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A BSTRACT

Crucial biological processes are often dictated by the action of proteins, including cell
growth, intercellular communication and apoptosis. The behaviour and function of
proteins, and other important bio-macromolecules, is inherently linked to the 3D conformation of the polypeptide and the range of dynamics within the structure. The
rapidly developing tool, solid-state NMR, is uniquely placed to structurally probe
large, non-crystalline macromolecules, such as proteins, and provide data at atomiclevel resolution. Amyloid diseases, such as Alzheimer’s disease and Parkinson’s disease, are linked to neuronal damage caused by toxic species which occur through
misfolding and aggregation of naturally expressed proteins. Aggregation of the 3643 residue protein amyloid-beta (Aβ) is thought to be involved in the pathology of
Alzheimer’s disease.
In this thesis, solid-state NMR is used to obtain 1 H,
for U-[13 C,

15 N]

15 N

and

13 C

chemical shifts

Aβ1-40 aggregates formed in the presence of copper, a metal found

in abnormally high concentrations in amyloidogenic plaques in Alzheimer’s-diseaseafflicted patients’ brains via post-mortem examination. A suite of 2D 13 C-13 C DARR
and
1 H.

15 N-13 C

DCP experiments alongside 2D and 3D X-1 H,

15 N-1 H-1 H

and

13 C-15 N-

Inverse Detection experiments employed at ∼100 kHz MAS frequency is employed

to obtain chemical shift values. TALOS-N provides torsion angle restraints and secxii

ondary chemical shift analysis is performed to identify turn and β-sheet regions. The
results are compared to previously published models, and indicate the sample is similar to a brain-derived fibrillar structure.
2D

13 C-13 C

DARR experiments are also performed on selectively labelled samples of

Aβ1-42 with cysteine replacements at locations A21 and A30. This cross-linking mechanism between C21 and C30 has been shown to stabilise an oligomeric form, thought
to be the most toxic, on the aggregatory pathway to fibrils. The labels allow detailed
characterisation of the turn region between residues 22 and 29. The incorporation of
the oligomers into lipid membranes was studied by 1D

31 P

NMR, specifically to in-

vestigate the effect of the oligomers on the stability of the membranes and the effect
of cholesterol and curcumin, a potentially therapeutic compound currently of high
interest, on this de-stabilisation. Work with collaborators has enabled the oligomeric
form to be modelled and the results indicate these toxic oligomers form a hexamer
barrel structure, with the hydrophobic sidechains contained within the barrel. The
secondary structure of the oligomer is shown to contain 3 or 4 β-sheets; with an extended β-sheet region between K16-V24, 1 or 2 β-sheets between N27 and V36, and
then a short β-sheet between V39 and A42. A method for inter-molecular β-sheet
interaction in the hexamer is postulated. A method for further aggregation from this
oligomeric form to a protofibrillar form has also been suggested, thus enabling a claim
to be made for an on-pathway nature for this oligomeric form.
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I NTRODUCTION

1.1
1.1.1

The History and Development of NMR
The History of NMR

Nuclear magnetic resonance (NMR) is a widely used tool for structural and dynamical
investigations of samples. The very first spectra were taken ∼70 years ago, although
plenty of groundwork was required before those seminal spectra of paraffin and water
were produced in 1946. [3,4] To truly put NMR in its historical context we must begin
in the 1920s. Quantum theory was undergoing major development as experimental
results were being explained by theoreticians. In 1922 a pair of German physicists,
Otto Stern and Walther Gerlach, discovered the quantised intrinsic property of spin
angular momentum in the famous ‘Stern-Gerlach’ experiment. [5] However, though
this pair performed the correct experiment for investigating the phenomenon, they
found the beam contained only two components as opposed to three or one (which
was expected at the time); they had the incorrect theory for explaining such results.
This was provided later, in 1925, by George Uhlenbeck and Samuel Goudsmit who
proposed that the electron had an intrinsic angular momentum, or spin, equal to
±h̄/2. [6] In the following two years Schrödinger and Heisenberg formulated a new
branch of quantum mechanics replacing the previous quantum theory (1926), [7, 8]
before Wolfgang Pauli derived the mathematical theory behind electron spin and
quantum mechanics (1927). [9] In 1927 Stern and Gerlach’s experiment was altered
by Phipps and Taylor so that they were able to detect nuclear magnetic moments;
they observed and measured the deflection of a beam of hydrogen molecules. [10]
Paul Dirac’s derivation of relativistic quantum mechanics then used electron spin as
1

a central pillar of the theory (1928). [11]
Several years later in 1936, the first attempt to find NMR in condensed matter was
made by C.J. Gorter, as he searched unsuccessfully for a 7 Li resonance in crystalline
lithium fluoride and for the protons in crystalline potassium alum. [12] The following
year Isidor Rabi, working at Columbia University, designed an experiment that would
identify nuclear resonance; by passing a beam of molecules through a strong and
constant magnetic field, and irradiating this with a small oscillating magnetic field
set at right angles to the beam, as the frequency of the oscillating field approached the
Larmor frequency of the nucleus under investigation he observed magnetic resonance
absorption. The use of varying magnetic field strength for the small beam was, in fact,
suggested to Rabi by Gorter. In 1942 Gorter and Broer tried to find the NMR signal
for 7 Li in solid lithium chloride and for

19 F

in solid potassium fluoride, but again it

evaded them. [13] The problem has since been realised as being located in the purity
of the crystals used such that the longitudinal relaxation times, T 1 , the time taken for
the return of magnetisation to equilibrium, were very long, resulting in the fact that
saturation may have caused the lack of observation of the resonance. So the eventual
pioneers of the NMR in bulk materials were Purcell at Harvard and Bloch at Stanford
at the end of 1945, recording the NMR signals for protons in solid paraffin wax and
protons in water, respectively. Both groups were aware of the dangers of saturation,
and were able to avoid it; the Stanford group even introduced paramagnetic salts into
some of their samples so as to enhance relaxation. [3, 4] The Harvard group followed
up their discovery of NMR with an extensive investigation of NMR in solids, liquids
and gases. [14]

1.1.2

Development of NMR

The groundwork was now laid for significant developments to push NMR from an interesting nuclear phenomenon to the powerful investigative tool that it is today.
That NMR can be used to investigate structure, when exacted on solid-state samples,
originates from the mathematical form of the spatial dependence of the magnetic
dipolar interaction,1 (3 cos2 θ − 1) r−3 , where ~r is the vector connecting the two nuclei
between which this interaction occurs, and θ is the angle between ~r and the static
external magnetic field, B 0 . In 1948, G. Pake published a finding which was crucial
in the develoment of NMR; he had obtained the distance between water molecules in
a single crystal of gypsum with an accuracy of 2%. [15]
1

which will be expanded upon in detail later
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The earliest NMR experiments were performed using iron electromagnets which could
generate fields of 2 T, or large permanent magnets of up to 1 T. NMR signals were
initially detected by continuous wave (cw) methods. Throughout the 1960s and 70s
a process of refinement of NMR equipment occurred which has led to the modern
spectrometers of today, current magnets reach 1 GHz proton Larmor frequency (∼23.5
T) with a uniformity in field of 1 in 109 . Concordantly cw-based techniques were
replaced with pulsed methods. Pulse methods were significantly boosted by Hahn’s
1950 discovery of spin echoes and from a proof by Lowe and Norberg in 1957 that a free
induction decay (FID) is the Fourier transform (FT) of the NMR cw spectrum. [16,17]
This boost was twinned with the availability of fast Fourier transform algorithms
which were utilised in solution state NMR but which followed later in the solid state.
NMR could now be used to find distances in single crystals, however NMR needed to
be shown as a valid tool to use when working with powder samples.
Magic-angle spinning (MAS) provided an ingenious solution to the line broadening
in powder sample spectra due to anisotropic interactions, present in the solid state.
Andrew et al, in 1958, and Lowe, in 1959, were the first to investigate the effect
of rotation on a solid sample, and when spun at an angle of ∼54.74° to the static
magnetic field, previously broad lines were shown to narrow significantly. [18, 19]
ssNMR no longer required single crystal samples.
The use of Cross Polarisation (CP), specific double-resonance irradiation, to transfer
magnetisation from an abundant spin to a dilute spin so as to greatly enhance the
NMR signal on the secondary nuclear species was shown by Hartmann and Hahn in
1962, initially exacted without any sample rotation. [20] Spin decoupling was then
shown to reveal all three 19 F resonances in a sample containing CaF2 , C6 F6 and NaF
when a train of 180° pulses were applied on 23 Na during acquisition, where previously,
without the decoupling, the NaF resonance was lost. [21] CP and decoupling were
combined in a landmark publication in 1972 by Pines, Gibby and Waugh providing
well resolved

13 C

NMR spectra. [22]

Schaefer and Stejskal made the step to then combine a decoupled CP experiment
while rotating the sample at the ‘magic’ angle and showed the improvement available
to spectroscopists by employing this technique on many solid materials. [23] NMR had
now evolved to a level of sophistication such that the modern day experiment would
be recognised. The CP MAS technique developed above, is still used widely today as
a workhorse of many labs and is crucial in investigating biological macromolecules,
due to the importance of low-γ nuclei such as

3

13 C

and

15 N.

The technique above removed heteronuclear dipolar couplings, through the use of
decoupling, and chemical shift anisotropies, through the use of MAS, providing well
resolved spectra from which chemical shift values could be obtained. The information
that was removed, however, would be of use if it could be selectively re-introduced and
so dipolar recoupling methods began to emerge to achieve this. In 1989 Guillion and
Schaefer, reported a sequence which enabled 13 C-15 N dipolar couplings to be recovered
through use of two 180° pulses on the

15 N

channel per rotor period. By comparing

the spectra obtained with and without these pulses the

13 C-15 N

coupling could be

measured. [24] The sequence was called rotational-echo double-resonance (REDOR),
and drew from Slichter’s spin-echo double-resonance (SEDOR) experiments. [25] In
1990 Tycko and Dabbagh introduced dipolar recovery at the magic-angle (DRAMA)
a pulse sequence which enabled

13 C

whereby 5% of the molecules were

dipole-dipole couplings of (CH3 )2 C(OH)SO3 Na,

13 C

labelled at both methyl carbons, to be mea-

sured. [26]
With the ability to now selectively reintroduce various interactions, NMR was evolving to a suitable level of sophistication for investigating small biological molecules,
and so, as the new millennium dawned, solid-state NMR began to take its place as a
well situated probe of structure and dynamics for biological macromolecules.

1.1.3

NMR of Proteins

Introduction to Biological NMR
Solution-state NMR developed more rapidly than solid-state NMR and, therefore,
many large steps in the field came from this, the major branch of the technique. In
the 1970s the technique was being used to investigate the interplay between biomolecular structure, dynamics and function, and a crucial finding was made by Wüthrich
and Wagner in 1978; the 1D 1 H NMR resonance of aromatic residues in a small globular protein was recorded as a function of temperature and the results suggested the
aromatic side chains within the hydrophobic core could rotate. [27] That X-ray diffraction could offer a snap shot image of a protein and solution-state NMR could provide
information on the dynamics was very exciting, and suggested that the complementary techniques could be used to fully characterise important biomolecules. In 1976
Ernst and co-workers published a report showing that 2D correlation spectroscopy, or
COSY, NMR experiments were possible and would be vital for the technique to continue solving increasingly complex tasks; this great step forward was then followed
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in 1979 with the first use of 2D nuclear Overhauser enhancement spectroscopy, or
NOESY, NMR. [28, 29] The following year, Wüthrich and Ernst revealed the use of
the NOESY experiment for elucidating proton-proton relaxation networks in biological macromolecules. [30] Ernst would be awarded the Nobel Prize for ‘his contributions
to the development of the methodology of high resolution nuclear magnetic resonance
spectroscopy’ in 1991. In 1985, Kurt Wüthrich’s group in Zurich reported the use
of solution NMR to solve the first de novo structure of a protein, through obtaining
202 1 H-1 H distance constraints from NOE spectroscopy (NOESY) experiments - a
leading achievement for Wüthrich, who would be jointly awarded the Nobel Prize in
2002 for ‘his development of nuclear magnetic resonance spectroscopy for determining
the three-dimensional structure of biological macromolecules in solution’. [31]
In 1999 Opella and co-workers determined structures of the M2 channel-lining segments from nicotinic acetylcholine and NMDA receptors by NMR spectroscopy, using
solution NMR experiments on micelle samples and solid-state NMR experiments on
bilayer samples. [32] The work utilised a technique called PISEMA2 (Polarisation
Inversion Spin-Exchange at the Magic Angle) which is a valuable technique in the
investigation of oriented samples, such as membranes, in the presence and absence of
magic-angle spinning. [33] For more on the PISEMA technique see [34].
By 2002 ssNMR had evolved to such a level of sophistication, through developments
in magnetic field strength, decoupling and recoupling pulse sequences and sample
preparation, that the Oschkinat group in Berlin published the first 3D structure of
a protein, the SH3 domain of α-spectrin, by solid-state NMR. [35] Through use of a
micro-crystalline sample, selective labelling and the use of 2D homonuclear protondriven spin diffusion (PDSD) experiments, [36] many

13 C

and

15 N

assignments could

be made such that an overall fold of the protein could be produced. ssNMR had
been shown as a viable tool for structurally investigating proteins, and interest would
rapidly increase in the technique.
With the increase in robust experimental sequences, see Table 1 in [37], and the
availability of high quality experimental equipment, it is unsurprising that recently
biological solid-state NMR has rapidly increased in usage for investigating crucial
biomacromolecules. MAS frequencies have been increasing due to intelligent probe
design, such that proton detected solid-state NMR methods have been unlocked and
used to solve the 3D structure of a protein, [38] with MAS frequencies now exceeding 100 kHz using state of the art probes. NMR probes have also been designed
2

Developed in 1994 by Wu, Ramamoorthy and Opella
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to combat the heating which results from the use of radio frequency (rf) pulses of
samples, which is crucial for the maintenance of samples at biologically stable temperatures over long experimental time periods. In 2011 another step forward for
biological NMR occurred in the use of proton detected 4D experiments to generate
distance restraints sufficient for the unambiguous structure solving of ubiquitin. [39]
Alongside the relentless experimental and hardware advances, computational abilities have grown considerably and many structure solving programs now exist which
can be used to solve structures when provided solely with chemical shift data. [40]
Modern day biological solid-state NMR has solved the 3D structure of several proteins in the 10s of kDa region with the largest currently being the Type-III secretion
system needle, weighing in at 257 kDa, solved by Lange and co-workers. [41] Other
notable ssNMR studies into proteins are the structural solving of the B1 immunoglobulin binding domain of protein G (GB1), a 6 kDa, 56 residue protein, [38, 42] and
the analysis of the membrane protein bacteriorhodopsin by the Griffin group. [43]
Further examples of protein structures determined using solid-state NMR include
the Baldus group’s determination of the structure and dynamics of the 52-residue
membrane polypeptide phospholamban, [44] alongside the secondary structure and
dynamics of a seven-helix receptor, sensory rhodopsin II from Natronomonas pharaonis from the same group. [45] The Opella group further determined the structure of a
membrane protein with two trans-membrane helices in aligned phospholipid bicelles
using solid-state spectroscopy using PISEMA and other techniques. [46]
With the developments and wide-spread use as shown above, clearly solid-state NMR
is a tool which is very well suited for this study on amyloid aggregates.

1.2

Introduction to Amyloid Proteins, Fibrils and Aβ

Amyloid diseases such as Alzheimer’s (AD), Parkinson’s (PD) and transmissible
spongiform encephalopathy are an area of high scientific interest, see § 1.2.1 below. Different techniques can be employed to investigate the structure, dynamics
and typical behaviours of the amyloid proteins, which are believed to play leading
roles in the pathology of these diseases. ssNMR has recently become a technique of
intense interest; this stems from the limitations involved with classical structure solving techniques such as solution-state NMR and X-ray crystallography. Solution-state
NMR has an inherent size limit on the structures it can solve; it is also reliant on the
solubility of any molecules for investigation. X-ray crystallography relies upon the
crystallisation of a potential structure; a structure with significant dynamics would
6

prove difficult to crystallise. Furthermore, that crystals are not needed in ssNMR unlocks the option of many different conditions in which the sample can be, such that,
for example, functionality at high or low temperature can be investigated. ssNMR is
now accepted as a suitable technique for solving protein structures and, also, protein
structures when incorporated in lipid membranes.
Membrane proteins (6792 entries) and amyloid fibril (147 entries) structures comprise
around only 7% of the structures in the Protein Data Bank (PDB) (total number of
entries: 103015; http://www.rcsb.org, Sept 2014), which is surprising considering
their importance: membrane proteins control the interchange of information and
substances across the cell membrane; defend against invading pathogens; and control
the delivery of complex instructions needed for the cells cycle. [47, 48]
With recent improvements in ssNMR it has become an achievable goal to structurally
solve these proteins; MAS, intelligent rf pulse sequences and improvements in low temperature NMR have brought this topic to a really exciting stage of development. [49]
The significance of this project stems from the growing prevalence of neurodegenerative diseases; AD is estimated at affecting one in eight people over the age of 65
and more than 26 million people worldwide, [50] PD is the most common neurodegenerative movement disorder affecting more than 4 million people worldwide. [51]
With an aging population, never before have these diseases been more important,
and a pharmacological remedy is likely to be based on structural information of the
interaction of toxic species in an in situ or in vivo environment. This is a target of
several ssNMR groups around the world. [52–54]
Amyloid-beta (Aβ) is a 36 to 43 amino acid residue peptide, which exists naturally
in the brain as a relatively unstructured monomer [55] derived from the amyloid
precursor protein (APP); [56] a transmembrane protein that is localized on the cell
membrane or in intracellular vesicles, [57] which undergoes alternative splicing to
generate several isoforms that are defined by the number of amino acids in each.
Resulting APP isoforms can have 770, 751, 714, 695, 563, and 365 amino acids,
with the smallest two unable to generate Aβ. [58] APP, spliced by either β or γ
secretase, produces isoforms of Aβ, which vary in their toxicities, with Aβ1−42 currently seen as the most neurotoxic, see Fig. 1.1. [59] Aβ’s progression from monomer
to a hairpin-structured fibrillar aggregate (fibrils are fibres with nanoscopic dimensions) is associated with the onset of events that lead to AD. [60] Fibrillar forms,
see Fig. 1.1, of Aβ have been well documented; [61–64] interest developed when AD
affected patients’ brains were found to contain fibrillar plaques, and the reasonable
postulate was made that this material was the causative agent of the disorder. This
7

view was later reinforced by a number of observations; for example, amyloid fibrils
formed from the Aβ peptide were found to be toxic to cultured neuronal cells and to
cause both membrane depolarization and alterations in the frequency of their action
potentials. Moreover Aβ fibrils were shown to cause neuronal loss and microglial activation when injected into the cerebral cortex of aged rhesus-monkeys. [48] However,
though elderly people inevitably develop amyloid plaques (admittedly the quantity
of which can vary) only ∼30% of octogenarians develop AD, suggesting that amyloid
fibrils alone might not destroy neurons. [49] Recently focus has moved from fibrils to
a soluble oligomeric species, which may or may not be on pathway to fibrils, as the
primary cause for neuronal death; evidence is beginning to mount that this could well
be the case. [60,65,66] Current research is focussing on finding the structures of these
oligomers and discovering whether they are on or off pathway; if they are off pathway,
it will be interesting to discover whether they are the final stage of aggregation or to
what structure they themselves finally aggregate.

1.2.1

NMR of Aβ

One of the earliest ssNMR papers on Aβ, published in 1991, reports the use of rotational resonance to measure the distances between carbons in a peptide fragment, [67]
- this work and the initial structural data taken on Aβ, published in 1995, was performed by Lansbury, Griffin and co-workers; they investigated the 34-42 section of
Aβ by finding

13 C-13 C

distances and chemical shifts. [68] Following this, from the

same collaboration, a further publication on the 34-42 Aβ fragment was published
investigating the backbone conformation. [69] In the following year in 1998, Meredith
and co-workers reported a parallel β-sheet structure of fibrillar Aβ10-35 as found from
carrying out distance measurements from selectively labelled samples using dipolar
recoupling ssNMR methods. [70] This method (DRAWS) [71] was then used by the
same group in the same year for a secondary publication revealing inter- and intrastrand distances on the same sample fragment. [72] Fig. 1.2 displays two types of
β-sheet arrangement, antiparallel and parallel; work at this time often investigated
which of these forms fibrils adopted.
In 2000, the Meredith group produced two publications, one revealing the use of
DRAWS to find interstrand distances of 5.3 ± 0.3 Å with in-register parallel βstrand fibrils, with the secondary structure found from intrastrand constraints with
labels at two adjacent residues. This also proposed the existence of a turn region
in the residues 25-29. [73] The second paper combined ssNMR with other techniques
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Figure 1.1: A schematic displaying the cleavage sites of APP which produce the
variants of Aβ (top). The sequence of the 1-42 variant of Aβ is shown with regions
in which secondary structure can be found within the fibrillar form indicated. The
secondary structure varies with different polymorphs, however most indicate that two
β-sheets exist either side of turn section. Those residues between D23 and G29 that
are not included in the turn region are often found in one of the β-sheets.
(electron microscopy, small angle neutron scattering and others) to assign the threedimensional form of the fibrils from Aβ10-35 . [74] In the same year, Tycko’s group
produced two reports, one structurally characterising a seven residue fragment of Aβ,
16-22, using 2D MAS

13 C-13 C

ssNMR experiments to reveal the Aβ16-22 fragment as

the shortest (at the time) to form fibrils. [75] The other used a multiple quantum
13 C

ssNMR technique to probe the β-sheet organisation in the full length peptide

in fibrillar form; it revealed a parallel, not antiparallel, organisation of β-sheets.
[76]
Several publications occurred in the amyloid-beta field in 2002 as interest continued
to rise, a structural model for full length wild type (WT) Aβ based on
15 N

13 C

and

chemical shifts was proposed, [61] constraints on the supramolecular structure of

Aβ1-40 using intermolecular dipole-dipole couplings between

13 C

spins at 11 carbon

sites using MAS NMR were also reported, alongside the discovery of structural disor9

Figure 1.2: A schematic displaying a parallel β-sheet arrangement (A) and an antiparallel β-sheet arrangement (B). Adapted from [49]
der in the N-terminal segment. [77] An extensive investigation was also reported by
the same group in the same year showing electron microscopy, scanning transmission
electron microscopy and ssNMR data on Aβ1-42 and Aβ10-35 at varying pH, providing constraints for the supramolecular structure of the fibrils, and in particular on
the β-sheet properties of the sample. The report also provided schematic structural
models of the fibrils investigated. [78] A study using electron paramagnetic resonance
(EPR) to identify in-register parallel arrangement of fibrils as well as confirm dynamic
regions in the N- and C-termini was published. [79]
Further work into the locations of turn and β-sheet sections and the issue of parallel or
anti-parallel arrangements of these β-sheets were published the following year, [80,81]
with the turn section identified at residues G25, S26 and G29. The effect of pH on
the structure of fibrils from the 11-25 fragment of the peptide was published in 2004;
this work found that the registry of the intermolecular hydrogen bonds was well
defined but varied due to pH and also different to the 16-22 fragment previously
published. [82] A report investigating the importance of amphiphilicity on parallel or
anti-parallel β-sheet formation using the 16-22 fragment was published in the same
year. [83]
Tycko and co-workers then published a report showing that different fibril morphologies have different underlying molecular structures, and that these can be dictated by
fibril growth conditions and that the morphology and structure can be propagated

10

from fibrillar seeds. These different morphologies were also shown as having different toxicities. [62] In a collaboration with Meredith, the group published findings
that, with a secure Lactam bridge from D23 - K28, rapid self-association (1000 times
faster than usual) without a lag phase occurs creating fibrils which are similar to
WT Aβ fibrils. The lactam bridge Aβ also acted as a seed for fibrillisation of WT
Aβ. [84] Ishii and Chimon reported the first site-resolved structural measurement of
an intermediate species in fibril formation for Aβ1-40 , showing the spherical amyloid
intermediate has a 15-30 nm diameter and exists prior to fibril formation. [85]
In 2006, intra- and intermolecular contacts were obtained such that a quaternary
structure of Aβ1-40 fibrils could be made using molecular dynamics simulations. [86]
The morphology and molecular structure of fibrils of Aβ10-40 grown under different
conditions were shown to display polymorphism, and it was concluded that residues 19 did not necessarily dictate polymorphism. Seeds of Aβ10-40 were shown to be able to
produce fibrils in mixtures of Aβ1-40 . [87] Smith and co-workers reported the packing
of M35 against G33 in Aβ1-40 and against G37 in Aβ1-42 , and, from this structural
displacement, they designed a new class of inhibitors that prevented fibril formation
by disrupting sheet-to-sheet packing and reduced the toxicity of Aβ1-42 on cultured
rat cortical neurons. [88] Solution NMR was conducted alongside many solid-state
NMR experiments; of interest is a hydrogen/deuterium exchange spectroscopy study
of Aβ under physiological conditions, revealing two core regions 11-25 and 28-42. The
1-42 variant was found to be much more stable in intermediary conformations than
the 1-40, possibly explaining its greater toxicity. [89]
The following year, Ishii and co-workers reported β-sheet structures in a neurotoxic
amyloid intermediate of Aβ1-40 . The toxicity of the intermediate was shown to be
higher than that of the fibril, but that the formation of the β-sheets within the intermediate’s structure could trigger neurotoxicity. [90] In the same year, the Tycko
group investigated the molecular structure of the fibrils formed by Aβ14-23 and discovered that the fibrils contained antiparallel β-sheets with a registry of backbone
hydrogen bonds aligning residue 17+k with residue 22−k of neighbouring molecules
in the same β-sheet. [91]
In 2008, Tycko and Thurber investigated the implications of MAS NMR at very
low temperatures, 25 K, on Aβ14-23 in fibrillar form. It was found that a gain of
roughly 1/T could be won in signal-to-noise. [92] The Tycko group also published a
full structural model for amyloid fibrils formed from full length Aβ with a periodically
twisted morphology, see Fig. 1.3. The structure has threefold symmetry about the
fibril growth axis as opposed to the twofold symmetry found for a previously published
11

Figure 1.3: A three-fold symmetric fibril form of Aβ as revealed by the Tycko group.
[93] Referred to as ‘twisted pair’ fibrils, this form is often found from quiescent growth
conditions. [49] Fibril long axis is into the page. Obtained from the PDB.
model of striated ribbon fibrils, see Fig 1.4. [93]
A particularly exciting piece of research was published in 2009 by the Tycko group,
reporting the investigation of the structure of fibrils seeded by extracts from an AD
afflicted patient’s brain.

13 C

chemical shifts and other ssNMR data indicated that

these fibrils were distinct when compared to previously characterised synthetic fibrils, though no model was produced. [64] Tycko and co-workers also investigated the
structure of fibrils formed by the Iowa mutant (D23N). Fibrils formed faster than
WT and without a lag phase, and only a minority of the fibrils contained in-register,
parallel β-sheet structures with ssNMR data implying the existence of antiparallel
fibrils. [94]
Ishii and co-workers then investigated the impact of Cu2+ on the structure of amyloid
fibrils, as metals had previously been identified as an important factor in the activity
of Aβ on membranes and their toxicity on neurons by the Barnham group. [95, 96]
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Figure 1.4: A two-fold symmetric fibril form of Aβ as revealed by the Tycko group.
[86] Referred to as ‘striated ribbon’ fibrils, these fibrils contain D23-K28 salt bridge
interactions, which are thought to be important in fibril nucleation. In contrast
to ‘twisted pair’ fibrils, this form is often found using gentle agitation during fibril
growth. [49] Fibril long axis is into the page. Obtained from the PDB.
The ssNMR and UV-vis spectroscopy data revealed the binding sites as histidines6,13 and 14, and also that the secondary structure was not disrupted by the Cu2+
binding. [97]
In 2011, Huster and co-workers determined the secondary structure in B10AP-stabilised
Aβ1-40 protofibrils at a single residue level using ssNMR. It was found that the β-sheet
elements are formed in protofibrils but they elongate during conversion to mature
amyloid fibrils to include residues 23-26 and G33. [98] Meredith and co-workers reported the instantaneous fibrillisation of the Japanese mutant (∆E22) of Aβ. ssNMR
measurements taken were not compatible with parallel, in-register β-sheet structures
such as that of the WT fibrils, however when used as a seed in a mixture of WT
Aβ, fibrils grew but in the fibrillar form of the Japanese mutant. [99] Tycko and
co-workers then published an investigation into the effect of seeding using the Iowa
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mutant, which had previously shown antiparallel and parallel β-sheet structures. It
was shown that the sample increases homogeneity while undergoing repeated seeding
attempts and, though starting from a sample containing both types of structure, the
final structures contain only parallel β-sheets, indicating the metastable nature of an
antiparallel β-sheet structure. [100] Following this, in 2012, a protocol was reported
that regularly produced antiparallel β-sheet structure in the Iowa mutant, in spite of
the less efficient propagation of the structure. [101] Also in 2011, the Bertini group
published their new structural model of amyloid fibrils for Aβ1-40 as found using
ssNMR. [63] There were also chemical shifts reported for Aβ fibril samples with metals, and the effect of these metals on the aggregation properties of the fibrils by Ishii,
investigating Cu2+ , and Madhu, investigating Zn2+ . [55, 102]
The Huster group then reported contacts found between E22 and I31 for protofibrils
which were not found in fibrils. As these were also found in oligomers, the suggestion
was put forward that protofibrils were closer to oligomers in structure than fibrils.
If this were the case, some major structural re-organisation would be required to
aggregate from protofibrils into fibrils. [103] In the same year, the same group revealed
the dynamics of Aβ fibrils using ssNMR. [104] Many groups at this time were using
solid phase peptide synthesis (SPPS) to produce synthetic samples for ssNMR, the
Ishii group investigated the efficiency of this method for long peptide sequences, as
it was known that for sequences 30-50 residues long the efficiency plummeted. It was
found that Aβ underwent excessive misfolding while attached to the resin, and highly
ordered β-structures were found over the entire sequence. [105] The Ramamoorthy
group revealed that membrane disruption by Aβ is a two step process, with initial
formation of ion-selective pores followed by nonspecific fragmentation of the lipid
membrane during amyloid fiber formation. The study suggests zinc blockading is a
possibility for solving the initial defects, but that amyloid formation on the membrane
fragment surface cannot be impaired through the use of ions. It was shown also that
gangliosides enhanced the pore formation and fiber elongation process. [106]
In 2013, the Madhu group investigated a central fragment of Aβ, residues 18-35, and
found that the significant structural properties of full length Aβ fibrils were maintained, and that the secondary structure and tertiary contacts were also propagated.
It was suggested that this fragment would be ideal for therapeutic investigations. [107]
The Ishii group, now a leading ssNMR group in the investigation of the effect of metals on Aβ aggregation, reported the resolution enhancements achievable through use
of fast spinning and rapid recycle delays available due to paramagnetic centres such
as Cu2+ within samples. [108] The same group then investigated through ssNMR, a
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biologically relevant amyloid intermediate of the highly toxic Aβ1-42 peptide. [109]
This was a particularly important piece of work as focus was beginning to shift to the
oligomeric form of the peptide as this was thought to be the most toxic and therefore the most important for therapeutic remedies. The Tycko group then revealed a
landmark paper; almost all previous work had used synthetic samples, however by
seeding fibrils from samples of Aβ plaques obtained from pieces of AD brain tissue
from different parts of the brain, several fibril samples were seeded. A single set of
signals were found for all fibril samples seeded from plaques from all regions of the
brain and a full structural model was produced from the brain-seeded fibrils. [110]
This was then repeated with brain tissue from a different patient, and though patient
two also had a single set of resolved signals the two sets were clearly different. The
impressive homogeneity across all parts of the brain found for both patients implies
that possibly Aβ forms in one part of the brain and then fragments and is transported to other regions. A review on this work was provided by Rienstra in the same
year. [111]
The Huster group then studied several mutants of Aβ to better understand the influence of local physical variations on the fibril formation mechanism. Though fibrillation kinetics and local structure and dynamics were altered, the overall morphology
and cross-β structure remained throughout. 7 of the 8 mutants investigated formed
fibrils of very similar morphology. [112] Smith and co-workers investigated the Flemish
mutant, A21G, which was found to emanate from an altered section of the C-terminal
fragment of the amyloid precursor protein (APP). It was found to reduce the β-sheet
component from L17-A21 and increase the α-helical structure from G25-G29, typically the turn section. It was also found that cholesterol increased Aβ secretion and
that the incorporation of cholesterol into model membranes enhanced the structural
changes induced by the Flemish mutant. [113] Ishii’s group have recently continued
their investigations into the effect of copper, by investigating the structure of fibrils
without copper, then with Cu2+ added, and then with Cu+ , by reduction of the Cu2+
using ascorbate. The V12 carbon signals are lost upon Cu2+ addition, but recovered
when ascorbate is added. It is suggested that the Cu2+ binding site is likely to be
located at the Nδ of histidines-13 and 14. [114] Alongside the impact of metals, which
has been known for a long time to effect the properties of Aβ, focus has moved to
finding a substance that might be able to disrupt the toxic nature of the amyloid intermediate. A candidate, recognised over 10 years ago as a possible therapeutic target,
for this is curcumin. [115, 116] Only recently has the ssNMR community started to
investigate the effect of curcumin on amyloid fibrils, and the Madhu group reported,
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in 2014, the disruption of the D23-K28 intrastrand contacts, alongside TEM images
showing significant disturbance in the structure. Curcumin was also found to affect
the C-terminal of the peptide. [117]
Alongside curcumin, other inhibitors have been investigated through ssNMR, such as
those recorded in studies by the Reif group. [118] Binding of ligands and the molecular
interfaces involved with protein folding and aggregation in an ssNMR context have
also been recorded. [119]
Studies on Aβ, amongst other peptides, and membrane interactions are also numerous
and have been investigated using:

31 P

ssNMR - in such a study by the Seelig group,

it was suggested that Aβ binds electrostatically to the outer envelope of the polar
headgroup without penetrating between polar groups;

19 F

ssNMR - a study by the

Hong group proposed the oligomeric state of peptides bound to lipid bilayers; and
14 N

ssNMR - in a study investigating the association of Aβ with membranes. [120–

122]
The effect of metals on Aβ is of great interest as aggregates in the brain are found
to have increased levels of metals such as copper, zinc and iron in them. [102] Zinc
has been found to be protective in low concentrations, with mechanisms similar in
effect to curcumin, but with high concentrations it increases the toxicity of Aβ. [123]
EPR has also been used to investigate copper binding in Aβ, with TEM images
suggesting that the fibrils before and after are the same, however the presence of
copper induces fibril-fibril association. [124] Such studies have also taken place on
other peptides. [125]
Molecular dynamics (MD) simulations is a complementary technique to ssNMR, and
many groups are now obtaining data from ssNMR experiments and using MD simulations for modelling purposes. In 2005, MD simulations was used to probe the
structural stability and conformational dynamics of several models of Aβ fibril structures. [126] In 2007 an investigation was performed into the effect of pH on the
conformational processes of Aβ, as studied above in [78, 82], and the folding energy landscape was found to modulate strongly with pH and is most favourable for
hydrophobically driven aggregation at pH 6. [127] Many other MD simulations publications have been made, on both Aβ and other peptides, but these will not be
mentioned in more detail. [128–130]
Many other ssNMR studies has been published on interesting amyloid and other
biological samples such as amylin, [131–134] HET-s prion, [135–137] α-synuclein, [53,
138] transthyretin fragments, [139] and Sup35p prion [140] to name just a few of
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the impressive studies being carried out over the world. Moreover, work on the
tau protein, also associated with Alzheimer’s disease though with far less scientific
attention currently focussed on it, is also ongoing. [141]
For further information on the vast library of ssNMR work on amyloid fibrils there
are many review articles available: for a review on the progress made by ssNMR
regarding Aβ see [142] (2000); for a review on structural investigations into fibrillogenesis see [143] (also 2000); for a review on what ssNMR can provide in terms of
information regarding the structure and folding of Aβ see [144] (2003); for a review of
the structures already found for amyloid fibrils using ssNMR, EPR, X-ray diffraction
and electron microscopy see [145] (2005); for a short overview of ssNMR spectroscopic
studies on amyloid fibrils see [146] (2008); and for a review by Tycko on amyloid and
prion fibrils illustrating the vast array of structural issues which have been investigated by solid-state NMR amongst other techniques, see [147] (2013).
There are also a number of interesting reviews which concern various general aspects
of Aβ science: for a review on the structure and function of AD amyloid deposits, their
aggregation pathway and interaction of the structures along this pathway with cell
biology see [148] (2004); for a review on the importance of, and progress made towards,
conformation-dependent antibodies in tackling the aggregation of in vivo and in vitro
amyloid proteins see [149] (also 2004); for a review of the progress made through
using short peptide models to investigate amyloid self-assembly see [150] (2005); for
a review of preparation techniques on Aβ see [151] (2006); for a review examining
possible therapeutic directions for AD treatment see [152] (2007); for reviews on the
impact of metals on Aβ aggregation and behaviour, or specifically on copper aided
reactive oxygen species generation see [153] and [154] respectively (both 2009); and,
for a review on intervention of amyloidosis and the achievement of inhibition of protein
aggregation and amyloid formation see [155] (2012).
Solid-state NMR is an extremely powerful tool and has rapidly grown since its humble
beginnings in the 1940s, with its ability to investigate the structure and dynamics of
biomacromolecules which cannot be easily solved via other, more established, methods; as such, it is uniquely placed for use in this study of amyloid-β aggregates. The
above shows that many groups across the world have put down sound foundations
upon which this Aβ work is based.
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1.3

Thesis Overview

The work presented in this thesis relies on using combinations of bio-NMR experiments to obtain chemical shift values for nuclear spins within the well defined structure of amyloid-beta aggregates. Experiments involving the most common biological
nuclei, 1 H,

13 C

and

15 N,

constitute the bulk of the multidimensional ssNMR data,

while 1D spectra of 31 P have also been recorded for investigating the stability of lipid
membranes.
Chapters 2 and 3 provide the theoretical framework required to understand the fundamental workings of an NMR experiment. More specifically, Chapter 2 deals with the
quantum mechanical foundations of NMR theory, and how these are manipulated in
the methods employed to predict the behaviour of a system of many spins during an
NMR experiment. Chapter 3 introduces the Hamiltonians responsible for the energy
of spins in ssNMR experiments. Notably, a pertinent discussion of frame rotations
and their use in NMR theory is offered.
Chapter 4 introduces the requirement for multidimensional NMR experiments for application to biological samples, and explains in detail the widely used techniques for
obtaining nuclear-spin-specific chemical shift values from the spectra obtained from
performing these experiments. The discussion also includes sign discrimination techniques and the manipulation of phase cycling for selective control over the coherences
and multinuclear interactions that experiments investigate.
Chapter 5 introduces the specific bio-NMR experimental methods utilised in the work
shown in this thesis. The pulse sequence coherence transfer pathway for, and data
provided by, each experiment is presented, alongside a discussion of the techniques
used for obtaining chemical shift values from the spectra produced by the experiments
in the chapter. The decoupling and recoupling schemes used in the experiments are
described. Chapter 6 contains all the experimental and computational details of the
work shown in this thesis.
Chapter 7 presents the results of ssNMR investigation of a sample of U-[13 C,
Aβ1-40 aggregates formed in the presence of copper. 2D
15 N-13 C

13 C-13 C

15 N]

homonuclear and

heteronuclear spectra are shown alongside 2D and 3D inverse detection spec-

tra involving both

13 C

and

15 N

with acquisition on 1 H. The chemical shift values ob-

tained were submitted to the TALOS-N online program, and torsion angle predictions
were obtained; secondary chemical shift analysis allowed reliable characterisation of
the turn-region and two β-sheets.
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Chapter 8 presents the results of the work performed on a cysteine-cysteine stabilised
(following a mutation of A21C and A30C) oligomeric form of Aβ1-42 , a system which
has previously been shown to be a particularly toxic species. 2D

13 C-13 C

homonu-

clear spectra are shown for various amino acid labelling schemes, allowing accurate
chemical shift values to be obtained for the residues in the hairpin turn section of
the molecule, alongside some located in the β-sheets. 2D inverse detection spectra
are also shown involving both

13 C

and

15 N.

1D

31 P

NMR was performed on samples

containing combinations of the peptide, curcumin and cholesterol with lipid membranes and revealed that although individually each component disrupted the lipid
membrane, curcumin appeared to reduce this destabilisation when combined with
the oligomers, suggesting a therapeutic role for the molecule in the treatment of
Alzheimer’s disease.
This work will increase the level of structural knowledge regarding the interaction of
curcumin with Aβ1-42 , alongside investigate the impact on the aggregated structure
of Aβ1-40 of copper when present during fibrillation. Important work in this area has
been conducted previously (see § 1.2.1) however modern NMR techniques such as 2D
and 3D inverse detection NMR will significantly increase the knowledge base; chemical
knowledge of the environment of 1 H spins may allow a previously unobtainable level
of understanding of the amyloid aggregation mechanism. Moreover, knowledge of
the binding sites for copper will enable a greater understanding of why the ion is
important in the formation of neuritic plaques.
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2
M AGNETIC R ESONANCE T HEORY

The bulk nuclear magnetism originating from the placement of nuclei into a magnetic
field can be manipulated and observed, this is the fundamental approach of NMR
spectroscopy. This chapter contains the quantum mechanical theory required to understand how a group of spins react to external magnetic fields, how radio frequency
pulses can be used to carefully manipulate these systems and the theory required to
predict the behaviour of an ensemble when the above are combined in a simple NMR
experiment. This section, and § 3, draws upon the works of Levitt, [156] Duer, [157]
and Mehring. [158]

2.1

Fundamental Quantum Mechanics

Nuclei possess important properties, which can be manipulated for experimental purposes: mass, electric charge, magnetism and spin. Spin angular momentum, Î, is an
intrinsic property of a particle and is related to the particle’s magnetic moment by
the equation:
µ̂ = γIˆ

(2.1)

where µ̂ is the magnetic moment operator and γ is the gyromagnetic ratio of the material. Nuclei with I > 0 possess an intrinsic spin angular momentum given by:
p
|S|= h̄ I(I + 1)
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(2.2)

Only two components of the nuclear spin angular momentum can be known simultaneously, convention dictates that these are the total angular spin, S, and the zcomponent, Sz :

Sz = mh̄

(2.3)

where m is the azimuthal quantum number taking integer values +I, +I−1, . . . ,−I.
A nuclear state with spin I is (2I + 1)-fold degenerate. If a magnetic field is applied, the degeneracy is broken. The splitting between the nuclear spin levels is
called the nuclear Zeeman splitting. NMR is the spectroscopy of the nuclear Zeeman
sublevels.
The Zeeman Hamiltonian, HˆZ , is the perturbation to the Hamiltonian of a nucleus
due to the presence of a magnetic field, B 0 , which can be written:
ˆ 0
Hˆ Z = −µ̂B0 = −γIB
The splitting of 1 H is about ten times greater than that of

(2.4)
15 N

due to the ratio

of gyromagnetic ratios (γH /γN ), resulting in a proton nucleus being more magnetic
than a

15 N

nucleus. This energy level splitting, alongside other contributing factors,

is responsible for the measurements taken in an NMR experiment.

2.2

Density Operator Theory

So as to have a generalised approach for understanding how a group of spins react
to external magnetic fields and radio frequency (rf) pulses, which is essential for
predicting the behaviour of a system during an NMR experiment, we turn to density
operator theory. A collection of independent, identical systems is called an ensemble;
an operator called the spin density operator is used to describe the entire quantum
state of the ensemble.
A brief recap of quantum mechanics (QM) will smooth our transition into density
operator theory. In QM, a state vector, hψ| or |ψi, represents the physical state of
a system. This ‘bra’ and ‘ket’ notation is regularly used and they are related by
complex conjugates:
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hψ| = (|ψi)∗

(2.5)

State vectors can be expressed as a sum of a linear combination, or superposition, of
unit vectors, φi :
|ψi = Σii=1 ci |φi i

(2.6)

where the coefficients ci represent the contribution of each unit vector to the superposition. It can also be specified that the components belong to an orthonormal basis
set:

hφi | φi i = 1

(2.7a)

hφi | φj i = 0

(2.7b)

where hφ | φi represents a scalar product, or a projection of one vector onto another.
More formally the coefficients, ci , are related to the probability that when a measurement is performed on a system, the system will be found in the corresponding state.
This probability can be calculated from multiplying ci with its complex conjugate,
c∗i . Consider a two level system, such as a spin- 21 nucleus with levels φ1 and φ2 ; the
state vector can be expressed as:

|ψi = c1 |φ1 i + c2 |φ2 i

(2.8)

Operators can act on state vectors to give other state vectors (or a linear combination
of different state vectors). In certain cases, however, the result is the original state
vector multiplied by a constant:

Â |ψi = a |ψi

(2.9)

where Â is an operator and a is the constant. In this case, |ψi is referred to as
an eigenfunction of Â, with eigenvalue, a. If the operator corresponds to a physical
observable of a system, such as energy or angular momentum, the mean eigenvalue
observed over several iterations of an experiment is given by the expectation value of
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Â. This expectation value, hÂi, is given by:

hÂi = hψ| Â |ψi

(2.10)

Consider a two level system, such as that used above, the basis vectors |φ1 i and |φ2 i
are eigenfunctions of Â when:

Â |φ1 i = a1 |φ1 i

(2.11a)

Â |φ2 i = a2 |φ2 i

(2.11b)

Â |ψi = a1 c1 |φ1 i + a2 c2 |φ2 i

(2.12)

Therefore using eqn. 2.6

Further using the result above and substituting eqn. 2.8 into eqn. 2.10 for the expectation value hÂi, one finds:
hÂi = hψ| Â |ψi
= (c∗1 hφ1 | + c∗2 hφ2 |)(a1 c1 |φ1 i + a2 c2 |φ2 i)
= a1 c1 c∗1 + a2 c2 c∗2

(2.13)

= a1 |c1 |2 +a2 |c2 |2
Now we have shown that each experiment on this wavefunction |ψi produces the value
a1 or a2 with the probabilities |c1 |2 and |c2 |2 respectively. Note, however, that the
above relies on |φ1 i and |φ2 i being eigenfunctions of Â, and this is generally not the
case, in which case eqn. 2.13 becomes:

hÂi = c∗1 c1 hφ1 | Â |φ1 i + c∗1 c2 hφ1 | Â |φ2 i + c∗2 c1 hφ2 | Â |φ1 i + c∗2 c2 hφ2 | Â |φ2 i

(2.14)

Using the following notation,

Aφ1 φ1 = hφ1 | Â |φ1 i
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(2.15)

eqn. 2.14 can be expressed as:
hÂi = c∗1 c1 Aφ1 φ1 + c∗1 c2 Aφ1 φ2 + c∗2 c1 Aφ2 φ1 + c∗2 c2 Aφ2 φ2

(2.16)

The matrix representation of hÂi is also used, this can be written by initially expressing A, using eqn. 2.15:

A=

A φ1 φ1

A φ1 φ2

A φ2 φ1

A φ2 φ2

!

hφ1 | Â |φ1 i hφ1 | Â |φ2 i

=

!

hφ2 | Â |φ1 i hφ2 | Â |φ2 i

(2.17)

such that hÂi can now be expressed by:



hÂi = c∗1

 A
φ1 φ1
c∗2
A φ2 φ1

A φ1 φ2
A φ2 φ2

!

c1

!

c2

(2.18)

An expression for hÂi has now been obtained which involves the product of three
matrices. This can be re-written to contain only two matrices, and the new matrix is
of significant importance in density operator theory. It is called the density matrix,
and can be expressed as:

ρ=

c1 c∗1 c1 c∗2

!

c2 c∗1 c2 c∗2

(2.19)

So now expressing the expectation value with only two matrices we have:

hÂi = Tr[ρA]

(2.20)

We now have two matrices: A which relates to the experiment or measurement on
the spin system; and the other ρ which relates to the spin system. ρ is the matrix
representation of the density operator, ρ̂, which is formally written as:

ρ̂ = |ψi hψ|

(2.21)

where the overscore denotes an average over the whole system, referred to as an
ensemble average. The result of this is that using the density matrix, ρ, one can find
the expectation value, hÂi.
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2.3

Introduction to Coherence

The density matrix for an isolated I =

1
2

ρ=

spin can more formally be expressed as:
c1 c∗1 c1 c∗2

!

c2 c∗1 c2 c∗2

(2.22)

where the overscore, once again, indicates an average over the system. The off diagonal elements reflect so called coherence between the states, with the diagonal
reflecting the populations. In the case that the constants have uniformly distributed
differing phases φi , with ci =|ci |eiφi , and noting the density matrix is an average over
all |ψis it is found:

ρ=

c2α

0

0

c2β

!
(2.23)

i.e. there is no coherence between the phases. Where there is a non-zero component
off the diagonal in the density matrix, this implies an allowed and active transition between the two connected states. NMR spectroscopists can deliberately induce transfer
between coherences through use of rf pulses of EM radiation on the sample. Quantum
mechanically this is equivalent to acting on the state vector of the spin system with
an operator, which corresponds to the rf pulse, which creates coherence.

2.4

The Liouville-von Neumann Equation

The time-dependent Schrodinger equation (TDSE) describes a system evolving with
time:
∂
|ψ(t)i = −iHˆ |ψ(t)i
∂t

(2.24)

However, to use this to describe the behaviour of an NMR sample would require
applying this equation to each spin within it, which is impractical. The density
operator, however, contains information about the system as a whole and can be
utilised. The time derivative of ρ̂(t) can be written:
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∂
∂
∂
|ρ̂(t)i = (|ψ(t)i) · hψ(t)| + |ψ(t)i · ( hψ(t)|)
∂t
∂t
∂t

(2.25)

Applying the TDSE, and its complex conjugate, to the time derivatives on the right
hand side of the above equation, the below relation is found:
∂
|ρ̂(t)i = −i[Hˆ , ρ̂(t)]
∂t

(2.26)

where [Hˆ , ρ̂(t)] is the commutator of density operator and the Hamiltonian. This
equation is the Liouville-von Neumann (LvN) equation, and the standard solution
can be written:
ˆ

ˆ

ρ̂(t) = e−iH t/h̄ ρ̂(0)eiH t/h̄

(2.27)

where the density operator, at t = 0, is ρ̂(0).
There are numerous NMR simulation programmes available, such as SpinEvolution
and SIMPSON, which solve the density operator at various times, ρ̂(t), after specifying starting conditions, ρ̂(0), and the Hamiltonian, Hˆ . [159, 160] With over 1,300
citations together it is clear that these powerful programs are widely used within the
NMR community.

2.5

Application of Liouville-von Neumann equation

A mathematical expression can be calculated for the FID by applying the LvN equation to an isolated spin- 12 system under a resonance offset. Using the density operator
at time, t = 0, as:

ρ̂(0) = Iˆx =

0

1
2

1
2

0

!
(2.28)

and the Hamiltonian being expressed as:
Hˆ = ΩIˆz

(2.29)

where, Ω = ω 0 − ω rf , is the resonance offset which can be described as the difference
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between the Larmor frequency, the frequency at which the NMR signal oscillates, and
the reference frequency, the frequency of the reference signal. Now with analogy to
eqn. 2.20, to find the expectation value of the signal detected in the coil, the matrix
form of the lowering operator of the spin angular momentum vector, Iˆ− = Iˆx − iIˆy ,
is applied to ρ̂(t); from eqn. 2.27:

†
Iˆ−
ρ̂(t) = Iˆ+ ρ̂(t) =

0 1
0 0

!

0

1 −iΩt
2e

1 +iΩt
2e

0

!
=

1 +iΩt
2e

0

!
0
0

(2.30)

†
so that now, when a trace is taken, s(t) = Tr [Iˆ−
ρ], and a simple substitution made,

it is found that:
1
s(t) = [cos(Ωt) + isin(Ωt)]
2

(2.31)

It can be seen that a FID contains a real and imaginary signal which are 90° out
of phase. This phenomenon is utilised for finding a difference between positive and
negative values of the resonance offset, a process called quadrature detection, which
will be expanded upon in § 4.3.1. In this chapter, the Hamiltonian describing the
energy of the system has been represented simply by Hˆ , in the next chapter this will
be expanded on and all the contributing factors to Hˆ in an NMR experiment will be
discussed.
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3
H AMILTONIANS

This chapter contains details of the Hamiltonians of interest involved in an NMR
experiment. The internal spin Hamiltonians describe the interactions between a spin
and the environment around it, such that analysis of these provides a detailed description of the local physical and chemical landscape. Alongside the discussion of internal
spin interactions, and the impact of these on NMR spectra, an important and relevant discussion of frame rotations involved in understanding these NMR interactions
is presented. The impact of MAS on the spin interactions is also discussed.

3.1

Basics of an NMR Experiment

A brief overview of the basics of an NMR experiment will allow a smooth transition
from the mainly theoretical approach of § 2 into this chapter, which begins to apply
the theory to the practical application of the technique. NMR relies on the decaying
precession around the static external magnetic field of the bulk magnetisation of a
sample creating a Free Induction Decay (FID) in a coil wrapped around the vessel
in which the sample is located. This FID, often referred to as the signal, contains
information on the sample based on the atomic level environment of and interactions
between spins within the sample.
Before performing ssNMR experiments, samples are packed into rotors

1

and placed

into probes which enable rf irradiation to be applied onto the sample and the FID to
be detected. The probes are then placed into a spectrometer, which is the piece of
hardware housing the magnet which creates the large static external field. Once the
1

Rotors are available in varying outer diameters, experiments in this thesis use 0.8 - 2.5 mm rotors
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sample is placed within this field, the spins will begin to precess around this magnetic
field (by convention named the z-axis), and a bulk magnetisation is created parallel to
the field. This precession frequency around the z-axis is called the Larmor frequency;
spectrometers are classed based on the Larmor frequency of 1 H, with larger magnetic
fields generating higher Larmor frequencies. If rf irradiation is applied perpendicular
to the external field (along e.g. the x-axis) and is oscillating at the Larmor frequency
(‘on resonance’), the bulk magnetisation vector will begin to precess anti-clockwise
around the axis along which the irradiation is being applied. The frequency of this
precession is called the nutation frequency, ω1 = γB1 .
In a ‘one pulse’ experiment, a 90° pulse is applied such that the bulk magnetisation
vector lies in the xy plane, i.e. an on resonance rf pulse is applied for a period of
time suited to the nutation frequency, such that the bulk magnetisation vector is
rotated through 90°. When left to evolve (a period of time when no rf irradiation is
applied), this magnetisation will precess at the Larmor frequency. In addition, it will
slowly dephase (as different spins will be in slightly different magnetic environments
and therefore have slightly different Larmor frequencies), whereby the bulk magnetisation in the xy plane spreads out (this term is called transverse relaxation, and an
important property in ssNMR is the transverse relaxation rate T 2 [161]) and the magnetisation will eventually return to thermal equilibrium along the z-axis (referred to
as longitudinal relaxation, with T 1 as the longitudinal relaxation rate). As the magnetisation spirals back to the z-axis, precessing at the Larmor frequency, a signal
will be generated in a nearby coil through induction, and this signal is recorded and
analysed. For more on the hardware used in NMR experiments, and for an indepth
explanation of signal acquisition see [156].

3.2

Interactions in an NMR Experiment

The full Hamiltonian for the energy of spins in ssNMR experiments can be written:
Hˆ = Hˆ ext + Hˆ int

(3.1)

where Hˆ ext depends on the external factors, the static field and the rf field, and
Hˆ int depends on various internal factors of differing magnitudes of influence which
will be discussed in detail later; in NMR experiments, Hˆ ext is by far the greater
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factor.
The form of the Hamiltonian, in a general frame, for an interaction in Cartesian form
is given by:
HˆΛ = IˆÃŜ

(3.2)

where Ã is a second rank tensor specific for each individual interaction, Λ: chemical
shift (CS); dipolar (D); J coupling (J); and, where appropriate, quadrupolar (Q).
This can be expressed in spherical tensors as:

HˆΛ =

2
X
j=0

CjΛ

+j
X

(−1)m AΛ
j,m T̂j,−m

(3.3)

m=−j

where AΛ
jm corresponds to the spatial component of interaction Λ with rank j (e.g. if
second rank then j = 2) and order m (where m = j, j −1,..., −j ), and T̂j−m corresponds
to the spin component of the Hamiltonian. CjΛ , here, represents a constant which
varies for each interaction.

3.3

Frames and Rotations

There is an axes convention, which is of use for simplifying later Hamiltonian expressions, which will now be discussed. The principal axis system (PAS) of a Hamiltonian
is one in which only the diagonal elements of the interaction tensor Ã are non zero.
The axes of this system often draw a parallel with local molecular structural features.
To visualize this, consider a carboxylate group, the z-axis will often be perpendicular
to the COO− plane and the x- and y-axes are often approximately in the COO−
plane. However, in a powdered sample, not all the COO− groups will be aligned and
so the PAS frame for each nuclear site can be different; moreover, the PAS frame
for each interaction involved in an NMR experiment can be different. A general
transformation, taking each interaction from its PAS frame to a ‘lab frame’ where
the signal is measured, is therefore required. By convention, the lab frame to which
all interactions are mapped onto is the frame whereby the z-axis is parallel to the
B 0 field; this is due to the Zeeman interaction, the strongest interaction in a NMR
experiment, acting in this frame.
Spherical tensors, see eqn. 3.3, are often used, as the rank of a spherical tensor remains
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the same under rotation. Remember in the PAS frame of an interaction that only
the diagonal components of Ã are non zero. In the PAS frame, eqn. 3.3 can then be
written:
HˆΛP AS = AP00 T̂00 + AP20 T̂20 + AP22 T̂2−2 + AP2−2 T̂22

(3.4)

where AP00 is the zero, zero matrix component of the interaction tensor Ã in the PAS
frame of the interaction, Λ.
The angles used to describe a rotation from one frame of reference to another are
called Euler angles, α, β and γ. The operator for a rotation about these angles,
conventionally α around the z-axis, β around the new y-axis and finally γ around the
new z-axis, see Fig. 3.1, can be written:

R̂(α, β, γ) = R̂z (γ)R̂y (β)R̂z (α)

(3.5)

where R̂z (α) is a rotation about the z-axis by an angle α. This is the first rotation
of the above set to be applied and can be expressed:
ˆ

R̂z (α) = e(−iαIz )

(3.6)

As the spin tensor is constant under rotation, only an application of a rotation matrix
on the spatial tensor is required to transform between frames; this rotation matrix,
known as a Wigner D-matrix, can be written:
j
Dkl
(α, β, γ) = e−ikα djkl (β)e−ilγ

(3.7)

where djkl (β) is a reduced Wigner rotation matrix, taking standard values e.g. see
[162, 163]. The full transformation for a j th -rank tensor can now be written:

Aend
jm =

+j
X

j
start
Dm
0 m (α, β, γ)Ajm0

(3.8)

m0 =−j
end
2
where Astart
jm0 is the initial frame and Ajm is the frame after transformation. Note
2

This is a generalised case. An example would be treating the ‘start’ frame as the principal axis
system and the ‘end’ frame as the laboratory frame, using Euler angles αP L , βP L and γP L .

31

Figure 3.1: Illustration of the use of Euler angles, α, β and γ to describe a rotation
between two reference frames.
that the rank has not changed, as expected, but the order has been changed upon
rotation. Now an expression for the full Hamiltonian in the lab frame (L) for a static
sample can be written:

Hˆ L =

+j
2
X
X

j
(−1)m APjm0 Dm
0 m (αP L , βP L , γP L )T̂j−m

(3.9)

j=0 m=−j

A quick look at the reduced Wigner rotation matrix from eqn. 3.7 will be informative
at this stage. These matrices can be looked up in a table, such as Appendix A, and
it can be seen that there is a relation from these to Legendre polynomials when m =
m0 = 0 which is often the case in NMR:
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Figure 3.2: A graphic displaying MAS of a rotor. The material inside the rotor
is rotated rapidly around the angle βRL , ' 54.74°, to the static magnetic field. The
angle αRL is perpendicular to βRL and is time dependent upon the spinning frequency,
which nowadays can achieve upwards of 100 kHz. The angles here are the angles
required to go from the rotor frame to the lab frame.

dj00 (β) = Pj (cos β)

(3.10)

β here is of great significance in solid-state NMR. It plays a role in the transformation
of frames, whether the principal axis system or rotor frame (to be discussed later),
into the laboratory frame (earlier assigned as the frame where the z-axis is considered
that along which the B 0 magnetic field and hence the dominant Zeeman Hamiltonian
act) as it describes the angle between those frames and this z-axis. The first Legendre
polynomial is P0 (cosθ) = 1, which has a significance which will be discussed later. The
j = 2 Legendre polynomial, which is of immediate relevance, can be written:
1
P2 (cos θ) = (3 cos2 θ − 1)
2
Such that the substitution of θ = arccos

q

1
3

(3.11)

' 54.74° results in

P2 (cos 54.74) ' 0

(3.12)

This particular angle is called the magic angle, the angle at which rotors are spun
so as to average out undesirable anisotropic effects, which will be described in detail
later, see Fig. 3.2.
A useful frame for describing NMR experiments is called the rotating frame. In the
rotating frame, the xy plane rotates at the rf frequency, ω rf . The transformation (PAS
33

frame to lab frame), described above, occurs in the rotating frame, and the impact
of this, called the secular approximation, will now be discussed. The secular, or high
field, approximation, is where solely spin terms, T̂jm , that commute with the Zeeman
interaction, Iˆz , are preserved; resulting in only terms, AL , being considered in the
j0

lab frame. In this method, it is possible to visualise the spin interaction Hamiltonians
as perturbations to the dominant Zeeman Hamiltonian and only consider first-order
perturbations. This approximation will be used regularly in the following section on
the internal Hamiltonians of a spin system.
To elaborate on the mathematical explanation of the MAS technique, a third frame,
the rotor frame must first be introduced. Two transformations are now required, one
from the PAS frame into the rotor frame, the frame in which the sample is spinning,
and another from the rotor into the lab frame, see Fig. 3.3. The set of time-dependent
Euler angles, see Fig. 3.2, used in the transformation from the rotor to the lab frame,
ΩRL (t), can be expressed:

ΩRL (t) = (αRL (t), βRL , γRL ) = (−ωr t, θm , 0)

(3.13)

where, physically, αRL can be seen from Fig. 3.2 to be dependent on the spinning
frequency and βRL is the angle between the rotor frame and the large external magnetic field (the z-axis of the lab frame). Now using the time-dependent angle αRL
and the time-dependent part of eqn. 3.7

3

an average over a rotor period is found by

integrating:
1
tr

Z

2π/ωr

(
e(imωr t) dt =

0

2π
ωr tr
cos(m2π)+isin(m2π)−1
imωr tr

=1 m=0
= 0 m = ±1, ±2, ...

(3.14)

with the rotor period expressed as tr = 2π/ω r . Clearly in eqn. 3.7, under MAS, when
one of the indices m is zero, the time-dependent part equates to unity after one full
rotor period. Similarly when m = ±1, 2, ... the time-dependent part disappears after
exactly one rotor period. By splitting interactions into components that are perpendicular and parallel to the rotor’s long axis, it can be visualised why MAS averages
out those that are perpendicular to the rotor over each full rotor period.
Eqn. 3.8 is the definition of a single frame transformation, such that a double frame
rotation using two sets of Euler angles, as is now required to go through the PAS3

replacing the notation k with m
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Figure 3.3: Illustration of the two frame rotations to go from the principal axis system
to the lab frame via the rotor frame using the combined Euler angles ΩPR and ΩRL .
rotor-lab frames, can be written:

R(Alab
jn )

=

+j
+j
X
X

j
P AS
j
Dnm
(αRL , βRL , γRL )Dmm
0 (αP R , βP R , γP R )Ajm0

(3.15)

m=−j m0 =−j

This can be re-written, using the limits found in eqn. 3.14 and the D-matrix expressions for a second-rank (j = 2) tensor:

2
2
2
Dm
0 n (ΩP L ) = D0n (ΩRL )Dm0 0 (ΩP R ).

(3.16)

Previously there would have been a sum from m = −2 to +2, however those five
terms have been reduced to one through eqn. 3.14. Comparing this expression to
eqn. 3.15 the remaining term can be seen as representing Alab 2n , however under the
secular approximation only the diagonal terms of the matrix are nonzero, i.e. only
Alab 2n = Alab 20 , such that eqn. 3.16 now becomes:
2
2
2
Dm
0 0 (ΩP L ) = D00 (ΩRL )Dm0 0 (ΩP R )
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(3.17)

such that now only one angle describes the transformation of the surviving parallel
components from rotor frame to the lab frame, and it is contained within ΩRL . The
angular dependence of the d200 term was revealed earlier in eqns. 3.10 and 3.11 as
the dependence found in the second-order Legendre polynomial. As followed, the
insertion of θ ' 54.74° reduced the polynomial and, therefore, also the above term
to zero. It has now been shown that MAS can average some second-rank (j = 0)
interactions to zero after a full rotor period, which is of great use in NMR so as
to average out e.g. the heteronuclear dipolar coupling which can cause unwanted
linebroadening in spectra.
A discussion of the internal interactions of an ensemble of spins is offered in the following section, and provides a detailed analysis of each interaction and the manipulation
of these for extracting information from samples in ssNMR experiments.

3.4

Internal Hamiltonians

The internal Hamiltonian can be expressed as a sum of the contributing factors, which
will be discussed in further detail below:
(1)
(2)
Hˆint = HˆCS + HˆD + HˆJ + HˆP + HˆK + HˆQ + HˆQ

In biological NMR the most common nuclei investigated are 1 H,

13 C

(3.18)
and

15 N,

all of

spin- 21

which are
nuclei; this being the case only the first three terms are significant.
ˆ
HP only contributes in paramagnetic materials and so requires no further discussion
in this report. HˆK , the Knight shift, only contributes in metals and so will also
(1)
(2)
be disregarded. HˆQ and HˆQ are quadrupolar terms and so are only relevant for
spin > 1 nuclei. HˆCS and HˆD are the Hamiltonians for the chemical shift and dipolar
2

coupling which will be discussed in more detail below. HˆJ represents the Hamiltonian
for the J coupling which, along with the dipolar coupling, is the second type of nuclear
coupling. The two are different in their mechanisms, electron mediated through-bond
interaction for J coupling and a through-space interaction for dipolar coupling. The
J coupling is too small to detect in the experiments shown in this work and so will
not be discussed further.
Electrons surrounding a nucleus can have a current induced in them by an applied
magnetic field. This circulating current in turn generates an additional magnetic field,
with the result that in NMR experiments the magnetic field in certain locations can
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slightly vary from that of the large, static, applied field, B 0 . For example, the Cα and
Cγ of a leucine molecule will experience slightly different magnetic fields although the
induced field is typically only 10-4 of the external field B 0 . This may seem small but
is large enough to produce measurable differences in the spin precession frequencies:
this effect is called the chemical shift. The Hamiltonian of this interaction can be
written:
ˆ 0
HˆCS = γI.δB

(3.19)

where δ is the second rank chemical shift tensor, which in its PAS frame (discussed
above), can be diagonalised and therefore gives an isotropic contribution which can
be written as the mean of the ‘principal values’ of the chemical shift tensor for site
j:
1
δjiso = (δjxx + δjyy + δjzz )
3

(3.20)

Bjinduced = δjxx B0

(3.21a)

Bjinduced = δjyy B0

(3.21b)

Bjinduced

(3.21c)

where

= δjzz B0

are relevant when B 0 is along the x principal axis (a), along the y principal axis
(b), or the z principal axis (c). The isotropic chemical shift, δj iso , determines the
positions of peaks in isotropic liquids when the three principal values are equal. When
the values are not equal there is an anisotropic contribution; defined as the largest
deviation from the isotropic value:
δjaniso = δjzz − δjiso

(3.22)

known as the Chemical Shift Anisotropy (CSA). The difference between the other
two principal values is regularly denoted by ηj , which is known by many names, Spin
Dynamics uses biaxiality, whereas other sources use asymmetry: [156, 164]
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ηj =

δjyy − δjxx
δjaniso

(3.23)

Evidently if δj yy = δj xx then the asymmetry is equal to zero; the chemical shift tensor
is then said to be axially symmetric.
The CSA depends on the orientation of the spins under consideration. In ssNMR,
MAS can average out the CSA due to a (3 cos2 θ −1) dependence which has been
discussed earlier, Fig. 3.4 illustrates how slowly increasing the MAS frequency can
simplify a spectrum by removing a greater proportion of the sidebands due to the
CSA.
From eqn. 3.19, it is clear that the induced magnetic field is directly proportional to
B 0 , however as the shift is taken with respect to the Larmor frequency of a reference
compound tailored to the observed nuclei, ω 0 ref , there is a relation which is a B 0
independent measure of the chemical shielding, σ 4 :

δppm =

(1 − σ CS ) − (1 − σ ref )
ω0CS − ω0ref
6
× 106
×
10
=
1 − σ ref
ω0ref

(3.24)

where δppm is the isotropic chemical shift in parts per million (ppm). The isotropic
chemical shift is a very small number and so is expressed in ppm; it is a direct
measure of the electronic environment of the structure under investigation. That a
B 0 independent value can be obtained is crucial for being able to perform experiments
at different field strengths and use and compare all the data obtained.

3.4.1

Chemical Shielding under MAS

The chemical shielding tensor, σ, is usually anisotropic and as such varies throughout
a powdered sample as the different molecules within the sample are randomly oriented.
Its value is dependent on the direction of its orientation with respect to the large static
magnetic field. MAS, rotating a sample at ∼54.74° (the diagonal through a cube) to
this static field, ensures any CSA vectors aligned with the z-axis then pass through
both the x- and y-axes thereby averaging its contribution to the total CSA. The same
process occurs to all orientations such that the CSA is no longer randomly distributed
throughout the sample but reduced to an average value which applies equally to all
4

Chemical shielding, σ, due to the effect of e.g. nearby electrons, is responsible for the effective
field experienced by a nucleus
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Figure 3.4: 1D 13 C spectra taken on a C0 labelled powder sample of alanine at a 1 H
Larmor frequency of 600 MHz. The impact of decoupling and MAS on improving
resolution is clear. A powder-like pattern can be seen for 2.5 kHz MAS frequency
for the experimental setup with decoupling, this is due to the decoupling removing
dipolar-coupling but not CSA, which is removed by increasing MAS frequencies. The
combination of both techniques results in well resolved spectra. Data obtained by
the author.
spins. The theory of this was discussed in § 3.3, and the magic angle is represented
as βRL in Fig. 3.3, the only angle describing the transformation of the surviving
parallel components from the rotor frame to the lab frame. Slow spinning, as shown
in Fig. 3.4, partially alleviates the CSA resulting in the presence of spinning sidebands
in spectra with intensities based on the powder pattern as shown in Fig. 3.5, whereas
rapid spinning removes this effect and significantly distances the sidebands from the
main peak, resulting in the observation of distinct sites.

3.4.2

Dipolar Coupling

Direct dipole-dipole coupling between spins is the influence of one spin on the other
acting through space. Each nuclear spin is magnetic thereby generating a magnetic
field at the position of another spin; altering the total magnetic field experienced by
the second spin. The full Hamiltonian form of the direct dipole-dipole interaction,
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between spins Ij and Ik , is written:
HˆDjk = bjk (3(Îj · ejk )(Îk · ejk ) − Îj · Îk )

(3.25)

where ejk is a unit vector parallel to the line joining the centres of the two nuclei and
bjk is the dipole-dipole coupling constant (in units of rad/s):

bjk = −

µ0 γj γk h̄
3
4π rjk

(3.26)

where γj and γk represent the gyromagnetic ratios of spins j and k respectively, and
rjk is the distance between spins j and k. bjk is a constant and so is not dependent on
molecular orientation whereas Hˆ jk in eqn. 3.25 is orientation dependent, since the
D

vector ejk changes direction as the molecule rotates. Eqn. 3.26 contains a negative
sign since the coupling energy is minimised between two spins when both are pointing
in the same direction along the internuclear vector; an analogous system is two bar
magnets arranged in a line, head to tail. When one rotates, the other will move so
as to minimise the energy of the system as a whole. Since the direct dipole-dipole
coupling only depends on known physical constants and the reciprocal of the cubed
internuclear distance, it is extremely useful for molecular structural studies. If an
estimate for the coupling between two spins can be obtained, a value for the distance
between them can also be obtained; repeat this for many pairs and an overall structure
of the sample can be built.
Eqn. 3.25 can now be fully expressed as:
µ 
0
HˆDjk = −
γI γS h̄
4π

(Îj · rjk )(Îk · rjk )
Îj · Îk
−3
3
5
rjk
rjk

!
(3.27)

where rjk is the vector equivalent of ejk . This can now be re-written, after having
made the PAS to lab frame transformation as in § 3.3, in terms of Abragam’s ‘dipolar
alphabet’, see [165]:
 µ  γ γ h̄
0
I S
HˆDjk = −
[A + B + C + D + E + F ]
3
4π
rjk
whereby:
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(3.28)

A = Îjz Îkz (3cos2 θ − 1)
1
B = − (Îjx Îkx + Îjy Îky )(3cos2 θ − 1)
2
3
C = − [Îjz Îk+ + Îj+ Îkz ]sinθ cosθ e−iφ
2
3
D = − [Îjz Îk− + Îj− Îkz ]sinθ cosθ e+iφ
2
3
E = − [Îj+ Îk+ ]sin2 θ e−2iφ
4
3
F = − [Îj− Îk− ]sin2 θ e+2iφ
4

(3.29a)
(3.29b)
(3.29c)
(3.29d)
(3.29e)
(3.29f)

The Zeeman interaction is significantly larger than typical dipolar coupling values
(∼500 MHz cf. ∼50 kHz) so the high field approximation can still be used, first
established on p. 34, such that the full dipole-dipole coupling becomes approximately
equal to the secular dipole-dipole coupling. Under this regime only terms that commute with the Zeeman interaction remain, i.e. A and B. Moreover, whether or not
term B remains depends on whether spins Ij and Ik are of the same isotropic species
or not. This is because term B is only relevant when ωj ≈ ωk , which is not the case
in e.g.

1 H-13 C.

In the homonuclear case, the secular part of the dipole-dipole spin

Hamiltonian is given by:

 µ  γ γ h̄
i
h
1
0
I S
2
HˆDhomo (θjk ) = −
(
Î
Î
+
Î
Î
)
(3cos
θ
−
1)
Î
Î
−
jx
jy
jz
kx
ky
kz
3
4π
2
rjk

(3.30)

whereas in the heteronuclear case, thereby losing term B, the Hamiltonian can be
written: [166]
 µ  γ γ h̄
0
I S
(3cos2 θ − 1)Îjz Îkz
HˆDhetero (θjk ) = −
3
4π
rjk

(3.31)

The B term which is lost going from the homonuclear to the heteronuclear case is also
known as the flip-flop term, which represents the exchange of magnetisation between
two spins where, as one spin is raised, the other is lowered.
The orientation dependence found above results in a characteristic lineshape for a
powder sample encompassing all possible orientations of a spin- 12 nuclei. In a 1948
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investigation of the proton resonance lineshape on hydrated gypsum (CaSO4 .2H2 O)
samples, with the externally applied magnetic field being applied in various directions,
Pake, at the time a graduate student at Harvard, calculated the superposition of the
resulting lineshapes and produced his famous doublet. [15] The Pake doublet is the
lineshape produced by the dipole-dipole interaction of a powder sample of a pair of
spin- 21 nuclei, and is composed of two subspectra which result from the α and β
spin states of the coupled nuclei, see Fig. 3.5. Note the locations, in the spectra,
of θ = 0 and 90°, the intensities of these peaks result from a sin θ weighting of the
spectrum. At a certain value of θ, the line position of both the α and β states must
be coincident. As has probably become already apparent, this value is ≈ 54.74°, the
magic angle.

3.4.3

Dipolar Coupling under MAS

MAS can remove unwanted dipolar coupling

5

alongside 2nd rank tensor interactions

including CSA, as shown earlier, and any weak quadrupolar interaction e.g.

2 H,

through the angular dependence of eqn. 3.30. In this instance, a transformation is
required from the PAS frame into the rotor frame, the frame in which the sample
is spinning, and then a further transformation into the lab frame, see Fig. 3.3 and
eqns. 3.15-3.17. The Hamiltonian including this can be written:
1
3
HˆDjk (θjk ) = bjk ( (3cos2 βP R − 1)(3cos2 βRL − 1) − sin2βP R sin2βRL cos(γP R − ωr t)
4
4
3 2
2
+ sin βP R sin βRL cos(2γP R − 2ωr t))(3Îjz Îkz − Îj · Îk )
4
(3.32)
However when βRL = 54.74°, the 3 cos2 βRL − 1 term equals zero, and the rest of the
equation can be re-written:

1
HˆDjk (θjk ) = bjk (− √ sin2βP R cos(γP R − ωr t)
(3.33)
2
1
+ sin2 βP R cos(2γP R − 2ωr t))(3Îjz Îkz − Îj · Îk )
2
5

More precisely, MAS removes all heteronuclear dipolar coupling, as for a homonuclear coupled
system of three 1 H nuclei which are non linear, MAS is unable to fully remove the dipolar coupling,
[167]
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Figure 3.5: Illustration of the Pake doublet and its cause. A) shows the two subspectra (one black and one grey) which result from the α and β spin states of the coupled
nuclei, the different frequencies within one spectra arise from the (3cos2 θ − 1) orientation dependence and that a powder sample will encompass all possible orientations.
B) shows the Pake doublet formed from the combination of the two subspectra in A).
The Pake doublet shown is for a pair of homonuclear spins. C) and D) illustrate the
sin θ dependency of the intensities of the peaks; for θ = 0° there is only one possible
orientation of the dipolar vector, whereas for θ = 90° there are many.
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Using eqn. 3.13, the integral over a full rotor period is zero. In this manner dipolar
coupling, a second-rank interaction, can be averaged to zero over a full rotor period,
see Figs. 3.4 and 3.6 for an illustration of increasing MAS frequency providing more
resolved spectra.
As the dipole-dipole interaction contains useful information regarding distance between like nuclei but can be removed due to averaging of the Hamiltonian under the
effect of high frequency MAS, spectroscopists use homonuclear recoupling, see § 5, to
reintroduce this effect and therefore make this information available. [168]
In certain circumstances a spectroscopist may wish to fully remove homonuclear
dipole-dipole interaction, as MAS alone may not achieve this, see Fig. 3.6,6 so one
can use homonuclear decoupling, sequences, such as WAHUHA and MREV8, exist
to achieve this. Homonuclear decoupling will also be expanded upon in § 5.

3.4.4

Paramagnetic Relaxation Enhancement

A paramagnetic ion, such as copper, will contribute free electrons to the sample and
these will affect the magnetic moment of the local environment in which they are
situated. Electrons are spin half and therefore can align parallel or antiparallel to the
field, B 0 . The chemical potential of electrons aligned with the field is decreased by
µB B 0 and those antiparallel to the field are increased by the same amount; µB is the
Bohr magneton.
Free electrons increase the shielding of spins within the local environment and the
crucial result, for an NMR spectroscopist, is that the relaxation times of these spins
are drastically shortened. Therefore, when NMR experiments are conducted with
typical relaxation times the spins that are within the proximity of the ion will relax
quickly and so the signals from these spins will be lost. These signals are said to be
‘quenched’. It is therefore possible to determine the binding sites of paramagnetic
ions by isolating these lost resonances.
Such a paramagnetic effect is displayed by the sample examined in § 7.

6
The difference in eqns. 3.30 and 3.31, the B term in eqn. 3.29b, is the reason for the difficulty in
fully removing homonuclear when compared to the heteronuclear case
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Figure 3.6: 1D 1 H and 13 C spectra taken at varying MAS frequencies on C0 labelled
alanine at a 1 H Larmor frequency of 600 MHz. The improvement of higher MAS
frequencies on the 13 C linewidths is much less than the improvement of the 1 H spectra,
which are, at 10 kHz MAS, very poor and, at 40 kHz MAS, are fairly well resolved.
Data taken by the author.
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4
M ULTIDIMENSIONAL NMR FOR B IOLOGICAL S TUDIES

This chapter contains details of 1D, 2D and 3D NMR experiments, which are crucial
for investigating peptides and proteins. Phase cycling, which is required to selectively
excite desired coherences, is also discussed. Techniques for sign discrimination in 2D
experiments are given a thorough explanation and are compared. The importance of
3D ssNMR experiments in the investigation of biological samples with many isotopic
labels is explained, and the method for processing 3D experiments is elucidated.

4.1

Multidimensional NMR: Benefits and Drawbacks

Biological NMR focuses on the elucidation of structure and dynamics for important
biomolecules, notably proteins for which the main constituent elements are H, C,
N and O. To this end, several pulse sequences have been created for the transfer of
magnetisation from 1 H to other nuclei, usually 13 C and 15 N. [169] In Aβ1-40 , there are
many carbon nuclei, and in a uniformly labelled

13 C

sample there would be far too

many resonances for successful assignment from a simple 1D experiment. Therefore
there is a need to use sequences which can separate these resonances, i.e. through
the use of multidimensional spectra, such that assignments can be made. The first
step towards this goal is the use of 2D experiments. These experiments contain an
additional FID acquisition section over 1D experiments, the time period over which
this occurs is usually referred to as t1 , see Fig. 4.1. 2D experiments are suitable
for assignment of biomacromolecules, despite the spectral sensitivity in a 2D experiment typically being three to five times lower than 1D, because polarization transfer
efficiencies are typically 30-60%, and another factor of two is lost as a result of hypercomplex sampling of the indirect chemical shift dimension. [169] Once chemical
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Figure 4.1: An illustration of the most basic pulse sequences required to obtain
multidimensional data. The black rectangles are 90° pulses on an unspecified nucleus,
each with their own phase, φ. tx refers to a period of acquisition for dimension
F x and τm refers to a mixing time, whereby nuclei are allowed to communicate
with one another and therefore exchange magnetisation. The preparation period can
include anything required before the acquisition begins e.g. cross polarisation from
an abundant spin to a dilute one. A), B) and C) show 1D, 2D and 3D experiments
respectively.
shift values have been obtained from 2D experiments, they can be used in empirical
databases such as TALOS, which allow semi-quantitative secondary structure determination. [170] Finally and crucially, to ascertain the global fold of a protein, several
long range internuclear distances are required; such information can be obtained using
spectra obtained from the use of intelligent pulse sequences, for more on the sequences
used in this study see § 5.
Fig. 4.1 illustrates the basic pulse sequences required for multidimensional experiments. The sequences shown are only for an illustrative purpose, and are exacted on
one nuclear species whereas pulse sequences that will be shown later are often applied
to two or more nuclear species. In the preparation period, denoted by the grey block,
it is usual in ssNMR to prepare magnetisation on 1 H then transfer this to the nucleus
under investigation via a technique called CP, see § 5, although this is not always the
case.
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4.2

1D Spectroscopy

Before discussing 2D NMR experiments, a brief segue into 1D experiments will provide
a solid understanding of certain experimental NMR aspects which can quickly become
complicated in 2D. A complex time-domain NMR signal s(t) recorded with quadrature
detection, derived previously for a simplistic case without relaxation in eqn. 2.31, can
be written:

s(t) = e

iΩt −t/T2

e

h
i
= cos(Ωt) + isin(Ωt) e−t/T2 = eiΩt .e−t/T2

(4.1)

and this expression can be Fourier transformed to provide a NMR frequency signal
from the NMR time-domain signal of the above equation, such that:
Z

+∞

S(ω) =

s(t)e−iωt dt

(4.2)

0

The signal from a 1D experiment can be further defined by the real (absorptive) and
imaginary (dispersive) parts:

S(ω)Re = A(Ω) = 
S(ω)Im = D(Ω) = 

( T12 )
1
T2

2

(4.3a)

+ (ω − Ω)2

(ω − Ω)
2
1
+ (ω − Ω)2
T2

(4.3b)

As a 1D spectrum has two components of the produced signal, real or imaginary, as
shown in Fig. 4.2, when discussing 2D spectra there are, therefore, four combinations
of signal possible. So that the best resolution is achieved, the lineshapes in both the
F 1 and F 2 dimensions are absorptive is most desirable.
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Figure 4.2: Illustration of lineshapes for a 1D NMR experiment. A) shows a real
absorptive and B) an imaginary dispersive lineshape.

4.3

2D Spectroscopy

4.3.1

Phase and Amplitude Modulation

During the characteristic t1 period of a 2D experiment, see Fig. 4.1, the signal
s(t1 ,t2 ) can be modulated by two different properties: phase and amplitude. Fig.
4.3 shows the coherence transfer pathways for a phase (top) and amplitude (bottom)
modulated, with respect to t1 , simple experiment. The phase modulation only allows
passage of one of the two pathways, whereas the amplitude modulation allows passage
of both.
The time-domain signal produced from the amplitude modulated experiment illustrated in Fig. 4.3 is of the form: [171]

s(t1 , t2 ) = {e−iΩt1 + e+iΩt1 }e

−

= 2cos(Ωt1 )e

t1
(1)
T2


−

t1
(1)
T2





e(+iΩt2 ) e





e(+iΩt2 ) e

−

t2
(2)
T2



−

t2
(2)
T2



(4.4)

where T 2 (1) and T 2 (2) are the transverse relaxation rates during the evolution periods
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Figure 4.3: Simple 2D experiment pulse sequence to illustrate coherence transfer pathways: A) the pulse sequence; B) coherence transfer pathway for t1 phase-modulated
signal; and C) coherence transfer pathway for t1 amplitude-modulated signal.
t1 and t2 , as mentioned previously. When Fourier transformed over t2 the signal can
be written:

−

S(t1 , ω2 ) = 2cos(Ωt1 )e

t1
(1)
T2


+
(A+
2 − iD2 )

(4.5)

±
where A±
n and Dn correspond to the absorptive and dispersive lineshapes centred at

the frequency ±Ω in the F n dimension. Separating the real and imaginary parts of
eqn. 4.5 before performing the complex Fourier transforming in the F 1 dimension,
so as to obtain pure absorption-mode lineshapes is known as a hypercomplex twodimensional Fourier transform, and is shown below. Removing the imaginary part of
eqn. 4.5:


−

S(t1 , ω2 ) = 2cos(Ωt1 )e

t1
(1)
T2



(A+
2)


= {e

−iΩt1

+iΩt1

+e
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−

}e

t1
(1)
T2

(4.6)


(A+
2)

(4.7)

now performing the Fourier transformation over t1 :

−
+
+
+
S(ω1 , ω2 )Re = [(A−
1 − iD1 ) + (A1 − iD1 )](A2 )

(4.8)

+
+ +
− +
+ +
= A−
1 A2 + A1 A2 − i[D1 A2 + D1 A2 ]

(4.9)

Then repeating, but discarding the real portion of eqn 4.5, ultimately leads to:
+
− +
+ +
− +
S(ω1 , ω2 )Im = A+
1 D2 + A1 D2 − i[D1 D2 + D1 D2 ]

(4.10)

However from the last two equations it can be seen that there is no sign discrimination in ω 1 due to the mixture of positive and negative A and D terms; determining
if the resonance offset is positive or negative is not possible. There are several techniques, however, which achieve sign discrimination; two examples are ‘States’ and
‘TPPI’.

4.3.2

States-Haberkorn-Ruben Method: States

The States method relies on acquiring two FIDs which are 90° out of phase with one
another for every t1 value, such that there then exists a cosine or a sine modulation with respect to t1 . [172] The form of the cosine modulated signal is from eqn.
4.4:

−

scos (t1 , t2 ) = {e−iΩt1 + e+iΩt1 }e

−

= 2cos(Ωt1 )e

t1
(1)
T2

t1
(1)
T2





e(+iΩt2 ) e





e(+iΩt2 ) e

−

t2
(2)
T2

−

t2
(2)
T2



(4.11)



and the sine modulated signal takes the form:


ssin (t1 , t2 ) = {e+iΩt1 − e−iΩt1 }e

−

= 2isin(Ωt1 )e

t1
(1)
T2

−

t1
(1)
T2





e(+iΩt2 ) e





e(+iΩt2 ) e

−

t2
(2)
T2



−

t2
(2)
T2



(4.12)

Now apply a Fourier transform in F2 (FT2 ) to the cosine modulated equation above:
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−

Scos (t1 , ω2 ) = 2cos(Ωt1 )e

t1
(1)
T2


+
(A+
2 − iD2 )

(4.13)

and now taking just the real part:

Re
Scos
(t1 , ω2 ) = 2cos(Ωt1 )e


−

t1
(1)
T2



(A+
2)

(4.14)

and now take the sine modulated equation and performed FT2 :

−

Ssin (t1 , ω2 ) = 2isin(Ωt1 )e

t1
(1)
T2


+
(A+
2 − iD2 )

(4.15)

and taking the imaginary component:

Im
Ssin
(t1 , ω2 ) = 2sin(Ωt1 )e

−

t1
(1)
T2



(A+
2)

(4.16)

Such that summing eqns. 4.14 and 4.16:

Re
Im
Scos
(t1 , ω2 ) + i Ssin
(t1 , ω2 ) = 2(cos(Ωt1 ) + isin(Ωt1 ))e


= 2e(+iΩt1 ) e

−

t1
(1)
T2

−

t1
(1)
T2



(A+
2)



(4.17)

(A+
2)

Such that when FT1 is performed, we find:
+ +
+ +
+
+
S(ω1 , ω2 ) = 2(A+
1 − iD1 )(A2 ) = 2(A1 A2 − iD1 A2 )

(4.18)

+
such that sign discrimination has been achieved and the real part, 2A+
1 A2 is purely

absorptive.

4.3.3

Time-Proportional Phase Incrementation Method: TPPI

TPPI was first used in 1983 in a seminal paper using the COSY sequence for finding 1 H-1 H couplings in proteins, [173] it was based on Redfield’s work on obtaining
quadrature detection from 1975, see [174]. The basic idea of TPPI is similar to States,
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Table 4.1: Comparison of the t1 increments and pulse phases used in the States and
TPPI methods for quadrature detection.
A TPPI Experiment
Row
t1
Pulse Phase
1
0
0
2
1/(2SW)
90
3
1/(SW)
180
4
3/(2SW)
270
5
2/(SW)
0
..
..
..
.
.
.

A
Row
1
2
3
4
5
..
.

States Experiment
t1
Pulse Phase
0
0
0
90
1/(SW)
0
1/(SW)
90
2/(SW)
0
..
..
.
.

but whereas States takes two FIDs for each ∆t1 increment, TPPI takes one FID every
∆t1 /2 increment. TPPI also increases φ1 from Fig. 4.3 by 90° every t1 /2 interval,1 ,
hence the name time-proportional phase incrementation, see Table 4.1. So as to make
the following easier it is useful to redefine ∆t1 in the case of TPPI as half that in
States, so now when referring to t1 in one scheme it is a different value to the t1 in
the other.
The explanation for the technique of TPPI lies in the addition of half the spectral
width (SW/2) to each point in the spectrum. This ensures that peaks which would
have appeared between −SW/2 to 0 now appear between 0 and SW/2, and the signals
that occupied those frequencies have been shifted to SW/2 to SW. Therefore, aliasing
about zero frequency is prevented, for peaks in this region, and quadrature detection
is achieved. The same process can be used in the F 1 dimension. [171] As mentioned
in the table above, t1 is incremented in steps of 1/(2SW), where SW is the spectral
width in F 1 , also shown is the phase incrementation which imposes a t1 dependent
phase modulation, e−iφ , where:

φ=

π
1
π
· t1 ·
= · t1 · (SW · 2) = πSWt1
2
∆t1
2

(4.19)

Now the time domain signal, A2 cos(Ωt1 ), includes an extra term such that:

S(t1 , ω2 ) = A2 cos(Ω1 t1 + πSWt1 )
1

(4.20)

The shift is 90° provided the coherence order of the experiment, p, in Fig. 4.3 is ±1. If the
experiment were a double-quantum coherence experiment, p = ±2, the shift would be 45°, i.e. phase
π
change, ∆φ1 = 2|p|
.
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where currently SW is in units of Hz, however if SW is put in rad/s the additional term
applies now as the addition of half a spectral width to each signal in the range ±SW/2
as described above. The similarity between TPPI and States can be emphasised by
considering the hypothetical case whereby the signals measured on the odd and even
increments of t1 are kept separate. We are able to express the signals obtained during
these as:
Se (t1 , ω2 ) = A2 cos(Ω1 t1 )cos(SWt1 /2)
So (t1 , ω2 ) = −A2 sin(Ω1 t1 )sin(SWt1 /2)

(4.21)

and now, for ease of notation replacing SW/2 with Ωc , using product-to-sum trigonometric identities we obtain: [171]
1
1
se (t1 ) = A2 ( cos[(Ω1 − Ωc )t1 ] + cos[(Ω1 + Ωc )t1 ])
2
2
1
1
so (t1 ) = −A2 ( cos[(Ω1 − Ωc )t1 ] − cos[(Ω1 + Ωc )t1 ])
2
2

(4.22)

Such that now if both se and so are Fourier transformed the spectra produced contain
lines at Ω1 ± Ωc . Looking at se , it is clear that both lines will be positive, whereas in
so one is positive and one is negative. So now when the two spectra are summed one
pair of lines will cancel and one, located at Ω1 + Ωc , will be left. Sign discrimination
via TPPI has now been achieved.

4.4

Phase Cycling and Coherence

The term coherence, as introduced in § 2.3, has been mentioned many times above
and used synonymously with the term magnetisation, e.g. this is the case in a 1 pulse
experiment. Coherence is linked to the important idea of transverse magnetisation,
and can be seen as relating to the transition between two spin-states |αi and |βi with
a coherence order being denoted as:

pα,β = mα − mβ

(4.23)

with m representing the magnetic quantum number. Transverse magnetisation corresponds to a specific type of coherence whereby p = ±1. [175] Relating this idea to
fundamental sections of a pulse sequence, initially the magnetisation will be aligned
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with the z-axis of the magnet, and the population state that exists (Iˆz ) is considered
as having no coherence, i.e. p = 0; this is the state at which all NMR experiments begin. p = 0 also represents zero-quantum coherence (Iˆ+ Ŝ − ) and longitudinal scalar or
dipolar spin order. [175] As mentioned in § 2.3, pulses are the spectroscopist’s method
to create or alter coherence, with a 90° pulse exciting all possible coherence orders
and a 180° pulse converting all p to −p. All experiments must end with in-phase
single-quantum coherence so as to be detectable, as only transverse magnetisation
can generate an EMF.
Phase cycling is a flexible approach allowing specific coherence transfers to be collected by the spectrometer; from the above description it seems using just 90° and
180° pulses denies the finesse required to excite only particular transfers such that
when analysing the signal, all coherences would be contribute equally. When a coherence undergoes a change in coherence order, ∆p it will experience a phase shift of
−∆φ∆p. By matching the receiver phase, often denoted φrec , to that of the above,
one selects only that particular coherence, the remaining undesired coherences will
be summed to zero over the full phase cycle. This technique is often guided by the
‘Golden Rules’ of Phase Cycling: [176]
i: A phase cycle of N steps ensures selection of pathways ∆p and ∆p + nN (where
n = 1, 2, 3, ...) while all other pathways are blocked.
ii: If the phase of a pulse(s) is shifted by ∆φ, then a coherence undergoing a change
in coherence order ∆p experiences a phase shift −∆φ∆p as detected by the receiver.
Phase cycles for the multidimensional experiments used in this study will be explicitly
stated and the coherence pathways will be represented diagrammatically.

4.5

Examples of 2D Spectroscopy for Biological SolidState NMR

Clearly 2D spectroscopy is a powerful tool, one which is regularly used in this study.
As Fig. 4.4 illustrates, two dimensional experiments are very important in establishing
the chemical shift values of the many nuclei in the numerous residues in a fully labelled
protein. A 2D

13 C-13 C

experiment can produce spectra similar to that in Fig. 4.4

B), provided various precise conditions are met e.g. the experiment used to obtain
the spectra in Fig. 4.4 is a dipolar-assisted rotational resonance (DARR) experiment
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(for more detail see § 5) which requires careful preparation, though other types of 2D
homonuclear experiments are available. In homonuclear 2D experiments, there will
usually exist a diagonal resonance line, due to a resonance possessing a correlation
with itself, either side of which will exist cross peaks; it is these cross peaks that are of
particular interest as they arise from two nuclei which are within a certain proximity
so as to be able to exchange magnetisation during a user-defined mixing period, see
Fig. 4.1. As typical biological ssNMR nuclei are 1 H,
signal on

1H

13 C

and

15 N

but, as acquiring

is troublesome, see § 5, though exploited in this thesis, see § 7, and due

to the dilute nature of 15 N spins even in labelled proteins and the small chemical shift
range for most

15 N

nuclei when compared to

13 C,2 13 C-13 C

correlation experiments

are by far the most common biological 2D homonuclear ssNMR experiment.
2D heteronuclear experiments also exist, and these regularly involve 15 N and 13 C and
can take the form of NCA and NCO experiments, see Fig. 4.4. These are experiments
whereby the first acquisition is performed on
C0 .

15 N

and the second on either Cα or

As can be seen from Fig. 4.4, these are complementary techniques whereby the

NCA experiment provides a correlation between the nitrogen and Cα in residue i,
and the NCO experiment provides a correlation between the nitrogen in residue i
and C0 in residue i−1. Though many assignments can be made using a suite of 2D
experiments, there is often a need for a third dimension for complete assignment.
Occasionally regions of a 2D experiment can become cluttered due to the number of
residues with nuclei in a similar magnetic environment, such as would be the case
with a protein containing many valines in typical valine chemical shift regions,3 so, as
shown in Fig. 4.4, extending an experiment into a third dimension can be necessary,
and is becoming regular practice in the community. [37, 42, 177, 178]

4.6

3D Spectroscopy

3D solid-state NMR experiments can be used to obtain complete chemical shift assignments. A variety of experiments exist involving all three typical biological nuclei,
however experiments including 1 H detection (also known as inverse detection experiments) are less common than experiments involving acquisitions on the other two,
this will be expanded upon in § 5. The magnetisation transfers involved in NCACX
2

Chemical shift ranges for 1 H, 13 C and 15 N in amino acids are ∼0-10 ppm, ∼0-190 ppm and
∼100-135 ppm respectively, although 15 N nuclei in lysine, arginine and histidine are outliers which
typically exist around 30, 70 and 190 ppm, however the vast bulk of 15 N spins exist in the region
stated
3
See http://www.bmrb.wisc.edu/ref˙info/statful.htm
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Figure 4.4: Illustration of the improvement in resolution provided by extra dimensions
in a NMR experiment. A) shows a simple 1D 13 C spectrum, B) shows a homonuclear
2D 13 C-13 C experiment, C) shows a 13 C-13 C-15 N 3D experiment, and D) shows two
strip plots taken from two 3D experiments, and highlights the separation of signals
that is possible, under ideal conditions, via the third dimension. Both strips are
taken at 15 N = 121.2 ppm. The sequences used here are A) Cross Polarisation, B)
Dipolar-Assisted Rotational Resonance and C) NCACX and NCOCX experiments.
For more on these see § 5. All data shown here was recorded and processed by the
author.
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and NCOCX experiments are shown in Fig. 4.4, and the data provided by each is
demonstrated in D) i) and ii). Clearly, once again, these techniques are complementary and, when combined, allow the assignment of many residues by simultaneously
proceeding through the 15 N dimension in both spectra and assigning carbon chemical
shifts from the same residue, using the NCACX spectrum, and from residue i−1,
using the NCOCX spectrum. In this manner, cluttered, and therefore unassignable,
spectral regions in 2D become dispersed throughout the third dimension and assignment can take place. The obvious drawbacks to using 3D experiments are those
mentioned in § 4.1 regarding 2D experiments, though there is often three magnetisation transfers and three or more evolution periods as opposed to two, emphasising the
loss in spectral sensitivity. [169] If the nitrogen signals are also overlain, experiments
can be altered to include a 1 H dimension or even a fourth dimension, though these
experiments are not yet standard practice in biological ssNMR. [39, 47, 179]

4.6.1

Strip Plots

The typical technique to process 3D spectra is to find the experiment-dependent
correlations (i.e. an NCOCX experiment provides different correlations to an NCACX
experiment as described above) by progressing along one axis, and then taking a strip
which includes those resonances at a certain value on that axis, shown in Fig. 4.4. For
an NCACX spectrum, a strip can be taken, at a set chemical shift value on the

15 N

axis and covering a small section of the Cα region as the width of the strip, showing
a residue-specific set of chemical shifts along the second

13 C

axis that provides the

length of the strip. This can be seen as complementary with NCOCX where the
width of the strip is a small section of the C0 region, while the other two dimensions
remain the same. By proceeding through the

15 N

dimension and discovering in-line

resonances in both the NCACX and NCOCX spectra many, if not all, residues can
be assigned. The same process can be used even if the axes of the experiment differ
from this example. 3D experiments are used in this study and will be processed using
strip plots, for more see [39, 42, 180, 181].
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5
P ULSE S EQUENCES FOR B IOLOGICAL S OLID -S TATE NMR

This chapter contains details of the experiments performed to obtain high-resolution
ssNMR spectra presented in this thesis. Fundamental spectroscopic techniques used
in experiments such as the Dipolar-Assisted Rotational Resonance, [182] Double Cross
Polarisation [183] and inverse detection sequences [184] are described and explained.
The pulse sequences of, coherence pathways belonging to and type of data provided
by each experiment are shown and explained. The decoupling and recoupling used
in the experiments are also described and compared, and, where appropriate, pulse
sequences are shown.

5.1
5.1.1

Cross Polarisation-Based Techniques
Cross Polarisation

In an NMR experiment, coherence is created within the sample under investigation using finely tuned rf pulses. Often in biological ssNMR this coherence will be
created on 1 H then transferred to other nuclei of interest, for reasons explained below. The original Hartmann-Hahn matching condition, found for the static case, [20]
states:
ν1 (1 H) = ν1 (X)

(5.1)

while the Hartmann-Hahn condition during sample rotation, an experiment known
as Cross Polarisation with MAS (CPMAS) which was first demonstrated by Schaefer
and Stejskal, [23] states:
ν1 (1 H) = ν1 (X) ± nνR
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(5.2)

where ν1 (1 H) is the nutation frequency of the transferring species (usually 1 H), ν1 (X)
is the nutation frequency of the receiving species (e.g.

13 C

or 15 N), νR is the MAS fre-

quency and n is an integer: for efficient polarisation transfer n = 1, 2. This condition
specifies that with nutation frequencies that differ by integer multiples of the spinning frequency irradiating the sample, efficient polarisation transfer between nuclear
species is achieved provided there exists a dipole-dipole coupling between the nuclei.
Sensitivity enhancement is exacted in this manner for two reasons: upon polarisation
transfer, there is a maximum gain in magnetisation of the ratio of gyromagnetic ratios
which, in the case of carbon and nitrogen receiving magnetisation from proton, are
∼4 times and ∼10 times respectively, see below for an explanation of this effect; and
dilute spins, e.g.

13 C

and

15 N,

tend to have very long relaxation times, because the

dipolar couplings, which are largely responsible for relaxation transitions, are smaller
than for protons. If relaxation times are long then large time delays need to be left
between each experiment, to ensure a return to thermal equilibrium of the system,
and an experiment requiring many repetitions to achieve a suitable signal-to-noise
ratio takes an extremely long time. However as the proton-proton dipolar interaction
is strong, the time required to return to thermal equilibrium for protons, T 1H , is
usually less than that for other nuclei e.g. carbon, T 1C , so that a reduced recycle
delay can be used. This is the rationale for the use of the classic solid-state NMR
technique called Cross Polarisation.
The ‘classical description’ of this technique used the concept of a spin temperature,
T H and T C for proton and carbon, respectively, as illustrated in Fig. 5.1. It can
be used to explain why CP provides a gain in polarisation on the dilute spin system
when compared to direct excitation. The approach is valid provided the system
contains a large number of spins and provided that strong homonuclear proton dipolar
networks exist. When a solid is placed into a large magnetic field, B 0 , the protons
will occupy Zeeman levels with energies ±(γH /2π)B 0 /2, corresponding to parallel
and antiparallel alignment of the z-angular momentum with the external field. This
network of strongly dipolar coupled spins exhibits ‘spin diffusion’, in that if one
proton changes Zeeman levels through energy exchange with the lattice, surrounding
protons will propagate this by also changing energy states in a timeframe of <100 µs.
This results in a rapid propagation of the spin temperature of the lattice reservoir
throughout the proton network, and, after several spin lattice relaxation times (T 1H ),
the proton reservoir enters thermal equilibrium with the lattice, T H = T L . The
proton magnetisation can now be written, according to a Curie law: [185]
M0H = CH B 0 /T L
60

(5.3)

where C H =N H γ2 H h̄2 /4k B is the proton Curie constant, N H is the number of protons
and k B is the Boltzmann constant. CP consists of two steps, creation of transverse
magnetisation of proton spins using a 90° pulse and then spin lock Hartmann-Hahn
matched pulses on proton and the dilute spin, the physics of which was elucidated by
Redfield [186] who presented an argument stating that the equilibrium in this state
should be viewed in a rotating frame (as first suggested by Bloch in [161]), negating
the time dependence of the external B 1 field, which rotates at νrf and results in the
corresponding spin state energy values ±(γH /2π) B 1H /2. Redfield also concluded
that the states were populated based on a Boltzmann distribution characterised by a
spin temperature in the rotating frame.1 Therefore it can be stated that the proton
magnetisation under the spin lock field can now be expressed as:
M0H = CH B 1H /T H

(5.4)

with T H the proton temperature in the rotating frame, which can be expressed using
the two expressions for M 0H eqns. 5.3 and 5.4:
M0H = CH B 1H /T H = CH B 0 /T L

(5.5)

TH
B 1H
=
TL
B0

(5.6)

Giving:

Such that with typical values of B 0 & 1 T and B 1H ≈ 10 mT, and with the sample
at room temperature (T L ≈ 300 K), T H ≈ 3 K. However, it is worth noting that
within a few T 1H of the spin lock being turned off, the proton magnetisation will
decay back to thermal equilibrium with the lattice. In an analogue of eqn. 5.4, the
carbon spin temperature can be written as T C = C C B 0 /M C , where C C is the

13 C

Curie constant as defined previously for 1 H. Just before the beginning of the spin lock
pulse on proton, the carbon magnetisation has yet to build up and so M C is very
small, resulting in a high spin temperature. It can now be seen why a well ordered
and polarised spin system is seen as having a low spin temperature while a disordered,
non-polarised spin system has a high spin temperature. The systems are brought into
contact by Hartmann-Hahn matched, to the spin lock pulse on proton, irradiation on
carbon. This ensures that, in the rotating frame, the energy levels of the proton and
1
This work relied on the seminal work by Felix Bloch in deriving the Bloch equations, [161]
however re-examined the validity of that work under the consideration of a solid at greater rf field
intensities
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Figure 5.1: Simple thermodynamic picture for double resonance, based on [187]. The
two spin systems, abundant I spin (1 H) and dilute S spin (13 C), initially have spin
temperatures T H and T C , long nuclear spin-lattice relaxation times T 1H and T 1C ,
and a cross-relaxation time T CH . As the two spin systems are brought into contact,
energy flows from one state to the other at a rate of ∼/T CH , where  is the ratio
of the S to I heat capacities. This creates a heating and partial destruction of the I
spin order, and a creation of order within the observed S spin order. Relaxation of
H.
the polarised I spins occurs over a timescale T1ρ
carbon spin levels match:
(γC /2π)B 1C = ν1 (13 C) = ν1 (1 H) = (γH /2π)B 1H

(5.7)

As shown in Fig. 5.1, after several T CH , the proton and carbon reservoirs will have
equilibrated and share a temperature which is close to the original temperature of
the proton reservoir as the carbon reservoir is small and therefore does not have a
large enough heat capacity to significantly raise the proton reservoir temperature.
Assuming that the relaxation effects on the proton magnetisation occur over a long
H >>T
timescale, i.e. T1ρ
CH , both temperatures at the end of the Hartmann-Hahn

matched pulses will be the same, ≈ 3 K as shown previously from eqn. 5.6, i.e., T C
= T H = T L (B 1H /B 0 ). This reduction of spin temperature equates to an increase in
the magnetisation of the carbon spins along the direction of the rf field B 1C . The
magnetisation that would be created on carbon through direct excitation can be
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written as in eqn. 5.3:
M0C = CC B 0 /T L = CC B 0 B 1H /T C B 0 = CC B 1H /T C

(5.8)

and, using eqn. 13 from [187] whereby the x component of the magnetisation of a
spin species, C, in the rotating frame along the B 1 field can be written:
MC = γC h̄hIx i = γC h̄Tr{ρR Ix } = βC CC B1C = CC B 1C /T C

(5.9)

where ρR is the density matrix in the rotating frame. Now the enhanced magnetisation, M C , due to using CP on the spin species C can be written:
MC = CC B 1C /T C = M0C (B 1C /B 1H ).

(5.10)

Due to the Hartmann-Hahn matching condition the nutation frequencies of the spins
are equal, see eqn. 5.7, which means the above can be re-written as M C = (γH /γC )M 0C
≈ 4M 0C . Therefore, by using CP, one can gain an increase of the ratio of gyromagnetic ratios in total polarisation on the dilute spin species. This technique was first
combined with observation on the S spin and proton decoupling, so as to produce
higher resolution NMR spectra in the lab of Professor John S. Waugh at M.I.T.; its
originally suggested acronym was not accepted widely and so this crucial technique is
known as CP. [22, 187] Fig. 5.2 shows a CP sequence with the coherence pathway for
both the observed nuclei and protons. The main drawback with CP is that relative
signal intensities often cease to be quantitative; [157] the strength of the heteronuclear dipolar interaction determines the efficiency of magnetisation transfer, and so
different chemical groups exhibit varying CP build-up rates.
During CP, ν1 , from eqns. 5.1 and 5.2, of the pulse on either nuclei can be varied,
and often is; this is done as the ramp broadens the match condition, making it easier
to find. The Hartmann-Hahn matching condition while spinning, eqn. 5.2, implies
that matches exist in narrow bands, this narrowness is emphasised when investigating
samples with weak dipolar couplings or under fast MAS. Moreover, the locations of
these resonant bands are dependent on the resonance offset. [188] The result is that
transferring magnetisation from abundant spins to dilute spins can be troublesome. It
was found that varying the rf field strength during CP facilitated the location of these
resonant bands, and actually enhanced the signal. [189] This ‘ramping’ of pulses is
typically performed on the proton pulse and can be ramped in many different ways;
complicated ramps involving trigonometric functions, or that have been optimised
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Figure 5.2: Pulse sequence for CP from 1 H to 13 C. The coherence pathway for 13 C
and 1 H is also shown. The initial 90° pulse on 1 H creates magnetisation which
is transferred to 13 C through ramped (for 1 H), Hartmann-Hahn matched pulses.
Phase cycling: φ1 = (+y −y), φ2 = (+x+x−x−x+y+y−y−y), φ10 = (+x ), φrec
= (+x−x−x+x+y−y−y+y).
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through simulations, exist, however many spectroscopists use a simple X% to 100%
linear ramp. In the experiments performed in this thesis, the majority use a 70 or
80% to 100% ramp for CP.
The contact time for CP can be optimised depending on which nuclei, or which type
of nuclei, is of interest. For example, the contact time for a typical 1 H-13 C CP is often
shorter than that of a typical 1 H-15 N CP, 1.0 ms and 1.5 ms respectively. Moreover,
it is possible to optimise for carbonyl over aliphatic carbons by using shorter contact
times to favour aliphatic sites at around 800 µs as opposed to 1.5 ms, which is
better suited for carbonyl sites. This is a direct consequence of the size of the dipolar
coupling between the nuclei mentioned and the local 1 H spins; typical dipolar coupling
values between 1 H and Cα and

15 N

are ∼25 and ∼10 kHz. [190] In all experiments

in this thesis, contact times similar to those above have been used.

5.1.2

Double Cross Polarisation

The spectroscopic rationales for using CP have been discussed in detail above; briefly,
there is a significant increase in total coherence produced on the receiving nuclei due
to the ratio of the gyromagnetic ratios, and a decrease in total time of experiment
due to faster relaxation when compared to direct excitation on the nuclei of interest
(when the donating nuclei is 1 H, as is the most common case).
Double Cross Polarisation (DCP), introduced by Schaefer, McKay and Stejskal in
1979 in a paper investigating
ation of coherence on

1H

15 N-13 C

correlations in glycine, [183] involves the cre-

before transferring to one spin species then to a second

spin species, with a correlation spectrum produced between the two heteronuclear
spin species; a pulse sequence and coherence pathway

2

for DCP is shown in Fig. 5.3.

During periods of evolution on either nucleus under investigation, high power decoupling is applied on 1 H to achieve high resolution, which will be expanded on later in
this chapter.
In biological ssNMR, typical nuclei under investigation are 15 N and 13 C allowing variations of the DCP experiment such as NCO and NCA, where the carbons involved (i.e.
polarisation transfers) are differentiated via the resonance offset (for either carbonyl
or aliphatic carbons). These experiments are valuable as they can provide sequential
assignment of the backbone nuclei of proteins which allows investigation of structural
and dynamical properties of important biomolecules. [191, 192] In the experiments
2

For the observed nuclei, in this example

15

N and
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13

C

performed in this study, the first CP is from 1 H to
to

13 C

such that the final acquisition is on

13 C,

15 N

and the second is from

15 N

shown in Fig. 5.3. The experiment

is performed in this order as the sensitivity of an NMR experiment is proportional
to γ3 , due to γ factors appearing from the Boltzmann distribution, the magnetic
moment of a spin and from Faraday’s law of induction of the signal in the coil. The
magnetic moment of

13 C

is greater than that of

15 N

as is ν0 , thereby increasing the

EMF induced in the coil and providing a more sensitive experiment than for that
when acquisition is performed on

15 N.

Secondarily, the spectral width of the carbon

aliphatic region is greater than that of the nitrogen so that

13 C

acquisition is more

suited to t2 , than the incremented t1 time, and once the experiment is optimised for
Cα it can more easily be altered for C0 than to change F 1 and F 2 .
An illustration of the coherence transfer in DCP experiments is shown in Fig. 5.4;
from this it is easy to see that the correlations produced in NCA experiments (Fig. 5.4
top) are intra-residue and those in NCO (Fig. 5.4 bottom) are inter-residue, from 15 N
in residue i to C0 in residue i−1. Illustrative NCA and NCO spectra are shown in
Fig. 5.5. NCA (Fig. 5.5 left) and NCO (Fig. 5.5 right) experiments can easily be
visualised as complementary techniques from the figure. The amino acid (primary)
sequence of the protein is known, and can be used to aid assignment of the spectra
obtained by these experiments, though an issue arises for the two terminal residues,
NCO will not provide signals for either residue due to there being, for N-terminus,
no C0 to receive magnetisation or, for C-terminus, no

15 N

to provide it.

When assigning DCP spectra, previously obtained carbon assignments (from multidimensional homonuclear spectra) can be used to significantly accelerate analysis.
If Cα resonances have been assigned, from e.g. experiments in § 5.5, it is trivial to
locate the previously assigned Cα resonance, as few Cα resonances will have identical
chemical shift values. As
ration of

15 N

15 N

chemical shifts exist in residue-specific regions, sepa-

resonances should be possible, and so finding the corresponding

15 N

resonance to the previously assigned Cα resonances enables analysis of DCP NCA
spectra. Fewer C0 chemical shift values will have been found compared to Cα from
earlier 2D 13 C-13 C spectra, as the C0 region is often cluttered, so the analysis method
for NCO spectra differs to that described above. Here, the
found from NCA spectra can be used to locate the
acids have characteristically low

15 N

C0

15 N

chemical shift values

chemical shifts. Certain amino

chemical shifts (∼110 ppm), such as glycine,

which facilitates assignment. As mentioned in § 4, there are other 15 N chemical shifts
which are significant outliers such as lysine Nz, at ∼30 ppm, or histidine Nδ1 and N2
at ∼ 190 ppm, which would be easily assigned however it is unusual to attempt to
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Figure 5.3: Pulse sequence for DCP, where initial CP is to 15 N and the
second CP is to 13 C. The coherence pathways for 15 N and 13 C are also
shown.
The decoupling used on 1 H will be explained in § 5.3.
Phase
cycling: φ1 = (+y−y), φ2 = (+x ), φ10 = (+x ), φ0 = (+x ), φ3 =
(+x+x+x+x−x−x−x−x ), φ4 = (+x+x+x+x+y+y+y+y−x−x−x−x−y−y−y−y), φrec
= (+y−y+y−y+x−x+x−x−y+y−y+y−x+x−x+x ).
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Figure 5.4: Illustration of coherence transfer during NCA (top) and NCO (bottom)
DCP experiments. It is illustrated why NCA experiments reveal intra-residue connectivities while NCO experiments identify inter-residue connectivities.
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Figure 5.5: Illustrative spectra produced by a DCP experiment, NCA (left) and
NCO (right). Notably low 15 N chemical shifts (∼110 ppm) can often be assigned
to glycine residues, or secondary nitrogens in amino acids such as glutamine. Full
circles represent signals obtained by the experiment while dotted circles represent the
signals obtained by the other experiment. When the two spectra are combined, the
aliphatic 13 C signal in the same residue as the 15 N signal and the carbonyl 13 C signal
of the preceding residue will be horizontally aligned.
detect these while detecting the main block at ∼120 ppm due to the spectral width
required.
Performing DCP experiments at high MAS frequencies is impractical as CP gets
less efficient at high rf amplitudes, so throughout this study DCP experiments are
performed between 7.0 and 15.0 kHz; if the MAS spinning frequency was set to 40
kHz, irradiating at a moderate 40 kHz on one channel, during the carbon-nitrogen CP,
results in the corresponding pulse on the other channel needing to be 80 kHz. Triple
channel probes (HXY) are required for DCP experiments and achievable nutation
frequencies are lower for a triple- rather than for a double-resonance configuration,
which can cause difficulty in efficiently producing rf irradiation with a high nutation
frequency.
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5.2

Inverse Detection

The techniques mentioned up to now for obtaining high resolution ssNMR data rely
on acquiring signals on dilute spins, such as carbon or nitrogen, as better resolution
is achievable on these spins than, e.g., 1 H due to the larger chemical shift range and
the narrow linewidths as a result of less homonuclear dipolar broadening. However,
with the advance in technology of solid-state NMR equipment, such as commercially
available 1.0 mm probes and Ago Samoson’s 0.8 mm probe allowing up to 100 kHz
MAS frequencies, proton detection on large peptides is now a viable option. [193–196]
Proton detection, or inverse detection, is highly desirable in ssNMR as protons can
act as a sensitive probe of local structure due to the location of protons at the edges of
molecules resulting in protons being useful in examining long range contacts. Moreover, proton detection allows a gain in sensitivity of (γH /γX )3/2 , corresponding to a
factor of 8 and 31 when compared to 13 C- and 15 N-detected experiments respectively,
however, due to the strong homonuclear dipole-dipole coupling network, fast MAS
is required to ensure resolution is achieved; [197] the residual dipolar linewidth is
inversely proportional to the MAS frequency. A drawback to proton detection is that
high MAS frequencies are only available in rotors of small diameter (see above) which
naturally restrict the sample volume, which in turn reduces the inherent signal-tonoise achievable, although the sensitivity per sample volume is much higher for smaller
rotors as the coil is nearer the sample. [198] Perdeuteration of samples, combined with
back-exchange of amide protons, has been used by many groups [194, 199, 200] as a
solution to attenuating the strong dipolar network although this technique is often
not an applicable solution to the problem. Another problem that requires solving
for inverse detection of hydrated biological samples is that the strong H2 O resonance
can dominate signals within the 4-5 ppm region;3 this issue can be negated using
intelligent water suppression schemes, which will be discussed in detail later, see
§ 5.3.
Two pulse sequences for a 2D and 3D inversely detected experiment are shown in
Figs. 5.6 and 5.7, respectively. Notable features, some of which are discussed later,
include the use of a low nutation frequency solution state NMR decoupling scheme,
WALTZ-16, on

13 C

during t2 acquisition, H2 O saturation sequences to suppress the

water peak, tangentially ramped CP pulses on 1 H, and, as is the definition of an
inversely detected experiment, a final acquisition on 1 H.
3

The position of the H2 O 1 H resonance shifts with sample temperature, but within workable
biological temperatures the water peak will exist around these values
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Fig. 5.8 shows an illustration of the magnetisation transfer pathways within the 3D
Cα-Hα-HX sequence, shown in Fig. 5.7. This produces a 3D spectrum, see Fig. 5.9,
with Cα against Hα against HX, which can be assigned using Cα assignments obtained from homonuclear spectra. The 2D sequence, Fig. 5.6, results in a correlation
between aliphatic or carbonyl

13 C

and 1 H. In the 3D spectra, some resonances may

not be detectable due to the nature of 3 dimensional experiments, namely time constraints due to incrementing both t1 and t2 dimensions, and poor sensitivity due to
the extra magnetisation transfer. However, many proton resonances will be assignable
using previously assigned Cα resonances, from e.g. 2D homonuclear spectra and simpler 2D inversely detected spectra, such that further 1 H chemical shifts, including,
but not limited to, Hβ and H, can be assigned. All the sequences shown here for
inverse detection using carbon can also be performed replacing carbon with nitrogen, provided some nitrogen chemical shifts have been obtained from earlier spectra,
such as DCP NCA and NCO. Once these assignments have been made, there will
be a large number of

13 C, 15 N

and a few 1 H assignments from which computer pro-

grams can be employed to estimate torsion angles and secondary chemical shifts; the
program used in this study is TALOS-N, [170] however there are a wide array of
programs available; [201, 202] the functionality of TALOS-N will be discussed in the
next chapter.
Resolution in the proton dimension is dependent on many factors: high-frequency
MAS (>30 kHz) and high field homogeneous magnets (>17.6 T) are technological
advances which have enabled the employment of inverse detection in the solid state,
[184] the greater these two factors, the narrower 1 H linewidths become. Moreover,
the application of WALTZ-16 decoupling on the X nucleus during 1 H evolution has
been shown to improve 1 H linewidths; [195] perdeuteration with back-exchange of the
amide protons, as mentioned earlier, has been shown to be effective in reducing 1 H
linewidths by reducing the strong proton-proton dipolar couplings. [200] Note that
pulsed field gradients (PFGs) can be used to attenuate problems due to the solvent
resonance in solid-state NMR. [194] Variation in site to site intensity of peaks in 2D
inversely detected experiments has been recorded, this has been attributed to the
differential CP efficiency (discussed above in § 5.1.1) which is exacerbated in these
experiments due to the use of two CP steps. [195]
Fig. 5.9 shows an illustrative spectrum obtained by performing the Inverse Detection
pulse sequence in Fig. 5.7 on a three amino acid sequence. Dashed lines have been
used to illustrate how chemical shifts can be obtained from 3D spectra. There are
resonances in the spectrum resulting from magnetisation which has transferred, after
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Figure 5.6: A 2D Inverse Detection pulse sequence. There is an initial CP
from proton to carbon before t1 evolution on 13 C. After the t1 period, a pair
of 90° pulses are applied on 13 C, after which an inverse CP occurs from 13 C to
1 H before t acquisition.
Water saturation ensures 1 H peaks in the 4-5 ppm
2
region are not overwhelmed; slpTPPM is a decoupling sequence first used by
Lewandowski et al. [203] The coherence pathway for 1 H is also shown. Phase cycling: φ1 = (+y+y+y+y), φ10 = (+x+x+x+x ), φ2 = (+y+y+y+y−y−y−y−y), φ5
= (+x+x−x−x ), φ6 = (−x−x+x+x ), φ11 = (+y+y−y−y), φ7 = (+y−y+y−y), φrec
= (+y−y−y+y−y+y+y−y).
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Figure 5.7: A 3D Cα-Hα-HX Inverse Detection pulse sequence. A HORROR sequence is used for proton-proton mixing. [204] The coherence pathway for 1 H is, again,
shown. Phase cycling: φ1 = (+y+y+y+y), φ10 = (+x+x+x+x ), φ2 = (+y+y−y−y),
φ5 = (+x+x ), φ6 = (−x−x ), φ7 = (+y−y), φ11 = (+y+y), φ8 = (−x−+x+x ),
φ4 = (+x+y+x+y+y+x+y+x−x−y−x−y−y−x−y−x ), φ9 = (+x+x−x−x ), φrec =
(+y−y−y+y−y+y+y−y).

73

Figure 5.8: Illustration of the magnetisation transfer pathways achieved in a 3D
Cα-Hα-HX Inverse Detection pulse sequence, see Fig. 5.7. The faded transfer three
arrows indicate transfer to other protons not in residues i or i+1, such as those across
the β-hairpin structure found in aggregated forms of amyloid-beta.
CP, from the Cα of a residue to the Hα of that residue and which has then transferred
to Hβ. Transfers to H have been omitted in this spectrum as the chemical shift values
of amide protons are typically high (∼9 ppm) and to represent this accurately in the
spectrum would require considerable amounts of empty space, although such transfers
are very possible in the sequence as shown in Fig: 5.8.4 Provided the Cα chemical
shift is known, this spectrum can easily be analysed and proton shifts can be found.
The distinction between Hα and Hβ can be made based on the typical chemical shifts
regions where the shifts for either exist and the location in which they are found in
the spectrum. For example, the typical chemical shift for Hα in an alanine residue
is ∼4 ppm whereas the Hβ chemical shift is typically ∼1 ppm. These values can be
found in the BMRB. The two protons will be aligned at the carbon chemical shift
value, and, therefore, pairs of proton chemical shifts can be found and assigned. If
the carbon dimension was compressed into one plane, there would be a diagonal line
made of proton signals in the remaining 2D proton-proton spectrum which results
from the self-correlation of the Hα resonance.5
4
Transfers to extra-residue protons have also been omitted due to the unnecessary complications
such an inclusion would cause.
5
If the spectral widths of the two proton dimensions were different, which is likely to be the
case so as to include the amide and sidechain protons in the HX dimension while maintaining a
suitable spectral width in the Hα dimension, the diagonal might be skewed, but there would still be
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Figure 5.9: Illustrative spectrum produced by a 3D CHH Inverse Detection experiment. Certain residues show both Hα and Hβ resonances correlating with Cα from
the same residue, this will be dependent on the mixing times involved.
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The two spectroscopic techniques of DCP and inverse detection can be combined
in one experiment. The pulse sequence in Fig 5.10 shows such an experiment; the
correlations produced by the sequence are Cα-N-H, where the final H is the amide
proton and will be referred to throughout this thesis simply as H, e.g. S26H refers to
the amide NH of the Ser 26 residue. This sequence is one of those which are used in
later chapters to obtain proton and nitrogen chemical shifts of samples which have
already had many of the carbon chemical shifts assigned. All of the features of this
sequence can be seen in the previous sequences from § 5.1.2 and 5.2 such as WALTZ
decoupling on the dilute spin and slpTPPM decoupling on protons.

5.3
5.3.1

Dipolar Decoupling
Introduction to Decoupling

Solid-state NMR differs from solution NMR in many ways, one of which is due to the
absence of rapid molecular tumbling which averages out anisotropic interactions. The
strong dipolar interaction between abundant spins, such as 1 H, as well as between 1 H
and a dilute spin such as

13 C

can lead to factors which adversely affect spectral reso-

lution, as mentioned in § 3.4.2 and 3.4.3, so techniques utilising rf irradiation called
dipolar decoupling have been developed so as to remove this interaction. Homonuclear and heteronuclear decoupling exist however in most experiments in this study
only heteronuclear decoupling is used.

5.3.2

Continuous Wave: cw

A basic heteronuclear decoupling sequence is on-resonance continuous wave (cw) irradiation which provides a simple method of decoupling for many solids, and was
first described in 1955. [205] For low MAS frequencies (<20 kHz) and moderate decoupling nutation frequency (∼60 kHz), effective decoupling can be shown via the
sharpening of linewidths. [206] An interesting phenomenon was noticed in the form
of

13 C

linewidths increasing as MAS frequencies increased over ∼10 kHz, and was

explained in the form of a weakening of the homonuclear coupling network due to
MAS. [207, 208] This strong homonuclear coupling for 1 H provides a ‘self decoupling’
effect from the rare spin species, which is then disturbed by MAS. [158, 209] Had the
a characteristic line in the projection of the carbon dimension, this complication has been omitted
here.
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Figure 5.10: A 3D Cα-N-H Double Cross Polarisation, Inverse Detection pulse sequence. Pulse sequence involving both the DCP and inverse detection, which produces
a spectrum with 13 C-15 N-1 H correlations. The coherence pathways for all three nuclear species are shown. Phase cycling: φ1 = (+y+y+y+y), φ10 = (+x+x+x+x ),
φ2 = (+y+y+y+y), φ3 = (+y+y+y+y), φ4 = (+y+y+y+y−y−y−y−y), φ5 =
(+x+x−x−x ), φ6 = (−x−x+x+x ), φ7 = (+y−y+y−y), φ11 = (+y+y−y−y), φrec
= (+y−y−y+y−y+y+y−y).
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MAS frequency achievable been large enough to fully average out the 1 H homonuclear
dipolar couplings, the only decoupling required would be to remove the effect of any
J couplings, however such MAS frequencies are today still not obtainable. [210–212]
The increase in MAS frequency is necessary at high magnetic field strengths to remove
the increased

13 C

CSA, which scales proportionally with B 0 , however this ensured a

more efficient decoupling method was required as simply increasing the nutation frequency of the cw decoupling was not a long term solution. Recent work by Kentgens
and co-workers has been investigating the properties of microcoil detectors, and the
advantages to be gained through use of these in terms of senstivity while maintaining
high resolution. Moreover, the use of microcoils allows the generation of extremely
high rf fields, such as claimed in [213]; using an rf power of 270 W for 1 H at 400 MHz
(9.4 T) a B 1 -field strength of 4.7 MHz was achieved, with B 1 -field strengths of 1.9
MHz and 3 MHz found for aluminium at 14.1 T using 380 and 850 W of rf power
respectively. These extremely high frequencies may become more widely used in the
future for highly effective decoupling.

5.3.3

Wideband, Alternating-phase, Low-power Technique for Zeroresidual-splitting: WALTZ

A homonuclear decoupling sequence originally designed for solution state NMR in
1983, WALTZ-16, [214] can be used in the solid state at very high MAS frequencies,
such as used in the later parts of this study during the inverse detection experiments
from § 5.2, see Figs. 5.6−5.7. The basic block for WALTZ decoupling, R, is:
R = 90°(φ)180°(−φ)270°(φ) = 123

(5.11)

with WALTZ-4, the primitive cycle, taking the form RRRR. WALTZ-8 benefits from
supercycling which eliminates an undesirable small-angle rotation about an axis close
to the z-axis, for more detail on this see [214], and takes the form:
KKKK = 24231

24231

24231

24231

(5.12)

From this sequence there are many options of further expansion but Shaka et al found
the best performance was offered by, what is now known as, WALTZ-16: [214]
QQQQ = 342312423

342312423
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342312423 342312423

(5.13)

Figure 5.11: Pulse sequences for TPPM [215] and SPINAL [216] decoupling schemes.
Phase varies between + φ2 and − φ2 in the TPPM scheme and follows the scheme
+φ, −φ, +φ+α, −φ−α, +φ+β, −φ−β, +φ+α and −φ−α for Q in the SPINAL
sequence. SPINAL-64 supercycling exists through use of the Q Q Q Q Q Q Q Q
scheme. During use of the TPPM scheme a value of φ = 15° was used, and during
the SPINAL scheme values of φ = 10°, α = 5° and β = 10° were used.
WALTZ-16 offers broadband decoupling and can be performed in the solid state
using relatively low nutation frequencies, which is desirable when pulsing on already
rapidly rotating biological samples so as to limit any further sample heating due to
the decoupling.

5.3.4

Two Pulse Phase Modulation: TPPM

Under cw decoupling, as MAS frequency increased over ∼10 kHz the

13 C

linewidths

increased, moreover, with higher magnetic field strengths, greater MAS frequencies
are required to average out the CSA; specifically, cw showed poor performance for
CH2 groups for MAS frequencies around 15 kHz. Therefore, a new heteronuclear
decoupling sequence was needed as cw was unable to cope with emerging high magnetic field strengths and MAS frequencies. [206] The task was as follows, create a
sequence which: provided efficient decoupling over a wide range of MAS frequencies;
accounted for variations in the proton resonance offset due to the sample containing
many protons over a chemical shift range of ∼10 ppm; utilised a shorter decoupling
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sequence than e.g. WALTZ-16, as it had been noticed that as the cycle time of
the sequence approached that of the rotor period decoupling efficiency degraded; and
which exploited, if possible, the line-narrowing effect of the network of strong homonuclear couplings from which cw decoupling benefited, mentioned earlier in the chapter.
The breakthrough was found in 1995 in the form of Two Pulse Phase Modulation
(TPPM). [215] It had been found earlier that simple modulations of the decoupler
phase could significantly improve the performance of decoupling in comparison to
standard cw irradiation, [217–219] and this was the starting point for the discovery of
TPPM. TPPM decoupling takes the form of rapidly alternating, equal length blocks
of decoupling, with the phase of the rf irradiation switching from + φ2 (for block i)
to − φ2 (for block i+1), see Fig. 5.11. Experimental optimisation found values of ∼7
µs for pulse length (τp ), with a ν1 optimised around 63 kHz, and 15° for φ. When
cw and TPPM decoupling were performed on a sample of tyrosine hydrochloride
monohydrate spinning at 10 kHz with ν1 = 75.8 kHz 1 H decoupling, the Cα and Cβ
linewidths narrowed from 85 and 120 Hz to 52 and 48 Hz, respectively. [215] This
discovery led to many variants on the TPPM sequence, including TPFM, FMPML ,
FMPMR (variants with frequency and/or phase modulated decoupling), AM-TPPM
(an additional amplitude modulation), CPM (a continuous cosine phase modulation)
and CM (single-frequency continuous modulation), [220–223] however none show significant and consistent improvements over TPPM. In 2006 however, a sequence was
introduced by the Madhu group called swept-frequency two-pulse phase modulation
(SWf -TPPM) which was shown to outperform TPPM when performed on U-13 C
labelled tyrosine for MAS frequencies up to 14 kHz at 1 H decoupling rf nutation frequencies of 70, 90 and 100 kHz. [224] The sequence increments the pulse durations
of the usual TPPM sequence causing a sweep in the modulation frequency, while the
phase alternation remains constant. A family of decoupling sequences has emerged
from this initial finding using linear (SWf lin -TPPM) and tangential (SWf tan -TPPM)
sweep profiles alongside other minor alterations (SWf inv -TPPM). [225, 226] Another
sequence similar to this family is swept low power TPPM (slpTPPM) created by
the Emsley group, [203] this sequence is used in inverse detection sequences in § 5.2.
slpTPPM contains a linearly varied duration of pulses achieving a frequency sweep
through the low power TPPM condition in a manner analogous to SWf -TPPM. The
lengths of the pulses in the middle of the decoupling cycle are set to twice the rotor
period. The phase of decoupling pulses alternates as in TPPM, though between φ
and −φ, and their amplitude is set to 41 νR .
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5.3.5

Small Phase Incremental Alternation Decoupling: SPINAL

Another sequence that shows significant and consistent improvements over TPPM is
SPINAL-64. [216] Though initially developed for use on liquid crystals, its application on solid samples is widespread due to the efficient decoupling provided on rigid
samples at high MAS frequencies. Fig. 5.11 shows the form the decoupling takes. If
TPPM can be represented by two pulses with alternating phase (as described above)
with notation P and P, as used in Fig. 5.11, then SPINAL-64 can be represented by
eight pulses with phases alternating as in Fig. 5.11 with the use of supercycling such
that the overall structure of the sequence is: Q Q Q Q Q Q Q Q, where Q represents
a block of eight pulses, as shown in Fig. 5.11. Fung and co-workers first discovered
the effectiveness of supercycling in a publication on SPARC-16 (small phase angle
rapid cycling with 16 steps); [227] SPARC-16 was a supercycled version of the basic
TPPM scheme. SPINAL-64 was shown to have an increased decoupling efficiency
over TPPM and cw, but was also shown as being less affected than TPPM when
the decoupler offset was altered. [216] Although Fung refers to a detailed theoretical
analysis of the sequence as extremely difficult if not impossible, due to the complex
nature of decoupling heteronuclear couplings which themselves are part of a strong
homonuclear network which itself is disrupted by any decoupling, a qualitative analysis as to its effectiveness at high magnetic field strengths and MAS frequencies was
suggested; [216] as the sequence was developed on liquid crystals, where molecular
motion reduces the effective strength of the dipolar interactions, when performed at
high magnetic fields, which promotes the effects of chemical shift offsets over dipolar couplings, it is unsurprising that SPINAL-64 displays efficient decoupling. [228]
SPINAL-64 is regularly used in the experiments in this thesis as shown in the DCP
pulse sequences in § 5.1.

5.4

An Introduction to Probing Dipolar Couplings and
Dipolar Truncation

As mentioned above, a combination of MAS and decoupling can achieve a significant reduction in the linewidths of ssNMR spectra by inducing a spatial averaging of
anisotropic interactions which then enables the acquisition of high-resolution ssNMR
data, for an in-depth discussion see [167]. By averaging second rank tensor interactions such as the chemical shift anisotropy and the heteronuclear dipolar interaction,
experiments then provide solely isotropic chemical shift information. In this manner,
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ssNMR is able to mimic (though without completely averaged interactions) solution
NMR. This is not always the desired outcome, however, as e.g. a suppressed dipoledipole interaction would provide useful distance information if it could be selectively
re-introduced, and so techniques were developed to re-introduce specific interactions.
Diligently prepared sequences of rf pulses were shown to be able to selectively and
coherently re-introduce the dipole-dipole interaction, a technique known as dipolar
recoupling. [229]
In the last decade, solid-state NMR spectroscopists have been faced with a significant task; enable precise long-range contacts (>3 Å) to be obtained on samples that
are fully-labelled or, at least, have many sites labelled. The structural information
provided by these contacts is vital in biological NMR as it can reveal the overall fold
of a peptide or protein which is crucial in modelling and often has great implications
on functionality. Extracting long range contacts, however, is no mean feat due to the
phenomenon of dipolar truncation, which describes the attenuation of polarization
transfers over weak couplings in the presence of strong interactions. [166, 230]
There are 3 main groups into which spectroscopic methods developed to combat
dipolar truncation can be placed: Frequency-selective methods which avoid recoupling strong one and two bond interactions; Second-order spin diffusion-type experiments including PDSD and DARR, see § 5.5; and techniques which utilise 1 H-1 H
spin diffusion such as the CHHC experiment. Dipolar truncation can also be partially alleviated, in biological NMR, by using biochemical methods which generate
alternatingly labelled proteins, [35, 231–233] however this study does not use these
labelling techniques and so no further detail will be provided.

5.5

Nuclear Overhauser Effect Spectroscopy: NOESY
and NOESY-like experiments

In solution NMR, dipolar interactions lead to dipolar cross-relaxation and the nuclear
Overhauser effect (NOE) which carry information on molecular structure and dynamics. The NOE is the fractional change in intensity of one NMR line when another
resonance is perturbed, [176] and is an invaluable tool for structural studies in solution NMR of small molecules. A common solution NMR experiment is the NOESY
experiment developed by Ernst and co-workers in 1979, [29] which can establish correlations between physically close homonuclei. The basic 2D NOESY pulse sequence
takes the form shown in Fig. 5.12: a sequence of three 90° pulses between the first
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Figure 5.12: Pulse sequence for a NOESY experiment. Three 90° pulses on the 1 H
channel are separated by a t1 acquisition time and a mixing time, τm .
and second of which there is a period of magnetisation evolution (t1 ), between the
second and third there is a mixing time (τm ), and acquisition following the final pulse
(t2 ). During t1 , the magnetisation components are frequency-labelled, and during
τm cross-relaxation results in local magnetisation exchange between dipolar coupled
protons. As is usual in a 2D experiment, t1 is incremented linearly between set values, such that a 2D Fourier transformation produces the desired frequency domain
spectrum.
Solid-state NMR analogues of the NOESY experiment rely on a phenomenon known
as spin diffusion. The transfer of magnetisation between two dipolar coupled spins has
been shown to be oscillatory, however, as the number of spins in the system increases,
the network of coupled spins reduces this oscillatory behaviour to a diffuse transfer of
magnetisation. The magnetisation transfer occurring in a network of dipolar coupled
1H

spins is referred to as 1 H spin diffusion. [234] 2D homonuclear NOESY-like spin

diffusion experiments, shown in Fig. 5.13, performed under MAS, can be used to
obtain through-space proximities between spins in the solid state from the analysis of
the 2D correlation spectra obtained through use of the experiment, for more on this
see Chapter 3 in [234].
A schematic NOESY spectrum is shown in Fig. 5.14 where spin A is coupled to
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Figure 5.13: Pulse sequence for 2D NOESY-like experiments. The coherence
pathway for 13 C is also shown.
The application of rf pulses in the mixing time differentiates one experiment from the other as shown on the right.
The DARR cw pulse obeys ν1 = νR . Phase cycling: φ1 = (+y−y), φ10
= (+x ), φ2 = (+x+x−x−x+y+y−y−y), φ3 = (+y+y−y−y−x−x+x+x ), φ4 =
(−y−y+y+y+x+x−x−x ), φrec = (+x−x−x+x+y−y−y+y).
spins C and E, and spin B is coupled to spin D. The figure shows the cross peak
pattern produced by such a, albeit simplistic, system and it is quite clear that A,
C and E are separated from B and D. The existence of equivalent cross peaks at
the corresponding position on the opposite sides of the diagonal is a reliable marker
for the veracity of a signal. As the τm of the NOESY experiment is increased, the
greater the number of cross peaks that become visible in the spectrum; these new
longer range contacts are produced due to spin diffusion, which will be expanded on
in detail later, effects. τm can be increased up to >500 ms, such that there would
be many long-range contacts in the spectrum however, in payment for these extra
signals, the overall peak intensities of the shorter range contacts, due to direct dipolar
coupling between nearby protons, decreases. In this way, a range of τm experiments
provides a range of structural and dynamical information on the sample. There are
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Figure 5.14: Schematic NOESY spectra of a simple five spin system whereby spins A,
C and E, and B and D are dipolar coupled. Cross peaks on both sides of the diagonal
are a reliable indication for a true correlation between spins.
many analogues of this solution NMR experiment used in ssNMR, see Fig. 5.13,
for homonuclear correlation of biological nuclei e.g.

13 C-13 C,

a few of these will be

described below.

5.5.1

Spin Diffusion

Before solid-state NMR analogues of the NOESY experiment are discussed, the phenomenon of spin diffusion will be briefly considered. In general, spin diffusion techniques perform well and NOESY-like sequences, such as proton-driven spin diffusion
(PDSD) [36] and dipolar-assisted rotational resonance (DARR) [182], are widely used,
however at high MAS frequencies and high magnetic fields a different method is preferential: TSAR-based experiments (third spin-assisted recoupling) such as PAR [235]
and PAIN-CP [236], see Fig. 5.13. These more sophisticated experiments are not
used within the study however and so will not be discussed here. The basic solidstate analogue to the NOESY experiment involves storing a spin’s magnetisation in
the z-direction and then allowing MAS to average carbon-carbon, carbon-proton and
proton-proton dipolar interactions to the zeroth order, such that the spin evolution
during the mixing time is governed by first order terms (for a full mathematical interpretation see [237]). Briefly, the first order dipolar Hamiltonian can be represented
by:
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(1)

HD ={

−i X (1)
dk,l,a Iaz (Sk+ Sl− − Sl− Sk+ )
36ωr
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−

−i X (2)
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k,a6=b

+

X
i
(3)
−
− +
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− Sm
Sl )
72ωr
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i X
(4)
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+
72ωr
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where the proton and carbon spins are represented by the operators I and S, re(1)

(2)

(3)

(4)

spectively. The dipolar coefficients, dk,l,a , dk,a,b , dk,l,m and da,b,c have a complex
relationship with the I-S, I-I and S-S couplings within the spin system - for more
detail see [229, 237]. The consequence of the form of this Hamiltonian can be understood as such: the first and third terms control polarization transfer between two
coupled S-spins; while the second and fourth homogenously broadens the zero quantum (ZQ) transition by virtue of coupling the S-spins to the strongly coupled I-spin
network. This ZQ transition broadening is crucial for efficient polarisation transfer
between carbon spins. The factors determining the broadening are the homonuclear
proton-proton and the heteronuclear carbon-proton dipolar couplings and also the
MAS frequency. PDSD, see below, is a sequence which functions well at slow spinning speeds, but at higher MAS frequencies the frequency-dependent homogeneous
width of the ZQ transition becomes smaller than the chemical shift-generated energy
mismatch. This can be overcome by irradiating the protons at the n = 1 or 2 rotary
resonance (R3 ) condition [238] and selectively reintroducing the heteronuclear dipolar spin interaction into the zeroth order average Hamiltonian, but without affecting
the polarisation transfer which is controlled by the effectively unchanged first-order
Hamiltonian. [229] When the n = 1 condition is met, the experiment is referred to
as a dipolar-assisted rotational resonance (DARR) experiment, [182] the employment
of which will be expanded upon later. With this understanding of spin diffusion, we
may now move on to discussing NOESY-like experiments.

5.5.2

Proton-Driven Spin Diffusion: PDSD

In 1982, Szeverenyi and co-workers introduced a solid-state analogue of the NOESY
experiment for application to a typical CPMAS experiment. [36] A CP section re-
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placed the first 1 H 90° pulse at the start of the NOESY sequence, for the benefits
previously discussed. Fig. 5.13 shows the pulse sequence for this experiment, and
the family of experiments that then followed. t1 now signifies the evolution period
whereby the magnetisation of the dilute spins is allowed to evolve under participating
Hamiltonians, notably here the chemical shift interactions. During τm there is no
decoupling on proton spins and this is an opportunity for the

13 C-13 C

spins to com-

municate. This communication can take the form of chemical exchange, if

13 C

spins

relocate in the sample and experience a different chemical shift environment, or spin
diffusion, discussed above; in this manner the major problem of dipolar truncation is
overcome in these experiments. This ‘Proton-Driven Spin Diffusion’ experiment can
then provide homonuclear correlation spectra which show increasing distance proximities as τm increases, from very close resonance pairs to long range proximities.
The importance of PDSD cannot be understated as it was used to solve the first 3D
structure of a protein in ssNMR. [35] The efficiency of this mechanism is inversely
proportional to spinning frequency and therefore suffers when exacted at high magnetic fields >15 Tesla, whereby high MAS frequencies are required to account for the
increased CSA.

5.5.3

Dipolar Assisted Rotational Resonance: DARR

Dipolar-Assisted Rotational Resonance (DARR) was first introduced in 2001 by
Takegoshi, Nakamura and Terao. [182] It is a homonuclear recoupling mechanism
which occurs under MAS. As the name suggests the experiment involves the rotational resonance (R2 ) mechanism to broaden transition lineshapes of the carbon spins
such that polarisation transfer can occur, however, confusingly, it also utilises the R3 ,
rotary resonance, phenomenon so as to recouple the 13 C-1 H dipolar interaction. This
recoupling is achieved by continuous wave (cw) irradiation on 1 H which satisfies the
rotary resonance condition, [238]
ν1 = nνR

(5.14)

where ν1 is the nutation frequency of the rf irradiation, νR is the MAS frequency
and n = 1 or 2, the most efficient of the integer matching conditions. Different
integer values recouple different interactions, thus DARR uses n = 1 where HORROR
uses n = 1/2. [204] These recoupling mechanisms will be expanded on later in this
section.
When created, the DARR sequence had various advantages over previous sequences;
[239–241] as mentioned above, the popular PDSD mechanism is inversely proportional
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to spinning frequency and so, as magnetic fields and MAS frequencies increased, a
sequence without this drawback was required. That the DARR experiment is better
suited to higher MAS frequencies was the main advantage,6 however the requirement
for the recoupling pulse to be set at the nutation frequency equivalent to the MAS
frequency is a reason why the DARR experiment is limited in this attribute; as
mixing times, τm , regularly reach 500 ms, irradiating at e.g. >50 kHz for this length
of time could damage the probe. At the time of conception, however, this was still
an improvement on the PDSD experiment.
As in NOESY and PDSD, the τm used dictates the distance over which carbon spins
can communicate, so a spectroscopist can perform a series of DARR experiments varying τm , thereby selecting which proximities are seen in the spectra produced. Short
τm spectra typically contain only intra-residue contacts whereas longer τm spectra can
contain both intra- and inter-residue contacts; with such spectra, a spectroscopist can
begin to assign the sample, see Fig. 5.15.
Fig. 5.15 shows schematic spectra corresponding to a short and long τm DARR experiment on two small peptides. Fig. 5.15 (a) and (c) show the spectra obtained by
performing a short τm DARR experiment on two amino acids (both alanines) and
three amino acids (two alanines and a valine) respectively, (b) and (d) show the spectra obtained by performing a longer τm DARR experiment on the same systems. It
is possible to see a fuller set of correlations in the longer τm experiment whereas the
short τm spectrum only has a smaller set, for the reason discussed above (as a note, in
(b), for 1Cβ - 2Cβ contacts a very long τm would be required, however such contacts
can be found). Dashed circles (d) indicate lack of contacts between nuclei, dashed
lines are used to illustrate chemical shifts of certain nuclei and solid lines are used to
illustrate a sequential walk through the contacts between residues. Although Fig. 5.15
indicates that transfer is based on the number of connecting bonds or distance, in
reality polarisation transfer is extremely complex and depends on many factors such
as the dipolar interaction, the CSA and also the orientation of the dipolar and CSA
tensors within the sample; for a detailed theoretical approach to the spin diffusion
process, see [242].
The assignment process begins by assigning individual residues using a less-cluttered,
short τm spectrum in which it is possible to see the characteristic patterns for different amino acids, see Fig. 6 in [243], before identifying the Cα-Cα connections in
a longer τm spectrum so as to assign neighbouring residues. In biological ssNMR
6

the authors in [182] mention that the DARR experiment is well suited to MAS frequencies of up
to 30 kHz
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Figure 5.15: Schematic short and long τm DARR spectra for two- and three-amino
acid systems. In (a) and (b) residues 1 and 2 represent alanine residues, in (c) and (d)
residue 1 represents a valine residue and residues 2 and 3 represent alanine residues.
Arrows indicate permitted coherence transfers between nuclei; the arrow colour helps
to identify contacts in the spectra. Grey arrows represent previous, but still present,
transfers, so as to emphasize the ‘newer’ longer-range transfers.
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studies, the amino acid sequence of the sample is already known, which facilitates
assignment as the spectroscopist knows how many of which residues to expect and
to what each residue is connected. In this way many carbons can be assigned from
the sample, however for a more complete assignment (including

15 N

and 1 H chemical

shifts) other experiments, such as those described in § 5.1.2 and § 5.2, are required.
Further

13 C

assignment can be required due to reasons such as spectral crowding;

if a sample has 5 valines for example

7

carbon resonances will exist in similar loca-

tions, due to the similarity of their magnetic environments, such that resolving them
is troublesome. This is why a suite of experiments is required for detailed chemical
shift assignment.

5.6

Dipolar Recoupling

Initial work in this area focussed on the recoupling of dipolar interactions between isolated (via selective labelling) heteronuclear spin pairs. However as ssNMR has grown,
it has become more important to extract significant amounts of data, both homo and
heteronuclear, using a single fully labelled protein sample, whereby there are many
competing interactions attempting to truncate weaker, long-range interactions. These
long-range proximities are the key to extracting long-range distance constraints which
are crucial in modelling the tertiary and even quaternary structure of biological samples. Sequences in § 5.1 and § 5.5 included recoupling sequences which, so far, have
been left unexplained. This section will elucidate recoupling mechanisms such as R2 ,
R3 , RFDR and HORROR.
Rotational resonance (R2 ) is one of the most common frequency-selective recoupling
methods, and provides a simple introduction to this type of method. Initially discovered by Andrew and co-workers in 1966, its use for structural measurements was
only realised many years later by the Griffin group. [43, 244, 245] R2 recoupling can
be achieved by matching the chemical shift difference of two homonuclear spins to a
small multiple (1 or 2) of the spinning frequency. Clearly this relies on the isotropic
chemical shift difference of the two spins in question being well suited to this technique
(as MAS frequencies are not unlimited). It was soon discovered that carbonyl and
aliphatic side chain

13 C

spins were suited to this technique, and could be matched at

moderate spinning frequencies. Under an exact matching R2 condition, the |αβ〉 and
|βα〉 energy levels of the two spins become degenerate, and the transitions generated
7

Such as Aβ, at positions 12, 18, 24, 39 and 40
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by the zero-quantum dipolar Hamiltonian become exactly energy conserving. [229]
Even near the matched condition, polarisation transfer can still occur provided that
the mismatch is smaller than the effective dipolar coupling strength. Many articles
provide detailed descriptions of the mechanics of R2 involving average Hamiltonian
theory, see e.g. [246–248].
Rotary resonance recoupling (R3 ) is a heteronuclear dipolar recoupling sequence for
use with MAS introduced in 1988 by Levitt and co-workers, [238] whereby one can
selectively reintroduce the dipolar coupling between two spins. If there are two dilute,
heteronuclear spins, I and S, and the signal on S is observed while irradiating at
the Larmor frequency of the I spin, if the frequency of the irradiation field is such
to elicit rotary resonance, i.e. eqn. 5.14, a recoupling effect is observed. In the
original experiment, this took the form of broadening previously sharp 31 P centreband
and spinning sidebands into lineshapes resembling the Pake powder pattern. The
31 P-15 N

splittings observed were then used to measure the
therefore reveal the internuclear distance. Both

R2

and

R3

dipolar interaction, and

are incorporated into the

DARR experiment in § 5.5.
In the following two years, rotational-echo double-resonance (REDOR) NMR and
dipolar recoupling at the magic angle (DRAMA) were developed. [24, 26] REDOR
is a heteronuclear recoupling sequence which was initially used to recouple
interactions. The dephasing of
13 C

13 C

echoes due to

15 N

13 C-15 N

π pulses, compared to the

signal without the pulses, can be used to measure the

13 C-15 N

coupling. This

technique is still very popular today, although it is not used in this study. DRAMA
was the first broadband homonuclear dipolar recoupling sequence, and though it has
mostly been superseded by other sequences it is deserving of mention in a brief history
of recoupling.
DRAMA led the way for the more popular homonuclear sequences such as radio
frequency-driven dipolar (RFDR) recoupling, developed by the Griffin group in 1992,
[249] and homonuclear rotary resonance (HORROR), developed by Levitt and coworkers in 1994. [204] RFDR utilises a series of rotor-synchronised π pulses during a
longitudinal mixing period on the S spins to act as a compensated echo sequence while
simultaneously decoupling on the I spins; through this mechanism it is possible to
reintroduce the flip-flop part of the dipolar coupling. The result is a time-independent
interaction which causes magnetisation transfer between coupled homonuclear spins.
It is important that the RDFR π pulses do not match the frequency of the proton
decoupling, else rapid depolarisation of the carbon signal occurs. HORROR was
developed with the intention of use on large biomolecules as previously developed se91

quences, R2 , R3 , DRAMA and REDOR did not have efficient double quantum filtering
(2QF). One advantage of a 2QF experiment is greater discrimination to distinguish
between the signals obtained in experiments from the desired, intentionally-labelled
13 C

and those from randomly distributed, natural

13 C.

The developers of HORROR

claimed that by first exciting double-quantum coherence, a correlation between the
polarisations of neighbouring spins, and then reconverting it back into observable signal these signals could be distinguished. With a 2QF efficiency of 27% for DRAMA
and 25% for R2 , HORROR seemed like a front runner (efficiency of 60%), however it
had two drawbacks; a dependence on the rf field and chemical shift. [204] The rf field
dependence is not serious for spins in close proximities, and the chemical shift dependence can be minimized by rapid MAS frequencies (hence the use of this sequence
at 100 kHz MAS), however the sequence performs very poorly over a wide chemical
shift range and is therefore classified as a ‘narrowband’ recoupling sequence. Both
these techniques are used in the pulse sequences in § 5.2.
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6
E XPERIMENTAL & C OMPUTATIONAL M ETHODS

6.1

NMR Data Acquisition

This chapter contains experimental and computational details for the work performed in obtaining and processing high-resolution solid-state NMR data presented
in this thesis. Included in this chapter are details on spectrometers, probe and rotor type, pulse sequences and temperatures used alongside the software employed
post-acquisition.

6.1.1

Spectrometers

Experiments were performed on Bruker spectrometers with 1 H Larmor frequencies of
850.2 MHz (13 C Larmor frequency 213.7 MHz), the Avance III, and 600.1 MHz (13 C
Larmor frequency 150.8 MHz), the Avance II+, using TopSpin 2.1 as the interface for
acquisition. A Chemagnetic InfinityPlus spectrometer with 1 H Larmor frequency of
359.2 MHz (31 P Larmor frequency 145.4 MHz) was used for

31 P

NMR experiments

using SpinSight for acquisition.

6.1.2

Probes and Rotors

2.5 mm HX and HXY, 1.3 mm HXY, 1.0 mm HX and 0.8 mm HX probes were used
in either 1 H-13 C or 1 H-15 N double resonance (DR) modes, or 1 H-13 C-15 N or 1 H-1 H15 N

triple resonance (TR) mode, although the set up used will be stated explicitly

for each experiment. The range of rotor sizes (all made of ZrO2 with vespel top
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and bottom caps) used corresponds to the range of MAS frequencies available: most
experiments are performed in 2.5 mm rotors with MAS frequencies of 7.0 to 15 kHz;
some experiments are performed in 1.3 mm rotors with MAS frequencies of up to 62
kHz; some experiments are performed in 1.0 mm rotors with MAS frequencies of up
to 80 kHz; and, finally, some are performed in 0.8 mm rotors with MAS frequencies
of up to 100 kHz. This range of MAS frequencies directly affects the experiments one
can perform; the lower frequencies are suited to DARR and DCP experiments and
the higher frequencies are suited to experiments such as inverse detection, and the
decoupling/recoupling sequences included therein (see § 5.4). A 10 mm PFG NMR
probe was used for experiments investigating

6.1.3
1H

31 P.

Pulse Sequence Details

decoupling in DARR experiments in this study was performed using the SPINAL64

technique with 6 or 5 µs pulses at a 1 H nutation frequency at ν1 (1 H) of either 83
or 100 kHz depending on the concentration of salt within the sample. Proton and
carbon nutation frequencies of 100 kHz and 50 kHz are used for π pulses. Short
mixing experiments have τm of 20-50 ms and long mixing experiments have τm of
200-500 ms.
1H

decoupling in DCP experiments in this study was performed using the SPINAL64

technique as described above during acquisition periods, with CWLG decoupling
during 15 N-13 C CP applied on 1 H, with a nutation frequency at ν1 (1 H) of 83 kHz. [250]
Proton, carbon and nitrogen nutation frequencies of 100, 50 and 50 kHz are used for
π pulses.
Inverse Detection experiments use slpTPPM, RFDR, WALTZ-16 and HORROR sequences: using slpTPPM with 20 µs pulses of 15 kHz; RFDR with 5 µs pulses of 100
kHz; WALTZ-16 with 16 µs pulses of 10 kHz; and HORROR with 40 µs pulses of 30
kHz (exciting DQ transitions). Proton, carbon and nitrogen nutation frequencies of
either 100 or 83 kHz are used for π pulses.
31 P

one pulse experiments were performed with 30 µs pulses at a

quency of 8.3 kHz.
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31 P

nutation fre-

6.1.4

Referencing

Often carbon referencing is made to tetramethylsilane (TMS) which contains four
carbons in equivalent magnetic environments, or TSP which is favoured by certain
groups. Nitrogen referencing is often made to liquid ammonia however other references used are nitromethane, urea, NH4 Cl and NH4 NO3 . [251] Though the differences
in most of the common 1 H references (DSS, TSP and TMS) are trivially small the
variations in carbon and nitrogen standards can be substantial; under the conditions
shown in eqn. 6 of [252], there is a 2.01 ppm difference between a carbon signal referenced to TMS compared to DSS. Moreover in [251] it is claimed that a dioxane signal
can be found at 66.6 ppm (when measured with respect to external DSS), at 67.5
ppm (with respect to internal TMS) or at 69.4 ppm (when measured against internal
TSP). Detailed conversion tables for most standards can be found in [253, 254]: if
a TSP referenced signal is located at 0.00 ppm, then a DSS referenced signal would
exist at 0.15 ppm and a TMS signal at 2.81, although factors such as pH, temperature
and solvent are responsible for minor variations around these figures.
For the work presented here referencing has been taken from an alanine C0 resonance
of 177.8 ppm, unless otherwise stated. [252,253] Other methods include use of histidine
13 C

and

15 N

resonances and internal reference to DSS, by setting the DSS 1 H peak

to 0 ppm, though alanine and DSS referencing is more prominent throughout this
study.
Chemical shifts of nuclei in amino acids in a protein can vary due to the secondary
structure, for example the Cα resonances will have higher chemical shifts in regions of
α-helix and lower chemical shifts in regions of β-sheet, whereas Cβ resonances have
the opposite dependence. Deviations from this typical behaviour can occur due to e.g.
the presence of additional local fields from aromatic rings or charged neighbours. [255]
The ‘random coil’ chemical shift value has been defined as the chemical shift of an
amino acid residue within a peptide which is free to access all sterically allowed regions
of its conformational space. [251] Often this value is taken as the average value of all
the carbon entries for that residue in the BMRB, and it is to this value that the terms
‘higher...’ and ‘lower chemical shifts’ apply. [256, 257] In this manner an estimate for
the secondary structure of the sample can be made using the chemical shift values
obtained and the sequence of the protein.
For referencing in certain samples, measures of an aqueous solution of 5% DSS were
added. The proton DSS peak could then be set to zero and using relations from [253]
and [252], the carbon and nitrogen chemical shift references could be found. The
95

water proton peak shifts by virtue of the temperature and the chemical shift of this
peak when compared to the DSS peak, which was always set to zero, can be used to
obtain the temperature within the sample.

6.1.5

Temperature

Due to the biological nature of the samples in this study, the temperature at which the
samples are studied is important. Many experiments in this study use a BCU-Xtreme
with flow rates of 670 - 800 l/h to maintain a steady temperature of ∼2 °C. This flow
rate ensures that, during decoupling, which can significantly heat a hydrated sample,
the temperature does not exceed that which might result in denaturing the samples.
The gas source used is N2 so as to avoid any chance of icing within the BCU.

6.2
6.2.1

NMR Data Analysis
CCPN

The Combined Computing Project for NMR, known as CCPNmr, CcpNmr or just
CCPN, is a series of programs for macromolecular NMR spectroscopy. [258] The
modules CcpNmr Analysis, ChemBuild, Format Converter, SpecView, Data Model
alongside web based applications constitute this rapidly developing open-source tool.
This thesis work utilised the interactive NMR assignment and project management
program CcpNmr Analysis. Format Converter allows data from sources such as TopSpin to be imported into and exported out of the CCPN framework. It can also
read/write/edit NMR acquisition and processing parameters. SpecView allows rapid
visualisation of 1D, 2D or 3D NMR spectra and peak data from many different input
file formats. In this thesis work, the Analysis and Format Converter are most regularly used from the CCPN suite. In the Analysis window, several 2D spectra can be
displayed, contour levels can be adjusted and peaks can be assigned. The amino acid
sequence of the sample can be input and CCPN will make intelligent suggestions for
unassigned peaks based on both the sequence and the current assignments, moreover
any assignment made in an unusual location (e.g. if a user attempted to assign a
glycine Cα at 60 ppm whereby a far more typical chemical shift value is ∼45 ppm)
is queried by the software providing a level of security when assigning.
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6.2.2

SPARKY

SPARKY is an NMR assignment and integration program for use on proteins, nucleic acids, and other polymers. [259] Bruker output files can be used in SPARKY
alongside, NMRPipe, Felix and Varian VNMR data, though these generally need to
be converted which can be done using the command line and a few simple instructions. In this analysis work, SPARKY is used for processing and analysis of 2D
and 3D spectra. SPARKY features include: adjusting contour levels; visualisation of
several spectra at once with mouse controlled axes appearing at equivalent locations
on all spectra to aid assignment; automated and manually controlled peak picking;
output of peak file with intensities and S/N; extraction of strip plots from 3D spectra; intelligent assignment software able to suggest assignments based on previous
assignments.

6.2.3

TALOS-N

TALOS-N is a software package for the prediction of protein backbone and sidechain
torsion angles from NMR chemical shifts. [170] The program’s previous iterations
TALOS (Torsion Angle Likelihood Obtained from Shifts and sequence similarity) and
TALOS+ worked on the basis that secondary chemical shifts (the difference between
the chemical shift value for a specific nucleus and its random coil value as mentioned
in § 6.1.4) are highly correlated with aspects of protein secondary structure. Briefly,
TALOS-N uses secondary chemical shift alongside sequence information to derive
predictions for the backbone angles φ and ψ and sidechain angles χ1 with a measure of
the uncertainties in each of these predictions, and also the secondary structure.
It has been shown that secondary chemical shifts for Cα and Cβ of a given residue
correlate closely with its φ and ψ torsion angles, which therefore permits TALOS to
perform this analysis. [260–262] When given an input file of the amino acid sequence
and chemical shifts for nuclei within the residues, TALOS will analyse the sequence
in triplets and searches a database for triplets of adjacent residues with chemical
shifts and a sequence similar to those input, to attempt to find a best match to
the current triplet of interest. The database contains backbone torsion angles of
proteins solved using crystal structures to a resolution of ≤2.2 Å, and which also
have nearly complete resonance assignments. TALOS will then select the 10 triplets
with the closest matches to the input sequence for each triplet in the query sequence.
If the 10 triplets exhibit similar φ and ψ backbone angles, their averages can be used
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as angular restraints for the sequence under investigation. The paper introducing
TALOS showed a root-mean-squared deviation of the TALOS output angles and Xray derived backbones angles as ∼15°, and that only 3% of predictions from TALOS
are found to be erroneous. [263]
The TALOS database contained 20 proteins with over 3,000 residues, but when TALOS+ was released 10 years later, the database used contained 200 proteins and had
improved the backbone angle prediction fraction from 65 to 74%, simultaneously reducing the error from 3 to 2.5%. The accuracy of the angles predicted also increased,
ignoring the 2.5% of residues for which TALOS+ made erroneous predictions, as the
error in angle dropped to ±13°. TALOS+ contains a two-layer neural network filter
to the database fragment selection process, which is found to increase the overall
prediction rate to 88.5%. [264]
TALOS-N then provided a prediction rate of ≥90% with an error of less than ∼3.5%
and an error in angle of ±12°, alongside the prediction of sidechain χ1 angles for
around 50% of residues with a consistency to reference structures of 89%. The criteria
for a valid prediction were also tightened by nearly two-fold for TALOS-N, and yet it
reports the same fraction of residues as TALOS+, without increasing the error rate.
Where TALOS-N cannot produce a reliable prediction, it will produce a ‘generous’
prediction, which match reference backbone angles for ∼77% of predictions.
A more simplistic web-based version of the TALOS-N program exists whereby inputting sequence and chemical shift data, in the form exported by NMRPipe, [265]
can produce the data mentioned above.

6.3

Samples

Samples of Aβ1−40 are provided by collaborators in Umeå University and selectively
labelled Aβ1−42 peptides are synthesised using solid-phase synthesis at Luleå University of Technology with fully labelled Aβ1−42 peptides being provided by collaborators
in Uppsala. Further details are offered in § 7 and 8, which show and discuss the work
performed on these systems.
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7
S OLID -S TATE NMR A NALYSIS OF A MYLOID -β1−40 A G GREGATES

F ORMED IN THE P RESENCE OF C OPPER I ONS

This chapter contains the results from the work performed on U-[13 C,
aggregates which were formed in the presence of copper. 2D

13 C-13 C

15 N]

Aβ1-40

DARR spectra

with a variety of mixing times illustrate short and long distance connectivities and
proximities within the sample, and enable 13 C chemical shift values to be determined.
2D 15 N-13 C DCP spectra allow chemical shift values for 15 N to be obtained. Multidimensional inverse detection spectra are also shown, and allow 1 H and additional

15 N

chemical shift values to be obtained. TALOS-N provides torsion angle predictions and
secondary chemical shift analysis is performed, with the secondary structure being
compared to previously published models for Aβ fibrils.

7.1

Introduction

Structural studies of amyloid fibrils are currently of significant scientific interest
due to their involvement in amyloidogenic diseases such as Alzheimer’s disease and
Parkinson’s disease. During Alzheimer’s disease, Aβ begins to misfold and aggregate into plaques within which higher concentrations of endogenous metals can be
found. [49, 102] The presence of metals has already been shown to alter the structure
of amyloid fibrils, [55] notably for Cu2+ when introduced after fibril formation in
previous studies. [102] In this work, aggregates have formed in the presence of Cu2+
ions and solid-state NMR and electron microscopy (EM) is used to investigate the
resulting structure.
As plaques in the brain contain higher concentrations of metals, and these metals have
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been shown to alter the structure of Aβ1−40 it seems logical that a ssNMR structural
study of plaques, which are formed in the presence of metals, is performed, however
so far one has yet to be published; although a study has been performed investigating
the effect of copper on fibril structure after formation has taken place, [102] providing
an interesting comparison for this work.

7.2
7.2.1

Experimental Details
Sample Preparation

Recombinant Aβ1−40 -[U-13 C, 15 N] was prepared, using standard minimum U-[13 C,15 N]
media growth and purification protocols [266] and then lyophilized from an ammonium acetate buffer, by Anders Olofsson in Umeå University. The peptide was dissolved in an aqueous solution at a high pH to obtain a purely monomeric form of the
peptide, as described in [266]. The pH was adjusted to 7.0 and NaCl was added at a
physiological concentration of 150 mM. A solution of CuCl2 was added to this sample
of the peptide and the pH was adjusted again to 7.0. The peptide concentration was
50 µM, with a two-fold molar excess of CuCl2 . After the Cu2+ had been added to
Aβ1−40 -[U-13 C,15 N], the peptide precipitated instantly. These Aβ1−40 /Cu aggregates
appear completely stable in aqueous suspensions; the sample has not yet degraded
over 50 months.
The sample was packed into a Bruker 2.5 mm rotor and NMR experiments were
performed. The sample was then allowed to hydrate in an aqueous environment for a
few days with the cap removed (see Fig. 7.1) before further NMR experiments were
performed. After nearly two years, the sample was partly transferred into a 0.8 mm
Samoson rotor to enable high frequency MAS experiments to be performed (unlocking
MAS frequencies up to 100 kHz); the sample appeared to dry out during this process,
therefore both 2.5 mm and 0.8 mm rotors were placed into a hydrated environment
so as to ensure that a similar level of hydration, to that previously obtained, was
achieved.

7.2.2
2D

Solid-State NMR Measurements

13 C-13 C

DARR,

15 N-13 C

DCP and 1 H-13 C, 1 H-15 N, 1 H-13 C-15 N and 1 H-1 H-15 N

inverse detection experiments were performed on a Bruker Avance II+ wide-bore
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Figure 7.1: Sample preparation pathways for sample studied by the Ishii group [102]
and sample studied in this thesis. These differences result in different polymorphs
being created; the one in this study could well be more physiologically relevant due
to the introduction of copper ions before aggregation.
spectrometer (600 MHz 1 H Larmor frequency and 150.8 MHz 13 C Larmor frequency)
and a Bruker Avance III wide-bore spectrometer (850 MHz 1 H Larmor frequency and
213.7 MHz

13 C

Larmor frequency). A 2.5 mm DVT MAS probe head in double- and

triple-resonance modes was used for DARR and DCP experiments, respectively. The
MAS frequency for these experiments was 10.0 kHz unless otherwise stated. In DARR
experiments, mixing times of 20 (short mixing) to 200 ms (long mixing) were used
with cw 1 H irradiation at a nutation frequency of 10.0 kHz. SPINAL64 1 H decoupling
at a nutation frequency of 83.3 kHz was used during t 1 and t 2 acquisition. An 80100% ramp was applied on the 1 H channel during cross polarisation, and contact
time of this pulse was 1000 µs. A 0.8 mm Samoson MAS probe head in double- and
triple-resonance mode was used for inverse detection experiments. MAS frequencies
of ∼100 kHz were used. Low power WALTZ-16 decoupling at a nutation frequency
of 25 kHz was applied on

13 C

and

15 N

during 1 H acquisition. Experiments were

performed at a sample temperature of 2℃, target temperature −8℃, maintained by
a dry, cold air flow of 600 l/h generated by a Bruker Cooling Unit Xtreme.

7.2.3

Electron Microscopy

Negatively stained aggregates were prepared by re-suspending 0.5 mg of Aβ1−40 /Cu
aggregates in 100 µl of deionised water. Copper grids were activated with UV light for
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1 minute and 2.5 µl of re-suspended sample was then added to the copper grids. After
adsorption for 30 seconds, the grids were blotted off, and then counter-stained twice
with 2 wt% uranyl acetate aqueous solution. Grids were blotted after 30 seconds and
left to dry in air. Electron microscopy was performed on a JEOL 2010F TEM 200
kV Field Emission Gun fitted with a Gatan UltraScan 4000 camera.

7.3
7.3.1

Results
Effect of Hydration

Samples of U-[13 C,15 N] Aβ1−40 /Cu aggregates were prepared and hydrated as described above and TEM images were taken of both dry and hydrated aggregates, see
Fig. 7.2. TEM images of the dry aggregates reveal very short aggregates, possibly
protofibrils or some related building block of the larger final-state aggregates, which
are likely to be attracted to one another shown by the inhomogenous distribution
of aggregates throughout the image. By comparison, TEM images of the hydrated
aggregates reveal a homogeneous sample consisting of large networks of aggregated
material in the hydrated state. When compared to previous TEM images of Aβ
fibrils, [63, 64, 93, 102] there is a considerable amount of disorder in the alignment
of these aggregates, which is likely to be due to the speed at which the aggregates
precipitated from the peptide solution upon introduction of the Cu ions.1 It is clear
from the TEM images in Fig. 7.2 that hydration has increased both the length of
aggregate strands, which can only be caused by encouraging further aggregation, and
the overall homogeneity of the sample. It is difficult to state whether the aggregates
are striated ribbon or twisted pair, it is more likely that the sample contains both
types of structure.
The sample had over two years to re-order into the current hydrated form, and this
gradual re-ordering to a less energetic, more homogeneous and fibril-like form would
explain the increase in resolution with time as shown by the 1D NMR spectra in
Fig. 7.3. The

13 C

aliphatic region has been selected to demonstrate the increase in

resolution as it is more dramatic than within the cluttered carbonyl region. Various
studies have shown an amyloidogenic re-ordering with time similar to the one shown
here, albeit without the effect of a paramagnetic ion within the sample. [267] Notable
regions of resolution increase include: the two peaks with lowest chemical shift values,
As mentioned in § 7.2.1 the aggregates precipitated from the solution instantaneously with the
introduction of the Cu2+ ions
1
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Figure 7.2: Electron microscopy images of, left, dry (lyophilised) and, right, hydrated
aggregates. Hydration causes aggregates to become longer and more mesh-like where
previously aggregates are short and not in networks of aggregates.
which, in Fig. 7.3 a), appear as one peak and one shoulder to a more intense peak but
which slowly become more well defined as time passes and are clearly two separate
peaks in Fig. 7.3 f); and the block of signals in the 55 ppm region which only really
begin to show some resolution in the most recent CP spectrum obtained using the
0.8 mm probe. Alongside the overall improvement in resolution which has occured
over time, the two left most peaks in Fig. 7.3 a) which are well defined and unlike
most of the remaining spectrum in (a), seem to disappear over time (for the peak at
the higher chemical shift value) or be replaced with a slightly shifted peak which is
less defined (for the peak at the lower chemical shift value). The residues containing
carbons at the highest chemical shifts are later found to be the serine residues at
positions 8 and 26, and both these Cβ chemical shift values are assigned, which then
asks the question as to what the peak was that seems to disappears. This might imply
that the sample contained serine residues which initially were in two environments,
suggesting, therefore, that the sample contaied two polymorphs. If this were the case,
that the leftmost peak is much less intense implies that the other of the two forms was
favoured during aggregation and when the sample was hydrated this less-favourable
form was lost in the re-ordering to a less energetic state.
13 C

DARR spectra recorded at 850 MHz lend support to the above claims that hydra-

tion has led to a more homogeneous sample. Fig. 7.4 compares identical experiments
taken before and after hydration. There is a noticeable increase in the resolution
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Figure 7.3: Comparison of 1 H-13 C CPMAS spectra taken on Aβ1−40 /Cu aggregates
over time. Spectra were recorded with 128 (a), 8 (b, c, d), 16 (e) and 1024 (f) coadded transients. The sample has been packed into two different rotor sizes as stated
in the figure. Sample was hydrated as in Fig. 7.1 when mentioned on the figure.
of the spectrum when the sample has been hydrated; two areas which particularly
emphasize this have been enlarged and overlaid, with the thick dashed line in the
comparison panels indicating the hydrated sample and the thin unbroken line indicating the dry sample. Both regions have improved from an unresolved region of
signal into several distinct peaks which enable assignment, this improvement can be
noticed throughout the aliphatic regions. Moreover the serine peaks (lower left zone
of aliphatic region), which were previously non-existent, are very clear after hydra104

tion. A similar statement can be made for the two isoleucine residues, at locations
31 and 32, which can be seen at the characteristically low chemical shift values (<22
ppm) of the two Cδ1 . Although certain regions remain cluttered, e.g. typical valine
chemical shift regions (∼20, ∼35 and ∼60 ppm), due to the existence of 6 valines in
the Aβ sequence, there is much greater definition in these areas post-hydration.

7.3.2

Effect of Field

To investigate the effect of field on the resolution of ssNMR spectra, the hydrated
sample had two identical 20 ms mixing DARR experiments performed on it, one at a
1H

Larmor frequency of 600 MHz and one at a 1 H Larmor frequency of 850 MHz. The

comparison of the spectra in Fig. 7.5 clearly shows a significant improvement in resolution. The overlain sections in particular highlight regions of improved resolution,
with many regions improving from extended wide areas of un-assignable signal to
assignable peaks, e.g. in the first comparison box, two individual, almost completely
resolved peaks appear from a previously broad single signal. The second comparison
box reveals a possible four peaks from a previously unassignable region. Alongside
these, many other regions have become more resolved as can be seen in Fig. 7.5.
Moreover, signals that were already resolved at 600 MHz are sharper in the 850 MHz
spectrum. More specifically, the linewidth for the peak corresponding to the I31CβCδ1 connectivity (39.9 ppm, 13.7 ppm) improves from 220 Hz to 190 Hz, while the
linewidth for the peak corresponding to the connectivity for S26Cβ-Cα (65.2 ppm,
55.9 ppm) improves from 170 Hz to 140 Hz showing that there is an increase in the
resolution of the spectrum across the entire aliphatic region. The L17Cβ-Cδ2 (46.1
ppm, 25.5 ppm) and L17Cγ-Cβ (28.6 ppm, 46.1 ppm) peaks become resolved allowing
the full assignment of residue L17, and also the K16Cδ-C (29.3 ppm, 41.9 ppm) peak
becomes resolved from surrounding signals. Once again, the densely packed valine
region has not improved to the point that 6 individual resonances can be found, but,
through the combination of hydrating the sample and the use of the higher magnetic
fields, some valine assignments can be made. Nonetheless, these spectra indicate the
significant level of improvement available through increasing the magnetic field used
in experiments from 14.1 T to 20.0 T.
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Figure 7.4: Comparison of 13 C spectra recorded using the DARR experiment with a
mixing time of 20 ms at a 1 H Larmor frequency of 850 MHz and a MAS frequency
of 10 kHz of U-[13 C,15 N] Aβ1−40 /Cu aggregates before and after hydration. Regions
of particularly increased resolution have been highlighted and overlaid. Unbroken
lines are from the before hydration spectra, dashed lines are from the after hydration
spectra. 72 (dry) and 64 (hydrated) transients were co-added for each 546 (dry) and
640 (hydrated) t1 FIDs, with a recycle delays of 1.5 s (dry) and 1.6 s (hydrated),
corresponding to experimental times of ∼16.5 hours (dry) and ∼18 hours (hydrated).
Base contours for both spectra are 3%.
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Figure 7.5: Comparison of 13 C spectra recorded using the DARR experiment with
a mixing time of 20 ms taken at 1 H Larmor frequencies 600 MHz and 850 MHz, on
a Bruker Avance II+ and Avance III spectrometer respectively, using 10 kHz MAS
frequency on U-[13 C,15 N] Aβ1−40 /Cu aggregates. Regions of particularly increased
resolution have been highlighted and overlain. Unbroken lines are from the spectra
taken at 600 MHz, dashed lines are from the spectra taken at 850 MHz. 256 (600
MHz) and 64 (850 MHz) transients were co-added for each 512 (600 MHz) and 640
(850 MHz) t1 FIDs, with a recycle delays of 1.5 s (600 MHz) and 1.6 s (850 MHz),
corresponding to experimental times of ∼54.5 hours (600 MHz) and ∼18 hours (850
MHz). Base contour for the spectra are 3% (600 MHz) and 4% (850 MHz).
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Figure 7.6: Comparison of 13 C-13 C 2D 20 ms mixing time DARR spectra of
Aβ1−40 /Cu aggregates and Aβ1−40 aggregates recorded at 600 MHz 1 H Larmor frequency and 10 kHz MAS frequency. 128 transients were co-added for each 512 t1
FIDs, with recycle delays of 2 s, corresponding to experimental times of ∼36.5 hours.
Signal/noise for the highest peak in the spectrum = 107 (Aβ1−40 /Cu aggregates)
and 43 (Aβ1−40 aggregates). Base contour level: 5% (Aβ1−40 /Cu aggregates) and
3% (Aβ1−40 aggregates).

7.3.3

2D DARR Spectra

Short mixing time DARR spectra were taken on both the Aβ1−40 /Cu aggregates
sample and a sample of Aβ1−40 aggregates, which were prepared simultaneously and
with all the same preparative steps excluding obviously the introduction of the copper,
so as to provide a simple comparison and allow an instantaneous view on the effect
of the copper; these spectra are displayed in Fig. 7.6. The spectra differ significantly
in terms of resolution, there are large regions which are fairly well defined in the
spectrum obtained on the Aβ1−40 /Cu aggregates which are not at all well defined
in the spectrum taken on Aβ1−40 aggregates: for a specific example see the region
(∼40 ppm, ∼25 ppm). Moreover, the signal/noise ratio for the highest peaks in
each spectrum are quite different, 107 for Aβ1−40 /Cu aggregates and 43 for Aβ1−40
aggregates. Alongside the difference in resolution, certain resonances have shifted
chemical shifts such as the serines at locations 8 and 26 to name a clear example.
The signal from these residues can be seen in the high chemical shift region (∼55
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Figure 7.7: Comparison of 13 C-13 C 2D 20 (a), 100 (b) and 200 (c) ms mixing time
DARR spectra of Aβ1−40 /Cu aggregates recorded at 850 MHz 1 H Larmor frequency
and 10 kHz MAS frequency, 32 months after initial packing. 128 (a,b) and 152 (c)
transients were co-added for each 512 (a) and 640 (b,c) t1 FIDs, with recycle delays
of 2 s (a, c) and 1.6 s (b), corresponding to experimental times of ∼36.5 hours (a,b)
and ∼43 hours (c). Signal/noise for the highest peak in the spectrum = 107 (a), 75
(b) and 56 (c). Base contour level: 5% (a), 4% (b) and 3% (c).
ppm, ∼65 ppm). Quite clearly the copper is having an effect on the aggregation of
the peptide and the result is a highly ordered state (indicted by the narrow linewidths)
which has a different structure to that formed without the ion (indicated by the shift
in chemical shifts).
Short and long mixing time DARR spectra were obtained on U-[13 C,15 N] Aβ1−40 /Cu
aggregates. The spectra in Fig. 7.7 show intra- (τm = 20 ms) and both intra- and interresidue cross peaks (τm = 100 and 200 ms). Peak intensity decreases with increasing
mixing time which is expected due to T 1 relaxation during the mixing time, [182] but
there is a gain in the number of cross peaks, as spin diffusion effects occur over greater
distances. Fig. 7.7 a) displays a short mixing time DARR spectrum which contains
fewer cross peaks than b) or c) but with better sensitivity - maximum signal-to-noise
(S/N) values for the spectra are a) 107, b) 75 and c) 56. Although the spectrum
in Fig. 7.7 a) contains 124 peaks, it still contains areas which are quite cluttered,
e.g. the previously mentioned valine Cα, Cβ and Cγ regions. It is, therefore, very
probable that even with well-resolved 2D
full assignment for the

13 C

13 C-13 C

ssNMR spectra such as these, a

nuclei cannot be made by these spectra alone: identifying

the six individual valines within those cluttered spectral regions will be particularly
troublesome. Moreover, it can be seen in all the spectra in Fig. 7.7 that assignment of
C0 resonances would be very difficult due to the nature of C0 chemical shifts existing
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in similar regions for all residues. Fig. 7.7 c) contains several cross peaks which do
not appear in the shorter mixing time spectra which can be used for inter-residue
assignment; a particularly useful region of this spectrum is that between ∼50 to ∼70
ppm which contains the Cα-Cα cross peak region, and can be used for determining
sequential residues. Additionally, it should be mentioned that the spectral regions
in Fig. 7.7 b) exhibit diluted aspects of both the advantages and disadvantages of
the other two spectra, however the 100 ms mixing time spectrum has high value in
showing which longer range cross peaks appear first. In this way, long and very long
range cross peaks can be distinguished.
Fig. 7.8 highlights specific areas of interest, where long-range cross peaks appearing
only in the 200 ms mixing time DARR spectrum exist. Cross peaks found in the
(48 ppm, 48 ppm) to (62 ppm, 62 ppm) region are likely to be Cα-Cα cross peaks,
though extra peaks can occur between distant carbons within one residue, for example
C and Cα in lysine, however these are easily recognised if most carbons from the
residue in question have been previously assigned from the 20 ms DARR spectrum.
Longer range contacts, appearing on the longer τm spectra, are very important in
establishing the overall fold of a protein and are therefore of significant interest during
assignment. In this work, individual residues were located on the short mixing time
DARR spectrum, then adjoining residues were determined using the Cα-Cα cross
peak region on the long mixing time DARR spectrum, highlighted in the figure. As
the amino-acid sequence for the sample under investigation is known, this technique
was the fastest and most reliable method of assignment, since assignment from the
short mixing DARR spectrum of large amino acids could be verified by the existence of
longer range intra-residue cross peaks appearing in the long mixing DARR spectrum,
again such as lysine C and Cα cross peaks, alongside investigation of inter-residue
cross peaks. This is precisely the processing technique for 2D spectra discussed in
§ 5.
As also detailed earlier in § 5, and as metioned above, when assigning residues in a
molecule such as Aβ, using DARR spectra, it is easiest to start on a shorter mixing
time spectrum as they are usually less cluttered. Specific residues are likely to occupy
certain chemical shift regions within a spectrum, and one can look up typical values
within the Biological Magnetic Resonance Data Bank (BMRB); as such, the initial
search begins by examining these regions and identifying assignments for the carbons
within the residues which are located in these regions, for an informative discussion of
this see [243]. As the sequence of the peptide or protein under investigation is known,
assignment is made easier as it is known how many of what residue there are in the
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Figure 7.8: Comparison of 20 ms (left) and 200 ms (right) mixing time DARR spectra
of Aβ1−40 /Cu aggregates recorded at 850 MHz 1 H Larmor frequency and 10 kHz MAS
frequency with the aliphatic regions displayed. Spectral regions corresponding to new
peaks that appear in the 200 ms spectrum are shown as insets below. In the way,
it is possible to differentiate between intra- and inter-residue contacts. Experimental
details are the same as those listed in Fig. 7.7.
sequence, with this information (and applying it specifically to Aβ1−40 ) the chemical
shift values for e.g. both of the two isoleucines and two serines can easily be found
in Fig. 7.7 a); isoleucines contain a Cδ which typically has a very low chemical shift
(∼14 ppm) and serines contain a Cβ which has a notably high chemical shift (∼66
ppm). Other, less easily located residues are found through recognising the pattern
generated by the residue due to the number of carbons it contains, e.g. if a residue
contains four carbons there should be a pattern of four horizontally aligned peaks at
four corresponding vertical values of chemical shift, with the diagonal accounting for
one of the peaks at each level, provided all intra-molecular carbons have exchanged
magnetisation with all other intra-molecular carbons. Moreover for each residue, it
is known both how many carbons to expect and at what chemical shift values to
expect them which again aids assignment. Although spectra of larger peptides and
proteins can become very crowded which increases assignment difficulty, especially as
separating e.g. several of a particular residue which will be located at very similar
chemical shifts can seem near to impossible and that with increased peptide length
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Figure 7.9: Assignment of two individual residues on the aliphatic region of the 20
ms mixing time DARR spectrum of Aβ1−40 /Cu aggregates recorded at 850 MHz 1 H
Larmor frequency and 10 kHz MAS frequency. Lysine-16, a), and leucine-17, b),
have all sidechain carbons assigned. The location of a long range peak which has not
appeared in the short mixing spectrum, K16C-Cα has been marked with a question
mark. Experimental details are the same as those listed in Fig. 7.7.
this is more likely to occur, this is still the easiest method for residue recognition and
assignment. Note that typically in the larger molecules successfully investigated by
ssNMR, the homogeneity of the sample is greater than the sample here, which results
in narrower linewidths and, therefore, easier assignment. [41, 268, 269]
Individual residue assignment, as described above in a general case, has been illustrated in Fig. 7.9 a) and b) for the carbons in a lysine residue and a leucine residue
respectively. The sequential walk along the sidechain has also been illustrated for each
residue. Lysines have two characteristically low chemical shift value carbons, Cγ and
Cδ, which are in close proximity to a medium-high chemical shift value carbon, C.
The strong and characteristic K16Cδ-C cross peak in Fig. 7.9 a) is a suitable starting
point for attempting to assign lysine residues. Starting from the Cδ-C peak, one is
able to move vertically to the diagonal and then horizontally to a Cγ-Cδ cross peak
and another assignment can be made. Though the process of returning to, and, while
tracing lines towards peaks for assignment, remaining on one side of, the diagonal is
conventional, it is expected that a peak that appears on one side of the diagonal will
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also appear on the other so, when presenting spectra of the type shown here, it is
easiest to maintain order if all assignments are on one side of the diagonal, however
crossing the diagonal is no less correct a manner for assignment. From the Cγ-Cδ
cross peak, the Cγ-Cβ cross peak can be found directly below (after crossing the
diagonal). Subsequently, moving horizontally thereby remaining at the chemical shift
value for Cβ, we find the cross peak for Cα-Cβ, which completes the assignment. It
is possible to check the total assignment of a residue if there are any long range peaks
that have appeared, e.g. in the case of a lysine residue, the C-Cα peak would provide
a very strong argument for the veracity of the earlier assignments. This location has
been included in Fig. 7.9 a), even though the peak is missing, with the label ‘?’ for
future use.
Leucines have three characteristically low chemical shift value carbons, Cγ, Cδ1 and
Cδ2 , which all have similar typical values. Leucines can therefore be recognised by a
cluster of peaks around the diagonal in the ∼25 ppm region, which is precisely what
can be seen in Fig. 7.9 b), where these three carbons have been assigned. For clarity,
the assignment tracks for L17 have been broken in half, with one half starting at
L17Cδ2 -Cδ1 , which then descends to the diagonal before extending horizontally out
to L17Cβ-Cδ2 , which as a two-bond intramolecular connectivity, is visible in the 20
ms mixing time DARR spectrum. The second route begins at L17Cδ1 -Cγ, which,
when ascending, joins the diagonal in line with the first peak from the first route
(L17Cδ2 -Cδ1 at the chemical shift value of L17Cδ1 which displays the validity of this
two route approach) but also moves horizontally to the diagonal before descending to
L17Cγ-Cβ. Following this is another horizontal return to the diagonal and a descent
to the final assignment L17Cβ-Cα, which is directly beneath the final assignment of
the first route, which is also a good confirmation of the veracity of the assignments. In
this manner, individual residues were assigned from the short mixing DARR spectrum
before the longer mixing DARR spectra were fully analysed; occasionally the longer
mixing spectra were used for confirmation of assignments made in the short mixing
DARR spectrum as mentioned above.
Once all residue recognition and chemical shift assignment that can be achieved from
the short mixing DARR spectra has been carried out, the following step is to uncover
which residues (e.g. isoleucines in Aβ1−40 ) that have been assigned correspond to
which residues (either position 31 or 32) in the molecule; this can be done by using the
longer mixing time DARR spectra. Once the Cα chemical shifts have been assigned,
the longer mixing time DARR spectra show which Cα is in a proximity to which
other two Cα (and accordingly the Cα of one residue will be spectrally linked to the
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Figure 7.10: Assignment of three residues using the aliphatic region of the 200 ms
mixing time DARR spectrum of Aβ1−40 /Cu aggregates recorded at 850 MHz 1 H
Larmor frequency and 10 kHz MAS frequency with the Cα-Cα region enlarged for
clarification. Residues are the previously assigned lysine-16, leucine-17, see Fig. 7.9,
and an additional valine-18. The structures of the three amino acids are also shown:
black spheres represent carbon; blue spheres represent nitrogen; red spheres represent
oxygen; and smaller orange spheres represent protons. Experimental details are the
same as those listed in Fig. 7.7.
other carbons located within that residue which by this point should be assigned, but,
as stated earlier, this can be used for confirmation), and once this information has
been found it is trivial to find which residue is the one that has been assigned. As an
example, if the assigned isoleucine has a connectivity to another isoleucine this does
not differentiate between positions 31 or 32, however if it has a connectivity to an
alanine residue the isoleucine under investigation must be I31, similarly if not alanine
but glycine then the isoleucine is I32, as the order of the peptide in that region is
A30 - I31 - I32 - G33.
Fig. 7.10 illustrates the method described above using the two residues, a lysine and
a leucine, from Fig 7.9 and the following valine in the Aβ sequence, K16 - L17 V18. The individual assignments for each residue have been combined on the full
aliphatic spectrum and the Cα-Cα region, located within the dashed rectangle on
the main spectrum, has been enlarged such that inter-molecular Cα-Cα cross peaks
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can be seen. As a note on the individual assignments, the K16C-Cα peak, which
was denoted using a ‘?’ in Fig. 7.9 a) due to its omission on the spectrum, has
now become apparent on the longer mixing DARR spectrum and has been labelled
accordingly. This is a clear example of using the longer mixing spectrum to find
long range intra-molecular cross peaks which corroborate earlier assignments. For
assignment of inter-molecular Cα-Cα cross peaks a suitable approach is to e.g. from
the K16Cα-Cβ peak trace a line vertically down to the diagonal and identify where
this line crosses with the horizontal line extended from the L17Cβ-Cα cross peak
which has to cross the diagonal. The peak which exists in this location is clearly
the inter-molecular K16Cα-L17Cα connectivity as assigned. A similar technique has
been used for assigning the V18Cα-L17Cα cross peak, however as both lines have
been extended horizontally, one needs to reach the diagonal then move vertically to
ensure the lines meet. This can be seen on the diagram. It is equally valid to have
either line reach the diagonal and then move vertically, and it can be seen that had
it been chosen such that the leucine Cα line reached the diagonal and descended, the
two lines would still have intersected at a peak. Fig. 7.10 also shows the structures
of the three residues assigned in the figure so as to illustrate the distance between
the various carbons, it can easily be seen why the K16C-Cα peak only appeared on
the longer mixing time spectrum. Valine residues contain two Cγ carbons, however
differentiating between the two resonances on a 2D DARR spectrum is often very
difficult due to the similarity of their chemical shift values,2 and so here only one Cγ
value has been assigned.

7.3.4

15

N-13 C Correlation DCP Spectra

Figs. 7.11 and 7.12 show Double Cross Polarisation NCA and NCO experiments
performed on hydrated Aβ1−40 /Cu aggregates. Residues with lower chemical shifts
for Cα, such as those in glycines, facilitate assignment of nitrogen chemical shifts, as
illustrated on the figure, due to the resolved nature of the resonances in these lower 13 C
chemical shift regions. In regions of crowded Cα chemical shifts, e.g. 53 to 62 ppm, it
is very difficult to unambiguously assign nitrogen chemical shifts. The NCA spectrum
in Fig. 7.11 also shows signals appearing in the C0 chemical shift region, with a few
strong, partially resolved peaks, however as so few carbonyl carbons were assigned
previously using the 2D

13 C-13 C

DARR spectra, it is very difficult to unambiguously

assign these. The DCP-NCO spectrum, Fig. 7.12, is also very crowded and so further
2

The average values, as provided by the BMRB, for valine Cγ1 and Cγ2 are 21.52 and 21.30 ppm
respectively
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Figure 7.11: 2D NCA DCP spectrum of Aβ1−40 /Cu aggregates recorded at a 1 H
Larmor frequency of 600 MHz and 10 kHz MAS, 32 months after initial packing.
Signal/noise for the highest peak in the spectrum = 15. Assignment of well resolved
peaks are shown. Glycine assignment is possible due to low Cα chemical shift, and
the distinct 15 N chemical shifts in those regions. Contact time for the 15 N to 13 C
CP pulse was 4 ms. 512 transients were co-added for each 40 t1 FIDs, with a recycle
delay of 1.5 s, corresponding to an experimental time of ∼8.5 hours. Base contour
level is 3%.
assignment is particularly difficult. Glutamine has two nitrogens within its structure,
and within Aβ1−40 there is only one glutamine residue (at location 15), so these
can be found vertically aligned at one Cα chemical shift value. The Q15 carbon
chemical shifts had already been assigned using the 2D DARR spectra and so, using
the BMRB to indicate that the N2 had a typically low chemical shift, isolating a
set of peaks at

13 C

chemical shift 56.0 ppm and with two nitrogen peaks with one

at a distinctively low value, it was possible to assign the Q15

15 N

chemical shifts.

Moreover, the backbone nitrogen in glutamine has a lower chemical shift than the
majority of residues, so it is easily located at the top of the block of signals, as
shown on Fig. 7.11. Alanines 21 and 30 are likely to be the nuclei resonating at
the strong peak at (∼50 ppm, ∼130 ppm) as few other carbon shifts are assigned
in this low carbon Cα region, however unambiguous assignment is difficult due to
the broad nature of the peak, and so this peak has remained unassigned. Further
doubt is cast upon this as alanine nitrogen chemical shift values are not usually
as high as 130 ppm. Although these spectra surrendered little more information
they demonstrated that DCP experiments could be semi-successfully run on this
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Figure 7.12: 2D NCO DCP spectrum of Aβ1−40 /Cu aggregates recorded at a 1 H
Larmor frequency of 600 MHz and 10 kHz MAS, 32 months after initial packing.
Signal/noise for the highest peak in the spectrum = 16. Further assignment is difficult
due to spectral crowding. Contact time for the 15 N to 13 C CP pulse was 4 ms.
512 transients were co-added for each 40 t1 FIDs, with a recycle delay of 1.5 s,
corresponding to an experimental time of ∼8.5 hours. Base contour level is 4%.
sample within sensible time-scales, with less than a day required to take both spectra.
With the addition of a third dimension so as to separate out the peaks over this
third dimension, further assignment could be possible, so the option of using inverse
detection was investigated.

7.3.5

Inverse Detection Experiments

Inverse detection experiments investigating both 13 C and 15 N were performed at a 1 H
Larmor frequency of 850 MHz with a MAS frequency of ∼100 kHz using double- and
triple-channel 0.8 mm Samoson probes. Experiments of this type were performed so
as to permit residues with previously assigned Cα, C0 and 15 N chemical shifts to have
corresponding 1 H and, where not already assigned, 15 N chemical shifts assigned.
Fig. 7.13 shows a spectrum obtained from a 2D 1 H-13 C correlation experiment displaying the aliphatic region of the

13 C

dimension. The mixing time used was quite

short such that the correlations displayed are most likely to be intra-residue. The
peak located at the lowest carbon chemical shift value appears at ∼14 ppm which is
to be expected as this is the location of the characteristically low Cδ1 chemical shift
values for the isoleucine residues at positions 31 and 32 as found from the earlier 2D
13 C-13 C

DARR spectra. The peak directly above this, in terms of chemical shift,
117

at ∼17 ppm, is the 31/32 isoleucine Cγ2 peak which was also found from earlier
DARR spectra. In this way assignments of 1 H chemical shift values for protons in
specific residues bonded to specific carbons can be made; that the spectrum is very
likely to only contain intra-residue correlations validates this assignment technique.
Certain regions are, again, cluttered and so assignment within these areas is difficult,
for example see the typical valine regions (∼20, ∼35 and ∼60 ppm), and so further
inverse detection experiments, potentially involving a third dimension, were required
to isolate the 1 H chemical shift values within these areas. In spite of this spectral
crowding, Fig. 7.13 illustrates that inverse detection experiments can be performed
on amyloidogenic samples, provided rapid MAS is employed, to extract certain 1 H
chemical shift values without requiring deuteration of the sample.
Fig. 7.14 shows a 2D 1 H-13 C correlation spectrum obtained from a similar experimental set up to Fig. 7.13 but with a longer

13 C

to 1 H CP duration and proton-proton

mixing time. These alterations allow magnetisation to transfer over greater distances
and therefore the spectrum shows a greater number of correlations, in a similar way
to long mixing DARR spectra showing more peaks than short mixing DARR spectra. This enables assignment of longer distance proximities, however, as with DARR
spectra, areas that are cluttered in the shorter mixing experiment will be equally
cluttered, or moreso, in the longer mixing experiment; this can easily be seen in the
large block of overlapping signals between ∼0-2 ppm for proton and ∼13-30 ppm
for carbon. The most informative peaks that are displayed in this spectrum are the
isolated peaks between 2.5-6 ppm in the 1 H dimension and 20-50 ppm on the

13 C

chemical shift axis. Mostly these are new peaks when compared to Fig. 7.13, but are
also well resolved such that assignment is possible. Alongside these useful peaks, any
resonances between 8-9 ppm, which is the typical chemical shift region for amide protons and which were not visible in the earlier spectra, can be assigned. There are at
least 4 strong, well-resolved peaks in this region which can be assigned. The protons
that can be assigned from this spectra are no longer necessarily directly bonded to
the carbons at the chemical shift values of which the resonances appear. For example,
the peak at (∼21.5 ppm, ∼8.7 ppm) cannot have occured from a directly bonded spin
pair as the proton shift is too well suited to be anything other than an amide proton,
moreover the carbon chemical shift value is too low to be even a nearby Cα; this
peak is later assigned as V24Cγ-V24H. Therefore clearly this spectrum shows various long range correlations which can be of significant use, as the greater number of
peaks there will be on the spectrum which correspond to previously assigned carbons,
though not all carbons have been assigned, and so all the protons with connectivities
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Figure 7.13: 2D 1 H-13 C inverse detection spectrum of Aβ1-40 /Cu aggregates recorded
at 850 MHz 1 H Larmor frequency and 100 kHz MAS frequency. A 13 C to 1 H CP
duration of 200 µs was used. 32 transients were co-added for each 200 t1 FIDs, with
a recycle delay of 0.3 s, corresponding to an experimental time of ∼30 mins. Base
contour level: 3%.
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to previously assigned carbons can be assigned. In this way, although some carbons
in a residue may not have been assigned, this will not limit the number of protons
that can be assigned from a residue provided at least one carbon has been assigned.
Long range connectivities, such as the one mentioned above, are often well resolved
as they exist in sparsely populated spectral environments, provided the experimental
setup is such that the signal does not decay before acquisition which can occur during
particularly long mixing times.
A collection of 2D 1 H-13 C inverse detection spectra were taken with varying 13 C to 1 H
CP durations and proton-proton mixing times so as to obtain an overview of the order
in which, and the timescales over which, long range signals begin to appear. Four such
spectra are shown in Fig. 7.15, with all assigned peaks labelled.3 From A) to D), the
13 C

to 1 H CP durations increase, though the 1 H-1 H mixing times differ in no order. 37

assignments were made using previously assigned chemical shift values and Fig. 7.15
A), with 37, 58 and 26 assignments made using Fig. 7.15 B), C) and D) respectively.
Clearly these spectra are somewhat complementary and allow for significant numbers
of protons to be assigned; in total, 64 1 H chemical shifts were assigned from the
spectra. It can be seen that with the reduced amount of assignments (26) available
from analysis of Fig. 7.15 D), 4000 µs for a 13 C to 1 H CP duration is too long and that
relaxation has occurred during this time. S/N ratios for the I31Cδ1 -Hδ1 peak, which
is common to all the spectra, are A): 7.3, B): 15.7, C): 15.3 and D): 13.5, with

13 C

linewidths for the same peak as 265, 240, 160 and 200 Hz and 1 H linewidths measured
as 670, 560, 420 and 660 Hz respectively. Although a total of 64 1 H assignments have
been made, there remains 97 peaks, as recognised by the SPARKY software, across all
four spectra which are yet to be assigned.4 Further carbon assignments are required
to enable these proton assignments to be made reliably.
Fig. 7.16 shows a 2D 1 H-15 N inverse detection spectrum, obtained from a short mixing inverse detection experiment and displaying the amide chemical shift region in
the proton dimension. There are a number of resonances that can be assigned due to
the dilute nature of

15 N

chemical shift values outside the main block of signals in the

120-130 ppm region, reminiscent of the DCP spectra from § 7.3.4; glycine and glutamine have particularly low

15 N

chemical shifts which result in simpler assignment

for these residues. Within the dense block of

15 N

chemical shifts, it is particularly

difficult to obtain assignments because typical proton linewidths are larger than car3

Peaks were identifed through the use of the SPARKY peak picking function
Where peaks have clearly been corresponding to the same resonance across multiple spectra these
have been counted only once in the tally
4
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Figure 7.14: 2D 1 H-13 C inverse detection spectrum of Aβ1-40 /Cu aggregates recorded
at 850 MHz 1 H Larmor frequency and 100 kHz MAS frequency. The 13 C to 1 H CP
duration was 2 ms and the 1 H-1 H mixing time was 1 ms. 48 transients were co-added
for each 200 t1 FIDs, with a recycle delay of 0.3 s, corresponding to an experimental
time of ∼50 mins. Base contour level: 4%
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Figure 7.15: 2D 1 H-13 C inverse detection spectra of Aβ1-40 /Cu aggregates recorded at
850 MHz 1 H Larmor frequency and 100 kHz MAS frequency. 13 C to 1 H CP durations
of 200 (A), 1500 (B), 2000 (C) and 4000 µs (D) and 1 H-1 H mixing times of 1200
(A), 2 (B), 1000 (C) and 2 µs (D) were used. Assignments have been made where
possible, totalling 64 assignments, and a further 97 peaks have been recognised but
remain unassigned. 32 (a, b, d) and 48 (c) transients were co-added for each 120 (a,
b, d) and 200 (c) t1 FIDs, with a recycle delay of 0.3 s, corresponding to experimental
times of ∼20 mins (a, b, d) and ∼50 mins (c).
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Figure 7.16: 2D 1 H-15 N inverse detection spectrum of Aβ1-40 /Cu aggregates recorded
at 850 MHz 1 H Larmor frequency and 100 kHz MAS frequency. Showing only the
amide region. A 15 N to 1 H CP duration of 200 µs was used. 8 transients were co-added
for each 50 t1 FIDs, with a recycle delay of 0.3 s, corresponding to an experimental
time of ∼2 mins.
bon linewidths (400 Hz vs 150 Hz) so a task that is difficult using 15 N-13 C correlation
spectra is all the harder when using

15 N-1 H

spectra, as can be seen in Fig. 7.16. In

spite of this, using the SPARKY automated peak picking function, 21 peaks were
recognised and 5 of these were matched to nitrogen chemical shift values previously
obtained, with a further 4 assigned through analysis of the spectrum. An interesting
outlier, N27Nδ2 -Hδ21 was tentatively assigned, and is labelled on the figure. The
chemical shift location of the peak is characteristically distinctive and is unlikely to
be another correlation, however further experiments were used to corroborate this assignment. The correlation A21N-H was also assigned in this manner, and is labelled
on the figure.
Fig. 7.17 shows five strip plots taken from two 3D spectra, one, obtained from a C-NH correlation experiment, and the other, from a N-H-HX correlation experiment. The
C-N-H sequence used provides intra-residue correlations for the aliphatic carbon, the
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Figure 7.17: Strip plots of 3D 15 N-1 H-1 H and 13 C-15 N-1 H inverse detection spectra of
Aβ1−40 /Cu aggregates recorded at 850 MHz 1 H Larmor frequency and 100 kHz MAS
frequency. Correlations found across the two spectra revealing both intra-residue C-NH connectivities and the proton connectivites to amide protons are shown. Chemical
shift values of the peaks are included below the strip plots and the corresponding
assignments below that. Positive contours, corresponding to the diagonal of a 2D
plot, are in black and negative contours, corresponding to a one-bond connectivity,
are in grey. 64 (NHH) and 112 (CNH) transients were co-added for each 80 (NNH)
and 56 (CNH) t1 and 34 (NNH) and 24 (CNH) t3 FIDs, with a recycle delay of 0.3 s,
corresponding to an experimental time of ∼14.5 (NNH) and ∼12.5 (CNH) hours.
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nitrogen and amide proton, and the N-H-HX sequence provides correlations between
the nitrogen, amide proton and then protons with a connectivity to the amide proton.
The third dimension in Fig. 7.17 is the amide proton chemical shift value, which is
common to both spectra, such that pairs of cross peaks in the two spectra located
at the same amide proton and nitrogen (horizontal axis) chemical shift values offer
an aliphatic carbon and a secondary proton chemical shift value to be assigned. The
result of this, and the manner in which the spectra are displayed, is that pairs of
vertically aligned peaks share a common nitrogen chemical shift value and amide
proton. Proton values that are on the H-HX diagonal, are self-correlations, and
therefore only offer a Cα-N-H correlation, and are represented by positive contours,
resulting from the use of the HORROR sequence, and the one-bond proton-proton
correlations that lie off the H-HX diagonal are shown as negative contours, for the
same reason. The strips taken from the N-H-HX spectrum are shown above those
taken from the C-N-H spectrum.
As previously, there are cluttered regions in both spectra which hinders assignment
for correlations that are located in both the main block of 13 C signals, ∼50 - 55 ppm,
and the typical

15 N

chemical shift region ∼120 - 128 ppm, for the C-N-H spectrum,

and lastly, the same spectral crowding can be found along the 1 H diagonal formed
in the N-H-HX spectrum. Therefore, the assignments from the C-N-H spectrum are
often made from outliers from the main

13 C

chemical shift value block of signals, as

can be seen in the assignments of carbons with chemical shifts mostly around 49 - 50
ppm. The carbon assignment displayed within this region, L17Cα (Fig. 7.17 (E)) is
possible as the 15 N chemical shift value for this residue is found to be higher than most
surrounding signals, reducing the spectral crowding in the carbon dimension.
Fig. 7.17 (A), (B) and (C) display assignments where a secondary proton (i.e. one
with a one-bond connectivity to the amide proton) has been identified for assignment.
The secondary proton assignment in (A) has been assigned as the Hα of either the
G33 or G37 residue. As can be seen from the N-H-HX row of strip plot (A) there are
a number of secondary protons excited in the HX = 5-6 ppm region, however they
were not found to align with the

15 N

chemical shift value of 115.8 ppm assigned to

G33/37; clearly, there are further assignments that can be made within this region
(though these have not been displayed in the figure) in spite of the overlain signals
present. Fig. 7.17 (B) has had a secondary proton assigned which occurs at a 1 H
chemical shift value suitable to G25Hα, though, admittedly, the peak is not intense.
The Cα-Hα correlation that would occur from this assignment does not appear in
Fig. 7.15, although this does not mean the correlation is incorrect. Therefore, the
125

assignment has been made and is found later to be valid. Fig. 7.17 (C) is a strip
taken at the other end of the

15 N

spectrum (126.2 ppm cf. 115.8 ppm) and displays

two proton resonances, the self correlation, located at 7.5 ppm, and the secondary
proton, located at 8.7 ppm. Though the 7.5 ppm is likely to be the A21H resonance,
also found earlier in Fig. 7.16, the 8.7 ppm proton cannot be within the same alanine
residue. This is an example of the inter-residue 1 H-1 H correlation, and the proton may
well belong to F20, or even to a residue on the opposite side of the β-hairpin. Strip
(C) shows that isolated resonances can be found in spectrally uncrowded regions, and
that particularly interesting assignments are available from these regions. Fig. 7.17
(D) and (E) display a broad collection of peaks occuring within crowded 1 H regions
while the

13 C

regions are fairly clear. As can be seen, there are many options for

a secondary proton assignment in (D) and (E), however any assignment would be
extremely tentative and so it would be unwise to suggest a single secondary proton
in these cases. The correlations that were found were clearly assigned as A30Cα-N-H
and L17Cα-N-H.
The SPARKY peak picking function provided many correlations, with only a representative set shown in Fig. 7.17, all of which were critiqued before inclusion in the
final data, shown in Table 7.1. In total ten 15 N assignments were made through use of
this spectrum when combined with the data previously shown, with new assignments
including A30, L17 and S26 (data not shown).

7.3.6

Chemical Shift Analysis

54% of aliphatic carbons have been assigned and all chemical shift assignments are
listed in the right-most column of Table 7.1, further experiments are ongoing to complete the assignment. There is a high confidence in the assignments made. Previously
published assignments have also been listed in Table 7.1. [55, 63, 64, 101, 102, 110] The
approach for assignment of

13 C

chemical shifts is illustrated in Figs. 7.9 and 7.10,

while Figs. 7.11 and 7.15 to 7.17 illustrate how

15 N

and 1 H assignments were made.

The differences between these chemical shifts lend support to the claim that this is
a novel structure. Root mean squared average deviations from the published chemical shifts have been calculated and, interestingly, the closest match to the sample
under investigation is the Tycko and Meredith brain-extract seeded fibrils with an
average deviation of <1 ppm. None of the studies listed in the table were able to
5
The assignment technique used to obtain these values can be seen in Figs. 7.9, 7.10, 7.11 and
7.15 to 7.17 as discussed above in § 7.3.6. There is a high confidence in the assignments made.
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Table 7.1: Table of combined chemical shifts from all experiments included in the
right-most Kelly(Cu) column, with comparisons to previously published models where
possible.
Residue

Ishii
(Cu)

Ishii

Madhu

2 - Ala
Cα
Cβ
Hβ
3 - Glu
Cα
Cβ
Cγ
Hα
Hβ23
H2
6 - His
C0
Cα
Cβ
8 - Ser
C0
Cα
Cβ
Hα

173.7
57.6
62.7

9 - Gly
Cα
N
H
Hα2
Hα3
10 - Tyr
Cα
13 - His
Cα
Cβ
H

54.2
31.7

54.1
32.1

Tycko
2013

Kelly5
(Cu)

49.9
22.0

50.1
24.1

54.5
26.8
1.4

53.3
32.3

54.4
33.7
35.7

55.9
35.6
41.2
5.4
1.8
2.5

173.5
53.7
33.9

171.7
50.6
31.5

174.2
56.7
39.0

172.3
55.9
65.6

175.1
54.7
65.8

174.3
58.0
67.0
5.5

43.7
111.4

47.1
112.6

47.1
115.8
8.7
4.1
3.4

56.5

56.4

59.9

53.4
33.7

50.9
31.6

54.2
34.9
8.5

Bertini
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Tycko
(Iowa)

Tycko
2009

Residue

Ishii
(Cu)

Ishii

Madhu

Bertini

Tycko
(Iowa)

Tycko
2009

Tycko
2013

13 - His
Hα

5.3

14 - His
Cα

60.8

15 - Gln
C0
Cα
Cβ
Cγ
Cδ
N
N2
H
Hα
Hβ2/3
Hβ2/3
Hγ2/3
Hγ2/3
H21

53.4

173.6
53.5
31.2
33.0
177.9

16 - Lys
C0
Cα
Cβ
Cγ
Cδ
C
H
Hα
Hβ2/3
Hγ2
Hγ3
Hδ2/3
H3/2
17 - Leu
C0
Cα
Cβ

Kelly
(Cu)

174.8
54.5
46.7

174.9
54.8
46.1

60.3

172.6
53.8
31.2
33.1
176.4
126.2

173.1
53.3
32.8
34.1
177.2

173.8
54.0
33.0
31.1
176.3
123.2
107.9

174.7
56.0
32.8
36.2
181.6
117.6
109.6
8.6
4.5
1.7
1.9
2.2
2.4
7.2

172.6
53.8
33.7
26.4
28.5
41.1

172.7
54.7
36.4
24.5
29.3
40.8

173.5
54.2
36.0
25.0
29.4
42.0

174.4
55.7
35.5
26.3
29.3
41.9
8.9
4.7
1.9
0.8
0.8
1.6
3.4

174.2
53.6
43.7

174.1
53.5
46.1

173.8
52.0
43.2
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Residue

17 - Leu
Cγ
Cδ1
Cδ2
N
H
Hα
Hβ2/3
Hγ
Hδ1/2

18 - Val
C0
Cα
Cβ
Cγ
Hβ
Hγ
20 - Phe
C0
Cα
Cβ
Cδ1
H
Hα
Hβ
Hδ12 12 z
21 - Ala
C0
Cα
Cβ
N
H
Hβ
24 - Val
C0
Cα

Ishii
(Cu)

Ishii

Madhu

Tycko
2013

Kelly
(Cu)

29.0
26.9
25.1

29.2
27.4
24.5

26.6
24.6
18.9

29.3
24.2
22.6
126.3

28.6
27.9
25.5
128.2
8.6
5.3
1.8
1.3
0.9

60.9
35.0
21.0

60.8
35.1
21.1

171.7
60.1
33.6
21.0

172.2
60.2
34.6
20.8

172.0
61.2
33.2
21.4

174.8
60.2
33.1
21.6
2.0
0.8

172.9
56.5
43.8
131.5

173.1
56.6
43.8
131.6

172.6
52.4
41.5

171.8
55.0
42.3

176.8
57.0
34.2
127.2

172.6
56.4
44.3
131.6
9.2
4.6
3.2
5.5

175.2
49.8
23.6

175.4
49.9
23.7

172.6
49.1
19.8
125.5

174.0
49.7
23.5

176.3
57.0
18.5
117.0

175.0
49.8
23.3
126.2
7.5
0.9

176.4
59.0

176.3
59.0

175.6
59.0

178.3
59.7

174.1
60.3

170.6
54.1
41.7
129.8

Bertini
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Tycko
(Iowa)

Tycko
2009

176.6
58.7

Residue
24 - Val
Cβ
Cγ
H
Hα
Hβ
Hγ1/2
Hγ1/2
25 - Gly
Cα
N
H
Hα

Ishii
(Cu)

Ishii

35.8
21.5

35.8
21.5

42.5

42.4

Madhu

26 - Ser
C0
Cα
Cβ
N
27 - Asn
Cα
Cβ
Nδ2
Hα
Hβ3
Hδ21
28 - Lys
Cα
Hα
Hβ
29 - Gly
C0
Cα
N
H
Hα2

54.6

Bertini

Tycko
2009

Tycko
2013

Kelly
(Cu)

32.7
19.8

35.8
22.7

34.6
20.7

35.3
21.2
8.6
5.6
1.9
0.7
0.8

45.5
110.3

47.1

46.8
110.1

49.7
115.8
8.8
3.8

171.2
55.1
65.0
110.5

173.5
56.9
64.8
111.2

174.3
55.9
65.2
119.1

52.2
42.8

52.5
42.9
120.7

54.5
44.5
115.4
5.4
2.2
7.4

55.9

53.8

55.5
5.2
1.9

171.5
45.0

171.9
48.6
113.8

171.9
43.5
109.2
6.9
4.5

54.1

173.0
39.6
105.4

130

Tycko
(Iowa)

55.5

Residue

30 - Ala
C0
Cα
Cβ
N
H
Hα
Hβ
31 - Ile
C0
Cα
31 - Ile
Cβ
Cγ1
Cγ2
Cδ1
Hα
Hβ
Hγ12/13
Hγ2
Hδ1
32 - Ile
C0
Cα
Cβ
Cγ1
Cγ2
Cδ1
H
Hα
Hβ
Hγ12/13
Hγ2
Hδ1
33 - Gly
Cα

Ishii
(Cu)

Ishii

Madhu

Bertini

Tycko
(Iowa)

Tycko
2009

Tycko
2013

Kelly
(Cu)

174.2
49.9
23.0

174.2
50.0
23.2

174.3
48.7
20.9

172.8
51.2
22.7
122.2

174.6
50.4
22.1

174.2
50.5
21.6

175.1
50.3
23.5
119.6

175.2
49.9
21.5
126.3
9.0
5.5
1.7

173.5
59.3

174.2
60.8

172.8
56.3

174.2
60.8

61.3

61.4

172.7
59.7

40.2
28.3
19.4
13.9

40.2
28.3
19.4
13.9

38.5
27.0
16.0
12.9

41.0
26.9
16.6
13.5

40.3
27.6
18.8
15.0

38.4
27.8
14.5
15.2

39.9
27.9
19.2
13.7
4.8
1.9
1.6
0.9
0.7

58.2
42.5
27.1
18.5
14.5

57.9
42.4
27.2
18.4
14.6

174.1
58.0
38.9
25.3
15.8
13.2

173.7
58.4
41.2
27.1
16.9
13.4

176.8
58.3
42.2
27.4
18.0
15.0

175.9
58.5
41.1
27.1
16.5
14.7

176.1
57.6
42.4
26.8
17.2
14.0
8.8
5.5
1.8
1.6
0.8
0.7

45.0

45.2

44.2

48.6

48.9
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Residue

Ishii
(Cu)

Ishii

Madhu

33 - Gly
N
H
Hα2
Hα3
34 - Leu
C0
Cα
Cγ
Cδ1
H
Hα
Hβ2/3
Hδ1/2
Hδ1/2
37 - Gly
Cα
N
H
Hα2
Hα3
38 - Gly
C0
Cα
N
40 - Val
Cα
Cβ
Cγ
Hβ
Hγ1/2

Bertini

Tycko
(Iowa)

Tycko
2009

115.4

54.3
29.0
26.5

54.3
29.1
26.4

44.7

45.2

172.3
44.6

172.5
45.1

173.1
52.7
45.1
24.9

172.3
52.2
27.6
26.0

173.2
53.1
25.9
24.9

44.9
109.5

170.3
42.4

173.7
54.6
28.9
24.4

Tycko
2013

Kelly
(Cu)

113.9

115.8
9.0
4.3
3.5

173.8
54.2
27.7
25.9

174.0
53.6
28.7
25.4
8.8
5.1
1.6
0.9
0.7

47.8
116.1

48.9
115.8
9.0
4.3
3.5

168.9
42.8
104.5

170.0
44.8

169.8
44.9
106

176.8
46.0
110.6

60.1
33.7
19.7

60.3
33.7
20.1

59.4
33.2
21.7

60.2
36.8
22.7
1.6
0.5
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take 1 H chemical shift values so a comparison with those taken in this study is not
possible.
Secondary chemical shift analysis has been performed, see Fig. 7.18, which indicates
there exists two β-sheet sections between residues 15 to 22 and 28 to 32 which could
well be linked by a turn section; most previously published models have a β-sheet−turn−β-sheet motif, so the break in β-sheet structure has been identified as a turn
section in the sequence. Further assignment will enable a more detailed picture of
the structure of these aggregates to be produced.

TALOS-N predictions
Chemical shift values were input into the TALOS-N online system [170] and predictions of torsion angles were obtained, and are displayed in Table 7.2. Here φ and ψ
are standard torsion angles, with ∆φ and ∆ψ the estimated standard deviations of
the prediction errors in φ and ψ. ‘Dist’ is the TALOS-N database matching score,
‘S2’ is the Wishart random coil index chemical shift order parameter [253], ‘Count’ is
the number of database triplets used to form the torsion angle predictions and ‘Class’
is the classification of the prediction result where STRONG/GENEROUS have a
majority consensus in database matches and so the prediction is very likely to be
good and WARN means there was no consensus in database matches. 18 ‘strong’ fits
were found, 3 ‘generous’ fits and 3 ‘warn’ fits were found. Interestingly all fits with
warnings were based on data from glycine residues.
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Table 7.2: TALOS-N torsion angle predictions.
Residue
7 - Asp
8 - Ser
9 - Gly
14 - His
15 - Gln
16 - Lys
17 - Leu
18 - Val
19 - Phe
20 - Phe
21 - Ala
24 - Val
25 - Gly
26 - Ser
27 - Asn
28 - Lys
29 - Gly
30 - Ala
31 - Ile
32 - Ile
33 - Gly
34 - Leu
37 - Gly
38 - Gly

φ
−70.8
−144.1
142.5
−69.9
−146.0
−120.5
−116.8
−105.1
−93.5
−131.5
−139.2
−118.7
65.9
−107.3
−112.6
−125.6
153.8
−120.2
−98.5
−127.2
63.6
−106.0
−5.6
−64.1

ψ
114.2
151.1
145.1
−36.2
146.3
142.1
137.4
126.5
132.7
149.9
151.2
118.8
−121.8
14.0
145.9
144.3
−169.1
139.0
131.9
146.3
−123.9
131.0
10.5
−29.03

∆φ
11.4
10.2
51.6
11.7
12.6
29.2
15.9
12.0
12.2
10.4
14.8
12.0
6.1
12.1
21.4
20.2
49.2
18.7
13.6
10.2
6.2
12.7
76.8
5.5

∆ψ
35.2
10.1
76.3
7.6
10.1
12.2
12.5
10.2
9.5
10.9
11.1
17.4
8.1
12.2
10.6
14.0
14.1
16.2
8.5
14.0
7.2
17.8
72.9
10.6

134

Dist
2.04
1.92
4.14
0.70
0.47
0.52
0.45
0.41
0.42
0.48
0.48
0.82
0.78
1.02
1.20
1.14
0.77
0.80
0.71
0.72
0.71
1.27
1.29
1.30

S2
0.73
0.74
0.74
0.85
0.86
0.87
0.87
0.86
0.87
0.88
0.88
0.85
0.84
0.82
0.87
0.89
0.81
0.87
0.88
0.88
0.84
0.87
0.77
0.77

Count
25
25
5
8
25
25
25
25
25
25
25
25
25
25
25
25
8
25
25
25
10
9
25
25

CS Count
6
5
6
11
8
10
9
6
6
6
6
5
9
8
9
9
7
9
9
8
7
7
4
4

Class
STRONG
STRONG
WARN
GENEROUS
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
WARN
STRONG
STRONG
STRONG
GENEROUS
GENEROUS
WARN
STRONG

Figure 7.18: Chemical shift analysis indicates the presence of two sections of β-sheet
between residues 15 to 21 and 28 to 32. Here ∆δ is the difference in chemical shift
to random coil chemical shift values for the respective residues obtained from the
BMRB. The secondary structure as indicated by the chemical shift analysis has been
illustrated below the graphs. Previously published secondary structures are shown
for comparison [63, 86, 102].
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7.4

Discussion

Amyloid-beta plaques found within Alzheimer’s-disease-affected patient’s brains are
often found with higher-than-normal concentrations of copper, zinc and iron within
them. In this chapter, solid-state NMR and electron microscopy data are presented
of amyloid aggregates created upon introduction of copper ions to an amyloid suspension; a relevant and interesting form of aggregate yet to have been studied by
ssNMR. It is found that the chemical shifts differ to previous models, that the microscopy images show substantial linked networks of aggregates, and that secondary
chemical shift analysis suggests the existence of two β-sheets between residues 1521 and 28-32. The TALOS-N software for torsion angle prediction was utilised and
suggested 18 ‘strong’ fits and 3 ‘generous’ fits.
Though the precipitation of Aβ aggregates by metal ions has been reported, [270]
to the best of our knowledge this precise sample protocol has not been previously
documented and so, combining this with the slow re-ordering of these aggregates to
a more fibril-like form following hydration, these Aβ1−40 /Cu aggregates are a novel
species. Moreover, these networks of Aβ1−40 /Cu aggregates have not been observed,
making them also a novel sample. Of the previously documented samples, included in
Table 7.1, of Aβ fibrils it is interesting to note the most similar in chemical shift values,
as calculated using the root-mean-square deviation of chemical shift values, is a sample
seeded from brain-extracted plaque fragments. [64] This clearly supports a claim
that this sample is extremely physiologically relevant, and therefore of significant
importance especially if potential treatments for the disease, which aim to target the
pathological structures involved in AD, characterised here by these plaques, are to
work on a biological and structural level.

7.4.1

Hydration

The hydration of the sample was shown to significantly increase the resolution of the
spectra obtained from 2D

13 C-13 C

correlation experiments performed on the sample,

see Fig. 7.4. Hydration has been shown to effect the resolution achievable on biological
systems previously, with a study on α-synuclein revealing 36% (mass of water/total
mass) as the optimal level of hydration for fibrils of this type, [53] however groups
working on Aβ often fully hydrate their samples before commencing ssNMR experiments. The Tycko, Ishii and Madhu groups use the same protocol of hydrating by
0.5 µl of deionised water per mg of fibrils, [55, 90, 93] with Tycko’s group noting that
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the signals for A2 and G9 are reduced in the hydrated state relative to the volume
of the V12 Cα-Cβ cross peak from the unhydrated state to the hydrated one, which
is explained in the form of dynamics in the N-terminal. The group reports the same
hydrated-sample signal reduction for S8 which is not the same as was found for the
sample in this chapter; Fig. 7.4 clearly shows that signals from S8 are far stronger
in the hydrated state, even when compared to the volume of the V12 Cα-Cβ peak.
The Bertini group simply refer to their fibril as remaining fully hydrated throughout
all steps, and no data is shown from the sample in a lyophilised state. [63] The brain
extract samples from the Tycko and Meredith collaboration were hydrated with 0.51.0 µl of deionized water per mg of Aβ1-40 , in the 2009 work, or simply ‘hydrated’,
for the 2013 report. [64, 110] Clearly it is important for ssNMR studies of amyloid
proteins that the sample is hydrated to some extent before experiments are begun,
with the data here supporting this viewpoint.

7.4.2

Effect of Magnetic Field

It is clear from the spectra within this chapter, shown in Fig. 7.5, that increasing
the magnetic field increases the resolution of 2D carbon-carbon correlation spectra
on small proteins. That the linewidths of peaks from both extremes of the aliphatic
region have been identified as having reduced linewidths in the spectra obtained at
the higher magnetic field (I31Cβ-Cδ1 for the low chemical shift region and S26Cβ-Cα
for the high chemical shift region) suggests a level of improvement across the entire
spectrum, which, here, enabled the assignment of correlations which were previously
obscured. A report from the Ishii group corroborates the findings shown in this
chapter, [108] whereby with increasing magnetic field one can increase the resolution
of 2D and 3D spectra taken on biological samples (the group show results taken on
samples of GB1 and copper-bound Aβ1-40 fibrils). Alongside altering the two fields
used (from 400 to 750 MHz), the Ishii investigation changes the MAS frequency (from
40 to 98 kHz) and pulse sequence used (which is necessary by virtue of the use of
greater MAS frequency), whereas in this study the field was altered separately so as to
see the direct effect on resolution of increasing the field from 600 to 850 MHz. When
comparing the two spectra produced by the two experimental setups well resolved
spectra were obtained after 21.9 h, for the setup with 400 MHz field and 40 kHz
MAS, but only 5.4 h, for the setup with 750 MHz and 98 kHz MAS. Clearly there are
significant gains to be had when using high fields and rapid MAS frequencies.
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7.4.3

Effect of Copper Ions

The effect of copper ions on the aggregation of the Aβ1-40 is significant. Such an
extrapolation is clear from Fig. 7.6 wherein the linewidths are far narrower and certain residues have had shifts in the chemical shifts of spins within them. A further
interesting note is that seeding of amyloid fibril samples, a technique specifically done
so as to increase the homogeneity of the sample, has previously provided linewidths of
1.5 to 2.5 ppm [62,93] wherein the fibrils investigated were from seeded generation 12
to 15.6 In contrast the linewidths of the sample investigated in this chapter were <0.5
ppm. It can therefore be suggested that copper plays the role of a ‘directing’ agent
towards a very well defined supramolecular structure of Aβ1-40 aggregates. It can be
presumed that the copper is ‘locking’ these Aβ1-40 aggregates in a specific conformation, whereas a ‘multiple seeding’ procedure is a less selective protocol and so leads
to a larger dispersion of the secondary (and side-chain) structures in Aβ1-40 amyloid
fibrils. This could also provide an explanation for the immediate precipitation of the
aggregates observed duing the sample preparation.

7.4.4

Use of 0.8 mm Probe

The use of rotors with small diameters allows rotation at rapid MAS frequencies
which in turn can enable inverse detection experiments, with sufficient 1 H resolution
for assignment, to be performed. This type of experiment is routinely used in solution
NMR however its use in a solid-state context is limited due to the difficulty in attaining
suitable proton resolution for chemical shift assignment. The experiments performed
here using inverse detection complemented the work on

13 C

and

15 N

taken at much

lower MAS frequencies. The inverse detection experiments (H-C, H-N, C-N-H and
N-H-H) account for ∼46% of the chemical shift assignments in Table 7.1.
Furthermore, due to the use of proton-detected experiments and the paramagnetic
sample, the recycle delay used could be much less than half a second (0.2 s) which
allowed rapid acquisition of spectra. For comparison, a sequence that typically takes
∼9 hours to obtain a well resolved spectrum when using a 2.5 mm HX probe took less
than 2 hours with the 0.8 mm probe. Of course such a short recycle delay would not
be possible without the relaxation effects of the paramagnetic Cu, however this experimental set up is particularly exciting due to this factor, and paramagnetic doping
in biological samples is now being widely used so as to allow such rapid acquisition
6

Wherein generation n+1 was formed from sonicated fibril fragments taken from generation n
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studies to be performed. [108] Further experiments will be run in this arrangement
and are likely to include 3D NCOCX and NCACX experiments, which will provide
further information on

15 N-13 C

correlations displayed in Figs. 7.11 and 7.12 which,

although these 2D spectra display significant spectral crowding, will provide well resolved spectra through use of the third dimension which should separate out many
of the overlapping correlations.
Improvements in NMR hardware are clearly important for increasing the ability of
solid-state NMR to structurally solve biologically relevant and interesting samples,
with the use of high magnetic fields and rapid MAS frequencies producing a number of
impressive spectra as shown here, and in other published work. [271–273] Increasing
acheivable MAS frequencies, however, cannot continue indefinitely, there is a limit set
by the speed at which the gas can flow over the rotors (although current gas sources
are typically air or nitrogen, so this has not been exhausted as of yet), a mechanical
limit to the stresses that the rotors (currently made of ZrO2 with vespel caps) can
take, and a practical size limit, packing a 0.8 mm rotor is troublesome and smaller
rotors will only become harder to pack (unless a reliable method is developed for
packing by centrifuge, however this will place the rotor under significant mechanical
stress).
Hardware will continue to improve and increase the structure-solving ability of ssNMR, however there will come a limit to this increase through the improvement
of hardware alone. Though ssNMR will still be the prefered tool for investigating
biological samples with local order, experimental techniques will be required for obtaining high resolution data on samples such as large proteins, proteins incorporated
in lipid membranes and even whole cells as improvement in hardware will not, solely,
be sufficient to achieve this for the majority of samples.

7.4.5

Assignment

Table 7.1 contains the chemical shift assignments obtained in this work for Aβ1-40 /Cu
aggregates. In total, there are 174 assignments, with 16 C0 , 67 aliphatic

13 C,

13

15 N

and 78 1 H assignments.
In the entire sequence of Aβ1-40 there are 237 protons; in Fig 7.15 there are a total of 161 peaks, as recognised by the SPARKY software, which is understandable
due to the amount of overlap that is to be expected due to the similar chemical
shifts among the protons in the peptide and the relatively broad linewidths. More-
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over, it has been claimed that the N-terminus of Aβ is unstructured and possibly
dynamic and, therefore, that signals from the residues within these regions are often
significantly broadened. [104] With the 78 proton assignments made using the inverse
detection experiments, the percentage of total proton assignments made is ∼33%,
with the percentage for proton assignments made from the total number of proton
correlations observed using inverse detection experiments reaching over 48%. The
remaining 83 correlations require further aliphatic carbon assignments before they
can be accurately assigned from Fig. 7.15, or additional nitrogen assignments are
required if further proton assignments are to be obtained from Fig. 7.17. Clearly the
limiting factor is not in the proton assignments but the assignments from the other
nuclei.
The total number of carbon nuclei within the sequence of Aβ1-40 is 194, with the
total number of carbons assigned here equalling 83, or ∼43%. A significant number
of carbonyl assignments are missing alongside almost all aromatic carbons from the
phenylalanine (4, 19 and 20), histidine (6, 13, and 14) and tyrosine (15) residues,
with the details of these carbon assignments reading: for carbonyl, 16 assignments
from a total of 40; and for aromatic, 2 assignments from a total of 33. Though these
regions require significantly more assignment, the aliphatic region shows reasonable
assignment with 65 assignments from a total 121. Although these may appear to
show a poor overall level of assignment, there are two major factors to consider:
as mentioned above, there are studies which have shown the dynamic nature of the
N-terminus, [104] which would hinder any significant assignment of this region; secondarily, the binding sites of the copper will cause nearby signals to be quenched due
to the enhanced paramagnetic relaxtion. Ishii’s group reported binding sites located
at the N in H13 and 14, alongside the side chains of E3, E11 and E22 and a binding
site at the end of the C-terminus, V40. As can be seen in Fig. 7.19 the binding sites at
E11, H13, H14 and E22 correlate well with the regions of low assignment percentage,
though a similar quenching is not found for the E3 and V40 suggested binding sites.
The assignments made for H13 and 14 here are Cα (for both) and Cβ, H and Hα (for
H13), which are mostly backbone nuclei and as such would be located the furthest
distance from the quenching effect of the copper, if it were binding to the significant
sidechain of the histidine residues. No assignments were able to be made for E11 and
22 which corelates well with the suggested binding sites in these regions, especially
as both have neighbouring residues with poor assignment, possibly by virtue of the
proximity of the copper molecules. In comparison to this, several assignments were
made for residues E3 and V40, which are also suggested binding sites. However, as
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Figure 7.19: The level of assignment for each residue in this work is shown alongside the binding sites identified by the work from the Ishii group. [102] The level of
assignment is measured as the percentage of chemical shifts assigned over the total
number of distinct chemical shifts within the residue.
the sample preparation differed from that of previous samples, it is not unexpected
that some variations are found in the behaviour of the sample.
Any prediction for the stoichiometry of the copper-peptide complex can only be based
on the chemical shifts that have not been found during the investigation and the
assumption that some of these missing chemical shift values are likely to be due to
the quenching effect of the copper. This prediction would also utilise the likely binding
residues, which previously have been shown to be D, E, H and V: a number of which
exist in the Aβ1-40 sequence. As illustrated in Fig. 7.19 there are clear locations of
poor assignment which may be due to binding of copper to these residues, and it is
from this alone that a prediction can be made. Such a claim however would be most
tentative and therefore one will not be provided here.
That roughly a third of all protons have been assigned is impressive for an amyloidβ aggregate considering none of the other Aβ structures in Table 7.1 have proton
assignments. There are 83 peaks left to be assigned on the spectra in Fig. 7.15,
but these can be assigned once further

13 C

assignment has occured. There are 111

remaining carbons to be assigned, which could be investigated through the use of
3D DCP experimenets such as NCACX, which will provide more
for residues with

15 N

13 C

assignments

and Cα assignments already made. The discovery of further

carbon and nitrogen assignments is currently the rate limiting factor for finding proton
chemical shifts, and therefore experiments such as those proposed here will offer a
chance for assigning chemical shifts from all three nuclei.

141

7.4.6

Chemical Shift Analysis & TALOS-N Predictions

The predictions made by the TALOS-N online program, which included secondary
chemical shift analysis, imply that the overall secondary structure of the aggregates
investigated in this study is similar to that found for many of the previously published
models. The β-sheet−turn−β-sheet structure has been reported for many fibrillar
forms of Aβ and so provides a reassuring check on the validity of the chemical shifts
found for the sample investigated in this chapter, see Fig. 7.18. Moreover, the turn
region is located in the typical Aβ region, residues 22 - 28. The structure shares
features with some of the previously published models, as shown in Fig. 7.18, such
as: the starting region of the first β-sheet with the Ishii model [102] (residues Q15
and K16 for this model and the Ishii mode,l respectively); the concluding region in
the first β-sheet (or start of the turn section) with the Bertini model [63] (residues
E21 and D23, respectively); and the beginning of the second β-sheet (and conversely
the end of the turn region), which is in a similar region to the Tycko model (residues
K28, for this sample, and G29, for the Tycko model).
Though the β-sheets found for this sample are shorter than all previous models, this
is likely to be due to a lack of assignment in the first β-sheet region, and a lack of
specifically Cβ assignments for the second β-sheet. More Cβ assignments for residues
32 and onwards may well imply that the β-sheet extends, however due to the positive
∆δ of the Cα chemical shift assignment for G33 it must be assumed that the β-sheet
finishes at residue 32. A similar shortening occurs due to the positive ∆δ of H14Cα,
which otherwise could be assumed to continue through to Y10 (which would then
compare well to the β-sheet starting points of the Bertini and Tycko models, both
E11). Furthermore, the β-sheet between residues 15 - 22, could be extended up to
the positive ∆δ value for G25, as the ∆δ values for V24 are those typically associated
with a β-sheet; this would then agree with the starting location of the turn with both
the Tycko and Ishii models, with Ishii’s model obtained from the sample Aβ with
Cu2+ . It has been claimed the structure is as shown in Fig. 7.18 because without
the chemical shift values of the residues inbetween, it is impossible to say for certain
that a β-sheet exists between these residues (22 and 24). If the β-sheet was shown
to include those residues, not only would the location of the turn but the size of the
turn would then be very similar to both the Tycko and Ishii models.
The Bertini model proposes a short section of β-sheet in the N-terminus, which had
previously thought to be disordered, between the residues F4-D7. The chemical shift
analysis in Fig. 7.18 for the sample investigated in this chapter could be interpreted as
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suggesting a similarly short section of β-sheet between residues H6-G9 which would
not encompass all the same residues as the Bertini model, but would agree with
the proposed small section of ordered N-terminus within the aggregated form of the
peptide. This has not been included here as it was felt a continuous set of chemical
shifts suggesting the existence of a β-sheet was required to claim that a β-sheet
occured between certain residues.
The torsion angle predictions made by the TALOS-N program, shown in Table 7.2,
contain 18 ‘strong’, 3 ‘generous’ and 3 ‘warn’ classifications. The 21 ‘strong’ and
‘generous’ predictions are found to agree well with the vast database used by the program and can be assumed to be indicative of reasonable assignment for the chemical
shifts values of those residues. The 3 ‘warn’ classifications, which all occur on glycine
residues (G9, 29 and 37), are indicators that there was no correlation to the database,
which may imply the assignments for these need revisiting. The assignments for the
glycine residues however, as can be seen in Figs. 7.16 and 7.11, are not within spectrally clutttered regions but are found as well defined resonances. The percentage of
classifications in the ‘strong’ category is 75%, with ‘generous’ and ‘warn’ classifications sharing the remaining 25%. It is interesting to note, therefore, that between
the residues which have been identified as maintaining a certain type of structure (either β-sheet or hairpin-turn), residues 15 to 32, the amount of strong classifications
increases to ∼94%. Moreover, the 3 ‘generous’ classifications (which, as mentioned
in § 7.3.6, still have a majority consensus in database matches) are directly linked
to these structured regions, residues 14, 33 and 34. This implies that certainly the
central section of the sample has been well characterised, and possibly that the Nand C-terminal require further assignments. This may also indicate however, a level
of molecular dynamics within these regions as mentioned earlier which have resulted
in uncharacteristic predictions for the torsion angles.
The TALOS-N online program was also used to generate torsion angle predictions for
a second group of chemical shifts. The second group contained none of the 1 H chemical
shift values obtained but retained all others from the group of chemical shifts which
were used to produce Table 7.2. This was performed so as to enable a quantitative
view as to the impact of proton chemical shifts on torsion angle predictions. In short,
6 of the 24 torsion angle predictions decreased in quality by at least one grade7 or
were unable to be made. Specifically, for H14, N27, K28 and L34 no predictions
were made and for D7 and G38 the prediction quality decreased from strong to warn
7
Whereby the TALOS-N grading system for predictions, in order of decreasing reliability, is strong,
generous and then warning
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and from strong to generous, respectively. That, here, a quarter of predictions suffer
from the omission of proton data clearly shows that the proton chemical shift values
are of significant importance in producing high quality torsion angle predictions for
structures. It is suggested that, where possible, ssNMR structural studies conducted
on biological samples utilise 1 H chemical shift values so as to enable high quality
structures to be made. The work shown herein has indicated that obtaining 1 H
chemical shift values is possible on semi-ordered samples, and that the benefit that
such data brings is well worth the effort made to obtain it.

7.4.7

Chelation of Aggregates and its Impact

Finally, a previously unmentioned interesting aspect of this sample is that these
aggregates are likely to be some sort of kinetic trap, ‘trap’ because they decompose completely into monomers when a copper(II)-chelating agent, such as EDTA, is
added to the solution of Aβ1−40 /Cu; this phenomena (complete decomposition into
the monomeric form) has not been documented in such an extreme form, though
Fischer and co-workers have reported a reduction of aggregate diamter size from
2.5 µm to 250 nm. [270] This implies that the overall stability of the aggregates is
linked to, and probably dependent on, the presence of the copper. The pathology of
Alzheimer’s disease is linked to the aggregation of monomeric Aβ of various forms
(mostly the 1-40 and 1-42 variant, with the 1-42 variant particularly cytotoxic) and
this aggregation creates toxic structures, such as oligomers, protofibrils and finally
fibrils. That this sample can be decomposed by chelating the copper, suggests a
method for therapeutic treatment via the removal of the metals which are found to
congregate in the plaques during aggregation and many groups around the world are
investigating this avenue of thought. Some developments that support this endeavour
include: a report detailing the decrease in brain Aβ deposition by 49% in transgenic
mice treated with a bioavailable Cu/Zn chelator, though this increased the overall
level of soluble Aβ; [274] a report revealing that high levels of copper in aging mice
brain capillaries reduces low-density lipoprotein receptor-related protein 1 (LRP1),
which is responsible for the transportation of Aβ, which consequently leads to high
Aβ levels in the brain, whereas high levels of copper in the parenchyma (neurons and
glial cells) increases Aβ production and neuroinflammation, stressing the importance
of chelators which can cross the blood brain barrier, such as PBT2; [275,276] work on
chelators that avoid allowing copper to re-distribute back into the local medium after
attaching to the chelator, which is crucial for long-term effective treatment; [277] a
report detailing the behaviour of PBT2 in collecting metals from plaques and redis144

tributing them back into the cell, such that the deposited metal can then activate
neuroprotective cell signalling pathways. [278]

7.5

Outlook

ssNMR has been used by many groups to structurally investigate amyloid fibrils of
Aβ, with the many results reinforcing a view of polymorphism adopted during the
various aggregatory stages. The work presented in this chapter has included standard
biological ssNMR techniques, such as the DARR and DCP experiments, alongside the
more exotic 2D and 3D inverse detection experiments performed at 100 kHz MAS.
These experiments have enabled the sample to have chemical shift assignments made
and compared to previously published models. The chemical shifts are found to be
most similar to a sample of brain-extract-seeded fibrils which gives weight to the
hypothesis that this sample is physiologically relevant, a particular goal for synthetic
samples to strive to achieve; studies have shown that Alzheimer’s plaques in the
brain are found with increased level of copper, which this sample contains possibly
explaining the similarity with the brain-extract-seeded sample. This study, therefore,
signifies the importance of copper during fibrillisation in the creation of Aβ fibrils, the
structures of which may be used for the development of therapeutic treatments.
The work presented here is clearly not complete, further chemical shift assignments
are required to fully characterise the structural form adopted by these aggregates,
and insights into the functional locations within the sample can be found through
investigations into the dynamics of the sample. Once chemical shift assignments are
closer to completion a more precise indication of the location of the binding sites for
the copper ions can be extracted; the final signals that evade assignment are likely
to be those that are having their signals quenched by nearby paramagnetic ions. It
is thought that such information will be obtained from 3D experiments investigating
combinations of correlations of the nuclei investigated here, 1 H,
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13 C

and

15 N.

8
A MYLOID -β1−42 PROTOFIBRILS STABILISED BY CROSS LINKED CYSTEINE REPLACEMENTS AT POSITIONS

21 AND

30

This chapter contains the results of work performed on a stabilised intermediate of
the particularly toxic Aβ1-42 variant of amyloid-beta. Cysteine mutations at locations
A21 and A30 result in a sulphur bridge across the β-hairpin conformation, adopted by
aggregating Aβ, forcing the aggregation to be halted at an oligomeric form. In this
manner, 2D

13 C-13 C

DARR spectra were recorded on an interesting system which

is otherwise transient and therefore difficult to study using ssNMR; specifically, the
chemical shifts of specific residues in selectively labelled samples have been obtained
allowing the turn region of the β-hairpin to be characterised. 1D

31 P

NMR indicates

the destabilising effect of these oligomers, as well as cholesterol and curcumin, on
phospholipid membranes; however, when the oligomers are combined with curcumin
before addition to the membranes, this destabilisation is not observed, suggesting
that curcumin has a role as a potentially therapeutic molecule.

8.1

Introduction

Amyloid-beta is known to aggregate in vivo towards fibrils and that significant damage can be done to neurons within the brain during this process, however current
belief is that the most cytotoxic conformation could well be a transient form which
is either on- or off-pathway to these fibrils. [279–283] As the current targets for pharmacological treatment, soluble pre-fibrillar oligomeric and protofibrillar forms of the
peptide, are not stable, studying such a form through solid-state NMR is indeed a
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difficult task; after a few months of obtaining data, variations in previously assigned
chemical shifts might be seen before finding, via EM, that the sample is now no longer
homogeneously oligomeric or protofibrillar but rather a further aggregated form. An
ingenious solution to this problem is to stabilise this transient species using a sulphur
bridge across the β-turn section of the molecule by replacing alanines at positions 21
and 30 with cysteines. This mutated Aβ peptide was shown to be able to form soluble
oligomers and protofibrils, but is unable to adopt the cross-β structure observed in
mature fibrils; this work was performed initially by Härd and co-workers. [60] These
Aβ1−42 CC oligomers are stable over long time periods enabling solid-state NMR to be
used to study their structure, however once the disulphide bond is broken by reduction, further fibrillation can occur indicating that the stabilisation is sufficient to halt
aggregation temporarily at the oligomeric form without fully re-structuring the peptide and producing a physiologically irrelevant sample. [60] If it could be shown that
these stabilised oligomers had the same behaviour as naturally occurring oligomers,
this approach would become invaluable in investigating what was previously thought
to be unobtainable. A further study by the Härd group has shown that many similarities exist such as morphology and size, surface properties and exposed antibody
epitopes, protein binding and effect on synaptic activity in neurons, between naturally
occurring Aβ42 protofibrils and those formed from Aβ42 CC samples. [284]
Aβ oligomers are known to structurally damage cell membranes, therefore the efficacy of potential remedies regarding membrane protection can be investigated using a set of

31 P

NMR experiments; by comparing the phosphorus spectrum from

the membrane alone, the spectrum from a sample of lipid membranes and the destructive Aβ sample, and then finally the spectrum from a mixture of both the Aβ
peptide and the remedy. The order in which these three are combined is also an
interesting variable, as the binding order could impact significantly on the structures.
Analysis of the

31 P

lineshapes indicates whether any changes to the vesicles have

occurred. Moreover, 2D

13 C-13 C

DARR experiments investigating the structure of

the oligomeric/protofibrillar form of the peptide can be performed, so as to gain an
understanding of the variation in the structure of the peptide that might be responsible for the increased toxicity of this species over species from earlier or later in the
aggregation pathway.
A potential remedy of significant scientific interest currently is curcumin, a major
component of the traditional spice turmeric. It has long been used for medicinal
purposes in India and China, and has recognised pharmacological properties such as
being antioxidant, anticancer, antibiotic, antiviral, antifungal, antiamyloid, antidia147

betic, anti-apoptotic and anti-inflammatory. [285] Due to the significant diversity in
the effect of curcumin, it was postulated that its effect was unlikely to be directly on
the causes of each of the diseases and disorders from the above list, but rather on a
factor that they held in common. As such, significant work has gone into investigating
the effect of curcumin on cell membranes and whether an alteration by a molecule
to such a surface could create such a varied range of beneficial effects. [286] So far,
however, there is no consensus on a particular trait belonging to curcumin that could
lead to its important, but varied, medical properties.

8.2
8.2.1

Experimental Details
Sample Preparation

Samples of selectively labelled Aβ1-42 CC were prepared in Luleå University of Technology under the supervision of Andrei Filippov, or by Christofer Lendel (recombinant U-[13 C,

15 N]

Aβ1-42 CC) at the Swedish University of Agricultural Sciences in

Uppsala. The work performed by Dr. Lendel used many samples of U-[13 C,

15 N]

Aβ1-42 CC oligomers, including lyophilised and rehydrated oligomers and oligomers
sedimented from a buffer solution using ultra-centrifugation into a rotor.

Selectively Labelled Aβ1-42 CC Samples
Samples of selectively labelled Aβ1-42 CC oligomers were produced from peptides
which were synthesized by the standard fast F-moc SPPS on an automated peptide
synthesizer (Applied Biosystems Model 433A) with HBTU activation, cleaved by TFA
with radical scavengers and precipitated in tert-MBE, for ssNMR experiments such
that an unambiguous assignment of NMR signals and a precise characterisation of
the turn section were possible. The various labelling schemes, and their shorthand
names which will be used later in the chapter, are described below:

‘Crys 1’ - Aβ1-42 CC with U-[13 C,

15 N]

labels at D23, V24, G25, S26 and K28.

‘Crys 2’ - Aβ1-42 CC with U-[13 C,

15 N]

labels at L17, V18, G29 and M35.

‘Crys 3’ - Aβ1-42 CC with U-[13 C,

15 N]

labels at K16, N27, V36 and G37.

‘F19I32’ - Aβ1-42 CC with U-[13 C,

15 N]

labels at F19 and I32.
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‘F20I31’ - Aβ1-42 CC with U-[13 C,
U-[13 C,

15 N]

15 N]

labels at F20 and I31.

- uniformly labelled Aβ1-42 CC.1

Lipid Membrane Preparation
2H

labelled and non-labelled lipid mixtures were dissolved in ethanol within glass

test tubes, to ensure that 2 H labelled lipids intersperse with non-labelled lipids, and
were then centrifuged, to ensure all material was compacted at the end of the tube.
The glass test tube was then placed under a gentle stream of dry nitrogen, to further mix the solution and to evaporate any excess liquid before being freeze dried.
The lyophilised material was then redissolved in water and the material was, again,
centrifuged. Following this, the tubes were sealed using a micro torch, to form pods.
To ensure any fully- or partially-formed lipid networks were disrupted, the pods were
subjected to alternating submersions into liquid nitrogen and warm water (freezethaw section). This ensured the lipids rapidly underwent phase transitions (around
20 °C) so that membrane formation only occurred when the sample was fully prepared (i.e. with all components equally dispersed throughout the sample), alongside
making the lipid layers smaller and more homogeneous.

Amyloid-Beta Oligomerisation Protocol:
Four solutions were required for the oligomerisation protocol employed in this work:
‘Solution 1’: 2.2 g CH6 ClN3 (GuHCl),2 3.3 ml H2 O
‘Solution 2’: 20 mM Na3 PO4 , 50 mM NaCl, 5 mM EDTA, 3 L H2 O
‘Solution 3’: 20 mM Na3 PO4 , 50 mM NaCl, 3 L H2 O
‘Solution 4’: 5 mM Na3 PO4 , 5 L H2 O
The peptide was dissolved in Solution 1 in a falcon tube to ensure the sample of
Aβ1-42 CC peptide was in monomeric form; GuHCl facilitates disaggregation of preformed aggregates of Aβ1-42 CC and encourages a randomly coiled conformation. The
material was pipetted from the falcon tube into a partially permeable membrane
with the molecular weight cut off at 1000 Da, and the membrane was clipped shut.3
1

Produced by expression from E. Coli.
GuHCl is known as guanidine hydrochloride
3
The molecular weight cut-off refers to the lowest weight solute or molecule for which 90% of the
solute/molecule is retained within the membrane
2
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The membrane was placed into Solution 2 alongside a magnetic stirrer to maintain
a gradual flow. This dialysis was left for 4 hours. The buffer was then changed to
Solution 3 and dialysed for at least 4 hours; this, and the following, dialysis step
can be left overnight if necessary. The following dialysis was against Solution 4 and
then finally to Milli Q or distilled water to remove traces of salts which can otherwise
lead to complications in the tuning of NMR probes when performing experiments on
samples of rehydrated Aβ1-42 CC oligomers. The amount of peptide remaining in the
membrane should equal that placed into the membrane at the start of the protocol.
Therefore, a fraction of the total volume contained within the membrane which corresponds to the amount of peptide in mg required can be calculated. A small amount
of sodium azide was added to the solution to act as a preservative. This oligomer and
sodium azide solution was placed directly into the open glass test tubes for oligomer
samples with lipid membrane, see VIII and IX in the sample list below. The amount
of solution to be placed into the tubes was often large enough such that any attempt
to directly perform the freeze-thaw section of the protocol (above) would result in a
shattered pod due to expansion of the solution within it, so, when sealing the tube,
it was beneficial to make the pod quite long. In this way the risk of losing the sample
during this phase is decreased. Further to this, the tube was placed under a stream of
nitrogen so as to gradually evaporate some of the solution from the sample, thereby
reducing the risk of the solution expanding and breaking the vessel upon submersions
in liquid nitrogen and warm water.

Lipid Membrane and Aβ, Curcumin and Cholesterol Samples
A variety of samples were produced so as to investigate the effect on the structure of
lipid membranes of three biologically relevant substances: Aβ, curcumin and cholesterol. The effect of the potential remedy curcumin was examined against the toxic
behaviour of both the monomeric and oligomeric form of Aβ1−42 CC, and also the
effect of cholesterol; therefore, samples were made to: collect a lipid membrane

31 P

ssNMR base level signal (I); compare the impact of cholesterol and curcumin on the
membrane under identical conditions (II, III); investigate the impact of increasing the
amount of curcumin on the membrane (III, IV, V); discover and compare the base
level of membrane disruption caused by both the monomeric and oligomeric forms
of the peptide (VI, VIII); and investigate any alteration to the membrane disruption
caused by the peptide when the peptide was combined with a possibly therapeutic
molecule (VII, IX); and finally, investigate the impact of the molecule on a different
membrane so as to uncover its effect over different lipids (X). The list below describes
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the samples produced and the sample number by which they will be referred to later
in the chapter:

I: Dimyristoylphosphatidylcholine (DMPC) 1 H (75%) DMPC 2 H (25%)
II: I + Cholesterol (5 mol %)
III: I + Curcumin (5 mol %)
IV: I + Curcumin (15 mol %)
V: I + Curcumin (30 mol %)
VI: I + Aβ monomer (0.5 mg)
VII: III + Aβ monomer (0.5 mg)
VIII: I + Aβ oligomer (0.5 mg)
IX: III + Aβ oligomer (0.5 mg)
X: Dioleylphosphatidylcholine (DOPC) 1 H (100%) + Curcumin (15 mol %)

8.2.2
2D

Solid-State NMR Measurements

13 C-13 C

DARR experiments were performed on a Bruker Avance II+ wide-bore

spectrometer (600.1 MHz 1 H Larmor frequency and 150.8 MHz 13 C Larmor frequency)
and a Bruker Avance III wide-bore spectrometer (850.2 MHz 1 H Larmor frequency
and 213.7 MHz

13 C

Larmor frequency) equipped with a 2.5 mm DVT MAS probe

head operating in double-resonance mode. The MAS frequency was varied from 10 to
13 kHz. Mixing times of 20 (short mixing) to 400 ms (long mixing) were used with 1 H
irradiation at a nutation frequency of 10.0 kHz. SPINAL64 decoupling at a nutation
frequency of 83.3 kHz was used during t 1 and t 2 acquisition. An 80-100% ramp
was used during cross polarisation. 2D

13 C-1 H

inverse detection experiments were

performed on a Bruker Avance III wide-bore spectrometer (850.2 MHz 1 H Larmor
frequency) equipped with a 1.0 mm MAS JEOL probe head in double-resonance mode.
The MAS frequency was ∼78 kHz and low power WALTZ-16 decoupling at a nutation
frequency of 10 kHz was applied on

13 C

during 1 H acquisition. ssNMR experiments

were performed at a sample temperature of 2℃, target temperature −8℃, maintained
by a dry, cold air flow of 600 l/h generated by a Bruker Cooling Unit Xtreme.
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8.2.3

Electron Microscopy

Negatively stained aggregates were prepared by re-suspending 0.5 mg of Aβ1−42 CC
oligomers in 100 µL of deionised water. Copper grids were activated with UV light
for 1 minute and 2.5 µL of re-suspended sample was then added to the copper grids.
After adsorption for 30 seconds, the grids were blotted off, and then counter-stained
twice with 2 wt% uranyl acetate aqueous solution. Grids were blotted after 30 seconds
and left to dry in air. Electron microscopy was performed on a JEOL 2010F TEM
200 kV Field Emission Gun fitted with a Gatan UltraScan 4000 camera.

8.3
8.3.1

Results
Electron Microscopy

Fig. 8.1 shows an EM image of the oligomeric species contained within the ‘F20I31’
Aβ1-42 CC oligomer sample. The EM image here is similar to the EM image shown
in the publication introducing the AβCC system. [60] In the EM image shown in
ref. [60], small protofibrils can be seen which do not appear so prevalently in Fig. 8.1,
however the oligomeric species both show diameters of ∼3 nm, which is to be expected
as they are the same system. The EM image shown here was obtained by Dr. A. A.
Sousa, NIH, USA.

8.3.2

2D

13

C-13 C Correlation Experiments

Short and long mixing time DARR spectra were obtained on uniformly and selectivelylabelled [13 C,

15 N]

Aβ1−42 CC stabilised oligomers. Labelling schemes used were en-

titled ‘Crys 1, 2 and 3’ and U-[13 C,

15 N],

as described in § 8.2.1. Figs. 8.2-8.7 show

various DARR spectra displaying intra- and inter-residue cross peaks for the different selectively-labelled samples. That most samples are selectively-labelled results in
much clearer DARR spectra being obtained when compared to the spectra obtained
from uniformly labelled samples of recombinant Aβ in this and the previous chapter,
which, in turn, facilitates assignment. The residues chosen for labelling were selected
such that the various resonances would not overlap in the spectra, again increasing
the ease of assignment, e.g. the three selected glycines, G25, G29 and G37 are likely
to contain nuclei which exist in similar chemical shift regions to one another and
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Figure 8.1: Negatively stained EM image of ‘F20I31’ Aβ1-42 CC oligomers, showing
an average diameter for the structures in the figure of ∼6 nm. The TEM here shows
similar structures to those seen in [60]. Figure obtained by Dr. A. A. Sousa, NIH,
USA.
therefore were included individually in the schemes of ‘Crys 1’, ‘Crys 2’ and ‘Crys 3’
respectively.
Fig. 8.2 shows 2D

13 C-13 C,

50 ms (A) and 400 ms (B) mixing time DARR spectra

obtained on Aβ1-42 CC ‘Crys 1’, with the aliphatic and carbonyl regions displayed.
Fig. 8.2 C) shows the colour key used to identify the labelled residues and the interresidue correlations during assignment on A) and B). V24 can be assigned based on the
characteristically low chemical shift of the Cγ1,2 nuclei, the lowest of all the chemical
shift values in this labelling scheme. From V24Cγ, again here as in § 7 assigning
both Cγ nuclei is difficult due to their linewidths being wider than the separation
in ppm of the resonances, the Cβ and Cα nuclei can be found in the typical valine
regions ∼30 and ∼60 ppm by tracing horizontal and vertical lines from the V24Cγ
peak on the diagonal. The assignment of S26 is trivial, due to the characteristically
high chemical shift of the Cβ nuclei. The S26Cα-Cβ and the Cβ-Cα pair can be seen
either side of the high chemical shift end of the diagonal at ∼60 ppm. The remaining
peaks in the short mixing time spectrum (Fig. 8.2 A)) belong to the resonances D23
and K28. Though initially this appears more troublesome to assign, and compared to
the assignment of V24 and S26 it is, the distinctive pattern for K28 in DARR spectra
can be seen due to the 5 carbons in the lysine sequence within the aliphatic region.
These correspond to the peaks as identified in the spectrum, and though the peaks
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Figure 8.2: 2D 13 C-13 C DARR spectra obtained on Aβ1-42 CC ‘Crys 1’ with mixing
times of A) 50 and B) 400 ms at a 1 H Larmor frequency of 850 MHz with 13 kHz MAS
frequency. The full assignment pattern for the labelled K28 residue is particularly
visible in the long mixing experiment (B) due to the large number of nuclei within
the one residue. In § 7, assignment for carbonyl chemical shift values was particularly
difficult, whereas here it can be seen that the partial labelling allows for C0 assignment.
(C) displays the colour coding used for the residues. 64 (A) and 80 (B) transients
were co-added for each 380 FIDs, the recycle delay was 3.0 s corresponding to an
experimental time of ∼20 (A) and ∼25 (B) hours. ‘Crys 1’ contains labels at residues
D23, V24, G25, S26 and K28. Base contour level: 2% (A) and 3% (B)
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for K28Cα-C and D23Cα-Cβ are near to one another a distinction can be made and
this is illustrated in the figure. The C0 nuclei of most of the labelled residues can also
be assigned (including G25, which then provides a chemical shift value for G25Cα
which can be verified with the longer mixing time spectrum, but excluding D23). To
assign V24C0 , identifying the C0 -Cγ connectivity is the simplest option as the low
chemical shift for V24Cγ locates the C0 resonance in a particularly clear region, as
assigned in the figure. In a similar vein, identifying the S26C0 -Cβ resonance is fairly
easy as this is the highest chemical shift value in the aliphatic region. The D23Cγ
resonance can be separated from the K28 resonance as there will be multiple peaks at
the K28C0 resonance (with correlations to the various carbons in the chain, though,
granted, not necessarily all carbons due to the short mixing time used). Two stand
out D23Cγ resonances occur at the values previously unassigned as those belonging
to D23Cα and D23Cβ, and this can therefore be assigned, and then checked in the
longer mixing DARR spectrum. The K28C0 resonance will then be the other regularly
occurring resonance in the carbonyl region, and this has been assigned in the figure.
The C0 resonance which has yet to be assigned is therefore G25C0 -Cα, revealing both
assignments for the glycine residue, these can be checked in the longer mixing time
spectrum, as they have been assigned based on a process of elimination as opposed
to an active assignment process.
The long mixing time spectrum Fig. 8.2 B) allows the confirmation of the earlier
G25 assignment, which is absent from the short mixing time spectrum in all but its
connectivity to G25C0 , with the G25Cα-V24Cγ resonance revealing the chemical shift
assignment made previously was accurate. Further to this assignment, a few other
longer range connectivities are also revealed: D23Cα-V24Cγ, V24Cγ-S26Cβ, V24CγK28C, G25Cα-S26Cβ. All these long range connectivities are easily recognised on
such a clear spectrum, and have been assigned in the figure to illustrate this. It is
interesting that the V24 residue is well connected to the surrounding residues showing
many inter-residue connectivities, but that the only other inter-residue assignment is
from G25 and S26 whereby the resonance is likely to be a relayed transfer (where the
magnetisation simply passes along the carbon backbone as opposed to transiting a
distance through space). This certainly implies that the V24 side chain points into
the hairpin, but reveals little about the organisation of the other sidechains in the
area.
Fig. 8.3 shows a 2D

13 C-13 C

DARR spectrum with a mixing time of 300 ms on a

sample of 30% Aβ1-42 CC ‘Crys 1’ and 70% natural abundance (na) Aβ1-42 CC. This
sample was designed to investigate whether the long-range bonds previously seen in
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Figure 8.3: 2D 13 C-13 C DARR spectra obtained on 30% Aβ1-42 CC ‘Crys 1’ and 70%
natural abundance Aβ1-42 CC with 300 ms mixing time at a 1 H Larmor frequency of
850 MHz with 13 kHz MAS. Many aliphatic assignments, made in Fig. 8.2, have been
included. 160 transients were co-added for each 622 FIDs, the recycle delay was 2.0
s corresponding to an experimental time of ∼55 hours. ‘Crys 1’ contains labels at
residues D23, V24, G25, S26 and K28. Base contour level: 6 %
Fig. 8.2 were intra-molecular or inter-molecular. As only 30% of the sample had labels at D23, V24, G25, S26 and K28 it was more likely that any labelled Aβ1-42 CC
molecule had two natural abundance Aβ1-42 CC molecules as neighbouring molecules
over another labelled molecule. Moreover, even if some labelled molecules did have
labelled neighbouring molcules which some would have, over the entire sample the
signal generated by these inter-molecular connectivities would not be as strong as
intra-molecular signals. An experiment which was performed with the number of coadded transients adjusted to just see the first signals appearing, would ensure intermolecular signals were absent. That the inter-residue cross peaks seen in Fig. 8.2
cannot be seen in Fig. 8.3 implies the correlations are inter-molecular, however although certain peaks are very strong in Fig. 8.3, such as K28C-Cδ, others are very
weak, such as the absent S26Cα-Cβ peak. Had all the intra-residue correlations
appeared and only the inter-residue correlations been absent it could be stated unambiguously that the inter-residue correlations were also inter-molecular, however,
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that is not the case here.
Fig. 8.4 shows several 2D 13 C-13 C DARR spectra with various mixing times obtained
for Aβ1-42 CC ‘Crys 2’ at two 1 H Larmor frequencies, 600 MHz and 850 MHz. A variety of mixing times were used to distinguish connectivities from short- to long-range
and so a range of τm from 20 ms to 400 ms were used. As for the previous labelling
scheme, a useful starting point for chemical shift assignment is the Cγ resonance of
the valine residue, here V18Cγ which is located at ∼20 ppm. This occupies one of
the lowest chemical shift values within this labelling scheme and so assignments for
V18Cβ-Cγ, V18Cα-Cγ and V18C0 -Cγ are all horizontally aligned at this value and
can easily be assigned in both the 20 ms and 50 ms mixing time experiments, Fig. 8.4
A) and B). For clarity, V18 has been fully assigned in the 50 ms mixing time spectra (B). Methionine has two carbons with characteristically similar chemical shifts at
∼30 ppm, from resonances at the Cβ and Cγ nuclei, and these result in two peaks
located next to one another at the M35Cα and M35C chemical shift values. The
Cα chemical shift value for methione is typically around ∼55 ppm and the pair of
resonances located at this value can be assigned, and are shown in Fig. 8.4 A). As
methionine is a particularly large amino acid, with a sulphur separating Cγ and C,
in the 20 and 50 ms mixing time spectra the C chemical shift value is more troublesome to assign than in the longer mixing time spectra. The low chemical shift M35C
can easily be seen in Fig. 8.4 C), D), E) and F), though it has been assigned in A).
The M35C0 chemical shift value can be assigned, by finding two resonances in the
carbonyl region at the chemical shift values of the M35Cβ and M35Cγ resonances,
as shown in Fig. 8.4 A). In this manner, the entire M35 residue can be assigned.
Leucine has five aliphatic carbons, and so can be safely assumed to be responsible for
all the peaks not already assigned to the valine and methionine residues; again the
glycine resonance is unlikely to have appeared during a short mixing time experiment
as explained previously. L17Cδ1 , Cδ2 and also, but to a lesser extent, Cγ have similar
chemical shifts and so are more difficult to discern between than other chemical shifts
in this labelling scheme. As the typical region in which these resonances exist is clear
(∼25 ppm), it can be assumed that these resonances are responsible for all signals
within this region and then horizontal and vertical paths can be taken so as to reveal
assignments for L17Cα and Cβ, as shown in the figure. The Cδ/Cγ-Cβ region can
be seen as containing two distinct peaks and so, in this way, separate assignments for
the Cδ and Cγ resonances can be found, and have been made in Fig. 8.4 A). L17C0
can be assigned using the L17Cδ and Cγ resonances as, again, this region is relatively
clear so the carbonyl resonance in this region can only refer to L17C0 , this has also
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Figure 8.4: 2D 13 C-13 C DARR spectra obtained for Aβ1-42 CC ‘Crys 2’ with A) 20
ms, B) 50 ms, C) 200 ms, D) 300 ms, E) 400 ms, F) 400 ms mixing times, at a 1 H
Larmor frequency of 600 MHz (A, C, D, E) and 10 kHz MAS frequency and 850 MHz
(B, F) and 13 kHz MAS frequency. 128 (A, C and D), 48 (B), 164 (E) and 64 (F)
transients were co-added for each 458 (A, C, D, E) and 650 (B, F) FIDs, the recycle
delay was 2.0 (A, C, D, E) and 3.0 (B, F) s, corresponding to experimental times of
∼33 (A, C and D), ∼26 (B), ∼41 (E) and ∼35 (F) hours. ‘Crys 2’ contains labels at
L17, V18, G29 and M35. Base contour levels: 3% (A, C, D, E, F) and 4% (B)
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been shown in Fig. 8.4 A).
The longer mixing DARR spectra in Fig. 8.4 show some inter-residue connectivities
such as V18Cγ-L17Cα, V18Cγ-L17Cγ, V18Cβ-L17Cγ and V18Cα-L17Cα, however
as these residues are neighbours it is likely that relayed transfer can account for
the cross peaks. The connectivities mentioned here are assigned in the longer mixing
time DARR spectra. Unfortunately, no further long range connectivities can be found
which implies that the side chains of L17 and V18 are not within a ∼5 Å proximity
of the M35 side chain nor G29Cα. The G25C0 -Cα resonance can be seen as a distinct
peak in Fig. 8.4 E) in the same location as to that in A) where the resonance was
assigned, which verifies this assignment.
Fig. 8.5 shows a combination of 2D 13 C-13 C short and long mixing time DARR spectra
obtained for Aβ1-42 CC ‘Crys 3’ oligomers taken at two 1 H Larmor frequencies, 600
MHz and 850 MHz. The short mixing time DARR experiment (A) used a mixing
time of 50 ms and experiments were also performed using 200 and 400 ms mixing
time so as to investigate the longer distance connectivities within the sample. Once
again, a sensible initial residue for assignment is the labelled valine of this labelling
scheme, V36. V36Cγ has the lowest chemical shift value of the labelled nuclei, ∼20
ppm, and so the pairs of cross peaks that are aligned vertically from the low chemical
shift end of the diagonal, which are located at ∼35 and ∼60 ppm, can be assigned as
the V36Cγ-Cβ and V36Cγ-Cα cross peaks.4 V36C0 can be assigned in the manner
used previously; as the V36Cγ occupies the lowest chemical shift resonance on the 50
ms spectrum, therefore the peak in the carbonyl region that is aligned with this low
chemical shift value peak must be V36C0 -V36Cγ. K16 and N27 are both labelled in
this scheme and though the Cα and Cβ for each residue will be in similar chemical
shift regions, a distinction can be made based on the correlation of the K16Cα and Cβ
to the intra-residue Cγ, Cδ and C nuclei. These correlations may not appear in the
short mixing DARR spectrum, however they will exist in the longer mixing DARR
spectra and so can serve as a check for the assignments made on the 50 ms mixing
time spectrum. To begin assigning K16, it is sensible to start in the characteristic
Cδ-Cγ region (as none of the other residues in this labelling scheme possess carbons
with chemical shifts in this area), ∼25 ppm, whereby there should be two cross peaks
just to either side of the diagonal, as shown in Fig. 8.5 A). From these assignments
of K16Cδ and Cγ any cross peaks found to occur vertically or horizontally aligned
at both these values of chemical shift can be confidently assigned as part of the K16
residue. The assignments that can be made using this technique have been included
4

And vice versa, i.e. V36Cβ-Cγ, V36Cα-Cγ can be assigned as the horizontally aligned peaks
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Figure 8.5: 2D 13 C-13 C DARR spectra obtained for Aβ1-42 CC ‘Crys 3’ with A) 50
ms, B) 200 ms, C) 200 ms, D) 400 ms and E) 400 ms mixing times, at a 1 H Larmor
frequency of 600 MHz (A, B, D) and 850 MHz (C, E), all at 10 kHz MAS frequency.
112 (A), 58 (B), 160 (C), 120 (D) and 64 (E) transients were co-added for each 442
(A, B, D) and 620 (C, E) FIDs, the recycle delay was 2.8 (A, B, D) and 2.5 (C, E)
s, corresponding to experimental times of ∼39 (A), ∼20 (B), ∼69 (C), ∼41 (D) and
∼28 (F) hours. ‘Crys 3’ contains labels at K16, N27, V36 and G37. Base contour
levels: 3% (A, B, E), 2% (C) and 4% (D).

160

in Fig. 8.5 A), however only two more assignments have been made, whereas K16
has 5 aliphatic carbons. K16Cα can be confidently assigned as the second chemical
shift value responsible for the cross peak found at ∼55 ppm, and there is another
cross peak found at a chemical shift value of ∼40 ppm, which is likely to be C. A
value for K16Cβ is not regularly found throughout the spectrum, and the cross peak
found at (∼35,∼50) ppm is as likely to be N27Cβ-Cα as K16Cβ-Cα and so cannot
be unambiguously assigned. In fact, the peak is more likely to eminate from the N27
residue, as no other cross peaks at the ∼35 ppm chemical shift value exist in the
spectrum which would be expected if it was the Cβ from the K16 residue. This peak
cannot be unambiguously assigned from the short mixing DARR spectrum and so it
is necessary to use the longer mixing time spectra to reveal the chemical shift values
for N27 and K16Cβ. Further chemical shift assignments that can be made using
Fig. 8.5 A) are located within the carbonyl region and the cross peaks there. Though
the G36Cα chemical shift cannot be assigned from the aliphatic region, the resonance
located at a horizontal value of chemical shift at which there are no cross peaks in the
aliphatic region must be the G36C0 -Cα resonance, and one can be found at ∼45 ppm
and has been assigned in the figure to illustrate this. There are no strong K16C0 -Cγ,
Cδ or C peaks which is most likely due to the significant distance between these
nuclei and so, combining this with the ambiguity of the Cα and Cβ assignments for
K16 and N27, no further C0 assignments can be made.
The use of the long mixing spectra shown in Fig. 8.5 B), C) and E) enables the
remaining chemical shift values to be assigned. The cross peak at (∼33,∼52) ppm in
the 50 ms mixing time DARR spectrum (A) becomes two distinct peaks in (B), the
200 ms mixing time DARR spectrum taken at 600 MHz 1 H Larmor frequency, and
the same two peaks can be seen in (C), the 200 ms mixing time experiment taken at
850 MHz 1 H Larmor frequency. With the separation of this peak comes the ability to
unambiguously assign the K16Cα-Cβ and the N27Cα-Cβ peak, and the assignments
of these can be further validated in the 400 ms mixing experiments, in particular
Fig. 8.5 D); these assignments have been made on the various spectra. K16C0 can
also be unambiguously assigned using Fig. 8.5 E), the long mixing time used in this
experiment enables magnetisation to pass between the distant C0 and Cδ, as can be
seen in the figure. Specifically, the Cδ has been chosen because the chemical shift
value for this nucleus is in a particularly clear section of the spectrum and, as such,
the carbonyl region contains only one peak which is extremely likely to be K16C0 -Cδ.5
This peak could technically be a correlation between e.g. V36C0 -K16Cδ if the K16 sidechain was
directed into the sidechain and K16 was opposite the V36 residue, and that also the length of the
mixing time was sufficient to allow magnetisation transfer over the distance, however the chemical
5
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With K16C0 assigned, the only C0 assignment remaining is that of N27C0 , however
none of the figures display a suitably unambiguous resonance for this value, and, as
such, this has remained unassigned. N27Cγ has been assigned however in Fig. 8.5
C), and this can be seen as having a suitably unambiguous correlation with N27Cα.
The assignment in Fig. 8.5 B) and C) shows a V36Cγ - K16Cα cross peak on one side
of the diagonal, which is long range and therefore of particular interest, although the
K16 sidechain carbons show no connectivities to V36 which probably implies that the
sidechain of V36 is directed into the hairpin and that of K16 is directed away from
the hairpin. This leads to the possibility of a similarity in the sidechain organisation
to the fibrillar structures suggested by the Tycko and Smith groups in [86, 93, 287].
However, this cross peak is not found in E) and might be found in D), see figure
for assignment of these locations, and as such an unambiguous claim that the V36
sidechain is directed into the hairpin cannot be made.
Fig. 8.6 shows a 2D

13 C-13 C

DARR spectrum obtained for Aβ1-42 CC ‘F19I32’ with

400 ms mixing time obtained at 1 H Larmor frequency of 850 MHz. The aliphatic
carbon assignments for I32 are clear, and have been included in the spectrum to show
this; the characteristic cross peak pattern of five horizontally aligned resonances at
each of the five vertical chemical shift values clearly reveals the chemical shift values
of the labelled isoleucine residue. The C0 chemical shift value is assigned easiest at the
well resolved I31C0 -Cγ1 (∼25 ppm), this has been shown in Fig. 8.6. Phenylalanine
residues contain two aliphatic carbons, Cα and Cβ and these can be seen as the two
cross peaks not within the typical isoleucine pattern of cross peaks (∼55 for Cα and
∼40 for Cβ), and have been assigned in the figure. Phenylalanine also contains 6
aromatic carbons, with many of the carbons at a similar location. Cγ typically has
the highest chemical shift value with Cδ1 having the lowest, Cδ2 , C1 , C2 and Cz
have similar chemical shift values (∼129 ppm) and so will be difficult to distinguish
using this spectrum. Cγ can be assigned as it is set apart from the wide peak within
the aromatic region, and has been assigned in the figure at ∼138 ppm. The broad
peak within this region can be seen to contain at least two distinguishable peaks
and possibly three using both the correlation to Cβ and to Cα. With the ambiguity
inherent in assignment of such a broad peak, only 2 assignments have been made as
shown in the figure.
This labelling scheme was used to investigate whether there was any cross correlations
between the two residues, if the sidechains of both were pointing into the hairpin then
shift value is not similar enough to the previously assigned value of V36C0 for the cross peak to be
considered as an inter-residue correlation
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Figure 8.6: 2D 13 C-13 C DARR spectrum obtained for Aβ1-42 CC ‘F19I32’ with 400 ms
mixing time, at a 1 H Larmor frequency of 850 MHz and 13 kHz MAS frequency. 36
transients were co-added for each 650 FIDs, the recycle delay was 4.0 s corresponding
to an experimental time of ∼26 hours. Base contour level: 3%
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a correlation might be seen between I32Cγ or δ and any of the aromatic carbons from
F19. The aromatic region clearly does not show any cross peaks in areas other than
those in correlation with F19Cα and Cβ which suggests that the two side chains are
not directed towards one another. The earlier claim that the packing may be similar
to that of previously published data would have been corroborated by a side chain
connectivity between F19 and I32, which is not seen here.
Fig. 8.7 shows a 2D

13 C-13 C

DARR spectrum obtained for Aβ1-42 CC ‘F20I31’ with

300 ms mixing time obtained at 1 H Larmor frequency of 850 MHz. The labelling
scheme used here is complementary to the previous labelling scheme and so the spectrum can be assigned in a very similar manner. Though the linewidths here are
significantly broader than those taken for the ‘F19I32’ sample, most assignments can
be made for both residues. The isoleucine aliphatic carbons can be fully assigned as
can the carbonyl chemical shift value (∼174 ppm). The phenylalanine Cα and Cβ
cross peak is well resolved on one side of the diagonal (Cα-Cβ) and so can be assigned
using this. The carbonyl is not well resolved and the aromatic region contains only
one broad peak, and so assignments within this region are limited. All assignments
that have been made have been included in the figure.
Once again, the labelling scheme hoped to investigate the sidechain packing of the
AβCC molecule, however with no visible correlation between the F20 and I31 residues
in this spectrum, the implication is that both of the residues do not point into the
hairpin. Using this and the previous labelling scheme it appears that the sidechain
packing will be either F20-I32 or F19-I31, and further labelling schemes are required to
investigate which two residues have their side chains directed into the hairpin.
Fig. 8.8 shows a 2D 13 C-13 C DARR spectrum with 50 ms mixing time obtained at 1 H
Larmor frequency 600 MHz. The sample in Fig. 8.8 is uniformly U-[13 C, 15 N] labelled
Aβ1-42 CC oligomers and the crowded aliphatic region looks similar to spectra shown
in § 7 of a uniformly labelled sample of Aβ1-40 . The assignments obtained from the
previous samples were sufficient for the modelling of the oligomer, and this spectrum
was obtained so as to compare to the previous spectra and ensure that the various
methods of creating the sample (uniformly labelled sample was created via bacterial
expression, whereas the selectively labelled samples were made through the use of a
peptide synthesizer) did not influence the overall structure of the oligomers. When
overlain, the spectra correlate well, see Fig. 8.9, and thus the validity of using samples
from either technique is proven. Fig. 8.9 shows 2D

13 C-13 C

DARR spectra taken on

four of the five labelling schemes used and compares these to the DARR spectrum
obtained on the uniformly labelled sample. The labelling scheme not compared is
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Figure 8.7: 2D 13 C-13 C DARR spectrum obtained for Aβ1-42 CC ‘F20I31’ with 300 ms
mixing time, at a 1 H Larmor frequency of 850 MHz with 11.5 kHz MAS frequency. 64
transients were co-added for each 462 FIDs, the recycle delay was 2.5 s corresponding
to an experimental time of ∼21 hours. Base contour level: 3%
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Figure 8.8: 2D 13 C-13 C DARR spectrum obtained for U-[13 C, 15 N] Aβ1-42 CC hydrated
oligomers with 50 ms mixing time, at a 1 H Larmor frequency of 600 MHz and 10 kHz
MAS frequency. 112 transients were co-added for each 458 FIDs, the recycle delay
was 2.8 s corresponding to an experimental time of ∼41 hours. Base contour level:
3%
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F20I31, and this is due to the significantly broad linewidths found in that spectrum,
which, when overlain on the U-[13 C,

15 N]

spectrum, therefore do not allow an in-

formative comparison. Those that have been compared, for all four other labelling
schemes, show that the peaks within the selectively labelled samples overlay peaks
existent on the uniformly labelled sample. This implies that the chemical shifts of
the samples are the same and, due to this, analysis of the samples made from either
technique can be combined.
The chemical shifts obtained from all the selectively labelled, synthetically produced,
samples are shown in Tables 8.1-8.3.

8.3.3

13

C-1 H Inverse Detection Experiments

Fig. 8.10 shows a 2D inverse detection spectrum taken on U-[13 C,

15 N]

Aβ1-42 CC

hydrated oligomers at 850 MHz 1 H Larmor frequency and 78 kHz MAS frequency to
observe

13 C-1 H

correlations in the sample. Many carbon chemical shifts have been

assigned and proton chemical shift values can be found for the protons bound to these
previously assigned carbons. The experiment used a short back CP and proton-proton
mixing time, and so the correlations in the figure are likely to be directly bonded
carbon and proton pairs, this can be seen in the general diagonal trend of the location
of the signals in the spectrum (as was the case in the short mixing 13 C-1 H experiments
used in § 7); the sequences used can be seen in § 5.2. There are signals throughout
the carbon dimension at ∼0 ppm and ∼4.8 ppm, which are due to almost complete
suppression of the DSS and H2 O peak which would normally occur on the

13 C-1 H

spectra. As the suppression is not complete, there have been no assignments made
within these regions, as any potential assignment could not be made unambiguously.
Assignments were made using previously assigned carbon chemical shifts and then
assigning the proton chemical shifts correlated to these locations in the spectrum.6
All proton assignments have been evaluated using the typical values for protons in
the amino acid as listed by the BMRB. Where potential proton chemical shifts were
significantly outside typical values, assignments were not made. 34 proton-carbon
assignments have been made, and these are included in Tables 8.4 and 8.5.
Fig 8.11 displays four 2D

13 C-1 H

inverse detection spectra obtained with various

proton-proton mixing times, so as to investigate longer range contacts. Fig 8.11
6

The chemical shifts used were either obtained by the author on the selectively labelled samples
described earlier in the chapter or by Christofer Lendel on various other U-13 C, U-15 N and U-[13 C,
15
N] Aβ1-42 CC samples
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Figure 8.9: 2D 13 C-13 C 50 ms mixing time DARR spectrum obtained for uniformly
labelled Aβ1-42 CC hydrated oligomers compared against spectra taken from selectively labelled samples. The labelling schemes used are A) Crys 1, B) Crys 2, C)
Crys 3 and D) F19I32 (see § 8.2.1). The spectrum from F20I31 has not been used
due to the poor resolution.
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Figure 8.10: 2D 13 C-1 H inverse detection spectrum obtained for U-[13 C, 15 N]
Aβ1-42 CC hydrated oligomers at a 1 H Larmor frequency 850 MHz and 78 kHz MAS
frequency. Dashed regions indicate the DSS peak (∼0 ppm) and the water peak (∼4.9
ppm), assignments cannot be made unambiguously in these regions. No decoupling
was applied on 13 C during 1 H acquisition. Asterisks indicate unusual proton chemical
shifts, and so will be treated as tentative assignments. 80 transients were co-added
for each 244 FIDs, the recycle delay was 1 s corresponding to an experimental time
of ∼6 hours. Base contour level: 5%
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Figure 8.11: 2D 13 C-1 H inverse detection spectra obtained for U-[13 C, 15 N] Aβ1-42 CC
hydrated oligomers at a 1 H Larmor frequency of 850 MHz and 78 kHz MAS frequency
with various τmix ; A) 620 µs, B) 2 ms, C) 4 ms and D) 6 ms. 10 kHz WALTZ
decoupling with 100 µs pulses was applied on 13 C during 1 H acquisition. 80 transients
were co-added for each 244 FIDs, the recycle delay was 0.5 s corresponding to an
experimental time of ∼3 hours for all spectra. Base contour level: 5%
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A) was obtained using the shortest mixing time (620 µs) and so only a few longer
range contacts can be seen, such as the assignment I41Cα-H, which indicates that
amide proton chemical shifts can be found and also that assignments are no longer
necessarily due to a directly bonded carbon-proton pair. Some further assignments
to those made from Fig 8.10 are also displayed in Fig 8.11 A). Fig 8.11 B), C) and
D) also reveal further intra-residue cross peaks such as K16Cδ-Hz (B), G33Cα-H (C)
and M35Cβ-H (D) with a total of 23 further proton-carbon assignments made. The
spectrum in Fig 8.11 (D) is sparsely populated, with many of the correlations visible in
the previous spectra having now faded, implying that the proton-proton mixing time
of 6 ms was of a length sufficient to result in relaxation of various signals. Fig 8.11
(A), (B) and (C) however combine well to offer many assignments, and these have
been included in Tables 8.4 and 8.5.

8.3.4

15

N-1 H Inverse Detection Experiments

Fig. 8.12 shows a 2D

15 N-1 H

inverse detection spectrum of U-[13 C,

15 N]

Aβ1-42 CC

hydrated oligomers taken at ∼78 kHz MAS frequency. The spectrum shows a similar
proton-nitrogen correlation as the H-N inverse detection spectra shown in § 7, with a
number of outliers existing in typical glycine nitrogen chemical shift regions. Limited
nitrogen chemical shifts were supplied by collaborators on the project (based on
13 C-15 N

PAIN-CP correlations) and the only unambiguous assignment was G33 at

a chemical shift value of ∼106 ppm. Further carbon-nitrogen experiments will be
performed to enable further nitrogen-proton assignments based on the data shown
here.

8.3.5

Chemical Shift Analysis and Modelling

The chemical shift assignments for each Aβ42 CC sample have been summarised in
Tables 8.1-8.5. These chemical shifts were used, alongside others taken by collaborators in Uppsala (Dr. C. Lendel) and Aarhus (Dr. M. Bjerring) for confirmation,
to find the secondary structure of the Aβ42 CC protofibrils. Secondary chemical shift
analysis suggests an extended β-strand between residues K16-V24, a β-strand within
the C-terminus between residues 27-36 with a possible break at G33, a definite break
through G37 and G38 before a final short β-sheet between residues V39-A42, see
Fig. 8.13. These three or four separate β-sheets are crucial in the modelling of the
structure of oligomers as determined by the Rosetta software (modelling was per-
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Figure 8.12: 2D 15 N-1 H inverse detection spectrum obtained for U-[13 C, 15 N]
Aβ1-42 CC hydrated oligomers at a 1 H Larmor frequency of 850 MHz and 78 kHz
MAS frequency, with 10 kHz WALTZ decoupling with 100 µs pulses on 15 N during
1 H acquisition. 80 transients were co-added for each 244 FIDs, the recycle delay was
0.5 s corresponding to an experimental time of ∼3 hours for all spectra. Base contour
level: 4%
formed by Dr. C. Lendel). [288] The N-terminal residues 1-14 were not included in
the modelling. For an in-depth discussion of the modelling procedure see [1]. In
some detail, the chemical shift data for 63 chemical shifts from residues 15-42 were
used to generate a peptide fragment library using the Rosetta web server. Single protomer models were calculated using the AbinitioRelax application in Rosetta using
the chemical shift-based fragment library and 12 intramolecular distance restraints
with an upper limit of 6.0 Å. The calculations converged to the model when calculating a total of 50,000 models. Oligomeric peptide building blocks were calculated
using the 31 intermolecular distance restraints derived from a PAIN-CP spectrum
(not shown, see [1]) with the same upper limit. Several symmetries were explored,
however all dimeric, trimeric and fibrillar models significantly violated the experimen-
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tal restraints. Symmetry was required in the model due to the existence of only one
set of resonances for each residue, this can be seen in the spectra shown earlier. In the
final round, 100,000 models were calculated with the ten models with lowest energy
appearing in the same cluster. The lowest energy model (selected model) fulfills all
intermolecular restraints with violations of <0.7 Å.
The model itself utilises four β-sheet sections, residues 16-24, 27-32, 34-36 and 39-42
with the first three in a typical β-hairpin structure before a turn section over residues
37 and 38, with the final short β-sheet interacting with residues 34-36 of the adjacent
protomer, also shown in Fig 8.13. This fourth β-sheet adds a significant level of
stability to the structure. The model can be seen in [1] and is a barrel with six-fold
cylindrical symmetry whereby the packing forms a large hydrophobic core at one end
of the barrel with the loops of each monomer collated at the opposite end. This model
represents a possible building block of the protofibrils, and so the method by which
the protofibril is built was also investigated. The shape complementarity score and
hidden surface area was found for the three options of barrel binding: core-to-core;
loop-to-loop; and core-to-loop. All three options were structurally reasonable, [1]
although for protofibril formation core-to-core and loop-to-loop would have to occur
together so as to produce a string of protomers. So, although loop-to-loop produces
the highest shape complementarity conversely core-to-core possesses the worst and
none of the ssNMR data taken within the study in the publication could determine
which packing mechanism operates on these barrels. Previously obtained EM data
of Aβ42 CC protofibrils, however, showed a periodicity of ca. 6 nm, [60] which agrees
with a core-to-core/loop-to-loop formation (periodicity of ∼6 nm) as opposed to a
core-to-loop formation (periodicity of ∼3 nm), revealing which packing mechanism
applies in the formation of the protofibrils.
Various biological observations of Aβ aggregation can be explained using the above
model: Aβ42 is known to aggregate more rapidly than Aβ40 ; [56] Aβ42 has been shown
to preferentially form hexamer units which assemble to form beaded structures that
are similar to early protofibrils as opposed to the 1-40 version which forms protofibrils
far less easily. [289] Residues 39-42 in this model form the final β-sheet which links
to the adjacent protomer adding stability explaining both the rapid aggregation, and
the preferential aggregation toward oligomer/protofibrils that is not found in the 140 variant. The hexamer-assembled beaded structures have already been shown to
have 6 nm periodicity which, again, is in agreement with the model suggested in this
work.
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Table 8.1: (a) Aβ1−42 CC ‘Crys 1’ chemical shifts obtained from 50 and 400 ms mixing
time DARR spectra displayed Fig. 8.2 and 8.3. (b) Chemical shifts obtained from a
300 ms mixing time DARR spectrum taken on a sample of 30% Aβ1−42 CC ‘Crys 1’
70% na Aβ1−42 CC.
(a)

(b)

Residues

Assignment

Residues

D23
Cα
Cβ
Cγ

51.5
40.2
180.1

D23
Cα
Cβ
Cγ

V24
C0
Cα
Cβ
Cγ

176.6
60.7
31.1
20.1

V24
C0
Cα
Cβ
Cγ

G25
C0
Cα

175.7
44.0

G25
C0
Cα

S26
C0
Cα
Cβ

174.3
57.2
62.0

S26
C0
Cα
Cβ

K28
Cα
Cβ
Cγ
Cδ
C

53.7
32.8
23.7
28.0
40.6

K28
Cα
Cβ
Cγ
Cδ
C

174

Assignment

51.6

31.2
20.1

56.8

55.1
32.8
23.3
28.5
40.9

Table 8.2: (a) Aβ1−42 CC ‘Crys 2’ and (b) ‘Crys 3’ chemical shifts obtained from
various mixing time DARR spectra displayed in Figs. 8.4 and 8.5.
(a)

(b)

Residues

Assignment

L17
C0
Cα
Cβ
Cγ
Cδ1
Cδ2

Residues

Assignment

172.3
51.5
43.7
25.2
22.6
22.6

K16
C0
Cα
Cβ
Cγ
Cδ
C

171.9
52.8
27.8
23.3
27.5
39.7

V18
C0
Cα
Cβ
Cγ

172.4
58.4
33.3
19.8

N27
C0
Cα
Cβ
Cγ

53.0
37.5
176.2

G29
C0
Cα

170.1
43.5

M35
C0
Cα
Cβ
Cγ
C

171.6
52.2
34.6
30.8
16.8

V36
C0
Cα
Cβ
Cγ

172.7
58.7
32.6
19.7

G37
C0
Cα

171.5
43.0
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Table 8.3: (a) Aβ1−42 CC ‘F19I31’ chemical shifts obtained from a 300 ms mixing
time DARR spectrum shown in Fig. 8.7 and (b) Aβ1−42 CC ‘F20I32’ chemical shifts
obtained from a 400 ms mixing time DARR spectrum shown in Fig. 8.6.
(b)

(a)

Residues

Assignment

F20
C0
Cα
Cβ
Cδ
C

172.3
54.5
38.7
129.0
127.8

I31
C0
Cα
Cβ
Cγ1
Cγ2
Cδ1

173.6
57.4
36.8
24.4
15.1
12.5
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Residues

Assignment

F19
C0
Cα
Cβ
Cγ
Cδ
C

171.4
54.7
39.2
138.0
129.4
125.2

I32
C0
Cα
Cβ
Cγ1
Cγ2
Cδ1

173.9
58.8
36.6
24.3
15.6
12.0

Table 8.4: U-[13 C, 15 N] Aβ1−42 CC sedimented oligomer 13 C chemical shifts obtained
from indirectly observed 13 C-1 H spectra, see Figs. 8.10 and 8.11, and various DARR
spectra.
Residues
K16
L17
E22
V24
S26
N27
K28
I31
I32
G33
L34
M35
V36
V39
V40
I41

Cα

57.2
53.7
57.4

Cβ

Cγ1/Cγ#

43.7

25.2
35.9

31.2
62.0
37.5
32.8
36.6

23.7
24.4
24.3

Cγ2

Cδ1/Cδ#
27.5

Cδ2

28.0
12.5

15.1
15.6

45.9

60.5
58.8

34.6
32.6
35.1
33.2
40.9

26.5
30.8

25.1

17.8

22.1

20.2
17.6

13.8

Table 8.5: U-[13 C, 15 N] Aβ1−42 CC sedimented oligomer 1 H chemical shifts taken from
indirectly observed 13 C-1 H spectrum, see Figs. 8.10 and 8.11.
H
K16
L17
E22
V24
S26
N27
K28
I31
I32
G33
L34
M35
V36
V39
V40
I41

Hα

Hβ/Hβ#

Hβ3/13

Hγ1/Hγ#

1.7

1.3
1.3

Hγ2

Hδ1/Hδ#

Hδ2/Hδ#

1.0

0.9

1.8
-0.4

1.8

0.9

0.8

Hz
7.2

1.8
1.7
2.1
8.7

4.3

8.5
8.9
8.8
8.8
8.9
8.6
8.9

4.6
4.5
5.2
3.9
5.0

8.8

4.9
5.0
4.0

5.0
2.0
1.8
1.6
2.2

2.0
1.8

1.7
2.0
1.9
2.2
1.5
2.9

1.4
2.0

1.2
1.3
1.6

1.2
0.7
0.7

1.3

177

0.5

0.9

1.6

0.7

0.4

Figure 8.13: A) A structural model suggesting the secondary structure adopted by the
Aβ1-42 CC peptide when in an oligomeric and protofibrillar conformation. B) A suggested organisation of the peptides within the oligomeric form. This illustrates why
the additional short β-sheet section in the C-terminus in this conformation of Aβ1-42
significantly increases the toxicity of the molecule, as the toxic form is stabilised and
therefore can form faster and remain in this conformation for longer.

8.3.6

1D

31

P NMR Spectra

1D 31 P NMR experiments were performed on the phospholipid membrane samples I-X
from § 8.2.1 and the resulting observed spectra are shown in Fig. 8.14. The intensity
of the signals are compared and a decrease in signal is a sign of a destabilisation of
the lipid membrane, as the repetitive structure generating the signal has been altered
in some manner to a less homogeneous form, typically accompanied by a damaging
effect on the membrane.
Fig. 8.14 (A) shows the 1D

31 P

lineshape obtained from experiments performed on

samples I, II and III. Sample I was pure phospholipid membrane (DMPC), whereas
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samples II and III contained lipid and the addition of 5 mol % of cholesterol and
curcumin, respectively. As can be seen, cholesterol has a destabilising effect on the
membrane and causes a significant decrease in the intensity of the signal. Curcumin,
the potentially therapeutic compound, has also been shown to disrupt the membrane
but to a lesser extent. The incorporation of cholesterol into phospholipid bilayers
clearly can induce changes in the structure and previously published work has shown
the effect of cholesterol on the dynamics of the bilayer. [290] These alterations are the
likely cause for the linebroadening in

31 P

spectra, due to a variety in the structures

present in the sample.
Fig. 8.14 (B) shows the lineshapes obtained from performing 1D 31 P NMR on samples
of phospholipid and increasing amounts of curcumin, samples used were I, III, IV and
V. (A) showed the effect of 5% curcumin on the phospholipid membrane and the
effect of 15 and 30% molar weight of curcumin on DMPC is more drastic, as might
be expected, and significant membrane disruption is caused by these high levels of
the compound. The impact of increasing the amount of the curcumin from 15 to 30%
does not further increase the disruption however, as the observed signal for 15% is
less intense than that for 30%. A recent publication by Antzutkin et al has shown
that curcumin has a solubility in phospholipid membranes of only up to ∼10 mol%,
explaining the behaviour seen here. [291]
Fig. 8.14 (C) shows

31 P

NMR spectra for the lipid when combined with monomeric

(VI) and oligomeric (VIII) forms of the Aβ1-42 CC peptide. Both lineshapes show decreased intensity when compared to just DMPC, thereby showing that there is some
level of membrane disruption due to both the monomeric and the oligomeric form of
the peptide. There is a significant decrease in the intensity of the resonance due to
the oligomeric form (which was to be expected) compared to the relatively limited
membrane disruption caused by the monomeric form, confirming the significant disruption to the structure due to the particularly toxic species. Any further change in
intensity between (C) and (D), where the sample also contains curcumin, must occur
as a direct result of that inclusion.
Fig. 8.14 (D) shows the spectra obtained from performing 1D

31 P

NMR on samples

of DMPC with 5% curcumin and monomeric peptide (VII), and 5% curcumin and
oligomeric peptide (IX). Also overlayed in the spectrum is the lineshape from sample
(II) so as to compare the effect of curcumin alone and curcumin and peptide. As shown
in (A), sample II showed a decreased intensity when compared to sample I, however
sample VII results in a lower 31 P peak intensity than either the lipid or the lipid with
5% curcumin, which is to be expected if the peptide disrupts the membranes as is
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thought to occur. Interestingly, the disruption for monomeric peptide and curcumin is
greater than the disruption caused by either of the two substances alone, see samples
II and VI. When the curcumin is combined with the oligomeric peptide however,
which is thought to be the most cytotoxic form, the peak intensity is greater than
for the previous 3 samples. This is as a result of the curcumin interacting with, and
binding to, the oligomeric peptide thereby altering the disruptive effect of both the
peptide and the molecule, and previously published results would lend support to this
claim. [292] Within this publication, the authors state ‘The molar ratios for successful
Aβ fibril and aggregate inhibition by curcumin in the assays we used were clearly
greater than 1:1, consistent with the idea that curcumin does not bind monomeric
Aβ but rather to some secondary structure involved in later stages of assembly.’ and
this finding, that curcumin does not bind to Aβ monomers, is also reported in [293].
This could offer an explanation for the increased membrane disruption when curcumin
and monomeric peptide are prepared together, however a significant decrease when
the sample contains curcumin and oligomeric peptide.
Fig. 8.14 (E) shows 1D 31 P NMR spectra obtained from experiments on two different
phospholipid membranes with 15 mol% curcumin, DMPC (IV) and DOPC (X). Although DMPC is the usual starting point for work on phospholipid membranes, as,
among other reasons, it belongs to the family of glycerophopholipids representing the
main lipid components of biological membranes, DOPC is one of the most typical cell
membrane phospholipids and so offers an interesting and relevant comparison to the
earlier work using DMPC membranes. [294] Sample IV displayed again, previously
shown in (B), shows the significantly disruptive effect of high levels of curcumin on
DMPC, however the effect is far greater on sample X, containing DOPC.

8.4
8.4.1

Discussion
Selectively Labelled Samples of Aβ1-42 CC

Selectively labelled samples of Aβ1-42 CC oligomers were synthesised and allowed an
accurate assignment of the chemical shifts for many residues, including almost all
residues in the β-turn found in the hairpin structure adopted by aggregating Aβ,
through the use of 2D

13 C-13 C

DARR experiments. A uniformly labelled sample of

the oligomers provided confirmation that the peptide when formed through bacterial
expression or using a peptide synthesiser adopted almost identical structures. Secondary chemical shift analysis, using further chemical shift assignments obtained by
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Figure 8.14: 1D 31 P CP MAS spectra taken on samples I-X. A) compares the spectra
from partially labelled phospholipid membranes in association with 5 mol% cholesterol
(CH) and 5 mol% curcumin (Cur) and only phospholipid membrane, B) compares
the spectra from samples with increasing amounts of curcumin 5, 15 and 30 mol%, C)
shows the effect of monomeric and oligomeric forms of Aβ1-42 CC on the phosphorus
NMR spectra, D) shows the impact of curcumin on the monomeric and oligomeric
peptide’s effect and E) introduces a secondary phospholipid membrane.
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collaborators, enabled the secondary structure adopted by the oligomer to be found.
β-sheets were found between positions K16-V24, N27-I32, L34-V36 and V39-A42.
The final β-sheet section, 39-42, has not been reported for the less toxic 1-40 variant
of Aβ and the structural implications of this extra β-sheet could be the reason for
the increased toxicity found for this sample.
The labelling schemes used were chosen so as to produce spectra without spectrally
cluttered regions and, though some of the linewidths in the spectra are quite broad,
nearly all the carbon chemical shifts for the labelled residues were found. The broad
signals located within the aromatic regions of the spectra in Figs. 8.6 and 8.7 did
not allow for full assignment of the resonances within this region, and so further
experiments would be required to obtain unambiguous assignments for these nuclei.
Many carbonyl assignments were made, in spite of the broad C0 resonances, which
for a uniformly labelled sample is often particularly troublesome, see spectra from § 7
and Fig. 8.8.
Successful assignment of large proteins in the future of ssNMR may well depend
on producing many samples with a limited number of residues labelled and altering
the labelling scheme within each sample until the chemical shifts for the residues of
the whole protein can be combined. With the use of 3D experiments, the labelling
schemes need not be as restricted as those used in this work. However, by separating
residues with chemical shifts that are likely to exist in similar spectral regions using
the different labelling schemes, a detailed picture of large biomolecules may well
be more easily obtained using ssNMR than through the use of uniformly labelled
samples.

8.4.2

Amyloid-β42 CC Forms a Cytotoxic Hexamer Peptide Barrel

Collaborative work with Dr. Christofer Lendel, Dr. Anatoly Dubnovitsky and Prof.
Torleif Härd from Uppsala University, Dr. Morten Bjerring and Prof. Niels Chr.
Nielsen from Aarhus University and Dr. Andrei Filippov from Luleå University of
Technology has led to a publication on some of the work in this chapter; chemical
shifts, taken from uniformly and selectively labelled samples of Aβ42 CC, were combined with the Rosetta 3.2 modelling software [288] to produce a model of a potential
building block of Aβ protofibrils. [1] This model also explains many phenomena associated with the aggregation of Aβ1−42 and is in agreement with many structural
observations already published.

182

8.4.3

1D

31 P

Interaction of Curcumin, Cholesterol and Aβ1-42 CC with Phospholipid Membranes
NMR experiments were used to investigate the effect on membrane stability

of Aβ1-42 CC, cholesterol and a natural compound currently of significant scientific interest, curcumin. Aβ is known to damage cell membranes and the effect of cholesterol
has significant biological implications for today’s population, with the vast array of
beneficial properties thought to be associated with curcumin making it a compound
of interest for many research groups. [293, 295, 296] All three were shown to disrupt
the membrane in some manner, however the oligomeric form of the peptide, which
caused significant disruption to the membrane, was found to cause no destabilisation
when combined, before incorporation with the membrane, with curcumin. The same
was not seen of the monomeric peptide, agreeing with previous work, [292] and so
the binding of curcumin and certain forms of Aβ could have significant therapeutic
consequences. Previously curcumin was thought to not cross the blood brain barrier,
which would eliminate it as an option for therapeutic treatment, however it is now
believed that it does cross the barrier and work has begun on increasing its short
systemic retention while in circulation and uptake. [297–299]
Regarding the impact of cholesterol on the formation of toxic Aβ species, a thorough
review as to the questions surrounding amyloid-beta and its interactions with cholesterol and membranes was provided by the Müller group, [300] and it suggests that
the interaction of cholesterol and amyloid beta is yet to be fully understood and that
published results for the direct impact of the former on the cytotoxicity of the later
are, at best, varied.

8.5

Outlook

The work in this chapter has shown that the particularly toxic, and previously elusive,
conformation of Aβ1-42 can be captured and, therefore, studied and that this work
has enabled a model of this structure to be built. Therapeutic treatments which work
on a structural level will require information of this type and may attempt to locate
binding sites which can be manipulated so as to halt aggregation, or to reduce toxicity.
Curcumin has been shown to be a candidate worthy of further study for its beneficial
bioproperties, among which is included the binding to toxic Aβ species.
Detailed structural knowledge of the interaction sites and the structural consequences
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of the binding of curcumin, amyloid-beta and also cholesterol to one another and to
cell membranes will be discovered, and this will allow a more precise targeting of
therapeutic candidates. Whether medical trials will already have found a suitable
drug for disease treatment and prevention before this discovery, is to be seen. Without
the structural information offered by techniques such as NMR, a proper understanding
of the pathology of a disease, especially a complex, multifaceted disease such as
Alzheimer’s, is almost impossible and the design of therapeutic compounds is much
less accurate. The importance of NMR in this field is only one of the many in
which this technique can contribute, and as it continues to develop it will be able
to solve problems of greater complexity, with the consequence for this field being
greater structural knowledge as a basis for developing accurate and well-targeted
therapeutics.
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9
S UMMARY AND O UTLOOK

The work contained in this thesis has utilised solid-state NMR as a tool to investigate
the atomic-level structure of Aβ1-40 aggregates formed in the presence of copper and
Aβ1-42 oligomers stabilised by a sulphur bridge due to the mutations A21C and A30C.
The combined use of 2D
alongside 2D and 3D

13 C-13 C

X-1 H,

homonuclear and

X-1 H-1 H

and

X-X-1 H

15 N-13 C

heteronuclear spectra

Inverse Detection spectra have

enabled chemical shift values to be found for the samples.
For the Aβ1-40 /Cu aggregates, torsion angle restraints were calculated using TALOSN and secondary chemical shift analysis identified regions of β-sheet and the hairpinturn regularly found in Aβ fibrils. The structure of the Aβ1-40 aggregates was found to
be similar to a brain derived sample of Aβ1-40 fibrils, and so underlines the importance
of copper in re-creating physiologically accurate conditions when forming fibrils, the
structural information from which will be used in developing therapeutic treatments.
An exciting experimental setup was required for the Inverse Detection experiments,
namely ultra-fast MAS (∼100 kHz) and rapid acquisition of data with a recycle delay
of 0.2 s due to the paramagnetic copper in the sample, enabling well-resolved 3D
experiments to be obtained in a few hours.
The turn region of Aβ1-42 CC oligomers was well characterised using selectively labelled samples. The oligomers have previously been shown to be toxic, and, here,
were found to disrupt lipid membranes. 1D

31 P

NMR allowed an investigation of

the de-stabilising effect of Aβ1-42 CC oligomers on lipid membranes. The effect of
cholesterol and curcumin on this de-stabilisation was also investigated. Curcumin
was found to disrupt membranes, however when combined with oligomers and membranes the membrane was found to remain undisrupted, suggesting the curcumin and
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oligomers bind in a way that reduces the membrane disruption and, therefore, the
toxic behaviour. These results suggest that curcumin may have a role in reducing
neurodegeneration during Alzheimer’s disease and further work should be performed
investigating the therapeutic properties of the molecule.
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Amyloid-β Peptide with Membrane Surfaces monitored by Solid State NMR.
Phys. Chem. Chem. Phys. 4:5524–5530.
12

[123] Yoshiike Y, et al. (2001) New Insights on how Metals Disrupt Amyloid βAggregation and their Effects on Amyloid-β Cytotoxicity. J. Biol. Chem.
276:32293–32299.
[124] Karr JW, Szalai VA (2008) Cu (II) Binding to Monomeric, Oligomeric, and
Fibrillar Forms of the Alzheimer’s Disease Amyloid-β Peptide. Biochemistry
47:5006–5016.
[125] Zong XH, et al. (2004) Effect of pH and Copper (II) on the Conformation
Transitions of Silk Fibroin based on EPR, NMR, and Raman Spectroscopy.
Biochemistry 43:11932–11941.
[126] Buchete NV, Tycko R, Hummer G (2005) Molecular Dynamics Simulations of
Alzheimer’s β-Amyloid Protofilaments. J. Mol. Biol. 353:804–821.
[127] Khandogin J, Brooks CL (2007) Linking Folding with Aggregation in
Alzheimer’s β-Amyloid Peptides. Proc. Natl. Acad. Sci. U.S.A. 104:16880–
16885.
[128] Klimov D, Straub JE, Thirumalai D (2004) Aqueous Urea Solution Destabilizes
Aβ 16-22 Oligomers. Proc. Natl. Acad. Sci. U.S.A. 101:14760–14765.
[129] Baumketner A, Shea JE (2007) The Structure of the Alzheimer Amyloid β 10-35
Peptide Probed Through Replica-Exchange Molecular Dynamics Simulations in
Explicit Solvent. J. Mol. Biol. 366:275–285.
[130] Miller Y, Ma B, Nussinov R (2010) Polymorphism in Alzheimer Aβ Amyloid
Organization Reflects Conformational Selection in a Rugged Energy Landscape.
Chem. Rev. 110:4820–4838.
[131] Griffiths JM, et al. (1995) Rotational Resonance Solid-State NMR Elucidates
a Structural Model of Pancreatic Amyloid. J. Am. Chem. Soc. 117:3539–3546.
[132] Jack E, Newsome M, Stockley PG, Radford SE, Middleton DA (2006) The
Organization of Aromatic Side Groups in an Amyloid Fibril Probed by SolidState 2 H and 19 F NMR Spectroscopy. J. Am. Chem. Soc. 128:8098–8099.
[133] Luca S, Yau WM, Leapman R, Tycko R (2007) Peptide Conformation and
Supramolecular Organization in Amylin Fibrils: Constraints from Solid-State
NMR. Biochemistry 46:13505–13522.
[134] Madine J, et al. (2008) Structural Insights into the Polymorphism of AmyloidLike Fibrils Formed by Region 20-29 of Amylin Revealed by Solid-State NMR
and X-Ray Fiber Diffraction. J. Am. Chem. Soc. 130:14990–15001.
[135] Ritter C, et al. (2005) Correlation of Structural Elements and Infectivity of the
HET-s Prion. Nature 435:844–848.
[136] Siemer AB, et al. (2006) Observation of Highly Flexible Residues in Amyloid
Fibrils of the HET-s Prion. J. Am. Chem. Soc. 128:13224–13228.

13

[137] Siemer AB, et al. (2006) 13 C, 15 N Resonance Assignment of Parts of the HET-s
Prion Protein in its Amyloid Form. J. Biomol. NMR 34:75–87.
[138] Madine J, Doig AJ, Middleton DA (2008) Design of an N-Methylated Peptide
Inhibitor of α-Synuclein Aggregation Guided by Solid-State NMR. J. Am.
Chem. Soc. 130:7873–7881.
[139] Jaroniec CP, MacPhee CE, Astrof NS, Dobson CM, Griffin RG (2002) Molecular
Conformation of a Peptide Fragment of Transthyretin in an Amyloid Fibril.
Proc. Natl. Acad. Sci. U.S.A. 99:16748–16753.
[140] van der Wel PC, Lewandowski JR, Griffin RG (2007) Solid-State NMR Study
of Amyloid Nanocrystals and Fibrils Formed by the Peptide GNNQQNY from
Yeast Prion Protein Sup35p. J. Am. Chem. Soc. 129:5117–5130.
[141] Andronesi OC, et al. (2008) Characterization of Alzheimer’s-Like Paired Helical Filaments from the Core Domain of Tau Protein using Solid-State NMR
Spectroscopy. J. Am. Chem. Soc. 130:5922–5928.
[142] Tycko R (2000) Solid-State NMR as a Probe of Amyloid Fibril Structure. Curr.
Opin. Chem. Biol. 4:500–506.
[143] Lynn DG, Meredith SC (2000) Review: Model Peptides and the Physicochemical Approach to β-Amyloids. J. Struct. Biol. 130:153–173.
[144] Tycko R (2003) Insights into the Amyloid Folding Problem from Solid-State
NMR. Biochemistry 42:3151–3159.
[145] Makin OS, Serpell LC (2005) Structures for Amyloid Fibrils. FEBS J. 272:5950–
5961.
[146] Heise H (2008) Solid-State NMR Spectroscopy of Amyloid Proteins. ChemBioChem 9:179–189.
[147] Tycko R, Wickner RB (2013) Molecular Structures of Amyloid and Prion Fibrils: Consensus Versus Controversy. Acc. Chem. Res. 46:1487–1496.
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