In short, mαS solutions were incubated with protein
concentrations of 200 µM in 25 mM Tris–HCl buffer, pH 7.5 containing 0.02% NaN3 at
37 °C with continuous stirring with micro stir bars at 300 rpm until the concentration of
fibrillized protein reached a steady state according to a thioflavin T (ThT) fluorescence
assay [93]. Briefly, 5-10 μl aliquots were withdrawn from the incubations and diluted into
2 ml of 50 μM ThT in 50 mM Glycine buffer, pH 8.0. ThT fluorescence was measured in
a Varian Cary Eclipse spectroflourimeter, with an excitation wavelength of 446 nm.
Fluorescence emission from 460 to 600 nm was collected. Fluorescence at 480 nm was
employed for determination of the relative content of mαS fibrils in the sample.

2.1.3 Electron microscopy
The morphology of the mαS fibrils was monitored by negative stained EM at
room temperature (performed by Dr. Dietmar Riedel and Gudrun Heim at the Max Planck
Institute for Biophysical Chemistry). MαS fibrils, resuspended from the pellet, were
diluted by Tris-HCl buffer (25 mM, pH 7.5), to a concentration of 25 μM and then
deposited on carbon-coated 200 mesh copper grids (Electron Microscopy Sciences).
Grids were stained with 1% (w/v) uranyl acetate aqueous (Electron Microscopy
Sciences). Specimens were evaluated using a FEI CM120 transmission electron
microscope, operated at 120 kV. Pictures were taken using a TemCam 224A slow scan
CCD camera (TVIPS, Gauting, Germany) at a defocus of -3µm.
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2.2

Solid-state NMR experiments and analysis
All ssNMR experiments were conducted using 4-mm and 3.2-mm triple resonance

1

( H,

13

C,

15

N) probe heads at static magnetic fields of 20.0 Tesla, 18.8 Tesla, and 14.1

Tesla, corresponding to 850 MHz, 800 MHz, and 600 MHz 1H resonance frequencies
(Bruker Biospin, Germany). The chemical shifts of

13

C and

15

N were calibrated either

with DSS as an internal reference [94] or with adamantane as an external reference [95].
Sample temperatures were determined by the position of the water 1H resonance using the
relation δ(H2O) = 7.83 – T/96.9 [31]. All experiments were carried out at a sample
temperature of around +278 K, and MAS rates between 11 and 18 kHz. An initial ramped
CP [41; 42] was used to transfer the magnetization from 1H to
times between 400-1200 µs, and

15

N to

13

13

C or

15

N with contact

C transfer was achieved using SPECIFIC-CP

[49] with contact times of 3-6 ms. High-power proton decoupling using SPINAL-64 [36],
or CW [96] was applied during evolution and detection periods with r.f. amplitudes of 6983 kHz.

2.2.1 Experiments on uniformly [13C]glucose labeled mouse α-synuclein fibrils
2.2.1.1

2D 13C-13C and 15N-15N correlation experiments

For the sequential assignment, 2D 13C-13C correlation experiments were conducted
using PDSD with mixing times of 20, 80, and 150 ms for detecting intra-residue and
inter-residue

13

C-13C correlations (pulse sequence: Fig. A1). In order to detect one-bond

correlations of rigid protein segments, a dipolar recoupling enhancement through
amplitude modulation (DREAM) [97] spectrum was recorded with a recoupling period of
4 ms at a spinning speed of 18 KHz in the 3.2-mm rotor (pulse sequence: Fig. A2).
Moreover, double-quantum single-quantum correlation ((2Q,1Q) correlation) spectrum
was recorded with the supercycled POST-C5 (SPC5) scheme [98], to separate the signals
overlapped in diagonal region (pulse sequence: Fig. A3). Additionally, in order to obtain
sequential connections of amide

15

N resonances, 2D

15

N-15N correlation experiments

were conducted via PDSD [99] with mixing times of 6 s and 10 s (pulse sequence: Fig.
A1).
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2D/3D 15N-13C correlation experiments

2.2.1.2

For intra-residue correlations, 2D NCA and NCACX spectra were recorded. The
13

C-13C polarization transfer of the 2D NCACX spectra was established via PDSD with a

mixing time of 60 ms or via DARR [48] with a mixing time of 50 ms. For inter-residue
correlations, 2D NCO and NCOCX spectra were measured. The

13

C-13C polarization

transfer of the 2D NCOCX spectra was established via PDSD with mixing times of 25
and 50 ms, and via DARR [48] with a mixing time of 50 ms. The cross peak patterns
observed via PDSD and DARR are identical, slightly shorter mixing times were
employed for DARR than for PDSD, due to the more efficient magnetization transfer of
DARR. In order to reduce spectral overlap that appear in 2D ssNMR spectra, 3D NCACX
and NCOCX spectra were conducted for intra-residue and inter-residue correlations,
respectively. The

13

C-13C polarization transfer was established via PDSD with a mixing

time of 50 ms for both spectra. The pulse sequences for 2D NCA/NCO and 2D
NCACX/NCOCX spectra (via PDSD mixing) are depicted in appendix Fig. A4 and Fig.
A5, respectively.

2.2.1.3

Indirect detection of 1H-1H correlations

In order to characterize the secondary structure of mαS fibrils, backbone 1H-1H
distances were probed indirectly by using the NHHC scheme [51]. The pulse sequence is
depicted in appendix Fig. A6. The contact time of the initial CP from 1H to 15N was set to
600 μs to allow that polarization transfers from all 1H to amide 15N. A longitudinal 1H-1H
mixing time (tHH) of 150 µs was used to detect the nearest 1H-1H correlations. To ensure
that polarization transfer only occurs within bonded 1H-13C or 1H-15N pairs, short contact
times were set to for the CP from 15N to 1H and from to 1H to 13C, i.e., tHN = 200 μs and
tHC = 200 μs.

2.2.2 Experiments on [2-13C]glucose labeled mouse α-synuclein fibrils
For 2D

13

C-13C correlation experiments, PDSD were conducted with different

mixing times for detecting intra-residue and inter-residue 13C-13C correlations. 2D 15N-15N
correlation experiments were conducted via PDSD with a mixing time of 6 s to obtain
sequential connections of amide 15N resonances. For 13C-15N correlation experiments, 2D
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spectra of NCA and NCO were recorded to detect intra-residue correlations (i.e., 15N(i)13

Cα(i)), and inter-residue correlations (i.e.,

15

N(i)-13C’(i-1)), respectively. Similarly to

[U-13C]Glc-labeled mαS fibrils, backbone 1H-1H distances were probed indirectly by
using the NHHC scheme [51] to characterize the secondary structure of mαS fibrils. The
contact time of the initial CP was set to 400 μs. A longitudinal 1H-1H mixing time of 175
µs was used. Short contact times for the second and third CP (i.e., from

15

N to 1H, and

from 1H to 13C), tHN = 400 μs and tHC = 200 μs, were set.

2.2.3 Experiments on [1-13C]glucose labeled mouse α-synuclein fibrils
Likewise, 2D

13

C-13C PDSD correlation experiments were conducted with

different mixing times for detecting intra-residue and inter-residue
For

13

C-13C correlations.

C-15N correlation experiments, 2D spectra of NCA and NCO were recorded to

detect intra-residue correlations (i.e.,
15

13

15

N(i)-13Cα(i)), and inter-residue correlations (i.e.,

N(i)-13C’(i-1)), respectively.

2.2.4 Experiment on mixed 1:1 13C:15N labeled mouse α-synuclein fibrils
To characterize the supra-molecular structure of mαS fibrils, an NHHC spectrum
[51] was recorded on mixed 1:1

13

C:15N labeled ([M-13C/15N]-labeled) mαS fibrils. A

longitudinal 1H-1H mixing time of 500 µs was used to detect cross peaks between 13C and
15

N that correspond to intermolecular 1H-1H distances up to about 3.5 Å. The contact time

of the initial CP from 1H to 15N was set to 700 μs to allow that polarization transfers from
all 1H to amide
15

15

N. To ensure that polarization transfer only occurs within bonded 1H-

N or 1H-13C pairs, short contact times for the CP from 15N to 1H and from 1H to 13C, tHN

= 200 μs and tHC = 200 μs were used.

All the experiments used for sequential resonance assignments and supramolecular structural characterization of mαS fibrils together with their detailed
acquisition parameters are summarized in Table A1 (appendix A). Data were processed
with Topspin (Bruker Biospin, Germany). All the spectra were zero-filled, apodized with
squared sine bell window functions along direct and indirect dimensions, and then Fourier
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transformed. Specific processing parameters are indicated in individual figure legends.
The assignment and linewidths were analyzed using SPARKY version 3.1 (T. D.
Goddard & D. G. Kneller, University of California).
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3

Results and discussion

3.1

Morphological characterization by electron microscopy and initial

comparison to human α-synuclein fibrils

Figure 3.1. EM micrographs of (a) [U-13C]Glc-, (b) [1-13C]Glc-, and (c) [2-13C]Glc-labeled mαS fibrils used
for ssNMR experiments.

In this study, [U-13C]Glc-, [1-13C]Glc-, and [2-13C]Glc-labeled mαS fibrils were
prepared under identical conditions to obtain the sequential resonance assignment. The
morphology of the three samples was then monitored by EM. The EM micrographs of [U13

C]Glc-, [1-13C]Glc-, and [2-13C]Glc-labeled mαS fibrils are shown in Fig. 3.1a, b, and c,

respectively. The mαS fibrils were all well ordered and long straight fibrils with a
diameter around 160 Å dominate all three samples. Rarely, twisted fibrils were observed
in [U-13C]Glc- (Fig. 3.1a), [1-13C]Glc- (Fig. 3.1b) or [2-13C]Glc-labeled mαS fibrils (Fig.
3.1c). The highly similar morphology of the three samples indicates high reproducibility
of our sample preparation which is an essential requirement if different labeling schemes
are to be used for ssNMR. However, both straight and helically twisted fibrils of mαS
were observed by EM in the recent study by Kang et al. [85]. The observed differences of
the mαS fibril morphology might be due to different fibrillization conditions, and
suggests the existence of two types of mαS fibrils (straight and twisted). In the case of
hαS fibrils, the overall morphology was demonstrated to be strongly dependent on the
fibrillization conditions, and both straight and twisted fibrils were observed and
characterized [44]. Nevertheless, the highly uniform morphology of mαS fibrils obtained
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by our preparation indicates high molecular homogeneity of our samples, and indeed no
detectable polymorphism was observed in our recorded ssNMR spectra (see below). The
absence of polymorphism allowed us to obtain sequential resonance assignment of the
core region of mαS fibrils with straight morphology.

Figure 3.2. Initial comparison of 2D 13C-13C PDSD spectra of [U-13C]Glc-labeled mαS fibrils (black) and
[U-13C]Glc-labeled hαS fibrils (red, reproduced from Ref. [91]). Correlations of residue Ile88 for mαS and
hαS are illustrated with dashed and solid lines, respectively. mαS and hαS fibrils were obtained under
identical fibrillization conditions. The black spectrum was recorded at 20.0 Tesla (1H resonance frequency:
850 MHz) and at a spinning frequency of 11 kHz. The black spectrum was zero-filled to 2048 (direct
dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions.

As mentioned above, the primary sequence of mαS differs from hαS at seven
positions (Fig. 1.4) [86]. Despite the highly conserved sequence, the aggregation kinetics
of mαS and hαS are remarkably different [85; 87]. mαS aggregates about twice faster
and the lag phase is reduced by almost one order of magnitude [85]. To characterize the
structural differences between mαS and hαS fibrils at the atomic level, a set of high
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resolution ssNMR spectra was recorded on mαS fibrils and compared to existing data for
hαS fibrils that were prepared under identical conditions [91]. As an example, Fig. 3.2
shows the comparison of 2D 13C-13C PDSD spectra with a mixing time of 20 ms recorded
on hαS (red) and mαS fibrils (black). The hαS fibrils considered here exhibit the same
morphology as mαS fibrils (i.e., straight). From the spectral comparison, a difference
between mαS fibrils and hαS fibrils is obvious, as illustrated with the straightforward
Ile88 assignment in Fig. 3.2. Since the amino acid sequence of mαS differs from hαS at
position 87 (Ser vs. Asn) (Fig. 1.4), different chemical shifts of Ile88 due to the
disturbance of the chemical environment by the Ser87Asn mutation are expected. A more
detailed comparison between mαS and hαS fibrils requires the sequential resonance
assignment of mαS fibrils as described in the following sections of Part I.

27

Part I: 3. Results and discussion

3.2

Sequential resonance assignment using uniformly [13C]glucose labeled

mouse α-synuclein fibrils
Overall, the procedure to obtain sequential resonance assignments is to identify
spin systems, assign the spin systems to an amino acid type and link the spin systems
according to the primary sequence of the protein. Here, a sequential resonance assignment
strategy using 2D 13C-15N and 13C-13C correlation spectra recorded on [U-13C]Glc-labeled
mαS fibrils is illustrated in Fig. 3.3. The recorded 2D NCACX, NCOCX, and 2D 13C-13C
PDSD spectra were well resolved, and the

13

C and

15

N linewidths (full width at half

height) were found to be ~0.5 ppm and ~1.3 ppm, respectively. The 2D

13

C-13C PDSD

spectrum with a short mixing time of 20 ms (red spectrum in Fig. 3.3) is typically
dominated by intra-residue 13C-13C correlations, which helped us to identify spin systems.
Inter-residue 13C-13C cross peaks, on the other hand, were readily observed in the 2D 13C13

C PDSD spectrum with a long mixing time of 150 ms (green spectrum in Fig. 3.3)

which enabled us to obtain sequence-specific resonance assignment. Similarly, the 2D
NCACX spectrum (purple spectrum in Fig. 3.3) with a PDSD mixing time of 60 ms
establishes intra-residue

15

N-13C correlations, i.e.,

15

N(i)-13CX(i) (where CX stands for

any carbon, e.g., C’, Cα, Cβ, Cγ, etc.). In contrast, the 2D NCOCX spectrum with a
PDSD mixing time of 50 ms (blue spectrum in Fig. 3.3) generally yields inter-residue
correlations between nitrogen atoms and carbon atoms of the preceding residue, i.e.,
15

N(i)- 13CX(i-1).
As an example, the sequential resonance assignment of Gly41-Ser42-Lys43 is

illustrated in Fig. 3.3. In the 2D 13C-13C PDSD spectrum with a mixing time of 20 ms, the
intra-residue correlations at 58.7-67.7, 58.7-171.5, and 67.7-171.5 ppm could be easily
identified to be Ser spin system, according to its characteristic chemical shifts.
Subsequently, sequential resonance assignments involving

13

Cα(i)-13Cα(i±1) correlation

(at 58.7-47.9) and 13Cβ(i)-13Cα(i±1) correlation (at 67.7-47.9 ppm) were then observed in
the 2D 13C-13C PDSD spectrum with a mixing time of 150 ms, and were unambiguously
indentified to be the sequential correlation of Gly41-Ser42, according to the primary
sequence of mαS. Moreover, the correlations of

15

N(i)-13CX(i) and

15

N(i)-13CX(i-1) can

be easily connected in the spectra of NCACX and NCOCX from the 13C-13C correlation
spectra, and allowed us to obtain more sequential resonance assignments.
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Figure 3.3. Sequential resonance assignment strategy using 2D 15N-13C and 13C-13C correlation spectra
recorded on [U-13C]Glc-labeled mαS fibrils. Excerpts of carbonyl (left) and aliphatic (right) regions of (a)
NCACX (purple) and NCOCX (blue) spectra, and (b) 13C-13C PDSD spectra with mixing times of 20 ms
(red) and 150 ms (green). Intra- and inter-residue connectivities are illustrated with solid and dashed lines,
respectively. The spectra in (a) were recorded at 18.8 Tesla (1H resonance frequency: 800 MHz), and the
spectra in (b) were recorded at 20.0 Tesla (1H resonance frequency: 850 MHz). All the spectra were
measured at a spinning frequency of 11 kHz. All the spectra were zero-filled to 2048 (direct dimension) and
1024 (indirect dimension) points, and apodized with a squared sine bell window function (45° shift) along
both dimensions.

To better resolve and assign carbons with similar chemical shifts, which appeared
close to the diagonal or were overlapped with the diagonal of the 2D 13C-13C PDSD
spectra, we recorded a 2D (2Q,1Q) correlation spectrum with the SPC5 scheme [98]. E.g.,
the chemical shifts of 13Cβ and 13Cγ of Gln79 are so close that the correlations of 13Cα13

Cβ and

13

Cα-13Cγ were overlapped into one strong cross peak, and the correlation of

13

Cβ-13Cγ was overlapped with the diagonal in the 2D 13C-13C PDSD spectrum (black
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Figure 3.4. 2D (2Q,1Q) correlation spectrum with the SPC5 scheme recorded on [U-13C]Glc-labeled mαS
fibrils. Both spectra were recorded at 18.8 Tesla (1H resonance frequency: 800 MHz) and at a spinning
frequency of 8 kHz. The spectrum was zero-filled to 1024 points, and apodized with a squared sine bell
window function (45° shift) along both dimensions.

spectrum in Fig. 3.2). However, with the recorded 2D (2Q,1Q) correlation spectrum, as
shown in Fig. 3.4, the one-bond correlation of Gln79 13Cβ-13Cγ was well revealed without
the disturbance of the diagonal region and was unambiguously assigned. Additionally, the
2D (2Q,1Q) correlation spectrum only contains one-bond correlations due to its
dependence of 2Q coherences on strong dipolar couplings. Thereby, only the one-bond
correlation of Gln79

13

Cα-13Cβ is predicted to be present and the unambiguous

assignment was thus obtained, while the two-bond Gln79

13

Cα-13Cγ should not be

observed.
Additionally, 3D NCACX and NCOCX spectra were recorded to confirm and
obtain more unambiguous assignments (Fig. 3.5). The spectral overlap observed in the 2D
13

C-15N and

13

C-13C correlation spectra was substantially alleviated by adding an

additional dimension. Basically, the 3D NCACX experiment establishes intra-residue
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Figure 3.5. Strip plots from 3D NCACX (red) and 3D NCOCX (blue) spectra of [U-13C]Glc-labeled mαS
fibrils, showing the sequential resonance assignment of Gly84-Gly93. Both spectra were recorded at 20.0
Tesla (1H resonance frequency: 850 MHz) and at a spinning frequency of 11 kHz. The 3D NCACX
spectrum was zero-filled to 1024 (F3, direct dimension), and 64 (F1and F2, indirect dimensions) points, and
apodized with a squared sine bell window function (51.4° shift) along three dimensions. The 3D NCOCX
spectrum was zero-filled to 1024 (F3, direct dimension), and 64 (F1and F2, indirect dimensions) points, and
apodized with a squared sine bell window function (60° shift) along three dimensions.

backbone-sidechain correlations (i.e.,
relates the backbone shift of
15

15

15

N(i)-13Cα(i)-13CX(i)), whereas 3D NCOCX

N(i) to the carbon shifts of the preceding residue (i.e.,

N(i)-13C’(i-1)-13CX(i-1),). As an example, the correlation of

15

N(i)-13Cα(i)-13Cα(i) at

106.7-44.8-44.8 ppm in the 3D NCACX spectrum (red spectrum in Fig. 3.5) was
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identified to be the spin system of Gly, and the chemical shift of

15

N(i+1) was then

indentified to be 126.6 ppm in the 3D NCOCX spectrum (blue spectrum in Fig. 3.5).
Subsequently, the (i+1) residue was identified to be Ala (i.e., 50.3-21.9 ppm) in the 3D
NCACX, according to its characteristic carbon chemical shifts. As an example, the
sequential resonance assignment of Gly84-Gly93 is shown in Fig. 3.5. Similarly, more
sequential resonance assignments could be obtained using the same strategy.
Taken together, the combination of 2D and 3D 13C-15N and 13C-13C spectra of [U13

C/15N]-labeled mαS fibrils (Table A1 in appendix A) enabled us to obtain the sequential

connections for the following stretches unambiguously: Gly41-Val48, Ala56-Lys60,
Asn65-Val70, and Thr72-Phe94. In total, 78% of residues from Gly41 to Phe94 were
assigned, including the backbone and most sidechain resonances.
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3.3

Sparse labeling schemes: [2-13C]glucose and [1-13C]glucose
The limited resolution and spectral overlap observed for the [U-13C]Glc-labeled

samples are major obstacles for obtaining the complete sequential resonance assignment.
Particularly, the full sequential resonance assignment for mαS fibrils is complicated, not
only due to the highly repetitive, imperfect KTKEGV motifs (Fig. 1.4), but also due to
the similar secondary structure adopted by most residues in the β-sheet arrangement.
Another difficulty to complete the full assignment of mαS fibrils relates to the high
abundance and sequential clustering of Val and Thr, e.g., Val48-Val49, Val52-Thr53Thr54-Val55, Val70-Val71-Thr72, Val74-Thr75, Thr81-Val82, since the Cα and Cγ
chemical shifts of Val and Thr are similar. In order to alleviate spectral overlap and
enhance the resolution, we used sparse 13C labeling schemes based on protein expression
in minimal medium containing [2-13C]Glc or [1-13C]Glc as the sole carbon source. [213

C]Glc and [1-13C]Glc are carbon sources that are isotopically

13

C labeled only on one

out of six carbons, while [2-13C]glycerol and [1,3-13C]glycerol are carbon sources that are
isotopically

13

C labeled on one out of three carbons and two out of three carbons,

respectively. Therefore, bacterial growth medium containing either [2-13C]Glc or [113

C]Glc as the sole carbon source produces amino acids in an ultra-sparse 13C enrichment

pattern, where only one out of six carbons is

13

C labeled. With the ultra-sparse labeling

schemes, not only the spectral resolution is enhanced substantially due to the removal of
the majority of one-bond 13C-13C J and dipolar couplings, but also the resulting spectrum
is simplified dramatically by a reduced number of cross peaks. Moreover, the sequential
transfer, e.g.,

13

Cα(i)-13Cα(i±1), is facilitated by the

13

C spin dilution. Potentially, these

two sparsely labeling schemes will facilitate collection of long-range distance restraints.

3.3.1 Labeling pattern of [2-13C]Glc labeling scheme
Briefly, three major metabolic pathways are involved in biosynthesis of the 20
standard amino acids in E. coli, glycolysis, PPP, and TCA cycle [100]. The three major
metabolic pathways involved in the biosynthesis of amino acids using [2-13C]Glc as the
sole carbon source are outlined in Fig. 3.6. Individual biosynthetic pathways of the 20
amino acids using [2-13C]Glc are shown in Fig. A7-8. According to their biosynthetic
precursors, we categorize the 20 amino acids into 3 groups, a) group I, amino acids
derived from glycolytic intermediates, i.e., Ser, Gly, Cys, Ala, Val and Leu, b) group II,
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amino acids produced from PPP intermediates and glycolytic intermediates, i.e., Trp, Phe,
Tyr, and His, and c) group III, amino acids synthesized from TCA cycle intermediates,
i.e., Asn, Asp, Ile, Lys, Met, Thr, Glu, Gln, Arg and Pro.
The precursors for group I amino acids of a) Ser, Gly, and Cys, and b) Ala, Val
and Leu are a) 3PG, and b) pyruvate, respectively. 3PG and pyruvate are generated during
13

glycolysis, and approximately 1/2
13

C enrichment at position 2 is resulted from [2-

C]Glc, since the carbons 2 and 5 of glucose contribute equally and indistinguishable to

carbon 2 of 3PG and pyruvate (Fig. 3.6a). As a result, about 1/2 of the Cα is

13

C

enriched for the group I amino acids without simultaneously being 13C labeled at the Cβ
position except for Val and Leu. For Val, the isotopomers of 13Cα-13Cβ (1/4), 13Cα-12Cβ
(1/4), 12Cα-13Cβ (1/4), and 12Cα-12Cβ (1/4) are formed from 1/2 [2-13C]pyruvate and 1/2
[12C]pyruvate (Fig. 3.7a). For Leu, the isotopomers of

13

12

C’ (1/8),

13

13

13

C’ (1/8),

12

13

C]pyruvate and 1/2 [12C]pyruvate, and Cα is predicted not to be 13C labeled (Fig. 3.7a).

Cβ-12Cγ-13C’ (1/8),

12

Cβ-13Cγ-13C’ (1/8),

Cβ-13Cγ-12C’ (1/8), and

12

Cβ-13Cγ-13C’ (1/8),

13

Cβ-13Cγ-

Cβ-12Cγ-12C’ (1/8),

12

Cβ-12Cγ-

Cβ-12Cγ-12C’ (1/8) are generated from 1/2 [2-

As an illustration, the labeling patterns together with their detailed isotopomers of group I
amino acids are shown in Fig. 3.7.
The precursors for group II amino acids of a) Trp, b) Tyr and Phe, and c) His are
a) 3PG, PEP, E4P and R5P, b) PEP and E4P, and c) PEP and R5P, respectively. Due to
the fact that these aromatic amino acids are biosynthesized via more elaborate pathways,
their detailed biosynthetic pathways are omitted here. To guide the eyes for their ultimate
carbon sources, individual carbons of their backbone and sidechain carbons are indicated
with arrows in Fig. A7c (appendix A). 13Cα/13Cγ of Phe and Tyr, and 13Cα/13Cδ2 of Trp
are derived from the carbon 2 of PEP and 3PG, an enrichment level of about 1/2 for these
13

C spins is thus expected. The other 13C carbons for the group III amino acids are derived

from E4P and/or R5P. Both E4P and R5P are biosynthesized in the PPP. As shown in Fig.
3.6b, E4P will be

13

C labeled at positions 1 and/or 3, and R5P will be

13

C labeled at

positions 2 and/or 4 or separately at position 1, due to the rapid equilibration of the
transketolase and pentose-5-phosphate isomerization reactions [101; 102; 103]. As a
result, spin pair 13Cα-13Cγ or a single spin 13Cδ2 for His are formed from [2,4-13C]R5P or
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Figure 3.6. Key metabolic pathways involved in the biosynthesis of the 20 standard amino acids when E.
coli is grown in a minimal medium containing [2-13C]Glc as the sole carbon source, (a) glycolysis, (b) PPP,
and (c) TCA cycle. The superscript numbers do not correspond to the nomenclature number of a given
molecule but indicate the original carbon position in the six-carbon [2-13C]Glc chain. The carbons that are
13
C labeled are colored in red. For the sake of clarity, sugars are shown in their linear forms. For simplicity,
some steps are not included, which are indicated by dashed arrows. Double-headed arrows indicate
reversible reactions. Abbreviations: Pentose phosphate pathway, PPP; tricarboxylic acid cycle, TCA cycle;
Glucose-6-phosphate, G6P; Fructose-6-phosphate, F6P; Dihydroxyacetone phosphate, DHAP;
Glyceraldehyde-3-phosphate, GAP; 3-phosphoglycerate, 3PG; phosphoenolpyruvate, PEP; Ribulose-5phosphate, Ru5P; Ribose-5-phosphate, R5P; Xylulose-5-phosphate, Xu5P; Erythrose-4-phosphate, E4P.
Sedoheptulose-7-phosphate, S7P; Oxaloacetate, OA; α-Ketoglutarate, AKG.

[1-13C]R5P, respectively. For Phe and Tyr,
For Trp,
13

13

13

Cε1-13Cε2 are formed from [1,3-13C]E4P.

Cγ is formed from [2,4-13C]R5P or

13

Cδ1 is formed from [1-13C]R5P, and

Cζ2-13Cζ3 are formed from [1,3-13C]E4P. However, the enrichment level of these

13

C

labeled atoms could not be determined, instead, a 1/2 distribution is displayed in Fig.
3.7b.
The precursors of group III amino acids of a) Asn, Asp, Ile, Lys, Met, and Thr,
and b) Glu, Gln, Arg and Pro, are a) OA, and b) AKG, respectively. Following the steps
in Fig. 3.6c, pyruvate is oxidized to acetyl-CoA, and enters the TCA cycle, where the two
key intermediates OA and AKG are formed. OA also derives directly from PEP (Fig. 3.6)
through several anaplerotic reactions. In principle, the labeling pattern for the group III
amino acids is complicated due to the cyclic property of TCA cycle, which spreads the
single label in the starting compound to multiple carbon sites. Multiple isotopomers for
the group III amino acids are thus formed, and the population of individual isotopomers
for the 10 amino acids varies upon the passes of TCA cycle occur. In total, 6 types of OA
(with at least one

13

C label) are yielded in TCA cycle by using [2-13C]Glc as the sole

carbon source in the protein expression medium, [2-13C]OA, [1,3-13C]OA, [2,4-13C]OA,
[1,4-13C]OA, [1-13C]OA, and [4-13C]OA (Fig. A8b). According to the biosynthetic
pathways (Fig. A8a), 6 isopotomers (with at least one 13C label) are thus expected for OA
derived amino acids with the exceptions of Ile and Lys. The same labeling pattern is
expected for Asp, Asn, Thr, and Met, and the following 13C labeled single spins or spin
pairs are expected,

13

Cα,

13

Cα-13Cγ,

13

Cβ-13C’,

13

Cγ-13C’,

13

Cγ, and

13

C’ (Fig. 3.8).

Consequently, the enrichment level of each isotopomer is estimated to be 1/12 for Asp,
Asn, Thr, and Met (i.e., 1/6 × 1/2). The labeling patterns of Ile and Lys are more
complicated. As shown in Fig. A8a, Ile is converted from a molecule of Thr and a
molecule of pyruvate, and Lys is converted from a molecule of Asp and a molecule of
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Figure 3.7. Schematic representation of the labeling patterns for amino acids synthesized from (a) the
glycolytic intermediates (i.e., group I amino acids) and (b) the PPP intermediates as well as the glycolytic
intermediates (i.e., group II amino acids) in a [2-13C]Glc containing medium. Carbons that are 13C labeled
are filled with magenta color, and the enrichment level is indicated by the percentage of the filled color. The
percentage of the 13C spins derived from E4P or R5P, i.e., His 13Cα/13Cγ/13Cδ2, Phe/Tyr 13Cε1/13Cε2, and
Trp 13Cγ/13Cδ1/13Cζ1/13Cζ2, could not be determined, a 1/2 distribution is instead displayed, and their
isotopomers are not considered here. Val and Leu are the exceptions of group I amino acids, and the
detailed isotopomers are displayed in right. For clarity, the percentage of each isotopomer of Val and Leu is
shown below.

pyruvate. For Ile, Cβ derives from carbon 2 of pyruvate, the possibility of being
labeled is thus about 1/2. The

13

13

C

C labeled single spins or spin pairs of 13Cα-13Cβ, 13Cα,

13

Cα-13Cδ1-13Cβ, 13Cα-13Cδ1, 13Cγ1-13C’-13Cβ, 13Cγ1-13C’, 13Cδ1-13C’-13Cβ, 13Cδ1-13C’,

13

Cδ1-13Cβ, 13Cδ1, 13C’-13Cβ, 13C’, and 13Cβ are formed for Ile. The relative enrichment

level of individual isotopomers for Ile is indicated in Fig. 3.8. From the biosynthetic
pathway of Lys, tracing of isotopes through the final conversion is even more
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Figure 3.8. Schematic representation of the expected labeling pattern for group III amino acids produced in
a [2-13C]Glc containing medium for protein expression. Carbons that are 13C labeled are filled with magenta
color, and the enrichment level is indicated by the percentage of the filled color. For clarity, only the
isotopomers with at least one 13C label are shown. The list of isotopomers for Lys is shown in Fig. 3.9.

complicated due to the occurrence of the symmetric intermediate DAP (Fig. A8a).
Carbons 2 and 6 of DAP are equivalent, leading to a scrambling of isotope label on the
pathway to Lys. The

13

C labeled single spins, spin pairs or spin triples of a)

13

Cα-13Cε,

13

Cα,

13

Cγ-13Cε, 13Cγ, 13C’-13Cε, 13C’, and 13Cε are formed if Cα derives from carbon 2 of OA,

13

Cα-13Cγ-13Cε,

13

Cα-13Cγ,

13

Cβ-13C’-13Cε,

13

Cβ-13C’,

13

Cγ-13C’-13Cε,

13

Cγ-13C’,

and b) 13Cε-13Cα, 13Cε, 13Cε-13Cγ-13Cα, 13Cε-13Cγ, 13Cδ-13Cα, 13Cδ, 13Cγ-13Cα, 13Cγ, and
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Figure 3.9. The isotopomers of Lys produced in a [2-13C]Glc containing medium for protein expression.
Carbons that are 13C labeled are filled with magenta color, and the enrichment level is indicated by the
percentage of the filled color. For clarity, only the isotopomers with at least one 13C label are shown.

13

Cα are formed if Cα derives from carbon 2 of pyruvate. In total, 15 isotopomers with

13

C labels are expected for Lys (Fig. 3.9). The relative enrichment level of the expected

isotopomers is indicated in Fig. 3.8 based on the assumption that 1/2 Cα is derived from
the carbon 2 of OA and 1/2 Cα is derived from the carbon 2 of pyruvate.
Likewise, the labeling pattern of the AKG derived amino acids also depends on
the number of the rounds of the TCA cycle. As shown in Fig. A8d, 5 isotopomers of
AKG (with at least one
13

13

C label) are obtained in the TCA cycle, [3,5-13C]AKG, [2,5-

C]AKG, [1,3,5-13C]AKG, [1,5-13C]AKG, and [5-13C]AKG. As a consequence, 5

isotopomers with alternating 13C labels (i.e., 12C-13C-12C or 13C-12C-13C) are thus formed
for Glu, Gln, Arg and Pro, i.e.,
13

13

Cβ-13Cδ, 13Cα-13Cδ,

13

C’-13Cβ-13Cδ,

13

C’-13Cδ, and

Cδ. Τhe enrichment level of each isotopomer for the AKG derived amino acids is

estimated to be about 1/10 (i.e., 1/5 × 1/2, Fig. 3.8).
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Figure 3.10. Schematic representation of the expected labeling pattern for the 20 amino acids produced in a
[2-13C]Glc containing medium for protein expression. (a) Group I, (b) group II, and (c) group III amino
acids. Carbons that are 13C labeled are filled with magenta color, and the enrichment level is indicated by
the percentage of the filled color. For the amino acids that have multiple labeling patterns, the detailed
isotopomers are displayed in Fig. 3.7-3.9.

However, we need to note that the

13

C enrichment levels at Cα position for OA

(with the exception of Lys) and AKG derived amino acids using the [2-13C]Glc labeling
scheme measured by solution NMR are 28 ± 2% and 17 ± 2% [61], respectively. As
mentioned above, the labeling patterns and enrichment levels for the group III amino
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acids vary upon passes of the TCA cycle occur. In general, small numbers of passes
through the TCA cycle minimize scrambling of 13C labels, thus increasing the percentage
of the isotopomers derived from small numbers of passes of TCA cycle. The enrichment
level of each isotopomer for the group III amino acids is estimated based on the types of
isotopomers, i.e., more than 3 and 4 passes of the TCA cycle are assumed to occur for OA
and AKG derived amino acids, respectively. It is thus reasonable that the estimated
enrichment level of

13

Cα for the group III amino acids is relatively lower than the

isotopomers (with at least one 13C spin) with a relative labeling percentage. Importantly,
the illustration of individual isotopomers (with at least one 13C spin) reveals that, all the
group III amino acids except Ile are in an alternating

13

C labeling pattern (Fig. 3.8 and

3.9), i.e., no one-bond 13C-13C couplings.
Taken together, according to the above analysis, we propose a new labeling
pattern sheet for all the 20 standard amino acids produced in an E.coli medium containing
[2-13C]Glc as the sole carbon source for protein expression (Fig. 3.10). In total,

13

Cα is

labeled for 17 out of 20 amino acids without being simultaneously 13C labeling at the Cβ
(with the exceptions of Val, Leu and Ile). Importantly, no
simultaneously with the

13

13

C is enriched at C’

Cα (Fig. 3.7-3.9). In other words, an alternating labeling

pattern is achieved for 17 out of 20 amino acids using [2-13C]Glc labeling scheme, i.e.,
either 12C-13C-12C or 13C-12C-13C.

3.3.2 Resolution enhancement and spectrum simplification using [2-13C]Glc
labeling scheme
With this ultra-sparse labeling scheme based on [2-13C]Glc, the resolution of the
ssNMR spectra is enhanced substantially by removing the majority of one-bond 13C-13C J
and dipolar couplings. In addition, the spectral overlap is alleviated dramatically by a
reduced number of cross peaks. The knowledge of the labeling pattern, especially the
expected

13

C labeled spin pairs (Fig. 3.7-3.9), affords valuable information for a rapid

identification of spin systems. As an illustration, we recorded a 2D

13

C-13C PDSD

spectrum with a short mixing time of 100 ms on [2-13C]Glc-labeled mαS fibrils. With the
short mixing time, the polarization is mainly stored on the intra-residue

13

C spins.

Consequently, a rapid identification of Val, Leu, Asp, Asn, Met, Thr, Ile, Lys, Glu, Gln,
Arg, Pro, Phe, Tyr, Trp, and His by intra-residue 13C-13C correlations is expected to be
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Figure 3.11. 2D 13C-13C PDSD spectrum with a mixing time of 100 ms on [2-13C]Glc-labeled mαS fibrils.
Correlations of residue Glu46, Val48, Lys58, Gln62, Asn65, Ile88, and Thr92 for mαS are illustrated with
dashed lines, whereas cross peaks are indicated with circles, otherwise, no cross peak belongs to this spin
system. Correlations of Phe94 13Cα-13Cγ are circled in blue. The spectrum was recorded at 14.1 Tesla (1H
resonance frequency: 600 MHz) and at a spinning frequency of 11 kHz. The spectrum was zero-filled to
2048 (direct dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell
window function (45° shift) along both dimensions.

possible given the information about the characteristic chemical shifts of the amino acids.
Trp and Arg are not present in the primary sequence of mαS (Fig. 1.4). The unambiguous
assignment of Leu, Asp, Pro, Tyr, Met, and His is not obtained so far, probably because
these residues are either in or close to the flexible part of mαS fibrils (see the discussion
in section 3.4 of Part I).
Taking Thr as an example for OA derived amino acids except Lys and Ile (i.e.,
Asp, Asn, Met, and Thr), two-bond correlations of 13Cα-13Cγ2 and

13

Cβ-13C', and three-

bond correlations of 13Cγ2-13C' are expected (Fig. 3.8). Indeed, the correlations of 13Cα13

Cγ2,

13

Cβ-13C', and

correlations of

13

13

Cγ2-13C’ were observed for Thr92, while the unexpected

Cα-13Cβ, 13Cα-13C' and

Ile, one-bond correlations of
13

13

13

Cβ-13Cγ2 were not observed (Fig. 3.11). For

Cα-13Cβ and

13

Cβ-13Cγ1, two-bond correlations of 13Cβ-

Cδ1 and 13Cβ-13C', three-bond correlations of 13Cα-13Cδ1 and 13Cγ1-13C', and four-bond
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correlation of

13

Cδ1-13C' are expected (Fig. 3.8). Consistently, the correlations of 13Cα-

13

Cβ, 13Cβ-13Cγ1, and 13Cβ-13C' were observed for Ile88 (Fig. 3.11). However, the 13Cβ-

13

Cδ1 correlation was too weak to be visible (Fig. 3.11), probably due to the

conformation dynamics of the

13

Cδ1 of Ile88. In fact, it was found that Ile88

13

Cδ1 has

double resonances (black spectrum in Fig. 3.2). In addition, all the three-bond and fourbond correlations were too weak to be visible. For Lys, a) two-bond correlations of 13Cα13

Cγ,

13

Cγ-13Cε, and

13

Cβ-13C', b) three-bond correlations of

13

Cβ-13Cε, c) four-bond correlation of

13

C' are expected (Fig. 3.9). In fact, only the correlations of 13Cα-13Cγ and 13Cγ-13Cε were

13

13

Cγ-13C',

13

Cα-13Cδ, and

Cα-13Cε, and d) five-bond correlation of

13

Cε-

observed for Lys58, while the other correlations were too weak to be observable (Fig.
3.11). Taking Phe as an example for Phe and Tyr, two-bond correlations of 13Cα-13Cγ and
13

Cγ-13Cε1/2, and four-bond correlation of

13

Cα-13Cε1/2 are expected (Fig. 3.7). In fact,

only the 13Cα-13Cγ correlation was observed, while the 13Cα-13Cε1/2 correlation was too
weak to be visible (Fig. 3.11). Taking Gln as an example for AKG derived amino acids,
two-bond correlations of 13Cβ-13Cδ and

13

Cβ-13C', three-bond correlation of 13Cα-13Cδ,

and four-bond correlation of 13Cδ-13C' are expected (Fig. 3.8). Indeed, the correlations of
13

Cβ-13Cδ and 13Cβ-13C' were observed, while 13Cα-13Cδ and 13Cδ-13C' were too weak to

be visible for Gln62 (Fig. 3.11). For Val, one-bond correlation

13

Cα-13Cβ is expected

(Fig. 3.7). Surprisingly, the correlations of 13Cα-13Cβ and 13Cβ-13Cγ2 were observed for
Val48 (Fig. 3.11). The presence of the

13

Cβ-13Cγ2 correlation is due to the scrambling

(see Part II for more details). For the other residues, i.e., Ala, Ser, Cys, and Gly, no intraresidue correlation is expected (Fig. 3.7). Cys are not in the primary sequence of mαS
(Fig. 1.4). Indeed, no cross peak was observed for Ala, Ser, and Gly, instead, only Cα is
13

C labeled as indicated by the strong diagonal peaks (Fig. 3.11). Taken together, the

resulting 2D

13

C-13C PDSD ssNMR spectrum with a short mixing time of 100 ms (Fig.

3.11) exhibits the expected 13C-13C correlations generally. Considering that the cross peak
intensity is proportional to the inverse cube of the inter-nuclear distance involved (i.e., r-3)
and the enrichment level, it is reasonable that some of the expected correlations were too
weak to be visible with the short mixing time used in Fig. 3.11.
In addition to the rapid identification of residue spin system according to their
expected characteristic correlations, the sparse 13C labeling scheme based on [2-13C]Glc
also facilitates sequential transfer, e.g., 13Cα(i)-13Cα(i±1), by the diluted 13C spins, which
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Figure 3.12. Sequential assignment strategy for backbone resonances using [2-13C]Glc-labeled mαS fibrils.
(a) Carbonyl and aliphatic regions of a 2D 13C-13C PDSD spectrum recorded with a mixing time of 500 ms,
(b) 2D NCO, and (c) 2D NCA spectra. To exemplify the assignment strategy, the sequential backbone
assignment of Gly41-Thr44 is shown. Intra- and inter-residue connectivities are indicated with solid and
dashed arrows, respectively. All the spectra were recorded at 20.0 Tesla (1H resonance frequency: 850 MHz)
and at a spinning frequency of 11 kHz. The 2D 13C-13C PDSD spectrum was zero-filled to 4096 (direct
dimension) and 2048 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions. The 2D NCA and NCO spectra were zero-filled to 2048 (direct
dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions.

further permits unambiguous sequential resonance assignment in a straightforward way.
As illustrated in Fig. 3.12, we propose a strategy for the sequential backbone resonance
assignment based on 2D 13C-13C and 13C-15N correlation spectra recorded on [2-13C]Glclabeled mαS fibrils. The observed linewidths for 13C and 15N are ~0.3 ppm and ~0.5 ppm,
respectively. The aliphatic and carbonyl regions of a 2D 13C-13C PDSD spectrum with a
long mixing time of 500 ms are dominated by

44

13

Cα(i)-13Cα(i±1) and

13

Cα(i)-13C’(i-1)

Part I: 3. Results and discussion
correlations, respectively (Fig. 3.12a). Sequential assignments involve 13Cα(i)-13Cα(i±1)
correlations can be easily connected to

15

N(i)-13Cα(i) correlations in the NCA spectrum

(Fig. 3.12c). Then the 13C’(i-1) resonances can be identified via the 13Cα(i) resonances in
the carbonyl region of the 2D 13C-13C PDSD spectrum (Fig. 3.12a) and/or from the 15N(i)
resonances in the NCO spectrum (Fig. 3.12b). As an example, the dashed arrows show
the sequential connections from Gly41 to Thr44, and the solid arrows show the intraresidue connections for residues Ser42 to Thr44 (Fig. 3.12).

Figure 3.13. 2D NCO spectrum of [2-13C]Glc-labeled mαS fibrils. 15N(i)-13C’(i-1) correlations are indicated
in black, while the correlations of 15N to its sidechain 13C’, i.e., 15Nε2(i)-13Cδ(i) in Gln and 15Nδ(i)-13Cγ(i) in
Asn, are indicated in dark red. The spectrum was recorded at 20.0 Tesla (1H resonance frequency: 850
MHz) and at a spinning frequency of 11 kHz. The spectrum was zero-filled to 2048 (direct dimension) and
1024 (indirect dimension) points, and apodized with a squared sine bell window function (45° shift) along
both dimensions.

It is interesting to note that most of the 13Cα(i)-13C’(i-1) correlations observed in
the carbonyl region of the 2D 13C-13C PDSD spectrum (Fig. 3.12a), and the strong cross
peaks of 15N(i)-13C’(i-1) observed in NCO spectrum (Fig. 3.12b) fit perfectly to the 13C’
of the group III residues. Consistently, as mentioned above (section 3.3.1 of Part I), the
carbonyl carbon is 13C labeled for the group III amino acids using the [2-13C]Glc labeling
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Figure 3.14. Sequential walks in a 2D 13C-13C PDSD spectrum recorded with a mixing time of 500 ms of
[2-13C]Glc-labeled mαS fibrils. The sequential walks involve 13Cα(i)-13Cα(i±1) correlations (lower plot)
and Val 13Cβ(i)-13Cα(i±1) correlations (upper plot) for the stretches Gly41-Val49, Gly51-Val52, Thr54Lys60, Gln62-Val70, Thr72-Val74, and Thr75-Val95. The second set of sequential resonance assignments
observed is indicated with primes, e.g., Phe94’. The spectra was recorded at 20.0 Tesla (1H resonance
frequency: 850 MHz) and at a spinning frequency of 11 kHz. The spectrum was zero-filled to 4096 (direct
dimension) and 2048 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions.

scheme, while without simultaneously

13

C labeling at the Cα position (Fig. 3.8-3.9),

which allows to observe the resonance of 13C’ with high resolution owning to the absence
of one-bond 13C-13C J and dipolar couplings. However, in addition to the 15N(i)-13C’(i-1)
correlations for the group III residues observed in the NCO spectrum (Fig. 3.13), we also
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observed the

15

N(i)-13C’(i-1) correlations for the group I and II residues in the NCO

spectrum (Fig. 3.13), e.g., Ala, Gly and Val. From their biosynthetic pathways (Fig. A7ab in appendix A), the 13C’ of these amino acids are derived from the carbon 1 of pyruvate
or 3PG. In fact, the PPP might lead to the scrambling of [1,2-13C]pyruvate, [113

C]pyruvate, [1,3-13C]pyruvate, and [3-13C]pyruvate (more details are presented in Part

II). The

15

N(i)-13C’(i-1) correlations are thus expected for the group I and II residues.

Consistently, these correlations are observed with less intensity compared to that of the
group III residues (Fig. 3.13), since they are only observed due to scrambling.
Nevertheless, these two spectra allowed us to obtain a lot of unambiguous sequential
resonance assignments regarding 13C’.

Figure 3.15. 2D NCA spectrum of [2-13C]Glc-labeled mαS fibrils. 15N(i)-13Cα(i) correlations are indicated
in black, while 15N(i)-13Cα(i-1) correlations and 15N(i)-13Cβ(i) correlations of Val are indicated in dark red.
The spectrum was recorded at 20.0 Tesla (1H resonance frequency: 850 MHz) and at a spinning frequency
of 11 kHz. The spectrum was zero-filled to 2048 (direct dimension) and 1024 (indirect dimension) points,
and apodized with a squared sine bell window function (45° shift) along both dimensions.

Additionally, it is worth to note that Cα and Cβ are 13C labeled simultaneously for
Val using this labeling scheme, which enabled us to obtain and confirm the assignments
of Val by sequential
15

13

Cβ(i)-13Cα(i±1) correlations (Fig. 3.14). Also, the presence of

N(i)-13Cβ(i) correlations for Val in the NCA spectrum due to the attenuation of dipolar

truncation effect [52] by the sparse

13

C labeling scheme allowed for the unambiguous

assignments of 15N(i)-13Cα(i) correlations of Val, although they heavily overlap with the
ones of Thr (Fig. 3.15). The reduced dipolar truncation effect [52] also facilitates
polarization transfer from 15N simultaneously to preceding 13Cα atoms, and helped us to
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Figure 3.16. Excerpts of 2D 13C-13C PDSD spectra of mαS fibrils, recorded on (a) a [2-13C]Glc-labeled
sample with a mixing time of 400 ms and (b) a [U-13C]Glc-labeled sample with a mixing time of 100 ms.
Both spectra were recorded at 14.1 Tesla (1H resonance frequency: 600 MHz) and at a spinning frequency
of 11 kHz, but with different numbers of scans (128 scans for (a), and 192 scans for (b)). Both spectra were
zero-filled to 2048 (direct dimension) and 1024 (indirect dimension) points, and apodized with a squared
sine bell window function (45° shift) along both dimensions.

obtain and confirm sequential resonance assignments regarding

15

N(i)-13Cα(i-1) (Fig.

3.15, in red).
Moreover, significant improvement was observed for the aromatic region in the
2D 13C-13C PDSD spectra of [2-13C]Glc-labeled mαS fibrils. The transfer efficiency from
13

Cα to both intra-residue and inter-residue aromatic

13

C atoms is enhanced by the

reduced dipolar truncation effect [52], owning to the ultra-sparse 13C labeling pattern by
using [2-13C]Glc as the sole carbon source in the protein expression medium (Fig. 3.7).
As an illustration, a 2D
13

13

C-13C PDSD spectrum with a mixing time of 400 ms of [2-

C]Glc-labeled mαS fibrils is shown in Fig. 3.16. With this long mixing time, not only

the intra-residue
sequential

13

13

Cα(i)-13Cγ(i) and

Cα(i+1)-13Cγ(i) and

13

13

Cα-13Cε1/2(i) correlations for Phe94, but also the

Cα(i+1)-13Cε1/2(i) correlations for Phe94 were

observed (Fig. 3.16). We need to note that

13

Cε1 and

13

Cε2 in Phe and Tyr are

magnetically equivalent due to rapid ring flips, the chemical shifts between the two spins
are indistinguishable. In addition, the unassigned strong correlation observed in Fig. 3.15
might belong to His50

13

Cα-13Cδ. However, the unambiguous assignment of His Is not

obtained due to a lack of unambiguous sequential correlations. The absence of the other
aromatic residues in the aromatic region of the 2D

13

C-13C PDSD spectrum (Fig. 3.16),

e.g., Phe4, Tyr39, and Tyr107, indicates that they are too flexible to be detected.
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In addition, 2D 15N-15N PDSD correlation spectra with a mixing time of 6 s were
conducted on [U-13C]Glc- (Fig. 3.17a) and [2-13C]Glc-labeled mαS fibrils (Fig. 3.17b).
The observed linewidths of 15N for the spectra in Fig. 3.17a and Fig. 3.17b are ~0.9 ppm
and ~0.8 ppm, respectively. Considering the longer acquisition time and the higher field
strength used for the 2D

15

N-15N PDSD spectrum recorded on [2-13C]Glc-labeled mαS

fibrils compared to that of [U-13C]Glc-labeled mαS fibrils (Fig. 3.17), the better
resolution is reasonable. In other words, it might indicate that no significant resolution
enhancement in the

15

N dimension was observed for the [2-13C]Glc labeling scheme

compared to that of the [U-13C]Glc labeling scheme.

Figure 3.17. 2D 15N-15N PDSD spectra with a mixing time of 6 s on (a) [U-13C]Glc- (in black) and (b) [213
C]Glc-labeled mαS fibrils (in magenta). Both spectra were recorded at a spinning frequency of 11 kHz.
The black spectrum was recorded at 18.8 Tesla (1H resonance frequency: 800 MHz) and with a maximum
acquisition time of 11.5 ms (indirect dimension), while the magenta spectrum was recorded at 20.0 Tesla
(1H resonance frequency: 850 MHz) and with a maximum acquisition time of 14.9 ms (indirect dimension).
Both spectra were recorded at a spinning frequency of 11 kHz. Both spectra were zero-filled to 2048 (direct
dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions.

Taken together, the high quality of the spectra recorded on [2-13C]Glc-labeled
mαS fibrils, such as resolution enhancement, spectral simplification, and improved intraresidue and inter-residue transfer efficiencies, allows for an unambiguous sequential
resonance assignment of mαS fibrils. The sequential walks involving

13

Cα(i)-13Cα(i±1)

correlations and/or 13Cβ(i)-13Cα(i±1) (for Val) correlations regarding the stretches Gly41Val49, Gly51-Val52, Thr54-Lys60, Gln62-Val70, Thr72-Val74, and Thr75-Val95 are
49

Part I: 3. Results and discussion
obtained without ambiguity and shown in Fig. 3.14. The correlations of 15N(i)-13Cα(i) and
15

N(i)-13C’(i-1) are assigned unambiguously in the spectra of NCA (Fig. 3.15) and NCO

(Fig. 3.13), respectively. In addition, doubling of resonances for the residues Gly84,
Ala85, Gly86, Ala89, Gly93, and Phe94 was revealed by the sufficient resolution
resulting from the sparse glucose labeling scheme (Fig. 3.14). A single set of resonances
is observed for the other residues, indicating that no polymorphism exists in our samples,
whereas the presence of the few doubled resonances may suggest local disorder of these
residues. This correlates quite well with their location in the secondary structure of mαS
fibrils: Gly84 and Ala85 are close to one loop that includes Gly86 and Ala89, while
Gly93 and Phe94 are located at the end of the structured region of mαS fibrils (see the
discussion about the secondary structure analysis in section 3.4 of Part I).

3.3.3 Labeling pattern of [1-13C]glucose labeling scheme
Similarly to the [2-13C]Glc labeling scheme, the labeling patterns of the 20
standard amino acids expressed in a minimal medium containing [1-13C]Glc as the sole
carbon source, are analyzed in this section. The major metabolic pathways and individual
biosynthetic pathways involved in the amino acid biosynthesis are illustrated in Fig. A911 (appendix A). Following the steps shown in Fig. A9a, approximately 1/2 [313

C]pyruvate and 1/2 [12C]pyruvate are expected when starting from [1-13C]Glc. The

same pattern is expected for 3PG, i.e., approximately 1/2 [3-13C]3PG and 1/2 [12C]3PG
are generated during glycolysis (Fig. A9a). Consequently, about 1/2 Cβ is 13C enriched
while no

13

C is labeled at the Cα position simultaneously for the group I amino acids

except Val and Leu (Fig. 3.18a). For Val, the isotopomers of
12

Cγ2 (1/4),

12

Cγ1-13Cγ2 (1/4), and

12

13

Cγ1-13Cγ2 (1/4),

13

Cγ1-

Cγ1-12Cγ2 (1/4) are formed. For Leu, the

isotopomers of 13Cα-13Cδ1-13Cδ2 (1/8), 13Cα-13Cδ1-12Cδ2 (1/8), 13Cα-12Cδ1-13Cδ2 (1/8),
12

Cα-13Cδ1-13Cδ2 (1/8),

13

Cα-12Cδ1-12Cδ2 (1/8),

12

Cα-12Cδ1-13Cδ2 (1/8),

12

Cδ2 (1/8), and 12Cα-12Cδ1-12Cδ2 (1/8) are formed (Fig. 3.18a).

12

Cα-13Cδ1-

As mentioned in section 3.3.1 of Part I, the carbon skeletons of the group II amino
acids stem from PEP, 3PG, E4P and R5P. PEP and 3PG, the intermediates derived from
glycolysis, are

13

C enriched at carbon 3 with an enrichment level of about 1/2 when

starting from [1-13C]Glc (Fig. A9a). An enrichment level of about 1/2 for 13Cε1 of His,
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Figure 3.18. Schematic representation of the labeling patterns for amino acids synthesized from (a) the
glycolytic intermediates (i.e., group I amino acids) and (b) the PPP intermediates as well as the glycolytic
intermediates (i.e., group II amino acids) in a [1-13C]Glc containing medium. Carbons that are 13C labeled
are filled with green color, and the enrichment level is indicated by the percentage of the filled color. The
percentage of the 13C spins derived from E4P or R5P, i.e., His 13Cδ2/13C’, Phe/Tyr 13Cδ2 (or 13Cδ1), and Trp
13
Cδ1/13Cε2, could not be determined, a 1/2 distribution is instead displayed, and their isotopomers are not
considered here. Val and Leu are the exceptions of group I amino acids, and the detailed isotopomers are
displayed in right. For clarity, the percentage of each isotopomer of Val and Leu is shown below.

13

Cβ and

13

Cδ1 (or

13

Cδ2) of Phe and Tyr, and

13

Cβ and

13

Cε3 of Trp is thus expected,

since they are derived from PEP and 3PG (Fig. A10c). E4P and R5P are generated in the
PPP, and will be 13C enriched at position 4 and positions 1 and 5 when starting from [113

C]Glc, respectively (Fig. A9b). Thereby, a)

13

C’-13Cδ2 spin pair of His are expected

from [1,5-13C]R5P, b) 13Cδ2 (or 13Cδ1) of Phe and Tyr are expected from [4-13C]E4P, and
c) 13Cδ1 and 13Cε2 of Trp are expected from [1,5-13C]R5P and [4-13C]E4P (Fig. A10c). In
summary, the expected labeling patterns, including the isotopomers and the relative
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incorporation levels of individual isotopomers for the group I and II amino acids
expressed in a [1-13C]Glc containing medium are illustrated in Fig. 3.18.
Likewise, the expected labeling patterns of the group III amino acids (i.e., Asp,
Asn, Thr, Ile, Met, Lys, Glu, Gln, Pro, and Arg) grown in a [1-13C]Glc containing
medium for protein expression, are illustrated in Fig. 3.19-20. As shown in Fig. A11b, 6
types of OA (with one 13C label or more 13C labels) are yielded during TCA cycle when
using [1-13C]Glc as the sole carbon source in the protein expression medium, [3-13C]OA,
[1,3-13C]OA, [2,4-13C]OA, [2,3-13C]OA, [1,2,3-13C]OA, and [2,3,4-13C]OA. As

Figure 3.19. Schematic representation of the expected labeling pattern for group III amino acids produced
in a [1-13C]Glc containing medium for protein expression. Carbons that are 13C labeled are filled with green
color, and the enrichment level is indicated by the percentage of the filled color. For clarity, only the
isotopomers with at least one 13C label are shown. The list of isotopomers for Lys is shown in Fig. 3.20.
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Figure 3.20. The isotopomers of Lys produced in a [1-13C]Glc containing medium for protein expression.
Carbons that are 13C labeled are filled with green color, and the enrichment level is indicated by the
percentage of the filled color. For clarity, only the isotopomers with at least one 13C label are shown.

a result, 6 isopotomers with at least one 13C spin, i.e., 13Cβ,
13

Cβ,

13

Cα-13Cβ-13Cγ, and

13

13

Cα-13Cγ, 13Cβ-13C’, 13Cα-

Cα-13Cβ-13C’ are thus formed for OA derived amino acids

with the exceptions of Ile and Lys. The enrichment level of each isotopomer (with at least
one

13

C spin) is estimated to be 1/12 (i.e., 1/6 × 1/2). As mentioned in section 3.3.1 of

Part I; the labeling patterns for Ile and Lys are more complicated due to their biosynthetic
pathways (Fig. A11a). In short, 13 isotopomers with at least one
for Ile (Fig. 3.19), and 19 isotopomers with at least one

13

13

C label are expected

C label are expected for Lys

13

(Fig. 3.20). As shown in Fig. A11d, 4 types of AKG (with C labels) are generated in
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Figure 3.21. Schematic representation of the expected labeling pattern for the 20 amino acids produced in a
[1-13C]Glc containing medium for protein expression. (a) Group I, (b) group II, and (c) group III amino
acids. Carbons that are 13C labeled are filled with green color, and the enrichment level is indicated by the
percentage of the filled color. For the amino acids that have multiple labeling patterns, the detailed
isotopomers are displayed in Fig. 3.18-3.20.

total during TCA cycle when starting from [1-13C]Glc. Thereby, 4 isotopomers with 13C
isotoped spin pairs, i.e., 13Cα-13Cγ, 13Cβ-13Cγ-13C’, 13Cα-13Cβ-13Cγ, and 13Cα-13Cβ-13Cγ13

C’ are thus formed for Glu, Gln, Pro, and Arg. The incorporation level of each

isotopomer is estimated to be about 1/8 (i.e., 1/4 × 1/2, Fig. 3.20).
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Taken together, as shown in Fig. 3.21, a new labeling pattern sheet for all the 20
amino acids based on protein expression in an E.coli medium containing [1-13C]Glc as the
sole carbon source, is proposed. Generally, the [1-13C]Glc labeling scheme preferentially
labels the ends of the sidechains, which is in a complementary manner compared with
that of the [2-13C]Glc labeling scheme. For group I and group II amino acids, an
alternating labeling pattern is achieved, i.e.,
amino acids, multiple

13

C labels, e.g.,

13

12

C-13C-12C or

C-13C or

13

13

C-12C-13C. For group III

C-13C-13C or

13

C-13C-13C-13C, are

achieved, but with a much lower enrichment level (Fig. 3.19-20) compared to that of the
[1,3-13C]glycerol labeling scheme (Fig. 1.3).

3.3.4 Resolution enhancement and spectrum simplification using [1-13C]glucose
labeling scheme
Similarly to the [2-13C]Glc labeling scheme [61], the ultra-sparse labeling scheme
based on [1-13C]Glc [58; 61] also leads to enhanced resolution of ssNMR spectra due to
the removal of the majority of one-bond

13

C-13C J and dipolar couplings. The spectral

overlap is alleviated dramatically by a reduced number of cross peaks as well. More
importantly, as a perfectly complementary labeling scheme to the [2-13C]Glc labeling
scheme [61], the [1-13C]Glc labeling scheme [58; 61] enables one to detect the 13C spins
that are not labeled by the [2-13C]Glc labeling scheme, e.g., 13Cβ for Ala, Ser, Cys, Phe,
Tyr, and Trp, and 13Cα for Leu. However, Cys and Trp are not in the primary sequence of
mαS fibrils (Fig. 1.4). Leu and Tyr were not unambiguously assigned due to a lack of
sequential connections. Moreover, both the backbone and sidechain assignments of the
group III amino acids, i.e., Asn, Asp, Thr, Met, Lys, Ile, Glu, Gln, Arg, and Pro could be
readily identified. Arg is not in the primary sequence of mαS fibrils (Fig. 1.4). Asp and
Pro were observed but no unambiguous assignments were obtained.
As an illustration, we recorded a 2D 13C-13C PDSD spectrum with a mixing time
of 100 ms. With this mixing time, the resultant ssNMR spectrum is mostly dominated by
intra-residue correlations (Fig. 3.22). For the group I amino acids except Val and Leu, no
intra-residue correlation should be expected (Fig. 3.18a), and indeed no visible cross peak
was observed (Fig. 3.22). In contrast, Val 13Cγ1-13Cγ2 correlations were observed (Fig.
3.22). For the group II amino acids, as mentioned in section 3.3.3 of Part I, the
Cδ2/Cε1/C’ for His, Cβ/Cδ1/Cδ2 for Phe and Tyr, and Cβ/Cδ1/Cε2/Cε3 for Trp are
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expected to be 13C labeled using the [1-13C]Glc labeling scheme (Fig. 3.18). Taking Phe
as an example, the intra-residue 13Cβ-13Cδ(1/2) correlation was observed in the 2D
13

13

C-

C PDSD spectrum with a mixing time of 100 ms (Fig. 3.22). Due to rapid ring flips of

Phe and Tyr,

13

Cδ1 and

13

Cδ2 are magnetically equivalent, the chemical shifts between

the two spins are thus indistinguishable.

Figure 3.22. 2D 13C-13C PDSD spectrum with a mixing time of 100 ms on [1-13C]Glc-labeled mαS fibrils,
conducted on a 20.0 Tesla (1H resonance frequency: 850 MHz) and at a spinning frequency of 11 kHz. The
spectrum was zero-filled to 2048 (direct dimension) and 1024 (indirect dimension) points, and apodized
with a squared sine bell window function (45° shift) along both dimensions. Correlations of residue Lys58,
Gln62, Asn65, Thr81, Glu83, and Ile88 for mαS fibrils are illustrated with dashed lines, whereas cross
peaks are indicated with circles, otherwise, no cross peak is visible or the visible cross peaks belong to other
residues. Correlations of Val 13Cγ1-13Cγ2 are circled in dark red.

For the group III amino acids, both the backbone and sidechain assignments could
be readily identified using [1-13C]Glc labeling scheme. As an illustration, correlations of
Lys58, Gln62, Asn65, Thr81, Glu83, and Ile88 of mαS fibrils are shown in Fig. 3.22.
Except Ile and Lys, the same correlations are expected for OA derived amino acids, i.e.,
Asp, Asn, Thr, and Met. Taking Thr as an example for these amino acids, a) one-bond
correlations of
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13

Cα-13Cγ2 and 13Cβ-13C' are expected (Fig. 3.19). Indeed, for Thr81, the correlations of

13

Cα-13Cβ, 13Cα-13Cγ2,

13

Cβ-13C',

13

Cα-13C’, and

13

Cβ-13Cγ2 were observed (Fig. 3.22).

For Ile, a) one-bond correlations of 13Cα-13C' and 13Cγ1-13Cδ1, b) two-bond correlations
of
13

13

Cγ1-13Cγ2,

Cδ1,

13

13

Cα-13Cγ1, and

Cγ1-13C',

13

13

Cα-13Cγ2, and c) three-bond correlations of

Cγ2-13Cδ1, and

13

13

Cα-

Cγ2-13C' are expected (Fig. 3.19). In fact, the

correlations 13Cγ1-13Cδ1, 13Cγ1-13Cγ2, 13Cα-13Cγ2, 13Cα-13Cγ1, 13Cγ2-13Cδ1, 13Cα-13Cδ1,
and

13

Cγ2-13C’ were observed, however, the

13

Cγ1-13C' correlation was too weak to be

observed (Fig. 3.22). For Lys, a) one-bond correlations of

13

13

Cδ,

13

13

Cδ, and

13

Cδ-13Cε, and

Cδ,

13

Cα-13C', b) two-bond correlations of

13

Cβ-13C', and c) three-bond correlations of

four-bond correlation
13

13

Cβ-13Cγ,

13

13

Cα-13Cβ,

13

Cα-13Cγ,

13

Cα-13Cδ and

13

Cδ-13C' are expected (Fig. 3.20). Indeed, the

13

13

Cγ-13Cδ,

13

Cδ-13Cε,

13

Cα-13Cγ,

13

Cβ-13C’,

13

Cβ-13Cγ,
Cγ-13Cε,

13
13

Cγ-

Cβ-

Cβ-13Cε, and d)
Cα-13Cβ,

Cγ-13Cε, and

13

13

Cβ-

Cα-13Cδ

correlations were observed in Fig. 3.22. For the AKG derived amino acids (i.e., Glu, Gln,
Pro and Arg), the same correlations are expected. Taking Glu as an example, a) one-bond
correlations of 13Cα-13Cβ,
13

Cγ and

13

Cβ-13Cγ, and

13

Cα-13C', b) two-bond correlations of 13Cα-

13

Cβ-13C', c) three-bond correlation 13Cγ-13C' are expected (Fig. 3.19). Indeed,

for Glu83, the correlations of

13

Cα-13Cβ,

13

Cβ-13Cγ,

13

Cα-13Cγ, and

13

Cα-13C’ were

observed, while 13Cβ-13C’ and 13Cγ-13C’ correlations were too weak to be observed (Fig.
3.22). Considering that the intensity is proportional to the inverse cube of the internuclear distances and the
the spectrum of 2D

13

13

C incorporation levels, the above mentioned observations in

C-13C PDSD with a mixing time of 100 ms (Fig. 3.22), are

consistent with what is expected based on the metabolic pathways of E. coli (Fig. 3.1820).
In addition to resolution enhancement and spectrum simplification observed in the
ssNMR spectra recorded on [1-13C]Glc-labeled mαS fibrils, the unambiguous sequential
resonance assignment is also facilitated. Similarly to the [2-13C]Glc labeling scheme, a
sequential assignment strategy is proposed based on 2D

13

C-13C and

13

C-15N spectra of

[1-13C]Glc-labeled mαS fibrils (Fig. 3.23). As an example, Fig. 3.23 shows the
assignment of Thr and Val based on the combination of a 2D 13C-13C PDSD spectrum
with a mixing time of 700 ms recorded on [2-13C]Glc-labeled mαS fibrils, and 2D 13C-13C
PDSD (mixing time: 100 ms), NCO, and NCA spectra recorded on [1-13C]Glc-labeled
mαS fibrils. Dashed lines in Fig. 3.23 illustrate the unambiguous assignment of the
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Figure 3.23. Sequential resonance assignment of Thr and Val residues using [1-13C]Glc- (in green, b-d) and
[2-13C]Glc-labeled mαS fibrils (in magenta, a). (a) Excerpt of the Val Cβ region of a 2D 13C-13C PDSD
spectrum recorded with a mixing time of 700 ms, (b) 2D 13C-13C PDSD spectrum with a mixing time of 400
ms, (c) NCO, and (d) NCA spectra. The full spectra of (c) NCO, and (d) NCA are shown in Fig. 1.24 and
Fig. 1.25, respectively. The assignment of the 9 Thr residues in the rigid core of mαS fibrils is illustrated.
Dashed and solid lines correspond to the assignment of Thr53 and Thr54, respectively. Spectra shown in (a,
b) and (c, d) were recorded at 18.8 Tesla (1H resonance frequency: 800 MHz) and 20 Tesla (1H resonance
frequency: 850 MHz), respectively, and at a spinning frequency of 11 kHz. The spectrum of (a) was zerofilled to 2048 (direct dimension) and 2048 (indirect dimension) points, and apodized with a squared sine
bell window function (45° shift) along both dimensions. The spectrum of (b) was zero-filled to 4096 (direct
dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell window function
(51.4° shift) along both dimensions.
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Figure 3.24. 2D NCO spectra of [1-13C]Glc-labeled mαS fibrils. 15N(i)-13C’(i-1) correlations are indicated
in black. The spectrum was recorded at 20.0 Tesla (1H resonance frequency: 8500 MHz) and at a spinning
frequency of 11 kHz, zero-filled to 2048 (direct dimension) and 1024 (indirect dimension) points, and
apodized with a squared sine bell window function (45° shift) along both dimensions.

critical residue Thr53, one of the two variant sites between hαS and mαS located in the
fibril core.
It is worth to note that, the carbonyl carbons are also

13

C labeled for group III

amino acids using the [1-13C]Glc labeling scheme (Fig. 3.19-20). Most carbonyl carbons
are

13

C labeled without simultaneously being

13

C enriched at the Cα, e.g., isotopomers

with 13Cβ-13C’ and 13Cβ-13Cγ2-13C’ for OA (except Ile and Lys) and AKG derived amino
acids (Fig. 3.19). However, a small amount of carbonyl carbons are

13

C labeled

simultaneously with the Cα, e.g., the isotopmers with 13Cα-13C’ are also formed for OA
(except Ile and Lys) and AKG derived amino acids (Fig. 3.19-20). Nevertheless, the 13C
labeling pattern regarding the carbonyl carbons based on the [1-13C]Glc labeling scheme
leads to the observation of the 13C’ resonances with high resolution (Fig. 3.23b-c). As an
illustration, the 2D NCO spectrum recorded on [1-13C]Glc mαS fibrils is shown in Fig.
3.24. Most of the strong cross peaks were unambiguously assigned to the 15N(i)-13C’(i-1)
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Figure 3.25. 2D NCA spectra of [1-13C]Glc-labeled mαS fibrils. The spectrum was recorded at 20 Tesla (1H
resonance frequency: 850 MHz) and at a spinning frequency of 11 kHz, and zero-filled to 2048 (direct
dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions. The cross peaks that are only observed in the NCA spectrum of [113
C]Glc-labeled mαS fibrils, while not present in the NCA spectrum of [2-13C]Glc-labeled mαS fibrils (Fig.
3.14) are indicated with blue circles.

correlations of the group III amino acids. In addition, the 15N(i)-13C’(i-1) correlations for
the group I and II residues, e.g., Ala, were also observed, but with much weaker intensity
(Fig. 3.24).
In addition, the 2D NCA spectrum of [1-13C]Glc-labeled mαS fibrils was obtained
with a more reduced number of cross peaks (Fig. 3.25) compared to the NCA spectrum of
[2-13C]Glc-labeled mαS fibrils (Fig. 3.15). Due to the fact that, the Cαs of Ala, Ser, Gly,
Cys, Phe, Tyr, and Trp are only 13C enriched by the [2-13C]Glc labeling scheme, and not
by the [1-13C]Glc labeling scheme, the comparison of the NCA spectra of [2-13C]Glc(Fig. 3.15) and [1-13C]Glc-labeled mαS fibrils (Fig. 3.25) thus allows for a rapid
identification of the

15

N(i)-13Cα(i) correlation of these amino acids. As shown in Fig.

3.25, no 15N(i)-13Cα(i) correlation of Ala, Val, Ser, Gly, and Phe was observed in the 2D
NCA spectrum of [1-13C]Glc-labeled mαS fibrils (Fig. 3.25). In contrast, the Cα of Leu is
only

13

C enriched by the [1-13C]Glc labeling scheme. Thereby, the

15

N(i)-13Cα(i)

correlation of Leu should be expected only in the 2D NCA spectrum of [1-13C]Glclabeled mαS fibrils (Fig. 3.25). In fact, two extra cross peaks were observed in Fig. 3.25.
However, the unambiguous assignment of Leu38 of mαS fibrils could not be obtained so
far due to a lack of sequential connections.
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In total, an in-depth analysis of the labeling patterns and the characteristic
correlations expected in ssNMR spectra for the 20 standard amino acids based on protein
expression in a E. coli medium containing [2-13C]Glc or [1-13C]Glc as the sole carbon
source, are demonstrated in the section 3.3 of Part I. The analysis of individual
isotopomers for individual amino acids (Fig. 3.7-9 and Fig. 3.18-20) enables us to
investigate to what extent the labelings are characteristic from other individual amino
acids, and can thus be used for the rapid identification of special spin systems. The
analysis of the 13C labels distribution of the 20 standard amino acids (Fig. 3.7-10 and Fig.
3.18-21), affords valuable information for the unambiguous sequential resonance
assignment by homonuclear
15

13

C(i)-13C(i±1) correlations, heteronulear

15

N(i)-13Cα(i) and

N(i)-13C’(i-1) correlations, and will potentially provide support for collecting medium-

and long-range distance correlations.
Taken together, the near-complete sequential resonance assignment for residues
from Gly41 to Val95 is obtained with all the recorded spectra on [U-13C]Glc-, [2-13C]Glcand [1-13C]Glc-labeled mαS fibrils. In total, 96% of backbone amide 15N and 93% of all
13

C resonances (97% of the backbone and 89% of the sidechains) are obtained for the

detected residues from Gly41 to Val95 (Table A2 in appendix A). To the best of our
knowledge, our study reports the sequential resonance assignment of mαS fibrils for the
first time, and with more complete information compared to hαS fibrils.
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3.4

Secondary structure analysis of the fibril core of mouse α-synuclein fibrils

Figure 3.26. DREAM spectrum of [U-13C]Glc-labeled mαS fibrils. The spectrum was recorded at 18.8 Tesla
(1H resonance frequency: 800 MHz) and at a spinning frequency of 18 kHz. Note, only one Ser resonance is
visible in the spectrum (corresponding to Ser42). Positive contours are shown in red and negative contours
in black. The spectrum was zero-filled to 2048 (direct dimension) and 1024 (indirect dimension) points, and
apodized with a squared sine bell window function (60° shift) along both dimensions.

Residues from Gly41 to Val95 were sequentially assigned and identified to be
within the fibril core of mαS fibrils by our current work. The assignment of Val40 was
obtained ambiguously. Unambiguous assignments for residues of Leu38 and Tyr39 could
so far not be obtained due to a lack of sequential correlations. This might be because
these two residues are at the beginning of the structured region, and the peak intensities
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may thus be too weak to be observed. On the other hand, there are clearly no detectable
sequential connections from Val95 to Lys96 in our spectra. However, we were able to
find residues outside the identified fibril core in 13C-13C PDSD spectra, such as Ser (Ser9
or 129), Pro (Pro108, 117, 120, 128, or 138), and Asp (Asp 2, 98, 115, 119, or 135).
However, we could not detect any sequential connections to assign them unambiguously.
Importantly, the Ser and Pro resonances are absent in a DREAM spectrum (Fig. 3.26),
which may indicate that they are relatively flexible. This is corroborated by the
observation that the Ser and Pro signals have random coil chemical shifts, whereas the
unassigned Asp exhibits β-strand-like chemical shifts (See Table A2 in appendix A).

Figure 3.27. The secondary structure of the rigid core of mαS fibrils. Secondary chemical shifts (∆Cα ∆Cβ) are shown as a function of residue for mαS fibrils as studied here. Non-assigned residues are marked
with a cross. β-strands are indicated by white arrows (slashed bars in the white arrow represent possible
kinks), non-β-strand regions (kink, loop, or turn) are shown as a curve, and non-assigned amino acids as a
dashed line. The Ala53Thr and Ser87Asn variant sites in the rigid core are colored in red.

Confident and complete sequential assignment of residues from Gly41 to Val95
leads to valuable secondary structural information. The secondary structure of the rigid
core of mαS fibrils was analyzed based on secondary chemical shifts (∆Cα - ∆Cβ =
[∆Cα(obs) - ∆Cα(rc)] – [∆Cβ(obs) - ∆Cβ(rc)]) [104; 105; 106] and is illustrated in Fig.
3.27. For all the residues apart from Gly, three or more continuous negative values of
(∆Cα - ∆Cβ) are indicative of β-strand conformation, while positive values point to αhelical structure, and values close to zero indicate a random coil conformation.
As an independent and complementary indicator, backbone 1H-1H distances were
probed indirectly using the NHHC scheme [51] to characterize the secondary structure of
mαS fibrils (Fig. 3.28). Longitudinal 1H-1H mixing times of 150 and 175 µs for
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Figure 3.28. Secondary structure analysis using NHHC spectra recorded on (a) [U-13C]Glc-labeled mαS
fibrils and (b) [2-13C]Glc-labeled mαS fibrils. The 15N(i)-13Cα(i) and 15N(i)-13Cα(i-1) correlations are
labeled in black and dark red, respectively. Both spectra were recorded at 20.0 Tesla (1H resonance
frequency: 850 MHz) and at a spinning frequency of 11 kHz. Both spectra were zero-filled to 2048 (direct
dimension) and 1024 (indirect dimension) points, and apodized with a squared sine bell window function
(45° shift) along both dimensions.

[U-13C]Glc- and [2-13C]Glc-labeled mαS fibrils, respectively, were used. The enhanced
resolution of the NHHC spectrum of [2-13C]Glc-labeled mαS fibrils compared to the
spectrum of [U-13C]Glc-labeled mαS fibrils facilitated the site-specific identification of
secondary structure. As illustrated in Fig. 1.2b, for residues with a β-strand conformation,
inter-residue 1HN(i)-1HCα(i-1) contacts are shorter than intra-residue 1HN(i)-1HCα(i)
contacts. Thereby, observed
compared to
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13

CαH(i) correlations, as seen e.g., for Ser42 and Lys43 are indicative of β-sheet

conformation. In contrast, the clear absence of

15

presence with weaker intensities compared to

NH(i+1)-13CαH(i) correlations or the
15

NH(i)-13CαH(i) correlations, e.g.,

observed for Lys58 and Thr59, is indicative of loop or turn structure. Together with the
secondary chemical shifts, six β-strands were identified to be within the fibril core of
mαS fibrils: Gly41-Val49, Val52-Glu57, Lys60-Val66, Gly68-Gln79, Thr81-Ala85, and
Ala90-Val95. Possible kinks in the β-strands are marked by slashed bars (Fig. 3.27).
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3.5

Structural comparison of mouse and human α-synuclein fibrils
A direct comparison between mαS and hαS fibrils has to take into account the

existence of multiple sets of chemical shifts, incomplete sequential resonance
assignments, and the presence of different morphologies of hαS fibrils. E.g., 48 residues
(form A, twisted fibrils) and 36 residues (form B, straight fibrils) from Leu38 to Val95
were assigned and identified to be within the fibril core of hαS for two distinct fibril
morphologies by Heise et al. [44]. Recently, sequential resonance assignments for 85% of
residues from Met1 to Lys97 were achieved by Gath et al. [82] and 91% of the 15N and
13

C resonances of residues from Leu38 to Lys96 were reported by Comellas et al. [81].

Collectively, hαS fibrils seem to recruit more residues into the β-sheet fibril core than
mαS fibrils. Residues from Gly41 to Val95 were sequentially assigned and identified to
be within the fibril core of mαS fibrils by our current work.
The B-Form hαS fibrils studied by Heise et al. are straight, while the A-Form has
a twisted morphology [44]. However, the fibril morphology was not reported in the
publications by Gath et al. [82] and Comellas et al. [81] on hαS fibrils. Because the
ssNMR spectra are virtually identical for hαS fibrils as reported by Gath et al. [82], and
by us [91] (red spectrum in Fig. 3.2, straight fibrils, produced under the same conditions
as the mαS fibrils with straight morphology reported in the current study), we assume that
Gath et al. also obtained straight fibrils. However, no EM micrograph is shown in Gath et
al. [82]. The fibril morphology for Comellas et al. is not clear. In the published EM
micrograph (Comellas et al. [81], Fig. 8), the fibrils appear straight as well. Interestingly,
we see strong differences between mαS and hαS in terms of secondary chemical shifts
and extent of β-strand regions if we consider hαS prepared under the same fibrillization
conditions as mαS (with assignments for this form reported by Gath et al. [82], see Fig.
3.29b). The most significant difference relates to residues Met1-Val37 that are only
observed in spectra of hαS. In contrast, residues Thr44-Glu57 are only observed for mαS.
Furthermore, for several residues in the core, secondary chemical shifts (∆Cα - ∆Cβ) with
opposite sign for mαS and hαS were observed: Gly41, Lys58, Thr81, Ala89, and Ala91.
In contrast, much higher similarity was observed between mαS fibrils and hαS fibrils
studied by Comellas et al. (Fig. 3.29c) [81], regarding both the length and the location of
the β-strands. The only residues that adopt a significantly different secondary structure
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Figure 3.29. Secondary structure comparison of mαS fibrils and hαS fibrils. Secondary chemical shifts
(∆Cα - ∆Cβ) are shown as a function of residue for (a) mαS fibrils as studied here, and hαS fibrils as
investigated by (b) Gath et al. [82] (for the sake of clarity the values for residues Met1-Leu38 are omitted),
(c) Comellas et al. [81], and (d) Heise et al. [44] (only the B form of hαS fibrils is shown). For hαS fibrils,
no 13Cβ assignment was available for Val66, and Phe94 (in b), and His50, Lys60, Lys96, and Lys97 (in c).
Non-assigned residues are marked with a cross. β-strands are indicated by white arrows (slashed bars in the
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white arrow represent possible kinks), non-β-strand regions (kink, loop, or turn) are shown as a curve, and
non-assigned amino acids as a dashed line. The Ala53Thr and Ser87Asn variant sites in the rigid core are
colored in red. The conserved region of αS fibrils as revealed by the comparison of mαS and hαS fibrils
studied by Gath et al. [82] and Comellas et al. [81] is highlighted in grey.

(i.e., opposite sign of the secondary chemical shift) in mαS and hαS fibrils studied by
Comellas et al. [81] (Fig. 3.29c) are Lys58, Thr59, and Ala85.
The systematic structural comparison between mαS fibrils and the two different
forms of hαS fibrils reveals that residues Glu61-Lys80 constitute the structurally most
conserved region of αS. Interestingly, the mutation sites of Ala53Thr and Ser87Asn that
are responsible for the differences in aggregation kinetics and lag phases between mαS
and hαS are outside this region. The conserved core of Glu61-Lys80 might play an
important role in the initiation of the aggregation of αS fibrils. Consistent with this
notion, it was previously reported that residues Glu61-Ala78 [107], Gly68-Ala78 [108],
and Val71-Val82 [109] within the hydrophobic region of αS could form aggregates by
themselves in vitro, and that residues Gly68-Ala78 [108] constitute the shortest fragment
sufficient for αS fibril assembly.
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3.6

Supra-molecular structure of mouse α-synulecin fibrils elucidated by means

of mixed 1:1 13C:15N labeled mouse α-synuclein fibrils

Figure 3.30. Supra-molecular arrangement of mαS fibrils. (a) Comparison of NCA spectrum (in black)
recorded on [U-13C]Glc-labeled mαS fibrils and NHHC spectrum (in red) recorded on [M-13C/15N]-labeled
mαS fibrils. 15N(i)-13Cα(i) correlations and 15N(i)-13Cα(i-1) correlations between adjacent molecules were
labeled as e.g., Val63 and Val63-Gln62, respectively. (b) Summary of the detected inter-molecular contacts.
Solid lines represent unambiguous assignments and dashed lines represent ambiguous assignments due to
spectral overlap. The red spectrum was measured on 20.0 Tesla (1H resonance frequency: 850 MHz) and at
a spinning frequency of 11 kHz, and then zero-filled to 2048 (direct dimension) and 1024 (indirect
dimension) points, and apodized with a squared sine bell window function (60° shift) along both
dimensions. The red spectrum was measured on 18.8 Tesla (1H resonance frequency: 800 MHz) and at a
spinning frequency of 11 kHz, and then zero-filled to 2048 (direct dimension) and 1024 (indirect
dimension) points, and apodized with a squared sine bell window function (51.4° shift) along both
dimensions.

Previous ssNMR studies on heterogeneously labeled samples have yielded
structural insight into the supra-molecular arrangement of amyloid fibrils [29; 90; 110;
111; 112; 113; 114; 115; 116]. Here, we have recorded an NHHC [51] spectrum with a
1

H-1H mixing time of 500 µs on [M-13C/15N]-labeled mαS fibrils to elucidate the stacking

of molecules in the fibrils. With the chosen mixing time, cross peaks between 13C and 15N
sites can be observed that correspond to intermolecular (1H-1H) distances of about 3.5 Ǻ
[90]. Since

15

N and

13

C spins in the [M-13C/15N]-labeled mαS fibrils are not labeled
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within the same molecule, all the observed cross peaks in the NHHC spectrum are
exclusively due to intermolecular transfer. As shown in Fig. 3.30a, most of the cross
peaks can be assigned to either inter-strand 15N(i)-13Cα(i) or inter-strand 15N(i)-13Cα(i-1)
correlations. These contacts are summarized in Fig. 3.30b. The sensitivity of the
intermolecular NHHC experiment is compromised due to a) the three involved CP
transfer steps, b) the probability of one pair of neighboring molecules to be

15

N:13C

labeled, which is only 25%, c) the long intermolecular distances involved, and d) the
distribution of magnetization during the 1H-1H transfer to protons that are not involved in
the last transfer step. Still, the unambiguous intermolecular correlation pattern, e.g., for
Lys43, Glu46, and Glu57 (Fig. 3.30b), as well as the overall good overlay with the NCA
spectrum recorded on [U-13C]Glc-labeled mαS fibrils (Fig. 3.30a) identifies a parallel, inregister arrangement of the β-strands. This result is in agreement with a similar recent
study by our group which showed that the hαS fibrils studied by us are stacked parallel
and in-register [91].
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4

Conclusions
We have provided a complete labeling pattern for the [1-13C]Glc- and [2-13C]Glc-

labeled proteins based on the major metabolic pathways. The two labeling schemes are
quasi complementary, as illustrated with the absence of cross peaks detectable in both
types of spectra. Substantial improvements in terms of increased spectral resolution and
simplicity for [1-13C]Glc- and [2-13C]Glc-labeled mαS fibrils were observed, and
strategies for simplified and complete resonance assignment using the

13

C spin dilution

approach were demonstrated with the de novo assignment of mαS fibrils. An almost
complete resonance assignment (95% of backbone amide 15N and 92% of 13C nuclei) was
obtained for residues from Gly41 to Val95 which form the core of mαS fibrils. Six βstrands were identified to be within the fibril core of mαS based on a secondary structure
analysis.
The structural comparison between mαS fibrils and two different forms of hαS
fibrils reveals that residues Glu61-Lys80 constitute the structurally most conserved region
of αS. While the Glu61-Lys80 conserved core appears to play a critical role as an initiator
of aggregation, a subtle modulatory effect might be exerted on the αS aggregation
pathway by mutations located inside the extended fibrillogenic region formed by residues
Gly41-Val95. Indeed, it was reported recently that the Ala53Thr substitution dominates
the aggregation growth rates, while the combination of the Ala53Thr and Ser87Asn
mutations affects the lag phase of the aggregation of mαS compared to hαS [85].
It should be worthwhile to determine structures of mαS and hαS fibrils in order to
gain further insights into the largely different aggregation kinetics. Currently, we are
exploiting the improved resolution and reduced dipolar truncation in the sparsely labeled
mαS samples, to collect long-range distance restraints with the aim of an atomic model of
mαS amyloid fibrils.
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1

Introduction
The stereospecific assignment of prochiral methyl groups of Val and Leu can

greatly improve the precision and accuracy in protein structure determination by solution
NMR [117; 118; 119; 120]. The methyl groups of Leu and Val are useful sources of
structural information, as they are often found abundantly in the structurally important
hydrophobic protein core and involved in numerous inter-residue and long-range contacts
[121]. Additionally, it was recently shown that the methyl carbon chemical shifts can be
used for obtaining χ1 rotamer distributions in Val and Leu residues, and that the methyl
groups are a rich source of information about sidechain conformation and dynamics [122;
123]. Solid-state NMR (ssNMR) spectroscopy is an emerging powerful tool for the
structure determination of noncrystalline and insoluble proteins [6; 10; 13; 29; 124],
which are not amenable to X-ray crystallography or solution NMR spectroscopy. The
stereospecific assignment of the prochiral methyl groups of Val and Leu by ssNMR,
should play an equally important role for structural and dynamical studies as in solution
NMR.
In order to address the stereospecific assignment of the prochiral methyl groups of
Val and Leu, several isotope-labeling approaches have been developed [118; 119; 125;
126; 127; 128; 129]. The most widely used method to date relies on the use of a minimal
culture medium containing 10% [13C]Glucose and 90% [12C]Glucose as the carbon source
during biosynthetic protein production [118; 130; 131], and the knowledge that the
biosynthesis of Val and Leu from glucose is stereoselective [118; 130; 131; 132]. As
shown in Fig. 1.1, the isopropyl group is composed of a two-carbon fragment from one
pyruvate unit, while the second methyl group is migrated from another pyruvate unit.
This methyl migration has been shown to be stereoselective, and the migrating methyl
group becomes the Pro-S methyl group in both Val and Leu (γ2 in Val and δ2 in Leu)
[133; 134; 135; 136; 137]. Since the Pro-R methyl group (γ1 in Val and δ1 in Leu) and
the adjacent >CH- group originate from the same pyruvate molecule, they are thus

13

C

labeled simultaneously with a probability of about 10%. In contrast, the Pro-S methyl
group (γ2 in Val and δ2 in Leu) and the adjacent carbon atom originate from two different
pyruvate molecules, and the probability of being 13C labeled simultaneously is thus about
1%. The stereospecific distinction of the two isopropyl methyl groups could be easily
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obtained by recording a 1H-decoupled

13

C solution NMR spectrum, where the

13

C

resonance of the Pro-R methyl group is a doublet with a splitting due to the one-bond 13C13

C J coupling with the neighboring

13

C spin, while the

13

C NMR signal of the Pro-S

methyl group is expected to be a singlet.

Figure 1.1. Reaction pathways for the biosynthesis of Val and Leu from a mixture of 10% [13C]Glucose and
90% [12C]Glucose, showing the stereochemistry and the principal labeling patterns. The carbons that are 13C
labeled are colored in red. For simplicity, some steps are not included, which are indicated by dashed
arrows. The Figure is remade from Fig. 1 in Ref. [131].

This elegant method has been successfully applied for obtaining the stereospecific
assignment of the isopropyl groups of Val and Leu by solution NMR and has also been
extended to ssNMR [132]. The Pro-R methyl group and the adjacent >CH- group (i.e.,
Cγ1-Cβ in Val and Cδ1-Cγ in Leu) originate from the same pyruvate molecule and are
present in 13C labeled pairs, while the Pro-S methyl group and the -CH2- group two bonds
apart (Cγ2-Cα-C’ in Val and Cδ2-Cβ in Leu) originate from the same pyruvate molecule
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(Fig. 1.1). Thus, the 13C signals from the two prochiral methyl groups in Val and Leu can
be easily distinguished by the presence or absence of a

13

C neighbor. In a 2D

13

C-13C

correlation ssNMR spectrum, strong 13Cβ-13Cγ1/13Cα-13Cγ2 in Val and 13Cγ-13Cδ1/13Cβ13

Cδ2 in Leu are expected, while weak

13

Cα-13Cγ1/13Cβ-13Cγ2 in Val and

13

13

Cδ1/13Cγ-13Cδ2 in Leu are expected [132]. However, a major practical drawback of this

Cβ-

method is that the fractional labeling requires an additional sample to be prepared only for
the purpose of stereospecific assignments.
Here, we propose an alternative approach for the stereospecific assignment of the
methyl groups of Val and Leu based on the [2-13C]Glucose ([2-13C]Glc) labeling scheme.
Bacterial growth in medium containing [2-13C]Glc results in high 13C spin dilution in the
protein produced with only one out of six carbons labeled [61; 89; 138]. As discussed in
the Part I of this thesis, the [2-13C]Glc labeling scheme leads to a significant resolution
enhancement in ssNMR spectra and also to improvements in polarization transfer
efficiencies due to the reduction of dipolar truncation effect [89; 91; 138]. In combination
with uniformly [13C]Glc labeled ([U-13C]Glc-labeled) and [1-13C]Glc-labeled samples,
sequential resonance assignments can be readily obtained [89; 138]. In the Part II of this
thesis, we present that the [2-13C]Glc labeling scheme additionally allows for obtaining
stereospecific assignments of the isopropyl groups of Val and Leu in a straightforward
manner using ssNMR spectroscopy. As an illustration, we present stereospecific
assignments of Val and Leu in type 3 secretion system (T3SS) PrgI needles and
microcrystalline ubiquitin.
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2

Experiments and methods

2.1

Sample preparation
[U-13C]Glc- and [2-13C]Glc-labeled T3SS PrgI needles were prepared as described

in (Loquet et al., Nature 2012) [124]. [U-13C]Glc- and [2-13C]Glc-labeled ubiquitin was
prepared as described in (Seidel et al., ChembioChem 2005) [139]. [2-13C]Glc-labeled
PrgI protomers were prepared as described in (Loquet et al., Nature 2012) [124] with the
exception that the monomers were not polymerized. The buffer used for the solution
NMR studies contained 20 mM MES, pH 5.5, 10% D2O. All samples were uniformly
15

N-labeled by supplementing the media with 15N-NH4Cl as the sole nitrogen source.

2.2

Solid-state NMR experiments and data processing
Samples were packed in 4-mm MAS rotors, using protein quantities of ~10 mg for

T3SS PrgI needles and ~20 mg for ubiquitin. All spectra were recorded at a spinning
frequency of 11 kHz and the 13C chemical shifts were calibrated with DSS as an internal
reference [94]. The temperature-dependent position of the water proton resonance was
used to measure the temperature inside the MAS rotor [140]. High-power 1H-13C
decoupling (SPINAL-64 [36]) with a radio-frequency amplitude of 83 kHz was applied
during evolution and detection periods.
For [U-13C]Glc- and [2-13C]Glc-labeled T3SS PrgI needles, two-dimensional 13C13

C ssNMR experiments were conducted on a 20.0 Tesla (1H resonance frequency: 850

MHz) wide-bore spectrometer (Bruker Biospin, Germany), equipped with a 4-mm tripleresonance (1H,

13

C,

15

N) MAS probe. The experiments were conducted at a sample

temperature of 278 K (+ 5 °C).

13

C-13C transfer was achieved via proton-driven spin-

diffusion (PDSD) with a mixing time of 50 ms for [U-13C]Glc- and 400 ms for [213

C]Glc-labeled PrgI, respectively. These two spectra were processed with NMRpipe

[141] and analyzed using CcpNmr [142].
For [U-13C]Glc- and [2-13C]Glc-labeled ubiquitin, two-dimensional

13

C-13C

ssNMR experiments were conducted on a 18.8 Tesla (1H resonance frequency: 800 MHz)
standard-bore spectrometer (Bruker Biospin, Germany), equipped with a 4-mm triple76
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resonance (1H,

13

C,

15

N) MAS probe.

13

C-13C transfer was achieved via PDSD with

mixing times of 50 ms and 100 ms for [U-13C]Glc- and [2-13C]Glc-labeled ubiquitin,
respectively. The spectra were processed with Topspin (Bruker Biospin, Germany) and
analyzed in SPARKY version 3.1 (T. D. Goddard & D. G. Kneller, University of
California).

2.3

Solution NMR experiments and data processing
A 1H-13C HSQC spectrum was recorded on a 21.1 Tesla (1H resonance frequency:

900 MHz) standard-bore spectrometer (Bruker Biospin, Germany), equipped with a
cryogenically-cooled triple resonance probe head, with 1024 (t2) × 1152 (t1) complex
points and maximum acquisition times of 33.6 ms (t2) and 33.9 ms (t1). 32 scans were
collected per indirect increment. The 1H carrier frequency was set at the water resonance
(4.67 ppm), and the

13

C carrier frequency was set at 45 ppm. The spectrum was zero-

filled automatically, and apodized with a squared sine bell window function along t2 and
t1 axes, and then Fourier transformed. The spectrum was processed with NMRpipe [141]
and analyzed using SPARKY version 3.1 (T. D. Goddard & D. G. Kneller, University of
California).
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3

Results and discussion

3.1

Key metabolic pathways involved in the formation of pyruvate
The 13C enrichment pattern of [2-13C]Glc has been well established by Lundström

et al. [61]. To further investigate the labeling pattern and possible scrambling, we
recorded a 1H-13C HSQC spectrum of T3SS PrgI protomers that were produced with [213

C]Glc as the sole carbon source. As expected, e.g., Val

13

Cβ is present in the 1H-13C

HSQC spectrum (Fig. 3.1a), this is consistent with the labeling pattern of [2-13C]Glc
established by Lundström et al. [61]. However, as shown in Fig. 3.1, the observation of
13

Cγ1/2 of Val,

13

Cδ1/2 of Leu, and

13

Cβ of Ala with strong intensity indicates that

metabolic scrambling indeed occurred. For example, Ala Cβ originates from carbon 3 of
pyruvate according to its biosynthetic pathway (Fig. A1a). The presence of Ala 13Cβ in
the 1H-13C HSQC spectrum of T3SS PrgI protomers thus indicates that, e.g., [313

C]pyruvate and/or [1,3-13C]pyruvate, are present.

Figure 3.1. Selected region of a 1H-13C HSQC spectrum recorded on monomeric [2-13C]Glc-labeled PrgI (a)
and excerpts containing the correlations of (b) Val 13Cγ1/2-1Hγ1/2, (c) Leu 13Cδ1/2-1Hδ1/2, and (d) Ala
13
Cβ-1Hβ. Partial assignments were obtained based on the assignment of the Val65Ala/Val67Ala double
mutant T3SS PrgI protomer [143].
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Figure 3.2. Key metabolic pathways which are involved in the formation of pyruvate when E. coli is grown
on [2-13C]Glc as the sole carbon source, (a) glycolysis, and (b) Pentose phosphate pathway (PPP). The
superscript numbers do not correspond to the nomenclature number of a given molecule but indicate the
original carbon position in the six-carbon [2-13C]Glc chain. For example, carbon atoms labeled with ‘2’ are
derived uniquely from carbon 2 of [2-13C]Glc, whereas carbons labeled with “2’” (primed) are derived from
the carbon 2’ of a second [2-13C]Glc molecule. The carbons that are 13C labeled are colored in red. For the
sake of clarity, sugars are shown in their linear forms. For simplicity, some steps are not included, which are
indicated by dashed arrows. Double-headed arrows indicate reversible reactions. Abbreviations: Glucose-6phosphate, G6P; Fructose-6-phosphate, F6P; Dihydroxyacetone phosphate, DHAP; Glyceraldehyde-3phosphate, GAP; Ribulose-5-phosphate, Ru5P; Ribose-5-phosphate, R5P; Xylulose-5-phosphate, Xu5P;
Sedoheptulose-7-phosphate, S7P; Erythrose-4-phosphate, E4P.

Starting from glucose, glycolysis leads to pyruvate as its final product (Fig. 3.2a)
[100]. As a consequence, about 50% [2-13C]pyruvate is expected when starting from [213

C]Glc. As an alternative pathway to glycolysis, the pentose phosphate pathway (PPP) [7;

100] yields three- and six carbon glycolytic intermediates, e.g., Fructose-6-phosphate
(F6P) and Glyceraldehyde-3-phosphate (GAP) from [2-13C]Glucose-6-phosphate (G6P)
by a complicated series of carbon-transfer reactions (Fig. 3.2b) depending on the
metabolic needs of the cell. The detailed flow of isotope labels in PPP starting from [213

C]G6P is shown in Fig2.3b. Generally, the PPP is conventionally divided into oxidative

(i.e., reactions from G6P to Ru5P, and reactions 1-2 as shown in Fig. 3.2b) and nonoxidative phases (reactions 3-5 shown in Fig. 3.2b) [7]. In the oxidative phase, G6P is
converted to the 5 carbon sugar R5P via a series of reactions by the loss of carbon 1 in
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G6P. R5P could be isomerized to Xu5P. In the non-oxidative phase, the five carbon
sugars, i.e., R5P and Xu5P, are converted to F6P and E4P or F6P and GAP by the
enzymes of transketolase and transaldolase (i.e., via reactions of 3-4 or 5 in Fig 2.3b).
As a consequence, the PPP [100] yields [1-13C]/[1,3-13C]F6P and GAP starting
from [2-13C]G6P (Fig. 3.2b). The resulting F6P and GAP may reenter glycolysis and then
yield pyruvate [100; 144], with [1-13C]F6P and [1,3-13C]F6P leading to the formation of
[3-13C]pyruvate and [1,3-13C]pyruvate, respectively. Additionally, the [2-13C]F6P
obtained during glycolysis may also be converted to [2-13C]R5P and [2-13C]Xu5P (see
reactions 1-5 in Fig. 3.2), which can then be converted to [2-13C]F6P or [2,3-13C]F6P (via
reactions 3-4 or 5; see Fig. 3.2) due to the rapid equilibration of the transketolase and
pentose-5-phosphate isomerization reactions. Subsequently, [2-13C]pyruvate or [1,213

C]pyruvate can be formed. As a summary, all the types of pyruvate scrambled in PPP

from the combination of [2-13C]/[1-13C]/[12C]R5P and [2-13C]/[1-13C]/[12C]Xu5P (via
reactions 3-4 in Fig. 3.2b), or the combination of [2-13C]/[1-13C]/[12C]Xu5P and [113

C]/[12C]E4P(via reaction 5 in Fig. 3.2b), are shown in appendix B Fig. B1. In total, 6

isotopomers of pyruvate are formed, [2-13C]pyruvate, [3-13C]pyruvate, [1,3-13C]pyruvate,
[1,2-13C]pyruvate, [1-13C]pyruvate, and [1,2,3-12C]pyruvate.
As illustrated above, the PPP, especially the recycling action of transketolase and
transaldolase results in considerable scrambling of isotope labeling patterns of pyruvate
[7]. Indeed, it is believed that the PPP is the most important alternative pathway that can
ultimately yields pyruvate in addition to glycolysis [145; 146]. It was also reported that,
about 75% of the pyruvate molecules are synthesized via glycolysis, and about 25% of
the pyruvate molecules are synthesized via the PPP [147].
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3.2

Stereoselective biosynthesis of Val and Leu

Figure 3.3. The stereoselective biosynthesis of Val and Leu. As an example, the formation of the isotope
pairs (a) 13Cα-13Cγ1/13Cβ-13Cγ2 of Val, and (b) 13Cβ-13Cδ1/13Cγ-13Cδ2 of Leu originating from [213
C]pyruvate and [3-13C]pyruvate is shown. The carbons that are 13C labeled are colored in red.
Abbreviations: TPP, thiamine pyrophosphate; CoA: Coenzyme A.

Moreover, the biosynthesis of Val and Leu from pyruvate is stereoselective [118;
130; 131; 132]. As a consequence, with the presence of the above mentioned isotopomers
of pyruvate, e.g., [2-13C]pyruvate and [3-13C]pyruvate, only the Pro-S methyl carbon is
13

C enriched simultaneously with the directly bonded carbon, while the Pro-R carbon is

13

C enriched simultaneously with the carbon two bonds apart (Cα in Val and Cβ in Leu).

As shown in Fig. 3.3, the labeled spin pairs 13Cβ-13Cγ2 and 13Cα-13Cγ1 in Val (Fig. 3.3a),
and
13

13

Cγ-13Cδ2 and

13

Cβ-13Cδ1 in Leu (Fig. 3.3b) are obtained. Thus, by means of

13

C-

C correlation ssNMR spectroscopy, the two prochiral methyl groups of Val and Leu can

be readily distinguished and the stereospecific assignment obtained. The resulting 13C-13C
correlation spectrum will exhibit strong intensity correlations for
13

Cγ1 of Val, and

correlations

13

13

Cγ-13Cδ2 and

Cα-13Cγ2 and

13

13

13

Cβ-13Cγ2 and

13

Cα-

Cβ-13Cδ1 of Leu, respectively. In contrast, the

Cβ-13Cγ1 of Val, and

13

Cβ-13Cδ2 and

13

Cγ-13Cδ1 of Leu

are not expected or with much weaker intensity. In case of a crowded methyl region in
13

C-13C correlation ssNMR spectra, this method thus bears another advantage, i.e., the
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simplification by the decreased number of detected correlations, in addition to the
spectroscopic differentiation of the prochiral methyl groups.
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3.3

Stereospecific assignment of Val and Leu in T3SS PrgI needles and

ubiquitin

Figure 3.4. (a) 2D 13C-13C PDSD spectra of [U-13C]Glc- (in black) and [2-13C]Glc-labeled (in magenta)
T3SS PrgI needles. The spectrum of the [U-13C]Glc-labeled sample was recorded with a mixing time of 50
ms, using maximum acquisition times of 20 ms (direct dimension) and 15 ms (indirect dimension). The
total experimental time was 3 days. The spectrum of the [2-13C]Glc-labeled sample was recorded with a
mixing time of 400 ms, using maximum acquisition times of 15 ms (direct dimension) and 10 ms (indirect
dimension). The total experimental time was 1.5 days. Spin systems for Val12, Val20, Val27, Val65, and
Val67 are highlighted in blue. The stereospecific assignment of 13Cγ1/2 in Val (a) was obtained based on the
correlations 13Cα-13Cγ1 and 13Cβ-13Cγ2 as illustrated in (b). 1D slices for the residues Val65 and Val67 are
shown in appendix B Fig. B2.

The stereospecific 13C labeling pattern of Val and Leu resulting from [2-13C]Glc is
successfully demonstrated with applications to T3SS PrgI needles (Fig. 3.4a), where
83

Part II: 3. Results and discussion
stereospecific assignments of Val and Leu are obtained unambiguously. As shown in Fig.
3.4a, generally only one methyl carbon (13Cγ1 or 13Cγ2) correlates to 13Cα or 13Cβ of Val
in the 2D 13C-13C PDSD spectrum of [2-13C]Glc-labeled T3SS PrgI needles (in magenta),
while four correlations (13Cγ1/2-13Cβ and

13

Cγ1/2-13Cα) are present in the 2D

13

C-13C

PDSD spectrum of [U-13C]Glc-labeled T3SS PrgI needles (in black). For Val12, 27, and
65, as expected, the correlations of 13Cα-13Cγ1 and
13

13

Cβ-13Cγ2 were observed for [2-

C]Glc-labeled T3SS PrgI needles (magenta spectrum in Fig. 3.4a). For Val20, only the

correlation of 13Cα-13Cγ1 was observed, but with weak intensity, while the correlation of
13

Cβ-13Cγ2 was absent. This observation is consistent with the observation of weak-

intensity correlations in the 2D 13C-13C PDSD spectrum of [U-13C]Glc-labeled T3SS PrgI
needles (in black) and can be attributed to structural plasticity [124]. For Val67, in
addition to the 13Cα-13Cγ1 and 13Cβ-13Cγ2 correlations, a 13Cα-13Cγ2 correlation was also
observed, but with much weaker intensity compared to the expected correlations. Peaks
that are observed in the [2-13C]Glc-labeled spectrum in addition to the ones observed in
the [U-13C]Glc-labeled sample correspond to sequential, medium- and long-range
correlations, as the 13C-13C PDSD mixing time used was longer (400 ms).
Furthermore, the utility of this methodology is successfully demonstrated and
confirmed by ubiquitin. As shown in Fig. 3.5a, only one methyl carbon (13Cγ1 or 13Cγ2)
correlates to 13Cα or 13Cβ of Val in the 2D 13C-13C PDSD spectrum of [2-13C]Glc-labeled
Ubiquitin (in magenta), while four correlations (13Cγ1/2-13Cβ and
13

present in the 2D

13

Cγ1/2-13Cα) are

C-13C PDSD spectrum of [U-13C]Glc-labeled ubiquitin (in black).

Taking Val26 as an example, as expected, only the correlations of 13Cα-13Cγ1 and 13Cβ13

Cγ2 were observed in the 2D

13

C-13C PDSD spectrum of [2-13C]Glc-labeled ubiquitin

(in magenta). However, we need to note that for Val17, in addition to the correlations of
13

Cα-13Cγ1 and

13

Cβ-13Cγ2,

13

Cβ-13Cγ1 was also observed, but with much weaker

intensity compared to its counterpart (magenta spectrum in Fig. 3.5a). Similarly for Leu,
the stereoselective

13

C enrichment pattern, i.e., 13Cβ-13Cδ1 and

13

Cγ-13Cδ2, is illustrated

using [2-13C]Glc-labeled ubiquitin (magenta spectrum in Fig. 3.5b). Taking Leu56 as an
example, the correlations 13Cβ-13Cδ1 and 13Cγ-13Cδ2 were observed without the presence
of the correlations 13Cβ-13Cδ2 and 13Cγ-13Cδ1. However, for Leu50, only the correlation
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Figure 3.5. The stereospecific assignment of (a) Val and (b) Leu in ubiquitin. 2D PDSD spectra of [U13
C]Glc-labeled ubiquitin with a mixing time of 50 ms (in black) and [2-13C]Glc-labeled ubiquitin with a
mixing time of 100 ms (in magenta). Spin systems for (a) V17 and V26, and (b) L50 and L56 are
highlighted in blue.

of 13Cγ-13Cδ2 was clearly present, while the correlation of 13Cβ-13Cδ1 was very weak and
only observable on one side of the diagonal. This might be due to the longer distance
involved in this correlation (two bonds) compared to the

13

Cγ-13Cδ2 (one bond)

correlation. Additionally, strong 13Cβ-13Cγ cross peaks are observed for Leu. These peaks
are expected from the labeling pattern and are very intense compared to the

13

Cγ-13Cδ2

and 13Cβ-13Cδ1 peaks that are only observed due to scrambling.
The results on [2-13C]Glc-labeled T3SS PrgI needles and ubiquitin, show that in
general the stereoselective

13

C enrichment pattern of Val and Leu follows the

expectations and that the stereospecific assignment of the prochiral methyl carbons can be
readily obtained. In principle, one can directly identify Val and Leu methyl groups by
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their expected correlations in 2D
i.e.,

13

Cα-13Cγ1 and

13

13

C-13C PDSD spectra of [2-13C]Glc-labeled samples,

Cβ-13Cγ2 for Val, and

13

Cβ-13Cδ1 and

13

Cγ-13Cδ2 for Leu.

However, in case of absence of expected peaks, e.g., as seen in this study for Val20 13Cβ13

Cγ2 in T3SS PrgI needles (Fig. 3.4a), one also needs [U-13C]Glc spectra to assist the

assignment of 13Cγ1/2.

Figure. 3.6. Different metabolic pathways might be involved in the scrambling of pyruvate. As an example
for individual case, (a) the isotopomer of [2,3-13C]pyruvate derived from amino acid degradation and the C1
metabolism, and (b) the isotopomer [2-13C]pyruvate derived via the breakdown of oxaloacetate, as well as
(c) the isotopomers [1,3-13C]pyruvate and [2-13C]pyruvate converted from malate, are illustrated here. The
carbons that are 13C labeled are colored in red.

In addition to the scrambling due to the PPP detailed above, it is noteworthy that
a) amino acid degradation together with the C1 metabolism [100] (Fig. 3.6a), b) the
breakdown of oxaloacetate via gluconeogenesis [100] (Fig. 3.6b) as well as c) the
conversion of malate [100] (Fig. 3.6b) might contribute to scrambling resulting in a) [313

C]pyruvate, [1-13C]pyruvate, [1,3-13C]pyruvate, and [2,3-13C]pyruvate, b) [1,3-

13

C]pyruvate and [1-13C]pyruvate, and c) [1,3-13C]pyruvate and [1-13C]pyruvate ([2-

13

C]pyruvate is not considered here, as it is always present in the [2-13C]Glc-labeling

scheme). As mentioned above, the spin pairs of

13

Cβ-13Cγ1 and

13

Cα-13Cγ2 of Val

originate from carbon 2 and 3 of a single pyruvate (Fig. 3.3). Therefore, the presence of
[2,3-13C]pyruvate could explain the presence of the

13

Cα-13Cγ2 correlation of Val67 in

T3SS PrgI needles (Fig. 3.4a). However, consistent with the observed weak intensity, it
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was reported that amino acid degradation is quite generally of minor importance when E.
coli cells have access to glucose [103]. This implies that the enrichment level of [2,313

C]pyruvate is so low that it doesn’t disturb the stereospecific assignment of Val and

Leu. This is also corroborated by the fact, that no Ala

13

Cα-13Cβ peaks are observed in

ssNMR spectra of [2-13C]Glc-labeled proteins [89; 91; 138], which would be the case if
[2,3-13C]pyruvate was present.
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4

Conclusions
We have presented an alternative stereospecific labeling pattern of Val and Leu

formed by the co-presence of [2-13C]pyruvate and [3-13C]/[1,3-13C]pyruvate starting from
[2-13C]Glc, enabling us to obtain stereospecific assignments of the isopropyl groups of
Val and Leu in a simple way. For this purpose, only a unique [2-13C]Glc-labeled sample
is required, the isotope expense is thus reduced compared to fractional labeling
approaches [118; 130; 131; 132]. Given the resolution enhancement and spectral
simplification that we have recently exploited for the de novo sequential assignment of
the T3SS PrgI needles [89] and of mouse α-synuclein fibrils [138], the detection of longrange distance restraints [124], and the stereospecific assignment of the isopropyl groups
of Val and Leu presented here, the [2-13C]Glc labeling scheme has proven to be a
remarkably versatile scheme, and should therefore become an attractive tool for structural
investigations of proteins by ssNMR.
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Part III

Summary

In Part I of this thesis, we have structurally characterized mαS fibrils using
ssNMR. The assignment strategy employed a set of high-resolution 2D and 3D ssNMR
spectra recorded on [U-13C]Glc-, [1-13C]Glc-, and [2-13C]Glc-labeled mαS fibrils.
Proteins expressed in a E. coli medium containing [1-13C]Glc or [2-13C]Glc as the sole
carbon source are very sparsely labeled, with only one out of six carbons being

13

C

labeled. A detailed analysis of the labeling patterns and the characteristic correlations
expected in ssNMR spectra using the [1-13C]Glc or [2-13C]Glc labeling scheme is
demonstrated. The analysis affords valuable information for a rapid identification of spin
systems. The resulting 2D ssNMR spectra of [1-13C]Glc- and [2-13C]Glc-labeled mαS
fibrils exhibit high resolution and contain a reduced number of cross peaks. This permits
a near-complete backbone and sidechain resonance assignment of mαS fibrils in a
straightforward way. 96% of backbone amide

15

13

N and 93% of all

C nuclei were

obtained for residues from Gly41 to Val95 which form the core of mαS fibrils. Moreover,
six β-strands are identified to be within the fibril core of mαS based on a secondary
chemical shift and NHHC analysis. Intermolecular
13

13

C-15N restraints obtained from [M-

C/15N]-labeled mαS fibrils reveal a parallel, in-register supra-molecular β-sheet

arrangement. The results were compared to recent structural studies on hαS fibrils and
indicate the presence of a structurally conserved motif comprising residues Glu61-Lys80.
In Part II of this thesis, we have presented an alternative strategy for ssNMR
stereospecific resonance assignment of the prochiral methyl groups of Val and Leu based
on [2-13C]Glc as the sole carbon source during protein expression. A new stereospecific
labeling pattern of Val and Leu is formed by the co-presence of [2-13C]pyruvate and [313

C]/[1,3-13C]pyruvate starting from [2-13C]Glc, i.e.,

13

Cβ-13Cγ2 and

13

Cα-13Cγ1 in Val,

and 13Cγ-13Cδ2 and 13Cβ-13Cδ1 in Leu. The stereospecific 13C labeling pattern of Val and
Leu has been successfully demonstrated with applications to T3SS PrgI needles and
ubiquitin by means of

13

C-13C correlation ssNMR spectroscopy, where stereospecific

assignments of Val and Leu are obtained unambiguously. Moreover, this method bears
another advantage, i.e., spectral simplification in the often congested methyl region.
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Figure A1. Pulse sequence for a 2D 13C-13C or 15N-15N PDSD correlation spectrum. tmix: spin diffusion
mixing time.

Figure A2. Pulse sequence for a DREAM [97] spectrum.
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Figure A3. (a) Schematic pulse sequence of a 2D 13C-13C (2Q,1Q) correlation spectrum employing SPC5
2Q excitation scheme [98]. (b) Detailed illustration of a SPC5-block, which consists of five composite
pulses with a total rotation of each (90°-360°-270°) 0°. Individual composite pulses are repeated with
shifts in their phases φ = j × (2π/5). Every second SPC5 element is repeated with an additional π phase
shift, indicated by shaded boxes. One SPC5 element is span over 2 rotor periods (τr).
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Figure A4. Pulse sequence for a 2D 15N-13C correlation spectrum via SPECIFIC-CP [49; 50] to selectively
transfer magnetization from backbone 15N to 13Cα or 13C’ nuclei, i.e., NCO and NCA.

Figure A5. Pulse sequence for 2D NCACX and NCOCX experiments, the
established via PDSD mixing (tmix).

13

C-13C correlation is
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Figure A6. Experimental NHHC correlation scheme with a longitudinal mixing. Shaded rectangles in
dark grey correspond to 90° nutations. Dec. indicates r.f. decoupling of protons from 13C or 15N spins. 1H1
H contacts are encoded during a two-dimensional 15N-13C correlation experiment.
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Figure A7. Biosynthetic pathways of amino acids derived from a) pyruvate, b) 3PG, and c) PPP
intermediates for proteins expressed in an E.coli medium containing [2-13C]Glc as the sole carbon source.
The carbons that are 13C labeled are colored in red. Abbreviations: thiamine pyrophosphate, TPP;
Coenzyme A, CoA.
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Figure A8. Biosynthetic pathways of group III amino acids for proteins expressed in an E.coli medium
containing [2-13C]Glc as the sole carbon source. (a) OA derived amino acids and (c) AKG derived amino
acids. The carbons that are 13C labeled are colored in red. The amino acids derived from OA and AKG
have multiple labeling patterns. For clarity, we show the biosynthetic pathways of these amino acids, and
list all the types of (b) OA and (d) AKG. Abbreviations: L, L-α,ε-diaminopimelate, DAP.
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Figure A9. Key metabolic pathways involved in the biosynthesis of 20 amino acid when E. coli is grown
on [1-13C]Glc as the sole carbon source, i.e., (a) glycolysis, (b) PPP, and (c) TCA cycle. The superscript
numbers do not correspond to the nomenclature number of a given molecule but indicate the original
carbon position in the six-carbon [1-13C]Glc chain. The carbons that are 13C labeled are colored in red.
For the sake of clarity, sugars are shown in their linear forms. For simplicity, some steps are not included,
which are indicated by dashed arrows. Double-headed arrows indicate reversible reactions.

Figure A10. Biosynthetic pathways of the group I and II amino acids for proteins expressed in an E.coli
medium containing [1-13C]Glc as the sole carbon source. The carbons that are 13C labeled are colored in
red.
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Figure A11. Biosynthetic pathways of the group III amino acids for proteins expressed in an E.coli
medium containing [1-13C]Glc as the sole carbon source. All the isotopomers of OA and AKG derived
from the TCA cycle are summarized in (b) and (d), respectively. The carbons that are 13C labeled are
colored in red.
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Table A2. Chemical shift assignments for mαS fibrils.
Res.

N

C′

Cα

Cβ

Cδ

Cε

-

-

58.3

63.9

-

-

60.4

35.2

Gly41

119

174.7

47.9

Ser42

112.2

171.5

58.7

67.6

Lys43

122.3

175.7

54.6

35.8

25.6

30.2

42.1

-

Thr44

113.4

175.2

59.5

71.4

22.4

Lys45

123.3

173.5

56.2

36.8

26.8

-

42.2

-

Glu46

126.5

174.6

53.9

32.9

35.6

183.1

Gly47

115.1

172.6

48.4

Val48

119.2

174.1

59.8

37.7

24.2/21.2

Val49

126.3

174.6

60.8

34.6

23.1/-

His50

-

-

-

-

-

-

-/-

Gly51

-

174.9

48.6

Val52

124.7

175.3

61.1

33.5

20.7/-

Thr53

127.8

173.1

61.6

70.4

21.2

Thr54

127.9

172.7

61.9

70.4

21.2

Val55

127.5

174.2

61

35.7

21.2/-

Ala56

131.6

175.3

50.5

22.3

Glu57

122.5

175.9

53.7

33.6

35.7

183.3

Lys58

118.1

175

57.9

30.1

27.6

31.9

42.5

34.1

Thr59

106.5

175

61.1

69.8

24.2

Lys60

122.1

175.3

56.1

36.3

26.1

30.1

42.3

29.9

Glu61

128.4

174.3

55

33.7

-

-

Gln62

130

174

54.7

32.5

34.2

179.9

Val63

124.9

175

61

36.3

21/22.2

Thr64

126.9

172.7

62.4

69.8

21.5

Asn65

125.1

172.7

51.7

43.2

175

Val66

127.2

178.5

60.7

33.7

19.9/21.1

Gly67

111.2

172.8

46.7

Gly68

103.4

172.2

43.3

Ala69

126.9

175.3

50.4

23.4

Val70

120.8

174.4

60.3

36.1

21.9/-

Val71

127.3

176.5

60.8

35.3

21.7/20.7

Thr72

114.7

175.9

60.3

69.4

21.7

Gly73

110.6

173.7

44.3

Val74

124.9

175.3

61.5

35

21.3/19.2

Ser?
Val40

*

Cγ2/1

Cz

Nsc

-/-

-

111.9

115.2
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Thr75

127.9

172

61.7

70.1

Ala76

130.5

174.1

49.6

21.2

Val77

124.1

172.7

60.6

35.8

Ala78

130.5

176.2

49.8

24.7

Gln79

120.6

176.4

52.4

32.6

32.9

177.7

Lys80

123.8

176.2

60.5

31.4

27.3

29.2

Thr81

115

173.6

61.8

72

22.7

Val82

126.3

174.2

61.1

34.4

20.5/20.1

Glu83

123.4

173

54.9

29.5

34.9

Gly84

106.7

174.1

44.8

(173.2)

(44.6)

177.8

50.3

**

( )
Ala85

126.6

(**)

(125.8)

Gly86

110.3

21.1
20.3/21.5

42.1

33.2

183.9

21.9

(49.7)
174.7

**

( )

47.4
(47.3)

Asn87

117.8

175.9

53.6

39.9

172.9

Ile88

122.4

175.6

60.5

39.7

17.7/27.3

**

( )
Ala89

111.2

116.6
13.4
(13.1)

129.5

176.6

**

( )

54.9

19.3

(55.4)

Ala90

123.2

174.6

51.4

21.2

Ala91

127.8

175.5

49.6

21.9

Thr92

125.2

174.6

60.9

70.2

21.8

Gly93

115.3

170.4

47.7

**

( )

(47.5)
125.9

-

55.9

45.1

136.4

132.1

130.9

-

( )

(126)

(173.5)

(54.6)

(45.5)

(138.1)

(132.2)

(129.3)

(-)

Val95

128.5

-

60.5

35.9

22.4/-

Asp?

-

-

54.9

42.9

-

Pro?

-

-

62.9

32.1

27.3

Phe94
***

(*) The assignment of Val40 is ambiguous.
(**) Resonances in brackets indicate peak doubling.
(***) Phe94 has a second set of resonances (Phe94’).
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Appendix B

Figure B1. Summary of the isotopomers of pyruvate formed in PPP. In total, 6 isotopomers of pyruvate
are obtained, [2-13C]pyruvate, [3-13C]pyruvate, [1,3-13C]pyruvate, [1,2-13C]pyruvate, [1-13C]pyruvate, and
[1,2,3-12C]pyruvate.
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Figure B2. 1D slices for the residues Val65 and Val67 in the 2D 13C-13C PDSD spectra of [U-13C]Glc- (in
black) and [2-13C]Glc-labeled (in magenta) T3SS PrgI needles shown in Fig. 3.4.
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