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ABSTRACT 
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University of Guelph, 2021

Advisors: 

Vladimir Ladizhansky 

Scott Ryan 

 

Alpha-synuclein (α-syn) is a small presynaptic protein that is believed to play an 

important role in the pathogenesis of Parkinson's disease (PD). α-syn has been shown 

to cluster to presynaptic mitochondria in response to cardiolipin (CL) exposure from the 

inner to outer mitochondrial membrane, facilitating the restructuring of α-syn fibrils 

toward their non-toxic membrane-bound monomer form. We utilize solid-state Nuclear 

Magnetic Resonance (ssNMR) to site-specifically characterize this lipid-mediated 

restructuring of the fibril form. We begin with chemical shift assignments of the mobile 

C-terminal tail for the monomeric membrane-bound form with extension to the fibril 

form, then report partial assignments of the rigid fibril core. Results suggest that lipid 

induced restructuring is not CL specific, with similar changes to the fibril form via 

another anionic lipid, DOPA. Only partial transition to α-helical structure is observed 

while much of the original β-sheet fibril structure persists, suggesting only partial N-

terminal binding.  
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1 Introduction 

1.1 Parkinson’s disease and α-synuclein 

 Parkinson’s disease (PD) is a neurodegenerative disorder causing impaired 

motor function, affecting over 1% of the global population over the age of 65, classifying 

it as the world’s most common degenerative movement disorder.1 Common symptoms 

include slowed movement, rigidity and resting tremors, all attributed to a continual 

reduction of concentration of the neurotransmitter, dopamine.1 This depletion directly 

follows the loss of dopaminergic neurons in the substantia nigra pars compacta portion 

of the midbrain and the presence of proteinaceous neuronal inclusions known as Lewy 

Bodies (LBs), both hallmarks of PD.1,2,3 Symptoms worsen given continual loss of 

dopaminergic neurons and spread of LB pathology across the brain, including to the 

hippocampus and cortex, giving rise to other LB diseases termed ‘synucleopathies’. 

These include the onset of Lewy Body dementia, as well as in multiple system atrophy 

(MSA) and varying cases of Alzheimer’s disease.3,4 

LBs are the accumulation of many misfolded proteinaceous aggregates and other 

cellular matter in the cell soma of neurons, a main component of which is the fibril form 

of α-synuclein (α-syn), a small 140-residue (14.4 kDa) protein whose aggregation into 

amyloidogenic fibrils characterizes synucleopathies.1-6 The function of α-syn is not yet 

entirely understood, although many of its proposed activities have been noted in 

reference 7, and it is suggested that the protein must play a role in neurotransmitter 

release,8,9 maintenance of synaptic vesicle pools10,11 and modulation of synaptic 

plasticity.12,13 α-syn exists in a tightly regulated equilibrium between its monomeric 
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soluble and anionic-membrane bound forms, with over or under-expression of the 

protein disturbing this equilibrium, leading to deficiencies in synaptic transmissions.14 

The importance of α-syn in PD pathology is well supported by observed mutations of the 

SNCA gene which codes for α-syn. Several missense mutations are causal in early-

onset familial cases of the disease (e.g. A53T, A30P, E46K) as well as both duplication 

or triplication events which spur PD pathology via over-expression.1,4,5,15 While the early 

stages of LB aggregates (α-syn protofibrils) are suggested to be the most toxic form,1 

the pathway for the formation of these aggregates is not yet fully understood, although it 

is apparent that they can begin formation both in solution or on membrane surfaces, 

with SNCA mutations associated with early-onset disease, resulting in an increased 

capacity for α-syn aggregation.16,17 

In cells, α-syn interacts with both pre-synaptic vesicles as well as other cellular 

membranes. One such relevant relationship regarding PD is between α-syn and 

neuronal mitochondria. Notably, misfolded or oligomeric α-syn has been shown to 

localize to these mitochondria, contributing to their dysfunction and oxidative stress.18 

Mitophagy precedes cell death resulting in the transfer of fibrils to neighboring neurons 

in prion-like behavior, triggering further neuronal degradation.19 Mitochondrial stresses, 

including the exposure to the pesticides associated with increased risk of PD onset, 

such as rotenone, have been shown to induce the externalization of a unique 

mitochondrial anionic phospholipid cardiolipin (CL) from the inner mitochondrial 

membrane (IMM) to the outer mitochondrial membrane (OMM).20 
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Using circular dichroism (CD) spectroscopy, CL-containing large unilamellar 

vesicles (LUVs) mimicking the OMM were shown to have the capacity to bind each of 

the soluble wild type (WT), A53T and E46K α-syn variants and convert them into the α-

helical membrane-bound conformation in a CL dependent manner, albeit with faster 

kinetics for the WT.19 Furthermore, CL exposure to the OMM was also shown to 

promote the dissolution of the β-structured fibrils comprised of the WT, A53T and E46K 

α-syn to a predominantly α-helical conformation, again in a CL dependent manner, 

suggesting significant refolding of the fibrils to their monomeric membrane-bound 

conformation.19 This occurs more quickly and with greater efficiency for WT fibrils than 

for A53T and E46K fibrils, suggesting the mutated forms have increased resistance to 

refolding via lipid-binding.19 This refolding effect is of utmost interest as it poses a 

means for fibril dissolution, calling to question the fibril-lipid interactions responsible as 

well as the actual conformation of the refolded state. These outstanding questions form 

the basis of this thesis, spurring the structural analysis of the WT protein when exposed 

to anionic LUVs by solid-state nuclear magnetic resonance (ssNMR).  

 

1.2 Structure of α-Synuclein and interactions with lipids 

The structure of α-syn is extremely diverse, with three separate structural 

conformations containing unique secondary structure elements, illustrated in Figure 1.1. 

Monomeric in both its cytosolic and membrane-bound forms (although a single study 

suggests the existence of helical tetramer form in solution)21 it alternates between an 

intrinsically disordered protein (IDP – random coil, lacking secondary structure) in 
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solution to a mostly rigid α-helical formation when lipid-bound.22 This is in contrast to its 

aggregated fibril form, which contains a β-sheet rich core. The protein is considered to 

have three structurally and functionally distinct regions across each of these 

conformers. The lipid interacting and positively charged N-terminus (residues 1-60), the 

non-Aβ-amyloidogenic component necessary for β-sheet aggregation (NAC domain, 

residues 61-95) and the consistently unstructured and mobile C-terminal tail containing 

acidic and proline residues facilitating interactions with over 30 proteins (residues 96-

140).5,13,23  

 

 

Figure 1.1 - The three major conformations of α-synuclein. (A) Unstructured cytosolic form, (B) 

α-helical membrane-bound form represented by the elongated shape, and (C) cross sectional 

view of the fibril form (structure adapted from PDB 2N0A, a nuclear magnetic resonance 
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determined structure of α-syn fibrils)24. (D) All structures are colour coded based on the three 

aforementioned domains: N-terminus (green), NAC domain (red), and C-terminus (blue). 

 

Lipid-bound α-syn binds specifically to the surface of anionic membranes, 

exhibiting largely α-helical structure, while also able to bind to SDS detergent 

micelles.5,25,26,27 Phospholipid vesicle bound α-syn exhibits either a broken or single 

rigid α-helix either partially or fully extending from the N-terminus up to the beginning of 

the flexible C-terminal tail at residue 96, containing 7 imperfect KTKEGV repeat 

motifs.26,28 SDS micelle-bound α-syn exhibits an interrupted α-helix via a several 

residue long loop, doubling back on itself in an anti-parallel fashion, conforming to the 

sharper curvature of the micellar surface and potentially suggesting curvature to play a 

major role in the binding mode of α-syn.5,26,27 Interactions with lipids were shown to be 

stabilized by both electrostatic and hydrophobic interactions of the amphipathic helix 

with anionic lipid headgroups and internal non-polar tails.26 The N-terminus embeds 

itself within the membrane surface, with its positively charged residues oriented 

sideways to interact strongly with the negatively charged lipid headgroups.26 The inside 

facing non-polar residues interact with the non-polar interior of the membrane while the 

outward facing polar residues interact with the polar solvent, altogether acting as a rigid 

and thermodynamically favoured N-terminal anchor, albeit still relatively mobile given 

the fluidity of membrane surfaces.26 Furthermore, Fusco et al. utilized solid-state 

Nuclear Magnetic Resonance (ssNMR) and solution NMR chemical exchange 

saturation transfer (CEST)29 measurements to determine that under their synaptic 

vesicle-like conditions, the helical anchor is strongest from residues 1-26, whereas the 
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NAC region essential for fibrilization acts as a modulator for the affinity of α-syn 

membrane binding (residues 26-97), transiently binding to the membrane.30 This 

aggregation prone region is therefore more likely to be structurally rigid when bound to 

membranes with a higher α-syn binding affinity, potentially suggesting the lipid 

composition of membranes to be pivotal in defining the structural nature of lipid-bound 

α-syn, and potentially impacting fibrillogenesis and toxicity.30,31 Recent studies of fibrils 

in the presence of lipids have shown the fibril N-terminus to anchor fibrils or smaller 

oligomers to membrane surfaces, facilitating penetration of the fibril core into the lipid 

membrane. The insertion of both the monomeric and fibrillar forms can affect membrane 

properties, leading to membrane disruption or permeabilization.31   

While the exact mechanisms behind fibril formation are yet to be fully understood, 

aggregation can occur both in solution and on membrane surfaces. Fibrillogenesis on 

phospholipid vesicles begins with the binding of the helical form prior to conversion to β-

sheet structure indicative of fibril formation.17,32 Interestingly, the presence of anionic 

lipids has been shown to both inhibit and induce fibril formation,33,34 leading to the 

notion that fibril formation depends naturally on the protein concentration and the 

protein to lipid ratio.35 When over-expressed in solution, soluble α-syn can aggregate to 

form β-sheet plaques which initially adopt a spherical morphology from which the 

elongated β-sheet fibril morphology originates.17 A recent study suggested the N- and 

C-terminus form an unstructured and “fuzzy” like surface around these oligomers, 

recruiting monomeric α-syn and initiating secondary nucleation of the fibril form.36 
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Several studies suggest α-syn fibrils act similarly to prions, inducing the formation 

of fibrils by recruiting non-aggregated α-syn within otherwise healthy neighboring 

neurons, further propagating pathology from cell to cell.37 This prion-like behaviour and 

resulting pathology is directly linked to the fibril structure, which itself directly depends 

on the solution and agitation conditions in which the fibrils form.38  As a result, multiple 

structural studies showcase a polymorphic and heterogeneous nature of the fibril form, 

complicating the characterization of fibril-lipid interactions.17,39,40,41,42,43,44,45,46 A β-

structured NAC domain remains the core feature of each fibril polymorph, forming a 

Greek-key or three-layered L shaped motif that constitutes the fibril core. While the 

overall topology generally remains similar in this way, differences between polymorphs 

are largely based on the particular arrangement of several β-strands and turns, side-

chain packing, longitudinal fibril twist, and number of protofilaments or their diameter.47 

Table 1.1 lists each of the solved WT α-synuclein fibril structures (illustrated in Figure 

1.2) with their associated growth conditions, characterized via ssNMR and cryo-electron 

microscopy (Cryo-EM).  

The first high-resolution structure of an α-syn polymorph was reported by Tuttle et 

al. via solid-state NMR (2N0A).41 A fibril diameter of ~5 nm suggested a single 

elongated protofilament, however later review of the scanning transmission electron 

microscopy (STEM) analysis suggested double the diameter likely consisting of two 

protofilaments instead.48 Most cryo-EM studies report fibrils composed of protofilament 

dimers, with a diameter of ~10 nm (~5 nm per protofilament), with distinct interfaces 

stabilized by a hydrophobic steric zipper or salt-bridge(s).49,47,50,51 Li et al. published two 
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distinct polymorphs consisting of two protofilaments under Cryo-EM, including the 

Greek-key containing ‘rod’ polymorph (6CU7) and bent β-arch ‘twister’ polymorph 

(6CU8), where the ‘rod polymorph’ takes a form similar to the general fibril structure, the 

twister is comprised only of a single hairpin extending to E83.51 Reported polymorphs 

with solved structures include those both grown from recombinant protein in vitro as well 

as from patient samples for both sporadic PD and MSA, both of which are consistent 

with the Greek-key motif yet producing polymorphs distinct from in-vitro strains.52,53 

Several other dimer structures solved via Cryo-EM have also been published, including 

N-terminally acetylated and truncated versions of α-syn fibrils (Table 1.1). 
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Study PDB Polymorph Buffer conditions pH 

(Tuttle et al., 

2016)41 

2N0A Full-Length 50 mM sodium phosphate 0.12 mM EDTA 

0.02% sodium azide (w/v) 

7.4 

(Li et al., 2018)50  6A6B N-terminal acetylated 50 mM Tris, 150 mM KCl, 0.05% NaN3 7.5 

(Guerrero- 

Ferreira et al., 

2018)49 

6H6B Truncated (1-121) DPBS (Gibco) 2.66 mM KCl, 1.47 mM 

KH2PO4, 137.93 mM NaCl, 8.06 mM 

Na2HPO4 

7-7.3 

(Li et al., 2018)51  6CU7 

6CU8 

Rod polymorph 1A 

Twister polymorph 1B 

15 mM tetrabutyl– phosphonium bromide N/A 

(Guerrero- 

Ferreira et al., 

2018)47 

6SSX 

6SST 

 

Polymorph 2A 

Polymorph 2B 

50 mM Tris-HCl 150 mM KCl 7.5 

(Ni, Xiaodan et 

al., 2019)54 

6OSJ 

6OSL 

6OSM 

Acetylated (1-140) 

Acetylated (1-122) 

Acetylated (1-103) 

10 mM NaPi, 140 mM NaCl 

 

7.4 

(Schweighauser, 

et al., 2020)53 

6XYO 

6XYP 

6XYQ 

MSA Case 1 (Type 1) 

MSA Case 2 (Type ll1) 

MSA Case 2 (Type ll2) 

30 mM Tris-HCl buffer 

 

7.5 

 

Table 1.1: List of Cryo-EM and SSNMR fibril structures and associated fibril growth conditions. 
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Figure 1.2: Structures of published WT α-syn protofilament cores with associated secondary 

structure elements labelled by their associated RCSB Protein Data Bank code (PDB). Thick 

arrows indicate β-strands, with light blue indicating all assigned residues of the fibril form 

determined in Chapter 4.2.1 of this thesis (G41-S42, G51-A56, G68-V71, G73-K80, and E83-

A90) while dark blue and grey indicate all others (β-strands and loop regions respectively). 
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Although many in-vitro polymorphs maintain a mostly unstructured N-terminus, 

several other studies have shown otherwise. For example, a polymorph studied via 

NMR is suggested to have an entirely β-sheet structured N-terminus.40 Additionally, 

another polymorph studied via ssNMR and cryogenic electron microscopy (Cryo-EM) 

indicates partial N-terminal binding to the periphery of the fibril core.47,55 Patient 

samples from PD and MSA show polymorphs distinct from those grown in-vitro with 

variability between cases, including a strongly interacting N-terminus in one of several 

such polymorphs.52,53 Another three new polymorphs obtained from PD and MSA 

patient samples via PMCA (protein misfolding cyclic amplification)56 also exhibit a bound 

N-terminus in addition to an associated C-terminus bound to the fibril core.57 They 

report rigid association of residues 124-134, while residues 98-123 remained 

unresolved. 

 

1.3 Investigating protein structure using NMR 

As discussed in chapter 1.1, the refolding effect on α-syn fibrils via externalized CL 

is of much interest but has only been studied via CD spectroscopy, following only the 

transition of secondary structure from the β-sheet fibrillar form to the α-helical lipid-

bound monomer. In this thesis, we wish to confirm fibril refolding via exposure to CL and 

whether this effect is CL specific or an effect of anionic lipids in general. More 

specifically, we wish to track conformational changes in the fibril form when exposed to 

anionic lipids and to characterize the refolded form, ultimately coming to a better 

understanding of the mechanisms behind fibril-lipid interactions. To accomplish this, we 
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utilize NMR to first characterize the membrane-bound and fibril conformations to use as 

a roadmap to site-specifically track the changes between the fibril and lipid-refolded 

state.  

NMR is a powerful tool for characterizing protein conformations at atomic level 

while maintaining their native-like environment. Magic angle spinning (MAS) and 

ssNMR are required for proteins which are insoluble, lipid-bound, or aggregates such as 

amyloid fibrils due to restricted mobility and tumbling given their size and rigidity, 

making them less amenable to regular solution NMR techniques.58 Both the chemical 

environment and local structure directly affect the chemical shifts of nuclear spins 

allowing for site-specific residue chemical shift assignment and determination of general 

residue-specific secondary structure.59 This is incredibly useful in the case of α-syn as 

each notable conformation exhibits unique secondary structure, from the α-helix of the 

membrane-bound form to the β-sheet NAC core of fibrils, with varying random coil 

regions between conformations. 

In short, the structural diversity of the several conformations of α-syn are 

accessible through varying NMR techniques, allowing for the direct observation of either 

the flexible or structured regions by capitalizing on specific nuclear spin interactions 

discussed in Chapter 2. These ssNMR techniques can thereby monitor the transition 

from β-sheet fibrils to α-helically lipid-bound α-syn site-specifically, improving on 

previously published CD results which track only the overall secondary-structure 

transitions between states. NMR allows for the site-specific tracking of these 

conformational transitions induced via protein-lipid interactions to structurally 
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characterize the refolded state. The research plan regarding the samples required to 

follow such transitions are discussed in Chapter 4. In short, we compare samples 

containing either 1) monomeric α-syn bound to anionic lipid containing vesicles, 2) fibrils 

alone, or 3) fibrils bound to anionic lipid containing vesicles using ssNMR. This research 

marks important steps toward gaining further insight into the nature of interactions 

between fibrils and anionic lipid membranes. 
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2 Theory and Application of Protein Solid State Nuclear 
Magnetic Resonance 

2.1 NMR Spectroscopy 

The following discussion of the basics of NMR spectroscopy draws from multiple 

textbooks.60–63 NMR spectroscopy takes advantage of the intrinsic spin angular 

momentum of atomic nuclei via the use of a strong static external magnetic field and 

radio-frequency (RF) pulses. Spin ½ nuclear spins are the simplest NMR-sensitive 

structural probes, with biological molecules containing 1H, 13C and 15N spin ½ nuclei. 

While 1H is naturally abundant at 99.99%, the natural abundance of 13C and 15N are 

only 1.1% and 0.37% respectively, making it customary to enrich biological samples 

with these isotopes.61,63 In the most widely used E. coli cultures, isotopic labeling can be 

achieved via cell growth in M9 minimal media where the sole carbon and nitrogen 

sources such as glucose and ammonium chloride, are uniformly 13C-enriched and 15N-

enriched, respectively. An isotopically enriched sample is placed in an external 

magnetic field which induces a non-zero nuclear equilibrium magnetization; RF pulses 

perturb a spin system from its equilibrium state, thereby resulting in the free induction 

decay (FID) response. The FID is acquired, and Fourier transformed to the frequency 

domain, resulting in a frequency spectrum with multiple lines, in which each peak 

corresponds to a specific atom in a molecule. 

The spin angular momentum noted 𝐼 = (𝐼𝑥, 𝐼𝑦 , 𝐼𝑧), has a total magnitude of  

|𝐼| = [𝐼 ∙ 𝐼]
1/2

= ℏ[𝐼(𝐼 + 1)]1/2, (2.1)

where ℏ is the reduced Planck’s constant. Placing spins in a strong magnetic field with a 
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direction chosen to be along the z-axis, 𝐵0
⃗⃗⃗⃗⃗ = (0, 0, B0), results in a quantized z-

component of the spin angular momentum: 

𝐼𝑧 = ℏ𝑚 (2.2) 

Here, m is the magnetic quantum number with allowed (2I + 1) values of: 

𝑚 =  −𝐼, −𝐼 + 1, … , 𝐼 − 1, 𝐼. (2.3) 

Nuclei with non-zero spin angular momentum have a magnetic moment which is 

proportional to the spin angular momentum: 

�⃗� =  γ𝐼𝐼. (2.4) 

The z-component quantization of the angular momentum in the external magnetic field 

is defined as Zeeman splitting, which in the case of spin ½ nuclei (I = ½) results in two 

states; the spin-up (m=½) and spin-down states (m=-½) correspond to the eigenstates 

of the Zeeman Hamiltonian described as: 

𝐻𝑍 =  −ℏγ𝐼𝐵0𝐼𝑧 . (2.5) 

Here, the gyromagnetic ratio (γ𝐼) of the spin 𝐼 is a constant of proportionality specific to 

each nucleus, with the magnitude determining the receptivity of said nucleus to NMR.  

Following from Eq. 2.2 to 2.5, the quantization of the spin angular momentum z-

component with respect to 𝐵0 gives rise to two distinct energy levels: 
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𝐸 =  ∓
ℏγ𝐼

2
𝐵0. (2.6) 

Due to this energy difference, there is a slight difference between population of the up 

state (𝑁1/2) and population of the down state (𝑁−1/2) states, with the lower energy state 

having the higher population. For a sample of N spins at thermal equilibrium, the relative 

populations can be expressed via the Boltzmann distribution: 

𝑁1/2

𝑁−1/2
=  exp (

ℏγ𝐼𝐵0

𝑘𝐵𝑇
) (2.7) 

The non-zero population difference results in an overall magnetization (M0) of the 

sample parallel to the magnetic field along the z-axis, and at high temperatures (
ℏγ𝐼𝐵0

𝑘𝐵𝑇
≪

1) it can be approximated as: 

M0 =
ℏγ𝐼

2
(𝑁1/2 − 𝑁−1/2) ≈

ℏ2γ𝐼
2𝐵0

4𝑘𝐵𝑇
𝑁. (2.8) 

While the population difference between the two states is small under most 

experimental conditions, a larger sample size and an increased number of spins N, 

lower temperature, higher field strength and higher gyromagnetic ratio would maximize 

the sensitivity of NMR experiments.  

The difference in energy between the two states in Eq. 2.6 expressed in 

frequency units is known as the Larmor frequency, and it corresponds to the frequency 

of free precession of the magnetic moment about the static magnetic field z-axis: 
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𝜔0 =  −γ𝐵0. (2.9) 

An RF-modulated electric current applied at or close to the Larmor frequency in a 

solenoid coil wrapped around the sample, generates a magnetic field within the solenoid 

which perturbs bulk magnetization M0 from its equilibrium state along z-axis and rotates 

it into the transverse plane. Following the RF excitation, the non-equilibrium 

magnetization will precess at the Larmor frequency about the z-axis as described in Eq. 

2.9. Such precession results in a time-dependent magnetic flux, which by way of 

Faraday’s law induces a time-dependent current in the coil. This time-dependent current 

is the sinusoidal free-induction decay (FID), and its Fourier transform results in a 

spectrum with a peak at the Larmor frequency of the observed nuclei. 

 

2.2 NMR Interactions 

In addition to the strongest Zeeman interaction with the static external magnetic 

field (𝐻𝑍), nuclear spins are subjected to numerous other “internal” interactions defined 

by molecular structure. The total nuclear spin Hamiltonian describing an NMR 

experiment is therefore the sum of each of these interactions, taking the form: 

𝐻 = 𝐻𝑍 + 𝐻𝐶𝑆 + 𝐻𝐷 + 𝐻𝐽 + 𝐻𝑅𝐹. (2.10) 

The chemical shift (𝐻𝐶𝑆) is the result of shielding of nuclear spins by nearby 

electrons from the external magnetic field. The dipolar coupling (𝐻𝐷) is a direct through-

space interaction between individual nuclear magnetic moments, whereas J-coupling 

(𝐻𝐽) is a spin-spin interaction mediated through bonds. Additionally, the external 
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interaction between applied RF magnetic fields and magnetic moments (𝐻𝑅𝐹) allows for 

manipulation of the individual internal interactions and is used for excitation of the NMR 

signal (FID), for inducing polarization transfers between spins and for removal of spin 

interactions, when necessary, i.e., decoupling. Under high fields the Zeeman interaction 

is the largest by several orders of magnitude, leaving only secular terms that commute 

with the Zeeman interaction to produce significant effects. The secular approximation 

accounts only for these terms and will be utilized in the following discussions of each 

term of the Hamiltonian. 

 

2.2.1 Chemical Shift 

The chemical shift is a change in the Larmor frequency which arises due to 

“nuclear shielding.” The external magnetic field interacts with the electrons surrounding 

the nuclear spin causing them to form auxiliary magnetic fields of their own, 

counteracting the external field and effectively ‘shielding’ the nuclear spin from the 

external field.61 Given that the electron density distribution is anisotropic, the chemical 

shift is itself anisotropic. The general chemical shift Hamiltonian is given as:62 

𝐻𝐶𝑆 = −𝛾𝐼�̂��⃗⃗�. (2.11) 

where 𝐼 and �⃗⃑� vectors define the nuclear spin and external magnetic field, while the 

shielding is defined via �̂�, the nuclear shielding tensor: 

�̂� = (

σ𝑥𝑥 σ𝑥𝑦 σ𝑥𝑧

σ𝑦𝑥 σ𝑦𝑦 σ𝑦𝑧

σ𝑧𝑥 σ𝑧𝑦 σ𝑧𝑧

) (2.12) 
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This second rank tensor is diagonal in the special frame, the ‘principal axis system’ 

(PAS), with principal components denoted as σ11, σ22, and σ33.  In isotropic liquid 

samples, rapid tumbling of molecules in solution averages out the anisotropy, resulting 

in the isotropic shielding constant:62 

σ𝐼𝑆𝑂 =
σ11 + σ22 + σ33

3
. (2.13) 

In the solid state, such as samples where molecules are immobilized and do not 

undergo fast tumbling and lack a particular orientation (e.g., unoriented membrane-

bound proteins, fibrils, etc.), the chemical shift anisotropy is not averaged out, thereby 

leading to spectral broadening due to orientation dependence. The chemical shift 

anisotropy (CSA) is defined as:64,65 

σ𝐶𝑆𝐴 = σ33 − σ𝐼𝑆𝑂 . (2.14) 

The associated asymmetry of the tensor defined as: 

𝜂 =
(σ22 − σ11)

σ𝐶𝑆𝐴
. (2.15) 

Together, the chemical shift Hamiltonian can be represented as the combination of the 

two terms:62 

𝐻𝐶𝑆 = −𝛾𝐵0σ𝐼𝑆𝑂𝐼𝑧 − 𝛾𝐵0σ𝐶𝑆𝐴
1

2
(3 cos2 𝜃 − 1 + 𝜂 sin2 𝜃 cos 2𝜑)𝐼𝑧 . (2.16) 

Where 𝜃 and 𝜑 are the angles between the PAS and the static magnetic field along the 

z-direction, defining the orientation dependence of the sample. 
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Since the resulting resonant frequencies are proportional to the magnetic fields 

used, it is customary when measuring chemical shifts of nuclear spins to express them 

in parts per million (ppm), referenced to some standard. For protein NMR it is 

recommended to use 2,2-dimethyl-2-silapentane-5-sulfonate, sodium salt (DSS) as the 

standard reference compound.66,67,68 

 

2.2.2 Dipolar Coupling 

The next internal interaction is the anisotropic through-space dipolar coupling 

between two magnetic dipoles (dipole-dipole interaction). The Hamiltonian representing 

this direct interaction between two nuclei 𝐼 and 𝑆 is as follows:60,62,63 

𝐻𝐷,𝐼𝑆 = 𝑏𝐼𝑆 ∙ (3 (𝐼 ∙
𝑟𝐼𝑆⃗⃗ ⃗⃗⃗

𝑟𝐼𝑆
⁄ ) (𝑆 ∙

𝑟𝐼𝑆⃗⃗ ⃗⃗⃗
𝑟𝐼𝑆

⁄ ) − 𝐼 ∙ 𝑆) . (2.17) 

The vector connecting the two nuclear spins is 𝑟𝐼𝑆⃗⃗ ⃗⃗⃗, while 𝑟𝐼𝑆 represents the internuclear 

distance between them. The dipolar coupling constant (𝑏𝐼𝑆) between spins 𝐼 and 𝑆 is 

defined as:63 

𝑏𝐼𝑆 = −
𝜇0

4𝜋

γ𝐼γ𝑆ℏ

𝑟𝐼𝑆
3 (2.18) 

where 𝜇0 is the permeability of free space, and γ𝐼 and γ𝑆 are the gyromagnetic ratios of 

spins I and S, respectively. Under the high field secular approximation, the dipolar 

coupling Hamiltonian can be rewritten for homonuclear coupling (same isotopic 

species, 𝐼𝑖 and 𝐼𝑗) and heteronuclear coupling (different isotopic species, I and S) as:62 
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𝐻𝐷,𝐼𝐼 =
𝑏𝐼𝐼

2
(3 cos2 𝜃𝑖𝑗 − 1)(3𝐼𝑖𝑧𝐼𝑗𝑧 − 𝐼𝑖

⃗⃗⃗ ∙ 𝐼�⃗⃗⃗�) (2.19) 

𝐻𝐷,𝐼𝑆 =
𝑏𝐼𝑆

2
(3 cos2 𝜃𝐼𝑆 − 1)2𝐼𝑧𝑆𝑧. (2.20) 

Both are anisotropic, depending on the angle 𝜃𝐼𝑆 (or 𝜃𝑖𝑗) between the connecting vector 

𝑟𝐼𝑆⃗⃗ ⃗⃗⃗  (or 𝑟𝑖𝑗⃗⃗ ⃗⃗ ) and the magnetic field �⃗⃗�0, leading to anisotropic spectral broadening in 

powdered samples. Similar to the CSA, this interaction is averaged out by fast 

molecular tumbling if such tumbling is present, but it remains largely intact in the solid 

state, resulting in anisotropic line broadening. The use of MAS allows for eliminating of 

the anisotropic broadening as discussed in section 2.3. 

 

2.2.3 J-Coupling 

The through-bond J-coupling interaction, also referred to as scalar coupling, 

involves the interaction between two nuclear spins mediated through bonds (as 

opposed to the through-space dipolar interaction). The Hamiltonian for the interaction 

between a pair of spins I and S (both homo- and heteronuclear)  can be approximated 

as:62 

𝐻𝐽 = 2𝜋𝐽𝐼𝑆𝐼𝑧𝑆𝑧 (2.21)

where 𝐽𝐼𝑆 represents the J-coupling constant between the interacting nuclei. J-couplings 

are largely isotropic, allowing for their observation as the symmetric splitting of a peak 

based on the number of associated bonds. While weak in comparison to the previously 
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discussed interactions, it is the primary means of polarization transfer between nuclear 

spins in solution NMR, as well as between spins within mobile protein fragments in the 

solid state. 

 

2.3 Magic Angle Spinning 

In solution, the anisotropic broadening associated with chemical shift anisotropy 

and dipolar interactions is averaged out due to fast molecular tumbling. The same 

cannot be said for motionally restricted molecules in which the anisotropic interactions 

prevail, resulting in broadened peaks and an overall decrease in spectral resolution 

(Figure 2.2a).69 While molecular weight of a molecule limits applicability of solution 

NMR due to reduced tumbling in larger molecules, solid-state NMR has no such 

restriction under the use of MAS.62,64 
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Figure 2.1 - Magic Angle Spinning NMR experiment. The sample is packed into a cylindrical 

rotor which is spun at a frequency of 𝝎𝒓 about an axis oriented at the magic angle of 𝟓𝟒. 𝟕𝟒𝐨 

with respect to the external magnetic field.  

 

MAS allows for the removal of anisotropy in solid samples.70,71 The sample is 

packed into a rotor and spun around an axis pointing at the “magic” angle of 54.74o 

relative to the external magnetic field, as shown in Figure 2.1, thereby introducing a 

periodic time-dependence to the anisotropic chemical shift and dipolar Hamiltonians:72  

𝐻𝐶𝑆,𝐼 = 𝜔𝐶𝑆,𝐼(𝑡)𝐼𝑧 (2.22) 

𝐻𝐷,𝐼𝐼 = 𝜔𝐷,𝐼𝐼(𝑡)(3𝐼𝑖𝑧𝐼𝑗𝑧 − 𝐼𝑖
⃗⃗⃗ ∙ 𝐼�⃗⃗⃗�) (2.23) 

𝐻𝐷,𝐼𝑆 = 𝜔𝐷,𝐼𝑆(𝑡)𝐼𝑧𝑆𝑧. (2.24) 
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The time modulated dipolar frequencies for the heteronuclear dipolar interaction case 

can be written as:72 

𝜔𝐷,𝐼𝑆(𝑡) = 𝑏𝐼𝑆(𝑔0 + 𝑔1 cos(𝜔𝑟𝑡 + 𝜑𝐼𝑆) + 𝑔2 cos(2𝜔𝑟𝑡 + 2𝜑𝐼𝑆)) (2.25) 

Where the polar coordinate angles 𝜃𝐼𝑆 and 𝜑𝐼𝑆 define the internuclear vector with 

respect to the rotation axis at t=0, and 𝜃𝑅 represents the magic angle relative to the z-

axis.  This can be rewritten for the homonuclear case, 𝜔𝐷,𝐼𝑆(𝑡), given proper parameter 

substitution as in Eqs. 2.19-2.20. The time dependent coefficients are defined as: 

𝑔0 = −
(3 cos2 𝜃𝑅 − 1)

2

(3 cos2 𝜃𝐼𝑆 − 1)

2
(2.26) 

𝑔1 =
3

4
(sin 2𝜃𝑅)(sin 2𝜃𝐼𝑆) (2.27) 

𝑔2 = −
3

4
(sin2 𝜃𝑅)(sin2 𝜃𝐼𝑆) (2.28) 

A similar breakdown can be shown for the chemical shift anisotropy (CSA) under 

MAS. Firstly, the time dependency of the CSA strength is given by the following: 

𝜔𝐶𝑆,𝐼(𝑡) = 𝜔0σ𝐼𝑆𝑂 + 𝜔0σ𝐶𝑆𝐴(𝑔0 + 𝑔1 cos(𝜔𝑟𝑡 + 𝜓1) + 𝑔2 cos(2𝜔𝑟𝑡 + 2𝜓2)) (2.29) 

With σ𝐼𝑆𝑂 and σ𝐶𝑆𝐴 as previously described. The Euler angles 𝛼, β, γ describing the 

orientation of the PAS of the chemical shift tensor with respect to the rotor frame, the  

𝑔0, 𝑔1, 𝑔2, 𝜓1 and 𝜓2 coefficients are given as: 
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𝑔0 = −
(3 cos2 𝜃𝑅 − 1)

2
{

(3 cos2 𝛽 − 1)

2
+

𝜂

2
sin2 𝛽 cos 2𝛾} (2.30) 

𝑔1 = −
1

2
sin 2𝜃𝑅 sin 𝛽 {(𝜂 cos 2𝛾 + 3)2 cos2 𝛽 + 𝜂2 sin2 2𝛾}

1
2⁄ (2.31) 

𝑔2 =
1

2
sin2 2𝜃𝑅 {[

3

2
sin2 𝛽 −

𝜂

2
cos 2𝛾 (1 + cos2 𝛽)]

2

+ 𝜂2 cos2 𝛽 sin2 2𝛾}

1
2⁄

(2.32) 

𝜓1 = 𝛼 + tan−1 {
𝜂 sin 2𝛾

(𝜂 cos 2𝛾 + 3) cos 𝛽
} (2.33) 

𝜓2 = 2𝛼 + tan−1 {
−𝜂 cos 𝛽 sin 2𝛾

3
2⁄ sin2 𝛽 −

𝜂
2⁄ cos 2𝛾 (1 + cos2 𝛽

} (2.34) 

The 𝑔0 coefficients in Eq. 2.26 and 2.30 describe the static anisotropic line broadening 

under MAS conditions. It can be eliminated by setting the angle 𝜃𝑅 to the magic angle 

value of 54.74o: 

𝜃𝑅 = arccos (
1

√3
) ≈ 54.74𝑜 . (2.35) 

The remaining time-dependent terms oscillate with frequencies of 𝜔𝑟 and 2𝜔𝑟 

and are therefore effectively averaged to zero over a multiple of complete rotor periods, 

or at a sufficiently fast spinning frequency greater than the strength of the anisotropy. 

Therefore, under MAS only the isotropic contributions to the spectral frequencies 

remain, resulting in peaks at the isotropic chemical shifts. Figure 2.2 illustrates the 

effect of MAS on the 31P NMR spectra of barium diethylphosphate powder. 
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Figure 2.2 - 1H decoupled 31P MAS spectra of barium diethylphosphate (BDEP) with increasing 

𝝎𝒓. Starting with (a) 𝝎𝒓 = 𝟎, an axially asymmetric spectrum, increasing to (d) 2.92 kHz MAS 

frequency, highlighting the removal of anisotropic broadening. The dashed line indicates the 

isotropic shift. Reprinted by permission from The Royal Society: Philos Trans R Soc Lond B Biol 

Sci. “Magic angle sample spinning in inhomogeneously broadened biological systems.” Herzfeld 

J, Roufosse A, Haberkorn RA, Griffin RG, Glimcher MJ, 1980, 289(1037):459-69.69 
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2.4 Multidimensional NMR 

 With the addition of MAS and its removal of anisotropic broadening, increasing 

resolution may still prove necessary. This is especially so for larger and more 

heterogenous samples where natural line broadening, spectral crowding and 

degeneracy are commonplace. Simple 1D NMR experiments become insufficient for 

resolving the large number of observed nuclei. To obtain site-specific resolution in these 

cases, multidimensional NMR provides a means of separating chemical shifts.61 

 The general scheme for a two-dimensional (2D) NMR experiment is represented 

in Figure 2.3 by four distinct steps: excitation, evolution (t1), mixing, and acquisition (t2). 

During excitation, the spin system is perturbed from its thermal equilibrium via the 

application of RF pulses. Next, the spins evolve under the isotropic chemical shifts for a 

fixed period t1. Following t1 evolution is the mixing period, during which polarization is 

transferred between the coupled spin species of interest by means of additional RF 

pulses and/or time delays; the mixing is followed by the direct detection (t2). The 

experiment is repeated as a function of t1, varied from zero to a certain t1max value. The 

acquired signal S(t1, t2) is therefore a function of the incremented indirect evolution t1, 

and the directly detected t2. Double Fourier transform of S(t1, t2) results in a 2D 

spectrum with indirect dimension and direct dimension in the frequency domain S(δ1, 

δ2), as can be seen in Figure 2.4A. The 2D can be extended to a three-dimensional 

(3D) experiment with the addition of a third time dimension and mixing/evolution step, 

further increasing resolution (Figure 2.4B). 
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Figure 2.3 - Generalized scheme for a 2D NMR pulse sequences utilizing RF pulses. Each of 

the four distinct steps are indicated, including excitation and mixing; both of which include the 

use of various RF pulses and delays. 

 

Figure 2.4 - Multidimensional NMR spectra of (A) a 2D unresolved spectra and (B) a resolved 

3D spectrum, where peaks are represented by a single contour line with nearly identical 

chemical shifts in the δ1 and δ2 dimensions. While the 2D is spread across its two independent 

frequency axes δ1 and δ2 corresponding to the indirect evolution t1 and the directly detected t2, 

the 3D contains two indirect evolution periods t1 and t2, with acquisition in the direct dimension 

t3. While the green peak is already resolved in the 2D spectra, the addition of a third dimension 

(δ3) allows for resolution of black, red & blue peaks overlapped in the 2D spectra, as illustrated 

by the separation of each coloured peak in the 3D. 
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Multidimensional heteronuclear experiments allow for the separation of 1H, 13C 

and 15N chemical shifts into multiple dimensions via multiple polarization transfer steps 

between neighboring atoms.  Depending on the internal and global mobility of a protein, 

these polarization transfers can take advantage of either dipolar couplings using the 

cross-polarization technique (CP)73 and other dipolar recoupling techniques such as 

dipolar-assisted rotational resonance (DARR),73,74 or via J-couplings using the 

Insensitive Nuclei Enhanced by Polarization Transfer approach (INEPT)75 and other 

methods taking advantage of scalar couplings, all of which are further explained in 

chapter 2.5. Molecules studied under NMR can be characterized by regions of 

differential mobility, containing both rigid and mobile fragments which can be studied 

separately via NMR. CP is much more efficient at exciting spins and transferring 

polarization in rigid fragments of a molecule, whereas INEPT can efficiently excite and 

transfer polarization between heteronuclear spin species in mobile molecular fragments. 

An example of increased spectral resolution achieved via higher dimensional 

heteronuclear experiments is shown in Figure 2.5 for a sample of lipid-bound α-syn, 

from a 1D INEPT 13C spectrum (Figure 2.5A), to a 2D spectrum (Figure 2.5B) which 

uses INEPT for excitation of carbons and TOBSY (total through-bond correlation 

spectroscopy)76 for transferring polarization between them. While 1D 13C spectrum 

contains overlapped signals from multiple residues, multiple backbone and sidechain 

atoms become resolvable in the 2D 13C-13C correlation spectrum (Figure 2.5B). 



 

 

30 

 

 

Figure 2.5 - Increasing resolution via multidimensional NMR from a (A) 1D 1H/13C INEPT to a 

2D INEPT TOBSY 13C-13C correlation spectra (B). The 1D spectrum contains multiple 

overlapped signals which become resolved in a 2D spectrum. The experiments were run at a 

proton frequency of 800.23 MHz and a spinning frequency of 14.3 kHz, a TOBSY mixing time of 

7.133 ms was used in the 2D experiment.   
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2.5 “Mobility” filter – INEPT vs CP excitation 

 Over time, the FID collected following excitation must decay back to zero as the 

spins relax to their thermal equilibrium state along the z-axis. This occurs through two 

processes: longitudinal relaxation (T1) and transverse relaxation (T2).61,63 The 

longitudinal relaxation time indicates how long the spin ensemble will take to reach 

thermal equilibrium along the z-axis, whereas the transverse relaxation T2 time indicates 

the loss of coherence in the transverse plane. Both are related to the thermal motions of 

the excited atoms as well as anisotropic interactions, driving the system to thermal 

equilibrium based on the amplitudes and time scales of these motions. Importantly in 

the solid-state, T2 must be replaced by the coherence lifetime T2’ which combines both 

the stochastic contribution of the transverse relaxation and the residual coherent 

contribution that arises from spin interactions which are incompletely averaged by MAS 

and decoupling.63 The latter is much stronger and dominates the transverse relaxation 

processes in solids in most situations. 

Proteins are structurally and dynamically diverse molecules. As pointed out 

above, they often contain both rigid regions undergoing only small amplitude motions, 

and more flexible portions which undergo faster motions often on larger length scales. 

Mobility directly effects coherence lifetimes (T2’) which increase if anisotropic effects 

such as dipolar couplings are averaged out by motions. This is similar to what occurs in 

the solution phase, where dipolar couplings and CSA are averaged out by isotropic 

motions and J-couplings become dominant. In contrast, dipolar couplings dominate in 

motionally restricted regions. As a result, the selective excitation and subsequent 
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observation of the rigid or flexible regions is possible using specific excitation and 

polarization transfer mechanisms. Cross-polarization73 utilizes dipolar couplings for the 

excitation of rigid regions while the through-bond Insensitive Nuclei Enhanced by 

Polarization Transfer (INEPT)75 utilizes J-couplings to selectively excite flexible regions. 

The pulse sequences for the CP and INEPT 1H-13C/15N heteronuclear transfers are 

shown in Figure 2.6; they transfer polarization via through-space and through-bond 

mixing, respectively. INEPT excitation can be combined with TOBSY (total through-

bond correlation spectroscopy)76 mixing in homonuclear 2D 13C-13C chemical shift 

correlation experiments in combination to yield 2D spectra of mobile molecular 

fragments, whereas CP is combined with through-space mixing methods such as DARR 

(dipolar-assisted rotational resonance)73,74 to result in spectra corresponding to the rigid 

species. These methods and higher order heteronuclear correlation experiments are 

utilized for the assignment of the chemical shifts for proteins with diverse structure, 

allowing for site-specific analysis and tracking of conformational changes between 

samples. Methods regarding chemical shift assignments are explained in Chapter 3.3. 
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Figure 2.6 - The two 1D MAS solid-state NMR pulse sequences for excitation of (A) mobile 

species selectively excited using INEPT, and (B) rigid species selectively excited using CP. 

Within the INEPT sequence 𝝉𝟏 and 𝝉𝟐 are set to the J-coupling constant (𝑱𝑰𝑺) between 

heteronuclear spins I and S according to:  𝝉𝟏 = 𝟏/(𝟒𝑱𝑰𝑺) and 𝝉𝟐 = 𝟏/(𝟔𝑱𝑰𝑺), based on multiplicity 

(CH or CH2, respectively) but values are generally optimized given strong T2 effects. 

 

2.6 Characterization of Protein Structure using NMR 

 Chemical shifts are the primary NMR observables. While chemical shifts are 

already generally distinct between nuclei of interest (1HN, 1Hα, 13Cα, 13Cβ, etc., and 15N), 

they can also be individually distinguished between like-nuclei due to the local structure 

and chemical and electrostatic environment around them. The characterization of 

biological molecules such as proteins by NMR involves understanding how the chemical 
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shift of the specific nuclear species is affected by local structure based on comparisons 

with known correlations. Both primary, secondary, and tertiary structure have significant 

and specific effects on the resulting chemical shifts. Firstly, the same nuclear species 

may have distinct chemical shift distributions. For example, the backbone carbonyls 

(180-170 ppm) have vastly different average chemical shifts than aliphatic carbons (ca. 

70-10 ppm), which themselves have varying chemical shifts (ex. 13Cα vs 13Cβ) as well as 

including significant differences between amino acids, data for which can be found on 

the Biological Magnetic Resonance Data bank.77 Importantly, chemical shifts of 

backbone and some side chain atoms also depend on the secondary structure, i.e., α-

helical, random coil, and β-sheet structure give rise to significant effects on the 

backbone atom and CB shifts within the same residue type. This is pertinent for our 

study of α-syn given the diverse secondary structure between its multiple 

conformations. The chemical shift index (CSI) and probability-based secondary 

structure identification present notable means for chemical shift based secondary 

structure analysis and identification.59,78 After assigning chemical shifts, such methods 

can be utilized to site-specifically interpret conformational changes.  

Given the structural diversity of α-syn, which depending on the environment and 

interaction partners, may undergo conformational changes involving the formation of 

each type of secondary structure (e.g., random coil in the monomeric form, helical in the 

lipid-bound state and β-structure in fibrils), determining atom-specific chemical shifts 

requires utilizing separate assignment methods for both rigid and mobile regimes.  

Methods regarding chemical shift assignments and the corresponding experiments 
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required are explained in detail in section 3.3. With this, the structural characterization 

of the distinct monomer and fibril samples can be achieved, allowing for the site-specific 

tracking of conformational changes induced by protein-lipid or protein-protein 

interactions. 
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3 Materials and Methods 

Common chemicals of a reagent grade for protein expression, isolation and 

reconstitution were purchased from either Fisher Scientific (Unionville, Ontario, Canada) 

or Sigma-Aldrich (Oakville, Ontario, Canada). 15N-labeled ammonium chloride and 

uniformly 13C-labeled (U-13C) glucose was purchased from Cambridge Isotope 

Laboratories (Andover, MA, USA). 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 

tetraoleoyl cardiolipin (TOCL), and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

were purchased from Avanti Polar Lipids (Alabaster, AL) as chloroform solutions (>99% 

purity) and used without further purification. 

 

3.1 Expression and purification of α-synuclein  

Uniformly 13C,15N-labeled (UCN) α-syn was produced and purified according to 

previously published protocols with modifications for isotopic labelling.19,79 Briefly, wild-

type α-syn (pET21a vector, purchased from Addgene – Plasmid 51486) was 

transformed into BL21-Codonplus (DE3)-RIPL competent cells (Life Technologies) and 

used to inoculate a 10 mL LB starter culture left to grow overnight in an incubator 

shaker at 37 C. Afterward, the culture was diluted in 200 mL LB media and left to grow 

at 37 C until an A600 of ~ 0.6 - 0.8 was reached. The culture was centrifuged at 2,500 x 

g for 10 min at room temperature and the resulting pellet was solubilized in M9 minimal 

media (1.5 L) supplemented with 1.0 g/L of 15NH4Cl, 3.0 g/L of U-13C glucose, 2 mM 

MgSO4 and 0.1 mM CaCl2, and again left in the incubator shaker at 37 C until a target 
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density of A600 ~ 0.6 - 0.8 was reached. The cells were then induced with 250 µg/ml 

IPTG for 3-5 hours, after which they were separated and centrifuged at 6000 rpm for 5 

min at 4 C using a JA-10 rotor; pellets were stored at -20 C until ready for purification. 

Both LB and M9 growth media contained 50 µg/ml ampicillin and 33 µg/ml 

chloramphenicol. Purification was separated into two rounds. Briefly, half of the resulting 

pellets (from 750 ml culture) were thawed and homogenized in 50 mL water, sonicated 

for 5 minutes, then centrifuged, boiled, and centrifuged again (using a JA-25.5 rotor at 

25,000rpm for 30 min at 4 C). The supernatant was filtered through a PVDF 0.22 µm 

membrane and topped up with 1 M Tris-HCl (pH 8.0) to reach a final concentration of 20 

mM. Anion-exchange chromatography (FPLC) was then performed on a GE HiTrap 

DEAE FF 5 mL column connected to a DuoLogic system (Bio-Rad). SDS-PAGE was 

utilized to identify α-syn containing fractions. Those fractions were combined and 

subjected to several rounds of dialysis to reduce salt concentration to nanomolar levels 

before the next round of purification. Reversed-phase high-performance liquid 

chromatography (HPLC) was then performed for further purification using a Symmetry 

300 (5 mm C18, 4.6 x 250 mm) column on a Waters system with Millennium 32 software. 

A mobile phase of acetonitrile in water was used, linearly increasing the acetonitrile 

content from 30-50% (v/v) by 1 %/min over a total volume of 20 mL, with 0.1 % TFA as 

an ion pairing agent. The purified protein was then lyophilized and stored at -20 C until 

further use. 
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3.2 Sample preparation for NMR studies.  

Five samples were examined in this work (Table 3.1): (i) α-syn fibrils; (ii) α-syn 

fibrils bound to large unilamellar vesicles (LUV) made of anionic tetraoleoyl cardiolipin 

(TOCL) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (41:59 molar ratio), at a 

protein to lipid ratio of 1:300 (sample called F:CL300 in the following); (iii) α-syn fibrils 

bound to LUVs consisting of anionic lipid 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) 

and DOPC at a 41:59 molar ratio, and at a protein to lipid ratio of 1:300 (F:PA300); (iv) 

monomeric α-syn bound to LUVs made of TOCL:DOPC (41:59 molar ratio) at a protein 

to lipid ratio of 1:100 (AS:CL100); (v) monomeric α-syn bound to LUVs consisting of 

DOPA:DOPC (41:59 molar ratio), at a protein to lipid ratio of 1:100 (AS:PA100). 

 

Table 3.1 - Summary of samples used in this study.  

SAMPLE DETAILS 

FIBRILS In-vitro Fibrils, Control Sample 

AS:CL100 Monomer AS bound to TOCL:DOPC liposomes (41:59 mol%), PLR* 1:100 

AS:PA100 Monomer AS bound to DOPA:DOPC liposomes (41:59 mol%), PLR 1:100 

F:PA300 Fibrils exposed to DOPA:DOPC liposomes (41:59 mol%), PLR (1:300) 

F:CL300 Fibrils exposed to TOCL:DOPC liposomes (41:59 mol%), PLR (1:300) 

*PLR, protein-to-lipid molar ratio. 
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3.2.1 Preparation of fibrils 

Lyophilized UCN α-syn protein powder was diluted using 10 mM potassium 

phosphate buffer (pH 7.4) to prepare 500 µL aliquots of monomeric α-syn at final protein 

concentrations of 5 mg/ml. Stock solution was first centrifuged at 100,000 x g at 4 °C for 

60 min to remove any oligomers and the supernatant was taken to produce pre-formed 

fibrils (PFFs) by shaking on a Vibromixer at 1000 rpm for 7 days at 37 °C. Fibril samples 

were then centrifuged at 100,000 x g for 2 h and packed into a 3.2-mm thin-walled NMR 

rotor. The formation of fibrils was confirmed by sedimentation assay. 

 

3.2.2 Liposome preparation 

Large Unilamellar Vesicles (LUVs) of a 100 nm diameter were formed utilizing 

methods outlined by Mayer et al. (1986).80 In short, aliquots of TOCL and DOPC, or 

DOPA and DOPC were combined in chloroform at a 41:59 molar ratio, mimicking the 

OMM surface charge after CL exposure. Lipid combinations were then dried under a 

stream of argon and put under vacuum for at least 12 hours. Following this, lipids were 

resuspended in water to a final concentration of 20-40 mM, thoroughly mixed via 

vortexing and freeze/thaw cycles, and extruded through a 100 nm filter 30 times until 

uniform in size. Size was verified prior to use by DLS (Dynamic Light Scattering) using a 

Malvern Zetasizer Nano ZS on 20-50 mM LUV samples. The TOCL:DOPC and 

DOPA:DOPC lipid composition were previously chosen as a simple model of the outer 

mitochondrial membrane under stress while mimicking its overall net charge in order to 

directly compare the effects of anionic lipid-specific effects.79 As previously mentioned, 
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CL and PA are similar in that they have been shown to externalize from the IMM to the 

OMM as a result of mitochondrial stress (specifically via treatment of rotenone or 

staurosporine).20 

 

3.2.3 Preparation of proteoliposomes 

Lyophilized monomeric UCN -syn was dissolved in 10 mM potassium phosphate 

buffer (pH 7.4) at a concentration of 5 mg/mL and incubated with TOCL:DOPC or 

DOPA:DOPC LUVs at a PLR of 1:100 at 37 C for 3 hours. Similarly, fibril samples were 

incubated with LUVs for 3 hours at a PLR of 1:300. Previous circular dichroism (CD) 

studies have shown that the conformational transition in fibrils induced by interactions 

with anionic lipids containing TOCL is nearly complete after 3 hours, and well within the 

plateau regime at PLR of 1:300.19 A protein-to-lipid ratio of 1:100, located at the start of 

the plateau regime, was used for the monomer:lipid samples in order to compensate for 

their slightly higher mobility which results in lower sensitivity to NMR measurements.19 

Proteoliposomes were pelleted at 900,000 x g for 18 hours and packed into a 3.2-mm 

thin-walled NMR rotor. Estimated protein content was ~4-5 mg in the proteoliposome 

samples. 

 

3.3 Solid-State NMR experiments 

All magic angle spinning (MAS) NMR experiments were collected on a Bruker 

Avance III spectrometer operating at a magnetic field strength of 18.8 T corresponding 
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to a proton Larmor frequency of 800.230 MHz, using a Bruker Efree 1H/13C/15N 3.2 mm 

and TL2 MAS probes. The MAS frequency was set to 14.3 kHz, and the temperature 

was maintained at 5 °C for all experiments. Chemical shifts were referenced indirectly to 

DSS (2,2-Dimethyl-2-silapentane-5-sulfonic acid) by using adamantane as secondary 

reference.66,68 Data were processed in NMRpipe and analysed in CARA.82,83 

 

3.3.1 1H detected NMR experiments 

Four 3D proton detection experiments were performed using the TL2 probe on 

the AS:PA100 sample and results are explored in Chapter 4.1. These four include the 

HNCO, HNCA, and HN(CO)CA experiments adapted from non-gradient solution NMR 

sequences described in reference 84; with the CBCA(CO)NH experiment adapted from 

reference 85. The adapted pulse programs for each are illustrated in Figure 3.1.  

The hard proton, carbon and nitrogen 90 pulses were 3.75 s, 5 s and 7 s, 

respectively. The associated the proton and nitrogen channel WALTZ-16 decoupling87 

were set to 10 kHz. Water suppression was achieved using the MISSISSIPPI 

sequence86 applied for 200 ms at a power level corresponding to a B1 field of 15 kHz. 

We utilize the SEDUCE-1 selective decoupling sequence for effective decoupling of 

13CO and 13Cα spins. These selective pulses utilize the WALTZ-16 phase cycle, 

effectively replacing the original WALTZ-16 pulses with carbon selective SEDUCE-1 

pulses.88 Multiple selective gaussian cascade shaped soft pulses of length σ at 400 µs 

on the carbon channels were utilized for refocusing and compensating for the Bloch-
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Siegert phase effects.61 These are adapted into the pulse sequence and adjusted for 

where necessary, labelled by the associated σ delays. For example, within the 

HNCO/HNCA sequence in Figure 3.1, where the σ delay is introduced on the third 

channel, corresponding to the length of the selective pulse within the t1 evolution period. 

The HNCA and HNCO experiments shared delays, including δ, γ and T at 2.5, 5 and 

12.3 ms respectively. The HN(CO)CA experiment specific delay ε corresponded to 8.33 

ms. The CBCA(CO)NH experiment delays include λ, κ, T, ε, ω, θ, TN, γ and δ at 1.77, 

2.2, 3.3, 3.3, 4.5, 11.4, 11.1, 5, and 2.5 ms, respectively.  
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Figure 3.1 – Pulse programs for each 3D proton detection experiment. Black and white bars 

represent 90o and 180o pulses, respectively. Grey bars represent water suppression sequences 

while curved peaks represent shaped pulses. The HNCO and HNCA experiments had similar 

phase cycling: φ1=y,-y; 2=x,-x; φ3=2(x),2(x); φ4=x; φ5=4(x),4(y),4(-x),4(-y); receiver=2(x),4(-

x),2(x). Quadrature detection was achieved using States-TPPI on φ3, φ4 and receiver. The 

phase cycle for the HN(CO)CA experiment was as follows: φ1=x,-x; φ2=y,-y; φ3=x; 

φ4=4(x),4(y),4(-x),4(-y); φ5=2(x),2(-x); φ6=x,-x; receiver=2(x),4(-x),2(x). Quadrature detection 

was achieved using States-TPPI on φ5, φ3 and receiver. The phase cycle for the CBCA(CO)NH 

experiment was φ1=x,-x; φ2=8(x),8(y),8(-x),8(-y); φ3=4(x),4(-x); φ4=x; φ5=2(x),2(-x); 

φ6=8(x),8(-x); receiver=x,2(-x),x,-x,2(x),2(-x),2(x),-x,x,2(-x),x. 

 

3.3.2  13C detected NMR experiments 

2D 13C-13C through-space correlation spectra using 1H-13C CP for excitation and 

DARR mixing of 30 ms, 2D NCA through-space correlation spectra using 1H-15N CP for 

excitation and 15N-13C CP for mixing, and 2D 13C-13C through-bond correlation spectra 

with 1H-13C INEPT (Insensitive Nuclei Enhanced by Polarization Transfer)75 for 

excitation and Total Through-Bond Correlation Spectroscopy (TOBSY)76 of 7.133 ms 

mixing were recorded for all samples. All 2D 13C-13C spectra were processed in Bruker 

Topspin 4.0.6 with Lorentzian-to-Gaussian apodization function (using 20 Hz of 

Lorentzian line narrowing and a GB of 0.07) for the CP DARR 2D 13C-13C correlation 

spectra and squared cosine function for the INEPT TOBSY 2D 13C-13C correlation 

spectra and for all 3D correlation spectra.  
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Spectroscopic assignments were carried out on fibril samples using a suite of 3D 

CANCO, NCACB, NCACO, NCACX, NCOCA, NCOCX experiments, explored in 

Chapter 4.2. Band-selective versions of the SPECIFIC CP73 was used for NCA or NCO 

transfers. Radio-frequency Driven Recoupling (RFDR)90 with mixing time of 1.68 ms 

was used in the NCOCA/NCACO experiments; Dipolar Recoupling Enhanced by 

Amplitude Modulation (DREAM)91 mixing of 5 ms was used in the NCACB experiment. 

3D NCACX and NCOCX experiments were recorded using Dipolar Assisted Rotational 

Resonance (DARR)92,93 recoupling with mixing times of 50 ms and 80 ms, respectively.  

 

3.4  Chemical shift assignment methods 

3.4.1 Through-bond multidimensional NMR correlation methods for 

characterization of mobile protein fragments.  

Through the utilization of multiple 3D heteronuclear chemical shift correlation 

experiments, unambiguous 1H, 13C, and 15N backbone and side chain chemical shift 

assignments of the mobile regions of a protein can be determined using proton detected 

experiments.19,96 Again, as internal motions within a protein are strongly anisotropic, 

MAS is required to achieve high spectral resolution and sufficiently long coherence 

lifetimes, necessary for chemical shift assignments techniques. The required 

experiments previously outlined include the INEPT based HNCA, HN(CO)CA, HNCO 

and CBCA(CO)NH (Figure 3.1A). The process involves linking and assigning spin 

systems to their associated amino acid type and subsequently mapping these systems 

to the protein sequence. 
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Figure 3.2 - (A) Schematic representation of the four experiments required for backbone 

chemical shift assignment of mobile protein fragments with their respective polarization transfer 

pathways and (B) a schematic representation of two neighboring systems being linked given 

distinguishable CA[i] and CA[i-1] shifts via HN(CO)CA, creating an extended spin system (C) 

with associated CO shifts via the HNCO experiment. 

 

Spin systems are initially picked in the 3D HNCA spectrum with associated one-

bond H[i]-N[i]-CA[i] and two-bond H[i]-N[i]-CA[i-1] correlations, linking two CA shifts to a 

single N[i]/H[i] chemical shift pair corresponding to the ith spin system. The 3D 

HN(CO)CA experiment involves only the H[i]-N[i]-CA[i-1] correlation via an intermediate 

polarization transfer through CO[i-1], allowing for the discrimination between CA[i] and 
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CA[i-1] in the 3D HNCA. This distinction allows for neighboring spin systems [i] and [i-1] 

to be linked by matching the CA shifts shared between them as illustrated in Figure 

3.1B, to form an extended spin system (Figure 3.1C). The CA[i] shift from system [i] 

has a matching CA[i-1] from the following system [i+1] within the HNCA spectrum. 

Matching of the H[i]/N[i] shift pair to the corresponding CO[i-1] shift can be 

accomplished via the 3D HNCO experiment which correlates H[i], N[i] and CO[i-1] 

atoms. Due to the lack of an amide proton, proline residues are not visible by HNCA or 

HNCO experiments and therefore cause interruptions in the linkage of spin-systems in 

the HNCA spectrum. 

Once spin systems have been linked, amino-acid types are assigned largely 

based on their associated chemical shifts. For this purpose, the 3D heteronuclear 

INEPT based CBCA(CO)NH experiment is employed to gather CB shifts of each spin 

system for assignment of amino-acid types via CB[i-1]-CA[i-1]-N[i]-H[i] correlations 

(Figure 3.1A). Glycines lack a CB carbon, but can be identified through their unique CA 

chemical shifts, falling between 40-50 ppm. Alanines, serines and threonines can be 

assigned based on their unique CA/CB shift pairings. There is still remaining ambiguity 

in identifying the type of the remaining amino acids based on their overlapping CA/CB 

shifts. However, linking all possible spin systems and subsequent unambiguous 

identification of the unique amino acids is generally sufficient for sequence matching, 

achieving site specific chemical shift assignments. 
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3.4.2 Through-space multidimensional NMR correlation methods for 

characterization of rigid protein fragments. 

 Chemical shift assignments of the rigid protein fragments can also be obtained 

from 3D chemical shift correlation experiments. Multiple experiments must be utilized, 

and given good signal to noise and resolution, the NCACX, NCOCX and CANCO 

experiments provide the correlations required for a full backbone assignment (Figure 

3.2A).58,97 However, under lower resolution and/or signal to noise conditions, 

experiments utilizing carbon specific polarization transfers can be used, directly 

correlating either the CA, CO, or CB shifts. In doing so, the transferred polarization is 

optimized, thereby maximizing the signal to noise in comparison to the non-specific CX 

polarization transfer. Nuclei specific experiments utilized in this thesis are the NCACO, 

NCACB, and NCOCA, which provide correlations normally visible in optimal NCACX 

and NCOCX spectra. 
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Figure 3.3 - (A) Schematic representation of the three experiments required for backbone 

chemical shift assignment of rigid protein fragments with their respective polarization transfer 

pathways and (B) a schematic representation of the formation of an extended spin system via 

correlated NCOCX and NCACX with the intervening CANCO. 

 

 The simple method for chemical shift assignments of rigid protein fragments for 

rigid protein fragments given sufficient resolution in the three NCOCX, NCACX and 

CANCO experiments is shown in Figure 3.2B. Systems are typically picked in the 

NCACX spectra, providing shift values for N, CA and interresidue CX shifts (CB, CG, 

etc.) for the ith spin system CX[i-1]-N[i]-CX[i]. The CO shift of the preceding residue can 

be obtained via the CANCO experiment that correlates CA[i], N[i] and CO[i-1] shifts. The 

backbone CA and CX shifts of the preceding residue can then be obtained via the 

NCOCX spectra, through the one-bond N[i]-CO[i-1]-CA[i-1] and two-bond or longer N[i]-
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CO[i-1]-CX[i-1]. These extended spin systems can then be linked by matching the CX 

(CO, CA, CB, etc.) shifts between the NCACX and NCOCX spectra and, finally, mapped 

to the protein sequence. With this, nearly the entirety of a protein can be assigned, save 

for fragments with intermediate dynamic properties, preventing their detection in either 

through-bond or through space experiments. In the case of α-syn, once chemical shifts 

are obtained for the monomeric lipid-bound and fibril forms, thereby verifying their 

structural characterizations, conformational changes induced in fibrils via lipid-binding 

can be traced site-specifically. 
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4 Results and Discussion 

To characterize the refolding effect of anionic lipids on fibril structure upon 

interaction, we contrasted samples containing either 1) monomeric α-syn bound to 

anionic lipid containing vesicles, 2) fibrils alone, or 3) fibrils bound to anionic lipid 

containing vesicles using solid state nuclear magnetic resonance (ssNMR). This lipid 

system was enriched in CL in order to mimic the OMM under stress conditions. To 

evaluate if effects were CL-specific (that is, driven by specific interactions between CL 

and α-syn) or more simply related to electrostatic interactions between the CL charged 

headgroups and charged residues of α-syn, we also monitored the conformation of α-

syn fibrils in the presence of complementary liposomes containing a similarly charged 

anionic lipid that is enriched in mitochondrial membranes, phosphatidic acid (PA). We 

utilize NMR strategies outlined in Chapter 3.4 to conduct chemical shift assignments of 

the membrane-bound monomeric α-syn and fibrils to site-specifically track changes 

between the intact fibril and its lipid-bound state. We begin with the mobile C-terminal 

tail of the lipid-bound conformation and the extension of these shifts to the fibril form 

(Chapter 4.1), before assigning the rigid fibril core (Chapter 4.2.1). 

We show that Interactions with TOCL or DOPA containing vesicles have similar 

effects on fibrils. Helical content is indeed induced, and the fibril core, while retaining 

most of the original β-structure, is clearly perturbed and partially destabilized. Tracking 

the conformational differences induced by lipid interactions and comparing results to 

published structures and other data, we propose that N-terminal lipid binding is likely 
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induced, resulting in conformational changes within the core in addition to a motionally 

restricted or interacting C-terminal tail. 

 

4.1 Resonance assignments of the flexible regions of monomeric α-

synuclein: conformation of C-terminus in the lipid-bound and 

amyloid fibril states 

This chapter has been republished (in part):79 

Medeiros, J.; Bamm, V. V.; Jany, C.; Coackley, C.; Ward, M. E.; Harauz, G.; 

Ryan, S. D.; Ladizhansky, V. Partial Magic Angle Spinning NMR 1H, 13C, 15N 

Resonance Assignments of the Flexible Regions of a Monomeric Alpha-Synuclein: 

Conformation of C-Terminus in the Lipid-Bound and Amyloid Fibril States. Biomol. NMR 

Assign. 2021. 

It is republished with permission from Springer Nature. The full text is available at 

https://link.springer.com/article/10.1007%2Fs12104-021-10020-z. Further permissions 

related to the material excerpted should be directed to Springer Nature. 

 

4.1.1 Assignments and data deposition 

As was discussed in Chapter 1, α-syn is intrinsically disordered in the soluble 

state,98–100 and numerous previous investigations suggest the presence of flexible 

domains within the lipid- or detergent-bound protein23,30,101 as well as in the fibrillar 

https://link.springer.com/article/10.1007%2Fs12104-021-10020-z


 

 

53 

 

form.102,103 Previous reports have shown that localized motions of sufficient amplitude 

combined with MAS enable proton detection in globally immobilized proteins,94,96,104,105 

provided that the motions are sufficient to lead to long transverse relaxation times for 

successful INEPT polarization transfer steps. To examine mobility of α-syn in the lipid 

bound and fibrillar states, 2D 13C-13C INEPT TOBSY correlation spectroscopy was 

carried out on all three samples (AS:CL100, AS:PA100 and fibrils). A comparison of the 

2D spectra of AS:PA100 and AS:CL100 samples is shown in Figure 4.1A. Largely 

similar cross peak patterns indicate that conformations of the flexible regions of α-syn in 

these samples are similar, although the cross peaks are more intense and narrower in 

the AS:PA100 sample, suggesting a higher degree of mobility. In contrast, fewer and 

significantly less intense peaks are observed in the 2D carbon-carbon correlation 

spectra of α-syn fibrils (Figure 4.1B), indicating that while most of the same residues 

remain flexible in the fibrillar form, they are more dynamically restrained.  
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Figure 4.1 - A comparison of 2D INEPT TOBSY carbon-carbon correlation spectra collected on 

(A) AS:PA100 (blue) and AS:CL100 (red) samples, and on (B) AS:PA100 (blue) and fibril (red) 

samples. 

 

To obtain de novo assignments and site-specifically identify the regions that 

remain mobile, we carried out chemical shift assignments on the AS:PA100 sample as 

this sample had the most favorable relaxation properties. A suite of four 3D correlation 

experiments, HNCO, HNCA, HN(CO)CA and CBCA(CO)NH was recorded. Typical 

amide proton line widths of well-resolved peaks were 0.1 ppm and were comparable to 

those detected in mobile fragments of other membrane bound and fibrillar 

systems.94,96,104 A total of 60 resolved intra- and inter-residue cross peaks were 

detected in the least sensitive backbone correlation HNCA experiment, in addition to 
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several overlapping peaks due to glutamates. These were complemented with 34 non-

prolyl inter-residue correlations in the HN(CO)CA experiment. Both sensitivity and 

resolution were sufficient to reliably detect sidechain CB resonances and identify the 

amino acid types in the CBCA(CO)NH experiment. These experiments were analyzed 

together to perform a backbone walk, an example of which is shown in Figure 4.2 for 

residues G132-E137. A total of 40 residues, all located in the C-terminus (101-140), 

could be assigned from the 3D experiments. Furthermore, a comparison of the CA and 

CB chemical shifts detected in the 3D CBCA(CO)NH and in the 2D 13C-13C INEPT-

TOBSY spectra further allowed us to extend assignments to more distal aliphatic side 

chain carbon atoms as illustrated in Figure 4.3 and summarized in Table A1. The 

detected backbone chemical shifts indicate that the C-terminus is unstructured when 

bound to DOPA:DOPC lipid vesicles (Figure 4.4), in agreement with previous solution 

and solid-state NMR data.23,30 The chemical shift assignments were deposited to 

BioMagResBank (http://www.bmrb.wisc.edu) under BMRB entry 50746. 
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Figure 4.2 - Backbone assignment walk using HNCA (red) and HN(CO)CA (blue) experiments 

for residues G132-E137 on a AS:PA100 sample.  

 

Although proton detected 2D HSQC spectra could be measured in the AS:CL100 

sample, the relaxation properties were not sufficiently favorable for heteronuclear 3D 

experiments which require long INEPT transfer steps. However, a direct comparison of 

the 2D 13C-13C INEPT-TOBSY spectra recorded on the AS:PA100 and AS:CL100 

samples (Figure 4.1A) indicates similar conformation of the C-terminus in both lipid-

bound forms and also allows for selected assignments of resolved cross peaks due to 

backbone and side chain carbons (Table A1).  
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Figure 4.3 - Assignments of side chain resonances using 3D CBCA(CO)NH and 2D 13C-13C 

INEPT TOBSY correlation spectra collected on AS:PA100 sample. CB and CA resonances 

were matched in the two experiments, were further extended to additional side chain carbon 

resonances as illustrated for I112, V118, P120 and E123. 
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Figure 4.4 - Secondary 13C shifts of sequentially assigned residues in the C-terminus of a-syn 

bound to DOPA:DOPC LUVs. Values for average chemical shifts corresponding to random coil 

were taken from 106.  

 

Significantly attenuated cross peak intensities in the 2D 13C-13C INEPT-TOBSY 

spectra of the fibrils indicate even more restrained dynamics, however, the cross-peaks 

detectable in the C-terminus had nearly identical chemical shifts to those in the 

AS:PA100 sample (Figure 4.1B). These correspond to eight residues that span the 

entire C-terminus thus suggesting that the terminus is unstructured and flexible, in 

general agreement with previous findings.102,103 Chemical shift assignments obtained by 

chemical shift mapping for overlapping resonances are given in Table A3. Interestingly, 

in addition to the C-terminus signals, the 2D 13C-13C INEPT-TOBSY spectrum of the 

fibrillar sample had a unique threonine cross peak at 61.9/69.9 ppm (CA/CB) and 

69.9/21.6 ppm (CB/CG). The in vitro structure of α-syn fibrils is very sensitive to even 
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small variations in fibrillization conditions. Multiple polymorphs have been characterized 

to a different degree using solid-state NMR chemical shifts 40,102,103,107,108 and structural 

determination,24 as well as by cryo-electron microscopy.51,109,110 There is general 

agreement on the existence of the rigid -structured core comprising residues ca. 38-

100, but conformations of the termini vary between polymorphs. The threonine cross 

peak detected in the 2D 13C-13C INEPT-TOBSY spectrum  is in agreement with random 

coil values.106 This peak corresponds to a residue outside the C-tail given its lack of 

threonine, and likely results from flexible and disordered domains in the N-terminus. 

In summary, we took advantage of the high degree of flexibility of the C-terminus 

of α-syn bound to DOPA:DOPC lipid vesicles, and used MAS 3D chemical shift 

correlation spectroscopy to determine chemical shifts and characterize its conformation. 

The C-terminus was found to be more motionally restricted, yet mobile, in the α-syn 

bound to TOCL:DOPC lipid vesicles mimicking mitochondrial membranes under stress, 

and in the α-syn fibrils. With these assignments in hand for later analysis, we move to 

determining the chemical shift assignments for rigid residues in the fibril core, as these 

will likely undergo the largest conformational changes following refolding due to lipid-

interactions. 
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4.2 Interaction of α-synuclein fibrils with lipids 

4.2.1 Chemical shift assignments of α-synuclein fibrils  

Similar to other fibril-forming proteins, α-syn can form structurally distinct 

polymorphs, depending on the conditions used to initiate fibrillization. Several in vitro α-

syn polymorphs have been reported in the literature and characterized structurally,  

including by NMR.17,41,42,43,44,45,46 Based on the comparison of chemical shift correlation 

spectra, the α-syn fibrils used in this study are distinct from those previously published. 

To characterize conformational transitions in fibrils induced by interactions with anionic 

lipids at atomic level, spectroscopic assignments utilizing three-dimensional (3D) 

CANCO, NCACX, NCOCX, NCACB, NCACO, NCOCA correlation experiments were 

carried out as described previously.111,97 A total of 60 resolved inter-residue cross-peaks 

corresponding to 60 residues in the rigid fibril core, and a degenerate overlapped multi-

peak correlation were detected in the CANCO spectrum. Of these, a total of 28 residues 

were assigned unambiguously. Spectral overlap caused by a large population of similar 

residues within repeat regions, local structural heterogeneity, as well as insufficient 

signal to noise have prevented further unambiguous assignments. All assigned residues 

were either found in the vicinity of the NAC domain, e.g., G41-S42, G51-A56, or within 

the NAC domain itself, e.g., G68-V71, G73-K80, and E83-A90, and their chemical shifts 

indicate the expected β-structure (Figures 4.6 and 4.7). An example representative of 

the backbone walk for residues G86-A90 is shown in Figure 4.5. Assignments are 

reported in appendix Table A2.1. 
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Figure 4.5 - A representative backbone walk for residues G86-A90 obtained using a suite of 3D 

heteronuclear experiments indicated on the left for each strip. Strips with multiple experiments 

labelled indicate an overlay, for example, NCACO/CB indicates the overlay of both 

corresponding NCACO and NCACB strips. Cross peaks with negative intensities obtained in the 

NCACB experiments with DREAM mixing are shown in red. 
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Figure 4.6 - Amino acid sequence of α-syn, with residues assigned shown in bold and 

secondary structure indicated below (based on CSI values reported in Figure 4.7), and dashed 

lines indicate unassigned residues (grayed) connecting assigned portions.  

 

 

 

Figure 4.7 - Chemical Shift Index (CSI)112, for assigned residues in α-syn fibrils. Random coil 

values were taken from reference 78.  
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4.2.2 Interactions of fibrils with anionic lipids induce changes in the fibril core 

To characterize conformational changes in α-syn fibrils upon interaction with 

anionic lipids, fibrils were exposed to liposomes containing TOCL lipids mimicking the 

OMM under stress. Previous circular dichroism (CD) studies of interactions of α-syn 

fibrils with lipid membranes at a PLR of 1:300 containing 30% TOCL (as well as other 

charged lipids, equating to a surface charge equivalent to that of the LUVs used in this 

study) showed a decrease in β-structure of ~40%, suggesting that interactions with 

TOCL result in the restructuring of fibrils.19 However, these studies were not able to 

inform on the conformational changes at an atomic level. 

Here, we employ 2D ssNMR to detect site-specific chemical shifts to examine the 

conformation of the lipid-bound fibrils and to contrast it with conformations of α-syn in 

intact fibrils, as well with monomeric α-syn bound to TOCL-containing lipid vesicles. 

Chemical shifts of nuclear spins in the protein backbone and sidechains are exquisitely 

sensitive to the local structure and chemical environment and can be used to 

characterize conformational transitions. In addition, to evaluate if the effects were CL-

specific or related to electrostatic interactions, we also monitored the conformation of α-

syn fibrils in the presence of liposomes containing another anionic lipid DOPA, chosen 

for its similar net charge to TOCL at neutral pH, and known localization to mitochondrial 

membranes.113 α-syn in the lipid-bound or fibrillar forms has been shown to exhibit 

differential mobility across its three domains (N-terminus, NAC, and C-terminus), the 

mobile fragments of which were compared in Chapter 4.1.22,26,27,114–116 Here, we employ 
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through-space and through-bond spectroscopies to visualize motion restricted and 

mobile fragments of α-syn.  

Through-space 2D CP DARR 13C-13C correlation spectra with mixing times of 30 

ms were recorded on all samples to establish primarily intraresidue correlations (Figure 

4.8). These spectra are expected to yield the structural signatures of the N-terminal 

domain (residues 1-60) and NAC domain (residues 61-98) that are expected to be 

relatively rigid in both fibrillar and monomeric lipid-bound states.23,99,101,117–120 Several 

amino acid specific regions corresponding to CA/CB correlations from alanines, serines 

and threonines, and CB/CG correlations from threonines, all of which are preferentially 

present in the first 100 residues of α-syn (10/10 threonines, 3/4 serines and 16/19 

alanines), can be used to track conformational transitions within fibrils induced by 

interactions with lipids. 

The 2D DARR 13C-13C spectrum of fibrils indicates the expected β-content across 

all amino acid specific regions (Figure 4.9), in agreement with the CSI of assigned fibril 

chemical shifts (Figure 4.7). Analysis of spectral intensities suggests that nearly the 

entire N-terminus and the NAC domain are visible in the DARR spectrum of fibrils. 

Indeed, the Ala CA/CB correlation region contains several resolved peaks that can be 

used to gauge a single residue contribution to the spectral intensity. Using this 

approximate calibration, we estimate that the total intensity of the Ala CA/CB correlation 

corresponds to ~19 Ala (16 are expected to be in the rigid domains). A similar analysis 

of the threonine CB/CA correlation region suggests that ~10 Thr are visible in the 

through-space spectra of fibrils, matching the total number of threonines within the 
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sequence, and further confirming the observation of nearly the entire N-terminal and 

NAC domains in the 2D DARR 13C-13C spectrum. Finally, of the four serines in the 

sequence, S42 and S87 correlations can be resolved in the spectrum, whereas S129 

located in the flexible C-terminus, shows up in the through-bond INEPT TOBSY 13C-13C 

spectrum (Figure 4.1 & 4.11), while S9 of the N-terminus is not resolved in either 

spectrum. 

 

Figure 4.8 - Overlay of 2D 13C-13C CP DARR spectra of (A) fibrils (black), F:CL300 (red) and 

AS:CL300 (blue) and (B) fibrils (black), F:PA300 (red) and AS:PA300 (blue). Amino acid specific 

regions are marked in grey, including Thr and Ser CB/CA, Thr CB/CG, Val CA/CB, and Ala 

CA/CB. The first contour level is cut at 4.7 times the noise floor, with subsequent levels taken 

with a multiplication factor of 1.4.  
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Figure 4.9 - Expanded amino acid specific regions of the 2D 13C-13C CP DARR spectra of fibrils 

(black) and (A) F:CL300 (red) and AS:CL100 (blue) and (B) F:PA300 (red) and AS:PA100 

(blue), including Thr & Ser CB/CA, Thr CB/CG, Val CA/CB, and Ala CA/CB. Dash bordered 

boxes indicate regions typical of β-structure (blue) and of α-helical structure (red) while the 

arrow within the Thr CB/CG region indicates structure propensity via the CB shift. The widths of 

the boxes correspond to one standard deviation from mean values as reported in reference 78.  

 

Numerous solution and solid-state NMR studies of α-syn monomers bound to 

anionic lipids suggest that the N-terminal region of the protein adopts α-helical 

structure,14,26,27 albeit this region retains a significant degree of dynamics.118 Consistent 

with this, α-syn in both AS:CL100 and AS:PA100 samples show similar and 

predominantly helical structure, based on the similar distribution of chemical shifts, 



 

 

67 

 

which is especially evident in the Ala CA/CB correlation regions (Figure 4.9). Although 

Thr and Ser CA/CB correlations corresponding to α-helical regions are not resolved in 

the carbon-carbon correlation spectra as they may completely or partially overlap with 

the spectral diagonal, the CB/CG side chain correlations of threonines as well as of 

valines are distinct, and they clearly indicate α-helical structure (Figure 4.9). In 

agreement with this, the backbone threonine and valine correlations centered at 

120/67.5 ppm in the 2D NCA spectra of the lipid-bound α-syn monomers also 

correspond to α-helical structure, although limited signal intensity in the case of 

AS:PA100 suggests greater mobility within the helical domain (Figure 4.10). Reduced 

CP excitation efficiency of both monomeric samples indicates their higher degree of 

mobility as compared to fibrils; of the two, α-syn is more mobile in AS:PA100, which is 

also consistent with the reduced signal-to-noise ratio (SNR) in the 2D NCA spectra.  

The presence of spectral correlations due to the side chains of I88 in Figure 4.8 

suggests that it remains relatively rigid but non-helical as suggested by the CA/CB 

correlation at 58.1/41.1 ppm as well as multiple side chain correlations. There are only 

two isoleucines in the sequence of -syn; the second (I112) is located in the C-terminus 

and is mobile as evident from strong Ile correlations in the 2D 13C-13C INEPT TOBSY 

spectra (Figure 4.1 & 4.11). Comparatively, while several lipid-bound monomeric α-syn 

studies noted in Chapter 1 suggest helices reaching the start of the C-terminal tail, one 

study found the region of residues 26-97 to have intermediate dynamic properties which 

increase toward the C-terminus, suggesting transient mobility this far into the helix 

dependent on lipid composition.116  
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Figure 4.10 - Overlay of 2D NCA spectra of (A) fibrils (black), F:CL300 (red) and AS:CL100 

(blue) and (B) fibrils (black), F:PA300 (red) and AS:PA100 (blue) showcasing several altered 

and new peaks via lipid interactions, while highlighting the helicity of the dynamic monomeric 

form via the Thr/Val correlations. The first contour is cut at 4.5σ, and subsequent contours are 

shown with a multiplication factor of 1.2. Selected assignments for several residues in fibrils are 

shown.  

 

Interactions of fibrils with both TOCL and DOPA (samples F:CL300 and 

F:PA300) induce similar structural changes in -syn, as evident from largely similar 

NMR spectra of F:CL300 and F:PA300 (Figures 4.8, 4.10, 4.11). The appearance of 

cross peaks corresponding to α-helical structure and more subtle changes in positions 

of many peaks within the −structural regions in the 2D DARR correlation spectra 

suggest restructuring of fibrils (Thr CB/CA and CB/CG specifically). The presence of 

new α-helical structure is most evident in the Ala CA/CB correlation region (Figure 4.9) 



 

 

69 

 

in which there appears a clear spectral band at around 55.0/18.3 ppm, similar to that 

observed in the monomeric AS:CL100 and AS:PA100. This α-helical correlation 

accounts only for about 20% of the total Ala CA/CB integrated spectral intensity. 

Although no appearance of α-helical structure in the Thr CB/CA and Ser CA/CB 

correlation regions can be detected, and there is no appreciable intensity in the 2D NCA 

spectra around 120/67.5 ppm where Val/Thr α-helical correlations are expected (Figure 

4.10), there is a uniform reduction of cross-peak intensities corresponding to β-structure 

in these regions as compared to intact fibrils. Together these data suggest that the β-

strand to α-helical conversion involves a limited number of residues, while uniformly 

reducing the observable β-structure overall. The relatively increased mobility of the α-

helical lipid-bound regions observed in the lipid-bound monomers may explain lack of α-

helical correlations in the 2D 13C-13C and NCA correlation spectra. 

Changes in intensities and/or positions of the well-resolved peaks in the 2D 13C-

13C CP DARR spectra of fibrils upon their exposure to LUVs could be used to track lipid-

induced conformational and dynamic changes in fibrils site-specifically. Although both 

2D DARR and NCA correlation spectra of F:CL300 and F:PA300 samples have limited 

resolution, there are a total of 28 resolved peaks corresponding to 16 residues. Cross 

peaks with identical or nearly identical chemical shifts represent the conserved core of 

the fibrils that are not affected by lipids. These include N65CB/CA, G84C’/CA and A85 

(NCA and CA/CB – with shifted CO) suggesting that the local regions surrounding these 

residues remain structurally similar to the original fibril core. There are several strongly 

attenuated or entirely missing cross peaks in the spectra of both F:CL300 and F:PA300 
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samples, representing structurally or dynamically perturbed domains (Figures 4.8 & 

4.9) although several peaks remain unassigned. Similarly, multiple new and shifted 

peaks as well as peak attenuation are observed in the NCA spectra (e.g., S42, A53, 

T54, A56, G68, I88, A85, A89, A90) of F:CL300 and F:PA300 as compared to fibrils, 

suggesting a largely β-structured but perturbed conformation which is distinct from both 

the fibril and monomeric forms (Figure 4.10). Specifically, I88, A89 and A90 are entirely 

shifted and/or attenuated, while Q79 shifts only slightly and G68 completely disappears 

for both spectra, suggesting significant mobilization of these and possibly neighboring 

residues. Notably, the two CA/CB correlations from S42 and S87 are nearly completely 

attenuated in the 2D DARR spectra, and a new single contour serine peak at 64/58.5 

ppm (stronger for F:PA300) is visible in Figure 4.9. In addition, T54 and T75 CB/CA are 

nearly completely attenuated. Interestingly, I88 CA/CB disappears in the 2D 13C-13C 

correlation spectrum of F:CL300 and nearly so in the spectra of F:PA300. Its 

corresponding CB/CG2 intraresidue correlation remains but is clearly partially 

perturbed, splitting to a new and distinct isoleucine correlation, suggesting 

heterogeneity in the fibril form at this location.  

Overall, increased α-helical content and a significant overall intensity attenuation 

of the 2D CP DARR spectra for F:CL300 and F:PA300 suggest reduced overall rigidity 

in the backbone of the fibril core. This could potentially indicate a destabilized fibril core 

or partial transition from β-sheet to helical structure or unbound monomer in solution, 

however the lack of many new peaks in the respective 2D INEPT spectra argues 

against the latter. All amino acid specific regions in Figure 4.9 experience significant 
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attenuation, with an overall integrated intensity reduction of Ala CB/CA content to ~30% 

relative to the fibril form for both samples. Threonines and valines show a similar 

integrated intensity reduction of β-sheet content, and while the increase in helical 

CA/CB correlation intensities is observable, it is quite low in comparison to their 

respective monomeric forms as evident in Figure 4.9. The overall attenuation of signal 

in the 2D CP DARR spectra and disappearance of specific residues is suggestive of 

mobilized residues, necessitating the exploration of the mobile regimes of the 

restructured fibrils via through-bond correlation spectroscopy. 

 

4.2.3 Interactions with lipids induce mobility within otherwise structured regions 

along with perturbations to the C-terminus of fibrils 

2D 13C-13C INEPT TOBSY through-bond correlation spectroscopy allows for 

visualization of the mobile fragments of α-syn, complementing the above DARR 

observations. As was explained in Section 4.1, nearly the entire C-terminus of the 

monomeric DOPA-bound -syn has been assigned de novo (101-140), and many of 

these assignments could be transferred to the AS:CL100 and fibrils.79 Compared to the 

spectra of AS:CL100, AS:PA100 and fibrils, 2D 13C-13C INEPT TOBSY spectra collected 

on the F:CL300 and F:PA300 samples reveal additional correlations and several 

residues with perturbed chemical shifts relative to the fibril form. This indicates that the 

C-terminal fibril conformation is different from either the monomeric lipid-bound or 

fibrillar forms, and that there are additional resonances from either the N-terminus or 
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NAC domain that become mobilized upon the exposure of fibrils to lipids (Figure 4.11). 

Most notable are the presence of four cross peaks corresponding to serine CB/CA 

correlations. Of those, only one could previously be assigned to S129 in the C-terminus, 

while the other three resonances, although not assigned uniquely, likely correspond to 

the remaining three serines S9, S42, S87, or a heterogeneously shifted S129. This 

observation correlates with the attenuation of the S42 and S87 cross peaks in the 2D 

DARR spectra of F:CL300 and F:PA300 samples. Further supporting mobilization are 

four correlations corresponding to threonines, one of which remains consistent with the 

unassigned peak in the fibril spectra while the others represent completely new 

correlations. A single new potential intraresidue isoleucine or valine correlation at 25/16 

ppm also indicates increased mobility in the N-terminus or NAC domains, potentially 

belonging to I88. Interestingly, clear alterations of the assigned C-terminal correlations 

are observed, including a significant shift in sidechain signals of I112 and neighboring 

L113, in addition to large proline and tyrosine shifts. Overall, perturbations of the C-

terminal tail indicate a significantly altered and motion restricted tail, while new 

correlations suggest increasingly mobile N-terminal and NAC residues. The lack of 

other unique backbone correlations expected given the large attenuation of signal in the 

2D CP DARR spectra suggests the altered fibril form retains some rigidity. 
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Figure 4.11 - Overlay of 2D 13C-13C INEPT TOBSY spectra of (A) fibrils (black), F:CL300 (red) 

and AS:CL300 (blue) and (B) fibrils (black), F:PA300 (red) and AS:PA300 (blue). Regions or 

perturbations of note are circled. Transferable assignments from AS:PA100 to F:CL300 & 

F:PA300 include K102 (all correlations), I112 (β, γ1/2), L113 (with shifted Cα of just over 1 

ppm), V118 (with attenuated α/β), A124, A140 (with attenuated α/β) and S129. The first contour 

is cut at 4.7σ, and subsequent contours are shown with a multiplication factor of 1.4. 

 

4.2.4 Discussion  

In addition to the C-terminus study discussed in Chapter 4.1, monomeric α-syn 

bound to both TOCL and DOPA containing LUVs showcase similar helical content 

extending at least to the observable I88, consistent with previously published data as 

previously noted. Although, the different lipid compositions do result in differences of 

observed mobility, with α-syn monomers being more rigid in the presence of CL 
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containing LUVs, reflected both in the observations of the helical region and C-terminal 

tail. 

Our measurements suggest that DOPA and TOCL anionic lipids perturb fibrils in 

a similar way, given that both DOPA and TOCL containing LUVs result in very similar 

chemical shift perturbations of the fibril core and C-terminus. β-sheet structure indicative 

of the original fibril form was observed for both TOCL and DOPA containing samples, 

suggesting the conservation of these specific regions of the fibril core after lipid 

exposure. The lower bound estimate on the amount of helical structure induced in both 

samples (F:CL300 & F:PA300) amount to a minimum of ~20%; in comparison, 

previously published CD results are fairly consistent with 40% α-helical content.19 The 

discrepancy may be due to errors associated with the higher mobility of the lipid-bound 

α-helical content, resulting in lower excitation efficiency relative to the fibril form. 

Additionally, the potential for a polymorph specific dependence regarding lipid-mediated 

restructuring may also influence the transition to helical content between the observed 

forms, adding to the discrepancy. This is consistent with the CD study, where the A53T 

and E46K polymorphs experienced slower kinetics of helical transition in comparison to 

the WT form. Therefore, structural differences between polymorphs of the same type 

(WT in this case) may play a key role in dictating both their restructuring kinetics as well 

as the resulting structure and dynamics in response to anionic lipid exposure. 

Conserved residues assigned to the β-structure core and resolvable in the 2D 

spectra include N65, G84 and A85. Although most resolved peaks remained 

unperturbed, some extreme peak shifts can be seen in the threonine specific region and 
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elsewhere (Figure 4.9 & 4.10). Distinct peak shifts induced by lipid exposure were 

discoverable within both the 2D CP DARR and 2D NCA spectra involving several 

assigned residues: S42, T54, G68, T75, and S87-A90. Interestingly, the 2D INEPT 

TOBSY spectra also indicated both a perturbed C-terminal tail as well as the 

mobilization of several N-terminal residues (1-96), following the appearance of multiple 

threonine and serine correlations. Additionally, an overall reduction in the integrated 

intensity of β-sheet content to ~30% relative to the fibril sample was observed, 

suggesting overall mobilization of the fibril form upon binding to lipids. 

Given that the majority of correlations indicative of the fibril core remain 

unperturbed, it is likely that only a small number of N-terminal residues bind to lipid 

membranes resulting in the observed helical structure. This partial transition of N-

terminal residues to a helical conformation in the presence of lipids would be consistent 

with the observed anchor-like nature of the N-terminus, having a high binding affinity for 

anionic lipid membranes given favorable electrostatic interactions. It is presumed then 

that this region, which is semi-unstructured in most fibril forms, interacts with TOCL and 

DOPA containing LUV surfaces after exposure to form short α-helical anchors. Such 

binding would result in the partial transition of alanine and valine fibril content to α-

helical content while largely conserving the general β-structured core, as observed. This 

helical stretch is likely comprised of only the first ~20 residues, as there is virtually no 

observable transition of threonine correlations to the helical form, consistent with the 

lack of threonine residues within this region, while 25% of helical alanines lie within this 

stretch (16 alanines between residues 1-96, with 4 located between residues 1-20). 
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The largest observed perturbation of the fibrils observed in this study involve 

residues S87-A90, normally located within the inner loops of the ‘Greek-key’ or three-

layered L-shaped motif normally spanning residues ~70–90 as observed in multiple 

cryo-EM and ssNMR polymorphs (eg. 2N0A, 6A6B, 6CU7). However, one cryo-EM 

structure suggests that this inner loop containing S87-A90 is slightly open to solution, 

unlike most other polymorphs (eg. 6H6B).49 Furthermore, a pathway regarding the 

formation of the oligomeric form via secondary nucleation suggests that the N- and C-

terminus forms a “fuzzy” coat around the fibril periphery, interacting with and recruiting 

monomers.36 It also mirrors a recently proposed membrane nucleating aggregation 

pathway, where monomers aggregate via NAC residues while membrane-bound by the 

N-terminal α-helix anchor (residues ~1-30).32 It was reported that the N- and C-terminal 

sides of the NAC core of fibrils and oligomers anchor to membrane surfaces, although 

the affinity for such binding is likely polymorph dependant.32 Specifically, residues L38-

S42 were bound to lipids, with residues located in the NAC domain near the C-terminus 

A85-G86 and G93-V95 also showing to be in contact with lipids.32 While speculative, 

considering comparisons being made for aggregation and dissolution via membrane 

surfaces, the disappearance of S42 and perturbations of S87-A90 in the 2D CP DARR 

spectra for fibrils could suggest potential association of the fibril core periphery with 

membrane surfaces. However, such interactions cannot be verified given the current 

data, and other mechanisms could likely explain these changes. Further work would 

need to be completed in order to assess whether strands associated with the fibril core 

come in stable contact with the lipid membrane.  
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Interestingly, a recent cryo-EM study published two polymorphic structures of α-

syn fibrils (polymorphs 2A and 2B, 6SSX and 6SST), one of which includes an 

observation potentially consistent with the results in this study.47 They note that the 

hydrophobic area comprising A89, A90, A91, F94 and V95 is involved in the 

stabilization of an additional β-strand density, structurally illustrated in Figure 4.12B, a 

hydrophobic stretch formed by residues V16 to E20 and creating a hydrophobic steric-

zipper geometry with residues S87-A91. This same region was also previously 

described by an NMR study done on equivalently prepared fibrils, which reported the 

disordered nature of residues K21 to G37, as well as correlations between S87 and 

A17, A18, and A19 indicating the association of these two regions.103 Additionally, 

multiple MSA polymorphs studied via cryo-EM also include a structured N-terminal β-

strand, indicating that there is some propensity for the N-terminus to interact with the 

fibril core (6XYO, 6XYP, 6XYQ) as shown in Figure 4.12A.53 Although the fibrils utilized 

in this study were grown under different conditions from polymorphs 2A/2B and the 

complementary NMR study, these general structural features could potentially explain 

the perturbances experienced by residues S87-A90, given that they are consistent with 

the fibril form studied in this thesis. The minimum conversion to ~20% helical structure 

in the alanine region would suggest 3 restructured alanines, consistent with the A17-

A19 stretch correlating with S87.  
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Figure 4.12: Cryo-EM cross-sections of fibril polymorphs corresponding to (A) PDB 6XYO - MSA Type I, 

with protofilament IA in blue and IB in green, and (B) PDB 6SSX - Polymorph 2a. Two different inter-

protofilament interface interactions, given steric zipper in 6XYO and two salt-bridges involved at the 

connecting interface of 6SSX (its counterpart, polymorph 6SST, contains only one). Both illustrate unique 

N-terminal interactions, forming a steric-zipper containing residues G14-G25 for 6SSX, and beyond for 

6XYO (6SSX/6SST & 6XYO/6XYP/6XYQ).47,53 

 

The 6SSX and 6SST polymorphs containing the N-terminal wrap around, as well 

as the MSA polymorphs which show a similarly structured N-terminal β-strands, 

specifically, protofilament-b in the MSA polymorph 6XYO, are not alone in terms of N-

terminal association with the core fibril structure. Another study in pre-print reports three 

new polymorphs obtained via PMCA (protein misfolding cyclic amplification), which like 

polymorph 6SSX show not just the N-terminal association, but the C-terminus bound to 

the fibril core as well.57 They report rigid core association of residues 124-134, while 
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residues 98-123 remained unresolved. The existence of these structures is potential 

evidence for the association of these regions with the fibril core, providing a viable 

prediction of a model for the observed perturbations experienced by fibrils when 

exposed to anionic lipid membranes. 

In summary, it appears that the fibrils utilized in this study, while distinct from 

those previously published based on chemical shifts and dihedral angle comparisons, 

may share some structural similarities. Namely, the short N-terminus region may wrap 

around and interact with the outside of the fibril core, consistent with the similarities 

between the residues involved and the resulting perturbations observed for those very 

same residues when exposed to anionic lipids. Assuming this structural feature (6SSX) 

is consistent with our fibrils, the N-terminal strand (V16 to E20) likely dissociates from 

the perturbed region (S87-A91) in response to electrostatic interactions with nearby 

anionic membranes, binding the N-terminus to lipids and resulting in the observed 

perturbations and increased helical structure. The release of this region from the core 

may also play a role in the increased mobility observed, suggesting the wrapped N-

terminal strand plays a role in the stability of the fibril core. The model proposing this 

interaction is illustrated in Figure 4.14, ultimately leading to the fully dissolved 

monomeric form, given that such a restructuring pathway is possible.  
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Figure 4.13: A model representation of fibril restructuring via anionic lipid interactions. Given the low 

PLR, the N-termini of a single fibril (illustrated here as the PDB 6SSX structure) can likely interact with 

multiple lipid surfaces, each binding to form partial helical structure while maintaining the general fibril 

core albeit with reduced rigidity given the absence of N-terminal binding to the core periphery. N-terminal 

binding suggests that the fibril core maintains its β-sheet secondary structure, although binding of the 

core to the membrane is not out of the realm of possibility. The final form is represented by the 

monomeric lipid-bound elongated helix, suggesting that full transition to the monomeric form is 

achievable, but is ultimately dependent by the fibril’s polymorph structure given clear resistance to further 

restructuring. 

 

By no means is this model is meant represent the exact mechanism behind the 

observed remodeling, and much work needs to be done in order to truly elucidate its 

mechanisms. However, it can be said with some confidence given our observations that 

although our fibril polymorph may not be susceptible to full dissolution via anionic 

membrane interactions, N-terminal binding likely initiates interactions with the 
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membranes and preludes any further restructuring for those polymorphs which are 

susceptible to dissolution. 

5 Future Work  

Ultimately, more work must be done in order to probe the fibril-lipid interactions 

studied in this thesis. Given the only partial assignment of the fibril core, limited 

conclusions could be made about the site-specific interactions taking place between 

fibril and anionic membranes, making the proposed model of fibril-lipid interactions only 

tentative. Further experiments may utilize the reported chemical shift assignments, 

valuable for further exploration of fibril-lipid interactions under varying scenarios, 

although, full assignment of the fibril core would prove useful. This would involve 

forming more fibrils via seeding of the original fibril form, increasing the sensitivity and 

resolution of the 3D NMR experiments required via sample volume alone, a project 

currently underway. Seeding involves adding sonicated fibrils to the α-syn stock solution 

prior to agitation and fibril formation, causing template-directed fibril growth via the 

‘seed’ structure. More specifically, plans for probing lower PLR, more complex lipid 

compositions, and other polymorphic fibril forms will form the basis for future in-vitro 

studies of fibril-lipid interactions. Potential forms include a distinct low pH form and 

newly found fibril polymorph formed under similar conditions to those studied in this 

thesis, with its distinct and homologous structure more easily characterizable using 

NMR methods. In addition, NMR based lipid studies including 31P and 1H NMR may also 

elucidate important information regarding their interactions with α-syn fibrils, aiding in 

the potential validation of our model for fibril-lipid interactions.  
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Importantly, this study was performed exclusively on in vitro samples with LUVs 

that only mimic the OMM after externalization of CL. Therefore, conducting in-cell NMR 

experiments could provide a more comprehensive view of α-syn in a native 

environment, with the uptake of fibrils by neuroblastoma cells to directly probe native 

interactions with mitochondria. It is possible to isolate mitochondria from neuroblastoma 

cells and expose them to fibrils, forming a characterizable control sample useful in 

differentiating between signals of several conformers likely to be co-existing in-cell, 

allowing for site-specifical tracking of the multiple co-existing forms of α-synuclein within 

cells and on mitochondrial and other cellular surfaces. 

Work has been done to optimize Dynamic Nuclear Polarization (DNP) NMR for 

use in-cell. It is a novel method performed at cryogenic temperatures of ~100K allowing 

for signal enhancements of 1-2 orders of magnitude via biologically inert paramagnetic 

biradicals within the sample. The paramagnetic electrons are strongly polarized via 

microwave radiation and polarization is subsequently transferred to nuclear spins before 

conducting familiar NMR experiments. This increase in sensitivity is necessary for use 

in exploration of in-cell samples given volume limitations (glycerol is used as a 

cryoprotectant, making up a large percentage of the sample volume) and limited fibril 

uptake by cells (on the order of several hundred micrograms, in comparison to the 

several milligrams found in regular NMR experiments). Methods for DNP sample 

preparation have been adapted from Frederick et al.121, with glycerol and AMUPol 

concentrations being optimized for maximum signal-to-noise enhancements. 
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Selective labelling schemes have also been proposed in order to reduce the 

spectral crowding and overlap by ensuring only specific residue pairs are visible to NMR 

methods.122 This would prove useful for both in-vitro and in-cell experiments by 

resolving otherwise unresolved residues. Given knowledge of metabolic pathways in 

E.coli, along with strong conformational changes between residues ~38-96 observed in 

our heteronuclear SSNMR experiments, five unique pairs were identified as useful 

structural reporters. The addition of only 15N-Ala and 13C-Ile during expression results in 

the unique pair Ile88-Ala89, located within the NAC domain. 15N-Asn and 13C-Thr result 

in the unique pair Thr64-Asn65, located at the beginning of the NAC domain. 15N-Tyr 

and 13C-Leu result in the unique pair Leu38-Tyr39, located at the beginning of the β-

sheet fibril structure. His50 is the only histidine residue within the protein located at the 

end of the metabolic chain, making it another unique structural reporter. Finally, Thr75-

Ala76 pair is accessible by addition of 15N-Ala and 13C-Thr but could potentially create 

secondary labelling given the scrambling of 13C from threonine to isoleucine and slight 

scrambling of 15N from alanine to valine. Given the suggested effects on the N-terminus 

of fibrils in the presence of anionic membranes in this thesis, a special pairing within this 

region (residues 1-20) may prove useful in probing the initial lipid-binding effect 

suggested by the model in Figure 4.13, although pairing here would give rise to 

scrambling effects. Using such methods and conducting more research on fibril-lipid 

interactions under NMR will undoubtedly uncover the mechanisms behind fibril 

restructuring both in vitro and in-cell, while also aiming to better understand polymorph-

specific effects. 
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Appendix 1: Supporting information for Chapter 4.1 

 

This appendix has been republished: 

Medeiros, J.; Bamm, V. V.; Jany, C.; Coackley, C.; Ward, M. E.; Harauz, G.; 

Ryan, S. D.; Ladizhansky, V. Partial Magic Angle Spinning NMR 1H, 13C, 15N 

Resonance Assignments of the Flexible Regions of a Monomeric Alpha-Synuclein: 

Conformation of C-Terminus in the Lipid-Bound and Amyloid Fibril States. Biomol. NMR 

Assign. 2021, https://doi.org/10.1007/s12104-021-10020-z. 

 

 

Table A1.1 - 1H, 13C, 15N Chemical Shifts of the flexible C-terminus of α-syn bound to 

DOPA:DOPC liposomes (AS:PA100). Chemical shifts shown in bold font indicate those 

obtained through assignment extension via the 2D 13C-13C INEPT-TOBSY spectrum, as 

illustrated in Figure 4.3. 

# RES H N C CA CB CG1 CG2 CD1 CE 

101 GLY 
  

174.227 45.254 
     

102 LYS 8.035 120.523 176.586 56.414 32.878 24.728 
 

29.003 41.987 

103 ASN 8.425 119.286 175.236 53.218 39.056 
    

104 GLU 8.182 121.078 176.477 56.582 29.89 
    

105 GLU 8.187 121.023 176.92 56.731 29.902 
    

106 GLY 8.221 109.797 173.368 44.941 
     

107 ALA 7.927 124.619 
 

50.409 18.189 
    

108 PRO     177.065 63.043 32.321 
    

109 GLN 8.384 120.576 175.925 55.78 30.006 
    

110 GLU 8.27 121.606 176.887 56.661 29.999 
    

111 GLY 8.274 109.788 173.905 45.275 
     

112 ILE 7.736 119.537 176.263 60.969 38.464 27.084 17.614 12.878 
 

113 LEU 8.133 125.617 177.26 55.068 42.11 26.835 
 

23.402 
 

114 GLU 8.146 121.158 175.847 56.596 30.412 
    

115 ASP 8.083 120.218 175.618 54.15 41.072 
    

https://doi.org/10.1007/s12104-021-10020-z
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116 MET 7.912 121.165 
 

53.118 
     

117 PRO     176.581 62.792 32.037 
    

118 VAL 8.022 120.027 175.53 61.902 32.904 21.093 20.391 
  

119 ASP 8.233 124.899 
 

51.768 41.318 
    

120 PRO     176.907 63.586 32.502 
    

121 ASP 8.145 118.343 176.072 54.524 40.967 
    

122 ASN 7.815 118.553 175.422 53.362 39.232 
    

123 GLU 8.22 121.573 176.176 56.933 29.916 
    

124 ALA 8.04 123.316 177.289 52.408 19.03 
    

125 TYR 7.715 118.865 175.295 57.781 38.921 
    

126 GLU 7.881 122.729 175.391 55.592 30.579 
    

127 MET 8.132 122.923 
 

53.177 
     

128 PRO     176.883 63.076 32.55 
    

129 SER 8.252 116.198 174.834 58.372 63.707 
    

130 GLU 8.325 122.395 176.476 56.571 29.987 
    

131 GLU 8.237 121.461 176.923 56.82 29.943 
    

132 GLY 8.169 109.41 173.934 45.139 
     

133 TYR 7.82 119.839 175.853 58.063 38.514 
    

134 GLN 8.096 121.682 175.105 55.64 30.142 
    

135 ASP 8.025 120.897 175.433 54.198 41.193 
    

136 TYR 7.771 119.973 174.94 57.546 39.042 
    

137 GLU 7.973 124.919 
 

53.453 30.234 53.453 
   

138 PRO     176.803 62.906 32.651 
    

139 GLU 8.313 120.915 175.296 56.34 30.26 
    

140 ALA 7.725 130.397 
 

53.742 20.21 
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Table A1.2 - Assigned 13C chemical shifts of the flexible C-terminus of α-syn bound to 
TOCL:DOPC liposomes based on the comparison of the 2D 13C-13C INEPT-TOBSY correlation 
spectra to the assigned AS:PA100 (Figure 4.1A).  
 

# RES CA CB CG1 CG2 CD1 CE 

102 LYS 56.414 32.878 24.728 
 

29.003 41.987 

107 ALA 50.409 18.189 
    

112 ILE 
 

38.464 27.084 17.614 12.878 
 

113 LEU 
 

42.11 26.835 
 

23.402 
 

118 VAL 
 

32.904 21.093 20.391 
  

119 ASP 51.768 41.318 
    

124 ALA 52.408 19.03 
    

126 GLU 55.592 30.579 
    

129 SER 58.372 63.707 
    

137 GLU 53.453 30.234 
    

140 ALA 53.742 20.21 
    

 

 

 

 

 

Table A1.3 - Assigned 13C chemical shifts of the flexible C-terminus of α-syn amyloid fibrils 

based on the comparison of the 2D 13C-13C INEPT-TOBSY correlation spectra to the assigned 

AS:PA100 (Figure 4.1B). 

 

 

 

 

# RES CA CB CG1 CG2 CD1 CE 

102 LYS 56.414 32.878 24.728 
 

29.003 41.987 

107 ALA 50.409 18.189 
    

112 ILE 
 

38.464 27.084 17.614 12.878 
 

113 LEU 55.068 42.11 26.835 
 

23.402 
 

118 VAL 61.902 32.904 21.093 20.391 
  

124 ALA 52.408 19.03 
    

129 SER 58.372 63.707 
    

140 ALA 53.742 20.21 
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Appendix 2: Supporting information for Chapter 4.2 

 

Table A2.1 – Assigned 13C and 15N chemical shifts of the rigid amyloid fibril core. 

# RES N C CA CB CG1 CG2 CD1 CE 

41 GLY 119.181  47.674  
    

42 SER 111.793 171.119 58.457 67.458 
    

51 GLY 
 

171.383 48.817 
 

    

52 VAL 122.345 172.461 59.991 35.929 
    

53 ALA 130.331 175.904 49.357 22.802 
    

54 THR 111.013 173.174 58.257 
71.478 

    

55 VAL 119.803 175.115 61.171 36.33 
    

56 ALA 133.035 176.102 50.491 21.454 
    

68 GLY 95.714 173.28 44.788 
 

    

69 ALA 126.314 174.863 50.372 24.71 
    

70 VAL 120.551 173.706 60.299 
36.479 

    

71 VAL 126.972 176.982 60.001 35.371 
    

73 GLY 123.486 174.659 49.822 
 

    

74 VAL 122.136 174.219 60.335 35.539 
    

75 THR 126.439 173.686 60.332 72.102 
    

76 ALA 126.367 
172.759 

51.503 
16.789 

    

77 VAL 118.864 
 

60.693 34.71 
    

78 ALA 126.211 176.621 49.873 25.516 
    

79 GLN 110.05 
173.387 

54.003 32.076 
    

80 LYS 118.432 173.826 54.588 36.458 
    

83 GLU 123.34 173.345 56.96 
 

    

84 GLY 105.919 169.667 43.91 
 

    

85 ALA 119.003 178.046 51.773 19.033 
    

86 GLY 113.796 
 

45.082 
 

    

87 SER 122.27 172.593 56.281 65.266 
    

88 ILE 122.758 175.025 58.85 42.036 
    

89 ALA 127.992 
172.707 

51.539 
16.011 

    

90 ALA 120.203 175.271 49.32 21.36 
    

 

. 


